
warwick.ac.uk/lib-publications  
 

 

 

 

 

 

A Thesis Submitted for the Degree of PhD at the University of Warwick 

 

Permanent WRAP URL: 

 

 

http://wrap.warwick.ac.uk/184813 

 

 

 

 

Copyright and reuse:                     

This thesis is made available online and is protected by original copyright.  

Please scroll down to view the document itself.  

Please refer to the repository record for this item for information to help you to cite it. 

Our policy information is available from the repository home page.  

 

For more information, please contact the WRAP Team at: wrap@warwick.ac.uk  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

http://go.warwick.ac.uk/lib-publications
http://wrap.warwick.ac.uk/184813
mailto:wrap@warwick.ac.uk


Growth and Structural Characterisation of

Spintronic Thin Films Deposited onto III-V

Semiconductors

by

Philip Jonathan Mousley

Thesis

Submitted to the University of Warwick

for the degree of

Doctor of Philosophy

Department of Physics

September 2017

Antimonide thin �lms: topological and

thermoelectric properties

by

Ibrahim Gamal Amin Mohamed Elhoussieny

Thesis

Submitted to the University of Warwick

for the degree of

Doctor of Philosophy in Physics

Department of Physics

March 2023



Contents

List of Tables iv

List of Figures vi

Acknowledgments xv

Declarations xvii

Abstract xx

Abbreviations xxi

Chapter 1 Introduction 1

1.1 Electronic band structure . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Topological insulators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 Thermoelectricity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.3.1 Thermoelectric �gure of merit and power factor . . . . . . . . . . . 6

1.3.2 Landauer approach . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.3.3 Optimising the thermoelectric e�ciency . . . . . . . . . . . . . . . 11

1.4 Thin �lms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.4.1 Thin �lm growth mechanism . . . . . . . . . . . . . . . . . . . . . 13

1.4.2 Polycrystalline �lms . . . . . . . . . . . . . . . . . . . . . . . . . . 15

1.4.3 Substrates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

1.5 Thesis organisation and aim of the study . . . . . . . . . . . . . . . . . . 17

Chapter 2 Experimental Techniques 19

2.1 Preparation techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.1.1 Vacuum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.1.2 PVD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

i



2.1.3 Lithography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.2 Characterisation and measurements . . . . . . . . . . . . . . . . . . . . . . 23

2.2.1 RHEED . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.2.2 Microscopy (SEM/EDX and AFM) . . . . . . . . . . . . . . . . . . 25

2.2.3 X-ray di�raction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.2.4 Optical measurements . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.2.5 Electrical measurements . . . . . . . . . . . . . . . . . . . . . . . . 34

2.2.6 Thermoelectric measurements . . . . . . . . . . . . . . . . . . . . . 37

2.2.7 Work Function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

Chapter 3 Chamber Building and Experimental Development 41

3.1 UHV and HV systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.1.1 Building UHV system 2 (Morbius) . . . . . . . . . . . . . . . . . . 42

3.1.2 Other systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.1.3 Achieving HV and UHV . . . . . . . . . . . . . . . . . . . . . . . . 49

3.2 Homemade items . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.3 Film �exibility test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

Chapter 4 BiSb Thin Films 61

4.1 Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.2 BiSb sample preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.2.1 InP substrate nano-patterning . . . . . . . . . . . . . . . . . . . . . 64

4.2.2 BiSb Film deposition . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.3 Characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.3.1 XRD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.3.2 SEM and EDX . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.3.3 AFM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.3.4 Hall measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.4 Thermoelectric measurements . . . . . . . . . . . . . . . . . . . . . . . . . 76

4.4.1 Device optimisation . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4.4.2 Characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.4.3 Thermoelectric measurements . . . . . . . . . . . . . . . . . . . . . 81

4.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

Chapter 5 ZnSb Thin Films 90

5.1 Sample preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5.1.1 Substrate preparation . . . . . . . . . . . . . . . . . . . . . . . . . 91

ii



5.1.2 ZnSb �lms growth optimisation . . . . . . . . . . . . . . . . . . . . 91

5.2 ZnSb on Glass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

5.2.1 GIXRD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

5.2.2 AFM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

5.2.3 Electrical measurements . . . . . . . . . . . . . . . . . . . . . . . . 99

5.2.4 Optical band gap . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

5.3 Film �exibility test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

5.3.1 Hall measurements of �exible �lms . . . . . . . . . . . . . . . . . . 106

5.3.2 Band gap of �exible �lms . . . . . . . . . . . . . . . . . . . . . . . 109

5.4 Thermoelectric measurements . . . . . . . . . . . . . . . . . . . . . . . . . 112

5.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

Chapter 6 Sb Thin Films 116

6.1 Epitaxial Sb �lm on InAs (111)B . . . . . . . . . . . . . . . . . . . . . . . 117

6.1.1 Growth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

6.1.2 AFM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

6.1.3 Work function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

6.2 Sb �lm grown on glass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

6.2.1 GIXRD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

6.2.2 AFM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

6.2.3 Hall measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

6.2.4 FTIR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

6.2.5 Work function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

6.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

Chapter 7 Conclusion and Future Work 130

7.1 BiSb . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

7.2 ZnSb . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

7.3 Sb . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

Appendix A Materials' electronic con�guration and structure 135

Appendix B Thickness calibration of Sb �lms on InAs(111)B 137

Appendix C XPS of Sb �lm 138

iii



List of Tables

3.1 The Map of the vacuum systems used in the thesis and the author's con-

tribution to the technical work done in each of them . . . . . . . . . . . . 42

4.1 List of BiSb samples discussed in this chapter and the techniques used for

their characterisation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.2 The texture coe�cient TC(hkl) in the investigated samples. The percent-

age (%) of the (003), (012) and "others" phases is calculated by normal-

ising the texture coe�cients. . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.3 The composition of the BiSb �lms as determined by EDX and the �lm

structural parameters. SR values were determined using the Gwyddion

software for the patterned substrates and all �lms. The thickness here is

measured in each growth from a third �at sample using the AFM. . . . . 72

4.4 Electrical Hall measurements of the prepared samples using the corrected

values for the patterned �lms. . . . . . . . . . . . . . . . . . . . . . . . . . 76

4.5 The EDX composition and AFM parameters of the MP50-55 series. The

thickness of the �at sample is determined from the AFM line pro�le (see

Figure 4.10). The SR values are extracted from topographs in Figure 4.9. 80

5.1 Summary of ZnSb �lm samples. The composition is determined from

EDX, and the thickness is determined using AFM. . . . . . . . . . . . . . 95

5.2 Phase quanti�cation from GIXRD patterns of annealed ZnSb �lms on

glass and overall compositions from XRD phase compositions, together

with overall composition obtained from EDX. . . . . . . . . . . . . . . . . 96

iv



5.3 Thermoelectric parameters of various doped and undoped Zn-Sb bulk and

�lm samples from the literature as compared to our samples. Samples

are ordered from the highest PF values (below 400 K) to the lowest. The

thermoelectric �gure of merit (ZT) values under 400 K and the maximum

reported power factor beyond that range are also included. the PF units

values in µWm−1K−2. The reference column includes the surname of

the �rst author with the date of publication as follows: Xiong 2013 [172],

Zheng 2017 E [157], Sun 2012 [173], Jang 2007 [165], Fan 2014 [156], Zheng

2017 H [160], Moghaddam 2019 [161], Zhang 2003 [164], Hsu 2021 [174],

Wang 2020 [162] and Lee 2011 [159]. . . . . . . . . . . . . . . . . . . . . . 113

6.1 Sb samples and the techniques used to characterise them . . . . . . . . . . 117

6.2 Electrical parameters of sample S685 (Sb on glass) at room temperature

(RT), 77 K, and at RT after being annealed at 200 ◦C for 1 and 3 hours. . 124

v



List of Figures

1.1 Demonstration of the origin of the bands in the condensed materials from

the individual atomic levels (LCAO). The bands originated from the over-

lap of s and p levels of atoms (e.g. carbon) brought together to relax at an

interatomic distance (a). The image is adapted from reference [3] without

permission. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Schematic representation of the electronic bands in metals (a), semi-metals

(b), semiconductors (c) and insulators (d). . . . . . . . . . . . . . . . . . . 3

1.3 Schematic of the surface states location inside the band structure of a

normal semiconductor or insulator material (a) and a topological insulator

(b). The arrows refer to the spin direction of the occupying electrons. This

�gure is reproduced with permission from Springer Nature, reference [7]. . 5

1.4 Thermoelectric devices, (a) thermoelectric generator; (b) Peltier cooler.

The arrows show the electrons' migration directions; in panel (a), from

the hot side to the cold in the n-type leg and vice versa for the p-type,

producing a potential di�erence. In panel (b), the external bias forces the

electrons to move from the negative to the positive side, which requires

absorbing heat from the upper side (i.e. refrigeration). . . . . . . . . . . 7

1.5 Schematic of the potential drop across a single ballistic (elastic) channel

with a barrier in the middle (a), and a more complex di�usive (inelastic)

resistor's equivalent (b); inspired by reference [30]. . . . . . . . . . . . . . 9

1.6 The three possible growth modes of thin �lms grown by a physical vapour

deposition technique. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.7 Illustration of di�erent polycrystalline zone models as a function of the

substrate temperature to the melting point of the �lm, Reprinted with

permission from [59]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

vi



1.8 Di�erent thin �lm samples were grown in this study on various substrates.

(a) Flat and nano-patterned InP substrate; (b) is the corresponding AFM

topograph, on a di�erent scale. (c) ZnSb thin �lms grown in one growth

on di�erent substrates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.9 Thesis outline, highlighting the main ideas. . . . . . . . . . . . . . . . . . 18

2.1 Illustration of the photo-lithography technique to obtain a patterned �lm

using a positive photoresist. (a) exposure; (b) developing; (c) �lm deposi-

tion; (d) lifto� process. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.2 Demonstration of the RHEED setup, showing the accelerated electrons

ejected from an electron gun and directed towards a rotatable sample,

then re�ected to a phosphorus screen (a). Di�erent RHEED pattern fea-

tures: (b) integer streaks with Kikuchi lines, (c) fractional-order streaks

(2× surface reconstruction), (d) faceting, (e) transmission di�raction (3D

islands), and (f) transmission powder di�raction rings. The parameters

s (streak separation) and L (camera length) are used to deduce lattice

parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.3 Illustration of the reaction of the accelerated primary electrons with a

studied thin �lm sample in the SEM. The labels indicate, roughly, the

area from which each particle/wave signal comes. We assume that a 7 kV

beam penetrates a 100 nm thick �lm on a very thick substrate. Inspired

by images in textbooks (e.g. [72]). . . . . . . . . . . . . . . . . . . . . . . 27

2.4 (i)Typical AFM instrument, reprinted with permission, from reference

[75]. (ii) Thickness measurements of one sample (MP50). (iii) Gwyd-

dion software interface: (a) tools panel, (b) image panel and (c) analysis

output panel. Tool buttons used frequently in this work are highlighted

by numbers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.5 Illustration of the satisfaction of Bragg's law in XRD characterisation (a).

Di�erent instrumental geometries used in this thesis: (b) Bragg-Brentano

geometry and (c) GIXRD. The scattering vector is normal to the surface

only in Bragg-Brentano geometry. Illustrations are similar to reference [80]. 30

vii



2.6 (a) Demonstration of the Beer-Lambert law for absorption. (b) Illustra-

tion of direct band gap determination in a perfect crystalline sample. (c)

The direct (black) and indirect (red) Tauc plots of one multiphase sample

(IZS55); the solid lines are the experimental data and the dashed lines are

linear �ts or baselines (olive) as presented. The indirect transitions are

omitted when overlap with the direct transitions `onset'. (d) The interfer-

ence fringes associated with the absorbance spectrum of one �lm grown on

Kapton (red), and the smoothed data using the fast FFT �lter in Origin

software. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.7 (a) Illustration of Hall e�ect when a current I passes through a conductor

slab under magnetic �led B. (b) Resistance measurements for the Van der

Pauw technique without applying a magnetic �eld. (c) Illustration of Hall

voltage VH measurements under magnetic �eld. The image is inspired by

[98]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.8 (a) Illustration of the gold electrodes con�guration for thermoelectric mea-

surements. (b) The Seebeck voltage signal when the heater was switched

on and o� with di�erent current values, courtesy of Farjana Tonni. . . . . 38

2.9 Thermoelectric measurements con�guration by ZEM-3 system; the dia-

gram is extracted from the manual. . . . . . . . . . . . . . . . . . . . . . . 38

2.10 (a) Electronic energy levels of a typical semiconductor with work function

(φ). (b) KP equipment used to measure the CPD. . . . . . . . . . . . . . 39

3.1 The timeline shows the development of the UHV system 2 (Morbius) from

2018 to 2022. The numbers refer to 1: PES chamber, 2: MBE chamber, 3:

pumping chamber, 4: FEC chamber, 5: storage chamber, 6: manipulators,

7: XPS detector, 8: water manifold, 9: e�usion cells, and 10: gas manifold. 44

3.2 The layout of Morbius UHV system and the positions of the attached

in-situ analysis equipment. . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.3 Side view of Morbius main chambers (MBE and PES) and where the

main items were connected. The drawings were modi�ed from the manu-

facturer's data sheets. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.4 The calibration curves of Sb e�usion cell on UHV system 1 (Madge). . . . 47

3.5 Image of UHV system 1 (Madge) with its three chambers FEC, SSC and

MBE. The inset shows the manipulator's sample stage when its �lament

was once �xed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

viii



3.6 HV system 3 (Mercutio). The inset shows the temperature of a sample

when irradiated by the IR lamp inside the chamber. . . . . . . . . . . . . 49

3.7 Panel (a) Ar ion current density dependence on its pressure inside Mercu-

tio. Panel (b) AFM topograph of a typical Ar-sputtered InP substrate. . . 49

3.8 An ion gauge head. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.9 UHV chamber Madge during bakeout. The system is wrapped with heat-

ing tapes, and covered by aluminium foil. . . . . . . . . . . . . . . . . . . 53

3.10 Mass spectrum of MBE chamber on Madge before and after baking. Bars

are labelled by their corresponding gas molecules at di�erent atomic masses.

Note the di�erence in vertical scale between baked and unbaked. . . . . . 53

3.11 Homemade e�usion cell used for indium. . . . . . . . . . . . . . . . . . . . 55

3.12 Homemade retractable beam �ux gauge. . . . . . . . . . . . . . . . . . . . 56

3.13 The development of the BiSb mask design. Panels (a) and (b) show the

design of the �rst prototype. Panels (c) and (d) show the new design and

CNC machine-cut mask with a locker to secure the sample. Panel (e)

shows the �nal used plate after replacing the locker with a Ta piece to

prevent the substrate from moving. . . . . . . . . . . . . . . . . . . . . . . 57

3.14 Mercutio chambers when the transfer arm is extended to keep the sample

clean in the main chamber. The disks are positioned in the gate valve

location. The inset shows the transfer arm with the two disks installed on

it and a crocodile clip to hold the sample holder. . . . . . . . . . . . . . . 58

3.15 The �lm �exibility experiment consists of a linear actuator controlled by

a control unit that is connected to a computer via a USB cable. The inset

shows a zoomed-in test sample during the bending cycle. . . . . . . . . . . 59

3.16 The GUI of the LabView application (used in �exing ZnSb �lms grown on

Kapton) contains 3 sections. Section 1 contains the instructions to use the

program. Section 2 reads the serial port communication parameters (from

the LabView example). Section 3 is the control and monitoring section

that reads the moving commands and the number of cycles, and shows the

progress of the experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.1 Illustration of �lms (orange) grown simultaneously on �at and patterned

substrates (grey). Vertical arrows represent incoming growth �ux and, in

Hall measurement, magnetic �ux; these are identical for both samples. . . 63

ix



4.2 XRD di�raction pattern of the four studied BiSb samples the with Bi0.8Sb0.2
(PDF 04-023-9518) card [82]. The y-axis is a log scale scaled to maximise

the BiSb peaks in all the panels. Selected peaks are labelled to show the

preferred orientation in each �lm, the dominant direction peaks are bold. . 67

4.3 RHEED patterns of the InP substrates and the BiSb �lms grown on them.

Panels (a) and (b) are of the �at InP (100) substrate. Panel (c) is the

patterned InP substrate. Panels (d), (e) and (f) show the BiSb �lm grown

on a �at InP substrate. Panels (g), (h) and (i) are of the BiSb �lm grown

on a patterned InP substrate. . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.4 SEM images of BiSb samples grown on �at and nano-patterned InP sub-

strates. Images were captured by SUPRA55VP SEM at 7kV accelerating

voltage and 104 magni�cation. . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.5 AFM topographs of the patterned InP substrates (1µm ×1µm). Panel

(a): IBS11P substrate and (b): IBS12P substrate. . . . . . . . . . . . . . . 71

4.6 AFM images of the surfaces of BiSb �lms (2µm ×2µm) of the investigated

samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.7 1µm×1µm AFM topographs of a patterned InP substrate as-prepared,

after 1 hour of annealing at 300 ◦C followed by another hour at 400 ◦C

and at 500 ◦C. Representative line pro�les are included for each topograph. 74

4.8 The BiSb thermoelectric device optimisation. (a) The design of the pho-

toresist mask. (b) The �nal BiSb device used (MP50) contains three lay-

ers, an InP �at substrate, a BiSb �lm and gold electrodes. (c) Magni�ed

images of MP50 gold pattern, comprising four electrodes (E), two ther-

mometers (T) and a heater. (d) Images of the MP54 sample (BiSb �lm

on a nano-patterned substrate). Panels (e-i) demonstrate some challenges

faced during device optimisation. The electrode pads (E1-E4) are 0.7 mm

wide, see scale bar in panel (c). . . . . . . . . . . . . . . . . . . . . . . . . 79

4.9 Panel (a) shows the roughness and average SR values as a function of the

Ar+ sputtering time. The dashed line is included as a guide to the eye.

Panels (b-i) are AFM 3D topographs of BiSb �lms on the �at (MP50) and

the patterned (MP51-55) samples next to their corresponding patterned

InP substrates. The scan dimension is 2µm ×2µm for each topograph. . 81

4.10 Thickness measurements of BiSb on InP substrate (MP50): (a) AFM to-

pograph at the edge; (b) zoomed-out-image of the position of the AFM

tip during the measurements; (c) the corresponding mean height pro�le at

the edge [from panel (a)]. . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

x



4.11 XRD patterns of the �at (MP50) and the patterned (MP54) samples with

their gold electrodes on. The top panel is Bi0.8Sb0.2 (PDF 04-023-9518)

card [82]; all indexed peaks belong to that card except speci�ed. The

intensity axis is linear and scaled to maximise the BiSb peaks. . . . . . . . 83

4.12 The temperature dependence of the total sheet conductance in the �at,

MP50 and the patterned, MP54 samples normalized to the value at 300 K.

The inset shows the minimum conductance value in the patterned sample. 86

4.13 (a) ln G VS 1/T (blue lines are �tting with Gss = 0 model). (b) Fitting

of normalised Gsh VS temperature with constant Gss model. . . . . . . . . 86

4.14 The e�ect of nano-patterning the substrates on the thermoelectric parame-

ters of BiSb thin �lms: (a) The resistance as a function of temperature; (b)

the Seebeck coe�cient as a function of temperature. Each plot is labelled

with the corresponding substrate sputtering time (in the same colour). . . 88

4.15 (a) The dependence of power factor equivalent term (S2/R) on the sub-

strates patterning in the BiSb samples. (b) The power factor as a function

of the temperature of the �at BiSb sample (MP50); ZT is estimated using

thermal conductivities from [146]. . . . . . . . . . . . . . . . . . . . . . . . 89

5.1 Conductivity, carrier concentration and mobility for Zn65Sb35 �lms at dif-

ferent annealing stages. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5.2 GIXRD of an as-prepared ZnSb thin �lm sample (a), and after being

annealed at 150 C for 1 hour. Panel (b) shows the e�ect of gentle annealing

on the crystallinity of the sample. Two crystalline phases (Zn4Sb3 and

Zn8Sb7) were observed in the annealed sample. . . . . . . . . . . . . . . . 94

5.3 GIXRD di�raction patterns of undoped ZnSb �lms after annealing. The

patterns are ordered from low Zn content at the bottom to higher Zn

percentage at the top. The sample code of each sample is written on the

top left of each pattern, while some distinguished peaks are marked with

their phase. Zn percentage at the right is determined from EDX. . . . . . 97

5.4 GIXRD patterns of In doped ZnSb �lms. Lower panel: the stick patterns

of three ZnSb phases used in the quanti�cation, PDF 04-014-2869 for

ZnSb phase, α-Zn13Sb10 PDF 04-015-9195, and PDF 01-073-6841 [82] for

β-Zn4Sb3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

5.5 AFM line pro�les over �lm edges, as described in the text. Averaged values

of the step heights are reported in Table 5.1 as �lm thicknesses. . . . . . . 100

xi



5.6 AFM topographs surface scaled to the same vertical and horizontal dimen-

sions. The images are 2µm × 2µm, and the brightness level was adjusted

to be from 0 to 50 nm. The �rst row contains the Zn and Sb-rich samples,

the middle row shows the three �lms near stoichiometry, and the last row

contains In-doped samples. . . . . . . . . . . . . . . . . . . . . . . . . . . 101

5.7 Particle diameter histograms for near-stoichiometric ZnSb �lms(a, b) from

AFM topographs. Panels (c, d) show Williamson-Hall plots. Panels (a,c)

are from the same single-phase ZnSb sample. Panels (b) and (d) are for

mixed-phase and single-phase Zn4Sb3 samples respectively. . . . . . . . . . 102

5.8 Electrical parameters (carrier concentration, mobility and conductivity) of

ZnSb �lms on the glass as a function of their EDX composition. Measure-

ments were taken at 300 K (red circles) and 77 K (blue squares). Scale

breaks are applied to show the Sb-rich sample's data in the conductivity

and concentration panels. . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

5.9 Electric parameters of ZnSb �lms grown on glass compared to Zhang et

al. [164] and Jang et al. [165]. Green dashed lines are guides to the eye. . 104

5.10 FTIR spectrum of ZnSb �lms on glass. Tauc plots for direct (in black)

and indirect (in red) optical transitions were obtained using the absorption

data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

5.11 Map of the direct and indirect optical transitions from FTIR spectrum of

ZnSb �lms on glass samples, extracted from Figure 5.10. Pure ZnSb �lms

are ordered according to Zn % content, while In-doped �lms are ordered

with their In percentage. The green dashed line is an eye guide to the

fundamental transitions in the samples and the purple one is at 0.3 eV. . . 106

5.12 Kapton samples during the �exibility test, moving from (a) relaxed posi-

tion to (b) bent position. (c) illustrates the maximum compression and

resultant radius of curvature. . . . . . . . . . . . . . . . . . . . . . . . . . 107

5.13 Electrical parameters dependence on Kapton �lms' composition before and

after bending cycles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

5.14 Electrical parameters of the �exed samples, normalized to their values

before bending. The horizontal lines are ±7% from unity. . . . . . . . . . 109

5.15 The conductivity of two ZnSb samples grown on Kapton under multiple

manual twisting cycles. Panel (a) shows the undoped IZS53 sample in red

triangles with the right scale and the In-doped IZS55 sample in blue circles

with the left scale. Panels (b-c) show one sample before and during the

twisting, courtesy of Dr Gavin Bell [104]. . . . . . . . . . . . . . . . . . . . 109

xii



5.16 Tauc plots of ZnSb �lms on Kapton before and after bending. The data

was obtained by smoothing the original absorbance data with an FFT

�lter. The y-axes are scaled di�erently. The solid lines represent direct and

indirect Tauc plots and are coloured di�erently as explained in the legends,

while dashed lines represent the linear �ttings of the data segments of the

same colour. The small peak at 0.45 eV comes from the instrumental

setup, not from the �lms. . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

5.17 The thermoelectric parameters of the �lms grown on Kapton as a function

of the operating temperature, (a) Seebeck coe�cient, (b) electrical con-

ductivity and (c) power factor. Panel (d) is the power factor of our �lms

with reference [160] as a function of their In percentage when they were

�rst measured around 37◦C and the maximum PF value measured up to

123◦C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

6.1 RHEED patterns of Sb on InAs(111)B (S663). Panels (a,b) are of the

InAs (111)B ready-substrate along [11̄0] and [12̄1] directions respectively.

Panels (c,d) are the Sb �lm along the same substrate's directions. The

inset in panel (d) shows one magni�ed streak. . . . . . . . . . . . . . . . . 119

6.2 Illustration of the in-plane spacing a along RHEED symmetry directions in

(a) InAs(111)B and (b) Sb (001) surfaces using their experimental PDF.cif

�les [82] as tabulated in panel (c). s is the streaks displacement in RHEED

patterns, Figure 6.1. The illustration was done by CrystalMaker software. 120

6.3 AFM topograph surface of sample S663 (Sb on InAs (111)B): (a) as pre-

pared, (b) annealed at 200◦C for 3 hours. Panel (c) is a line pro�le analysis

of 6 arbitrary pyramids as marked in panel (a). . . . . . . . . . . . . . . . 121

6.4 GIXRD of sample S685 (Sb �lm on glass). The red lines are from PDF

04-007-7310 card [82]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

6.5 AFM topographs surface of sample S685 (Sb on glass). Arrows refer to

the particles' orientation in some aligned areas. Red circles highlight some

pyramids on the surface. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

6.6 AFM thickness measurements of S685 (Sb on glass) �lm. (a) image of

the scanned �lm edge using the light microscope attached to the AFM

equipment and (b) the AFM line pro�le over that edge. . . . . . . . . . . 124

6.7 Tauc plot for the direct (black) and indirect (red) transitions in the S685

(Sb on glass) sample. The inset is a magni�cation of the dotted area in

the direct plot. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

xiii



6.8 The calculated near-Fermi level band structure of Sb. The numbers on the

graph refer to the valance band maxima and conduction band minima of

our interests. Reprinted with permission from American Physical Society

(1995) [4]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

6.9 CPD values of Sb �lms S663 and S685 measured at room temperature over

time. Y-axis is the measuring time; the annealed samples have di�erent

symbols as indicated. Vertical lines are linear least square �ttings with

zero slope. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

6.10 CPD dependence on the annealing time of S663 and S685 samples. Dashed

lines are guides to the eye. . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

B.1 Thickness of Sb �lms grown InAs(111)B at 2x10−7 mbar with substrate

temperature 200◦C. The red solid line is a linear �tting of the data, and

the black dotted line refers to thickness after 30 min deposition as for

Sample S663. The thickness of the �lms in this series was determined by

X-ray �uorescence (XRF). The calibration of the XRF thickness was done

by three other samples with known thickness by X-ray re�ectometry (XRR)137

C.1 XPS analysis of 5-hours 200◦C-annealed Sb on InAs (111)B sample (S663).

(a) Survey scan, (b) Sb 3d region and (c) In 3d region. . . . . . . . . . . . 138

xiv



Acknowledgments

I express deep gratitude to my supervisor (Dr Gavin Bell) for the great support I received

throughout the whole duration of my PhD. Dr Gavin contributed to planning for the

research project and provided me with the essential training to use our lab equipment.

In addition, He gave me both technical support in performing di�erent experiments and

scienti�c support in the data analysis and interpreting the results. Moreover, I enjoyed

his advice during the thesis writing period which improved my academic writing style.

This thesis would not be in that form without his generous support.

The equipment used in this thesis was built and maintained by former and current

"Surface Science" lab members. In chapter 3, the author describes his contribution

to developing the vacuum systems used. Building the new system (Morbius) required

contributions from fellow members: Dr Gavin Bell, Tom Rehaag, Christopher Benjamin

and Aleksei Boldin; the technical team includes Dr Alan Burton and physics mechanical

and electronic workshop members. In addition, Tom Rehaag cooperated during the

growth of the Sb �lms series (Chapter 6). I also acknowledge Tom's technical support

in setting up the �exibility experiment and troubleshooting LabView errors (Chapter 3),

and the useful scienti�c discussion on di�erent measurements and data analysis. The

calibration of the gold tip of the Kelvin probe using an HOPG sample was done by

two students from our group, Adam Sandy-Kyari and Freya Slaney-Parker. I also thank

Dr Atif Rasheed for supporting the deposition of BiSb �lms (MP50-MP55) in Mantis

chamber and giving me the appropriate training.

I am very grateful to the Egyptian Higher Education Ministry and the Egyptian

Cultural and Educational Bureau in London for supporting my PhD full scholarship

xv



(Ref: MM5/18). I also acknowledge the support I received from Ain Shams University

in Cairo, Egypt, regarding my scholarship.

I acknowledge the support I received from the University of Warwick sta�, includ-

ing the induction training and following support to use the instruments and, sometimes,

understand the experimental results. This includes Dr Marc Walker from the XPS fa-

cility; Stephen York and Steven Hindmarsh from research technology platform (RTP)

microscopy; Dr David Walker from the XRD facility; Dr Jack Woolley and Dr Michael

Staniforth from Warwick centre for ultrafast spectroscopy (WCUS).

The BiSb device lithography (Chapter 4) was done in the physics clean room in

Warwick using the Agile micro-fabrication facility. I am grateful for the technical support

I received from the team and the training from the former PhD student, Daniela Dogaru.

xvi



Declarations

This thesis is submitted to the University of Warwick in support of my application for the

degree of Doctor of Philosophy in Physics. This research was done under the supervision

of Dr Gavin Bell from 2018 to 2023. It has been composed by myself and has not been

submitted in any previous application for any degree. The work presented (including

data generated and data analysis) was carried out by the author except in the cases

outlined below:

List of data provided and/or analysis carried out by collaborators:

� The thermoelectric measurements of BiSb thin �lms, including the temperature-

dependent conductivity, as mentioned in Chapter 4 (series MP50:55), were mea-

sured by the members of the Energy Science Nanotechnology and Imagination

(E-Snail) Lab in the University of Virginia (USA) which is led by Dr Mona Ze-

barjadi. The measurements were performed by two lab members: Farjana Ferdous

Tonni and Md Golam Rosul. I express my gratitude to all the lab members for

their cooperation and scienti�c discussion. Farjana also provided the measurements

details and plotted Figure 2.8 (b). The XRD data for samples MP50 and MP54

(Chapter 4) was acquired by Shuai Li from the same university.

� The thermoelectric measurements of ZnSb �lms grown on Kapton, as mentioned

in Chapter 5 (series IZS53:58), was done by our collaborators in the Department

of Materials, the University of Manchester (UK). The measurement was taken by

Yu Liu and Dr Feridoon Azough, under the supervision of Professor Robert Freer.

� Dr Gavin performed an experiment to measure the conductivity of the ZnSb thin

xvii



�lms grown on Kapton samples after being twisted manually for di�erent cycles

(Chapter 5).

List of non-original �gure that was used in the thesis:

� Figure 1.1 (The band structure illustration) is adapted without permission from

reference [3]. The SVG �le is made available under the Creative Commons CC0

1.0 Universal Public Domain Dedication (i.e. No copyrights); it could be used,

modi�ed and distributed without asking for permission.

� Figure 1.3 (surface band states) is reproduced with permission from Springer Na-

ture [7] (Marius Grundmann, The Physics of Semiconductors book, Third Edition,

Chapter 11 (surfaces), page number 396, 2016, Graduate Texts in Physics series,

Springer Nature).

� Figure 1.7 (the Zone model illustration) is reprinted from [59] Thin Solid Films,

Volume 317, Issues 1�2, P.B Barna, M Adamik, Fundamental structure forming

phenomena of polycrystalline �lms and the structure zone models, Pages 27-33,

Copyright (1998), with permission from Elsevier.

� Figure 2.4(i) (The AFM illustration in chapter 2) is printed with permission from

article [75]: High-speed atomic force microscopy for materials science, Pyton et.

al., International Materials Reviews, and©Pyton copyright # [2016], reprinted by

permission of Informa UK Limited, trading as Taylor & Taylor & Francis Group,

http://www.tandfonline.com.

� Figure 2.9 (Thermoelectric measurements con�guration by ZEM-3 system) is taken

from the manual of Ulvac ZEM-3 system without a permission.

� Figure 3.3 (Morbius chamber's design) was modi�ed from the manufacture data

sheet without permission.

� Figure 6.8, (Sb band structure) in Chapter 6, is reprinted with permission from [4]

[ Yi Liu and Roland E. Allen, Physical Review B, 52 (3), 1566, 1995] Copyright

(1995) by the American Physical Society, DOI: https://doi.org/10.1103/PhysRevB.52.1566.

xviii



� Figure 2.9 (Thermoelectric measurements con�guration by ZEM-3 system) is ex-

tracted from the manual without permission.

Publications expected from the presented work to peer-review journals

or conferences:

� Elhoussieny, I.G., Rehaag, T.J. and Bell, G.R., 2023. Bulk and surface electrical

properties of BiSb on �at and ion beam nano-patterned InP substrates. physica

status solidi (b). (Accepted article)

� Elhoussieny, I.G., Rehaag, T.J. and Bell, G.R., 2023. ZnSb �lms on �exible sub-

strates: stability, optical band gap, electrical properties and indium doping. Adv.

Electron. Mater. (Accepted article)

� Thermoelectric properties of topological insulator BiSb thin �lms grown on �at and

patterned InP substrates. (to be submitted)

� Thermoelectric properties of undoped and In-doped ZnSb �lms on �exible Kapton

substrates. (to be submitted)

� Epitaxial Sb �lm on (InAs) substrate and textured Sb �lm on glass: structure,

electrical and optical properties and work function. (to be submitted)

xix



Abstract

Antimony and antimony-based thin �lms attract great attention as topological
and thermoelectric materials. In this study, Sb, BiSb and ZnSb thin �lms were deposited
by di�erent physical vapour deposition techniques on various substrates in high and ultra-
high vacuums. The structure, composition and topography of the �lms were investigated
using various microscopy and di�raction techniques. The optical and electrical properties
of the �lms were measured using several complementary methods.

The e�ects of increasing the surface area of thin �lms of the topological insulator
BiSb were studied. To achieve this, BiSb thin �lms were deposited on both normal �at
InP single crystal substrates and nano-patterned ones prepared by ion bombardment.
The crystalline texture of the BiSb �lms was di�erent on �at versus nano-patterned
substrates. The electrical conductivity was smaller on nano-patterned substrates, but
the contribution of the surface conduction was larger.

Both undoped and In-doped ZnSb thin �lms were studied for potential application
in �exible thermoelectric devices. Films were deposited on rigid glass substrates and
�exible polyimide (Kapton) �lms. The electrical and optical properties of both types
were similar. In addition, �exible �lms showed stability in both electrical and optical
measurements before and after 10,000 cycles of bending.

Thermoelectric measurements of BiSb and ZnSb were performed by collaborators
and showed promising power factors.

Finally, pure Sb �lms were grown on both InAs and glass substrates. The �lms on
InAs were single crystal and epitaxial, while on glass a strong (003) texture was evident.
On InAs, Sb �lms were a�ected by In segregation upon annealing (a�ecting the work
function), while �lms on glass were stable. The direct band gap of the semimetallic
�lms on glass was determined optically to be 228 meV. This value agrees with published
tight-binding band structure calculations.
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Chapter 1

Introduction

In this chapter, the basics and principles of the thesis topic are introduced. The chapter

starts with discussing the electronic band structure of solids, with a mention of some

factors a�ecting it such as impurities and dimensionality. Surface band states is men-

tioned to be di�erent in topological insulators than in normal gapped materials. The

exotic surface states in topological insulators make them appealing for thermoelectric

applications. Thermoelectricity is then introduced in terms of parameters and their rela-

tions. To discuss the origin of thermoelectricity and its theory, the Landauer approach is

explained to understand electron and phonon transport and derive expressions for their

parameters. Afterwards, a brief summary is given about some techniques mentioned in

the literature to optimise the thermoelectric parameters. Thin �lm applications are then

introduced because of their convenience with thermoelectric devices. The growth mecha-

nism is discussed, emphasising the role of growth conditions on the quality (order) of the

�lm. Factors such as growth rate, substrate temperature and type, contaminations and

additives are discussed as their impact on the growth mode. The crystalline order of �lms

a�ects both phonons and electronic band structure, with consequences for thermoelectric

performance. Finally, the thesis organisation is outlined.

1.1 Electronic band structure

All materials consist of atoms or molecules that are bound together with atomic bonds

(e.g. ionic and covalent bonds). Each atom consists of a positive nucleus and nega-

tive electrons that are constrained to distinct energy levels when they are in free space

[1]. When these atoms are brought together to form an ordered solid bulk (crystalline)

material, the energy levels convert into bands of energy. These bands are formed from
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di�erent individual atomic orbitals; for N atoms, N orbitals overlap. This is called a linear

combination of atomic orbitals (LCAO) or tight binding approximation [2]. Figure 1.1

illustrates the energy band formation of hypothetical carbon atoms [3]. The outer-most

atomic s and p levels of N atoms hybridise and overlap when the interatomic distance be-

tween them becomes smaller. This form the energy bands from their constituent atomic

levels which have tiny spacing. The gap between the conduction band minimum and

valence band maximum is called the energy gap (i.e. band gap), denoted by Eg.

Figure 1.1: Demonstration of the origin of the bands in the condensed materials from
the individual atomic levels (LCAO). The bands originated from the overlap of s and p
levels of atoms (e.g. carbon) brought together to relax at an interatomic distance (a).
The image is adapted from reference [3] without permission.

The shape of the band structure di�ers from one system to another based on var-

ious parameters (e.g. constituting elements and crystal structure). Studying the band

structure is very important for researchers to understand the properties of the material,

as many important physical properties rely on the band structure. For example, the

material's ability to conduct electricity is used to classify materials, based on their band

structure, especially the valence and conduction bands, Eg and the position of the Fermi

level (Ef ). Figure 1.2 illustrates the band structure of crystalline materials: metal (a),

semi-metal (b), semiconductor (c) and insulator (d). In metals, the Fermi level is placed

within the "partially-�lled" band, meaning that valence electrons can conduct electricity

in the presence of an electric �eld. If the valence band is �lled and separated from the

conduction band by an energy gap where Fermi level is placed, electrons in the valence

band will need enough energy to cross the gap, as in semiconductors. They act as insu-

lators at absolute temperature but conduct when they are given enough energy (≥ Eg),
which could be in the form of heat or light. Semimetals lie between metals and semicon-
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ductors, where there is a very small overlap between the two bands. For example, Bi and

Sb were found to have a negative indirect band gap of 40 meV and 180 meV respectively,

when they were calculated using the tight-binding model [4]. The term negative band

gap means that the valence band maximum energy is higher than the conduction band

minimum. This appears in the carrier concentration of each category. Typically, met-

als have the highest carrier concentration value (> 1022 cm−3), while semimetals have

smaller values than metals (from 1017 to 1022 cm−3), but higher than typical undoped

semiconductors (< 1017 cm−3) [2]. With doping, these values can increase by di�erent

orders of magnitude. If the band gap is very wide that electrons in the valence band

could not be excited to the conduction band, the material is considered an insulator.

En
er

gy Metal Semi-metal

VB

CB

Semiconductor

VB

CB

Insulator

VB

CB

(a) (b) (c) (d)

Eg
Eg

Wave vector (k)

Fermi
level

Figure 1.2: Schematic representation of the electronic bands in metals (a), semi-metals
(b), semiconductors (c) and insulators (d).

Many factors control the band structure, especially in semiconductors, such as

doping, dimensions and disorder. By doping, di�erent energy states from the additive

material could appear in the band gap of the host material [2]. Similarly, the presence

of some defects (or disorders) in the material's crystal creates some gap states (e.g. tail

states). This type of states is called localised states, di�erent from the extended states

in the valence and conduction bands; the electronic transition is limited in these states.

The electrical and optical contributions from these localised gap states become dominant

when the semiconductor gains energy less than the energy gap, but enough to activate

their electrons [5, 6]. In addition, limiting the dimensions of the material (i.e. nano-

structuring) can in�uence the shape of the band structure considerably. The band gap

increases continuously with decreasing the size of the nanomaterial (e.g. radius of a
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quantum dot), making them appealing for new applications [2].

In addition to the bulk band structure mentioned earlier, there is a separate

surface band structure that could be signi�cant in some cases. To clarify, the crystalline

material has a periodic structure, where all atoms inside have the same surrounding.

At the surface, this periodicity ends suddenly, leaving the atoms crystallographically

oriented in one direction with dangling bonds, surface reconstruction (surface atoms

become ordered in a new structure) may be present. Consequently, the electron wave

function changes at the surface forming a band structure that could be di�erent. The

surface band states are also localised to the surface and decaying outside, and are mostly

located in the bulk band gap [7]. The impact of the band states on the electrical properties

di�ers from one material to another. For example, it becomes more dominating in thin

�lms as it has a larger surface-to-bulk ratio. Materials with non-trivial topology of the

band structure may have surface or interface states which are "protected", i.e. must

always exist even in the presence of disorder or contamination on the surface [8].

1.2 Topological insulators

Topological insulators (TI) is a new class of materials that attracts much attention from

the material science community since it was �rst observed experimentally in BiSb al-

loys [8�15]. This interest arises from the exotic properties that TI have, related to its

electronic boundary states. Basically, if an electron moves in 2D under a very strong

magnetic �eld, it experiences a force perpendicular to its direction of motion. That re-

sults in a con�ned circular motion that makes that sheet material insulator except for

edges, where electrons cannot complete this circular motion. This di�erent magnetically-

induced topological order was discovered in the 1980s, known as the quantum Hall e�ect

[10, 15]. Similarly, topological insulators have an insulating interior (sheet in 2D and

bulk in 3D) and conducting boundaries (edge in 2D and surface in 3D), but without

applying an external magnetic �eld. In TI, the role of the magnetic �eld is assumed to

be replaced by the strong spin-orbit coupling that the material has; this usually occurs

with heavy elements with narrow band gaps [10]. The band structure of a 3D TI is

distinguished from normal materials, as demonstrated in Figure 1.3, from [7]. In the

normal insulator (or semiconductor) shown in panel (a), the surface states are usually

located in the bulk gap and not spin-polarised (electrons with spins up and down can

populate). While, in TI, the surface states are spin polarised and cross the bulk gap at

the so-called Dirac points or cones [7, 10]. In contrast to normal insulators, electrons in

the topologically-protected surface states of TI do not face backscattering from defects
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and non-magnetic impurities because of its spin-momentum locking [8]; this means that

the electron has to change its spin to move in the opposite direction [15]. This allows

doping the topological insulator material with the desired non-magnetic additives (e.g.

to reduce the bulk's thermal conductivity) without a�ecting its surface conduction; this

is favoured for some applications such as thermoelectric materials. In fact, most of the

topological insulators are good thermoelectric materials, likely because of the low ther-

mal conductivity attributed to their heavy elements, and the high electric conductivity

of their narrow band gap [15].
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Fig. 11.16 (a) ‘Normal’ band structure with surface states, the valence band states are antisymmet-
ric (‘−’) from p-states, the conduction band states are symmetric (‘+’) from s-states. The arrows

denote the electron spin orientation of the states. (b) ‘Topological’ band structure with surface states
crossing the gap and electrons in the two surface states having unique spin orientations

(orthorhombic) Bi2Se3-like tri-chalcogenide materials two pz-orbitals with opposite
parity are inverted at the Γ point. Reasons for the band inversion are spin-orbit
interaction but also scalar relativistic effects and lattice distortions [955]. The spin-
orbit interaction is responsible for opening a gap; the associated surface states cross
the band gap (Fig. 11.16b) and are spin-polarized (Fig. 11.16c) [956, 957]. A review
of various systems is given in [958]. Charge transport in such spin-polarized surface
states suffers no scattering (thus these states are called ‘topologically protected’)
unless by a center that breaks time reversal symmetry (magnetic impurity). The

Figure 1.3: Schematic of the surface states location inside the band structure of a normal
semiconductor or insulator material (a) and a topological insulator (b). The arrows refer
to the spin direction of the occupying electrons. This �gure is reproduced with permission
from Springer Nature, reference [7].

Low-dimensionality is an approach that TI TE materials, particularly, bene�t

from; as it suppresses the undesired phonon conductivity to achieve phonon glass and

electron crystal (PGEC) material [12, 16, 17]. But the surface states from both sides of

very thin nanostructured �lms can overlap in real space and could form what is called

a hybridisation gap in the surface states, which tremendously a�ects the thermoelectric

properties [8].

1.3 Thermoelectricity

Thermoelectric (TE) materials can convert heat into electricity, without needing any

intermediate heat engines. A TE module could be used to generate electricity from

a temperature di�erence, working as a TE generator. It could be also used to cool
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local hot areas (i.e. micro-refrigerators) when supplied by electrical current (Figure

1.4). The simplest form of the thermoelectric device is the thermocouple, in which two

di�erent metals are in contact; it produces a thermoelectric voltage which determines

the temperature of a body [18]. The e�ciency of a thermoelectric device depends on

some material parameters such as the Seebeck coe�cient (S), electrical conductivity (σ)

and thermal conductivity (k). Seebeck coe�cient is de�ned as the ratio of the generated

thermal Seebeck voltage (V ) to the temperature di�erence (4T ) applied between its ls,

S = V/ 4 T [18]. For a conductor of length (l) and cross-sectional area (A), when a

voltage (V ) is applied, the electrical current (I) is:

I =
σAV

l
.

Similarly, when a steady temperature di�erence (4T ) is applied, heat with the rate (Q)

�ows across this conductor, depending on its thermal conductivity (k).

Q = −kA4 T

l
.

In Figure 1.4, the TE generator (panel (a)) generates electricity when one side is consis-

tently hotter than the other. In the n-leg, electrons migrate from the hot side to the cold

side; the contrast occurs with the p-leg, which creates a potential di�erence between both

sides. On the other hand, the refrigerator cools one side when inserting d.c. current in

the module as shown in panel (b). The potential di�erence forces the electrons to move

from the p-leg (i.e. lower Fermi level) to the n-leg (i.e. higher Fermi level) by absorbing

the surrounding heat (i.e. refrigeration). The e�ciency of a TE module is enhanced by

optimising the module design and the material's TE performance (i.e. thermoelectric

�gure of merit and power factor) [19].

1.3.1 Thermoelectric �gure of merit and power factor

Optimising the power factor and the thermoelectric �gure of merit for thermoelectric

materials attracts great attention among material scientists. The thermoelectric �gure

of merit ( ZT ) is used to qualify the thermoelectric material's performance [20, 21];

good TE materials have high ZT .

ZT =
S2σT

k

To optimise the value of ZT , the power factor (S2σ) needs to increase and k
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needs to decrease. But this is challenging to control as the values of S, σ and k are

correlated. For example, the total thermal conductivity consists of the electronic ther-

mal conductivity (ke) and the lattice thermal conductivity (kL), that k = ke + kL; ke
is proportional to σ, that ke = LσT , where L is Lorentz number (this is called Wiede-

mann�Franz�Lorenz law) [22]. Moreover, S, σ and k depend on the materials system

they share and its band structure. For example, σ depends on the temperature and the

thermal band gap (Eg), as does the maximum Seebeck coe�cient Smax at temperature

Tmax (e.g. Smax = Eg/2eTmax) [23].

Besides ZT , the PF is used frequently to select the suitable TE materials, as

there are many challenges in determining the thermal conductivity of the thin �lms, for

example, the substrate contribution to the thermal conduction [24, 25]. The PF is roughly

proportional to the TE device's maximum power [26]. In addition, its constituents (i.e. σ

and S) depend on the carrier concentration (n), that kL does not depend on. In general,

if n increases, σ increases (σ = µne) where µ is the carrier mobility; also the Fermi

level becomes higher, which reduces S (kinetically, de�ned as the di�erence between

the average mobile carriers' energy and Fermi level) [27]. Therefore, there is a carrier

concentration that gives maximum PF near that of the maximum ZT [18].

Figure 1.4: Thermoelectric devices, (a) thermoelectric generator; (b) Peltier cooler. The
arrows show the electrons' migration directions; in panel (a), from the hot side to the
cold in the n-type leg and vice versa for the p-type, producing a potential di�erence. In
panel (b), the external bias forces the electrons to move from the negative to the positive
side, which requires absorbing heat from the upper side (i.e. refrigeration).
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1.3.2 Landauer approach

In the TE materials, electrons (as fermions) transport both heat and charge, and are gov-

erned by Fermi-Dirac statistics, while phonons (quantised lattice vibrations) are bosons

that transport heat only, and are governed by Bose-Einstein statistics. Landauer trans-

port theory was developed and extended to understand electron and phonon transport

in bulk and nanomaterials [26, 28�30]. This uni�ed theory is believed to be an intuitive,

simple and accurate approach to understand the thermoelectric parameters, as it deals

with both electric and heat transports using the same language [26, 29]. Here, the con-

cept is summarised after Datta and Lundstorm's development of the theory [26, 29, 30].

If an electron moves in a conductor from a source point to a drain, it may travel in a

ballistic (like a bullet) or a di�usive (random) manner, or somewhere in between. This

depends on the ratio between the length of the conductor (l) and the mean free path (λ)

[30].

Assume an electron moves in a ballistic channel with one barrier (e.g. defect) in

the middle under a potential di�erence between the two terminal contacts. The electro-

chemical potential µ (i.e. di�erent from EF , Fermi level at 0K. Note: µ is the mobility

elsewhere) will change in this resistor as shown in Figure 1.5(a). The negatively biased

terminal has more electrons (higher µ) than the positive side, which derives electrons to

move from a highly occupied terminal to the less occupied one. The drop in µ occurs at

terminals because of the change in electronic statistics before and after the interface (like

a tra�c jam), this is considered to be the source of the heat dissipation [30]. Conductors

in real life are longer and wider (have many channels (M)), which could be represented as

a mixture of parallel and series horizontal and vertical resistors (as illustrated in Figure

1.5 (b)), and Landauer approach is still applicable [30].

The electric current (Ie) arises from the di�erence in electron occupation statistics

(i.e. Fermi-Dirac distribution,f(E)) between the terminals due to variations in their

voltage or temperature [26, 29, 31].

Ie = −2q

h

∫
T (E) M(E) 4 f dE

f(E) =
1

exp(E−µKBT
+ 1)

where 4f is the di�erence in electron occupation between the terminals, q is the elec-

tronic charge, h is Plank's constant andKB is Boltzmann constant. T(E) is the transmis-

sion coe�cient that determines how ballistic or di�usive is the current (i.e. probability
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Figure 1.5: Schematic of the potential drop across a single ballistic (elastic) channel with
a barrier in the middle (a), and a more complex di�usive (inelastic) resistor's equivalent
(b); inspired by reference [30].

that the electron passes the conductor); its value varies from 0 (di�usive) to 1 (ballistic),

could be represented as [29, 32]:

T (E) =
λ(E)

λ(E) + l

M(E) is the number of channels (modes), depending on the density of states and

transport-projected velocity.

Charge transport by electrons

In the case of 3D bulk systems, 4f will be converted to the gradient 5f , the current

density J will replace I, and the product of T (E)and M(E) could be replaced by the

transport function G(E) [26].

J = −q
∫
G(E) 5 fdE (1.1)

This equation could be used with electrons conducting charges (q), or heat (E−µ)
per particle. The motive for the electronic transport (e.g. 5T and/or 5V ) is what

creates the carriers' statistical imbalance between the terminal. To obtain the electrical

parameters σ, S and k, an Ohm-like equation is used in each case. For example, using

equation 1.1 after applying a voltage gradient only and Ohm's law (i.e. J = −σ 5 V )
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gives the formula of σ [26]:

σ = q2
∫
G(E)

−∂f
∂E

dE (1.2)

The derivative −∂f∂E is referred to as the window function (or selection function),

which selects the contributing carriers to the transport. Similarly, using equation 1.1

when a temperature gradient is only applied gives the electric current due to a temper-

ature gradient. The chemical potential is assumed constant in this case (short-circuit

condition). This drives a material quantity (ν), that J = −ν5 T , similar to Ohm's law.

ν = q

∫
G(E) (

E − µ
T

)
−∂f
∂E

dE (1.3)

Note that the current here is induced only by the change in carriers' occupation between

hot and cold sides. The term (E − µ)−∂f∂E is the selection function for conduction under

the temperature gradient condition only. In the case of having both temperature gradient

and voltage gradient, the total current density will be an addition of both.

J = J5V + J5T = −σ5 V − ν 5 T.

The Seebeck coe�cient is the voltage di�erence measured with open circuit condition

(i.e. J = 0) when a temperature gradient is applied.

S = −4V
4T

=
ν

σ
(1.4)

Heat transport by electrons

Heat conduction could be treated the same way as electronic charge conduction under

Landauer formalism [26, 29]. Similar equations to equation 1.1 could be used for heat

conduction that is done through both electrons and lattice vibration. The charge q for

each electron now should be converted to the heat carried by each (E − µ). The heat

current density carried by electrons only (JQ) is derived either by a temperature or a

voltage gradient. By using an Ohm-like equation for heat current carried by electrons

(JQ = −ke5T ), one can get ke by adding the temperature gradient component (k0) and

the voltage gradient component [26].

ke = k0 − S2σT (1.5)

k0 =

∫
G(E)

(E − µ)2

T

−∂f
∂E

dE
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.

Heat transport by phonons

The lattice thermal conductivity (kL) could be calculated from the heat current density

due to the temperature gradient only. Because the lattice vibration does not respond to

voltage gradient but responds only to the temperature-induced Bose-Einstein's spatial

gradient (5fb). Again, we use the Ohm-like equation for heat current carried by lattice

vibration (JQ = −kL 5 T ) to obtain kL.

kL =

∫
G(E)

(E)2

T

−∂fb
∂E

dE (1.6)

fb =
1

exp

(
E

kBT

)
− 1

,

where fb if Bose-Einstein distribution of phonons having energy E [33]. The

selection function for heat carrieng bosons here is (E)2−∂fb∂E [26]. The di�erence between

electrons and phonons regarding Landauer equations appears in two points [29]. First,

electrons and phonons contribute to the transport in di�erent order of magnitude energy

scales; at a certain temperature, few electrons may contribute while most of the phonons

�ow [29]. Second, the mean free path of electrons (λe) and phonons (λp) have di�erent

energy dependence; at room temperature, λe is nearly constant, but λp depends on E−2

[29]. This tells us that acoustic (low-energy) phonons have longer λp than the electrons,

but the optical (high-energy) ones have a relatively shorter mean free path.

1.3.3 Optimising the thermoelectric e�ciency

One technique to enhance the value of the thermoelectric �gure of merit is to optimise

the electrical transport properties of the low thermal conductivity materials. Chang and

Zhao [34] summarized the correlation between the thermoelectrics' low thermal conduc-

tivity and the anharmonicity in its lattice. The lattice vibrations transfer the heat from

one side to another, usually represented by atoms connected by springs to their neigh-

bours. The atoms' oscillation is considered harmonic in the ideal crystalline system.

The anharmonicity breaks this symmetry (harmonic oscillation) and result in disordered

vibration modes. Therefore, the rising phonon-phonon collisions causes the reduction of

the phonon's lifetime κ, and consequently, leads to small lattice thermal conductivity[34].

They also outlined the three main strategies used to enhance the anharmonicity as fol-
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lows:

1. Lone pair electron (LPE): two non-shared electrons cause a nonlinear electrostatic

repulsion force with their neighbouring bonds leading to more anharmonicity and

hence reducing the lattice vibration [35, 36]. This was reported for di�erent nitrogen

group elements (e.g. As, Sb, Bi) and with some of their compounds, having strong

active LPEs [34, 37�39].

2. Resonant bonding: unlike the anharmonicity caused by the asymmetry in the

atomic arrangement, some high-ordered structures like rocksalt IV-VI compounds

(PbTe, PbSe, SnTe) reveal strong anharmonicity because of their resonant bonding

[40]. In these compounds, the coordination number is six, so the electrons have to

swap their positions among the six covalent bonds in a resonant manner [41].

3. Rattling model: it was �rst discovered in cage-like structured materials (clathrates

and skutterudites) with one guest atom or cluster oscillating vigorously inside a

large cage space because of its weak bonding with the host lattice [42�45]. There

may be more than one strategy to increase the anharmonicity of a certain material

like the rattling found in TlInTe and InTe is induced by LPEs [46, 47].

There are many research groups using these concepts to optimize ZT in Sn chalco-

genide compounds as an alternative for PbTe, the best-known but not environmental-

friendly compound. For example, one group used the layered structure of bulk SnSe

that result in weak Van der Waal's bonding and low sound velocity, leading to small

thermal lattice conductivity; they could then optimize the carrier concentration by Br

and Se doping [48]. Another group engineered the electronic structure of bulk SnTe by

using two dopants for di�erent purposes: (a) Ca was used to increase the band gap to

suppress the bipolar thermal conduction, and (b) In was used to enhance the Seebeck

coe�cient by introducing resonant levels. This method succeeded to improve ZT in a

wide temperature range [49].

In ZnSb compounds, the inherent low thermal conductivity arises from the un-

usual ZnSb phononic structure [50]. There is weak electron bonding that, probably,

permits more phonon-phonon interaction. This interaction may occur between acoustic

and optic modes, which is otherwise prohibited. In which, various localised low-energy

optic modes serve as rattling modes with thermal acoustic phonons. Moreover, higher

temperatures promote phonon-phonon scattering (umklapp processes) [50].

Another technique to optimize the thermoelectric e�ciency is to keep the high

electrical transport properties and then lower the lattice thermal conductivity. This
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strategy succeeded with some systems such as tin and lead chalcogenides but failed with

other semiconductors as the introduced defects not only a�ect the phonon transport but

also bound the electronic transport [34, 51�53]. The discovery of the topological insula-

tors showed a promising solution for this problem as they have topologically-protected

metallic surface states, that are immune to non-magnetic impurities.

1.4 Thin �lms

Reducing the dimensionality of the TE material (e.g. in thin �lms) improves the thermo-

electric properties due to quantum con�nement that improves the PF and ZT [16, 17, 54].

Thin �lm application is also more suitable for integrating with small and �exible TE de-

vices [19]. Additionally, in topological insulators, this enhances the surface-to-bulk ratio

that emphasises the surface state contribution in the electrical conduction and reduces

the bulk thermal conduction [12]. In the present study, thermoelectric thin �lms were

prepared using di�erent physical vapour deposition (PVD) techniques. Here, the thin

�lm formation mechanism and the impact of the growth conditions (e.g. substrate tem-

perature) on the prepared �lms are discussed. In chapter 2, the techniques are brie�y

discussed, while the speci�c details of each �lm's growth are mentioned in their corre-

sponding experimental chapter.

1.4.1 Thin �lm growth mechanism

In PVD, the vapour of the �lm's material is condensed on a substrate to form a thin �lm.

The process occurs in two stages. The �rst one is nucleation when a �ux of adatoms hits

the surface of the bare substrate. In this stage, each adatom di�uses randomly on the

substrate surface a�ected by its potential and other barriers (e.g. from the substrate and

other adatoms) [55, 56]. There are two competing interaction energies that determine

the growth mode: the adhesion with the substrate (WSD) and the cohesion with other

deposited atoms (WDD). If the adhesion's energy is higher, the �rst layer will be covered

�rst then the following layer and so one ( called layer growth) [56]. But, if the cohesion

energy is higher, the atoms will tend to form islands (called island growth). In between,

there is the Stranski-Krastanov growth, when the cohesion and adhesion energies depend

on other parameters such as the substrate strain �eld and wetting properties [56].

During the nucleation, adatoms accumulate forming clusters, which could grow

by attachment of more adatoms continuously or less likely shrink by detachment, forming

adatoms clouds around the clusters [55]. As these clusters (or grains) grow, the ratio

13



Figure 1.6: The three possible growth modes of thin �lms grown by a physical vapour
deposition technique.

of attachments to detachments increases, lowering the cloud density. Consequently, the

atoms migrate from the high-density clouds (around the smaller clusters) to the low-

density cloud (around the bigger clusters) [55, 57]. As grains grow, they touch and

restructure (i.e. coalescing) to minimise the total surface energy of the system. During

this process and the following growth stages, the microstructure of the �lm evolves [55,

58]; it could be classi�ed from high-ordered single crystal to textured (i.e. preferred

orientation), polycrystalline (random grains) and amorphous (no grains).

Some factors control how much the �lm will be ordered such as the temperature

of the substrate, the �ux (i.e. the deposition rate) and the kinetic energy of the atoms

(e.g. in sputtering) [55, 56, 59, 60]. In general, high substrate temperature increases

the in-plane di�usivity of the adatoms allowing them to have a higher probability to

rest in more stable clusters quickly before building new layers. In addition, it increases

the recrystallisation rate which results in highly-ordered �lms. However, a very high

temperature is not desired for epitaxial growth and some compounds have a narrow

temperature window, below which, the disorder increases, and above it, 3D islands appear

[13]. The low deposition rate also gives the in-plane di�using atom more time to reorder.

Otherwise, with a high deposition rate, more adatoms and small grains will behave as

barriers to adatom mobility, increasing the number of small grains and defects. To form

a high-quality single-crystal �lm, a higher temperature and very low deposition rate

are required; this will give the natural lowest-energy crystallographic orientation. If a

di�erent �lm orientation is required, a single crystal substrate with speci�c properties

(e.g. orientation and lattice parameter) could be used to encourage "epitaxial" growth,

where the thin �lm has a well-de�ned crystallographic orientation to the substrate.

The single crystal has �at terraces and atomic steps on the top. During the

epitaxial growth, adatoms can rearrange in di�erent modes; it ranges from step �ow,

where fast di�using adatoms attach to the step edges of the terraces, through layer-by-

layer and mound formation, to self-a�ne or hit-and-stick growth (i.e. adatoms stick where
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they land) [55, 60]. Again, the intra-layer di�usivity depends on the above-mentioned

factors and di�usion barriers. For example, in the mound formation mode, adatoms are

trapped in many small islands that build up high roughness [55]. Note that the e�ect

of surface structure is more pronounced in small thicknesses, which demands controlling

the growth conditions (e.g. by molecular beam epitaxy).

1.4.2 Polycrystalline �lms

To understand growing thicker polycrystalline thin �lms, one can treat it from the crystal

point of view. It starts with nucleation, from the condensation of the adatoms on the

substrate (i.e. primary nucleation) to the coalescence in a �uid manner (i.e. secondary

nucleation) [59]. After that, crystal growth occurs, �rst, when di�erent grains try to

minimise their interface energy with the substrate by changing their orientation. Sec-

ond, when they grow, di�erent-oriented crystals compete together to change texture and

morphology (i.e. competitive texture). The following thickening of the �lm (i.e. grain

growth) includes boundary migration and periodic coalescence, where grains increase in

size and reorient to lower the total energy. The "restructuration growth" texture related

to this process is due to minimising the surface and interface energy [59]. In addition,

coarsening (i.e. atoms di�use from one island's surface to another or through their

grain boundaries) could occur during grain growth, �lm thickening or annealing after

deposition [58, 60]. Post-deposition annealing can increase the grains size considerably

(exponentially in some cases), relax stresses and defects and, even, crystallise amorphous

�lms [60, 61].

The growth structure and morphology depend on the ratio of the substrate tem-

perature to the melting point of the �lm (Ts/Tm); it is usually classi�ed into di�erent

zones (e.g. Figure 1.7 [59])

Doping the thin �lm with certain impurities (i.e. additives) can have a great

impact on the growth mechanism [55, 59]. In the nucleation stage, impurities can block

certain growth directions and direct the growth to develop a second phase [59, 62]. Dur-

ing the grain growth stage, it could be either adsorbed or segregated on the growing

crystalline face, and actively impact the grain size; they could be inhibitors which di-

minish the grain size and weaken the texture or promoters which extend the crystalline

grains [55, 59].

15



Figure 1.7: Illustration of di�erent polycrystalline zone models as a function of the
substrate temperature to the melting point of the �lm, Reprinted with permission from
[59].

1.4.3 Substrates

The substrate choice plays an important role in the orientation of the �lm's grains, some

can act as templates. The grains starts randomly oriented, some orientations are more

favourable than others due to their low surface energy which makes them more stable.

Therefore, higher energy surfaces tend to restructure to more stable con�gurations if

there are no kinetic restrictions [58, 63]. For amorphous substrates (e.g. glass), grains

tend to orient according to the crystallographic face with the lowest surface energy [59].

On the other hand, a single crystal substrate restricts the �lm growth in a speci�c orienta-

tion based on the substrate's in-plane con�guration [58]. In the present study, di�erent

substrates were used (see Figure 1.8), from crystalline planar wafers (InAs and InP)

to non-crystalline planar (i.e glass) substrates and non-planar substrates (Kapton and

nano-patterned InP). Certainly, the substrate's surface contaminants a�ect the �lm's

nucleation process by making additional barriers to the adatom migration and creating

new nucleation centres [63]; this reduces the ordering and adhesivity of the �lm. There-

fore, the surface of such substrates requires suitable preparation to remove contaminants

and oxide layers via either chemical detergents or wet or dry etching (in the present

study, argon ion sputtering). Additional deposition of a bu�er layer (e.g. SnO treat-

ment in chapter 5) may improve the quality of the �lm as well [64, 65]. The substrate

preparation is detailed in the experimental chapters.
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Figure 1.8: Di�erent thin �lm samples were grown in this study on various substrates.
(a) Flat and nano-patterned InP substrate; (b) is the corresponding AFM topograph, on
a di�erent scale. (c) ZnSb thin �lms grown in one growth on di�erent substrates.

1.5 Thesis organisation and aim of the study

In this thesis, two thermoelectric thin �lm systems were studied (BiSb and ZnSb), plus,

pure Sb thin �lms, as mapped in Figure 1.9. Chapter 2 provides the concept of the

experimental techniques used in the thesis, including thin �lm preparation, structural,

compositional, optical, electrical and thermoelectric properties and work function of the

studied �lms. In chapter 3, the technical work related to the vacuum system building

and the experimental development is reported. This includes the building of a new

UHV system to grow the BiSb �lms, regular maintenance of the other systems, building

di�erent vacuum-compatible items and setting up an automated experiment to bend

ZnSb �lms on �exible substrates regularly. Chapters 4 to 6 discuss the experimental work

on BiSb, ZnSb and Sb thin �lms, respectively. Each chapter starts with a literature-based

focused introduction followed by the samples' preparation details and the discussion of

the experimental results. At the end of the chapter, the conclusion highlights the main

output results.

BiSb is a topological insulator TE material, its thermoelectric performance was

studied after increasing its surface area by depositing on ion-irradiated nano-patterned

InP substrates. While ZnSb �lms were prepared on chemically-treated glass and �exible

Kapton substrates. The electrical and optical properties of the �exible samples were

compared to the glass ones and tested after being bent for thousands of cycles. The last

chapter compares an Sb �lm grown epitaxially on an InAs substrate to one grown on

a glass substrate. The discussion presents the structural and morphological di�erences

and presents some electrical and optical data and work function measurements.
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Figure 1.9: Thesis outline, highlighting the main ideas.
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Chapter 2

Experimental Techniques

The experimental techniques used in this thesis are discussed in this chapter. In the �rst

section, an overview of the preparation techniques is introduced. More information about

their dedicated vacuum systems and their maintenance is discussed in Chapter 3. In the

experimental chapters (4, 5 and 6), the speci�c details of the preparation conditions of

each compound are provided. In the second section, the experimental analysis techniques

used in this thesis are discussed. To grow our samples, di�erent growth and characterise

techniques were used, such as:

� Vacuum

� Physical vapour deposition (PVD) (Evaporation, molecular beam epitaxy (MBE),

Sputtering)

� Lithography

The second part discusses the main techniques used in the analysis including:

� Re�ection high energy electron di�raction (RHEED)

� Microscopy (The scanning electron microscope (SEM), energy dispersive X-ray

(EDX) and atomic force microscope (AFM))

� X-ray di�raction (XRD) including grazing incidence (GIXRD)

� Optical measurements

� Hall and 4-point probe electrical measurements

� Thermoelectric measurements

� Kelvin probe (KP)
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2.1 Preparation techniques

2.1.1 Vacuum

Regardless of the used technique, the deposition of good thin �lms requires a very clean

environment. This means that we need no air inside the system (i.e. vacuum) because

the air contains di�erent elements that will contaminate the �lm's surface, contribute

to the composition, or a�ect the performance of working instruments. There is no zero

pressure, but instead, there are di�erent levels ranging from the atmospheric pressure

(≈1000 mbar) to extremely high vacuum ( 10−12 mbar). However, at a pressure of 10−9

mbar, a monolayer can form on the sample's surface within one hour if all particles

adhere to it. At a poorer pressure (such as 10−6 mbar), this monolayer will form in just

a few seconds [66]. In this thesis, the level of base vacuum used varies from the high

vacuum (HV) (10−7 mbar) for ZnSb �lms to ultra-high vacuum (UHV) (10−9 mbar) for

Sb and BiSb thin �lms. Here, the preparation techniques used to grow our �nal samples

are discussed. The systems and procedures used to maintain these vacuum levels are

described in Chapter 3 in detail.

2.1.2 PVD

In this study, three di�erent PVD techniques were used to prepare thin �lms in the

nanometre range, namely: thermal evaporation, magnetron sputtering and MBE. In

general, the source material gets evaporated by a means of energy such as thermal heat-

ing, or ion bombardment. The thin �lm is obtained by depositing the vapour of the

source material on a substrate inside a vacuum chamber [56, 67]. We used HV and UHV

systems which require continuous maintenance as explained in detail in Chapter 3. In

the thermal evaporation (or low-pressure PVD) technique, the source material is ther-

mally heated until it reaches its evaporation temperature; its vapour is then deposited

on the desired substrate to form a thin �lm. The source material is usually put in an

open crucible made of either a high-resistance, high-melting point metal (e.g. tantalum

boat) or ceramic crucible with high thermal conductivity and electrical insulation (e.g.

molybdenum) which is wrapped by a spiral �lament. The latter o�ers more collimation

to the material's �ux. ZnSb thin �lms were deposited in a low-pressure PVD (LP-PVD)

system (Mercutio), and BiSb (i.e. MP5x samples) �lms were grown in the commercial

Mantis thin �lms deposition system. Similarly, the MBE technique involves sublimating

or evaporating a source material and depositing its vapour onto a substrate to form a

thin �lm, but with a speci�c crystallographic orientation. Usually, this is achieved by
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growing the thin �lms on a single crystal substrate (e.g. InAs(111)B). In a UHV, non-

interacting molecular beams of the source material travel from the e�usion cell with a

longer free path until reaching the hot substrate. By controlling the source's �ux and the

substrate's temperature, extremely high-quality �lms could be obtained, which could be

reproduced consistently [13, 67]. The essential high level of cleanliness and UHV makes

it very expensive to run these systems, it is used mainly when very high quality is re-

quired in the industry (e.g. optoelectronics). This technique was used to grow Sb �lms

on InAs (111)B substrates (Chapter 6) and BiSb �lms on InP (100) substrates (Chapter

4). On the other hand, the magnetron sputtering technique does not involve heating the

source material thermally. Instead, a target material is bombarded with gas ions such

as Ar+ and the sputtered atoms are deposited onto a substrate to form the thin �lm.

The deposition could be controlled by adjusting the pressure of the gas used and the

sputtering power. This technique o�ers good-quality deposition in a shorter time than

other techniques; we have used it to deposit a gold electrode layer by lithography for

thermoelectric measurements (Chapter 4).

2.1.3 Lithography

When seeking a thin �lm of a certain con�guration or a practical device, we often use

some sort of masking. This masking could be done using a physical metal mask that can

cover parts of the substrate as mentioned in Chapter 3. Another form of masking could

be done using lithography which ensures high precision with the pattern dimensions and

its �ne features down to micron- and submicron-ranges [68]. In general, the method

involves covering the sample with a chemical photo-sensitive material which either stays

or leaves when being exposed to light and developed. This includes di�erent stages[68]:

� Photoresist coating: includes spin-coating the photoresist to form a thin �lm with a

uniform thickness on the sample. The photoresist has two types: positive photore-

sist, when exposed to UV light, becomes more soluble in the developer solution),

and negative photoresist. Special precautions should be considered not to expose

the undeveloped photoresist to white light; the whole process is done in a yellow-

lighted partition inside the clean room (in Physics, Warwick).

� Soft baking: the �lm is heated at a low temperature that removes any solvents from

the photoresist, enhances its adhesion and relaxes the �lm from residual stresses.

� Exposure: the photoresist is exposed to a pattern of light of a speci�c wavelength

for a speci�c duration enough to alter the chemical structure of the used photoresist
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compound. Figure 2.1(a) illustrates the exposure of a positive photoresist to UV

light, changing the original photoresist structure (from red to pink). In this study,

a micro-pattern generator (µPG 101) was used to focus a laser beam of a certain

power using di�erent suitable lenses (i.e. optical heads) and �lters to control the

speed and resolution of the exposure for the desired photoresist. The equipment

uses the user's provided digital mask design to expose the sample after being aligned

and �xed in position by a rough vacuum.

� Post-exposure bake: includes baking the photoresist after being exposed. This

could be done for di�erent reasons, for example, to complete the chemical reaction

of the photoresist, or to achieve a uniform development rate for re�ective substrates

[68].

� Developing: the exposed photoresist is developed by rinsing in a developer solution

(often alkaline NaOH- or KOH-compounds) for a speci�c duration to avoid destroy-

ing the whole photoresist layer. The selectivity of the developer is the ratio of the

erosion rate between the developed-to-be photoresist and the remaining photoresist

(mask). Figure 2.1 (b) illustrates the photoresist after being developed.

� Deposition: the target metal is deposited by the desired technique on the whole sub-

strate including the photoresist mask (Figure 2.1 (c)). In our study, we deposited

gold by Moor�eld NanoPVD magnetron sputtering system.

� Lifto�: after depositing the desired material, the photoresist is then dissolved by

a suitable solvent. This step wipes o� any residual photoresist, along with any

metal deposited on top of that photoresist, leaving the deposited material on the

unmasked regions only (Figure 2.1 (d)).
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Figure 2.1: Illustration of the photo-lithography technique to obtain a patterned �lm
using a positive photoresist. (a) exposure; (b) developing; (c) �lm deposition; (d) lifto�
process.

2.2 Characterisation and measurements

2.2.1 RHEED

RHEED is a widely used surface characterisation technique in which a beam of high-

energy electrons is directed to the surface of the sample at a grazing angle [69], (5-30 keV).

The di�racted beam is then detected by a phosphor screen, which produces a di�raction

pattern (see Figure 2.2 (a)). The analysis of this pattern can provide valuable information

about the sample, such as the periodicity of the �lm's surface and its relationship to the

substrate, the surface roughness, the growth nature, and the lattice parameters [69].

RHEED is especially useful because it is easy to use even during the �lm growth, and

provides a huge wealth of information [69]. Here are some valuable information we were

able to deduce from RHEED analysis, and how:

� Whether the sample is polycrystalline or single crystal (or a mixture) by observing

the shapes of the di�raction pattern (Figure 2.2 (b-f)). We can also determine if

there is surface reconstruction or not from the presence of fractional order streaks

between the integer streaks (Figure 2.2 (c)).

� The rotational symmetry feature was determined by rotating the sample around the

z-axis and then measuring the angle between two identical patterns. For example,
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the surface has 4-fold rotational symmetry if the same characteristic pattern could

be obtained by rotating the sample every 90 degrees.

� The inter-row separation (a) or in-plane displacement by measuring the separation

between the pattern streaks (s) and knowing the distance between the sample and

the screen (i.e. camera length, L) (See Figure 2.2 (a,b)). a = 2πL
Ks , where K is the

electron wave number (2πλ ) [70]. Since the uncertainty in measuring a is related to

that of determining the L, where δa
a = δL

L . And, L depends on the position of the

sample inside the chamber, which may change (a few millimetres) when adjusting

the direction of the electron beam on the sample. This can result in 1− 2% error

in the determined lattice parameter [71]. Therefore, to minimise our uncertainty

in L, it was evaluated while the sample was in position by knowing the substrate's

in-plane displacement in one direction (see RHEED in Chapter 6).

� The quality of the surface and bulk of the samples from the presence of Kikuchi

patterns. Crystalline samples with perfect bulk lattices and surfaces produce sharp

Kikuchi lines (Figure 2.2 (b)) [70].

� The presence of 3D ordered islands on the surface (rough surface) is concluded

when the streaks in the di�raction pattern change to an array of dots forming

transmission patterns. This dominates when the electron beams scatter more from

deeper levels than the surface, showing the reciprocal lattice that consists of an

array of points (dotted lines in Figure 2.2 (e)) [70].

� The presence of some facets on the surface of the �lm (e.g. regular pyramids) is

con�rmed by observing the splitting of each streak to form an angled shape (Figure

2.2 (d)).

In this study, to understand the bulk and surface of the �lms, RHEED patterns are

interpreted supported by XRD analysis (i.e. BiSb �lms) and/or by using CrystalMaker

software for better visualisation of the surfaces (i.e. Sb �lms). For example, XRD can

tell us the surface plane orientation of the �lm. CrystalMaker helps to visualize this

plane and its rotational symmetry elements, and RHEED determines the �lm's in-plane

displacement, which can be compared to corresponding bulk values to understand the

strain in the �lm.
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Figure 2.2: Demonstration of the RHEED setup, showing the accelerated electrons
ejected from an electron gun and directed towards a rotatable sample, then re�ected
to a phosphorus screen (a). Di�erent RHEED pattern features: (b) integer streaks with
Kikuchi lines, (c) fractional-order streaks (2× surface reconstruction), (d) faceting, (e)
transmission di�raction (3D islands), and (f) transmission powder di�raction rings. The
parameters s (streak separation) and L (camera length) are used to deduce lattice pa-
rameters.

2.2.2 Microscopy (SEM/EDX and AFM)

SEM/EDX

SEM is one of the most common techniques used to image the topography of the samples'

surface down to the nanometer range. In this technique, a beam of primary accelerated

electrons collides with the surface of the investigated sample as presented in Figure 2.3.

In the case of thin �lms, if they have enough energy, the primary electrons may pene-

trate the �lm totally and reach the substrate. Some of these electrons (10-50%) could

be backscattered elastically with (60-80%) of their original energy (> 50 meV ), called

backscattered electrons (BSE) [72, 73]. Some others collide inelastically with the sam-

ple and transfer energy to the atom, freeing loosely bounded electrons, called secondary

electrons (SE). SE electrons contain very valuable information about the topography of

the sample as they only escape from the few-nanometre surface layers with small en-

ergies around 3-5 meV; this type is the most commonly used signal for visualising the

textures and roughness in SEM imaging [72]. Besides, after displacing an original inner

shell electron by primary incident electrons, an outer shell electron can �ll its vacant

position; this produces characteristic X-rays that could be detected using an EDX detec-

tor and used to identify the sample's composition. The SEM/EDX system uses di�erent

electromagnetic lenses, detectors and software to separate signals, �lter undesired ones

(e.g. Auger electrons or X-ray continuum) and calculate the chemical composition of the
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studied samples [74]. In this study, the elemental composition of BiSb and ZnSb �lms

was determined by Zeiss SUPRA 55-VP �eld emission gun scanning electron microscope

(FEG-SEM) with Oxford Instruments energy-dispersive X-ray (EDX) spectrometer, us-

ing an accelerating voltage of 7 kV. This range of energy was enough to ionise all the

studied elements and get su�cient counts for EDX quanti�cation (Note: Lα(Zn): 1 KeV,

Lα(Sb): 3.6 KeV and Mα(Bi): 2.4 KeV) [Periodic Table of Elements and X-ray Energies,

Bruker]. Certainly, if higher energy is used, the contribution from the bulk will be higher.

For each sample, the composition was averaged from three regions along its diagonal to

obtain better quanti�cation and ensure the homogeneity of the samples. The �nal atomic

compositions were acquired from AZtec software using the default quanti�cation settings

after allowing more time (1-3 min/ scan) to collect the many counts and minimise the

statistical errors. Specimen charging is one of the major problems in SEM imaging as

the accumulated negative charges from the primary electrons beam form a layer that re-

�ects following scanning electrons (like an electron mirror) and prevents it from reaching

the sample [73]. To discharge our samples, especially with insulating substrates, during

the measurements, the samples were grounded by wire-connecting their surface to the

stage, carefully to avoid scratching the surface. For very rough samples like patterned

BiSb �lms, the composition was determined from �at samples put in the same growth

for better estimations; the composition values were very close although the patterned

samples have more substrate contribution as they have a smaller average thickness (see

Chapter 4).

AFM

AFM is one of the powerful tools used to obtain high-resolution images of a sample's

surface topography. AFM is based around a long cantilever with a small, sharp tip at

the end (Figure 2.4(i)). When scanning the surface of the sample, the sample stage

moves rapidly in one direction called the fast scan-axis (e.g. the x-direction) to complete

a line, then moves one step in the slow scan axis (y-direction) to scan the next line in

the x-direction. During this motion, the tip moves up and down in the z-direction due

to the intermolecular force between the surface and the tip. To accurately detect this

z-motion, a laser beam is re�ected o� the cantilever and received by a photodiode sensor.

The position of the re�ected laser beam changes accordingly, allowing the machine to

create a 3D map of the scanned region [75]. The AFM is better at measuring vertical

dimensions in the nanoscale than the SEM, so we used it as the main tool for measuring

the samples' roughness and thickness. It is also distinguished by not requiring a vacuum
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Figure 2.3: Illustration of the reaction of the accelerated primary electrons with a studied
thin �lm sample in the SEM. The labels indicate, roughly, the area from which each
particle/wave signal comes. We assume that a 7 kV beam penetrates a 100 nm thick �lm
on a very thick substrate. Inspired by images in textbooks (e.g. [72]).

and not requiring sample preparation. It is also suitable for non-conducting samples,

in contrast to SEM or scanning tunnelling microscopy (STM). However, it is slower in

acquiring images, limited to smaller x-y scan sizes, and is not suitable for samples with

signi�cant variations in z-depth because the tip could be easily contaminated or damaged

by the samples or the surrounding, which can produce image artefacts such as double-tip

[75]. In this study, the sample surfaces were imaged using Bruker Dimension Icon AFM

for better depth resolution in roughness and thickness measurements. The AFM was run

in the default "Scanasyst" tapping mode, while acquired datasets were then processed

using Gwyddion 2.59 package [76, 77]. In all our surface topography scans, a new tip was

selected or a nearly new tip that gives high-quality artefact-free real topography. Figure

2.4(iii) shows the graphical user interface of Gwyddion software, (a) is the main tools

and menus panel, (b) is the topograph image panel and (c) is the analysis output panel.

The most used tools for the data set analysis are labelled in panel (a) as follows:

� Tool (1) is used to display a 3D view of the data, mainly used to visualise the

surface of the BiSb patterned samples (Chapter 4).

� Tool (2) is the watershed tool, that was used to mark grains in the topographs

to produce a histogram of the ZnSb �lm grain's equivalent disk radius (explained

further in Chapter 3).

� Tool (3) is the polynomial background removal tool. This was used to make tilt
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Figure 2.4: (i)Typical AFM instrument, reprinted with permission, from reference [75].
(ii) Thickness measurements of one sample (MP50). (iii) Gwyddion software interface:
(a) tools panel, (b) image panel and (c) analysis output panel. Tool buttons used fre-
quently in this work are highlighted by numbers.

and bow corrections from the data set. Care was needed while using this tool to

reduce the negative bias in roughness measurements. This bias was estimated using

the correlation length (tool (5)) to estimate the ratio (α) between the autocorre-

lation length (T ) and the image dimension (L), α = T/L, and the relative bias

= −α×(polynomial order +1) as described by Necas et al. [78, 79]. To minimise

this bias, we need to increase the scan size (that might be di�cult with very rough

surfaces that cause a tip crash or contaminate the tip when it touches the surface)

and minimise the removed background polynomial order. In most images, the bias

did not exceed 10%.

� Tool (4) extracts the height pro�le of an arbitrarily drawn line such as shown in

panel (iii) (b-c). This tool was used to study individual grains as well (e.g. Sb

pyramids on InAs substrates, chapter 6).

� Tool (6) was used to determine statistical quantities such as root-mean-square
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(RMS) roughness and the surface and projection areas that determine the surface

ratio (SR) value, SR = surface area/projection area. This value is used in this

thesis as a measure of the surface area increment when patterned by Ar-sputtering,

SR ≥ 1, approaches 1 for �at surfaces.

� Tool (7) is used to determine the mean height across di�erent rows/columns, pro-

ducing a mean height pro�le over a �lm-substrate-step to determine the thickness

of the �lm, as shown in panel (ii) for one BiSb �lm. The step image (a) was taken

as the AFM tip approached the edge of the �lm (b). In this case, we used tool (8) to

level the �at substrate region (black) from three points, instead of using the back-

ground removal tool (3) which would consider the step as part of the background.

Note that the thickness was determined for �lms grown on smooth �at surfaces

such as glass or polished wafers (eg. InP) only. To produce the �lm-substrate step,

part of the substrate was intentionally covered during the growth (e.g. by a form of

mask). Sometimes the �ux sneaks under the mask and forms a non-sharp edge that

spreads over a long distance (e.g. 50 µm), which could not be scanned. Therefore,

some �lms were gently scratched near the edge using a sharp tool (e.g. a razor

blade or a tweezer with glass substrates) to remove the �lm and avoid scratching

the smooth substrate. Several step images, like the one shown in panel (ii)(c), are

obtained for each sample and the average step height is taken as the �lm thickness,

weighted by the uncertainty in the pro�le average.

� Tool (9) was used to adjust the colour range of the output topograph and was used

for consistent comparison between ZnSb �lms in Chapter 5.

2.2.3 X-ray di�raction

The XRD technique is widely used in materials science to study the structure and com-

position of materials. One of the advantages of XRD is its ease of use, the wealth of

information it provides and the minimal sample preparation requirements. It is also a

non-destructive technique, meaning that the sample is not damaged during the mea-

surement. The XRD system, also known as a di�ractometer, consists of an X-ray tube

with optics such as collimators and �lters that produce and direct X-rays of a speci�c

wavelength (λ) (e.g. 1.5418 Å for Cu Kα) towards the sample being investigated [80].

The incident beam is then scattered by the di�erent layers of the sample, and when

Bragg's condition is satis�ed [2, 81] (Figure 2.5(a)), the di�racted beam is detected by a

moving detector at various angles. The resulting intensity-2θ graph consists of multiple
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peaks for crystalline samples, but these peaks disappear and become a smooth distri-

bution if the sample is non-crystalline. The position of these peaks (2θ) is related to

the distance between planes (dhkl) in the scattering vector direction. If the sample has

completely random grains, the relative intensities between peaks become a �ngerprint

characteristic of the material. By searching for the matching "cards" in databases (e.g.

the PDF database [82]), one can identify the present phase(s) in the sample (search

match). The XRD card has information about the structure of its phase with each peak

assigned to its corresponding plane, for new materials this could be done by �nding the

relation between peak positions (indexing). If the relative intensities between peaks do

not match the corresponding card or a family of peaks becomes dominant (e.g. {h00}),
the sample probably has a preferred orientation [80, 83]. Other information about the

sample can be obtained, such as macro-strain if the whole pattern is stretched, and micro-

strain and average grain size from peak broadening using Scherrer equation [84, 85] or

Williamson-Hall plot [86]. In our analysis, we used two XRD setup geometries, namely:

Figure 2.5: Illustration of the satisfaction of Bragg's law in XRD characterisation (a).
Di�erent instrumental geometries used in this thesis: (b) Bragg-Brentano geometry and
(c) GIXRD. The scattering vector is normal to the surface only in Bragg-Brentano ge-
ometry. Illustrations are similar to reference [80].

(1) Bragg-Brentano geometry (or θ−2θ), and (2) GIXRD. Bragg-Brentano geometry (see

Figure 2.5 (b)) is typically used with powder di�raction, slabs, and thick �lms, where

the X-rays fall at an angle θ with the substrate plane and are collected from the other

side at an angle of 2θ with the incident beam direction; the scattering vector is normal

to the substrate. With thin �lms, the X-ray beam penetrates the �lm and the substrate,

which may dominate the di�raction pattern, especially at higher θ angles. This reduces

the quality of the analysis considerably, as the overlap with the substrate peaks and

background hinders various features. On the other hand, in GIXRD (see Figure 2.5 (c)),

the incident X-ray beam is �xed at a small grazing angle (ω = 1◦ in this study) while

the di�racted beam is collected at varying 2θ with the incident beam. This geometry is
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more convenient for phase identi�cation in randomly oriented powders or polycrystalline

thin �lms, but it fails to analyse the preferred orientation (e.g. texture coe�cient) as the

scattering vector is not normal to the sample's plane. We used the Panalytical Empyrean

grazing incidence X-ray di�ractometer (GIXRD) with polycrystalline ZnSb �lms oper-

ating at a 1◦ incident angle. The obtained data set was analysed using the HighScore

Plus software, during which the background was removed, peaks were selected for phase

identi�cation (search match), and default Rietveld analysis (�tting) was performed for

composition analysis (quanti�cation) using the PDF4 database [82, 87]. Those �lms were

�tted without considering the presence of a preferred orientation. The chemical compo-

sitions derived from EDX were used to constrain the phase compositions obtained from

GIXRD in the following way. ZnSb and Zn4Sb3 were always included in the list of possi-

ble phases. Plausible additional phases (Sb, Zn, other ZnxSby , In2O3, etc.) were added

and the �ts were re�ned to give overall compositions close to EDX. While the GIXRD-

derived compositions should not be considered fully quantitative, they agree within a few

% with the EDX compositions, giving con�dence that the phase compositions are reliable.

Williamson-Hall (WH) analysis [80, 84, 86] was performed for near-stoichiometric ZnSb

�lms using selected peaks (high intensity and low overlap) to obtain the average particle

size (D) and local strain (ε) in the �lms. WH analysis uses the following equation:

βhkl cos θ =
0.9λ

D
+ 4ε sin θ,

where βhkl is the full width at half maximum (FWHM) of the peak with hkl indices.

The plot of βhkl cos θ against 4 sin θ determines D and ε from the intercept and slope,

respectively. For BiSb �lms, the preferred orientation required using Bragg-Brentano

geometry by the same di�ractometer to calculate the texture coe�cient TC(γ) [88, 89].

TC(γ) =

Ihkl
I0hkl

1

N
[
∑N

1

Ihkl
I0hkl

],

where Ihkl and I0hkl are the intensity of the di�racted peaks in our experiment and the

corresponding PDF card, respectively, and N is the number of studied peaks.

2.2.4 Optical measurements

Semiconductors are typically insulators because all of their outermost electrons are bound

in the �lled valence band. When an electron gains energy, such as from light (photons),
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it can be excited from the valence band to the conduction band if the photon's energy

is greater than the band gap of the semiconductor. Determining the band gap of a

semiconductor is very important because it determines how the material behaves with

electromagnetic radiation and thus allows it to be used in appropriate applications such

as solar cells and sensors. One method of determining the band gap is to expose the

semiconductor to the light of di�erent photon energies (hν) and detect when it absorbs

these photons using the spectrophotometer. The absorption of energy indicates that the

semiconductor has undergone some change, such as exciting an electron or breaking a

covalent bond, depending on the energy range. The absorption depends on the material's

absorption coe�cient α, which is de�ned by Beer-Lambert's law [90, 91]:

I(x) = I(0) exp(−αx),

where I(0) and I(x) are the initial intensity of the light and after travailing a distance

x inside the studied material. By acquiring the absorption spectrum A(λ) of a �lm of

thickness t (see Figure 2.6 (a)), α(λ) could be calculated from:

α(λ) =
2.303×A(λ)

t
,

A(λ) = log(
I(0)

I(t)
)

The optical absorption coe�cient of a semiconductor α(λ) depends on the energy of the

absorbed light and the material's band structure. For a direct transition in a perfect

crystalline semiconductor, α2 is directly proportional to hν − Eg when the light energy

exceeds the band gap energy Eg [92]. The value of the Eg can be calculated by ex-

trapolating the linear least squares �t of α2 to zero on a �α2 against E� plot [91, 92]

as illustrated in Figure 2.6 (b). This model does not apply to the disordered materials

(e.g. amorphous) because of the existence of the tail states that need another approach

[92]. Tauc plot [93] is one of the most convenient approaches to determine the gap in the

non-crystalline semiconductors [6]. For polycrystalline materials, determining the band

gap using the Tauc analysis approach was shown to be robust in terms of consistency,

applicability and accuracy even when used by di�erent research groups [94]. By plot-

ting (αhν)n against hν and extrapolating the linear segment to the energy axis, one can

determine the value of the band gap using the following equation [6, 93]:

(αhν)n = k(hν − Eg),
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where k and n are constants, the value of n is 2 or 0.5 for direct allowed or indirect

allowed optical transitions, respectively, and 2/3 for direct forbidden and 1/3 for indirect

forbidden transitions. If the sample has di�erent compounds are multiple phases, this

plot becomes more complex as the absorptions of di�erent phases overlap. In this case,

the obtained α(hν) will be a linear combination of the absorption coe�cients νi of the

constituents, that α(hν) = a.α1(hν) + b.α2(hν) + ... based on the Beer-Lambert law

[90, 95], where a,b are constants. It becomes more di�cult to separate each component

[95] and identify the value of the optical band gaps and whether they are direct or

indirect. Some e�orts have been suggested to correctly determine the optical band gap

using the Tauc equation manually or with an automated algorithm [95�97]. In our study,

we used a manual graphical approach to identify the gaps from the intersection of the

linear �t of the optical transition segment with the baseline (either α=0 or the tail of

low energy absorption as de�ned by a linear extrapolation) as explained by Makula et al.

[95]. In Figure 2.6 (c), the direct Tauc plot is shown in black and the indirect Tauc plot

is shown in red for a multiphase sample (IZS55). To identify whether the gaps are direct

or indirect, �rstly, Tauc plots were drawn for both transitions (i.e. (αhν)2 and (αhν)0.5

VS hν) and both gaps were identi�ed. The solid lines represent the experimental data,

while the dashed lines represent the linear �ts or baselines (olive). Secondly, all indirect

gaps obtained from a spectrum that strongly interfered with the direct transition's onset

were not considered reliable as recommended by Suram et al. [96]. In this plot (c), as

the indirect transition overlaps with the onset of the direct transition, it is omitted, and

the gap is considered direct. This plot is considered to show the band gap of two phases

at 0.66 eV and 1.03 eV.

The optical analysis in this thesis was done by acquiring the absorbance spectrum

at room temperature. FTIR absorption spectrum was obtained using a Bruker Vertex

70V spectrometer under nitrogen in the near-infrared (NIR) region using a CaF2 beam

splitter and a DLaTGS detector. The scan range was selected from 2000 cm−1 to 10000

cm−1 with 1 cm−1 resolution to scan the band gaps region of ZnSb �lms and avoid the

undesired glass substrate absorbance region below 2000 cm−1. The transparent substrate

(glass or Kapton) was scanned �rst as a background for each sample to obtain the pure

�lm spectrum. For �lms grown on Kapton, strong interference fringes were observed that

overlapped with the �lm's NIR absorption spectrum, making it di�cult to determine the

band gap. We used a fast Fourier transform (FFT) �lter in Origin software to quickly

eliminate these interference fringes from the data without causing spectral artefacts as

shown with the absorbance data of the ZnSb sample grown on Kapton (IZS55) in Figure

2.6 (d).
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Figure 2.6: (a) Demonstration of the Beer-Lambert law for absorption. (b) Illustration
of direct band gap determination in a perfect crystalline sample. (c) The direct (black)
and indirect (red) Tauc plots of one multiphase sample (IZS55); the solid lines are the
experimental data and the dashed lines are linear �ts or baselines (olive) as presented.
The indirect transitions are omitted when overlap with the direct transitions `onset'. (d)
The interference fringes associated with the absorbance spectrum of one �lm grown on
Kapton (red), and the smoothed data using the fast FFT �lter in Origin software.

2.2.5 Electrical measurements

Electrical measurements are crucial in the development and optimisation of semiconduc-

tor materials and devices. By accurately measuring the electrical properties of these

materials, such as conductivity (σ), carrier concentration (NB) and mobility (µ), we can

better understand their underlying physics to design more reliable and e�cient devices.

For a conductor material, if we apply a potential di�erence (V ) across its terminals, a

current (I) will pass through it inversely proportional to its resistance (R) (V = IR,

Ohm's Law). The resistance of a uniform conductor depends on the dimensions of that

conductor and the material's resistivity (ρ), that R = ρ l
A , where l is the distance charges
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travel and A is the cross-sectional area. [1]. If a magnetic �ux of density B is applied

Figure 2.7: (a) Illustration of Hall e�ect when a current I passes through a conductor slab
under magnetic �led B. (b) Resistance measurements for the Van der Pauw technique
without applying a magnetic �eld. (c) Illustration of Hall voltage VH measurements
under magnetic �eld. The image is inspired by [98].

normally to the direction of motion of some charges, each of charge (q) and velocity (v),

a portion of them will be de�ected to the sides by a normal magnetic force (FB = qv×B)
as demonstrated in Figure 2.7 (a). This results in a small potential di�erence on the sides

called Hall voltage (VH), which depends on the number and mobility of the charge carri-

ers and the magnetic �ux applied, |VH | = IB/qNBd, where NB is the bulk concentration,

I is the current passing through the �lm, and q is the electronic charge (1.6× 10−19 C).

The term NBd is the sheet concentration, NS . Thus, by measuring VH , NS could be

determined:

NS =
IB

q|VH |
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The mobility µ could be calculated from the equation:

µ =
|VH |
RSIB

,

where RS is the sheet resistance of the sample. RS could be determined using Van der

Pauw technique as follows [98�100]:

� A square sample is connected on its corners labelled 1-4 as shown in Figure 2.7(b).

� The resistance RA is determined by inserting a small current I12 from 2 to 1, and

measuring the voltage V43. RA = V43/I12. Similarly, RB could be determined using

the equation RB = V14/I23 by applying current I23 from 3 to 2, and measuring V14.

� The previous step could be repeated with positive and negative currents and by

switching the current and voltage terminals to ensure consistency.

� RS is determined by solving Van der Pauw equation,

exp

(
−πRA
RS

)
+ exp

(
−πRB
RS

)
= 1

� The resistivity could be then calculated from: ρ = RSd, and σ = 1/ρ.

� The Hall voltage could be measured by applying a normal magnetic �eld and forcing

a small constant current through two opposite corners (e.g. I13 in Figure 2.7 (c)),

VH is measured from the other terminals V42. For better accuracy, the same mea-

surement could be taken by swapping the contacts, reversing the current polarity,

and applying an opposite magnetic �eld. The mobility and carrier concentration

of the samples can then be calculated from the above equations.

In this study, electrical (Hall) measurements of the samples were performed using the

ECOPIA Hall measurement system (HMS-3000) equipped with a 0.55 T magnet. The

system uses the Van der Pauw technique by taking the series of above-mentioned mea-

surements, solving the equation and returning the values of NS , NB, µ, σ, etc. For n-type

semiconductors, the majority of carriers are electrons, so a negative sign appears in the

values of NS and NB. Our squared samples were contacted using four gold spring pins at

the corners of their surface to satisfy Pauw's condition of small contacts at the circumfer-

ence. Ohmic contact was con�rmed in all samples by measuring their I-V characteristics.

We used electrically insulating or semi-insulating substrates to grow our samples on, to

avoid any substrate contribution to the conduction. The measurements were taken in
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the dark at room temperature (assumed as 300 K) and in liquid nitrogen (77 K). The

repeatability of the measurements was con�rmed by taking multiple measurements and

re-measuring the samples after dismounting them, and sometimes after a long duration

or gentle annealing.

Near the end of the project, a new four-point probe system was obtained (Ossila,

model: T2001A) system. The equipment has 4 in-line pins that fall on the surface of

the studied sample to easily measure its conductivity using a geometry correction factor

based on the sample's shape and dimension. The system can operate around 0.2-200

mA with an accuracy of 2% for samples that have sheet resistance from 1 Ω to 100 kΩ

per �, which all our samples fall within. We used this system to quickly monitor the

conductivity of ZnSb �lms grown on Kapton after being twisted manually for up to 400

cycles (Chapter 5).

2.2.6 Thermoelectric measurements

Other electric and thermoelectric measurements, including temperature-dependent con-

ductivity and Seebeck coe�cient measurements, were performed by our collaborators at

the University of Manchester (UK) and the University of Virginia (USA) as described

in this section. The thermoelectric parameters of BiSb thin �lms (series MP50:55) were

measured by wire bonding the gold electrodes pattern (deposited by lithography) to

a dual-in-line package. This package was connected to a cryostat (JANIS) for low-

temperature measurements (down to 10K). The electrical resistance was measured by

the pour point probe method using the SR830 lock-in ampli�er to enhance the signal-to-

noise ratio. A current of 0.1 mA was introduced between the furthest electrodes (T1 and

T2, in Figure 2.8(a)), and the voltage was measured from the inner electrodes (e.g. E1

and E3 for left); the resistance was averaged from both sides. For Seebeck measurements,

the gold thermometers (T) on the samples were, �rstly, calibrated by measuring their

resistance at di�erent temperatures. These thermometers were used, later, during See-

beck coe�cient (S) measurements to determine the temperature gradient (4T ). When

the heater is switched on with a constant current, a Seebeck voltage (4V ) could be

measured across the sample between the two thermometers (T1 and T2); S = 4V/4T .
The Seebeck voltage was measured by Keithley 2182 nanovoltmeter, and the resistance

of the heaters was measured by SR830 lock-in ampli�ers to obtain 4T . Figure 2.8(b)

shows the Seebeck voltage pulses when the heater is supplied by a di�erent current and

then switched o� after the voltage plateaued.

For thermoelectric measurements of ZnSb thin �lms grown on Kapton, the elec-
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(a) (b)

Figure 2.8: (a) Illustration of the gold electrodes con�guration for thermoelectric mea-
surements. (b) The Seebeck voltage signal when the heater was switched on and o� with
di�erent current values, courtesy of Farjana Tonni.

trical conductivity and Seebeck coe�cient were measured using a ULVAC ZEM3 system.

Figure 2.9 illustrates the contact con�guration for electrical conductivity and the Seebeck

coe�cient. This system also introduces a constant current from the terminals and mea-

sures the voltage drop in the middle of the sample to determine the conductivity. The

sample is connected to the holder by washers and silver paste. The base temperature of

the whole package is controlled inside the containing furnace. For Seebeck measurements,

another heater in the bottom block creates a temperature gradient. Afterwards, the two

middle thermocouples measure the temperature and voltage di�erences to estimate S.

Figure 2.9: Thermoelectric measurements con�guration by ZEM-3 system; the diagram
is extracted from the manual.
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2.2.7 Work Function

The work function (Φ) is the minimum energy required to eject an electron from inside a

metal (at Fermi level EF ) to a free space point just outside the metal's surface (EV AC)

at rest [101], see Figure 2.10 (a). In metals, it contains two components: the binding

energy and energy required to overcome the surface dipole layers. The surface dipole

is believed to arise from the "spill-out" of the electron wave functions into the vacuum,

creating a negative electron layer, leaving behind a net positive charge layer from the

metal's ions [101�103]. This surface dipole component is more signi�cant in metals than

semiconductors as it contains fewer free electrons [101], but it could be relatively higher

in polar semiconductors like GaAs [104]. The work function is not constant for a certain

material but depends on some parameters such as the crystallographic orientation and

the surface adsorbates for the metals, and, the fabrication technique and the process-

ing history of semiconductors. Besides materials-related factors, external environmental

conditions can a�ect work function measurements such as air, contaminants and light.

Figure 2.10: (a) Electronic energy levels of a typical semiconductor with work function
(φ). (b) KP equipment used to measure the CPD.

The work function could be determined by di�erent methods such as photoemis-

sion spectroscopy (PES) and inverse-photoemission spectroscopy (IPES) techniques that

can give quantitative direct measurements of di�erent electronic band structure param-

eters including EF , but it needs very sophisticated expensive UHV systems. Another

indirect method is by measuring the contact potential di�erence (CPD) using the Kelvin

probe method. The CPD is a potential di�erence that appears when two di�erent metals

contact each other as a result of an electron transfer from one to the other (VCPD), to
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align the Fermi level of both; this leaves the di�erence in the vacuum level of both. Kelvin

probe method uses this principle to determine the work function of the studied material

by the knowledge of the work function of a tip that is put very close to the surface of

the studied sample. VCPD = (ΦSample − ΦT ip)/e, where e is the electronic charge. If a

�at-head tip (i.e. plate) is vibrating parallel to the sample's surface, forming a vibrating

capacitor, a resultant current (i(t) = VCPD ω 4 C cos(ωt)) will appear between them,

where 4C is the change in capacity at angular frequency ω. VCPD can be obtained by

varying an o�setting voltage between the sample and the tip [105�107]. The advantage

of this method is the high sensitivity to all the plate area, quick measurements and the

ability to measure in dark, but the fundamental disadvantage is its dependence on the

work function of the tip ΦT ip [101, 105, 108]. Therefore, periodic calibration of the tip is

required with a standard sample. Usually, material such as gold is used to calibrate the

tip, but the problem is that its work function changes in the air. For example, atomically

clean ordered gold under UHV has a work function of 5.0-5.1 eV, but this becomes 4.4-4.7

eV in ambient atmosphere [101]. Therefore, other easy-to-cleave material (e.g. highly

ordered pyrolytic graphite (HOPG)) could be used as a standard sample to calibrate

the probe. In our study, the work function of a semimetal (Sb) was determined using

a Kelvin probe (KP010) system in dark under nitrogen �ow to minimise air humidity

(Figure 2.10 (b)). The work function of the gold tip was calibrated against a freshly

prepared HOPG sample and found to be 4.67±0.08 eV.
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Chapter 3

Chamber Building and

Experimental Development

The deposition and surface science chambers used for this PhD study were either built

new or modi�ed from existing vacuum systems during the PhD project. This work was

done by the author and fellow research group members. The vacuum systems are known

by informal names: "Morbius" (UHV, built from scratch), "Madge" (UHV, modi�ed),

"Mercutio" (HV, modi�ed), "Mini-Me" (HV, modi�ed). In addition, a commercial Man-

tis Qube HV deposition chamber, "Moneypenny", was used. In this chapter, the technical

work done and the main challenges faced are mentioned and how they were overcome.

This includes the following points:

1. UHV and HV systems

� Building UHV system 2 (Morbius)

� Development and maintenance of other systems

� Achieving HV and UHV

2. Homemade items built

� E�usion cells

� Retractable beam �ux gauge

� Masked sample plates

� Mercutio transfer arm

3. Film �exibility test
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Table 3.1: The Map of the vacuum systems used in the thesis and the author's contri-
bution to the technical work done in each of them

Group Systems 

System 
(Nick name) 

UHV system 1 
(Madge) 

UHV system 2 
(Morbius) 

HV system 3 
(Mercutio) 

Mantis system 
(Commercial system) 

Test chamber 
(Mini-me) 

Marvin 

Built in 2001 2019 - …. 2019 2019 

Built by 
Gavin Bell 

Others 

G. Bell (Designed) 
I. Elhoussieny 

T. Rehaag 
C. Benjamin 

Alan 

Others Mantis manufacture 

G. Bell 
I. Elhoussieny 

T. Rehaag 
C. Benjamin 

Alan 

C. Benjamin 
Alan 

Contribution in Maintenance 
Building and 
maintenance 

Development and 
maintenance 

- 
Building and 
maintenance 

- 

Base pressure 
(mbar) 

5x10-10 5x10-10 10-8: 10-9 5x10-8 10-8 - 

Chambers 

3 
FEC 
MBE 
SSC 

4 
FEC 

Storage 
MBE + Pumping 

PES 

2 
LP-PVD 
Main 

1 
1 

Test 
2 

Pumps attached 

3 Rotary 
3 Turbo 

2 Ion-pumps 
2 TSPs 

4 Rotary 
3 Turbo 

3 Ion-pumps 
2 TSPs 

2 Rotary 
2 Turbo 

1 Ion-pump 
2 TSPs 

1 Rotary 
1 Turbo 

 

1 Rotary 
1 Turbo 

 
 

Available growing 
elements 

Sb 
Mn 
Sr 
As 

Sb 
Bi 
In 

Mg 

Sb 
In 
Zn 
O 

Au 
Bi 
Sb 

Test  
Mg 
Sb 

Thin film 
deposited in 

Sb BiSb ZnSb BiSb -  

In-situ techniques 
RHEED 

Ion Sputtering 
STM 

RHEED 
Ion Sputtering 

XPS 
IPES 

Ion Sputtering 
Quartz Crystal 

Microbalance (QCM) 
- - 

3.1 UHV and HV systems

The deposition systems used have di�erent chambers, pumps, cells and other attachments

to perform di�erent jobs. Table 3.1 shows the di�erences between those systems and the

contribution of the author in each of them.

3.1.1 Building UHV system 2 (Morbius)

UHV system "Morbius" was built from scratch and developed during the PhD period.

Figure 3.1 shows the developments in the system starting from 2018 with two bare cham-

bers designed by Dr Gavin Bell and built by a professional UHV-systems manufacturer

till 2022 when it is operating with all required growth and analysis capabilities. The

layout of the system chambers and main techniques is illustrated in Figure 3.2, while

the location of main items connected to the main chambers is illustrated in Figure 3.3.

The samples are usually loaded from the fast entry chamber (FEC) and then stored in

the storage chamber. For deposition, it is transferred to the MBE chamber and then
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taken to the photoelectron spectroscopy chamber (PES) if the compositional analysis is

required. The building process could be divided into di�erent stages:

1. The two main chambers were raised on metal frames specially designed, connected

and aligned, by the technical sta�. Then, they were pumped out by connecting

turbo-molecular pumps (shortened: turbo) with the rest of the �anges blanked by

either windows or metal blanks after cleaning them as described in Sec. 3.1.3. The

problem in this stage was leakage which required leak detection and replacing the

leaky items until satis�ed pressure was achieved.

2. The other chambers (FEC, storage and pumping) were connected with other pumps,

gauges, transfer arms and manipulators after testing each of them individually

(2019 image in Figure 3.1). The pressure reached the UHV region after degassing

the transfer arms. Mechanical problems like supporting and securing heavy items,

and mismatching between di�erent elements (e.g. a spacer required between �anges

or imperial bolts needed for special connections) were common in this stage. In

addition, the long transfer arm's end between chambers was not present, which re-

quired collaboration with the technical team to build and install a new homemade

one.

3. The e�usion cells, ion guns and re�ection high-energy electron di�raction (RHEED)

gun were tested in the testing chamber (Mini-me) (with the homemade beam �ux

gauge (Sec. 3.2)) to select the best-performing pieces. These items were installed

and degassed gently in Morbius after �lling the e�usion cells with the elements

required. Externally, the water manifold was installed to cool down the cells and

system, and the gas manifold was installed to provide the system with the required

gases (e.g. Ar bottle was connected to the ion gun). The cells were degassed again

at higher temperatures and calibrated. One problem arose during that period, the

antimony cell's shutter became stuck during the calibration. The shutter was dis-

covered to have a huge Sb bulb deposited on it that prevented it from opening. It

happened because of the wrong temperature reading, as the C-type thermocouple

was connected to the common K-type reader, which means that the actual tem-

perature was about 2.4 times higher than the read one. The cell's shutter was

then disassembled, cleaned, raised higher and mounted again to prevent this from

happening again. The cell's �ux was then calibrated against its current and voltage

instead of temperature. The conversion curve from the wrong read to the actual

temperature was plotted and left by the equipment to give a sense of how much

the real temperature is.
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4. In this stage, the Ar sputtering gun and RHEED gun were tested with a standard

GaAs substrate, and the �rst sample was grown. Also, the x-ray photoelectron

spectroscopy (XPS) and IPES equipment were mounted. The X-ray source was then

degassed and the sample's position was optimised to collect higher signals. During

this period, we were practising growing samples, analysing them with RHEED and

XPS and looking for the optimised conditions.

Figure 3.1: The timeline shows the development of the UHV system 2 (Morbius) from
2018 to 2022. The numbers refer to 1: PES chamber, 2: MBE chamber, 3: pumping
chamber, 4: FEC chamber, 5: storage chamber, 6: manipulators, 7: XPS detector, 8:
water manifold, 9: e�usion cells, and 10: gas manifold.
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Figure 3.2: The layout of Morbius UHV system and the positions of the attached in-situ
analysis equipment.

Figure 3.3: Side view of Morbius main chambers (MBE and PES) and where the main
items were connected. The drawings were modi�ed from the manufacturer's data sheets.

3.1.2 Other systems

As we grow di�erent elements that have di�erent properties, some of them may be in-

compatible with others. For example, zinc vapour has a long "memory e�ect" in HV

systems, i.e. a strong Zn partial pressure is permanently established after Zn e�usion,

contaminating other elements and reducing the base pressure of the system. The prob-
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lematic low sticking coe�cient of Zn on di�erent substrates during growth experiments

was reported earlier and was overcome by raising the substrate's temperature above RT

[109, 110], increasing the Zn �ux [63] or by introducing nitrogen plasma [111]. Therefore,

ZnSb is required to be deposited in another system (Mercutio) apart from other UHV

MBE growth systems.

UHV system 1 (Madge)

Madge is a UHVMBE system that was used for growing Sb thin �lms during the Morbius-

building period. It has three chambers: (1) FEC, (2) the MBE chamber with X-Y-Z-φ

manipulator, (RHEED) and Sb, Mn and Sr e�usion cells and (3) the surface science

chamber (SSC) which is equipped with an ion gun and scanning tunnelling microscope

(STM) (see Figure 3.5). In addition to the typical UHV maintenance, a range of main-

tenance operations was performed including:

� Repairing a leakage in the body of the SSC chamber using spray epoxy after leak

checking.

� Fixing a broken manipulator's Ta wire heater �lament in the MBE chamber (shown

in the inset of Figure 3.5).

� Preparing STM tips. The STM stage was replaced once before as well.

� Degassing a coated window that was covered with Sb after one baking event as

mentioned in Sec. 3.1.3.

After every venting event, we degas and calibrate all the used e�usion cells to ensure

they will give the same required �ux in the growth and to estimate the thickness and

composition of the grown �lms correctly. This includes a plot of the beam �ux pressure

against the �lament current or the crucible temperature. The equivalent beam pressure

P is related to the absolute temperature T by the Clausius-Clapeyron equation [112] as

follows (original papers in German and French 1850,1843):

P = Ae−
4H
RT

where A is constant, 4H is the enthalpy of sublimation or evaporation, and R is the

molar gas constant. P is the beam �ux pressure minus the background pressure, ideally

measured using a shielded ion gauge at the sample position. The plot of ln(P ) versus
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1/T determines the enthalpy of Sb sublimation (See Figure 3.4).

lnP = lnA−4H/RT

The value of the determined 4H (170 kJ mol−1) from our Sb cell calibration is in

reasonable agreement with the reported value in the literature (195 kJ mol−1) [113].

The discrepancy may arise from a di�erence between the measured cell temperature (a

thermocouple at the base of the crucible) and the temperature of the top of the Sb charge,

from which the material is sublimating.

Figure 3.4: The calibration curves of Sb e�usion cell on UHV system 1 (Madge).

HV system 3 (Mercutio)

Mercutio (Figure 3.6) is an HV system, which was used to prepare ZnSb samples. Mer-

cutio has two chambers; the side chamber has Zn, Sb and In e�usion cells with a CF-100

Viton door on the top that is used to load the samples on a transfer arm. This arm is

used to hold the sample and transfer it to the second (main) chamber which is always

kept under a high vacuum with Ar+ sputtering option. This chamber has a window on

the top, through which an IR lamp could be used to degas samples before the deposition.

As a side, this chamber was used to do ion-patterning for some InP substrates. The

system required a great deal of technical development work such as:

� Indium and Antimony cells were built, and the transfer arm was developed as

mentioned in Sec. 3.2.
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Figure 3.5: Image of UHV system 1 (Madge) with its three chambers FEC, SSC and
MBE. The inset shows the manipulator's sample stage when its �lament was once �xed.

� One experiment was done to know the temperature of the sample when being

degassed and heated by irradiation using an infrared lamp. This was done by

connecting a thermocouple to a sample plate that was put in the sample's degassing

site. The temperature was then taken versus time in a high vacuum to mimic the

real situation, and to avoid cooling by air convection (see the inset in Figure 3.6).

The plate's temperature was found to reach 130◦C after 10 minutes of switching

the lamp on and 220◦C after 20 min then remains constant.

� A similar experiment was performed to select the optimum Ar+ sputtering condi-

tions (Ar pressure and sample's position) by measuring the Ar ions current in a

vacuum. The optimum location was marked on the transfer arm for the following

experiments. For pressure optimisation, Figure 3.7 shows the Ar-ions current per

cm2 for di�erent pressure values (a) with the AFM image of one typical sputtered

InP substrate at the optimised conditions (b).

� Regular system baking and e�usion cells degassing and re�lling as samples are

loaded from the side chamber where the cells are located.
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Figure 3.6: HV system 3 (Mercutio). The inset shows the temperature of a sample when
irradiated by the IR lamp inside the chamber.
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Figure 3.7: Panel (a) Ar ion current density dependence on its pressure inside Mercutio.
Panel (b) AFM topograph of a typical Ar-sputtered InP substrate.

3.1.3 Achieving HV and UHV

Cleaning UHV components

HV and UHV systems include components that are made of compatible materials (e.g.

stainless steel, copper, tantalum, tungsten and ceramics), which have low outgassing in

the vacuum. This improves pressure stability in the UHV range. Many components

included in our chamber builds had been stored for many years in ambient atmosphere

and the prior history was often unknown. So before installing any of these, it went under
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a deep cleaning protocol as follows:

1. Wiping with isopropyl alcohol (IPA) wetted tissues to remove any apparent stains.

Sometimes, using acetone or scrapping with Brasso is required with heavy stained

parts, but this needs special attention as some materials corrode with these chem-

icals such as Viton with acetone.

2. Use an ultrasonic bath of diluted Micro-90 (or commercial cleaning agent for use

with ultrasonic cleaners like IPA or acetone) for some minutes. This is followed by

rinsing with fresh IPA.

3. Blowing with nitrogen then baking in the oven in the air at around 150 oC for more

than 1 hour to thoroughly dry that part.

After cleaning any of the UHV parts, they are installed by inserting a new Cu gasket

between two con�at (CF) �anges and then �xing it using bolts, washers and nuts of

suitable size. This metal-to-metal seal is essential for minimizing any potential leakage for

HV and above and allows baking. In low-vacuum regions such as rotary pump pipes, Klein

�ange (KF) sealing is used with rubber rings instead. Besides, some heavy equipment like

chambers, turbomolecular and ion pumps needs supporting bars and frames to minimize

any forces on the seal. This prevents future leaks and increases the lifetime of the �anges

and the chamber welds supporting them.

Pressure-related problems

Maintaining the pressure is crucial in HV and UHV systems. Unfortunately, pressure

instabilities are usually observed, and these require immediate response to sustain a

healthy vacuum system. There are di�erent possible reasons for the pressure increase:

1. Heating a sample or a �lament inside the chamber will spontaneously increase the

pressure for some time then it will return to its normal due to degassing the hot

part. In this case, no action is required if the pressure does not increase considerably

(orders of magnitude).

2. The presence of leakage from one of the UHV components, usually from delicate

parts like �exible bellows or feed-throughs. The pressure may increase by some

orders of magnitude which requires leak checking. If the pressure is in the range

of 10−5 : 10−7 mbar, alcohol can be sprayed around di�erent suspected areas until

observing an abrupt rise in the pressure. But within 10−7 : 10−9 mbar, Helium leak
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checking is used by connecting dedicated equipment that contains vacuum pumps

and a He detector (mass spectrometer) and spraying the He gas around the items of

the system. After identifying the leaky part, it could be either replaced by another

one or repaired with a high vacuum sealant (epoxy or spray). This sealant �lls

the leaky holes and blocks any air from passing through after being cured (usually

after a period of time or by gentle annealing).

3. The presence of water vapour and atmospheric gases after venting the system or

being at a low vacuum for a long time results in a poor vacuum. Equally, contami-

nation with high vapour material can cause continuous outgassing that reduces the

overall vacuum. This contamination could be a result of depositing many materials

inside the chamber. In those cases, the system needs to be baked as described in

the following section.

4. Failure of a vacuum pump a�ects the total pressure of the system, especially if

it is the backing mechanical pump. Rotary pumps, for example, need periodic

maintenance such as exchanging the lubricating oil or baking the foreline trap. A

turbo pump, with poor backing pressure, spends more load power which warms it

up and leads it to be tripped out. That problem increases the system pressure to

the low vacuum region, and more severely, may damage the ion pump, ion gauges,

and any other operating �laments or cells.

Besides the above-mentioned points, any of the pressure gauges may be broken or

gives wrong readings. We regularly solve these issues with di�erent types of gauges. The

Pirani gauge is a wire resistor that gets hotter with less air around (i.e. low pressure) and

becomes more resistant, �xing it is as simple as welding a broken wire. The ion gauge

head (Figure 3.8) has a more complex structure; it has a cylindrical cage ("grid"), two

�laments and a simple hair-wire in the middle ("collector"). After years of usage, one

of these elements gets broken. Replacement grids are available if a gauge head has been

damaged, but the most common replacement is the �laments. Tungsten wire spirals (12

- 14 turns) wound by hand can be spot-welded onto the �lament frame fairly easily.

Baking-related problems

Baking the vacuum system is one of the most e�cient ways to reduce the pressure value

orders of magnitude and improve the cleanliness of the system. During this process,

the system is put under high temperature for a long time, enough to degas previously

absorbed elements or water vapour, while the system is under vacuum. We consider some
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Figure 3.8: An ion gauge head.

precautions when baking a system to avoid any possible �re or damage to the system

such as:

1. Before baking, all non-bakeable items must be disconnected such as electrical con-

nections, water pipes and plastic and magnetized parts.

2. The heating tapes are tested and then wrapped evenly across the whole system,

considering using low-temperature heater cables (40 W / m) with sensitive areas

like transfer arms and STM.

3. Thermocouples are distributed over main spots to monitor the temperature and to

be connected to thermo-controllers.

4. The system is then covered with aluminium foil to keep the uniform temperature

distribution inside the chamber as shown in Figure 3.9.

5. The heating tapes are switched on carefully one by one while testing the bake-out

controller.

6. During the baking, pressure and temperature values are reported along with gaseous

contents detected by the residual gas analyser (RGA). Those values are to be

compared before and after baking to evaluate the e�ciency of the baking process.

Figure 3.10 shows the RGA spectrum before and after one baking event of Madge.

After baking, the partial pressure of detected gas molecules went down and the
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H2O (at 18 amu) to N2 (at 28 amu) ratio became smaller which represents e�ective

baking.

Figure 3.9: UHV chamber Madge during bakeout. The system is wrapped with heating
tapes, and covered by aluminium foil.

Figure 3.10: Mass spectrum of MBE chamber on Madge before and after baking. Bars
are labelled by their corresponding gas molecules at di�erent atomic masses. Note the
di�erence in vertical scale between baked and unbaked.

Some unexpected troubles may appear after baking though. For instance, the
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system may become too hot that the previously deposited elements on walls sublimate

and cover everything inside the system including windows. When this once happened in

Madge, an infrared lamp was used for one week to sublimate that coating from windows.

Other problems could be a leak or damage to some components.

3.2 Homemade items

The construction and maintenance of our vacuum systems required a lot of UHV items

to be installed. This does not only encourage the repairing of some broken items but

also the building of some new homemade ones. Some of these items are (made mainly

by the author):

1. E�usion cells

2. Retractable beam �ux gauge

3. Masked sample plates

4. Mercutio transfer arm (developed)

Homemade cells

Homemade e�usion cells for In and Sb were built for ZnSb-In �lm growth in Mercutio.

Those cells required di�erent components to be made of. Figure 3.11 shows the In cell,

as an example, which was built from some items such as:

1. CF �ange with four feed-throughs, two of them to connect the �lament and two

for the thermocouple.

2. Copper wires, thermocouple wires, supporting rods and threading, small-size bolts,

washers, nuts, and electrical connectors.

3. Suitable-size crucible and di�erent insulating ceramic pieces.

4. Spiral �lament wire (Ta for example).

During building the cell, special attention was considered to separate and isolate

the �lament wires from the thermocouple ones from the ground using di�erent ceramic

pieces. For example, the thermocouple wires (5) are separated from each other by a

cylindrical ceramic piece with two holes (6) and �xed under the crucible (7) to avoid

any contact with the �lament or the frame. It is important as well to connect each

54



Figure 3.11: Homemade e�usion cell used for indium.

thermocouple leg to the feedthrough made of the same alloy to get accurate temperature

readings, (Nickel-Chromium / Nickel-Alumel) for K-type.

Retractable beam �ux gauge

The pressure inside HV and UHV systems is often measured by ion gauges. It contains a

�lament that emits thermionic electrons when it is heated up. These electrons get accel-

erated towards a positively charged cage and ionize the gas molecules in its surrounding.

The gas-positive ions are then collected by a thin wire in the centre of the cage called the

collector. This current is proportional to the number of ions, that is converted into pres-

sure using an external electronic controller. Similar in its function to the ion gauge, the

beam �ux gauge (BFG) is used to measure the �ux pressure of elements to be deposited.

It needs additional parts to travel to the sample location for accurate �ux measurements.

To measure the Bi and Sb �ux inside Morbius, one BFG was built using ion gauge
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components, supporting rods, a Ta shielding sheet and a Z-shifter as shown in Figure

3.12. The ion gauge head was mounted to the Z-shifter by solid supporting rods. Wires

connecting each �lament were selected to be of highly conductive material like copper to

avoid any potential voltage drop across it that gives wrong pressure readings. A shielding

foil was added to ensure that the pressure reading comes from the cells (at the bottom)

and not from the background. It has another role in protecting the substrate (in the

manipulator) above it from the cell �uxes during the pressure stabilization period.

Figure 3.12: Homemade retractable beam �ux gauge.

Masked sample plates

The preparation of BiSb �lms for thermometric measurements required designing devices

from three layers: an InP substrate, a BiSb thin �lm and gold electrodes. For consistent

measurements, all the samples have to have the same layers' design and dimensions (e.g.

the substrate should be 8mm by 8 mm to �t in the cryostat sample holder). The BiSb

�lm, as a second layer, must be located in a speci�c place on the substrate to allow

the third layer (gold electrodes) to be positioned correctly. This requires mask growth

for both layers. We had two options to mask growing these �lms. The �rst one is to

prepare it using a lithography technique which requires having a pre-deposited mask of

photoresist material on the substrate. But this layer could be destroyed while preparing

the substrate's surface either by degassing at a high temperature (around 350◦C) or

during the ion-sputtering process. The second option was to design a physical metal

mask that covers the rest of the substrate during the BiSb growth. The second option

was more convenient for the BiSb layer, plus it consumes less time and e�ort. The mask
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was made of a tantalum sheet as it is UHV-compatible material and it can endure high

temperatures as well. The design of the masks was developed as follows (see Figure 3.13):

Figure 3.13: The development of the BiSb mask design. Panels (a) and (b) show the
design of the �rst prototype. Panels (c) and (d) show the new design and CNC machine-
cut mask with a locker to secure the sample. Panel (e) shows the �nal used plate after
replacing the locker with a Ta piece to prevent the substrate from moving.

1. The �rst prototype was made by designing the mask using Inkscape software. It

was then printed on white adhesive tape and taped on a piece of Ta sheet. It was

then cut manually by a scissor and a razor blade and then was spot welded on a

�at sample plate (a,b). The problem with that design is that the sample was loose,

to �x it carbon tape was used. But this limited the degassing temperature so we

had to remove it. The second problem is that the internal rectangular shape, where

the �lm is supposed to be deposited, was not as sharp as required.

2. In the second trial, the design was modi�ed, printed and sent to the mechanical

workshop, where it was cut by CNC machine (c, d). The sample was also secured

using winded Ta wires (as a locker). When this design was used, the sample was not

totally �xed in place, especially when the sample was rotated during the growth.

This was noticed from the large gradient at the �lm's edge.

3. The last design (e) has the modi�ed �lm dimensions cut by the mechanical work-

shop. In addition, the locker was replaced by another Ta piece (as a cushion) to
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�x the substrate �rmly and �ll the gap underneath. This masked plate design was

used for the BiSb TE samples.

To deposit the gold layer, the lithography option was selected as the gold elec-

trodes have very �ne dimensions that do not suit the metal mask.

Mercutio transfer arm

Heating the Zn cell in Mercutio builds a considerable amount of Zn vapour inside the

growth (side) chamber (Figure 3.14). This vapour takes some time to be pumped out,

during which it can contaminate the samples' surface with extra Zn particles and hence

changes its composition. To overcome this problem, the samples used to be transferred

to the main clean chamber and kept inside before and after the deposition. In addition,

the transfer arm was developed by installing two circular metal disks on it to block the

tube between the two chambers and minimize the amount of vapour that moves to the

main chamber. After installation, the pressure inside the main chamber after the growth

became about one-third of the side chamber's pressure with the gate open and disks

between the chambers. Figure 3.14 shows Mercutio with the disks located in the tube

between the chambers installed on the transfer arm.

Figure 3.14: Mercutio chambers when the transfer arm is extended to keep the sample
clean in the main chamber. The disks are positioned in the gate valve location. The
inset shows the transfer arm with the two disks installed on it and a crocodile clip to
hold the sample holder.
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3.3 Film �exibility test

Di�erent mechanical testing techniques have been developed to assess the resilience of the

investigated �exible component under bending circumstances [114]. The most frequent

and basic of these tests is the static bending test, which involves bending the �exible

sample over a rod with a certain diameter [114, 115]. However, this approach is not

enough for actual working environments, where frequent bending is crucial [116]. Despite

not providing a constant radius of curvature, push-to-�ex bending is one of the most used

dynamic bending techniques [114, 117, 118]. In this thesis, some ZnSb thin �lms were

grown on Kapton �exible substrates to study their robustness as a possible wearable

device. The durability of such �lms was examined by testing their electrical and optical

properties before and after bending the �lms many times (thousands of cycles). For

Figure 3.15: The �lm �exibility experiment consists of a linear actuator controlled by
a control unit that is connected to a computer via a USB cable. The inset shows a
zoomed-in test sample during the bending cycle.

that purpose, a push-to-�ex bending experiment (Figure 3.15) was set up to bend the

�lms repetitively using a linear actuator, a control unit and a LabView application. The

control unit, which was already built for another purpose, contains a 24 V power supply

and Arduino Due plugged into a stepper card type IHM02A1. The external control of the

motion was done by an application created by the author using LabView software. Firstly,

a "serial write and read" LabView example was used to make serial communication with

the Arduino Due chip. Secondly, a loop of two commands was adjusted to give the

forward and backward motion with the preferred travel distance (e.g. 400 steps ≈ 0.5

cm) and the appropriate time delay between cycles. Thirdly, the graphical user interface

(GUI, Figure 3.16) was developed to include the instructions to run the program (Section
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1) and to display the total and remaining time and the current cycle (Section 3), to make

it easy for the user to follow the process. Finally, the application was tested with 300

cycles up to 20000 cycles; about 1 mm drift was observed. This might cause the actuator

to collide with the end part, so a plastic safety piece was �xed (mildly by double-sided

tape) to separate them more and avoid any collision. In addition, the whole device was

lifted by a small stack of soft tissues to absorb vibrations from the desk and minimize

noise.

Figure 3.16: The GUI of the LabView application (used in �exing ZnSb �lms grown on
Kapton) contains 3 sections. Section 1 contains the instructions to use the program.
Section 2 reads the serial port communication parameters (from the LabView example).
Section 3 is the control and monitoring section that reads the moving commands and the
number of cycles, and shows the progress of the experiment.
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Chapter 4

BiSb Thin Films

Topological insulators (TI) (eg. BiSb) have a narrow gap in their bulk. However, they

have a metallic-like surface with topologically protected gapless states [119, 120]. Fun-

damental symmetries of these states (e.g. time-reversal symmetry) mean that they are

una�ected by non-magnetic impurities [121]. This leads to suppressed backscattering

and hence high surface conductance [122]. The ideal case of a topological insulator with

a completely insulating interior does not exist because of the presence of residual bulk

carriers which contribute to the conduction [11]. To minimise this contribution by means

of increasing the surface-to-volume ratio, nano-structuring is often used [11]. This is

important for investigating the topological-metal conductivity of BiSb �lms, as the con-

tribution of surface states to the total conductivity of a material cannot be accurately

determined by using bulk crystals [123]. This could be done by preparing ultra-thin

membranes or nano-ribbons, but these have limited practicality for device manufactur-

ing. For Bi1−xSbx (the electronic con�guration and phase are discussed in appendix A),

thin �lm nano-structuring can also extend the presence of surface states when (0.22 <

x < 0.35) beyond the bulk TI regions due to the quantum size e�ect that creates an

external band gap and clearly de�nes the boundary with the semi-metallic region [124].

Gunes et al. [125] concluded that compared to the bulk Bi1−xSbx sample, where (0

6 x 6 0.22), ball-milled nanostructured samples have broader semiconducting compo-

sition areas (0 6 x 60.5). Another approach is to increase the surface-to-bulk ratio

by introducing many holes in bulk BiSb samples which can improve the thermoelectric

�gure of merit (ZT ) because of two factors: (1) the contribution of the surface states to

the conductance and (2) the suppression of phonon thermal conductivity [126]. Whether

these holes are periodic or not, the phonons' thermal conductivity will be minimised by

their strong capture in that random system [126]. Similar nano-structuring could be done
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by depositing thin �lms (of an appropriate thickness, say 100 nm) on nanostructured (or

patterned) substrates, where the morphological instability hinders the heat conduction,

but the enlarged topologically protected surface states keep the electrical conduction

high. Di�erent groups have investigated nano-structuring the surface of some substrates,

such as InP and GaSb by ion-beam sputtering at di�erent angles and energies [127�130].

In this chapter, we compare the properties of Bi77Sb23 thin �lms grown on nor-

mal �at surface InP(001) substrates (denoted by F) and those grown on Ar-sputtered

nano-patterned InP substrates (denoted by P). Firstly, we investigated the growth, struc-

ture, morphology and electrical Hall measurements of the �lms for samples grown in the

MBE UHV system 2 (Morbius) in Sections 4.2 and 4.3. Secondly, we discussed the

thermoelectric properties (i.e., conductance and Seebeck coe�cient) of BiSb 3-layer de-

vices grown in the Mantis PVD system and the lithography suite in Section 4.4. Table

4.1 summarises the samples investigated and the techniques used for their preparation

and characterisation. To calculate the average thickness and some electrical parameters,

certain considerations were discussed (see Section 4.1).

Table 4.1: List of BiSb samples discussed in this chapter and the techniques used for
their characterisation.

Sample Substrate surface Deposition system Structure Morphology Thickness Composition
IBS11F Flat AFM
IBS11P patterned -
IBS12F Flat AFM
IBS12P patterned -

Test patterned No deposition - AFM -
MP50 Flat AFM EDX
MP51
MP52
MP53
MP54
MP55

EDXXRD

-
- -

UHV system 2 
(Morbius)

Mantis thin films 
deposition system and 
the lithography suite

AFM and SEM

AFM
patterned

4.1 Analysis

We assume that two �lms are grown simultaneously in the same experiment on square

substrates of side L. One is deposited on a �at substrate (denoted by f ), while the other

is grown on a patterned surface (denoted by p). The same volume of material V is
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deposited on each substrate for a given growth cycle, where

V = Afdf = Apdp

and the Af,p and the df,p are the �lms' surface areas and thicknesses respectively. This

is illustrated in �gure 4.1. The �at �lm's surface area is identical to the substrate area,

i.e. Af = L2. Because the patterned surface has a 3D structure, its surface area is bigger

than the equivalent �at one (Af ). We de�ne the surface-to-projection ratio (SR) as:

SR =
Ap
Af

=
df
dp
≥ 1

which could readily be determined by, for example, AFM. We assume that the geometry

of the patterning does not involve much area of surface at steep angles relative to the

average surface plane and is spatially uniform, but otherwise specify no details about

the topography. If the thickness of a conformal �lm is comparable to the vertical scale

of the patterning or surface roughness, the SR of the �lm's surface will be very close to

the substrate's SR value. As the �lm thickness increases, the �lm surface may become

smoother than the underlying pattern (depending on the growth mode) and in such a

case SR could be considered as the average value between the �lm (top, SR measured

after growth) and the substrate (bottom, SR measured before growth). In all cases,

the average �lm thickness on the patterned substrate will be smaller than that on the

�at substrate since dp = df/SR. We assume that the material resistivity ρ and bulk

carrier concentration n are not a�ected by the non-planar growth. With sheet resistances

Rf,p and sheet carrier concentrations Nf,p, this means that ρ = Rfdf = Rpdp and

n = Nf/df = Np/dp

Figure 4.1: Illustration of �lms (orange) grown simultaneously on �at and patterned sub-
strates (grey). Vertical arrows represent incoming growth �ux and, in Hall measurement,
magnetic �ux; these are identical for both samples.

A van der Pauw measurement of sheet resistance [98�100] involves measuring a
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conductor using four ohmic contacts on its surface. For a square sample, the contacts

are best placed at the corners. By measuring with all combinations of contacts and

both �eld orientations, errors due to di�ering contact resistances, thermoelectric o�set

voltages and shape discrepancies can be minimised. However, for a non-planar �lm with

morphology as described above, several parameters will change compared to the �at �lm

case. According to the assumptions given above, we expect that Rp = SRRf and that

Np = Nf / SR.

For Hall measurement, a perpendicular magnetic �eld is also applied. On a non-

planar �lm, the carrier path may be more complicated than assumed in a standard Hall

e�ect calculation since the �eld lines intersect the �lm at a range of non-perpendicular

angles. A simple approach is to note that the same magnetic �ux φ = Bf Af = BpAp

passes through the �at and patterned samples, so that the average �ux density is reduced

on the non-planar �lm owing to its increased e�ective area and Bp = Bf / SR. The Hall

voltages Vf,p are given by

Vf,p =
IBf,p
q n df,p

where q is the electronic charge. Under the above assumptions, Vf = Vp = VH

since the factors of SR cancel in the e�ective �eld and e�ective thickness for the non-

planar �lm. The mobilities µ are given by

µf,p =
|VH |

Rf,p I Bf,p
=

1

q n df,pRf,p

In this case,

µp = SR× µf (4.1)

4.2 BiSb sample preparation

4.2.1 InP substrate nano-patterning

To increase SR, semi-insulating InP substrates were heavily bombarded by accelerated

Ar+ ions inside the HV system 3 (Mercutio). The substrates were degassed inside the

chamber using an IR lamp for about 15 minutes to reach a temperature of around 200
◦C (as described in Chapter 3). After degassing, the Ar+ sputtering was started for

30 minutes at a pressure of (2.5 ± 0.5) × 10−4 mbar at energy of (2.6 ± 0.2) keV. The

position of the substrates was chosen to collect the maximum number of Ar ions, giving
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a current of (6.6±1.2)µ A/cm2. The spreading resistance was measured before and after

the patterning process to ensure that the samples remained insulating. One patterned

substrate was scanned using the AFM before and after annealing it for 1 hour at 300
◦C and then at 400 ◦C and 500 ◦C, to study the e�ect of thermal annealing on the

patterned surface and to determine the highest temperature the samples could endure

without destroying the pattern. In the UHV system 2 (Morbius), all the �at and the

patterned substrates were prepared by two cycles of gentle Ar sputtering (at the pressure

of 5×10−6 mbar and energy of 0.5 keV at 300 ◦C for 20 min) to remove any oxide layers.

This was followed by 30 minutes of annealing at 400 ◦C to recrystallise the surface of the

substrates without destroying the nano-patterning (see Section 4.3.3). This is surface

cleaning which does not signi�cantly a�ect surface morphology.

4.2.2 BiSb Film deposition

The BiSb �lms were prepared in the UHV system 2 (Morbius) with a base pressure less

than 1×10−9 mbar. Two separate e�usion cells were supplied with 6N grade elemental Bi

and Sb. The Sb and Bi �ux pressures were adjusted to be 3× 10−8 mbar and 1.4× 10−7

mbar respectively to form a composition around Bi0.8Sb0.2. To achieve high-quality

growth, the substrates were maintained at 320◦C during the growth and the samples

were rotated 360◦ manually to ensure uniform crystalline samples. Previous reports

have shown that increasing the Sb ratio to 32% can degrade the quality of Bi1−xSbx
�lms grown on Si(111)that was observed by the disappearance of the RHEED pattern

[123, 131]. This can be mitigated by increasing the substrate temperature, as reported

by Ueda et al. that temperatures of 200-250°C are required for the epitaxial growth of

these �lms [124]. The surface cleaning also promoted high-quality growth by removing

the InP surface oxide.

4.3 Characterisation

4.3.1 XRD

XRD was used to investigate the crystalline structure of BiSb �lms. The GIXRD geom-

etry was used at the beginning, but we found that the di�raction patterns exhibit strong

texture. Therefore, we switched to the Bragg-Brentano geometry (θ − 2θ) to evaluate

the texture coe�cient values. Figure 4.2 shows the presence of distinct XRD di�raction

peaks of the investigated �lms, suggesting that the �lms are crystalline. The peak po-

sitions showed good agreement with the powder di�raction card (PDF 04-023-9518) of
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Bi0.8Sb0.2 that have rhombohedral structure (space group: R-3m). However, the di�er-

ence in relative intensities between our experimental data and the PDF card re�ects the

presence of a strong preferred orientation towards certain planes, such as (003) and (012).

To determine the ratio between both, the texture coe�cient TC(γ) was calculated. The

presence of other peaks in some samples shows that the �lms- especially those grown on

patterned surfaces- contain a polycrystalline portion. This portion was calculated from

the (104) peak only as it is the closest high-intensity peak to the (003) and (012) peaks.

Note that the di�racted beam comes from the BiSb �lm and the InP substrate under-

neath. When 2θ increases, the �lm's contribution decreases compared to the substrate.

The texture analysis shows that �lms grown on �at InP substrates have higher

textural purity than those grown on patterned ones. Table 4.2 shows the texture coe�-

cient of each of the investigated samples and their corresponding percentage. In general,

BiSb �lms grown on �at InP substrates have 98− 99% of the (003) texture, while those

grown on the nano-patterned ones have 88 − 92% of the (012) texture with 6 − 10% of

(003) texture plus the polycrystalline portion that reaches 2%. Similar textural depen-

dency on the surface of the substrate was found by Chi et al. [132], where stoichiometric

BiSb crystals tended to orient in (003) or (012) planes or stay random when deposited

on various seed layers. The transition between the two textures also could occur by

controlling the preparation conditions. For example, epitaxial Bi1−xSbx �lms on Si(111)

change from (003) to (012) when Sb concentrations exceed 8�9% at room temperature

[131]. The Sb percentage in our samples exceeds this ratio (23%), that (012) oriented

�lms were expected. Siegal et al. annealed the as-prepared Bi0.8Sb0.2 �lms up to 295 ◦C

to increase the ratio of (003) to (012) grains and improve the crystallinity of the specimen

to ∼ 99% [133]. Our initial substrate temperature was slightly higher (320◦C), which

likely changes the (012) texture to the (003) texture in the �at samples. However, this

high temperature was not enough to reorder the rough structure of the BiSb �lms that

were grown on the patterned substrates. In other words, the substrate surface can stop

a predicted texture transition from happening under certain circumstances.

RHEED

In an earlier experiment, the growth of BiSb �lms on InP substrates was studied using

the in situ RHEED technique. Figure 4.3 shows RHEED patterns of one �at and one

patterned InP substrates before and after the growth of the BiSb �lms. Panels (a,b)

represent the 4-fold symmetry patterns along the [001] and [011] directions of the �at InP
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Figure 4.2: XRD di�raction pattern of the four studied BiSb samples the with Bi0.8Sb0.2
(PDF 04-023-9518) card [82]. The y-axis is a log scale scaled to maximise the BiSb peaks
in all the panels. Selected peaks are labelled to show the preferred orientation in each
�lm, the dominant direction peaks are bold.
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(100) substrate. Kikuchi lines can be seen in the patterns with no intermediate surface

di�raction streaks (contrast to bulk Kikuchi), which shows that the surface is highly

ordered and has the same bulk symmetry with no surface reconstruction. Panel (c) shows

the pattern of the patterned InP substrate, which has powder di�raction rings and some

spots indicating the 3D nature of the surface. This means also that the patterning process

has likely amorphised the surface of the substrate, but it was partially recrystallised by

the annealing process. In the middle row, panels (d,e) show the BiSb �lm grown on a �at

InP substrate. This �lm shows a dominant 6-fold rotational symmetry with no Kikuchi

lines, di�erent from the 4-fold symmetry seen in the substrate (epitaxial mismatch).

The non-sharp streaks nature suggests the possibility of having a small amount of other

textures. This has been con�rmed through XRD analysis, which shows that the �lms

whose substrates are �at are (003)-oriented. This plane contains two symmetry directions

(i.e. 100 and 11̄0) with a 30-degree angle between them. Moreover, the InP substrate

011 patterns (e.g. panel (b)) meet with either of the BiSb symmetry directions every

90 degrees. In addition, at one angle (Panel (f)), the streaks are split (with an angle

2θ = 14◦), which indicates the presence of some facets 7◦-tilted from the horizontal level.

The analysis of the RHEED patterns of the BiSb �lm grown on the patterned InP

substrate was more complex: the �lm contains more than one crystallographic orientation

that causes distinct patterns to appear at various angles. In the bottom row of Figure

4.3, the BiSb �lm grown on the patterned InP substrate is presented. In general, a 6-fold

rotational symmetry feature (panels g and h) was observed overlapping with a 4-fold

symmetry feature every 90 degrees. These are believed to belong to the (003) and (012)

textures because the (003) plane has 6-fold rotational symmetry and the (012) plane

has 4-fold-like rotational symmetry. Two of the opposite overlapped patterns showed a

faceted feature (panel (i)) with an average angle of 19 degrees with the horizontal plane,

which is higher than the tilt in the �at sample (angle of 7 degrees). This is logical, as the

�lms on the patterned substrate are rougher than those grown on the �at one. In panels

(g) and (h), the pattern is formed of spotty dots, not streaks, which is associated with

transmission di�raction since the patterned samples have 3D surfaces. Panels (h) and (i)

have clear powder di�raction rings that indicate the presence of a polycrystalline portion

of the �lm on the surface. In summary, RHEED analysis con�rms that the �lm grown on

the patterned InP substrate has a higher ratio of di�erent phases and a polycrystalline

portion, and has a rougher surface. This is consistent with the conclusions deduced from

the texture analysis of the XRD patterns.
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Figure 4.3: RHEED patterns of the InP substrates and the BiSb �lms grown on them.
Panels (a) and (b) are of the �at InP (100) substrate. Panel (c) is the patterned InP
substrate. Panels (d), (e) and (f) show the BiSb �lm grown on a �at InP substrate.
Panels (g), (h) and (i) are of the BiSb �lm grown on a patterned InP substrate.

4.3.2 SEM and EDX

The prepared BiSb �lms were silver with a noticeable di�erence in "mirror �nish" between

the �at and patterned samples due to the change in their light-scattering properties (see

Figure 1.8(a)). The SEM images show a clear di�erence in the topography between the

two types and con�rm the patterning of P-samples. Figure 4.4 shows the SEM images

of the prepared �lms at 104 magni�cation with 7 kV acceleration voltage for all samples.

Flat samples (on the left side) have more uniform topography with larger particle sizes

than those of the patterned substrates (on the right side). Similarly, thicker �lms at

the top (i.e. IBS11F and IBS11P) have less rough surfaces with larger particles and

uniform topography. EDX analysis reveals the homogeneity of all the studied samples.

The composition of each sample was determined at three positions across its diagonal,
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showing less than 1 at% di�erence in the composition. Table 4.3 shows the composition of

the �lms determined by EDX for all four samples. Samples grown in the same growth have

nearly the same composition, with less than 1 at% di�erence, re�ecting the compositional

uniformity of the grown �lms. Moreover, the composition in both growths was close, with

an average of 22.6 at% Sb and a standard deviation of 1.4 at%.

Figure 4.4: SEM images of BiSb samples grown on �at and nano-patterned InP sub-
strates. Images were captured by SUPRA55VP SEM at 7kV accelerating voltage and
104 magni�cation.

4.3.3 AFM

Patterning of the InP substrates was con�rmed by the AFM, as shown in Figure 4.5.

The roughness of the patterned substrates (i.e. IBS11P and IBS12P) was determined

to be 36 nm and 30 nm respectively. Both substrates contain a dense array of irregular

nano-ripples with a depth of around 100 nm. Previous work at Warwick showed that Ar

ion bombardment of InP (100) above 1 keV produces irregular surfaces. In our samples,

this is not a problem since the main purpose of the patterning is to increase the surface

area, not necessarily periodically. This increase in area was evaluated by dividing the

substrate surface by its projection (surface ratio, SR= surface
projection) using Gwyddion software
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as explained in Chapter 2. It is worth noting that the substrate's surface area was nearly

doubled by the patterning, with SR = 2.1± 0.1 for both substrates. To keep this value

and preserve the patterning, the temperature of the samples was kept around or below

400 ◦C before and during the �lm deposition. Our previous experiment showed that after

1 hour of annealing at 500 ◦C, the patterning has altered and the SR value fell from 1.7

to 1.2, as shown in Figure 4.7. Figure 4.7 illustrates the e�ect of annealing at di�erent

temperatures for 1 hour on the pattern of one typical InP substrate. For 1µm images,

the surface area of the pattern remained around 1.7 µm2 when annealed up to 400 ◦C.

After one hour of annealing at 500◦C, the pattern altered completely and the surface

area dropped to 1.2 µm2.

The thickness of the �lms was determined (in each growth from a separate �at

piece) and reported with other AFM parameters (roughness and SR values) in Table 4.3.

Figure 4.6 shows 3D images of the surfaces of BiSb �lms scanned by the AFM. Films

that were grown on �at substrates (at the left) have three-fold symmetry features (i.e.

triangles and 120-degree angles). In contrast, "P" �lms have rougher surfaces, especially

the thinner �lm (IBS12P) which nearly has the same surface morphology as the substrate

does. As the �lm thickness increases, the surface becomes smoother and has a smaller

SR value (1.28 for IBS11P compared to 1.59 for IBS12P) and the features of the BiSb

symmetry �lm become more dominant instead.

Figure 4.5: AFM topographs of the patterned InP substrates (1µm ×1µm). Panel (a):
IBS11P substrate and (b): IBS12P substrate.

4.3.4 Hall measurements

The �at InP substrate is electrically insulating, and no current was detected when it

was measured by our Hall system, down to 1nA (i.e. the resistance is greater than 1 ×
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Table 4.2: The texture coe�cient TC(hkl) in the investigated samples. The percentage
(%) of the (003), (012) and "others" phases is calculated by normalising the texture
coe�cients.

Sample TC (003) TC(012) TC(others) % (003) % (012) % others
IBS11 F 1.96 0.04 - 98.06 1.94 0.00
IBS11 P 0.29 2.64 0.07 9.78 87.99 2.23
IBS12 F 2.97 0.03 0.01 98.95 0.84 0.21
IBS12 P 0.17 2.77 0.05 5.73 92.45 1.82

Table 4.3: The composition of the BiSb �lms as determined by EDX and the �lm struc-
tural parameters. SR values were determined using the Gwyddion software for the pat-
terned substrates and all �lms. The thickness here is measured in each growth from a
third �at sample using the AFM.

Sample IBS11 F IBS11 P IBS12 F IBS12 P

Sb (at%) 24.0 23.6 21.8 21.1
Bi (at%) 76.0 76.4 78.2 78.9
Thickness (nm) 121 121 70 70
RMS roughness (nm) 19 29 14 31
SR(substrate) - 2.13 - 2.08
SR(�lm) 1.03 1.28 1.05 1.59
SR(average) - 1.71 - 1.84
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Figure 4.6: AFM images of the surfaces of BiSb �lms (2µm ×2µm) of the investigated
samples.

1010Ω). After the patterning process, the spreading resistance was very high but became

measurable (≈ 3×107Ω), meaning the possibility of having an extremely thin conductive

In-rich layer on the surface. But this does not a�ect the electrical measurements because

the resistance of the BiSb �lms is four orders of magnitude lower.

To explain the electrical parameters, the BiSb �lms could be treated as bulk

semiconductors with a metallic surface. In this case, the total conductivity of BiSb could

be expressed as [134, 135]:

σ = σs(
ds
d

) + σBo exp(− Eg
2kBT

),

where σs is the surface conductivity, ds is the e�ective surface thickness, σBo is a constant,

Eg is the electrical band gap and kB is the Boltzmann constant. The �rst term in the

equation represents the surface contribution to the conductivity, while the second term

represents the bulk conductivity. Accordingly, the surface conduction becomes dominant

in two cases: (1) if the �lm thickness is low, which increases the �rst term. It may

increase the e�ective Eg at very low d due to quantum con�nement that reduces the bulk

conductivity. (2) if the temperature (T) is very low, the second term of the equation
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Figure 4.7: 1µm×1µm AFM topographs of a patterned InP substrate as-prepared, after
1 hour of annealing at 300 ◦C followed by another hour at 400 ◦C and at 500 ◦C.
Representative line pro�les are included for each topograph.

will be reduced, and the surface conduction dominates. To separate both conductivity

components and determine the equation parameters, the electrical conductivity of �lms

of di�erent thicknesses over a wide range of temperatures could be used [124, 131, 135]. In

this Section, we analyze the electrical parameters derived from Hall measurements (using

the Van der Pauw technique) at room temperature (300 K) and under liquid nitrogen as

described in Chapter 2. While the temperature-dependent conductivity data is discussed

in Section 4.4.3. Therefore, conductivity σ, here, is the `total' conductivity, as do the

other derived electronic parameters (e.g. µ and Ns).
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In general, the type of InP substrate (�at or patterned) and the thickness of the

�lm signi�cantly impact the electrical parameters, owing to the di�erent structures and

thicknesses. Table 4.4 shows the corrected parameters (thickness, carrier concentration,

mobility and conductivity) of the prepared �lms, calculated based on the equations in

Section 4.1. The negative sign of the bulk carrier concentration values (NB) shows

majority n-type conduction.

At room temperature, di�erent-thickness F-�lms have closeNB values around 7.8×1019

cm−3, likewise, P-�lms of di�erent thickness have values around 2.8 ×1019 cm−3. This

indicates two points: (1) both �lms behave as semiconductors, where the bulk conduction

is dominant over the surface conduction because at high temperatures the bulk semicon-

ducting interior gets enough carriers activated to dominate. (2) F-�lms (i.e. 003 BiSb)

have more carriers than P-�lms [mostly (012)]. To compare, BiSb �lms with less Sb

percentage (0.12 to 0.16) were reported to have smaller carrier concentrations but higher

mobility than ours. For example, Ueda et al. reported that the carrier concentration of

(003)-oriented Bi84Sb16 was 2 × 1019 cm−3 and the mobility was 500 cm2/Vs at room

temperature [136]. In another article, the carrier concentration of ball-milled Bi88Sb12
increased from 1 × 1018 cm−3 at 50 K to 1 × 1019 cm−3 at 300 K, while the mobility

decreased from 15× 103 cm2/Vs to 2.3× 103 cm2/Vs [137].

This thickness-independent carrier concentration was not observed at 77 K. In

this temperature range, the NB values are higher for thinner �lms, suggesting a strong

contribution from the metallic surface states. In addition, NS values are close for

di�erent thicknesses, around 2 ×1014 cm−2 for F-�lms and 4 ×1013 cm−2 for P-�lms.

This suggests that the metallic surface conduction is dominant and the bulk contribution

is minimal at this low temperature.

The conductivity for the �at samples and the thick patterned sample (≥ 70 nm, at

300 K) exceeds 103 Ω−1cm−1 near the values of MBE grown (003) oriented Bi1−xSbx �lms

on GaAs(111) [124]. For (012) oriented ball-milled Bi77Sb23 samples, the conductivity

was measured as 2.65× 103 Ω−1 cm−1 [125].

The conductivity values increase with the �corrected� thickness for all samples

because thinner �lms have larger con�nement (high Eg) for carriers' movement which

reduces its mobility. As with low dimensionality, spatial con�nement displaces the band

gap edges and converts semimetals like Bi to semiconductors [138, 139].

Samples IBS11P and IBS12F are good examples to understand the e�ect of the

patterning only, as both have an equivalent (corrected) thickness of 70 nm, but the �rst

has 1.7 times more surface area. On one hand, both samples have similar conductivity

values (around 1525 Ω−1 cm−1 at 300K and 550 Ω−1 cm−1 at 77K). Therefore, the lower
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conductivity observed in the patterned samples might be compensated by depositing

corrected thickness equivalent to the �at ones. But on the other hand, the patterned

sample (IBS11P, (012) BiSb) has a smaller number of carriers with higher mobility. This

could have resulted from two opposite conduction mechanisms. The �rst one is that

the patterned samples have more protected surface states, where the mobility in these

states is higher than that of bulk states. Consequently, more conduction occurs from

the surface states, with fewer carriers of high mobility. In contrast, the �at sample has

more ordered (003) semiconducting bulk which has higher conductivity than its surface

states, so a high number of bulk carriers contributes to the conduction, but with lower

mobility than those of the surface states. Walker et al. found that when BiSb thin �lms

are orientated in the (012) direction instead of the (003) direction, the temperature-

dependent conductivity of the �lms decreases, most likely, as a result of changes in the

surface states and the quantum con�nement [131].

Table 4.4: Electrical Hall measurements of the prepared samples using the corrected
values for the patterned �lms.

Sample T(K) d(nm) NB(1019cm−3) µ(cm2/VS) NS(1014cm−2) σ(Ω−1cm−1)

IBS11F 300 121 -8.0 217 -9.7 2792
IBS11P 300 71 -2.7 349 -1.9 1501
IBS12F 300 70 -7.5 130 -5.2 1552
IBS12P 300 38 -2.8 22 -1.1 100

IBS11F 77 121 -1.6 305 -1.9 763
IBS11P 77 71 -0.53 682 -0.37 577
IBS12F 77 70 -3.2 102 -2.2 524
IBS12P 77 38 -1.1 35 -0.42 63

4.4 Thermoelectric measurements

4.4.1 Device optimisation

The stages of surface cleaning, �lm growth and patterning are much more complicated

for the thermoelectric devices than for the �lms grown for physical characterisation. The

full procedure is therefore described here, along with an outline of how the processes were

optimised. The thermoelectric properties of the BiSb samples were measured using the

Virginia team's system as mentioned in Chapter 2. Six samples were prepared on �at and

patterned InP substrates in Mantis system as listed in Table 4.1. These samples were

prepared via three major steps. Firstly, �ve patterned InP ( 8 mm × 8 mm) substrates
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were sputtered in HV system 3 (Mercutio) in similar conditions as those mentioned

in Section 4.2, but for di�erent time durations (5-30 min). They were all kept under

nitrogen to minimise surface oxidation. Prior to BiSb growth, they were etched into

a diluted solution of 5% HCl in IPA (i.e. volume-wise, concentrated HCl to IPA) and

then kept in the IPA. The �at substrate of sample MP50 was left for 60 seconds in

the solution to remove any contaminants and the oxide layer, more than other patterned

substrates which were rinsed for only 20 seconds in the solution to preserve the patterning.

Initially, trials to etch the patterned substrates using 1:1 HCl-to-IPA for only 30 seconds

obliterated the patterned surface. Therefore, more diluted solutions were investigated

and the 5%HCl in IPA solution was selected because it did not a�ect the SR value after

rinsing a typical InP patterned substrate in it for up to 5 minutes. Secondly, all the

substrates were dried using a nitrogen gun, then were masked and loaded quickly in

Mantis chamber to avoid surface re-oxidation. Afterwards, the substrates were degassed

at 250 ◦C at 10−7mbar and then left at this temperature with rotation to achieve a

uniform-composition BiSb deposition. Bi and Sb thermal boats were heated to obtain

a low growth rate (0.5 nm/min), resembling the growth conditions used in the UHV

system 2 (Morbius) to have high-quality crystalline samples. After the deposition, all

the samples (InP substrates with BiSb �lms on) were rinsed in an acetone ultrasonic bath

for 90 seconds, to get rid of any extra BiSb dust. Thirdly, a layer of gold (i.e. contact

electrodes) was deposited using the lithography technique:

� A 2D design of the electrode mask was created using KLayout software (see Figure

4.8 (a)).

� In the clean room, the samples were cleaned with acetone and IPA then were dried

with nitrogen and degassed at 110 ◦C for over 10 min.

� The samples were spin-coated with a positive photoresist (ECI3007) layer at the

speed of 4000 rpm; then softly baked at 90◦C for 90 s.

� The digital mask design was used to expose the samples with 80 % power of 10

mW laser using Heidelberg µPG-101 micro pattern generator; the samples were

then baked at 110 ◦C for 90 s.

� They were developed in AZ326 MIF developer solution for 60 s, then rinsed in

water and dried with nitrogen.

� Before gold deposition, the samples were degassed at 70 ◦C for 13 min, then were

loaded to the sputterer's chamber (Moor�eld Nano PVD-S10A sputtering system)
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and left for 60 min at 1×10−5 m bar for extra drying.

� A layer of gold was deposited on the masked samples by sputtering a gold target

(50% power) with Ar+ with 3 cm3/min �ow (at 3.5 ×10−3 m bar) for 7 min.

� The lift-o� process was done by rinsing each sample in an ultrasonic bath of acetone

to remove the residual gold and photoresist materials. A plastic beaker was always

used to avoid shattering the brittle InP substrates; it usually occurs whenever glass

beakers are used.

� The samples were dried out using a nitrogen gun, and examined, some were imaged,

using Nikon Eclipse LV150NA to con�rm that electrodes were installed properly,

Figure 4.8 (b-d). Panel (b) is the �at sample (MP50); (c) is MP50 using 4 magni�ed

images, labelled: electrical electrodes (E), thermometers (T) with one heater. Panel

(d) presents one patterned sample (MP54).

Figure 4.8, panels (e-i) illustrate some of the failed trials during the optimisa-

tion period; (e) the electrode was lifted during the lift-o� process, this was avoided by

rinsing the samples in an acetone ultrasonic bath before the deposition to remove any

residual BiSb dust on the surface and allow good adhesion for the gold layer. Panel (f)

demonstrates an unclean substrate surface caused by photoresist non-uniformity; panel

(g) demonstrates a broken heater, likely originated from unsuitable photoresist exposure,

developing or a lift-o� duration. In Panel (h), a thermometer pad (right image) was par-

tially removed in the lift-o� process, as the photoresist layer becomes thinner near the

substrate edges, although it looked normal prior to the developing process (left image).

Therefore, BiSb �lm and electrodes had to be repositioned accordingly. In panel (i), the

gold heater touches the BiSb �lm because the �lm's edges were not straight; the BiSb

metal mask was required to be cut by the CNC machine as described in Chapter 3.

4.4.2 Characterisation

The AFM was used to study the surface morphology of the patterned substrates and the

deposited BiSb �lms, besides determining the thickness of the �at sample MP50 and the

gold layer. The patterning was con�rmed in all the patterned samples, as presented in

Figure 4.9. Panel (a) is a plot correlating the RMS roughness and the SR value to the

sputtering time of the patterned samples. Both parameters increased monotonically for

the �rst 10 min of sputtering, then reached a plateau with a roughness of 40 nm and a

surface ratio of 1.8. This suggests that over 10 minutes of sputtering does not enlarge the
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Figure 4.8: The BiSb thermoelectric device optimisation. (a) The design of the pho-
toresist mask. (b) The �nal BiSb device used (MP50) contains three layers, an InP �at
substrate, a BiSb �lm and gold electrodes. (c) Magni�ed images of MP50 gold pattern,
comprising four electrodes (E), two thermometers (T) and a heater. (d) Images of the
MP54 sample (BiSb �lm on a nano-patterned substrate). Panels (e-i) demonstrate some
challenges faced during device optimisation. The electrode pads (E1-E4) are 0.7 mm
wide, see scale bar in panel (c).

surface area of the patterned sample, although it may have a�ected the entropy of the

surface. Panels (b-l) demonstrate 3D images of the patterned substrates next to their

corresponding BiSb �lms (MP50-MP55). Overall, the nano-patterning was observed in

all the Ar+-sputtered InP substrates' morphologies. The surface morphology of the BiSb

�lms is, somehow, correlated to their substrates. Table 4.5 lists the RMS roughness,

SR values and the corrected thickness of the prepared �lms. EDX composition was

determined from the �at sample and averaged from 5 scans in two di�erent pieces, with

a di�erence of 1%, con�rming the compositional uniformity. The thickness of the sample

was measured by scanning the AFM tip over a step, as appears in Figure 4.10; it was then

averaged from 4 scans at di�erent locations on the MP50 sample (147±3 nm). Similarly,

the gold layer thickness was measured to be (120±5 nm).

As these samples were prepared in another chamber (i.e. Mantis PVD system),

the structure of one �at (MP50) and one patterned (MP54) sample, in the device form,
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were investigated using XRD, Bragg-Brentano geometry. MP50 and MP54 exhibit a

texture dependency on the substrate type, similar to that observed in Section 4.3.1 for

the samples grown inside the MBE UHV system 2 (Morbius). Figure 4.11 shows the XRD

patterns of these samples as compared to the Bi0.8Sb0.2 (PDF 04-023-9518) card [82]. The

�at sample MP50 has BiSb (003) and (006) peaks, con�rming the (003) orientation with

some minor (012) phase. In contrast, the patterned sample (MP54) has the dominant

(012) phase, with some (003) and polycrystalline portions. The origin of the `*'-labelled

peak is unknown, it may be split from the InP (200) peak because of sputtering-induced

strain. However, this was not observed in the sample prepared in the UHV system 2

(Morbius) (Figure 4.2), possibly because the gentle sputtering and annealing in Morbius

relieved this stressed layer; but this requires further analysis. Other peaks in the X-ray

di�raction pattern belong to the InP substrate and the gold electrodes. The Au (111)

peak at 2θ = 38.18 overlaps with the BiSb (104) peak at 2θ = 38.17◦. However, we

believe that the BiSb (104) peak is not signi�cant because it is absent in earlier samples

(IBS-labelled) prepared in the MBE system 2 (see Figure 4.2). In conclusion, samples

prepared using the LP-PVD method in Mantis system have the same structure as those

prepared using the UHV MBE system 2 (Morbius).

Table 4.5: The EDX composition and AFM parameters of the MP50-55 series. The
thickness of the �at sample is determined from the AFM line pro�le (see Figure 4.10).
The SR values are extracted from topographs in Figure 4.9.

Sample MP50 MP51 MP52 MP53 MP54 MP55
Sb (at%) 23.4 - - - - -
Bi (at%) 76.6 - - - - -
Thickness (nm) 147.0 - - - - -
Ar+ Sputtering time (min) 0 5 10 15 25 30
RMS roughness (nm) 9.7 24.0 38.0 35.0 45.0 40.0
SR (substrate) - 1.22 2.15 2.12 2.44 2.08
SR (film) - 1.10 1.49 1.27 1.38 1.48
SR (avarage) - 1.16 1.82 1.69 1.91 1.78
Average thickness (nm) 147.0 126.7 80.9 86.8 77.2 82.5
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Figure 4.9: Panel (a) shows the roughness and average SR values as a function of the
Ar+ sputtering time. The dashed line is included as a guide to the eye. Panels (b-i)
are AFM 3D topographs of BiSb �lms on the �at (MP50) and the patterned (MP51-55)
samples next to their corresponding patterned InP substrates. The scan dimension is
2µm ×2µm for each topograph.

4.4.3 Thermoelectric measurements

Temperature dependent conductivity

The sheet conductance of the topological insulators (Gsh) comes from two channels,

the bulk conductance (G) and the surface states conductance (Gss), such that Gsh =

Gss+G. The temperature dependences ofG andGss di�er. For a semiconducting interior,

G = Goe
(−4E/KBT ), where Go is constant and 4E is the thermal activation energy for

electrical conduction. 4E used to be considered as Eg/2 [140], which is valid in cases

such as single crystal semiconductors with no gap states measured at high temperature,

but not with low-temperature measurements in disordered material [5]. In contrast, Gss
behaves di�erently as it is metal-like conduction that decreases with temperature. To

investigate the conduction mechanism in our samples, we measured the conductance of

the �at sample (MP50) and the patterned sample (MP54) from 300 K down to 10 K. At

300 K, the conductance of the �at �lm (Gsh= 0.1 S) was around �ve times higher than

the patterned �lm's conductance (Gsh= 0.018 S). This could have resulted from three
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pograph at the edge; (b) zoomed-out-image of the position of the AFM tip during the
measurements; (c) the corresponding mean height pro�le at the edge [from panel (a)].

factors: (1) the patterned sample has thinner BiSb �lm with a non-uniform thickness; (2)

the carriers in the patterned �lm may face scattering with the rough InP/BiSb interface,

and (3) the �lm is less textured and nature of BiSb (012) texture di�ers from that of

(003). The calculated band structure of Bi3Sb, close to the composition used in this

work, is highly anisotropic [141] and it is very likely that thin �lms oriented in (003) and

(012) directions will have di�erent e�ective bulk conductivities.

When the samples are cooled, the bulk conductance decreases and the metallic
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indexed peaks belong to that card except speci�ed. The intensity axis is linear and scaled
to maximise the BiSb peaks.

conduction increases at di�erent rates. Figure 4.12 illustrates the conductance of both

�lms, normalised to its value at 300 K. In general, the conductance of both �lms decreases

with cooling, suggesting the dominance of the bulk semiconducting behaviour. In other

words, the bulk conductance decreasing rate with cooling is higher than the metallic

conductance increasing rate. In fact, the patterned sample MP54 exhibited a minimum

conductance value at 20 K, which was not observed in the �at one (see inset). At this

minimum, the rise in metallic conductance equates to the decline in bulk conductance.
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This proves two points: (1) the presence of the metallic states in the sample; (2) the

contribution of surface states in the conduction is higher in the patterned sample than

the �at one due to the increased surface-to-bulk ratio in the earlier. To analyse the bulk

and surface conduction further, the temperature-dependent conductance of both samples

was �tted according to di�erent plausible assumptions. First, we assume that the BiSb

�lm is semiconducting with zero or negligible surface states contribution (Gss = 0 model).

In this case, Gsh = Goe
(−4E/KBT ) and ln(Gsh) = ln (Go) −4E/KBT . The plot of ln

(Gsh) VS 1/T gives the 4E value as shown in Figure 4.13 (a). This model fails to

interpret the whole data although it �ts the high-temperature range, where the surface

states contribution is smaller. Obviously, it might represent the conduction in the �at

sample for a longer temperature range (300 K to 105 K) than the patterned sample

(down to 170 K). That resulted from the greater surface area in the patterned samples

that emphasise the surface states contribution. In addition, the value of 4E in the

patterned sample (16.5 meV) is higher than the 4E value of the �at sample (11.2 meV).

This could be correlated to higher quantum con�nement in the thinner and rougher �lm

of the patterned sample. In fact, by decreasing the thickness of the �lms, the surface-to-

volume ratio increases and the bulk band gap is enhanced [123]. For example, the band

gap increases from 10 meV for bulk Bi0.9Sb0.1 [142] to 38 meV for 24-nm-thick �lms [123].

Assuming it equals 24E, our band gap values are 33 meV for the patterned sample and

22.4 meV for the �at one, comparable to the 23 meV value reported for 90-nm Bi78Sb22
�lms grown on �at GaAs(111), using the same model [124].

The second model suggests that there is a contribution from the surface states

in the conduction Gss, and that contribution could be constant (constant Gss model) as

applied by Fan et al. [135] or temperature dependent as applied by Muschinske [143].

Both could be simpli�ed as a linear function: Gss(T ) = c1 + c2 × T , where c1 and

c2 are constants. This expression was deduced from the experimental plot of Gss VS

temperature in Bi and BiSb thin �lms by Muschinske [143]. In their study, Gss(T ) of Bi

could be represented as one straight line with a negative slope, but for BiSb, it could be

represented by two lines in di�erent regions, one with a negative slope above 140 K and

one with a zero slope (i.e. constant Gss) under 140 K.

Fan et al. [135] deduced the values of Gss from the �tting parameters of the

normalised resistivity values. Similarly, ( Gsh
Gsh(300)

) could be expressed as:

Gsh = c1 + c2T +Goe
(−4E/KBT )

Or
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Gsh
Gsh(300)

=
c1

Gsh(300)
+

c2T

Gsh(300)
+

Go
Gsh(300)

e(−4E/KBT )

We tried to �t the normalised conductance ( Gsh
Gsh(300)

) considering only one region

and two regions. In both cases, the �tting function returned with positive temperature

dependence (i.e. positive c2 value) that contradicts with the nature of the metallic con-

duction, if it is purely metallic. When c2 6 zero was applied as a boundary condition,

the �tting function returned negligible or zero value for c2 in both regions. This could

be expressed as constant Gss, these �ttings are shown as solid lines in Figure 4.13 (b).

The model �ts quite nicely with the �at sample and the patterned sample in the high-

temperature region only as the contribution of the surface states becomes more signi�cant

below 140 K. This deviation may be also attributed to the bulk gap states' contribution.

Since the patterned sample is less pure and contains a polycrystalline phase that sup-

posedly creates localised states in the bulk band gap, the contribution from these states

becomes more obvious in the low-temperature region. This could be solved by assuming

a second bulk conduction function, with a smaller activation energy (e.g. 4E2) which

dominates in the lower temperature range. But in this case, the numerous parameters in

the �tting equation may predict parameters with high uncertainty. Back to the �tting

parameters, the activation energy is higher in the patterned sample (28.8 meV) than the

�at one (18.4 meV) which makes sense in this case as well. Nevertheless, the values of

Gss are 28.7 mS for the �at sample and 7.05 mS for the patterned one. This is against

what might be expected that Gss of the patterned sample is higher since it has more

surface area. This could be argued that (1) the patterned �lm is (012) oriented and (2)

it has a more rough surface that makes an impact on the surface states; the surface-to-

total conductance ratio that matters in this case. In fact, understanding the topological

properties of materials and how these properties relate to the electronic structure of the

material depends on the symmetry features that a crystal may have [144]. For example,

the bulk energy bands of BiSb have additional topological structure due to the presence

of mirror symmetry in its crystal lattice [144].

Assuming having single 4E and the constant Gss, the ratio of the surface con-

ductance Gss to the total Gsh could be presented as shown in the inset �gure. One can

notice that the contribution of the surface conductance is higher in the patterned �lm

and exceeds 50% below 224 K, sooner than 128 K for the �at sample. In conclusion,

the �lms behave as semiconducting with surface states that are best described by having

a constant Gss, re�ecting that it is not purely metallic. The patterning enhanced the

surface contribution, but the total conductance remained less than without patterning.
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They might become alike by using the concept of the corrected electrical parameters

that was presented in Section 4.3.4; but this needs samples (with equivalent corrected

thickness) to compare.
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Figure 4.12: The temperature dependence of the total sheet conductance in the �at,
MP50 and the patterned, MP54 samples normalized to the value at 300 K. The inset
shows the minimum conductance value in the patterned sample.
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Thermoelectric measurements

To better understand the e�ect of the patterning on the thermoelectric performance, the

resistance and Seebeck coe�cient of the samples were determined. Since the patterning

increases SR and creates a rough surface, the thickness of the patterned samples be-

comes non-uniform with a reduced average value as listed in Table 4.5. In this section,

we compare the resistance (R), Seebeck coe�cient (S) and (S2/R) values for all �at

and patterned samples, instead of using the conductivity and power factor. In general,

patterning the samples a�ected the thermoelectric performance signi�cantly. Figure 4.14

shows the dependence of the resistance and the Seebeck coe�cient on both the temper-

ature and the Ar+ sputtering time. In panel (a), the resistance of all samples decreases

with temperature, re�ecting the dominant semiconducting behaviour of all �at and pat-

terned samples as discussed previously. Apart from the 15-minute sputtered samples

(MP53), the resistance increased with the sputtering time because of the smaller average

thickness, phase di�erence and increasing non-uniformity. The reason for the low resis-

tance of sample MP53 is unknown. For the Seebeck coe�cient [in panel (b)], all samples

show the negative sign with S values, con�rming the n-type semiconducting behaviour

in the grown �lms. The value of |S| increases with temperature in all the patterned

samples, but peaks in the �at sample at 250 K. There is no trend between the values of

S and the sputtering time, but mostly, the patterning reduces the S values. To compare,

the values of S at 300 K varies from 22 µV/K to 130 µV/K near the value of 90 µV/K

for (012) ball-milled Bi77Sb23 samples [125].

The resultant power-factor-equivalent term (S2/R) is plotted in Figure 4.15(a)

VS temperature of the prepared �lms. The maximum value for the �at sample is at 250

K, while the randomness of the S values with the sputtering time appears in the (S2/R)

values as well. In other words, patterning the InP substrate results in uncontrollable

reduced variation in the values of (S2/R). The power factor of the �at sample (MP50)

is plotted versus temperature in Figure 4.15(b). At a temperature of 250 K, the power

factor reaches a maximum value of 6 mW/mK2. This is higher than the maximum

power factor of 4.6 mW/mK2 reported for (003)-oriented Bi0.8Sb0.2 co-sputtered �lms

with a thickness of 100 nm [133]. It is also higher than the maximum power factor of 5.3

mW/mK2 for a Bi0.91Sb0.09 thin �lm grown on CdTe(111), which also peaked at 250 K

[145].

As an estimation for the �gure of merit value (ZT) of the �at sample, we used

the temperature-dependent thermal conductivity values of the polycrystalline 150-nm

Bi80Sb20 thin �lm published by Volklein et al. [146]. Estimated ZT values peak to reach
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0.67 at 250 K, this peaking trend was observed in di�erent-composition di�erent-thickness

BiSb thin �lms at 200-250 K [146]. This ZT is greater than both the Bi88Sb12 hot-pressed

samples (0.28-0.3 around 250 K ) [137] and the melt-spun n-type Bi85Sb15 bulk samples

with micron-sized grains, which have a ZT of around 0.6 at 125 K [147]. The estimation

of ZT for patterned �lms is di�cult, even when using the average thickness concept to

estimate the conductivity and power factor values, the thermal conductivity of the pat-

terned samples is unpredictable. However, the thermal conductivity of Bi75Sb25 (012)

oriented ball-milled samples is 2.51 W/mK at room temperature [125], not far from the

polycrystalline value we used in our estimation (3 W/mK, at room temperature) [146].

But, for the patterned samples, other important factors are believed to hinder heat con-

duction as they are thinner, less textured and probably smaller grained which will have

more grain boundaries, meaning potentially more phonon scattering (i.e. lower ther-

mal conductivity). Therefore, a dataset of thermal conductivity is needed to accurately

evaluate the ZT values.
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ters of BiSb thin �lms: (a) The resistance as a function of temperature; (b) the Seebeck
coe�cient as a function of temperature. Each plot is labelled with the corresponding
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4.5 Conclusion

In this study, Bi77Sb23 thin �lms were deposited on �at and patterned InP substrates.

The �lms' morphology, structure, and electrical and thermoelectric properties were inves-

tigated. It has been found that �lms grown on �at InP substrates have highly textured

(003) orientated �lms, while those grown on patterned substrates are mostly (012) phase

with a minority of other (003) and polycrystalline phases. This was con�rmed for both

MBE and PVD growth.

The patterned samples have a smaller non-uniform thickness, which lowered their

conductance and average conductivity compared to the corresponding �at samples. How-

ever, the conductivity of the two types of samples could be considered equal if they had

the same corrected (average) thickness.

All the �at and patterned �lms exhibited behaviour characteristics of n-type semi-

conductors, although surface states' contribution was detected. The ratio of surface state

contribution was consistently higher in the patterned samples, but the total conductance

was higher in the �at samples, owing to the di�erent thickness, structures and morphol-

ogy. The Seebeck coe�cient increased with temperature for all of the patterned samples,

but peaked at 250 K for the �at samples, with a high power factor value (6 mW/mK2). At

the same temperature, the �gure of merit was estimated to reach a high value ZT=0.67

for the �at (003) oriented sample. To fully assess the impact of the nano-patterning on

ZT , thermal conductivity measurement is required for the samples.
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Chapter 5

ZnSb Thin Films

Zinc antimonide is one of the most promising TE materials because of its excellent mate-

rial properties [148, 149], the abundance of Zn and Sb, its cheap price and non-toxicity.

The electronic con�guration and phases are discussed in appendix A. The materials' high

�gure of merit ZT reaches around 1.3 at 670 K for Zn4Sb3 compounds [150, 151]. One of

the major problems with this material is its thermal stability, as operation at a high tem-

perature can lead to considerable changes in the material properties, eg. the grain size of

ZnSb pellets was nearly doubled by annealing at 300◦C [149, 152]. At high temperature,

Zn atoms become more mobile to migrate from their initial site to an interstitial one

easily which bene�t the thermal conductivity at the expense of the material's thermal

stability [153]. Thermoelectric power factor (PF) was observed to degrade with thermal

cycling due to changes in composition, morphology and structure (PF value decreased

about 30% after 10 cycles at 300◦C) [154]. This reduces TE device reliability. This

TE material is a strong candidate for applications that operate at room temperature or

slightly higher (say up to 400 K) such as �exible electronics and wearable devices. More-

over, �exible substrates could be easily shaped and processed, minimising the overall

waste in the production process [155]. For undoped ZnSb �lms grown by RF magnetron

sputtering on �exible polyimide substrate, a PF of 450 µW/m.K2 was obtained at room

temperature that increased to 2350 µW/m.K2 at 260◦C [156]. Two other publications

show the enhancement of TE parameters by titanium [157] and indium [158] doping of

ZnSb �lms grown by multistep co-sputtering technique on �exible polyimide substrates,

but no mechanical or bend testing was presented to validate the stability of the �lms

under bending stresses. Lee et al. [159] showed the suitability of screen-printed ZnSb

�lms for �exible TE modules by obtaining 0.22 mW/cm2 from p-type material only. But

the �lm's resistance and Seebeck coe�cient showed di�erent dependence on the bending
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radius of curvature when put under test.

In this chapter, ZnSb �lms have been grown on glass and Kapton �exible sub-

strates by LP-PVD with varying Zn/Sb �ux ratios and with or without In doping. Elec-

trical and optical properties have been measured before and after 104 bending cycles of

push-to-�ex treatment. The thermoelectric power factor of the �exible �lms was also

determined as a function of the temperature below 400 K and In-doping.

5.1 Sample preparation

5.1.1 Substrate preparation

ZnSb thin �lms were grown on di�erent insulating substrates, namely glass and �exible

Kapton, a commercial polyimide �lm. Commercial glass slides were cleaned by micro-90

in an ultrasonic bath and then washed with DI water. After that, they were treated

chemically with a diluted solution (0.03 %) of SnCl2 for 15 min, followed by 20 min-

200◦C-annealing in the air to form a layer of tin oxide as described by Pejova et al.

[64, 65]. The purpose of the SnO layer is to enhance the adhesion of the grown �lms

with the substrate and improve their crystallinity [64, 65]. The prepared slides were then

kept under dry nitrogen until used in the deposition. The conductivity of the treated

substrate was tested to ensure that it remains insulating and that the SnO layer is not

electrically conductive. Kapton �lm substrates of 0.05 mm thickness were cleaned with

IPA and dried with nitrogen.

5.1.2 ZnSb �lms growth optimisation

ZnSb thin �lms were prepared inside HV system 3 (Mercutio, P < 10−6 mbar). The

substrates were degassed inside the chamber by an IR lamp for more than 20 minutes,

expecting to reach a temperature around 200◦C, while Zn and Sb e�usion cells were used

to provide controlled �uxes of Zn and Sb4. The stoichiometric composition was reached

by preparing di�erent samples and comparing their composition using EDX analysis.

For indium-doped �lms, another cell was used to deposit (In) simultaneously. In this

study, the term doping refers to the addition of a new element (In) with a small per-

centage (2-6%), similar to alloying; it does not refer to controlling carrier concentration

by incorporation of non-isoelectronic elements. This term is commonly used among re-

searchers to describe adding di�erent dopants to ZnSb thin �lms and composites with

similar percentages [157, 160�162]. All prepared �lms were silver mirror-like in colour,

but a slight change in colour and brightness was observed between di�erent composi-
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tions. For example, Zn-rich samples look "rustier" (because of the rough surface they

form) and less re�ective than Sb-rich samples. All samples were then gently annealed

at 150◦C to 200◦C to turn them crystalline, as discussed later. In this study, �lms were

grown on glass (squares with around 0.9 cm side) and/or Kapton (strips ≈ 2.7 cm ×
0.8 cm) substrates with �ve ZnSb and �ve ZnSbIn compositions as listed in Table 5.1.

Thermoelectric measurements samples are Kapton sheets (≈ 3.5 mm × 13.7 mm) that

were �xed on same-size glass slides using vacuum-compatible sodium silicate solution

that was cured by 10-min annealing at 120◦C. This glue was suitable to be used in the

vacuum system, but it soon failed to hold the samples for the measurements so it was

replaced by a double-sided Sellotape. All �lms were kept under nitrogen, except when

being �exed or measured.

The as-prepared �lms have very high resistance (of an order of 1 MΩ), and the

electrical measurements were not stable. Using gentle annealing at 150◦C under nitrogen

for 1 hour improved the stability of the measurements and reduced the resistance of

the initial test sample. Figure 5.1 shows the electrical parameters for a typical non-

stoichiometric �lm. Even after a 1 hour anneal at 150◦C, the conductivity became of

the order 200 Ω−1 cm−1 at room temperature (resistance of order of kΩ). Some samples

required higher temperatures or longer anneal to achieve the high conductivity state,

depending on their composition. Usually, samples with a Zn/Sb ratio near one require

more annealing. To investigate the e�ect of di�erent heat treatments, the electrical

parameters were measured at 77 K and 300 K, while increasing the treatment time

and temperature (see Figure 5.1). It is obvious also that after 300◦C annealing, the

conductivity of the sample at 77 K became higher than at 300 K as small discoloured

patches started to appear on its surface. That could be attributed to Zn evaporation and

a phase transition, as annealing at 300◦C was reported to decompose ZnSb powder and

evaporate Zn [163]. 400◦C-annealing for 30 min was also reported to increase the carrier

concentration and conductivity by more than three multiples because of the Zn vacancy

formation [163]. But electrical parameters were very stable as a function of annealing

time below 250◦C and when stored for 6 months (Figure 5.1). These �lms were initially

non-crystalline, which makes the mobility of the charge carriers very low, with unstable

measurements. The annealing improved the crystallinity which increased the mobility

and stabilized the measurements. Figure 5.2 shows the GIXRD pattern of another typical

sample (Zn54Sb46). (a) shows the non-crystallinity of the as-prepared sample and (b)

shows a great improvement in its crystallinity after annealing at 150◦C under nitrogen

for 1 hour. All samples used in this chapter were annealed at temperatures 150◦C and

200◦C with di�erent time periods until reaching the high conductivity state with stable
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electrical parameters.
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at 150 C for 1 hour. Panel (b) shows the e�ect of gentle annealing on the crystallinity of
the sample. Two crystalline phases (Zn4Sb3 and Zn8Sb7) were observed in the annealed
sample.
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Table 5.1: Summary of ZnSb �lm samples. The composition is determined from EDX,
and the thickness is determined using AFM.

Zn Sb In value error Glass Kapton TE
IZS51 23.2 76.8 0.0 227 5 x x
IZS52 64.3 35.7 0.0 115 5 x x
IZS53 48.1 51.9 0.0 169 4 x x x
IZS55 51.1 46.5 2.4 222 3 x x x
IZS56 47.5 47.2 5.3 320 4 x x x
IZS57 47.3 49.3 3.4 320 4 x x x
IZS58 54.2 41.5 4.3 298 3 x x
IZS59 51.6 41.6 6.8 252 4 x
IZS61 52.5 47.5 0.0 135 3 x
IZS64 56.4 43.6 0.0 186 6 x

Substrate
Sample

Composition (at%) Thickness (nm)
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5.2 ZnSb on Glass

5.2.1 GIXRD

After annealing, the �lms were assessed by the GIXRD technique to identify their phases.

Figure 5.3 shows the di�raction pattern of the undoped ZnSb �lms ordered from low to

high Zn percentage. The sample with overall 23% Zn (lowest panel, IZS51) contains

about 46% of Sb and 54% of β−Zn8Sb7. The three middle patterns are from nearly

stoichiometric ZnSb �lms (within 6-4 %). It is clear that changes in the overall Zn:Sb

ratio of just a few % have a strong in�uence on the phase composition near stoichiometry.

Pure ZnSb phase occurs in the �lm with 48% Zn (IZS53), with excess Sb crystallites

separately. With a small excess of Zn (52.5 %, IZS61), ZnSb is still dominant, with

Zn4Sb3 appearing. Phase-pure Zn4Sb3 appears when the overall stoichiometry is close to

4:3 (56.4 % Zn, IZS64). At a still higher Zn-to-Sb �ux ratio, more Zn then precipitates on

the surface to form solid bulbs and increases the roughness (see AFM of IZS52, Figure

5.6). The low-angle hump observed in the IZS52 di�ractogram probably results from

that roughness. Table 5.2 gathers the phase quanti�cation data, showing good agreement

between the compositional analysis done by EDX and compositions calculated from the

phase quanti�cation. PDF 04-014-2869 card was used for ZnSb phase, while Zn4Sb3
phases were obtained from α-Zn13Sb10 PDF 04-015-9195, and β-Zn4Sb3 PDF 01-073-

6841. For β−Zn8Sb7, PDF 04-022-8232 was used. For elements, PDF 01-078-7023 was

used for Zn, PDF 04-016-8006 and 04-003-6952 for Sb, and PDF 01-077-2710 for In. For

InSb, PDF 04-006-2627 was used and PDF 01-085-2725 for In2O3

Table 5.2: Phase quanti�cation from GIXRD patterns of annealed ZnSb �lms on glass and
overall compositions from XRD phase compositions, together with overall composition
obtained from EDX.

Sample

code Zn Sb In Zn Sb In ZnSb a/b-Zn4Sb3 Zn8Sb7 Zn Sb In InSb In2O3

IZS51 29.0 71.0 23.2 76.8 54 46

IZS52 64.0 36.0 64.3 35.7 82 18

IZS53 45.5 54.5 48.1 51.9 91 9

IZS55 52.0 43.0 2.6 51.1 46.5 2.4 27 68 1 4

IZS56 52.0 44.0 4.0 47.5 47.2 5.3 29 66 3 2

IZS57 46.0 48.0 4.5 47.3 49.3 3.4 55 33 5 3 3

IZS61 51.5 48.5 52.5 47.5 85 15

IZS64 57.0 43.0 56.4 43.6 100

XRD  (%) EDX (at%) Phase Quantification (%)
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Figure 5.3: GIXRD di�raction patterns of undoped ZnSb �lms after annealing. The
patterns are ordered from low Zn content at the bottom to higher Zn percentage at the
top. The sample code of each sample is written on the top left of each pattern, while
some distinguished peaks are marked with their phase. Zn percentage at the right is
determined from EDX.

The e�ect of In on the phase composition of ZnSb was studied by growing a set

of samples with nominally identical Zn:Sb ratio and increasing In content. However, it

is more challenging to identify the e�ects of In on phase composition owing to the high
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sensitivity of phase composition to the precise Zn:Sb ratio in the absence of In doping

(Figure 5.4), i.e. e�ects ascribed to In could be related to unintentional changes in Zn:Sb

ratio from changes of �ux ratio in LP-PVD. No trend is obvious from Figure 5.4, but all

samples within 27-55% ZnSb and 33-68 % Zn4Sb3.

Figure 5.4: GIXRD patterns of In doped ZnSb �lms. Lower panel: the stick patterns
of three ZnSb phases used in the quanti�cation, PDF 04-014-2869 for ZnSb phase, α-
Zn13Sb10 PDF 04-015-9195, and PDF 01-073-6841 [82] for β-Zn4Sb3.

5.2.2 AFM

The AFM was used to determine the thickness of the �lms by scanning over their edges as

explained in Chapter 2. Figure 5.5 shows the line pro�les of the studied samples, varying
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from 135 nm to 320 nm as tabulated in Table 5.1. Figure 5.6 shows the topography of the

ZnSb on glass samples. In the middle row, ZnSb samples near-stoichiometry (IZS53 and

IZS61) show well-de�ned particles, which are less clear in IZS64. The top row shows the

most o�-stoichiometric samples. Very Sb-rich IZS51 shows a mottled surface topography,

smoother than the Zn-rich IZS52 which has large Zn agglomerates. In the latter case, the

underlying ZnSb granular �lm features can be seen. This structure is most obvious for

the near-stoichiometric samples IZS53 and IZS61 (middle row). The moderately Zn-rich

IZS64 appears smoother, as do the In-doped samples (bottom row), though in the latter

case, there appear to be In clusters decorating the surface. The overall appearance of

In-doped �lms was less homogeneous than the undoped �lms.

Figure 5.7 (a,b) shows the size distribution of the surface particles in IZS53 and

IZS61 from AFM images. Mean particle diameters are 104 nm and 72 nm respectively.

Williamson-Hall plots are shown for IZS53 and IZS64 samples in panels (c,d). For the

predominantly single-phase samples IZS53 (ZnSb) and IZS64 (Zn4Sb3), clear WH �ts

are obtained (R2 ≥ 0.70). For, IZS53, the WH grain size is 23 ± 1.1 nm, smaller than

both the AFM mean particle size and the �lm thickness. This trend is maintained for

other samples, e.g. for IZS61, the AFM particle size is 72 nm, smaller than the �lm

thickness 135± 3 nm, while the WH grain size for IZS64 is 23 ± 1 nm, much smaller

than the �lm thickness of 186 ± 6 nm. Strains determined for WH analysis are small

in all cases, ≤ 0.1%. So the overall picture is of granular polycrystalline �lms, where

individual particles are not themselves single crystals.

5.2.3 Electrical measurements

In general, all In-doped and undoped �lms have a positive sign for the carrier concentra-

tion, re�ecting their p-type nature. For the undoped ZnSb thin �lms, Hall measurements

show great dependence on the ZnSb composition. Figure 5.8 shows the carrier concen-

tration and mobility dependence on the Zn percentage in the studied �lms. In general,

the very Sb-rich sample (Zn:23%) has the highest bulk carrier concentration and mobility

values. By increasing the Zn content in the rest of the samples, the bulk concentration

increases from 6.2×1018 cm−3 at (Zn:48 %) to 4.9×1019 cm−3 at (Zn:56 and 64 %) and

the mobility falls from 126 cm2/Vs at (Zn:48 %) to 23 cm2/Vs at (Zn: 64 %) at 300 K.

This could be dependent on the ZnSb/Zn4Sb3 phases' ratio. Zhang et al. studied ZnSb

samples with Zn varying from 50 to 70% [164] and Jang et al. with Zn vary from 53

to 57% [165]. Their samples contain a mixture of ZnSb and Zn4Sb3 phases and have

very close values for carrier concentrations and mobility at 300 K as shown in Figure 5.9.
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Figure 5.5: AFM line pro�les over �lm edges, as described in the text. Averaged values
of the step heights are reported in Table 5.1 as �lm thicknesses.

The mobility of the charge carriers is obviously falling as Zn % increases (more Zn4Sb3
replacing ZnSb). In contrast, the carrier concentration increases sharply above a Zn frac-

tion of 54%, with a possible peak at 57% corresponding to exact Zn4Sb3 stoichiometry.

It is noteworthy that the samples in Figure 5.9 from several studies were grown and

annealed under varied conditions that might have a�ected their electrical properties. For

instance, the carrier concentration and mobility values were reported to be a�ected by

the annealing temperature [156].

The second observation, from Figure 5.8, is that the electrical parameters of the

two Zn-rich samples (Zn > 55%) are more temperature-dependent than the stoichiomet-

ric ones. Bulk concentration rises by a factor of 2.5-5 from 77 K to 300 K for the Zn-rich
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Figure 5.6: AFM topographs surface scaled to the same vertical and horizontal dimen-
sions. The images are 2µm × 2µm, and the brightness level was adjusted to be from 0
to 50 nm. The �rst row contains the Zn and Sb-rich samples, the middle row shows the
three �lms near stoichiometry, and the last row contains In-doped samples.

samples, but hardly changes for nearly stoichiometric samples. Mobility decreases at

300 K for o�-stoichiometric samples but changes little for nearly stoichiometric ones. In

semiconductors, the carrier concentration depends on 4E according to the Arrhenius

equation n = noe
−4E/KBT , where no is constant. If 4E is small, more carriers will be

excited when the temperature increases, and n will be more dependent on the tempera-

ture. This is likely the case in our o�-stoichiometric samples, they have smaller4E in the
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Figure 5.7: Particle diameter histograms for near-stoichiometric ZnSb �lms(a, b) from
AFM topographs. Panels (c, d) show Williamson-Hall plots. Panels (a,c) are from the
same single-phase ZnSb sample. Panels (b) and (d) are for mixed-phase and single-phase
Zn4Sb3 samples respectively.

temperature range from 77 to 300 K. This might be attributed to the presence of more

gap states in the o�-stoichiometric samples, in which the carrier transition dominates.

This dominance may have arisen because thermal energy in that temperature range (or-

der of 10 meV) is much less than the optical band gap that represents band-to-band

transition ( 0.3-1.1 eV, Section 5.2.4).

5.2.4 Optical band gap

For ZnSb samples grown on glass, absorption from the FTIR spectrum was acquired, and

Tauc plots are presented in Figure 5.10. The optical transitions were quoted from both

direct and indirect plots. In most cases, the transitions could be seen in both plots in

the same area giving very close values. All indirect gaps obtained from a spectrum that

strongly interfered with the direct transition's onset (most of them do) were omitted as

discussed in Chapter 2.

Figure 5.11 gathers the reliable optical transitions seen from the FTIR spectrum of

ZnSb �lms on glass (Figure 5.10). Undoped ZnSb �lms have two optical transition ranges,
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Figure 5.8: Electrical parameters (carrier concentration, mobility and conductivity) of
ZnSb �lms on the glass as a function of their EDX composition. Measurements were
taken at 300 K (red circles) and 77 K (blue squares). Scale breaks are applied to show
the Sb-rich sample's data in the conductivity and concentration panels.

the low energy one (around the purple dashed line at 0.3 eV) and the fundamental one

(around the green dashed line). The fundamental transition values could be correlated to

the phases in each sample. Overall, these values increase by increasing the Zn percentage

until they reach values around 1.07 eV for Zn4Sb3 �lms. Very Sb-rich sample (IZS51) has

a direct gap around 0.69 eV, which could be attributed to the β−Zn8Sb7 phase dominant

in this sample. This value is somewhat greater than the theoretically calculated direct

band gap value (0.61 eV) based on the generalized gradient approximation (GGA) and the

modi�ed Becke Johnson (MBJ) potential [166], probably the 46% excess Sb that cause

that deviation. It is worth noting that the theoretical calculations use some boundary

conditions and ideal parameters that might a�ect their outputs such as assuming that
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Figure 5.9: Electric parameters of ZnSb �lms grown on glass compared to Zhang et al.
[164] and Jang et al. [165]. Green dashed lines are guides to the eye.

the temperature is 0 K. The direct gap of the ZnSb phase (0.9 eV, IZS53) is very close

to the theoretically calculated direct band gap value (0.88 eV) [166]. For other samples

containing either nominally pure Zn4Sb3 phase or a mixture with other phases, the optical

gap lies around 1.07 eV (from 1.03 eV to 1.14 eV). These values are close to 1-1.2 eV

reported for β Zn4Sb3 [167�169].

The low energy transitions (0.26-0.36 eV) in undoped samples may be related

to ZnSb polycrystalline compounds [149]; it is usually reported from the temperature-

dependent electrical data. For example, this range of energies was observed for the ZnSb

sample (0.35 eV) and Zn4Sb3/ZnSb mixed samples [164]. Those transitions are not seen

in the In-doped �lms, but new transitions (0.49-0.66 eV) appeared instead, as do the

Zn-rich sample (IZS52). Samples with 3.4-5.3 % In (IZS57 and IZS56) have transitions

at 0.87 and 0.85 eV (marked with blue edges), are 0.03-0.05 eV less than nominal ZnSb

phase sample's gap (0.9 eV, IZS53), though originated from the In gap states in that

phase.

Another possible interpretation for In-doped samples plots (panels f-h) is that

their oscillatory feature resulted from thin �lm interference, not from di�erent phases.

In thin �lms, incident light rays may get re�ected from both sides of the �lm and inter-

fere forming constructive and destructive fringes [1] that overlap with transmission and

re�ection spectra. This is more likely to occur when photons are not absorbed by the

�lm when their energy is below or near the band gap. The �lm's roughness is another

factor as smooth surfaces and interfaces re�ect the light better, while rough ones decrease

the thin �lm interference e�ect [170]. This is probably the case with our In-doped �lms.

Assuming that this e�ect is dominant in those �lms, the band gap could be determined

by extrapolating the high-energy �tting line to the energy axis. In this case, the band
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gap values would be around 0.04-0.06 eV less than those mentioned earlier.
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Figure 5.10: FTIR spectrum of ZnSb �lms on glass. Tauc plots for direct (in black) and
indirect (in red) optical transitions were obtained using the absorption data.
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Figure 5.11: Map of the direct and indirect optical transitions from FTIR spectrum of
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The green dashed line is an eye guide to the fundamental transitions in the samples and
the purple one is at 0.3 eV.

5.3 Film �exibility test

The durability of ZnSb �lms grown on Kapton was examined by testing their electrical

and optical properties before and after bending them for 104 cycles. A linear actuator

controlled by LabView was set up to repeatedly bend batches of �lms on Kapton, as

shown in Figure 5.12. As it is free bending, and no constant radius of curvature is

maintained, the minimum radius of curvature r was estimated graphically to be around

13.6 mm [Figure 5.12 (c)]. Using this value with 0.05 mm as the Kapton substrate

thickness h, the maximum bending-induced surface strain εb(r) could be calculated [171]:

εb(r) =
h

2r + h
≈ 0.18%

5.3.1 Hall measurements of �exible �lms

Hall parameters of ZnSb �lms on Kapton were measured before and after 104 bending

cycles. IZS53 was tested after 105 cycles additionally. The values of carrier concentration
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Figure 5.12: Kapton samples during the �exibility test, moving from (a) relaxed position
to (b) bent position. (c) illustrates the maximum compression and resultant radius of
curvature.

and mobility of the �exible �lms lie in the same range as those grown on glass. Figure

5.13 (a) shows the values of the bulk carrier concentration of the undoped (left) and

In-doped (right) ZnSb �exible �lms labelled by their EDX compositions. One can notice

also that, after applying 104 bending cycles, these values stay very close to their original

values. For the most highly doped sample (6.8% In) it was possible to obtain Hall

mobility and conductance before bending but not after. This indicates that repeated

�exing has altered the behaviour of the In within the polycrystalline structure. We

speculate that this is caused by the mobility of excess In at grain boundaries, but further

study is needed to explore this e�ect and its origin. Figure 5.13 (b) shows the carrier

concentration and mobility dependence on the In percentage. As the In concentration

increases, the mobility falls monotonically to reach about one-tenth of its value by 4%

In. In general, the carrier concentration increases by increasing the indium percentage

(but the Zn-to-Sb ratio can a�ect this value as in sample IZS58, which has a higher

value than IZS56). To highlight the e�ect of bending alone, the electrical parameters of

the bent samples were normalized to their original values before bending. Figure 5.14

shows that, after bending, the electrical parameters stayed very stable, within 7 % of

the original values (the change could be from the repeated measurements, not from the

bending). This re�ects the suitability of the undoped ZnSb and up to 5 % In-doped �lms
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for the �exible device application. In addition, the stability of the electrical parameters

after �exing these �lms (radius of curvature, r is down to 1.36 cm ) advantages the LP-

PVD in fabricating �exible ZnSb �lms with 0.1-0.3 µm thickness over the screen-printing

technique. In the latter, the resistance of 26 µm thick module rose sharply when bent

below a 7-cm radius of curvature [159].
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Figure 5.13: Electrical parameters dependence on Kapton �lms' composition before and
after bending cycles.

It is important to highlight that the above-mentioned stability is observed by

regular controlled bending only; twisting these �lms manually has a detrimental impact

on their conductivity. In a separate experiment, the undoped ZnSb sample (IZS53)

and the In-doped (IZS55) were tested under torsional stress, which is much harsher.

Figure 5.15(a) shows the progressive degradation in samples' conductivity when being

twisted manually (panels b and c). The conductivity in both �lms decreased by twisting,

quicker in the In-doped sample than in the undoped one. This is likely from the disorder

accompanied by In-doping. In conclusion, ZnSb �lms can endure gentle bending, even

with 104 cycles, but degrade very quickly with tens of manual twisting cycles.
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Figure 5.14: Electrical parameters of the �exed samples, normalized to their values before
bending. The horizontal lines are ±7% from unity.

0 1 0 0 2 0 0 3 0 0 4 0 0
0

5

1 0

1 5

2 0

2 5

3 0

3 5
 I Z S 5 5
 I Z S 5 3

T w i s t i n g  c y c l e s

Co
ndu

ctiv
ity

 (Ω
-1  cm

-1 )

0

5 0

1 0 0

1 5 0

2 0 0

2 5 0

 Co
ndu

ctiv
ity

 (Ω
-1  cm

-1 )

( a ) ( b )

( c )

Figure 5.15: The conductivity of two ZnSb samples grown on Kapton under multiple
manual twisting cycles. Panel (a) shows the undoped IZS53 sample in red triangles with
the right scale and the In-doped IZS55 sample in blue circles with the left scale. Panels
(b-c) show one sample before and during the twisting, courtesy of Dr Gavin Bell [104].

5.3.2 Band gap of �exible �lms

Direct and indirect Tauc plots were compared for all the �lms before and after bending.

The Kapton sheets caused strong interference fringes that overlap with the absorption

spectrum in the NIR range. The data were smoothed using a fast Fourier transform �lter
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which easily removes the interference fringes without producing spectral artefacts. Figure

5.16 shows the smoothed direct and indirect Tauc plots of the �exible �lms before and

after bending. The plots show clearly the matching between the data obtained before

and after �exing the �lms. The determined gap values of the bent �lms fall within 0.02

eV their values before bending. Moreover, these values are very close to the gap values

of the same �lms grown on the glass as illustrated in Figure 5.10. That suggests that

using di�erent substrates (glass and Kapton) does not have much impact on the optical

properties of the grown �lms. Overall, growing ZnSb �lms on a �exible substrate such

as Kapton gives the same optical properties as it does when grown on glass, even after

�exing them for 104 cycles.
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Figure 5.16: Tauc plots of ZnSb �lms on Kapton before and after bending. The data
was obtained by smoothing the original absorbance data with an FFT �lter. The y-axes
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the instrumental setup, not from the �lms.
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5.4 Thermoelectric measurements

The thermoelectric power factor of the ZnSb �lms grown on Kapton was determined using

the Seebeck coe�cient/ electric resistance measurement system ZEM-3. The power factor

was measured up to 400 K to avoid altering the composition or the structure of the �lms,

and it is the expected working temperature range for �exible TE devices.

The thermoelectric parameters of the �exible ZnSb �lms showed great dependence

on its In doping percentage. Figure 5.17 shows the dependence of (a) the Seebeck coef-

�cient, (b) electrical conductivity, and (c) the power factor of the investigated �lms on

the temperature while heating and cooling the samples from 35◦C to 123◦C. In general,

the dependence on the samples' composition is more dominant than the operating tem-

perature in that range. The undoped ZnSb �lm (IZS53) showed the highest PF value at

the studied temperature range as it has high Seebeck coe�cient and conductivity values,

while sample IZS58 (4.3 %In) has the lowest values. This could be attributed to the

decrease in conductivity as the mobility decreases with more In doping (Figure 5.13).

However, the In-rich sample, IZS56 (5.3 %In) has the highest conductivity, probably

owing to its highest carrier concentration value (refer to Figure 5.13) as Zn/Sb ratio is

di�erent. Turning now to the stability of the samples, most samples give close electrical

conductivity values during the heating and cooling cycles, but moderately In-doped (2.4-

3.4 %In) samples, IZS55 and IZS57 showed conductivity dependence on their thermal

history. When heated, the conductivity decreases gradually by about 20% of its value, it

then remains constant during the following cooling cycle. The reason is not known as all

the samples have been annealed at 150-200 oC during the preparation to turn them crys-

talline as explained earlier, the Seebeck coe�cient did not change though. This trend

is believed to be from the conductive paste applied in the measurements, not from a

phase transition. However, these two In-doped samples have high PF values reaching

836 µW/m.K2 at 123 oC (i.e. below 400 K). Panel (d) in Figure 5.17 shows the PF

values as �rst measured at 37 oC (in black) and the maximum value in our temperature

range (in red), with those obtained by Zheng et al. [160]. Overall, the undoped sample

has the highest PF value 1049 µW/m.K2. By introducing the In doping, a steep decline

occurs in the PF to become 836 µW/m.K2 (between 2.4 and 3.4%In). Those 2.4− 3.4%

In-doped samples are very close in their maximum PF values to those prepared by Zheng

et al. [160] by co-sputtering ZnSb on a precursor In layer followed by annealing to obtain

same In percentage (2.3− 3.7%). Our undoped ZnSb sample has a higher PF value than

Zheng et al.'s; this is probably related to the Zn/Sb ratio. But both show a similar drop

in the PF values after 4% In, the PF in our samples drops to less than 200 µW/m.K2.
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Table 5.3 highlights the PF values of our undoped and 2.4− 3.4% In-doped ZnSb

�lms with the recent values reported in the literature. The table includes bulk and thin

�lm samples prepared by various methods. What stands out in the table is that our

undoped ZnSb sample (IZS53) has the highest PF for all undoped polycrystalline thin

�lms (1049 µW/m.K2). The RF sputtered ZnSb �lm on Polyimide that was studied in

2014 by Fan et al. [156] has a very close PF value (970 µW/m.K2). It is also not far from

bulk samples' values (1213-1238 µW/m.K2) [165, 172]. In short, the polycrystalline ZnSb

�lms with a 48/52 Zn-to-Sb ratio grown on Polyimide (or Kapton) are very promising for

thermoelectric applications due to their high PF values. However, In doping is negatively

impacting the PF values especially if it is higher than 4%. In this study, we were not able

to measure the thermal conductivity of the studied �lms although it would be valuable

to observe if low In doping (below 4%) suppresses the thermal conductivity of the �lms,

resulting in higher ZT values. On the other hand, some other dopant like Ti could be a

better choice as it has the highest ZT and PF values below 400 K [172].

Table 5.3: Thermoelectric parameters of various doped and undoped Zn-Sb bulk and
�lm samples from the literature as compared to our samples. Samples are ordered from
the highest PF values (below 400 K) to the lowest. The thermoelectric �gure of merit
(ZT) values under 400 K and the maximum reported power factor beyond that range
are also included. the PF units values in µWm−1K−2. The reference column includes
the surname of the �rst author with the date of publication as follows: Xiong 2013 [172],
Zheng 2017 E [157], Sun 2012 [173], Jang 2007 [165], Fan 2014 [156], Zheng 2017 H [160],
Moghaddam 2019 [161], Zhang 2003 [164], Hsu 2021 [174], Wang 2020 [162] and Lee 2011
[159].

Table 5.3: Thermoelectric parameters of various doped and undoped Zn-Sb bulk and
film samples from the literature as compared to our samples. Samples are ordered from
the highest PF values (below 400 K) to the lowest. The thermoelectric figure of merit
(ZT) values under 400 K and the maximum reported power factor beyond that range
are also included. the PF units values in µWm−1K−2. The reference coloumn includes
the surname of the first author with the date of publication as follows: Xiong 2013 [33],
Zheng 2017 E [11], Sun 2012 [34], Jang 2007 [24], Fan 2014 [10], Zheng 2017 H [32],
Moghaddam 2019 [35], Zhang 2003 [23], Hsu 2021 [36], Wang 2020 [37] and Lee 2011
[13].

Reference Sample form/ preparation technique Doping PFT<400 K PFMaximum ZTT<400 K Composition
Xiong 2013 Bulk hot-pressed samples Ag 2100 2544 (470 K) 0.65 Zn0.998Ag0.002Sb

Zheng 2017 E Co-sputtered film on flexible Kapton Ti 1704 3590 (523 k) - ZnSb-Ti(2.4%)
Sun 2012 Textured cosputtered film on fused glass - 1350 1700 (550 K) 0.5 ZnSb (211)
Jang 2007 Bulk vacuum melting ingot - 1238 0.55 Zn4-xSb3 with  x=0

Xiong 2013 Bulk hot-pressed samples - 1213 1363 (470 K) 0.35 ZnSb
This study (IZS53) Film by LP-PVD on flexible a Kapton - 1049 - Zn48 Sb52

Fan 2014 RF sputtered film on Polyimide - 970 2350 (500 K) - Zn48 Sb52

Zheng 2017 H Co-sputtered ZnSb film on In layer on glass In 930 1150 (590) - ZnSb-In (2.3-3.7%)
Moghaddam 2019 Compressed ball-milled composites Ge 870 1680 (600K) 0.35 Zn1.1−xGexSb 
This study (IZS55, 57) Film by LP-PVD on flexible Kapton In 836 - ZnSb-In (2.4-3.4%)

Zhang 2003 Bulk hot-pressed samples - 660 1016 (675 K) 0.26 β-Zn4Sb3 

Zheng 2017 H Co-sputtered ZnSb film on glass - 593 797 (590 K) - ZnSb
Hsu 2021 Film by electron beam evaporation - 314 1280 (550 K) - Zn4Sb3 + ZnSb

Wang 2020 Cosputtered films on quartz and SiO2/Si Bi - 3500 ( 793 K) - Bi-doped Zn2Sb3 

Lee 2011 Screen-printed film on  flexible SiO2/Si - - 1060 (850 K) - ZnSb

32
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Figure 5.17: The thermoelectric parameters of the �lms grown on Kapton as a function
of the operating temperature, (a) Seebeck coe�cient, (b) electrical conductivity and (c)
power factor. Panel (d) is the power factor of our �lms with reference [160] as a function
of their In percentage when they were �rst measured around 37◦C and the maximum PF
value measured up to 123◦C.

5.5 Conclusion

ZnSb thin �lms were grown on glass and Kapton substrates using the LP-PVD technique.

Structural, electrical and optical data were discussed for undoped and In-doped �lms.

New experimental optical band gaps were determined for ZnSb and In-doped ZnSb thin

�lms, which was consistent with the published experimental values and theoretical cal-

culations. ZnSb �lms grown on Kapton have similar electrical and optical parameters as

those deposited on glass in the same experiment. This means that �lms that were grown

on �exible Kapton behave as those grown on a solid substrate like glass. In addition,

those �exible �lms were electrically and optically stable after 104 bending cycles. This

suggests the feasibility of ZnSb thin �lms for �exible electronics and wearable device

applications. However, ZnSb �lms degraded when it was twisted manually for tens of
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cycles. The thermoelectric power factor of the ZnSb �lm was high when compared to

other undoped polycrystalline thin �lms below 400 K. In-doping does not improve the

PF as other doping elements in the literature.
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Chapter 6

Sb Thin Films

Films of a few layers of Sb and monolayer (antimonene) attracted a lot of attention

recently because of their strong spin-orbit coupling behaviour [175]. In addition, the

Sb �ux or layers can play important roles during the growth of other compounds. For

example, during the growth of InAs nanowires, it might be used as a surfactant to

accelerate lateral growth while limiting axial growth [176]. It might also be used for Bi-

based devices as a bu�er layer to increase their mechanical resilience and electrical and

magnetic performance [177]. As a template layer, Sb yields better quality GaSb epitaxial

�lms on Si(111) substrates with better morphology and fewer stacking faults [178, 179].

Therefore, investigating pure Sb �lms on various surfaces and with di�erent thicknesses is

important to employ it e�ectively. Among these surfaces, InAs(111) allows direct growth

with no need for a bu�er layer as it has a small lattice mismatch with Sb(111) [180]. In

this recent article from our group, the structure of ultra-thin �lms of Sb on InAs(111)B

(up to 7nm) was investigated using in situ surface X-ray di�raction (SXRD) showing

coherently strained Sb layers with atomic intermixing around the interface [180].

On the other hand, the measurement of the work function can serve as a new

technological approach toward material analysis and design [181]. Di�erent material

properties (e.g. mechanical properties) could be easily related to the work function

as these properties are more or less correlated to the atomic bond strength [181, 182].

Studying the work function of Sb could be important in di�erent cases. For example, Sb

could serve as a novel low-resistance contact interface for advanced 2D devices because of

its thermal stability over other semimetals such as Bi and Sn [183]. Or, it could be also

used as a dopant to enhance or extend the functionality of the TiO2 for photocatalytic

and photoelectrochemical cells applications [184�186].

In the present work, Sb �lms were grown on InAs(111)B and chemically treated
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glass. The structure, morphology, electrical, optical properties and work function of these

�lms were investigated as outlined in Table 6.1.

Table 6.1: Sb samples and the techniques used to characterise them
Sample Substrate Structure Morphology Thickness Composition Electrical Work function Optical 

S663 InAs(111)B RHEED AFM Calibration XPS … KP …
S685 Glass GIXRD AFM AFM … Van der Pauw KP FTIR

6.1 Epitaxial Sb �lm on InAs (111)B

In this section, Sb thin �lms were grown epitaxially on InAs (111) B wafer. Samples in

the thickness range of 3-50 nm were grown at a �xed growth rate (see Appendix B). The

analysis focused on one of these samples (S663), will be compared with another Sb �lm

grown on glass (Section 6.2), as listed in Table 6.1.

6.1.1 Growth

Sb �lms were grown inside vacuum system 1(Madge). The epitaxial �lm was grown on

InAs (111)B substrate. Prior to the deposition, the substrate was degassed at 300 ◦C for

more than one hour. Its surface was then sputtered by 40 mA 0.5-kV-accelerated Ar+ ions

for 16 mins to remove contaminants and the oxide layer. This was followed by one-hour

annealing at 430 ◦C to relax the surface after sputtering. To ensure a high-quality surface

(atomically clean), RHEED was observed after the annealing process. Figure 6.1 shows

RHEED pattern of the prepared InAs(111)B surface in two directions, [11̄0] (a) and

[12̄1] (b). The streaky well-de�ned lines feature indicates the �at crystallographically

ordered surface of the substrate with no 3D islands, while Kikuchi lines illustrate the

high crystal quality of the near-surface region. The (1×1) surface shows that there is

no reconstruction on the InAs (111)B surface, which agrees with [180]. The substrate

temperature was kept at 200 ◦C during the growth to obtain epitaxial single crystal

Sb �lm, as room-temperature depositions did not show any RHEED patterns in our

initial experiments. Similar to what Mousley et al. have concluded [180], epitaxial

highly crystalline �lms that emerged after annealing at 210 ◦C in the vacuum cannot

be produced by room temperature deposition. The Sb �lm was grown on that clean

surface for 30 mins with 2.1×10−7 mbar �ux pressure (equivalent to 1.4 nm/min) to

reach nominally 43 nm thickness as shown in the calibration curve Figure B.1 (Appendix

B). After deposition, similar RHEED patterns were observed at the same substrate

117



angles re�ecting the epitaxial growth of the Sb single-phase �lm (Figure 6.1 (c), (d)).

Each streak in panel (d) is split into two streaks with a small angle (≈ 6◦ ± 2◦). This

re�ects that the Sb surface is not completely �at and facets are present. These facets

produce two di�raction lines, one from each side, with an angle 2θ between them, where

θ is the angle between the facet and the substrate's plane (≈ 3◦ ± 1◦).

The in-plane spacing of each direction (a) was calculated from the equation, a =
2πL
Ks (see Methodology) using the streaks displacement (s) in each RHEED pattern (for

the substrate and the grown Sb �lm). These values were compared to the experimental

values of bulk Sb and InAs as illustrated in Figure 6.2. Panel (a) represents InAs (111)B

surface and its in-plane distance for [11̄0] (green) and [12̄1] (black) directions in the

top and side views (space group: F4̄3m, PDF 00-015-0869 [82]). Panel (b) shows a

similar illustration for the Sb (001) surface and its corresponding in-plane distance for

[010] (green) and [1̄10] (black) directions (space group: R3̄m, PDF 00-005-0562 [82]).

The crystallographic notation Sb(001) in our analysis is shortened from the hexagonal

Sb(0001), which is equivalent to the cubic Sb(111) notation found in the literature [180].

Panel (c) is a table comparing between (a) values as determined from RHEED patterns

(Figure 6.1) and the .cif models illustrated in (a,b) Figure 6.2. Note, the (a) value from

InAs .cif model for the [11̄0] direction was used to calibrate the camera length (L) in

the equation. For the Sb grown �lm, the determined (a) values from RHEED match

with the bulk (a) values of the .cif model within 0.1% di�erence as tabulated in panel(c).

This suggests that the 43-nm-thick Sb �lm's surface is fully relaxed. This agrees with the

calculated Matthews-Blakeslee critical thickness (18 nm) of Sb to form an edge dislocation

when grown on InAs(111) substrate [180].

6.1.2 AFM

Figure 6.3 (a) is the AFM topograph of Sb on the InAs sample (S663). The surface has

well-de�ned pyramids with 1.6 nm roughness (RMS). Each pyramid is formed of stacked

equilateral triangular facets with sides ranging in length from 150 nm to 550 nm. In

addition, the pyramids are all directed in the same direction showing 3-fold rotational

symmetry instead of 6-fold rotational symmetry. In reference [180], a small degree of

twining (rotational twin domains) was found in ultra-thin �lms, but in thicker �lms

three-fold symmetry was observed by AFM, agreeing with the results shown here. Panel

(c) shows the line pro�le of six arbitrary pyramids, with heights (h) around 4-5 nm and

300-500 nm bases. The thickness of the �lm (43 nm) is much bigger than the pyramids'

heights suggesting that the substrate is fully covered by a uniform-thickness �lm that
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Figure 6.1: RHEED patterns of Sb on InAs(111)B (S663). Panels (a,b) are of the InAs
(111)B ready-substrate along [11̄0] and [12̄1] directions respectively. Panels (c,d) are the
Sb �lm along the same substrate's directions. The inset in panel (d) shows one magni�ed
streak.

has dense shallow pyramids on its surface. The pyramids' facets make di�erent angles

(θ) with the substrate's plane, where (θ = tan−1(h/x)) and x is the length demonstrated

in the �gure. Those angles vary from 0.6◦ (i.e. pro�le 1) to 3.8◦ (i.e. pro�le 4), those

values agree with (θ) values determined from RHEED patterns (θ ≈ 3◦ ± 1◦ ).

After annealing the sample at 200 ◦C in nitrogen, some spotty patches started to

appear in the AFM scans. Panel (b) shows the AFM topograph after 3-hour annealing

with some spots marked by dotted circles. To understand the origin of these spots, the

�lm was scanned by XPS. The analysis reveals the presence of In peaks and absence of

As peaks (Figure C.1(a) in Appendix C) meaning that In atoms were segregated to the

surface during the annealing process. As the In melting point is less than 200 ◦C (156.6
◦C), these In atoms in their liquid phase accumulated to form such agglomerations on

the surface driven by its surface tension force. The quantitative analysis of Sb and In

components shows 18.6 % In and 81.4 % Sb. Kojima et al. reported the di�usion of Cu
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Figure 6.2: Illustration of the in-plane spacing a along RHEED symmetry directions in
(a) InAs(111)B and (b) Sb (001) surfaces using their experimental PDF.cif �les [82] as
tabulated in panel (c). s is the streaks displacement in RHEED patterns, Figure 6.1.
The illustration was done by CrystalMaker software.

atoms between (111) Sb �lm layers when heated at 300◦C for one hour in a vacuum to

grow Cu2Sb single crystals [187].

6.1.3 Work function

The In segregation to the surface a�ected the work function of the Sb �lms when annealed.

Section 6.2.5 discusses the change in the work function with annealing as compared with

another crystalline �lm grown on glass.
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Figure 6.3: AFM topograph surface of sample S663 (Sb on InAs (111)B): (a) as prepared,
(b) annealed at 200◦C for 3 hours. Panel (c) is a line pro�le analysis of 6 arbitrary
pyramids as marked in panel (a).

6.2 Sb �lm grown on glass

The sample was prepared by depositing Sb �lm on a chemically treated glass substrate.

The chemical treatment is done by rinsing a glass slide in (0.03 %) diluted SnCl2 solution

for 15 min, followed by annealing in the air for 20 min at 200 ◦C to form tin oxide layer

as described by Pejova et al. [64, 65]. The tin oxide layer is believed to improve the

adhesion of the �lm to the glass surface and the nucleation in some chemical reactions

[64, 65]. The treated substrate was moved to vacuum system 1(the same used with S663)

and exposed to 7.3 × 10−8 mbar of Sb �ux at room temperature for 3 hours. After

the deposition, the prepared �lm (S685) was kept in a nitrogen storage box for further

analysis.
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6.2.1 GIXRD

Figure 6.4 shows the GIXRD pattern of the as-prepared sample (S685). The presence of

the di�raction peaks shows that the �lm is crystalline. Comparing the di�raction pattern

peaks to a standard Sb card (PDF 04-007-7310) [82], only a few peaks appear (e.g. 003

at 23.7◦), while the three strongest peaks (012, 104 and 110) can not be observed. This

means that the sample has a strong preferred orientation in the 003 direction. This

demonstrates the growth of crystalline Sb �lm with strong texture on glass at room

temperature (after chemical treatment and with applying low Sb �ux).
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Figure 6.4: GIXRD of sample S685 (Sb �lm on glass). The red lines are from PDF
04-007-7310 card [82].

6.2.2 AFM

Figure 6.5 shows the surface topography of sample S685. The surface has a di�erent

topography than sample S663 (Figure 6.3), but we can identify some pyramids on the

surface (in red circles). But, it does not have the 3-fold rotational symmetry observed in

the Sb grown on InAs(111)B sample. There are also some areas where all the particles

are aligned in the same direction (marked by arrows), while other areas are random.

The surface roughness (RMS) is 2.9 nm, nearly double that of S663. After annealing,
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no change in morphology was observed as that emerged from In segregation in the S663

sample. The thickness of the �lm was determined to be 150 ±7nm (Figure 6.6), much

bigger than its roughness. The overall picture is a �lm with uniform thickness, and its

surface is less ordered and rougher than that of the �lm grown on the InAs(111) substrate.
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Figure 6.5: AFM topographs surface of sample S685 (Sb on glass). Arrows refer to the
particles' orientation in some aligned areas. Red circles highlight some pyramids on the
surface.

6.2.3 Hall measurements

The electrical parameters of the Sb �lm grown on glass are tabulated in Table 6.2. The

as-prepared sample has high carrier concentration and high mobility that gives a high

conductivity value at room temperature (7.1×103 Ω−1 cm −1), the conductivity value is

higher than the 50 nm-thick Sb (111) �lms grown on GaAs (001) substrates (< 1× 103

Ω−1 cm −1) [188]. The carrier concentration value of our thin �lm (2.9× 1020 cm−3) is

higher than the reported value in the literature (≈ 5.5 × 1019 cm−3 for both electrons

and holes) [2, 189]. The reported value is measured using the de Haas−van Alphen

e�ect for a crystalline Sb sample. It is known that carrier concentration and mobility

values di�er for narrow gap semiconductor and semimetal thin �lms than bulk crystals

in their dependence on factors such as thickness, structure and substrate type [190]. As

our carrier concentration value has been measured for a textured thin �lm on glass, this
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Figure 6.6: AFM thickness measurements of S685 (Sb on glass) �lm. (a) image of the
scanned �lm edge using the light microscope attached to the AFM equipment and (b)
the AFM line pro�le over that edge.

di�erence in value is justi�ed. At 77 K, the conductivity increased due to higher carrier

mobility. This indicates that the �lm's conducting behaviour is more metallic than a

semiconductor in contrast to those grown on GaAs (001) substrates [188]. By annealing

the �lm at 200 ◦C, the electrical parameters remain constant, which re�ects the stability

of the �lm at that temperature.

Table 6.2: Electrical parameters of sample S685 (Sb on glass) at room temperature (RT),
77 K, and at RT after being annealed at 200 ◦C for 1 and 3 hours.

Sample (S685) N B  (x 1020 cm-3) μ  (cm2/VS) N S  (x 1015 cm-2) σ  (x 103 Ω-1cm-1)

As prepared (RT) 2.9 156 4.3 7.1
As prepared (77 K) 3.0 246 4.5 11.7
Annealed 1Hr, 200 oC (RT) 2.8 141 4.2 6.3
Annealed 3Hr, 200 oC (RT) 2.9 136 4.3 6.2

6.2.4 FTIR

Antimony (like bismuth) is one of the semimetals with a negative indirect band gap and

a �nite direct band gap [191]. Here we try to experimentally determine this direct gap

using the Tauc plot from the absorption data of the Sb �lm grown on glass (Sample

S685). Figure 6.7 shows the direct Tauc plot of the sample, the inset magni�es the

squared region. The data shows a curve of two linear segments that could be �tted by

two intersecting straight lines. The �rst low-energy one intersects with the x-axis at
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228 meV which represents the smallest direct optical transition in the samples (direct

band gap). The second line intersects with it at 342 meV representing the value of the

second smallest direct transition in the �lms. To understand these values, we look at the

band structure of the bulk Sb to relate them to di�erent proposed transitions. The band

structure of the antimony has been studied using di�erent models since 1966 [192�194].

The developed tight-binding model calculations done by Liu and Allen [4] considering

a third neighbour and including spin-orbit coupling are very close to the experimental

XPS data [195]. These calculations (Figure 6.8) are in agreement with consistent facts

obtained from earlier theoretical and experimental studies such as the conduction band

crosses the Fermi level at L points (marked 5) and the valence band does at H near T

point (marked 3) [4, 193]. The smallest direct gap at the H point (from 3 to 4 in Figure

6.8) is estimated (using ImageJ software) to be 240±10 meV which is close to our smallest

optical direct transition 228 meV. While the second smallest direct gap at points 1 and

2 (Figure 6.8) is 327±10 meV close to our optical direct transition value (342 meV). To

the best of our knowledge, this is the �rst optical experimental data to determine these

values.
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Figure 6.7: Tauc plot for the direct (black) and indirect (red) transitions in the S685 (Sb
on glass) sample. The inset is a magni�cation of the dotted area in the direct plot.
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Figure 6.8: The calculated near-Fermi level band structure of Sb. The numbers on the
graph refer to the valence band maxima and conduction band minima of our interests.
Reprinted with permission from American Physical Society (1995) [4].

6.2.5 Work function

Figure 6.9 shows the CPD values (refers to the change in work function) of two Sb �lms,

grown on glass and InAs (111)B substrates after di�erent annealing periods at 200 ◦C.

The least-square �tting y-intercept values of these vertical lines are plotted in Figure

6.10. The CPD of the Sb on the glass sample (blue dashed line) has a nearly constant

value with annealing time (around -523±18 mV). Adding this value to the gold tip's work

function (4.67±0.08 eV), the absolute work function of the Sb �lm grown on glass could

be determined to be 4.15±0.18 eV. In the literature, the reported values of the Sb work

function vary from 4.0 eV to around 4.7 eV [183, 185, 196�205]. Our Sb �lm lies in the

bottom of that range, given that it is 150-nm thick (003) oriented on the glass; it was

exposed to the ambient atmosphere during di�erent analysis, which likely had formed

an oxide layer on its surface. As explained earlier (Chapters 1 and 2), the work function

value depends on the band structure, surface orientation, cleanliness, etc. And, the band

structure is dependent on di�erent factors, including the crystallography and the size of

the material. The literature values are of samples of di�erent crystallographic order (e.g.

amorphous, polycrystalline and single crystal), and measured using di�erent techniques,

from photoelectric e�ect in 1937 [201] to ultraviolet photoelectron spectroscopy (UPS)

of very thin �lms in the last couple of years [183, 185]. Moreover, ultra-thin Sb �lms on

single crystal substrates could be strained (stretched or compressed), which adds another

factor. These factors explain the spread of the work function reported values, adding to

this, the di�erent calibration methods used in each technique and its development over

126



the decades.

On the other hand, the sample that was grown on InAs(111)B (Figure 6.10) shows

a continuous rise in the CPD value with annealing up to 3 hours (-200 mV) and then

a slight drop at 5 hours annealing. This is probably related to the In segregation from

the substrate to the Sb �lm's surface. The fact that the initial CPD value for the as-

prepared Sb on the InAs sample is about 80 mV higher than that grown on glass could

be attributed to small In residuals from the growth, as the growth occurred at 200 ◦C

substrate temperature. With more annealing, the In percentage increased until reaching

saturation after three hours. We speculate that In segregating to the surface is highly

mobile and able to form In-Sb bonds with the outer atomic layer of Sb. This might have

generated an additional negative surface dipole which increases the work function. The

formation of an InSb-like surface termination halts when the surface is saturated with

In, leading to agglomerations or droplets of In, consistent with the AFM observations of

Figure 6.3 (b). This halts a further increase in work function. The above explanation

could be further tested with XPS and UPS experiments. The decrease after that may be

attributed to the indium dynamics (movements) on the surface. The In segregation and

its consequences on the surface morphology and work function require critical attention

for Sb �lm growth on In-containing substrates. This applies to thin and thick �lms, and

future investigations on other substrates are recommended.
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6.3 Conclusion

High-quality epitaxial Sb �lm was grown on InAs(111)B substrate with 3-fold rotational

symmetry and a fully relaxed surface. The structure, morphology and work function

were discussed for the as-prepared and annealed samples. With gentle annealing at 200
◦C, the In segregated from the substrate to the surface of the Sb �lm and formed small

agglomerations, which were observable by AFM and XPS analysis. The segregated In

increased the surface work function of the �lm as discussed. Future surface-sensitive

experiments need careful observation of such phenomena.

The room-temperature growth of Sb �lm on a chemically-treated glass substrate

was also discussed. The �lm grown on glass has a strong (003) texture, and its electrical

conductivity is very high, behaving as a metal more than a semiconductor. We were

able to determine the positive direct band gap optically for the �rst time. The value was

consistent with the calculated band structure of antimony. The work function of the Sb

�lm on glass was constant during the annealing (4.15±0.18 eV), which lies at the low end

of the previously reported values for Sb samples.
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Chapter 7

Conclusion and Future Work

In this thesis, Sb, BiSb and ZnSb thin �lms prepared by the PVD technique were inves-

tigated. Di�erent material science and surface science techniques were used in this study

as explained in the following sections.

7.1 BiSb

BiSb is a topological insulator and a thermoelectric material. In the thesis, thin �lms

of BiSb were grown on InP patterned substrates to increase the surface-to-volume ra-

tio. This is preferred for enhancing the thermoelectric �gure of merit by increasing the

surface electrical conduction and suppressing the bulk thermal conduction. The InP

substrates were successfully patterned by Ar+ ion bombardment. The patterning was

preserved during thermal annealing cycles for temperatures up to 400◦C, which was set

as an upper limit temperature. BiSb �lms were deposited on the patterned substrates

and compared with those deposited on �at ones inside a UHV system. SEM and EDX

con�rmed the homogeneity of all samples with compositions near Bi77Sb23. The AFM

topographs provided SR value, a parameter that was used to determine the increment in

surface area due to patterning, and hence, correctly estimate the average thickness and

the electrical parameters of the �lms. The structural analysis using XRD and RHEED

techniques con�rmed that �lms grown on patterned substrates were around 90% (012)

oriented with some polycrystalline and (003) oriented portions. While �lms grown on

�at substrates were 98-99% (003) oriented. This is believed to occur as the naturally

expected (012) orientated BiSb �lm, with Sb > 9% at room temperature, could not re-

order to be (003) at high temperature because of the patterning. This change in texture

impacted the electrical conduction of the �lms. To understand the impact of patterning
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the substrate on the �lms, we used two approaches. The �rst one compares electrical

Hall measurements for four samples with di�erent thicknesses at 300 K and 77 K. From

the �rst approach, it was concluded that (a) at room temperature, all �lms behave as

n-type semiconductors with dominant bulk conduction. (b) (003) oriented �lms on �at

substrates have more carrier concentration (≈7.8 ×1019 cm−3) than (012) oriented �lms

on patterned substrates (≈2.8 ×1019 cm−3). (c) At 77K, conduction from the surface

metallic states was dominant in both types. (d) The conductivity of the �lms increased

with their "corrected" average thickness. (e) The �lm on a patterned substrate has the

same conductivity as the �lm on the �at substrate with the same corrected thickness,

but with a smaller number of carriers with higher mobility; this might be the surface

carriers in the patterned samples, which are smaller in number and more mobile than

the bulk carriers in the �at (003) oriented samples.

In the second approach, the resistance and Seebeck coe�cient of six �lms, de-

posited in the same growth on substrates with di�erent patterning, were compared.

These samples were made as devices by lithography and using di�erent HV systems;

the optimisation process was discussed with the major challenges. The �lms exhibit a

texture dependency on the substrate patterning as observed from the �rst series. To as-

sess the contribution of the surface states in the conduction, the conductance in one �at

sample and one patterned sample was studied for a wide range of temperatures (10 K to

300 K). The temperature-dependent conductance data was �tted according to di�erent

assumptions: (1) there is no surface conduction (2) the surface conduction is constant

with temperature (3) the surface conduction changes with the temperature. It was found

that both samples have a bulk conduction and a surface conduction which could be de-

scribed as constant. The surface contribution to the total conductance was found higher

in the patterned sample because it has more surface area. However, the total conduc-

tance was higher in the �at sample as it has a thicker �lm with a di�erent orientation

and a uniform thickness. The values of the Seebeck coe�cient in the patterned samples

increased with the temperature while showing a peak at 250 K for the �at sample. No

trend was observed with the sputtering time, but mostly, the patterning reduces Seebeck

coe�cients.

The power factor of the �at sample was found to be 6 mW/mK2, maximum at

250 K. The �gure of merit of the �at sample was estimated to reach 0.67 at the same

temperature.

Future work The patterning a�ected both the electrical conductivity and the Seebeck

coe�cient of the samples negatively, but its impact on the thermal conductivity is un-
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known. Measuring the thermal conductivity for both �at and patterned samples would

con�rm the applicability of this approach (i.e. patterning the substrate) for thermoelec-

tric devices. But there are some challenges to determine its value. For example, applying

a steady temperature gradient through the sample during the measurements will transfer

most of the heat through its substrate. Alternatively, using a thermal imaging technique

[206] could be used. However, it is very challenging to be used with the patterned samples

because of their rough surfaces. We failed to obtain reliable data using InGaP substrates

and thermally imaging the samples due to this problem. Other approaches may be used

such as separating the BiSb �lm from the substrate by using a thermal release tape,

taking advantage of the weak adhesion with some substrates such as Si(111) [131].

7.2 ZnSb

ZnSb is a well-known thermoelectric material. In this project, the applicability of using

ZnSb �lms, using the LP-PVD technique, for �exible electronics was studied. ZnSb �lms

of di�erent compositions were grown on glass and Kapton inside an HV system. The as-

prepared �lms were non-crystalline, but with gentle annealing at 150-200◦C, they turned

crystalline with high conductivity. The �lms remain stable over time and with further

annealing up to 250◦C. The increase in Zn composition near stoichiometry changes the

dominant phase from ZnSb to Zn4Sb3 as detected by XRD. This a�ects the electrical

and optical properties of the studied �lms. The electrical properties of o�-stoichiometric

samples are more temperature-dependent, probably due to the conduction through the

gap states in these samples. The optical band gaps of the samples were studied using Tauc

analysis of the absorption data. The direct gaps were determined to be 0.9 eV for the

ZnSb phase, and �uctuating around 1.07 for Zn4Sb3 and mixed phases samples, consistent

with the literature values. In-doping was discussed as well, but the uncontrolled ratio

between ZnSb to Zn4Sb3 phases had an impact on the studied �lms.

The most sounding result is that �lms on �exible Kapton have shown similar

electrical and optical properties to those grown on glass. Moreover, the electrical and

optical properties of the �exible �lms remain stable after 104 bending cycles, around 7%

of their original values before bending. The conductivity was degraded only after harsh

manual twisting tens to hundreds of cycles. This suggests that our �lms, grown using

the PVD technique, exhibit superior stability compared to those produced by screen-

printing methods, which did not withstand even static bending [159]. This �nding is

particularly signi�cant considering the increasing favour of the PVD technique for �exible

thermoelectric applications due to its high-throughput capabilities [207].
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The thermoelectric power factor of the ZnSb �lm on Kapton reached a very high

value among other undoped polycrystalline thin �lms in the literature (1049 µW/m.K2),

under 400 K. While ZnSb-In �lms were around 836 µW/m.K2 (for 2.4- 3.4%In).

Future work It would be helpful to measure the thermal conductivity of all �lms to

know the impact of In-doping on the thermal conductivity of ZnSb �lms. Some aspects

could be further explored with the �lms such as the impact of the �exing on devices

containing ZnSb legs. This could be studied by fabricating a TE module from ZnSb as a

p-type leg with another n-type leg and assessing its performance under �exing conditions.

Other types of �exible biodegradable substrates could be very interesting to be explored

such as fungal mycelium skins [208]."

7.3 Sb

Antimony is an interesting semimetal that is involved in many electronic applications.

Understanding the impact of the preparation conditions (e.g. substrate type and tem-

perature and post-annealing) on the �lm's properties (e.g. structure and electronic prop-

erties) is of great interest. In this project, Sb thin �lms were grown in InAs(111)B and

glass substrates inside an MBE UHV system. These �lms were studied before and after

being annealed using di�erent techniques as follows. The �rst �lm (43 nm) was grown on

the InAs substrate epitaxially with a high-quality fully relaxed surface as con�rmed by

RHEED analysis. The AFM shows smooth �lm with facets and 3-fold rotational sym-

metry features. After gentle annealing at 200 ◦C, small agglomeration started to appear

on the surface. These are believed to be formed by In segregation from the substrate to

the surface of the Sb �lm, as concluded from XPS analysis. The work function changed

by this e�ect, probably due to the creation of an additional negative surface dipole (e.g.

InSb) and indium movement after saturation to form agglomerations.

On the other hand, the 150 nm Sb �lm grown on glass at room temperature was

more stable. The �lm showed a strong (003) texture and di�erent morphology from the

epitaxial �lm. The electrical conductivity of the �lm was high at room temperature (7.1×
103 Ω−1 cm −1), with more metallic behaviour than semiconducting (i.e. conductivity

decreases with temperature). Tauc plot of the optical absorbance determines the direct

band to be 228 meV, consistent with the calculated band structure of Sb. The work

function of the �lm was stable during the annealing process and was determined to be

4.15±0.18 eV, which lies at the low end of the Sb values in the literature.
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Future work The problem of In segregation through Sb �lms is likely to appear with

other elements, especially if the Sb layer is ultra-thin. Further studies could help under-

stand the working temperature limit for the Sb-containing devices. Additionally, studying

indium surface segregation in other compounds is of great importance, as such behaviour

was observed in di�erent other compounds [209, 210]. This study could be done using

surface analysis techniques (e.g. AFM and XPS) during or after the growth and thermal

treatments. One possible usage of the Sb �lms on glass is to calibrate KP tips, as the

work function stayed stable under annealing conditions. More analysis could be required

to test the durability of such a standard sample under di�erent wear and tear conditions.
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Appendix A

Materials' electronic con�guration

and structure

Antimony is a semimetal element with atomic number 51. Its electronic con�guration

is [Kr] 5s24d105p3, meaning it has 3 valence electrons in 5p orbitals, each one is in a

separate orbital. It has di�erent phases, the most common stable one is a rhombohedral

lattice structure with space group R3̄m (also called A7 structure [189]). Its reduced cell

dimensions are a:4.307 Å, b: 4.307 Å and c: 4.506 Å and angels α : 61.45, β : 61.45 and

γ : 60.00° (PDF 00-005-0562) [82]. Similarly, bismuth is located in the same group (15)

as antimony, with atomic number 83. Its electronic con�guration is [Xe] 6s24f145d106p3.

Despite having 5 valence electrons, in either Bi or Sb crystal lattice, atoms typically

associate in pairs to form a unit cell of two ions with 10 electrons [189]. They can have

di�erent oxidation states (+3 and +5) when bonded with other elements [211].

When both elements bond together to form BiSb, they tend to have the same

rhombohedral phase, with R3̄m space group. But it has slightly bigger cell (for Bi0.8Sb0.2,

a:4.519 Å, b: 4.519 Å and c: 4.720 Å and angles α : 61.40, β : 61.40 and γ : 60.00° for

(PDF 04-023-9518) [82]). In other words, BiSb forms a continuous solid solution [212].

However, the electronic structure varies between direct and indirect semiconducting and

semimetallic depending on their percentage, the �lm thickness and growth orientation

[213], which makes them very interesting.

On the other hand, zinc is a metal in group 12, with atomic number 30. The

electronic con�guration is [Ar] 3d10 4s2. It has 2 valence 4s electrons which can lose

and become +2. With antimony, Zn-Sb compounds can present in various phases, other

than α-Zn3Sb2, depending on factors such as composition and temperature (see Zn-Sb

phase diagram [153]). Samples can have multiple phases and phases may transform from
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one to another by thermal annealing [153, 154]. The most common ones, in the stoi-

chiometric region at room temperature, are the orthorhombic ZnSb (space group Pbca)

(PDF 040224699) and the rhombohedral β-Zn4Sb3 (space group R3̄C) (PDF 000561306)

[82, 165, 214]. The later is also considered to be Zn13Sb10, as Zn has partial occupancy

in some sites [215, 216].
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Appendix B

Thickness calibration of Sb �lms on

InAs(111)B
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Figure B.1: Thickness of Sb �lms grown InAs(111)B at 2x10−7 mbar with substrate
temperature 200◦C. The red solid line is a linear �tting of the data, and the black dotted
line refers to thickness after 30 min deposition as for Sample S663. The thickness of
the �lms in this series was determined by X-ray �uorescence (XRF). The calibration
of the XRF thickness was done by three other samples with known thickness by X-ray
re�ectometry (XRR)
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Appendix C

XPS of Sb �lm
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Figure C.1: XPS analysis of 5-hours 200◦C-annealed Sb on InAs (111)B sample (S663).
(a) Survey scan, (b) Sb 3d region and (c) In 3d region.
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