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Abstract

In recent years, the prominence of germanium (Ge) in complementary metal-oxide-

semiconductor (CMOS) technology has steadily increased, expanding into novel

fields, such as optoelectronics and quantum computing. Germanium-tin (GeSn) al-

loys are strong contenders for laser integration into the CMOS platform, and atomic

scale precision single dopant placement of arsenic (As) via arsine (AsH3) dosing is an

interesting avenue for dopant qubit fabrication in Ge. This work uses scanning tun-

nelling microscopy (STM) to explore the surface chemistry and structural properties

of Sn layer growth on, and AsH3 dosing of, Ge.

First, I detail the formation of a high Sn content GeSn wetting layer on Ge(100)

at room temperature. I demonstrate that Sn incorporation leads to Ge presence in

the three ad-features and show the ad-features tile the surface to form a wetting layer

as well as the formation of a second Sn monolayer. Moreover, annealing sub- and

full monolayer Sn coverages leads to surface reconstruction and, at sub-monolayers,

full Sn incorporation.

I obtain insight into Sn bilayer formation on Ge(111) at room temperature and

∼ 200 K. I demonstrate Sn incorporation and the formation of a disordered wetting

(bi)layer at either growth temperature. Annealing sub-bilayer Sn coverages gives

full incorporation. Furthermore, annealing a full Sn bilayer produces two surface

phases: phase A without long-range order and, at 300◦C, phase B with long range

order, for which I suggest possible structure models.

I demonstrate the potential of AsH3 as a precursor for atomic scale placement

of As using STM hydrogen resist lithography on Ge(100). I identify nine AsH3

dissociation products at room temperature. By annealing, I achieve full AsH3 disso-

ciation and As incorporation in the Ge surface, with hydrogen desorption thereafter.

Finally, I show that the heavily As doped surface can be capped by Ge, with As

remaining in place in the growth direction.
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Impact statement

Throughout my PhD I investigated the surface chemistry and structural properties

of tin growth and arsine dissociation on germanium. As part of that work I adapted

germanium cleaning processes for the UCL and IHP laboratories, to meet the high

standards of cleanliness required to study surface interactions at the atomic scale.

This introduced germanium as a new material platform at the UCL laboratory, and

was part of the set-up required to produce the first scientific results from the IHP

laboratory.

In studying tin growth on germanium I drove forward the fundamental under-

standing of the germanium-tin material system. This benefits research groups in-

vestigating the growth of (bulk) germanium-tin alloys as it enables a better under-

standing of the opportunities and limitations of the material system. Furthermore,

in the long run this fundamental understanding enables better device fabrication

through higher quality alloys. Due to the germanium-tin research community’s fo-

cus on optoelectronics, this impact will eventually help enable on-chip integration

of optical communication and sensing, reducing on-chip energy consumption and

increasing information transmission speed.

By growing tin on the germanium(111) surface in particular, I discovered a previ-

ously unreported ordered film. This discovery will impact the 2D material research

and adjacent communities, as single-layer films often display different properties to

their bulk equivalent, opening up new areas of research and often sparking new

possible applications. The 2020 International Roadmap for Devices and Systems

predicts that by 2028 two-dimensional materials will become integral to transistor

technology, highlighting the importance of this research field.

My research in to arsine dissociation on germanium presents the first steps to-

wards introducing arsine as a precursor for atomic scale precision placement of ar-

senic dopants in germanium using scanning tunnelling microscopy (STM) hydrogen

resist lithography. This is a new material combination in the field of STM lithogra-

phy that is targeted towards electron-based dopant qubit quantum computing. In

particular, this study directly impacts the various research groups and companies

working on scanning tunnelling microscopy lithography. While, first pioneered as a

technique to fabricate phosphorus electron qubits on silicon using a hydrogen resist,
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my study is part of the drive towards exploring new dopants, substrates and resists

the community is currently experiencing. Overall, this increases the qubit options

available through the STM lithography process and contributes to the search for

a scalable quantum computing platform that can be brought to mass market. In

the future, the UCL group will continue to explore arsine as a precursor for arsenic

doping of germanium, in order to realize its potential.
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supervisor at IHP until he left for IKZ early into my PhD, and together with Prof.

Neil Curson initially conceptualized my PhD work. Furthermore, Emilio Scalise

from the University of Milano-Bicocca has been an invaluable collaborator whose

work as aided in understanding my research on a deeper level.

My day to day work at both UCL and IHP would not have been nearly as fun

or productive without the friendship and aid of my fellow PhD students: Procopios

Constantinou, Eric Lundgren, Eleanor Crane, Jamie Bragg and Mark Wentik at

UCL; and Felix Reichmann, Andreas Becker and Henriette Tetzner at IHP. Equally

valuable to me was also Dr. Costanza Manganelli from IHP, my conference buddy.

Finally, I would like to thank my family and friends, both long standing and

new, for all the support they provided. They were the security network at my back

and my cheerleaders along the way. I especially want to thank my parents, Kay and

Peter, for supporting me and my choices all my life, and my sister Lucy, who is an

inspiration when things get difficult and gets me in a way only growing up together

7



can provide. Last but not least, I would like to thank my partner Michael, he makes

me better by being in my life.

8



Academic outcomes

Papers

• Hofmann, E. V. S., Scalise, E., Montalenti, F., Stock, T. J., Schofield, S. R.,

Capellini, G., Miglio, L., Curson, N. J., & Klesse, W. M. (2021).The formation

of a Sn monolayer on Ge(100) studied at the atomic scale. Applied Surface

Science, 561, 149961.

• Hofmann, E. V. S., Klesse, W. M., & Curson, N. J. (2021). Ordered and

disordered Sn layer formation on Ge(111). (In preparation.)

• Noatschk, K., Hofmann, E. V. S., Dabrowski, J., Curson, N. J., Schroeder,

T., Klesse, W. M., & Seibold, G. (2021). Ge(001) surface reconstruction with

Sn impurities. Surface Science, 121912.

• Reichmann, F., Scalise, E., Becker, A., Hofmann, E. V. S., Dabrowski,

J., Montalenti, F., Miglio, L., Mulazzi, M., Klesse, W. M., & Capellini, G.

(2021). New Insights on the Metallic Nature of the Ge(001) Surface at Room

Temperature by Joint Angle-Resolved Photoelectron Spectroscopy and First-

Principle Calculation Investigation. Submitted to Applied Surface Science.

• Stock, T. J., Warschkow, O., Constantinou, P. C., Li, J., Fearn, S., Crane,

E., Hofmann, E. V. S., Kölker, A., McKenzie, D. R., Schofield, S. R., &

Curson, N. J. (2020). Atomic-scale patterning of arsenic in silicon by scanning

tunneling microscopy. ACS nano, 14(3), 3316-3327.

Conference Contributions

• (Contributed talk) Arsenic delta-layers in germanium for quantum applications

Interdisciplinary Surface Science Conference (ISSC-23) held on Zoom. (2021)

• (Contributed talk) Atomic scale insights on the formation of tin monolayers

on germanium

European Materials Research Society (E-MRS) Fall Meeting held in Warsaw,

Poland. (2019)

9



• (Contributed talk) Atomic scale insights into Sn on Ge(100): From submono-

layers to the formation of Sn wetting layers

2nd joint International SiGe Technology and Device Meeting (ISTDM) and In-

ternational Conference on Silicon Epitaxy and Heterostructures (ICSI) held in

Madison, WI, USA. (2019)

• (Contributed talk) Initial Stages of Sn Growth on Ge(100) Studied at the

Atomic Scale

1st joint International SiGe Technology and Device Meeting (ISTDM) and

International Conference on Silicon Epitaxy and Heterostructures (ICSI) held

in Potsdam, Germany. (2018)

10



Contents

Declaration 3

Abstract 4

Impact statement 5

Acknowledgements 7

Academic outcomes 9

Contents 13

List of figures 16

List of tables 17

List of abbreviations 18

1 Introduction 19

2 Scientific background 23

2.1 Germanium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.1.1 The germanium(100) surface . . . . . . . . . . . . . . . . . . . 23

2.1.2 The germanium(111) surface . . . . . . . . . . . . . . . . . . . 25

2.2 Tin on germanium . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.2.1 Tin on germanium(100) . . . . . . . . . . . . . . . . . . . . . 28

2.2.2 Tin on germanium(111) . . . . . . . . . . . . . . . . . . . . . 30

2.3 Arsine dosing of germanium . . . . . . . . . . . . . . . . . . . . . . . 32

3 Experimental methods 34

3.1 Scanning tunnelling microscopy . . . . . . . . . . . . . . . . . . . . . 34

3.1.1 Semi-classical treatment of the 1D tunnelling problem . . . . . 34

3.1.2 First-order perturbation theory of tunnelling . . . . . . . . . . 37

3.1.3 Experimental requirements . . . . . . . . . . . . . . . . . . . . 41

11



Contents

3.2 Ultra-high vacuum set-ups and tip preparation . . . . . . . . . . . . . 43

3.2.1 Set-up at IHP . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.2.2 Set-up at UCL . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.3 Sample preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.3.1 Cleaning germanium . . . . . . . . . . . . . . . . . . . . . . . 47

3.3.2 Preparing the material system . . . . . . . . . . . . . . . . . . 50

3.4 Further characterization techniques . . . . . . . . . . . . . . . . . . . 52

3.4.1 Atomic force microscopy . . . . . . . . . . . . . . . . . . . . . 52

3.4.2 Secondary ion mass spectrometry . . . . . . . . . . . . . . . . 53

3.4.3 Density functional theory . . . . . . . . . . . . . . . . . . . . 53

4 The formation and thermal properties of tin monolayers on germa-

nium(100) studied at the atomic scale 55

4.1 Surface features at sub-monolayer coverage . . . . . . . . . . . . . . . 56

4.2 Evolution from low coverages to full monolayer . . . . . . . . . . . . . 63

4.3 Evolution of 0.53 ML tin layers under annealing . . . . . . . . . . . . 66

4.4 Further experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.4.1 The second and third tin monolayer . . . . . . . . . . . . . . . 72

4.4.2 Evolution of 1.24 ML tin layers under annealing . . . . . . . . 72

4.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

5 Tin layer formation on germanium(111) 77

5.1 Formation of a tin bilayer on germanium(111) . . . . . . . . . . . . . 78

5.1.1 Growth at room temperature . . . . . . . . . . . . . . . . . . 78

5.1.2 Growth at cryogenic temperatures . . . . . . . . . . . . . . . . 83

5.2 Evolution of tin on germanium(111) under annealing . . . . . . . . . 86

5.2.1 Evolution 0.09 BL tin under annealing . . . . . . . . . . . . . 86

5.2.2 Evolution of 1.26 BL tin under annealing . . . . . . . . . . . . 88

5.2.3 The ordered surface phase of 1.26 BL tin annealed to 300◦C . 90

5.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

6 Arsine dosed germanium(100): adsorption and incorporation 101

6.1 Dissociation of arsine on germanium(100) at room temperature . . . . 102

6.1.1 Characteristics of arsine dissociation products . . . . . . . . . 103

6.1.2 Arsine feature transition processes . . . . . . . . . . . . . . . . 107

6.1.3 Atomic configuration of feature A . . . . . . . . . . . . . . . . 112

6.2 Dissociation of arsine on germanium(100) under annealing . . . . . . 115

6.3 Saturation dosing of arsine on germanium(100) . . . . . . . . . . . . 120

6.4 Arsenic δ-layer formation in germanium . . . . . . . . . . . . . . . . . 126

6.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

12



Contents

7 Conclusions, discussion and outlook 133

A Statistical height analysis of Sn features on Ge(100) 138

B Reciprocal space pattern of the Ge(111)-c(2x8) reconstruction 143

C Arsine feature transitions 146

D Dissociation features of XH3 on Si(100) or Ge(100) in literature 148

E Deconvolution of As and GeH SIMS signal 150

Bibliography 170

13



List of figures

2.1 Germanium’s diamond cubic lattice structure. . . . . . . . . . . . . . 24

2.2 The Ge(100) surface. . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.3 The Ge(111)-c(2x8) surface reconstruction. . . . . . . . . . . . . . . . 26

2.4 Schematics of the three Sn ad-dimer features on Ge(100). . . . . . . . 29

3.1 Square and arbitrary potential barrier. . . . . . . . . . . . . . . . . . 35

3.2 Simplified tip-vacuum-sample system. . . . . . . . . . . . . . . . . . . 36

3.3 Bardeen’s perturbation approach to tunnelling. . . . . . . . . . . . . 37

3.4 Tunnelling barrier including the effects of the differing tip and sample

work functions as well as the effect of the applied potential. . . . . . . 40

3.5 Binnig et al.’s original sketch of the STM scanning set-up. . . . . . . 42

3.6 UHV set-up at IHP. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.7 UHV set-up at UCL. . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.8 Germanium after surface cleaning. . . . . . . . . . . . . . . . . . . . . 50

4.1 STM images of clean Ge(100) and 0.05 ML Sn deposited on the surface. 57

4.2 The Ge-Sn heterodimer in the Ge(100) surface with Sn in the upper

and lower position as well as the hemihydride. . . . . . . . . . . . . . 58

4.3 The three ad-dimer features on the Ge(100) surface. . . . . . . . . . . 60

4.4 A cluster of six C features on Ge(100). . . . . . . . . . . . . . . . . . 62

4.5 Four different area coverages of Sn deposited on Ge(100). . . . . . . . 64

4.6 Evolution of the surface morphology of 0.53 ML Sn on Ge(100) under

annealing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.7 Detailed analysis of Sn incorporation in the Ge(100) surface under

sample annealing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.8 Filled and empty states STM of Sn on Ge(100) at 1.24 ML and 2.35 ML

coverage. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.9 Evolution of 1.24 ML Sn on Ge(100) under annealing up to ca. 650◦C. 73

5.1 0.09 BL Sn grown on Ge(111) at room temperature. . . . . . . . . . . 80

5.2 Evolution of a Sn bilayer on Ge(111) at room temperature studied by

STM. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

14



List of figures

5.3 Evolution of an Sn bilayer grown on Ge(111) at ∼ 200 K studied by

STM at room temperature. . . . . . . . . . . . . . . . . . . . . . . . 84

5.4 Room temperature STM of 0.09 BL Sn on Ge(111) annealed up to

600◦C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

5.5 STM images of 1.26 BL of Sn on Ge(111) deposited at room temper-

ature then annealed to 300◦C and 450◦C for 5 min each. . . . . . . . . 89

5.6 STM images of surface phase B produced by growing 1.26 BL Sn on

Ge(111) at 190 K or room temperature and subsequently annealing

to 300◦C for 5 min. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5.7 Two possible models of the atomic structure of the B phase. . . . . . 94

5.8 Simulation of the reciprocal space pattern of the structure models

and comparison with experiment. . . . . . . . . . . . . . . . . . . . . 97

6.1 Dissociation of AsH3 on Ge(100) studied by STM. . . . . . . . . . . . 103

6.2 Catalogue of features observed after dosing Ge(100) with AsH3 at

room temperature. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

6.3 Examples of the most common AsH3 on Ge(100) feature transitions

studied by STM. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

6.4 Simulated structures potentially matching feature A of the AsH3 dis-

sociation features on Ge(100). . . . . . . . . . . . . . . . . . . . . . . 113

6.5 Evolution of 0.023 L AsH3 on Ge(100) under annealing. . . . . . . . . 116

6.6 Arsenic incorporation and hydrogen desorption on Ge(100) as a func-

tion of temperature. . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

6.7 STM scans of a saturation dose of 2.256 L AsH3 on Ge(100) achieved

with a high dose rate. . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

6.8 Saturation dose of 1.080 L AsH3 on Ge(100) achieved with a low dose

rate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

6.9 2.256 L AsH3 on Ge(100) dosed at a fast rate and annealed from room

temperature (RT) to 739◦C. . . . . . . . . . . . . . . . . . . . . . . . 125

6.10 As δ-layer in Ge(100) with the Ge gap grown without sample heating. 128

6.11 As δ-layer in Ge(100) with the Ge cap grown using an optimized

recipe for P δ-layers in Ge. . . . . . . . . . . . . . . . . . . . . . . . . 130

A.1 The Matlab program for analysing feature heights. . . . . . . . . . . . 140

A.2 Histogram of A feature heights. . . . . . . . . . . . . . . . . . . . . . 141

B.1 Real and reciprocal space images of Ge(111)-c(2x8). . . . . . . . . . . 144

C.1 Catalogue of all transitions at room temperature after dosing AsH3

on Ge(100). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

15



List of figures

D.1 The most prominent dissociation feature at room temperature for the

AsH3 on Si(100) and PH3 on Si(100) systems. . . . . . . . . . . . . . 149

D.2 The heterodimer of the AsH3 on Si(100), PH3 on Si(100) and PH3 on

Ge(100) systems. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

E.1 Deconvolution of the As and GeH signals for SIMS. . . . . . . . . . . 151

16



List of tables

3.1 Germanium cleaning processes. . . . . . . . . . . . . . . . . . . . . . 48

3.1 Germanium cleaning processes (continued). . . . . . . . . . . . . . . . 49

4.1 The difference in height from substrate dimer maximum to ad-dimer

maximum, as predicted by DFT simulations of the surface under neg-

ative bias, for all three atomic-scale components modelled as either

Ge-Ge ad-dimers or Sn-Sn ad-dimers. . . . . . . . . . . . . . . . . . . 61

6.1 Number of features observed on average on a scan area of 2500 nm2. . 104

6.2 Absolute number of observed AsH3 feature transitions. . . . . . . . . 108

17



List of abbreviations

AFM Atomic force microscopy

Ar Argon

As Arsenic

AsH3 Arsine

BL Bilayer

C Carbon

CMOS Complementary metal-oxide-semiconductor

DFT Density functional theory

FET Field-effect transistor

FWHM Full width half maximum

Ge Germanium

H Hydrogen

IPA Isopropanol

LDOS Local density of states

LEED Low energy electron diffraction

ML Monolayer

MOSFET Metal-oxide-semiconductor field-effect transistor

MQW Multi-quantum-well

P Phosphorous

PH3 Phosphine

RHEED Reflection high energy electron diffraction

RMS Mean square roughness

RT Room temperature

RTA Rapid thermal anneal

Si Silicon

SIMS Secondary ion mass spectrometry

Sn Tin

STM Scanning tunnelling microscopy

TFET Tunnel field-effect transistor

UHV Ultra high vacuum

18



Chapter 1

Introduction

Semiconductor-based computer technology is ubiquitous in today’s society. From

TVs to mobile phones to computers, everything is powered by semiconductor de-

vices. The fundamental building block of this technology is the complementary

metal-oxide-semiconductor (CMOS) field-effect transistor (FET). A transistor con-

tains a single piece of information, a logical “1” or “0” (“Yes” or “No”). Arranging

transistors together in large systems, enables complex information storage and pro-

cessing as we see it in modern computer technology. Currently, the main platform

for computing is silicon (Si) based CMOS technology which has continued to place

more and more FET’s on each computer chip, following “Moore’s law”, which dic-

tates that approximately every two years the number of transistors on a chip doubles.

Today, a single computer chip has hundreds of billions of FET’s, a feat which can-

not be achieved by pure silicon and the original FET architectures alone. Current

technology uses FinFETs (“Fin” referring to the transistor’s gate architecture) and

silicon-germanium (SiGe) as a channel material, however, the 2020 International

Roadmap for Devices and Systems predicts that by 2028 pure germanium (Ge) and

2D (two dimensional) materials will become the main channel material and LGAA

(lateral gate all around) architectures will become standard [1].

Technological developments do not stop at the improvement of FETs. Two

newer fields are optoelectronics and quantum computing. Optoelectronics seeks

to incorporate optical information processing into the existing electronic CMOS

platform in form of an electronic-photonic integrated circuit (EPIC), enabling faster

information transport, more energy efficient processing and new applications. One

recent success has been the first demonstration of a germanium-tin (GeSn) laser

exhibiting a direct band gap, which as a group IV material like Si is compatible

with current CMOS technology [2]. Quantum computing replaces traditional “0”

and “1” logic, with a quantum state that can be any superposition of “0” and “1”.

This allows the tackling of an entire new computing space, with problems which

classical logic would not be able to solve in a reasonable time frame. In 2019 Google

was the first to demonstrate a 53 qubit quantum computer outperforming classical
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Chapter 1. Introduction

calculations [3]. Like for CMOS and EPICs, germanium has recently become an

interesting candidate for CMOS technology based quantum computing schemes [4].

Of particular interest in optoelectronic applications are GeSn alloys due to the

fact they can be direct band gap materials. Recent advances in chemical vapour

deposition (CVD) and molecular beam epitaxy (MBE) techniques have enabled the

epitaxial growth of high-quality GeSn on silicon Si substrates by using optimized

Ge based buffers [5,6]. With the fabrication of high-quality GeSn alloys the reach of

group IV materials has been expanded in both electronics [7] and photonics [8,9]. A

prominent example in optoelectronics is the recent demonstration of lasing in direct

band gap GeSn alloys with Sn contents between 15% and 20% at temperatures up

to 270 K [10,11].

Beyond optoelectronic applications, there are a number of other fields where

GeSn and Sn/Ge are material systems of interest. GeSn/Ge multi-quantum-well

(MQW) structures are of interest in the emerging Ge platform for quantum com-

puting due to the large spin-orbit coupling in Sn with GeSn exceeding pure Ge in

spin-orbit splitting [12,13]. Furthermore, few-layer stanene (graphene-like Sn) grown

on PbTe shows superconductivity below 2 K [14]. Grown on Ge(111), stanene is pre-

dicted to be a room temperature quantum spin hall insulator [15, 16], which is of

interest for low loss, time-reversal protected electron transport. In addition to the

novel applications outlined above, moving GeSn from bulk towards nano-structures

has seen much success recently as an avenue of improving alloy performance [17].

Notably, infra-red light emission at room temperature was demonstrated in direct

band gap Ge0.81Sn0.19 nanowires grown on Ge(111) [18]. Thus, despite the techno-

logical dominance of the (100) surface, investigations into the (111) surface are of

interest to further develop GeSn applications.

While GeSn based quantum computing is widely unexplored, pure Ge has begun

to establish itself as a platform for hole-based quantum computing [4]. In addition

to the compatibility of Ge with existing CMOS technologies, which enables more

straightforward up-scaling to chip scale, Ge has a number of other beneficial proper-

ties. A large spin-orbit coupling and the ability to isotropically purify Ge, removing

nuclear spins, allows for significantly increased spin coherence times [13,19,20], which

is essential to maintaining qubit fidelity over the entire processing time. Further-

more, a large spin-orbit coupling enables well-defined splitting of quantum states,

which makes readout easier. Thus, Ge has recently seen much success as a hole-based

quantum computing platform reaching up to a four-qubit quantum processor [21].

By contrast, electron-based qubits in germanium are significantly less studied.

However, the advantages of Ge outlined above apply to hole- and electron-based

qubits equally. One approach to fabricating electron qubits is scanning tunnelling

microscopy hydrogen resist lithography. Therein, single group V dopants, which
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later act as electron-spin qubits, are placed in the surface of the host material,

with atomic scale precision. The technique was pioneered for phosphorus (P) in

Si where two-qubit gates have now been demonstrated [22]. In recent years, the

technique has branched out into new resists [23], new dopants [24, 25] and new

substrates [26]. Using Ge as a substrate the entire fabrication process for a P doped

wire has been demonstrated [27]. Thus, scanning tunnelling microscopy hydrogen

resist lithography is an avenue for controlled placement of P and other dopant species

on Ge, such as arsenic (As) which has seen success using this technique in Si [25]

and could be used for making dopant qubits in Ge.

In this thesis, I investigate the surface chemistry and structural properties of

adsorbates on germanium using scanning tunnelling microscopy (STM). Specifically,

I study Sn growth on both Ge(100) and Ge(111), as well as the dissociation of arsine

(AsH3) into As on Ge(100) including incorporation of As in the Ge matrix. To that

end, my thesis is structured as follows:

Following this introduction I go into more detail on the scientific background

of this thesis in chapter 2. I present Ge bulk properties and more specifically the

structure of the Ge(100) and Ge(111) surfaces as measured with STM. Furthermore,

I outline GeSn bulk properties and the state of the art understanding of Sn growth

on Ge(100) and Ge(111) while providing context for the specific scientific interest

in these surfaces. Finally, in this chapter I discuss why arsenic is of interest as a

dopant in Ge and go into detail on the process of scanning tunnelling hydrogen resist

lithography.

In chapter 3 I discuss all experimental methods used in this thesis. As STM is my

main characterization technique, I give a detailed description of the theoretical back-

ground the technique, including the experimental requirements and how they are

met in the laboratories at both UCL and IHP. I present the Ge cleaning processes,

one of the most vital sample preparation steps, outlining the process I use at both

locations and for both Ge surfaces, followed by details of the Sn growth and AsH3

dosing of samples. I close the chapter with an overview of additional characteriza-

tion techniques supplementing STM in this thesis: atomic force microscopy (AFM),

secondary ion mass spectrometry (SIMS) and density functional theory (DFT)1.

Beginning with chapter 4 I present the results of the experiments performed in

this thesis. Chapter 4 is devoted to investigating room temperature Sn growth on

Ge(100), the most studied surface for GeSn growth. I seek to answer the questions of

“How does Sn form a monolayer or more on Ge(100)?” and “What is the impact of

thermal treatment of this surface?”. Parts of this chapter are published in Applied

Surface Science [28].

1AFM, SIMS and DFT were performed by Taylor Stock (AFM), Sarah Fearn (SIMS), Procopios

Constantinou (SIMS), Emilio Scalise (DFT) and Steven Schofield (DFT).
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Transitioning from the Ge(100) surface to the Ge(111) surface I investigate Sn

growth on Ge(111) in chapter 5. This surface is both of interest for improvement

of GeSn mobilities over the Ge(100) surface [29] and as a surface to realize the

potential of stanene as a two dimensional topological insulator [15]. Similarly to

the previous chapter I study the questions of “How does a Sn layer form on the

surface at different growth temperatures?” and “How does post growth annealing

affect the Sn layers?”. As a first in literature, I investigate the formation of a Sn

wetting bilayer on Ge(111) both at room temperature and ∼ 200 K.

In the final results chapter 6 I study AsH3 as a precursor for As doping of Ge(100)

using the scanning tunnelling hydrogen resist lithography process. This is driven by

Ge’s potential as a quantum computing platform [4] and the demonstration of the

compatibility of Ge and AsH3 independently of each other with this process [25,27].

Thus, I examine the questions “How does AsH3 dissociate on Ge(100)?”, “Does As

incorporate in the Ge matrix?” and “Can As be confined in plane of the growth

direction during Ge capping?”.

I close the thesis in chapter 7. I summarize and discuss the outcomes of the work,

highlighting some of the connections between the three topics of study. In particular,

I contrast the growth modes of Sn the two different Ge surfaces. Furthermore, I

provide context for the results in how they may lead to future research in the field

of optoelectronics and quantum computing.
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Chapter 2

Scientific background

2.1 Germanium

Germanium (Ge) is a semiconductor found in group IV of the periodic table of

elements below carbon (C) and silicon (Si). Like both of these elements it crys-

tallizes in a diamond cubic structure, i.e. an fcc structure with a diatomic basis

consisting of two germanium atoms, one at (0,0,0) and one at (1/4, 1/4, 1/4) as

shown in Fig. 2.1. Germanium’s position in the periodic table means that it is

chemically similar to Si making it compatible with Si-based CMOS (complementary

metal-oxide-semiconductor) technologies. Notably, by application of tensile strain

or alloying with tin (Sn) the energy difference between the L- and Γ-conduction

band minima can be reduced and even inverted, as the Γ-point minimum is lowered

more quickly than the L-point minimum, creating a direct band gap group IV semi-

conductor, which is preferred for optoelectronics [31]. Furthermore, the high hole

mobility – the highest in common semiconductors – in conjunction with the large

spin-orbit coupling has proven advantageous for hole-based quantum computing [4].

2.1.1 The germanium(100) surface

Cutting Ge to expose the (100) surface breaks two bonds of the surface atoms,

leaving two dangling bonds (Fig. 2.2a top). In order to reduce surface energy two

neighbouring atoms immediately dimerize forming a σ-back bond and a π-bond

between the two remaining dangling bonds (Fig. 2.2a middle). The surface energy

can then be further reduced by buckling the dimers and shifting both electrons to the

upper Ge atom as depicted in Fig. 2.2a bottom. In this process 0.66 eV per 1x1 cell

is gained by dimerization [32] and 0.24 eV is gained per dimer when buckling [33].

Due to the diamond cubic structure of Ge the dimers form rows in the <110>

directions with the orientation shifting by 90◦ at step edges, going from one mono-

layer (ML) to the next lower one (Fig. 2.2). At room temperature typically three

reconstructions can be observed on the surface: a p(2x1) reconstruction consisting

of symmetric dimers, a p(2x2) reconstruction where the buckling orientation of the
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Lattice constant

(a0) 5.66Å

Band gap

(L-point) 0.66 eV

Direct band gap

(Γ-point) 0.8 eV

Spin-orbit splitting 0.29 eV

Electron mobility 3900 cm2/Vs

Hole mobility 1900 cm2/Vs

Figure 2.1: Germanium’s diamond cubic lattice structure with a {100} (green) and

{111} (purple) lattice plane indicated and some important germanium material pa-

rameters. The structure is drawn with VESTA [30].

Figure 2.2: The Ge(100) surface. (a) Side view of the two top most atomic layers.

From top to bottom: before dimerization, symmetric dimer and buckled the dimer.

A solid line indicates a σ-bond, while a dotted line indicates a π-bond. The dimers

form the reconstructions of the surface shown schematically in (b) with the surface

unit cell drawn in blue. (c) STM image obtained at −1 V and 300 pA with patches

of each reconstructions indicated by the rectangles. When tunnelling using negative

sample bias only the filled electronic states are measured.

.
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dimers alternates along the dimer row but not perpendicular to it and a c(4x2)

reconstruction where the buckling orientation alternates in both directions. The

p(2x2) and c(4x2) reconstructions are the energetically most favourable reconstruc-

tions. The energy gain compared to all dimers being buckled in the same direction

are 0.066 eV and 0.069 eV per dimer for the p(2x2) and c(4x2) reconstructions,

respectively [34]. Thus, while the c(4x2) reconstruction is the most favourable re-

construction, the energy difference between the c(4x2) and p(2x2) reconstruction

is sufficiently low for patches of p(2x2) to occur. Furthermore, it has been shown

that the symmetric dimers in the p(2x1) reconstruction are not unbuckled dimers,

but buckled dimers changing buckling orientation so quickly it cannot be resolved by

STM [35]. The change of the surface reconstruction from a buckled reconstruction to

the symmetric p(2x1) reconstruction can be considered a (reversible) order-disorder

transition which has been found to have a critical temperature of ∼ 40◦C [36]. As

a consequence the p(2x1), p(2x2) and c(4x2) reconstructions are observed on the

clean germanium surface at room temperature. Under STM imaging with a positive

sample bias resolves empty electronic states, i.e. symmetric dimers and the lower

atom in the buckled dimer, and under negative bias the filled electronic states are

imaged, i.e. the symmetric dimers and the upper atom in the buckled dimer. Thus

the zig-zag pattern of the p(2x2) and c(4x2) reconstructions is inverted when the

bias polarity is changed.

2.1.2 The germanium(111) surface

When cleaving bulk germanium (Ge) to expose the Ge(111) surface in principle two

variations of the cleavage plane can be expected, between bilayers and through a

bilayer. A bilayer (BL) refers to the two layers of atoms close in height to each

other with bonds to the layers above and below arranging perpendicular to the

bilayer (cf. Fig. 2.3b). In the case of germanium the cleavage plane is between

bilayers. Immediately after cleaving a 2x1 reconstruction forms [37], which is stable

until about 100◦C1 [38]. Above that temperature it irreversibly turns into the c(2x8)

reconstruction shown in Fig. 2.3 which was first proposed by Becker et al. [39]. The

total energy gain of the formation of the c(2x8) reconstruction is 0.264 eV per 1x1

cell [32]. While further surface phase transitions occur above this temperature they

are reversible, leaving the room temperature reconstruction as c(2x8) [40].

When the c(2x8) reconstruction forms, the upper atoms of the bilayer are left

with a dangling bond and a few Ge atoms of the next bilayer (referred to as adatoms)

remain. After thermal treatment these adatoms, indicated in red in Fig. 2.3, bond

in the T4 position, i.e. they are bonded to three of the upper atoms of the bilayer

1This is below the annealing temperatures I use in Ge cleaning. Cf. chapter 3.3.1.
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Figure 2.3: The Ge(111)-c(2x8) surface reconstruction. (a) Top view structure

model including the unit cell (black parallelogram). (b) Side view structure model

with the two atomic layers that make up the bulk bilayer (BL) indicated. In both

structure models adatoms are highlighted in red and rest atoms are highlighted in

green. The top most bilayer is composed of the lower back bond atoms (dark grey)

at the bottom and the upper back bond atoms (blue) as well as the rest atoms

at the top. The structure models were drawn with VESTA [30]. Atoms drawn

larger are closer to the surface. (c) STM image of Ge(111)-c(2x8) scanned at +1.0 V

and 150 pA, meaning only adatoms are visible. The surface unit cell and a surface

domain boundary are indicated.
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(blue when bonded to an adatom, green when not) and located above the lower

atom of the bilayer (dark grey). Due to the threefold symmetry of the Ge(111)

plane not all sites of upper bilayer atoms can bond to an adatom. The upper bilayer

atoms that are not bonded to an adatom are referred to as rest atom (green). In the

c(2x8) reconstruction there are equal amounts of rest atoms and adatoms per unit

cell. Note, that there are two distinct chemical environments for (ad-) rest atoms,

one where the (ad-) rest atom is located within a triangle of (rest) adatoms and one

where the (ad-) rest atom is located within a square of (rest) adatoms. Thus there are

four distinct atomic positions on the surface, two adatoms (a1 and a2) and two rest

atoms (r1 and r2). The adatoms are found to be depressed by 0.41 Å relative to their

ideal positions whereas the rest atoms protrude by 0.55 Å and 0.52 Å, respectively,

with further lattice distortion propagating into the lower layers [41]. Under positive

sample bias STM only the adatoms are visible on the surface, whereas under negative

bias both ad- and rest atoms can be discernible [42, 43]. This is attributed to

incomplete electron transfer from the adatoms to the rest atoms. Thus, at small

(absolute) negative biases, the adatoms contribute more strongly to the tunnelling

current, while at large (absolute) negative biases the rest atoms contribute more

strongly to the tunnelling current. Moreover, due to the threefold symmetry of

the {111} plane, the c(2x8) reconstruction can form in three different orientations.

Where these orientations meet a surface domain boundary forms.

2.2 Tin on germanium

In general interest in the tin/germanium (Sn/Ge) system arises from an interest both

in Sn/Ge nanostructures and as a precursor system to GeSn alloys. In contrast to

elements above Sn in group IV, diamond cubic α-Sn has a zero direct band gap at

the Γ-point [44]. Thus, as Sn is alloyed with Ge the conduction band at the Γ-

point is lowered more rapidly than at the L-point, allowing a direct band gap, group

IV semiconductor to be fabricated. The transition from indirect to direct band

gap semiconductor is placed between 6.5 to 11% Sn in calculations on unstrained

alloys [45–48]. However, in order to experimentally realize the direct band gap, two

issues need to be overcome (i) Sn in Ge has a low solid solubility (< 1%) [49, 50]

and (ii) α-Sn is only stable below 13.2◦C, which leads to surface segregation and Sn

island formation [51,52]. In 2015, the first unambiguous experimental demonstration

of a indirect to direct band gap transition was reported by Wirths et al. through the

demonstration of lasing in GeSn alloys [2]. They reported the transition at ∼ 9% Sn

for relaxed alloys and around 12% Sn for as-grown, compressively strained alloys on

the Ge(100) surface. The compressive strain arises from α-tin’s lattice constant of

6.49 Å being ∼ 14% larger than Ge and counteracts the band gap shrinkage from
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Sn alloying [45–47]. In addition to band gap shrinkage, alloying Sn into Ge reduces

the hole effective mass and the conduction band Γ-valley has much lower electron

effective masses than the L-valley [53]. Therefore, both electron and hole mobilities

are expected to increase when alloying Sn into Ge [54].

A promising pathway towards high Sn content GeSn alloys is a multi-quantum-

well (MQW) fabrication approach from the early 1990s, applied to GeSn-based het-

erostructures [55], as light emission is more efficient from lower dimensional struc-

tures [56]. Following this route P. Vogl et al. deposited a few monolayers (ML) of

Sn and subsequently overgrew with tens of ML of Ge in alternating steps to form a

super-lattice exhibiting a narrow direct bandgap [57]. The Sn layers were observed

to only remain atomically flat when a thickness of 2.2 ML is not exceeded and in-

termixing of Sn and Ge to occur during Ge overgrowth [55, 58–60]. Overall, this

presents a promising avenue for the fabrication of very thin, high Sn content GeSn

quantum-wells in a Ge matrix.

Despite the multitude of GeSn alloy and Sn thin-film activities described above,

research in Sn/Ge and GeSn surface properties remains scarce. In particular, the

initial stages of physical vapour deposition Sn growth on the Ge surface are not

well understood at the atomic scale. In the following I discuss the state of the art

understanding of the Sn/Ge interface on both Ge(100) and Ge(111), the two surfaces

relevant to this thesis.

2.2.1 Tin on germanium(100)

Of the three typical surfaces studied in a cubic lattice (100), (110) and (111), the

(100) surface is the most technologically relevant surface for GeSn growth. A publi-

cation search in Dimensions [61] for “GeSn AND Ge(hkl)”, with (hkl) being either

(100), (110) or (111), gives 1667, 803 and 825 publications between 2005 and 2020,

respectively2. However, fundamental understanding of the initial growth stages of

Sn on Ge(100) is not yet achieved. STM is uniquely suited to determining the elec-

tronic and structural properties of the surface at the atomic scale, as it probes the

local density of states at the surface.

The study of initial Sn growth on Ge(100) after sub-monolayer Sn deposition

at room temperature reveals small clusters forming [62,63]. In particular, Tomatsu

et al. observed three ad-dimer configurations (A to C) after Sn deposition below

0.1 ML as shown in Fig. 2.4 [63]. They found two types of ad-dimers that are

located between dimer rows and orient parallel to the substrate dimers. The A

2Only publications from the research fields physical sciences, chemical sciences, engineering or

technology were considered. Note, that there is overlap between publications for each Ge surface

when more than one surface is discussed in a publication.
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Figure 2.4: Schematics of the three Sn ad-dimer features on Ge(100). Feature A

and B form chains, C forms small clusters. Sn atoms are marked in orange, the Ge

substrate atoms are marked in grey. When a dimer (indicated by the bond between

atoms of the same species) is tilted, the upper atom is drawn as larger than the

lower atom. All Ge atoms not bonded to an Sn atom have a single dangling bond

(of varying degrees of filling), as do all Sn atoms.

features are symmetric and A feature chains align in the <310> direction whereas

the B features are tilted and chains align in the <110> direction. They propose in

analogy to Qin and Lagally’s model of Ge on Si(100) system [64] that the formation

of a <110> chain is energetically favoured and the <310> chain kinetically favoured:

Once an ad-dimer parallel to the substrate dimers has formed, the two substrate

dimers the feature is bonded to in each dimer row are tilted downward beneath the

feature and thus upward on the end of each dimer. For a Sn atom diffusing in the

trough adjacent to the feature this presents an extra energy barrier. Therefore, it is

kinetically favoured for the next ad-dimer in the chain to form using only one dimer

of the previous feature leading to an A chain in the <310> direction. However,

the <110> chain of B features is energetically favoured as all dangling bonds of the

substrate dimers beneath the B features in the chain are saturated leaving only four

dangling bonds (two at each end). In contrast, there are two substrate dangling

bonds for each A feature in a <310> chain and three for the A features at the end

of a chain. Furthermore, the tilt of the B features affects the reconstruction of the

substrate dimers they are bonded to, reducing the barrier for a Sn atom to diffuse

to a new B feature site. Therefore, once a chain <110> of B features has formed

the probability for its successive a continuation in <110> is higher.

Both <110> B feature and <310> A feature chains have been observed on

similar systems where sub-monolayer amounts of Si, Ge, Sn or lead (Pb) were grown

on Si(100) or Ge(100) at room temperature. In particular, it has been found that

when increasing the relative ratio of adatom atomic radius to substrate atom atomic

radius first only <310> chains form, then both chains form and at the largest ratios

only <110> chains form [63]. Sn on Ge(100) and Ge on Si(100) fall into the middle

of this spectrum, whereas Ge on Ge(100) only forms <310> A feature chains [65]

and Sn on Si(100) only forms <110> B feature chains [66]. While the reason for this
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apparent dependency of the formed feature chain type on the relative atomic radii is

not clear, it has been suggested that strain plays an important role in determining

the kinetic barrier height in these systems [63].

Beyond A and B features, a third ad-dimer configuration, the C feature, was also

observed for room temperature Sn growth on Ge(100) [63]. It is a tilted ad-dimer

oriented perpendicular to the substrate dimers and located on the reaction sites for

the growth of the next diamond-cubic layer. Additionally, a separate STM study

found Ge-Sn heterodimers formed in the Ge(100) surface layer could exist in one

of two buckling orientations [67]. Sn in the upper dimer position was found to be

0.06 eV more stable than in the lower position [67,68]. However, the influence of the

STM tip may reverse the buckling orientation of the Sn atom during imaging.

Investigation of 0.018 – 0.035 ML Sn growth on Ge(100) at 250◦C reveals a

“comb-like” structure of the surface where small terraces elongate perpendicular to

the dimer rows and none of the A to C features discussed above are present [62]. Fur-

thermore, annealing 0.035 ML Sn grown at room temperature, with the ad-features

present, to 250◦C produces the same surface. This change in surface structure is

attributed to Sn fully incorporating in the Ge surface. Along the dimer row in-

corporated Sn increases compressive strain whereas perpendicular to the dimer row

tensile strain induced by dimerization is reduced. This leads to a preferential growth

perpendicular to the dimer rows.

2.2.2 Tin on germanium(111)

In the past, Sn growth of Ge(111) has primarily been of interest in the sub-bilayer

regime, where the
√

3x
√

3R30◦ reconstruction has been observed to undergo two

changes of reconstruction, with associated surface charge reordering, at cryogenic

temperatures [69, 70]. Early studies of bulk GeSn on Ge(111) predicted that no

direct-to-indirect band gap transition as a function of Sn content would occur due

to the inherent strain induced by GeSn growth on the Ge(111) surface [71]. However,

more recent studies have shown that there is an experimentally accessible regime

of strain and Sn content wherein GeSn alloys grown on Ge(111) are expected to

show a direct band gap and improved hole and, to a lesser extent, electron effective

masses compared to GeSn grown on the (100) surface [48, 72]. These theoretical

predictions have been underlined by successes in improving GeSn p-type MOSFET

(metal-oxide-semiconductor field-effect transistor) effective hole mobilities by up to

25% compared to their counterparts grown on Ge(100) [29, 73, 74]. Furthermore,

Ge0.96Sn0.04 p-type TFETs (tunnel field-effect transistors), which benefit strongly

from a direct band gap, grown on Si(111) have been shown to outperform p-type

TFETs on Si(100) [75]. Finally in 2019, a direct band gap in Ge0.81Sn0.19 nanowires
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grown on Ge(111) was demonstrated in conjunction with infra-red light emission

at room temperature [18]. Beyond Sn growth on Ge(111) acting as a first step

for understanding GeSn growth on Ge(111), stanene (graphene-like Sn) grown on

Ge(111) has been predicted to be a 2D topological insulator (also referred to as

quantum spin Hall insulator) at room temperature [15, 16]. Thus, investigating Sn

growth on Ge(111) is of interest not only as a step towards GeSn (multi-quantum-

well) growth, but also as a pathway towards stanene formation.

Current understanding of Sn growth on Ge(111) traces back to the early 1980s.

RHEED (reflection high-energy electron diffraction) studies revealed five surface re-

constructions as a function of Sn coverage:
√

3x
√

3R30◦, 7x7 and 5x5 at sub-bilayer

coverage [76], and 3x2
√

3 and
√

91x
√

3 between 1.0 BL and 1.5 BL Sn coverage [77].

Starting from the clean Ge(111)-c(2x8) surface, the c(2x8) structure is maintained

(reversibly) below 210◦C up to 0.1 BL Sn coverage. Above this coverage or tem-

perature only diffuse “1x1” scattering is observed until 0.3 BL Sn is reached. The
√

3x
√

3R30◦ reconstruction is formed between 170◦C – 325◦C at 0.3 BL – 0.925 BL

Sn coverage, the 7x7 reconstruction is formed between 305◦C – 475◦C and 0.3 BL –

0.775 BL Sn coverage and the 5x5 reconstruction is formed between 295◦C – 430◦C

and 0.475 BL – 0.9 BL Sn coverage. Once the surface has been annealed beyond

475◦C a “1x1” diffuse scattering is observed which reversibly turns into the 5x5

and 7x7 reconstructions within their coverage ranges upon cooling, the
√

3x
√

3R30◦

reconstruction is not retrieved. Between 1.1 BL and 1.4 BL Sn coverage a 3x2
√

3

and
√

91x
√

3 reconstruction appear below 170◦C after cooling from 230◦C to room

temperature. Outside of these coverages and above 170◦C diffuse, “1x1” scattering

is observed at coverages beyond a bilayer.

The
√

3x
√

3R30◦ reconstruction, which is stable down to room temperature if

annealing temperature is kept below 300◦C, has been studied in depth. The Sn

atoms in this reconstruction are found to locate at the T4 position [78] and show

two changes in reconstruction when cooling below room temperature. The first is

a change from
√

3x
√

3R30◦ to 3x3 occurs at ∼ 213 K and has been suggested to

be a density-wave mediated transition, however, the exact nature of the transition

and structure of the 3x3 reconstruction have not been fully clarified [69, 79, 80].

Below 30 K a transition from 3x3 to a new
√

3x
√

3R30◦ reconstruction that is Mott-

insulating has been observed [70]. Interestingly, the comparable systems of Pb on

Ge(111) [81] and Pb on Si(111) [82] display a
√

3x
√

3R30◦ to 3x3 transition upon

cooling from room temperature, while the Sn on Si(111) system [83] does not.

Over the last few years, stanene has garnered interest as a new 2D material due

to predictions of a wide range of interesting properties such as topological supercon-

ductivity, giant magnetoresistance, thermoelectricity and being a two dimensional

topological insulator (also called quantum-spin Hall insulator) [84,85]. In particular,
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stanene grown on Ge(111) has been predicted to be a two dimensional topological

insulator at room temperature [15,16] – an important step for practical applications.

After the first experimental demonstration of stanene growth on Bi2Te3(111) [86],

it has been grown on a number of substrates such as Sb(111) [87], InSb(111) [88],

Ag2Sn/Ag(111) [89]. Most notably, stanene grown on PbTe(111)/Bi2Te3 substrates

has demonstrated superconductivity experimentally [14]. However, two dimensional

topological insulating properties have not been conclusively shown and no stanene

growth has been demonstrated on Ge(111).

2.3 Arsine dosing of germanium

Germanium (Ge) is an emerging platform for hole-based quantum computing ap-

plications [4]. Some of the driving forces behind this have been the compatibility

of Ge with silicon processes, the ability to isotope purify Ge to remove nuclear spin

impurities, a large spin-orbit coupling and very high hole mobilities. Typical realiza-

tions of hole-qubits in Ge are through a planar heterostructures [12], hut wires [90]

or core-shell nanowires [91], with Ge as the quantum dot material. Notably, all of

these configurations are not inherently one-dimensional and thus do not intrinsically

contain a qubit. Instead, qubits are induced by a gate applying a bias at the de-

sired qubit location. Furthermore, many of the advantages Ge has as a platform

for quantum computing are not inherent to holes, in fact, both phosphorus (P) and

arsenic (As) show promise as donors for electron based quantum computing [19].

One approach to electron qubits in Ge is the placement of single n-type dopants

with atomic scale precision. This creates an electron qubit at the location of the

dopant, eliminating the need for a gate to create the qubit. A further advantage of a

dopant qubit is that each dopant qubit is identical, unlike gate induced qubits were

some variability in fabrication is unavoidable. A way to achieve precise dopant place-

ment is STM hydrogen resist lithography. Driven by Kane’s proposal for a quantum

computer [92], this technique has been pioneered for phosphorus (P) doping of sili-

con (Si) using phosphine (PH3) as a precursor gas, with recent successes including

two-qubit gates [22] and single-qubit gates with long decoherence times [93]. The

process by which a P qubit in Si is fabricated in STM hydrogen resist lithography

is as follows [94]: The bare Si(100) surface is terminated with hydrogen such that

the dimerization of the surface3 is maintained and each dangling bond is saturated

by a hydrogen atom. Using STM hydrogen is locally desorbed from the surface at

the atomic scale to define the position of qubits and electronic leads in the device

plane. The surface is then exposed to PH3 which sticks only to the bare, not the

3Si(100) follows the same dimerization process as Ge(100). At room temperature Si dimers

flip-flop so rapidly that only a p(2x1) reconstruction is observed.
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terminated, Si atoms. The PH3 then dissociates on the surface and, under thermal

treatment, incorporates. As a last step the device plane is encapsulated with a few

nanometres of epitaxial Si, and electrical contacts to the device plane fabricated. In

the PH3/Si system, a window of three consecutive bare dimers in a dimer row are

required for P dissociation and incorporation [95, 96]. Thus a single P dopant can

be placed with the precision of six atoms [97].

Germanium(100) has been shown to be compatible with STM hydrogen resist

lithography using PH3 as a precursor for P doping [26]. In particular, the full

fabrication process has been demonstrated for a 5 nm wide nanowire which displayed

ohmic behaviour at cryogenic temperatures [27]. Furthermore, it has been shown

that stacked P δ-layers, i.e. two dimensional P doped layers in Ge, fabricated by PH3

dosing and incorporation can be used to achieve three dimensional doping densities

high enough to turn Ge metallic [98]. Such high doping densities are a technological

requirement in for shallow junctions in Ge-based FETs (field-effect transistors) [99].

These junction doping densities are often achieved by implantation and pulsed laser

annealing for activation [100]. Arsenic (As) is a particularly well studied dopant

in this field, which recently has been demonstrated to be compatible with STM

hydrogen resist lithography in Si using arsine (AsH3) as a precursor [25]. Some

key properties of As compared with P are a I = 3/2 nuclear spin, a large atomic

number (Z = 33) which increases spin-orbit coupling and an ionization energy of

14.18 meV [101].
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Experimental methods

This chapter discusses the experimental methods utilized in this work, from funda-

mental principles to details of experiment preparation. As the main characterization

technique of this work, theoretical fundamentals and experimental requirements of

scanning tunnelling microscopy (STM) are described first. Thereafter, details of the

ultra high vacuum (UHV) system and sample preparation at both UCL and IHP

are given. Finally, complementary characterization techniques used in this work

are described: atomic force microscopy (AFM), secondary ion mass spectrometry

(SIMS), and density functional theory (DFT).

3.1 Scanning tunnelling microscopy

Fundamentally, STM takes advantage of the fact that quantum mechanical tun-

nelling through a vacuum barrier decays exponentially with the separation of the

two electrodes. Therefore, at the heart of every STM there is a conductive sample

and an atomically sharp tip that act as the electrodes for tunnelling. The following

will briefly discuss the theoretical background of the tunnelling phenomenon with

in regards to STM, starting with the simplest case of a one dimensional square

barrier. Moreover, an overview of the experimental requirements for utilizing STM

is given. More in depth discussions can be found in books such as Chen’s “Intro-

duction to Scanning Tuneling Microscopy” [102] and Voigtländer’s “Scanning Probe

Microscopy” [103], which were used as reference works in this section.

3.1.1 Semi-classical treatment of the 1D tunnelling problem

From a quantum mechanical perspective, an electron of mass m in an arbitrary, time

independent potential V (z) can be described by a wave function Ψ(z) that satisfies

the time independent Schrödinger equation(
− ~2

2m

d2

dz2
+ V (z)

)
Ψ(z) = EΨ(z) , (3.1)

where ~ is the reduced Planck constant.
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Figure 3.1: (a) Square potential barrier and an electron wave function Ψright at

energy E travelling towards the right. (b) Arbitrary potential V (z) with a classi-

cally forbidden region between z0 and z1 for an electron energy E.

Even in one dimension this problem is only analytically solvable for a small

number of cases. Among them is the square potential barrier problem that in a

simple, first approximation describes the tip-vacuum-sample system. This case is

shown in Fig. 3.1a where the potential is V0 outside the barrier and Vb at the location

of it. Outside the barrier the solving of the Schrödinger equation gives

Ψout(z) = Ψ0e
±ikz with k =

√
2m

~2
(E − V0) , (3.2)

when the energy E of the electron is greater than V0. The same solution applies

when E > Vb for the barrier region with V0 being replaced by Vb and the amplitude

Ψ0 changing to Ψb. However, of interest here is the classically forbidden region of

V0 < E < Vb. In this case the potential barrier the electron wave function decays

exponentially following

Ψbarrier(z) = Ψbarrier,0e
∓κz , (3.3)

with a decay constant

κ =

√
2m(Vb − E)

~
. (3.4)

Combining the solutions for all three areas of the potential landscape under the

boundary conditions of Ψout,left(z0) = Ψbarrier(z0) and Ψout,right(z1) = Ψbarrier(z1)

describes the entire wave propagating through the barrier. Right travelling waves

such as Ψright in Fig. 3.1a are represented by the upper sign in the exponential of

equations (3.2) and (3.3). The lower sign describes a left travelling wave. The trans-

mission of such a wave though the potential barrier is described by the transmission

coefficient T , which in the case of the square barrier is:

T ≡
∣∣∣∣Ψright(z1)

Ψright(z0)

∣∣∣∣2 square
= exp(−2κ(z1 − z0)) . (3.5)

The exponential decay of the transmission coefficient with barrier width makes tun-

nelling processes very sensitive to changes in the barrier width. In the case of STM

this translates to a high sensitivity to changes in the separation between sample and

tip.
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Figure 3.2: Simplified tip-vacuum-sample system. Tip and sample have the same

Fermi level EF and work function Φ. When a bias voltage V is applied tunnelling

between states at the same energy is possible.

However, the simple square barrier rarely ever reflects the reality of a tunnelling

experiment. A better description of real tunnelling barriers can be found by con-

sidering a more generalized potential V (z) e.g., as in Fig. 3.1b. This semi-classical

tunnelling problem is solved by applying the Wentzel-Kramers-Brilliouin (WKB) ap-

proximation. In this approximation one considers the varying potential V (z) to be

made up of infinitesimal pieces of constant potential [103]. Therefore, the discussion

as above still holds in each infinitesimal section with (3.2) when E > V (z) and the

situation E < V (z) being described by equations (3.3) and (3.4). As a consequence

k and κ are now location dependent as the previously constant potential (V0 or Vb)

is now replaced by the varying potential V (z). The wave function after tunnelling

through the barrier to any position z1 can now be determined from a known wave

function before tunnelling Ψ(z0) by integrating over the accumulated phase shift:

Ψ(z1) = Ψ(z0) exp

[
−
∫ z1

z0

κ(z)dz

]
= Ψ(z0) exp

[
−
√

2m

~

∫ z1

z0

√
V (z)− Edz

]
.

(3.6)

The simplified metal tip-vacuum-sample situation in STM is shown in Fig. 3.2.

Therein, the Fermi levels EF,tip/sample of tip and sample are identical meaning the

work functions Φ = −EF are identical as well. When a small voltage V is applied,

a current can flow from filled states in the sample to empty states in the tip that

lie at identical energies or vice versa. The resulting current I(z1) = TI(z0) is the

product of the transmission coefficient and the tunnelling current at the equilibrium

position z0 of the tip sample system, where no bias is applied and the net force on

the system is zero. Typically, this is the case when the tip is just barely in contact

with one (or a few) atoms [102]. The transmission coefficient is simply the quotient

of the probability densities of the electron before and after the tunnelling process

T
WKB

= exp

[
−2
√

2m

~

∫ z1

z0

√
V (z)− Edz

]
. (3.7)
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Figure 3.3: Bardeen’s perturbation approach to tunnelling: Electrodes t and s

(tip and sample) are initially separate. The static solutions for the 1 dimensional

potential barrier are drawn. In the region of electrode s (t) the wave function ψµ

(χν) is close to zero and the potential Vt(r) (Vs(r)) is zero.

However, it should be noted that at the atomic scale the tunnelling theory dis-

cussed up to this point is not sufficient to fully describe STM results. At the atomic

scale the high resolution of STM can be attributed to a dangling bond at the tip

apex, as first proposed by Baratoff for a tungsten tip [104]. Therefore, an under-

standing of tunnelling is required that can account for the sample and tip electron

states.

3.1.2 First-order perturbation theory of tunnelling

In a fully quantum mechanical picture of tunnelling in STM the electron states both

on tip and sample need to be accounted for. These must be able to evolve into each

other, therefore it becomes a necessity to solve the time-dependent problem. Most

commonly, Bardeen’s first-order perturbation theory is applied to tunnelling in an

STM. It was developed to understand the quantitative interpretation of the energy

spectrum of superconductors in metal-insulator-metal experiments [105].

Bardeen’s tunnelling theory

Bardeen’s approach to a fully quantum mechanical picture of tunnelling is to consider

sample plus vacuum barrier and tip plus vacuum barrier as separate systems. In

more general terms these are two electrodes t and s (STM tip and sample) separated

by some barrier as depicted for the one dimensional case in Fig. 3.3. For both cases

the time-dependent Schrödinger equation in three dimensions is solved,

i~
∂Ψ

∂t
=

[
− ~2

2m
4+V (r, t)

]
︸ ︷︷ ︸

Hamiltonian Ĥ

Ψ . (3.8)

As both potentials Vt(r) and Vs(r) are time independent, the Hamiltonian for elec-

trode t is Ĥt = − ~2
2m
4+Vt(r). The resulting stationary states for electrode t are

Ψt,µ = ψµe
−Et,µt/~ , (3.9)
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with ψµ being the solutions of the steady state Schrödinger equation (3.1) and

Et,µ the corresponding energy eigenvalues. The solutions Ψs,ν for electrode s are

constructed analogously with steady state Schrödinger equation solutions χν and

energy eigenvalues Es,ν .

Equipped with the independent solutions, the full system where V (r, t) = Vt(r)+

Vs(r) is considered. In this case the Hamiltonian Ĥ = Ĥt + Vs with the potential Vs

causing a small perturbation of the Hamiltonian for the electrode t. Furthermore,

Bardeen requires the wave functions ψµ and χν to be approximately orthogonal,

meaning the steady states of electrode t do not penetrate strongly into electrode

s and vice versa [105]. This allows the application of Fermi’s Golden Rule to the

problem giving a transition rate of electrons per time of

wt,µ→s,ν =
2π

~
|Mν,µ|2 δ(Es,ν − Et,µ) (3.10)

with the matrix element

Mν,µ =
~2

2m

∫
St/s

[
ψµ(r)5 χ∗ν(r)− χν(r)5 ψ∗µ(r)

]
· dS . (3.11)

The surface integral in 3D is evaluated at the separation surface where electrodes t

and s meet e.g., in Fig. 3.3 at z = z0.

At this point two things should be noted: First, (3.10) invokes the Dirac dis-

tribution. Therefore, the tunnelling process is elastic as Et,µ = Es,ν must hold.

Inelastic tunnelling will not be discussed in this work as it only is measurable at

liquid Helium temperatures [102]. Second, the matrix element is symmetric in tip

and sample except for the sign which does not impact the absolute value. This is

confirms the intuitive expectation that it should make no difference whether the tip

Hamiltonian was perturbed by the sample potential or vice versa.

On the basis of Fermi’s Golden Rule (3.10) the tunnelling current between tip

and sample can now be determined. First, the matrix element is rewritten as energy

dependent Mν,µ = M(Es,ν , Et,µ) since each state is associated with a specific energy.

Then, utilizing the identity of the delta function
∫∞
−∞ g(x)δ(x − E)dx = g(E) and

summing over all relevant states, the transition rate from tip to sample wt→s is

determined. The tunnelling current is the product of that transition rate with the

electron charge e and a factor of two to account for the two possible spin states. If

the thermal energy kBT is smaller than the required energy resolution tunnelling

current is

I =
4πe

~

∫ EF,t=EF,s+eV

EF,s

ρt(ε)ρs(ε) |M(ε)|2 dε , (3.12)

with the tip and sample Fermi energies EF,t/s as defined in Fig. 3.4. Often the

sample Fermi level is set as 0 eV since this is the bias it is measured at by STM.

Furthermore, at elevated temperatures the electrons in tip and sample follow the
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Fermi energy distribution fFermi(E) and not a step function as implicitly assumed

above. Therefore, in this case the integrand of equation (3.12) needs multiplied by

the window function fFermi(ε− eV )− fFermi(ε) while the integration boundaries are

extended from −∞ to ∞. In the low temperature limit this reproduces (3.12) with

the sample Fermi energy set as EF,s = 0 eV. The interpretation of this result is

discussed in the next section.

Interpretation and limits of Bardeen’s tunnelling theory

Bardeen did not develop his tunnelling theory for STM in particular as his theory

is dated before the experimental realization of STM. Tersoff and Hamann sought to

rectify this by calculating the matrix element for the simplest case of an s-type wave

function at the apex of the tip [106, 107]. Within the limit of low temperatures as

in (3.12) and for small bias voltages of ∼ 10 meV they then find that the tunnelling

current

I ∝
∑
ν

|χν(rt)|2 δ(Es,ν − EF,s) ≡ LDOSsample(rt) . (3.13)

This means that in a first approximation the tunnelling current is proportional to the

local density of states of the sample at the centre of the tip s-wave rt. In this model

Tersoff and Hamann determine STM resolution to ∼ 5 Å. This is not sufficient to

explain the great resolution achieved on the Si(111) where atom spacing is at the

limit of this resolution. Depending on tip and sample material, a number of models

for the atomic configuration and corresponding tip states at the apex of the tip have

been proposed to explain the high resolution achieved [102]. For example, if a d-state

protrudes from the apex of a tungsten tip a higher resolution can be achieved than

predicted by Tersoff and Hamann due to the higher curvature of the d-state near the

sample compared to the s-state. In another model, a Si cluster picked up from the

scanned surface may have a protruding sp3 dangling bond at its apex, which also

provides a higher curvature near the sample than the s-state and therefore higher

resolution. Moreover, equation 3.13 only holds for small bias voltages ∼ 10 meV

whereas most semiconductors have bandgaps in the range of eV . Therefore, most

semiconductors are scanned at biases in the eV range. Nonetheless, Tersoff and

Hamann’s model provides insight in to some of the fundamental concepts of STM.

At large scanning biases the energy dependence of the matrix element needs

to be considered. Furthermore, at this point the impact of tip-sample distance d

and differing tip and sample work functions Φ have not been accounted for. A one

dimensional case where these things are considered is shown in Fig. 3.4. Therein, the

vacuum barrier between tip and sample is approximately triangular for two reasons:

The differing work functions of tip and sample and the applied voltage. In a very

basic approximation the work function is now averaged to (Φs + Φt)/2. Moreover,
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Figure 3.4: Tunnelling barrier including the effects of the differing tip and sample

work functions Ψt and Ψs as well as the effect of the applied potential V . In a

square barrier approximation the barrier is averaged to (Φs + Φt)/2 + eV/2.

the additional average barrier seen due to the applied voltage is eV/2. In total

this corresponds to a square barrier approximation as in section 3.1.1 with a barrier

height of (Φs + Φt)/2 + eV/2. Consider Bardeen’s tunnelling theory in this case of a

one dimensional square potential. In the barrier the tip and sample wave functions

correspond to equations (3.3) and (3.4). Furthermore, the matrix element (3.11)

can be rewritten as energy dependent, in the same way it is for deriving equation

(3.12), and evaluated for this potential giving a transmission coefficient of

T (ε, V, d)
1D≡ |M(ε, V, d)|2

square

∝ exp

[
−2d

~

√
2m

(
Φs + Φt

2
+
eV

2
− ε
)]

. (3.14)

The term −ε arises from the energy at which a specific tunnelling process occurs

and is the integration constant needed to determine the current in (3.12). Several

conclusions can be drawn from (3.14): First, the inverse exponential dependence

of the tunnelling current on tip-sample-distance is the same as in the semi-classical

approach. This relation can be used to determine the energy independent decay

constant of the current. Second, the tip states near the tip Fermi level see a smaller

barrier at positive bias. Therefore, they contribute more strongly to the tunnelling

current allowing the tip density of states to be roughly approximated as ρt(EF,t).

Thus, from equation (3.12)

dI

dV
∝ ρs(EF,s + eV ) , (3.15)

meaning the bias dependent sample density of states ρs(EF,s+eV ) can be extracted.

Furthermore, for negative bias the opposite is the case, with the sample imaging the

tip density of states. If the scanning bias is kept constant, this is not an issue as the

tip density of states then remains constant. However, if one is interested in scanning

tunnelling spectroscopy careful tip preparation is required to ensure the tip density
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of states is constant in the spectroscopy bias range. Therefore, tip preparation is

one of the most important aspects of STM [102].

3.1.3 Experimental requirements

So far only the tip-vacuum-sample system has been discussed. However, in order to

enable the measurement of the small tunnelling currents (∼pA, at most ∼nA) and

scan the tip across the sample surface, a more involved set-up is needed.

To measure the tunnelling current, the electronics of an STM set-up amplify the

tunnelling current and filter out noise. However, this does not deal with vibrational

noise. Hence, isolating the STM from external noise sources is an integral part of any

STM set-up. Vibration isolation for research grade STMs is achieved in two steps: 1.

the entire vacuum chamber containing the STM is vibration isolated. In the case of

Binnig, Rohrer, Gerber and Weibel’s original STM this was achieved by placing the

STM chamber on a stone bench floating on inflated rubber tubes [108]. 2. Within

the vacuum chamber the STM is made as rigid as possible and further isolated.

Binnig et al. achieved this by static magnetic levitation of the stage [108]. The STM

stage of the Omicron LT STM used at UCL is suspended by three springs with a

resonance frequency of 2 Hz. The STM stage has a much higher natural frequency

than the springs, reducing vibration transfer from the springs to the STM stage.

Vibrations of the springs are reduced by a eddy current damping mechanism, thus

further suppressing vibration transfer. The SPECS SPM 150 Aarhus HT used at IHP

operates on the same principles. The primary difference is that four Viton bands,

instead of eddy current damping, dampen the vibrations of the three suspension

springs.

Within the isolated STM set-up all three tip coordinates are controlled by a

piezo scanner. In Binning et al.’s set-up one piezo controlled each axis (cf. fig. 3.5),

whereas more modern systems use a tube scanner. A tube scanner consists of a

hollow tube coated with a piezoelectric on the inner and outer walls and controls all

three scanning dimensions. First consider movement along the z-axis. The desired

tunnelling bias, typically in the range of ±10 mV to ± a few V, and tunnelling

current, ranging from pA to nA, are set by the user. The tunnelling bias is applied

to the tip, and the tip height is adjusted until the set tunnelling current is reached.

This is achieved via feed-back loop between measured tip current and the voltage

applied to control the z-movement of the tube scanner. When the current is higher

than the set reference current the tip retracts from the surface, whereas when it is

lower it approaches. This is repeated until the correct height for the desired current

is determined. It should be noted, that while the tunnelling bias is applied to the

tip, it is convention to consider the tip virtually grounded. Therefore, all equations
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Figure 3.5: Binnig et al.’s original sketch of the STM scanning set-up. A tun-

nelling bias VT is applied to the tip whose position is controlled by a piezo for

each axis. The control unit (CU) contains feed-back loop and user interface.

Reprinted figure with permission from G. Binning, H. Rohrer, Ch. Gerber, E.

Weibel, Physical Review Letters, 49 (1), 57 – 60, 1982. Copyright (1982) by the

American Physical Society. https://doi.org/10.1103/PhysRevLett.49.57

discussed in sections 3.1.1 and 3.1.2 consider the bias to be applied to the sample.

Instrument software follows this convention, therefore, setting a positive bias in the

software corresponds to a positive sample bias, meaning that an empty electronic

states image of the sample is recorded. A negative bias corresponds to imaging the

filled electronic states of the sample.

X- and y-movement of the tube scanner enable raster scanning of the sample

surface. By recording the height at which the tunnelling current is achieved an image

of the surface is generated. A change in measured height can have two causes: 1.

the local density of states (LDOS) of the sample is constant over the scanned region.

Then a change in height corresponds to the height of a feature on the surface e.g., the

step A in fig. 3.5. 2. The sample has remained at constant height but the LDOS

has changed, as is the case for the higher LDOS location C causing the increase

in height B. It is common for a measured change in height to be the result of a

convolution of these two causes.

The scanning mode discussed above, is referred to as constant current mode.

The z-resolution is typically in the range of picometres and the x-y resolution in

the range of nanometres. When the surface is sufficiently flat it is possible to scan

in constant height mode. As the name implies, the height is kept constant while

the current at every position is recorded. On a completely flat surface both of

these topography modes reflect the LDOS at the energy determined by the scanning

voltage. Therefore, scanning the same feature at strongly differing voltages such as

positive bias (LDOS above the sample Fermi-level) and negative bias (LDOS below

the Fermi-level) can provide additional insight into the electronic properties of the
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sample. A common way to ensure that the exact same area is scanned for both

biases is dual bias mode. When the tip rasters from right-to-left the first bias is

applied then, when the tip rasters from left-to-right before moving (up-)downward,

the second bias is applied. This is repeated for every line of the scan.

In order to prevent contamination on the surface from obscuring the sample

properties a sample needs to be clean, and remain so, for the duration of a mea-

surement. This makes operating in ultra-high vacuum (UHV) a requirement for

most surfaces. To that end, STM chambers are linked to preparation chambers, in

order to prepare samples and then analyse them without breaking UHV. The exact

preparation details depend on the surface under investigation and the specific UHV

system. The preparation process used in this work is described in section 3.3.

3.2 Ultra-high vacuum set-ups and tip preparation

An ultra-high vacuum (UHV) environment and an atomically sharp tip are necessi-

ties for atomic scale resolution STM. Under atmospheric conditions small amounts

of water adsorb on any clean sample and many materials, germanium in particular,

oxidise. Therefore, both STM set-ups used in this work are in UHV systems with

additional chambers dedicated to sample preparation and further in-situ characteri-

zation. The UHV set-up and tip preparation process at IHP and UCL are presented

in this section.

3.2.1 Set-up at IHP

Experiments at IHP were carried out at the surface science cluster, Fig. 3.6. This

UHV system has several chambers with various preparation stages and analysis

techniques. The chambers relevant to this work are the load lock, the preparation

chambers Prep 1 and 2 and the STM (circled in yellow). Beyond these chambers

there is a chemical vapour deposition (CVD) chamber for graphene growth and an

angular resolved photo-emission spectrometer (ARPES) chamber.1

Samples are loaded into the system via the fast entry load lock. From there

they are transferred into Prep 1 for substrate cleaning. Typical base pressures

in Prep 1 are ∼ 1 · 10−10 mbar. Three preparation techniques are available here:

electron beam (e-beam) heating, direct current heating and sputtering. For e-beam

heating the sample is heated from behind by an electron beam directed at the sample

plate. This heats up the plate and subsequently the sample on it, a thermocouple

provides an estimate of the sample temperature. Direct current heating exploits

1While it is not utilized in this work, there is a low energy electron diffractometer (LEED)

installed in Prep 2.
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Figure 3.6: UHV set-up at IHP. Samples are introduced into the system via the

load lock. From there they are moved to Prep 1 where the sputter gun is located.

Connected to Prep 1 is Prep 2 which is were germanium and tin are grown. The

only analysis chamber used in this work is the STM chamber, which connects to

Prep 2.

Joule heating to heat the sample directly by applying a current through the sample.

This does not heat the environment as much as e-beam heating and allows for

more precise temperature control. When direct current heating, temperatures are

measured by a pyrometer. This uses black-body radiation of the sample to determine

the temperature. Therefore, in the case of germanium temperatures below 100◦C or

500◦C cannot be measured depending on the pyrometer used. The final technique in

this chamber is sputtering with argon. Therein, the sample is bombarded with high

energy argon ions from a SPECS Ion Source IQE 11/35, which knock atoms out

of the surface, thus etching the surface away. As this process damages the surface,

samples are re-crystallized by annealing them after sputtering, which also drives out

any implanted argon.

Beyond Prep 1 is the second preparation chamber Prep 2, whose base pressure is

in the low 10−10 mbar range typically not exceeding 5 · 10−10 mbar. In this chamber

germanium and tin can be evaporated onto a sample. The germanium evaporator,

a CREATEC SFC, operates by Knudsen effusion. Therein, a filament is wrapped

around a pyrolytic boron nitride (PBN) crucible, heating the crucible and thereby

the solid germanium placed within the crucible. The germanium first melts and then

evaporates to form a uniform beam of atoms directed at the sample. The tin evap-

orator is a Scienta-Omicron EFM 3, which operates by electron beam evaporation
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as follows: Solid tin is placed in a PBN crucible. The tin is then heated by electron

beam until it first melts and then evaporates. The gaseous tin exits the evaporator

in a uniform beam directed at the sample. Both germanium and tin arrive at the

sample primarily as individual atoms, with only some larger clusters (∼20% of the

beam for germanium and <1% for tin) [109]. During deposition the sample can

be heated by electron beam heating or direct current heating. Furthermore, the

sample stage can be cooled with liquid nitrogen. This allows a wide range of sample

temperatures during deposition.

Connected to Prep 2 is the STM chamber with a base pressure of ∼ 1·10−10 mbar.

The STM on this system is a SPECS SPM 150 Aarhus HT operated at room tem-

perature and equipped with a Kolibrisensor which allows multiple scanning probe

microscopy (SPM) modes. In this work it is only used in scanning tunnelling mi-

croscopy mode. Furthermore, the STM chamber is equipped with a heating stage

separate from the STM (both direct current and e-beam heating) and a sputter gun

for tip sputtering.

Tip preparation: There are two stages of preparing new tips for the Aarhus STM.

Completely new electrochemically DC etched tungsten tips are bought from SPECS

and installed in the STM by venting the STM chamber. As this is an involved

process, that requires baking the system, tips may also be sputtered. This removes

a few nanometres of the apex of the tip generating a new tip for purposes of STM

measurements. Therefore, sputtering is the preferred method of preparing a tip and

only if sputtering fails repeatedly a new tip is installed in the system.

3.2.2 Set-up at UCL

Experiments at UCL were carried out on the low temperature (LT) STM system,

Fig. 3.7. This system consists of an STM chamber and a preparation chamber con-

nected to a load lock. There are various instruments for sample and tip preparation

connected to these two chambers and only those relevant to this work are described

here. Furthermore, any technique also used at IHP will not be explained again here.

Samples are transferred from the load lock to the preparation chamber. The

base pressure in this chamber is typically in the low 10−11 mbar range. A wide range

of preparation methods are available in this chamber. The sample can be heated

by direct current heating and resistive heating. In the latter case the entire sample

stage is Joule heated and the temperature monitored by a thermocouple. During

direct heating the sample temperature is measured by a pyrometer with the lowest

measurable value being 300◦C. For cleaning purposes a Scienta-Omicron ISE 10

argon sputter gun is installed. Furthermore, there are two ports with evaporators.
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Figure 3.7: UHV set-up at UCL. Samples are transferred into the system from the

load lock to the preparation chamber, where they can be sputtered and germa-

nium or tin grown. From there they are transferred to the STM chamber with the

LT-STM and set-ups for AsH3 dosing and tip preparation.

One permanently has a germanium MBE Komponenten WEZ effusion cell installed

which operates by Knudsen effusion. The other port allows changing of evaporators

without venting the system and can be equipped with a Scienta-Omicron EFM 3

e-beam evaporator for Sn deposition. This set-up allows for sample preparation very

similar to that at IHP.

Beyond the preparation chamber is the STM chamber where the Omicron LT-

STM is located. While the STM was always operated at room temperature in this

work it is possible to cool the STM with liquid nitrogen or liquid helium for mea-

surements at cryogenic temperatures. To facilitate low temperature measurements

the chamber is kept at base pressures ∼ 1 · 10−11 mbar at all times. This is due

to low temperatures increasing the chance of contamination sticking to the sample

and therefore requiring a cleaner STM chamber to prevent the sample from slowly

being contaminated during measurement. In addition to the STM, there are two

other pieces of equipment relevant to this work installed in this chamber: a set-up

to dose samples with arsine and a tip preparation tool. As arsine is highly toxic no

more than 1.0 cc at 650 mbar are kept in the lab at any given time. It is installed on

the system through a custom set-up designed to minimize the chance of leakage into

the lab. The active volume used for dosing the surface with arsine is located in a

1/8” T-piece. The T-piece is isolated from the 1.0 cc storage volume by two in-line

valves and from the system’s gas pumping lines by two (different) in-line valves. It

is connected to the STM chamber by a leak valve which allows fine control of the
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dose pressure, i.e. the pressure of the arsine leaked into the STM chamber which is

equivalent to the STM chamber pressure during dosing. The tip preparation tool is

used to field-emit tips and electron bombard tips in order to sharpen them before

they are installed in the STM, as discussed below.

Tip preparation: The Omicron LT-STM allows the installation of new STM tips

without disrupting system operation. The initial ex-situ procedure for fabricating

requires a piece of tungsten wire to be electrochemically etched by the drop-off

method. Therein, 3 M KOH is utilized to etch a sharp tip at the etchant-air interface

[102]. The tip is then loaded into the STM system, where it is degassed over night

at ∼ 200◦C by resistive heating. Once degassed, the tip is loaded into the tip

preparation tool where it is alternatingly electron bombarded and field-emitted to

shape the tip to an atomic point in a well defined and reproducible manner. When

the field-emission curves are smooth and reproducible the tip preparation is complete

and it is loaded into the STM for scanning.

3.3 Sample preparation

The preparation of samples for this work is a two part process: cleaning the germa-

nium substrate and preparing the material system under investigation. The exact

details of these processes vary depending on the germanium surface under investiga-

tion and the experimental set-up used. This section will first discuss the germanium

cleaning process(es), then detail the further preparation of samples with tin growth,

arsine dosing, and arsenic δ-layer formation.

3.3.1 Cleaning germanium

There are various methods to prepare a clean germanium (Ge) surface, as discussed

in detail by Ponath, Posadas and Demkov [110]. Here, I use a sputter cleaning

procedure for all samples. The general outline of the cleaning procedure (for all

samples) is as follows:

Each cleaning process begins by placing the sample in an IPA bath for a few

minutes then transferring it to UHV. In UHV the sample is degassed by e-beam

(IHP) or resistive (UCL) heating. This can be followed by additional direct current

annealing. Thereafter, the sample is alternately argon (Ar) sputtered and annealed

by direct current heating for 4 – 8 cycles. For each cycle, samples are sputtered

between 15 min and 30 min either under a perpendicular angle of incidence (0◦) or

±12◦ off from the perpendicular. Argon pressure ranges from 1.0 · 10−6 mbar to

5.0 · 10−5 mbar are used at IHP, while at UCL the argon pressure is 2.0 · 10−6 mbar.

The emission current for sputtering is always set to 10 mA with an accelerating

47



Chapter 3. Experimental methods

voltage between 200 V – 1200 V. After sputtering, and once chamber pressures have

dropped below 1 ·10−9 mbar at IHP or 5 ·10−10 mbar at UCL, the sample is annealed

at a temperature ranging from 600◦C to 800◦C by direct current heating. It is then

cooled under temperature control until the lower limit of the pyrometer is reached.

After annealing, the thermocouple temperature is allowed to cool below 100◦C before

the next sputter cycle is started. Often, before scanning a sputtered surface, the

sample is flash annealed. An optimized cleaning procedure for each sample series is

shown in table 3.1.

Table 3.1: Germanium cleaning processes.

Ge(100) at IHP Ge(111) at IHP Ge(100) at UCL

Pre-UHV IPA bath IPA bath IPA bath in an

ultrasonic bath

Degas E-beam heating

at ∼ 200◦C until

P< 1 · 10−9 mbar

E-beam heating

at ∼ 350◦C until

P< 1 · 10−9 mbar

Resistive heating

over night at ∼
200◦C

Direct current

heating at 800◦C

for 1 h, cool at

25◦C/min

Direct cur-

rent heating at

760◦C or 4.9 A

(whichever is

reached first)

for 1 h, cool at

50◦C/min

Sputtering Cycle 1: Cycle 1 – 4: Cycle 1:

Ar: 1 · 10−5 mbar,

1200 V, 10 mA,

0◦, 30 min

Ar: 2.3·10−6 mbar,

800 V, 10 mA,

−12◦, 15 min

Ar: 2 · 10−6 mbar,

1200 V, 10 mA,

−12◦, 30min

Anneal: 800◦C,

30 min, cool at

50◦C/min

Anneal: 600◦C,

1 min, cool quickly

Anneal: 700◦C,

30 min, cool at

50◦C/min

Cycle 2 – 4: Cycle 5: Cycle 2:

Ar: 1 · 10−5 mbar,

1000 V, 10 mA,

0◦, 30 min

Ar: 2.3·10−6 mbar,

200 V, 10 mA,

−12◦, 15 min

Ar: 2 · 10−6 mbar,

1200 V, 10 mA,

+12◦, 30min

Anneal: 800◦C,

30 min, cool at

50◦C/min

Anneal: 600◦C,

1 min, cool quickly

Anneal: 700◦C,

30 min, cool at

50◦C/min

Cycle 5: Cycle 6: Cycle 3:
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Table 3.1: Germanium cleaning processes (continued).

Ge(100) at IHP Ge(111) at IHP Ge(100) at UCL

Ar: 1 · 10−5 mbar,

800 V, 10 mA, 0◦,

30 min

Ar: 2.3·10−6 mbar,

200 V, 10 mA,

−12◦, 15 min

Ar: 2 · 10−6 mbar,

1000 V, 10 mA,

−12◦, 30min

Anneal: 800◦C,

30 min, cool at

50◦C/min

Anneal: 760◦C,

2 min, cool quickly

Anneal: 700◦C,

30 min, cool at

50◦C/min

Cycle 6: Cycle 4:

Ar: 1 · 10−5 mbar,

800 V, 10 mA, 0◦,

30 min

Ar: 2 · 10−6 mbar,

1000 V, 10 mA,

+12◦, 30min

Anneal: 800◦C,

30 min, cool at

25◦C/min

Anneal: 700◦C,

30 min, cool at

50◦C/min

Flash From room

temperature

four 5 min

flashes to 800◦C

each cooled at

25◦C/min

From 600◦C

three 30 s flashes

to 760◦C, cool

from 600◦C at

25◦C/min

If the sample is not sufficiently contamination free after the optimized cleaning

procedure, it can be sputtered for more cycles where the sputter parameters are

changed within the ranges given above. Furthermore, to bury contaminants a ger-

manium cap can be grown. This was only done once, at IHP, with the following

parameters: 1050◦C germanium cell temperature, 500◦C substrate temperature set

by direct current heating, and a growth time of 1 h.

The cleanliness of the sample was verified by STM, examples of which are shown

for each surface in Fig. 3.8. For each surface it was ensured that areas of at least

50x50 nm2 with low defect density and no major surface contamination were easily

found. Furthermore, it should be noted that Ge(100) samples that had already

been deposited with tin or arsine can be re-cleaned. The procedure to re-clean the

Ge(100) surface after growing sub-monolayer tin is: Annealing at 800◦C for 1 h and

cooling rapidly, then annealing 5 min at 800◦C and cooling at a rate of 25◦C/min.

After dosing the Ge(100) surface with arsine it can be cleaned by a flash anneal with

a base temperature of 600◦C and three 30 s flashes to 800◦C and a cooling rate form

600◦C of 25◦C/min. This is then followed by two sputter cycles at high acceleration
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Figure 3.8: Germanium surface after cleaning. (a) Ge(100) cleaned at IHP. (b)

Ge(111) cleaned at IHP. (c) Ge(100) cleaned at UCL.

voltages (1.2 kV or 1.0 kV) with 30 min annealing periods at 700◦C. As a last step, a

flash anneal is performed again (using the same procedure as before sputtering) with

flash temperatures of 760◦C. Before continuing, the surface cleanliness is verified by

STM.

3.3.2 Preparing the material system

Once a clean germanium (Ge) substrate is achieved the next step is to prepare the

material system. In a first instance tin (Sn) is deposited or arsine (AsH3) is dosed.

Thereafter, the sample can be annealed and a germanium cap grown. For each

experimental series the material system was prepared as described in the following.

Sn on Ge(100): Experiments in this series are performed at IHP. Sn is deposited

via e-beam evaporation onto the room temperature Ge(100) surface at a rate of

0.002 ML/s (ML = monolayer). In order to achieve this, the e-beam evaporator is

held at a constant flux of 10 nA with an acceleration voltage of 800 V. The deposition

time is then varied to achieve Sn coverages ranging from 0.01 ML to 1.24 ML. These

coverages are determined from STM images by height thresholding the ad-features

against the substrate and determining the percentage of area above the threshold.

Thus, the coverages listed are area coverages of the Sn on the germanium surface

(not atomic percentages of the surface covered). In further experiments samples were

annealed by direct current heating at a range of temperatures from 290◦C to 650◦C.

Temperatures were increased step by step from lower to higher temperatures with

the samples being characterized by STM once cooled to room temperature after

every annealing step and then annealed again (if desired). Temperatures below

the pyrometer limit (500◦C) were calibrated by fitting the exponential dependence

of semiconductor resistance (determined from the direct current parameters) on

temperature.
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A number of different subtrate wafers are used for these experiments. Analysis

of surface features (chapter 4.1) is performed using n-type antimony (Sb) doped

Ge(100) wafers with a resistivity of 35 Ωcm (doping level: < 1 ·1014 cm−3 [111]). The

same substrate wafer is used for the Sn coverage experiments of chapter 4.2, with the

exception of 0.53 ML Sn coverage where a Sb doped Ge(100) wafers with a resistivity

of 1 − 10 Ωcm (doping level: 1.5 · 1014 cm−3 − 1.5 · 1015 cm−3 [111]) is used. The

annealing experiments at 0.53 ML Sn coverage (chapter 4.3) use Sb doped Ge(100)

wafers with a resistivity 1 − 10 Ωcm (doping level: 1.5 · 1014 cm−3 − 1.5 · 1015 cm−3

[111]). The additional coverage experiments of chapter 4.4.1 use a Sb doped Ge(100)

wafer with a resistivity 35 Ωcm (doping level: < 1 · 1014 cm−3 [111]) for 1.24 ML

coverage data and a indium (In) doped Ge(100) wafer with a resistivity of 1−10 Ωcm

(doping level: 3 ·1014 cm−3−4 ·1015 cm−3 [111]) for the 2.35 ML coverage data. Final

experiments where 1.24 ML Sn coverage samples are annealed (chapter 4.4.2) are

performed on Sb doped Ge(100) wafers with a resistivity of 35 Ωcm (doping level:

< 1 · 1014 cm−3 [111]).

Sn on Ge(111): Samples for experiments in this series were prepared and char-

acterized at IHP. Undoped Ge(111) wafers are used as substrate. Sn deposition,

annealing procedures and coverage determination are achieved by the same means

as above. Sn is grown at room temperature and low temperature (∼ 200 K) on

Ge(111) surfaces at a rate of 0.001 BL/s (BL = bilayer). Coverages ranging from

0.09 BL to 1.26 BL are investigated and an annealing temperature range from 300◦C

to 600◦C studied. No temperature calibration is required as a pyrometer with a lower

limit of 100◦C is used. All STM measurements are performed at room temperature.

AsH3 on Ge(100): Investigations into AsH3 physics and chemistry on Ge(100)

are carried out at UCL. Substrate Ge(100) wafers for these experiments are antimony

(Sb) doped, with a resistivity of 1 − 10 Ωcm (doping level: 1.5 · 1014 cm−3 − 1.5 ·
1015 cm−3 [111]). AsH3 is dosed onto the clean Ge(100) surface while the sample

is in the STM with the tip fully retracted. The leak-valve allows precise control

of the dose pressure, which together with the dose time determines the exposure

(exposure = pressure x time). Two types of samples are fabricated: Low doses

where individual AsH3 features are well isolated in order to investigate the AsH3

dissociation process and saturation doses as a step towards δ-layer formation. Both

types of samples are annealed by direct current heating in a range 140◦C to 770◦C

starting with the lowest temperature in a series and then annealing the sample step

wise to higher temperatures. Calibration of temperatures is achieved by the same

fitting process as at IHP.

In order to fabricate arsenic (As) δ-layer samples, clean Ge(100) is saturation
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dosed with AsH3 which is then annealed to 370◦C for 2 min in order to fully dissociate

AsH3 and incorporate the As in the surface2. Thereafter, the sample is overgrown

with germanium at a rate of 0.0055 ML/s which corresponds to a source temperature

of 1050◦C. The substrate temperature is varied throughout the experiments. All

STM images of the AsH3/Ge(100) system are obtained when the samples are at

room temperature.

3.4 Further characterization techniques

Beyond scanning tunnelling microscopy, two other experimental and one theoretical

characterization technique were used in this work: atomic force microscopy (AFM),

secondary ion mass spectrometry (SIMS) and density functional theory (DFT) cal-

culations. AFM and SIMS are used to characterize arsenic (As) δ-layers outside

the ultra high vacuum (UHV) system, while DFT is utilized to simulate tin (Sn)

features and arsine (AsH3) dissociation stages on the germanium(100) (Ge(100)) sur-

face. The experimental techniques and calculations briefly described in the following

were performed by Taylor Stock (AFM), Procopios Constantinou, Sarah Fearn (both

SIMS), Emilio Scalise (DFT for Sn features) and Steven Schofield (DFT for AsH3

dissociation).

3.4.1 Atomic force microscopy

In atomic force microscopy (AFM) the atomic forces exerted on a tip scanning the

surface of a sample are measured. At larger distances Van-der-Waals forces exert

an attractive force on the tip. When the tip-sample distance is in the regime of

chemical bonding forces these exert either an attractive or a repulsive force. As the

tip gets closer to the sample electrostatic and Pauli repulsion dominate. An AFM

can be operated both in the attractive and repulsive force regime.

In order to measure these forces, the tip is attached to the end of a cantilever.

Changing the force exerted on the tip deforms the cantilever, bending it upward

or downward which is measured by a laser. In the PeakForce tapping mode mea-

surements used in this work, the tip oscillates at an off-resonance frequency [112].

The atomic forces act as a modulating spring force on this oscillation, changing the

oscillation amplitude. This change in oscillation amplitude is then measured and

input into the feed-back loop that controls tip height. Thus as the tip scans the

surface a map of the surface morphology is recorded. A detailed discussion of AFM

can be found in textbooks such as Voigtländer’s “Scanning Probe Microscopy” [103].

2The parameters of the incorporation anneal are determined from the STM investigations of

the material system – cf. chapter 6.

52



Chapter 3. Experimental methods

Here, Bruker Dimension Icon AFM is used under atmospheric conditions to image

the surface the Ge overgrowth of As δ-layers at a larger scale than is possible in with

our UHV STM.

3.4.2 Secondary ion mass spectrometry

Secondary ion mass spectrometry (SIMS) is a technique by which the chemical com-

position of a surface can be determined. An analysing ion-beam knocks secondary

ions out of the sample surface, whose mass-to-charge ratio is measured by mass spec-

trometer therefore giving the chemical composition. In time-of-flight (ToF) SIMS,

used in this work, the mass spectrometer accelerates the secondary ions with an

electric field giving them all the same kinetic energy. Once outside the electric field,

the secondary ions drift through a tube to the detector with ions of higher mass

being slower than those of lower mass, giving a time-of-flight mass spectrum.

The analysing beam typically does not notably sputter the surface. Therefore,

in order to obtain a depth profile of the chemical composition a second sputtering

ion-beam is used to remove a few layers of the surface (approximately 1 - 10 ML/s)

at the location of interest. The freshly exposed surface is then analysed by the

analysing ion-beam and the process repeated until the desired depth is reached.

In order to obtain quantitative data from SIMS the depth of the sputter crater

needs to be measured to calibrate the depth. This is done using a Dektak pro-

filometer or optical interferometer that enables nanometre-resolution measurements

of the sputtered crater depths. Furthermore, samples of known chemical composi-

tion for each type of sample are needed to give quantitative chemical compositions

of unknown samples of similar composition, as the chemical environment affects the

amount of secondary ions generated. However, qualitative information can be ob-

tained even without calibration. More details on SIMS can be found e.g., in Fearn’s

“An Introduction to Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS)

and its Application to Materials Science” [113].

In this work, an IONTOF ToF-SIMS was used. Arsenic δ-layers in Ge were

sputtered with a 500 eV, 35 nA Cs+ ion-beam and analysed with a 25 keV, 1 pA Bi+

ion-beam. Depth profiles were made with a 450x450µm2 sputter crater and the

region where the chemical composition was analysed was confined to the central

100x100µm2 of the sputter region. While the sputter depth was calibrated, no

calibration samples with known As content in Ge were available.

3.4.3 Density functional theory

Density functional theory (DFT) is an electronic structure calculation method in

widespread use. Fundamentally, in DFT observable quantities of a system such as
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the energy are written as a function of the electron density. By (often numerically)

determining the electron density of a system these observables can be calculated. In

a practical context, DFT is often mixed with other approaches to electronic structure

calculations. It is beyond the scope of this work to derive the DFT approach from

first principles, which can be found in DFT textbooks. A brief introduction to DFT

using the helium atom as an example can be found in reference [114].

Here, DFT is utilized to calculate the structure and energy of features observed

in STM. In order to characterize Sn ad-features on Ge(100) DFT calculations are

performed by exploiting PBE exchange correlation potentials [115] and projector

augmented plane-wave bias sets with a 60 Ry kinetic energy cut-off, as implemented

in the Quantum Espresso package [116]. From there, the Tersoff-Hamann approxi-

mation (cf. section 3.1.2) is used to produce simulated STM images at 0 K. The

values of the isosurface for the STM-image in constant current mode is set to

0.5 · 10−7 e/a3
0 and an applied bias of -1.5 V and +0.8 V simulated. For the dissoci-

ation process of AsH3 on Ge(100), DFT calculations are performed using a b3lyp

functional [117,118] and an atomic pair natural orbital basis set as implemented in

the 6-311++g(d,p) bias set [119,120] in GAUSSIAN [121]. The energies of the AsH3

fragments on the Ge(100) surface are calculated. From there, by subtracting the en-

ergy of the Ge cluster and free AsH3 molecule, the dissociation energy is determined

(Edissociation = Etotal,fragment − EGecluster − EAsH3).
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The formation and thermal properties of tin mono-

layers on germanium(100) studied at the atomic

scale

As the first experimentally demonstrated group IV direct band gap material, GeSn

alloys are of particular interest for integration into the Si photonic and optoelectronic

platform [2]. Most notably, lasing has been demonstrated in GeSn alloys. From the

first demonstration of lasing in bulk GeSn at temperatures up to 90 K [2], the lasing

temperature has now been pushed to 270 K in bulk GeSn through increasing Sn

content and improving fabrication [10, 11]. Beyond lasing, GeSn has seen success

for other optical devices, such as photodetectors [8], and in electronics, such as in

FinFETs [7].

One avenue being pursued to improve the performance of the Ge/Sn material

system is a multi-quantum-well (MQW) approach, where Ge and Sn growth is al-

ternated with the Sn layer forming the well. When growing such MQWs slight

intermixing occurs creating very high Sn content GeSn MQWs [55]. MQWs are

advantageous for device applications, lasing in particular, as lower dimensionality

and increased Sn content both improve light emission [56].

Despite the strides in GeSn fabrication, the surface properties of the material are

not well studied. Notably, very little atomic-scale investigation of the formation of

Sn and GeSn layers on Ge(100) at the atomic scale has been performed. Scanning

tunnelling microscopy (STM) is uniquely suited to determining the electronic and

structural properties of the surface at this scale, as it probes the local density of

states at the surface.

In this chapter, I investigate the deposition of Sn on Ge(100) at room temper-

ature, up to the formation of an abrupt and atomically flat Sn wetting layer and

the behaviour of these surfaces under post-growth annealing using STM. My results

are supplemented by DFT simulations of the surface, kindly performed by Emilio

Scalise1. The first two sections of this chapter are published in Applied Surface

1L-NESS and Dipartimento di Scienza dei Materiali, Università di Milano-Bicocca.
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Science (reference [28]).

In the first section (4.1) the work of Tomatsu et al. [63, 67] on low Sn coverage

(0.01 monolayer) is extended, and based on DFT modelling, the four Sn-related

surface features previously observed are confirmed to be: surface incorporated Sn in

the form of Ge-Sn heterodimers, and the three distinct Sn ad-dimer configurations

suggested in previously. Going beyond previous work, the chemical composition

of the ad-dimers is clarified by detailed comparison between DFT simulations and

experimental images.

In the second section of this chapter (4.2), I gradually increase the Sn coverage

and investigate surfaces with up to and slightly beyond full monolayer coverage

(1.24 ML). Using careful feature identification and counting I determine how the

relative densities of these features evolve with increasing coverage. I find that this

evolution necessitates a change in formation kinetics.

In the third section (4.3) a sample with 0.53 ML Sn coverage is annealed from

290◦C to 650◦C. A change in surface morphology is observed and the evolution of

the Sn content in the surface is determined. Notably, the surface Sn content exceeds

the solid solubility of Sn in Ge.

Finally, in section 4.4 I present some further experiments, the constraints of

which did not allow detailed analysis. The formation of the second monolayer of Sn

is shown as well as the evolution of 1.24 ML Sn thin-film under annealing.

I close the chapter with an overview of the results.

4.1 Surface features at sub-monolayer coverage

As a first step towards understanding the formation of the wetting layer, I extend the

interpretation of previously observed features at sub-monolayer coverages. At room

temperature the clean Ge(100) surface (Fig. 4.1(a)) consists of dimers organized in

rows. When buckled they form a c(4x2) reconstruction whereas the dimers appearing

unbuckled organize in a p(2x1) reconstruction. The apparent lack of buckling in the

p(2x1) reconstruction is due to the buckling orientation changing faster than the

STM can detect. The c(4x2) and p(2x2) reconstructions are energetically similar,

resulting in domains of both reconstructions on the surface, with their presence often

stabilized by defects, adsorbates and step-edges [122].

The underlying structure of the substrate does not change when depositing 0.05

ML Sn on the surface, as demonstrated in Fig. 4.1(b). However, in agreement with

previous literature [62, 63, 67], two categories of additional surface features appear:

(i) Slight protrusions among the Ge substrate dimers (three examples are encircled

in white in Fig. 4.1(b)) and (ii) clusters of varying shapes and sizes, examples

of which are shown in more detail in Figs. 4.1(c-f). Close examination of the
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Figure 4.1: STM images of (a) clean Ge(100) scanned at -1.0 V and 300 pA and (b-

f) 0.05 ML Sn deposited on the surface scanned at -1.5 V and 300 pA. An overview

of the surface is given in (b) with three slight protrusions marked by the white

circle. Sn ad-dimer clusters are made up of three different ad-dimer atomic-scale

components A, B and C as indicated in (c). Furthermore, C feature clusters have

three possible different configurations as evidenced by the flip-flop motion indicated

by the arrows in (d-f). Panels (c-f) are all 4.5 nm wide.

surface clusters reveals that these comprise the three basic atomic-scale components,

which were first described by Tomatsu et al. [63]. As shown in Fig. 4.1(c), the

A feature is the darkest feature in filled STM images taken at -1.5 V, appearing

as a double protrusion between two surface dimer rows. Note, directly attached

neighbouring A features align in the <310> directions. In contrast, the B and C

features are approximately equally bright in filled STM (at -1.5 V), and are only

distinguishable by how they align to neighbouring features of the same type and

to the surface dimers. Neighbouring B features align in rows perpendicular to the

Ge(100) dimer rows (<110> direction), while C features align in a zig-zag pattern

oriented perpendicular to the surface dimers. Often, feature clusters will contain

long chains of A or B features. It has been proposed [63] that the formation of

these chains can be understood in analogy to Qin and Lagally’s model of Ge on

Si(100) [123].

Furthermore, in Figs. 4.1(d-f) I show the first observation of clusters of C features

changing buckling orientation over periods of tens of minutes during STM imaging.

In the first panel (Fig. 4.1(d)) the bright protrusions of the C features alternate

position in the pattern left-right-left, with the arrow highlighting the middle protru-

sion. When the feature was next scanned 13 min later in Fig. 4.1(e) the orientation

had flipped to right-left-right whereas 61 min later (Fig. 4.1(f)) the protrusions had

smeared out indicating a symmetric dimer. Simultaneously, the buckling of the

substrate dimers changed indicating strong ad-dimer-surface interactions.
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Figure 4.2: The Ge-Sn heterodimer in the

Ge(100) surface with Sn in the upper (a)

and lower position (b) as well as the hemi-

hydride (c). In the side view schematic

of each feature, grey indicates Ge atoms,

Sn is marked in orange, and hydrogen in

green. 4.5 nm wide STM images taken at

300 pA and -1.5 V or +1.0 V are compared

to DFT simulations for -1.5 V and +0.8 V

of 2.1 nm width. For all three features

there is good agreement between the ex-

perimental data and the simulations.

To further understand the behaviour

of Sn atoms upon adsorption on Ge(100)

I studied the above described Sn related

surface features in more detail. I be-

gin with the slight protrusions among

the Ge surface atoms as circled in Fig.

4.1(b), which have been previously as-

signed to Ge-Sn heterodimers [63,67]. In

Figs. 4.2(a-c) I show dual-bias scans (-

1.5 V and +1.0 V) of three similar, but

subtly different, features taken from a

surface with 0.05 ML area Sn coverage.

Alongside each of the experimental STM

images I show one of three different DFT

simulated images as follows: a Ge-Sn

heterodimer with an up-tilted Sn atom

(Fig. 4.2(a)), a Ge-Sn heterodimer with

a down-tilted Sn atom (Fig. 4.2(b)),

and a Ge-Ge-H hemihydride dimer (Fig.

4.2(c)). I assign each of the experi-

mentally observed features to the corre-

sponding DFT simulated feature based

on the closeness of appearance of the ex-

perimental and simulated image, and by

consideration of their surface density as

discussed below.

The most common feature, shown in

Fig. 4.2(a), constitutes 93% of these

three features, obtained from a total

of 384 slight protrusions counted on an

area of 22,500 nm2 covered in 0.05 ML

Sn. In our STM images it appears as

a slight protrusion at the location of a

single atom (the brightest atom in Fig.

4.2(a)) in both filled electronic states

(negative bias) and, located on the other

side of the dimer row, in empty elec-

tronic states (positive bias). In agreement with DFT simulations, I may assign

this feature to a Ge-Sn heterodimer in the up-tilted position, as indicated in the
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schematic. In contrast, the down-tilted Ge-Sn heterodimer is the least common of

these features with less than 1% contribution to the slight protrusions in the surface.

As can be seen in Fig. 4.2(b), it is indistinguishable from the Ge substrate in filled

states while appearing similar to the up-tilted Ge-Sn heterodimer in empty states.

The observation of a much greater abundance of up-tilted Ge-Sn heterodimers

is supported by DFT calculations showing that these features are 60 meV more

favourable than the down-tilted Ge-Sn heterodimers. This energy difference is small

enough that the presence of down-tilted Ge-Sn heterodimers may be induced by

tip to sample energy transfer during scanning. This is consistent with the previous

observation of a STM induced buckling orientation flip of a Ge dimer row containing

the up-tilted Ge-Sn heterodimer [67].

Finally, I highlight that the remaining 7% of slight protrusions on the surface

are not actually Sn related but instead appear to be Ge-Ge-H hemihydrides [124],

where hydrogen ad-atoms are attached to the dangling bond of the lower Ge atom

(see Fig. 4.2(c)). In filled states the hemihydride appears as a protruding atom

similar to the up-tilted Ge-Sn heterodimer (compare Fig. 4.2(a) with Fig. 4.2(c))

but it is clearly distinct from the other two features in empty states, where it appears

as a three-dimer wide depression with a slight protrusion at the same location as

in filled states. Note that, the presence of hemihydrides on the surface cannot be

avoided, as they are a consequence of residual water in the UHV system.

Overall, I have been able to identify two types of Ge-Sn heterodimers (i.e., up-

tilted and down-tilted Ge-Sn) which are distinguishable from each other in filled

state STM. However, the unambiguous assignment of Ge-Sn heterodimers always

requires both filled and empty state STM. In filled state STM alone, the down-

tilted Ge-Sn heterodimers appear nearly identical to Ge-Ge surface dimers and the

up-tilted Ge-Sn heterodimer similar to H-induced surface features.

As a direct consequence of Sn ad-atoms partially incorporating into the top

surface layer and forming the heterodimers, Ge must be ejected to sites on top of

the surface. These ejected Ge atoms may either attach to step edges or incorporate

into the ad-dimer clusters. Hence, to investigate the chemical composition of the ad-

dimer clusters, which may contain both adsorbed Sn as well as ejected Ge ad-atoms,

I compare in Fig. 4.3 the experimental dual-bias images of the basic atomic-scale

components “A”, “B”, and “C” to DFT simulations of clusters containing only

Sn-Sn or Ge-Ge ad-dimers.

As previously mentioned, feature A is a symmetric ad-dimer oriented parallel to

the substrate dimers, feature B is an out-of-plane tilted ad-dimer oriented parallel

to the substrate dimers, and feature C is an out-of-plane tilted ad-dimer oriented

perpendicular to the substrate dimers. Qualitatively the agreement between sim-

ulation and experimental image is excellent for all three ad-dimers independent of
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Figure 4.3: The three ad-dimer features on the Ge(100) surface. Feature A (a) is a

symmetric ad-dimer parallel to the substrate dimers as indicated in the schematic

by the orange ad-dimers. Substrate dimers are marked in grey. In contrast B (b)

and C (c) are tilted dimers (the lower ad-dimer atom is indicated by being drawn

smaller) with the B features orienting parallel and the C features perpendicular to

the substrate dimers. 4.5 nm wide STM scans (second row) taken at 300 pA and

-1.5 V and +1.0 V are compared to 2.75 nm wide DFT simulations of a Ge-Ge ad-

dimer (third row) and a Sn-Sn ad-dimer (bottom row). In the STM image of (b) and

(c) only the middle three features are B or C features, respectively, as highlighted by

the arrows. In the simulations, four dimers are simulated for the A and B features,

and three dimers for the C feature.
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the chemical species used in the simulation. Feature A (Fig. 4.3(a)) shows a slight

double protrusion in filled states in experiment, and in both Ge-Ge and Sn-Sn dimer

simulations. The corresponding empty states image for all three cases shows a sin-

gle protrusion per dimer, brighter than the filled states double protrusion. In Fig.

4.3(b) the experimental panels show three B features at the centre of the cluster

(highlighted by the arrows in filled states), each exhibiting a single bright protru-

sion both in filled and empty states. The simulations of this feature as Ge-Ge

and Sn-Sn dimers both reproduce that characteristic with no qualitative difference.

Finally, the cluster of three C features in the experimental panels of Fig. 4.3(c)

shows three distinct protrusions alternating from right to left to right in filled states

imaging. In empty states the individual protrusions are less distinct and alternate

from left to right to left. This appearance is reproduced in the corresponding DFT

simulations of both the Ge-Ge dimer and Sn-Sn ad-dimers. In both cases there

are three distinct protrusions alternating position in filled states and less distinct

protrusions on the other side of the feature in empty states. Therefore, from this

qualitative comparison of experimental and simulated STM images the structure of

the ad-dimers can be confirmed but not the chemical configuration.

Table 4.1: The difference in height from

substrate dimer maximum to ad-dimer

maximum, as predicted by DFT sim-

ulations of the surface under negative

bias, for all three atomic-scale components

modelled as either Ge-Ge ad-dimers or Sn-

Sn ad-dimers.

A B C

Ge-Ge 0.06 nm 0.12 nm 0.13 nm

Sn-Sn 0.09 nm 0.16 nm 0.17 nm

As a next step I attempt to quantify

the difference between Ge-Ge dimers

and Sn-Sn dimers by extracting the

height difference between the maximum

of a Ge substrate dimer and the maxi-

mum of an ad-dimer from the DFT sim-

ulations of the surface under negative

bias (Table 4.1). For all three atomic-

scale component simulations the Sn-Sn

ad-dimer is found to be higher than the

Ge-Ge ad-dimer by several tenths of an

Angstrom. While this is within the

height resolution of STM measurements,

the varying tilt angle of the Ge surface dimers at room temperature and the small

size of the features under investigation do not allow quantitative experimental con-

firmation of the presence of both types of dimers, as any observed height differences

in the STM images lie within the measurement uncertainty – refer to appendix A

for more detail.

Nonetheless, in empty states STM images for all three atomic-scale components,

A, B, and C surface clusters can be found where there is a clear brightness contrast

between neighbouring features of the same atomic configuration. One such example

for a cluster of C features, arranged similar to the Ge substrate c(4x2) reconstruction,
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is shown in Fig. 4.4. The experimental panels show that there is no contrast

Figure 4.4: A cluster of six C features

on Ge(100). The top row shows 4.5 nm

wide dual-bias scans taken at 300 pA tun-

nelling current. The 2.9 nm wide simu-

lations below are for the configurations

shown on the left. Ge-Ge ad-dimers only

(black atoms) in the second row, Sn-Sn

ad-dimers only (orange atoms) in the third

row and predominantly Sn atoms, but Ge

atoms in the lower position of the dimer

for the left three ad-dimers in the bottom

row. The mixed feature shows the closest

resemblance to the experimental data.

difference in filled states, but in empty

states the three C features on the left

appear less bright than the three C

features on the right. When simu-

lating the features as either pure Ge-

Ge dimers (second row) or pure Sn-Sn

dimers (third row) no contrast differ-

ence arises between the different loca-

tions of the C features. However, when

replacing the lower atoms of the left

dimers with Ge atoms with the remain-

der being Sn (bottom row) a contrast

is produced in empty states but not in

filled states. Therefore, this is a possi-

ble atomic configuration for the experi-

mentally observed structure shown here.

The comparison of the three simula-

tions demonstrates that a single atomic

species cannot produce a brightness con-

trast in features of the same type while

mixed features containing both Ge and

Sn can.

Overall, based on contrast differ-

ences within basic atomic-scale compo-

nents A, B, and C I am able to demon-

strate the presence of ad-dimers contain-

ing both Ge and Sn atoms, due to the

surface incorporation of Sn ad-atoms

and concomitant ejection of Ge surface

atoms - even at room temperature.

Further experiments using other techniques may allow more quantitative analysis

of the relative Sn and Ge contributions to the ad-dimers. One promising technique

is noncontact atomic force microscopy (nc-AFM). By carefully analysing short range

force curves nc-AFM can distinguish between atomic species such as Sn and lead

(Pb) incorporated in the Si(111) surface [125]. On the Si(100) surface nc-AFM

combined with DFT has been able to distinguish indium (In) and Sn atoms in

chains on the surface as well as identify Si atoms in the chains [126]. Combined

with successful electronegativity measurements of, in particular, Ge and Sn on the
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Si(111) surface [127], nc-AFM is a promising technique for chemical analysis of this

system.

4.2 Evolution from low coverages to full monolayer

Driven by the technological applications associated with GeSn MQWs in the field of

group IV photonics, a detailed understanding of the wetting layer formation upon Sn

deposition on Ge is of particular interest to ensure sharp interfaces, i.e. how well the

Sn is confined in the growth direction [56]. Hence, to detail the gradual increase from

sub- to full monolayer coverages I here leverage the atomic-scale imaging capabilities

of high resolution STM and present the structural composition of the Ge surface after

the RT deposition of 0.01 ML, 0.05 ML, 0.53 ML, and 1.24 ML of Sn (see Fig. 4.5).

At sub-monolayer coverages up to 0.53 ML, Fig. 4.5(a-c), the features discussed

previously (i.e., A, B, C and heterodimer) are discernible on the surface, forming

clusters of ad-dimers. As the Sn coverage increases these clusters gradually begin

to cover the surface by elongating perpendicular to the dimer rows, with minimal

growth along the dimer row direction. It has been proposed that the formation

kinetics of such isolated 2D-chains of Sn ad-dimers is influenced by the surface

strain induced by Sn adsorbates, with the strain playing a crucial role in the diffusion

barrier height of Sn ad-atoms [63].

Moving to the monolayer regime, a filled state STM image of the surface after the

RT deposition of 1.24 ML is shown in Fig. 4.5(d). High-resolution STM reveals the

formation of a closed and atomically flat monolayer (Layer 1), even at RT. Although

no long-range ordering is observed, the previously described features A, B, and C,

appear to exclusively make up this wetting layer and smaller patches consisting of

only one feature type can be observed, and are highlighted in Fig. 4.5(d). Note that

regions of A features appears less bright than the geometrically similar B and C

features, consistent with equivalent low coverage filled state STM data of Fig. 4.3.

Consequently, the patches of A features in Fig. 4.5(d) appear as holes in the wetting

layer despite the surface being in fact completely covered. However, as shown in the

magnified STM image in Fig. 4.5(e) taken in dual bias mode, the Ge substrate is

occasionally visible in the vicinity of the A features, due to their low packing density

allowing for large gaps that cannot be filled by further ad-dimers, which becomes

particularly evident in the empty states image.

Furthermore, the STM images in Fig. 4.5(d) and (e) reveal the onset of formation

of a second and a third layer consisting of new Sn-related surface features, a detailed

study of which goes beyond the scope of this work - refer to section 4.4 for a brief

discussion. Despite the presence of individual features belonging to the third layer,

no overall clustering was observed. In summary, at these coverages the first layer is
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Figure 4.5: Four different area coverages of Sn deposited on Ge(100). At sub-

monolayer coverages (a-c) the surface reveals predominately the features discussed

in section 4.1 (i.e. A, B, C and heterodimer). At 1.24 ML coverage (d) the A, B and

C features form a closed layer (Layer 1). A second layer (Layer 2) has started to form

with occasional adsorbents on a third layer (Layer 3). Clear distinction between the

A, B, and C is shown in the close up STM image (10x15 nm2) (e) taken in dual bias

mode. Gaps in the small patches of ordered A features reveal the underlying Ge

surface. STM images were scanned at the bias given in each panel and a set point

current of 400 pA for panel (c) and 300 pA in all other scans. The evolution of the

heterodimer and A to C features as a function of coverage is plotted in (f). For

the 1.24 ML sample only the features in Layer 1 are considered for the statistical

analysis. All values are normalized to the available reactive sites and uncertainties

arise from averaging over different areas measured on the same sample.

64



Chapter 4. The formation and thermal properties of tin
monolayers on germanium(100) studied at the atomic scale

complete and forms a wetting layer with patches of A, B and C features displaying

short range order, but no long range order across the entire surface.

Next, the formation of the wetting layer was further studied by considering the

evolution of features as coverage increases (Fig. 4.5(f)). For STM images obtained

at each surface coverage, the number of atoms of each feature type were counted,

and then normalized to a 2500 nm2 area of reactive sites. The uncertainties specified

arise from averaging several STM measurements at different locations of the same

sample. At an area coverage of 0.01 ML, feature A is most abundant followed by the

heterodimer and then features B and C. However, while all four individual feature

counts increase with coverage, the heterodimer quickly becomes the least abundant

feature and the A feature count drops below first the B feature, and then the C

feature as coverage increases above 0.5 ML. Therefore, in the completed wetting

layer the B feature is most abundant at 44%, closely followed by the C feature at

37%, whereas the A feature only makes up 19% of the surface.

Next, from the structural schematics in Fig. 4.3 and the STM data in Fig. 4.5(e)

it is discernible that the A feature packs least densely on the surface, followed by

feature B, with feature C packing in the highest epitaxial density possible, corre-

sponding to an additional atomic layer of the diamond-cubic configuration of the

substrate below. As coverage increases, the number of atoms condensing in the

C structure grows disproportionately faster than the lowest packing density A fea-

tures, and to a lesser extent, the moderately dense B structure. For example, at

0.53 ML coverage there are approximately twice as many B features on the surfaces

as C features, while at 1 ML coverage their numbers are almost equal. This obser-

vation suggests a greater rate of capture and/or retention of atoms nucleating in

the C structure compared to the lower density A and B structures, which appears

counter-intuitive in terms of surface strain in the wetting layer as more ad-atoms

become densely packed in layer 1.

Overall, high resolution STM indicates that the RT deposition of Sn on Ge(001)

results in the formation of a closed and atomically flat Sn wetting layer, with only

minimal Ge intermixing (estimated < 2% of surface atoms) and no long-range order-

ing. At low sub-monolayer coverages the growth of ad-dimer chains aligned along the

<310> direction appears slightly favoured, due to an additional diffusion barrier for

ad-atoms to form <110> dimer chains, and the A and B features are nearly equally

present [63]. However, above 0.5 ML the amount of the energetically favoured B

and C features increases faster and the ratio between the A, B and C features at

1.24 ML coverages deviates strongly from the low-coverage case studied by Tomatsu

et al. [63]. The greater increase in the amount of B and C features compared to

the A feature with increasing Sn coverage may be explained in terms of coverage

dependent diffusion barriers. At higher coverages, an additional pathway of Sn dif-
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fusing on top of ad-dimer chains becomes available. The ad-atom can then adsorb

on the surface at the end of the chain, elongating it. I propose that there is a lower

barrier to diffusion along the top of the B features than on the A features, promoting

B feature formation. As coverage increases, diffusion along Sn ad-dimers becomes

more prevalent leading to a higher B feature contribution to the ad-dimers.

Finally, I wish to highlight the striking differences between the Ge/Si and Sn/Ge

systems at full monolayer coverage. Typically grown at slightly elevated temper-

atures (e.g. 300◦C), Ge forms an epitaxial wetting layer on Si(100) where the

diamond-cubic structure of the substrate remains and strain is released through

the presence of dimer vacancy lines perpendicular to the dimer rows and Ge/Si in-

termixing [128, 129]. In the Sn/Ge wetting layer the only morphologically similar

features are the patches of C features, which make up only 37% of the surface. No

dimer vacancy lines form, suggesting that the presence of multiple ad-dimer features

reduces the strain in the wetting layer. Therefore, this strain relief mechanism pre-

vents the formation of long range order. Moreover, in analogy to the Ge/Si system

the observed Sn/Ge intermixing may also contribute as a strain relief mechanism.

The difference in surface morphology between the Ge/Si and Sn/Ge system can pos-

sibly be traced to the difference in chemical species involved. However, the reduced

growth temperature utilized here, which leaves the system out of equilibrium, may

also play a role. Yamazaki et al. [62] find that when growing 0.035 ML thick Sn lay-

ers on Ge at 250◦C, the ad-dimer clusters characteristic of room temperature growth

disappear. Instead the surface has a “comb-like” structure of long and thin terraces

with the long direction being perpendicular to the dimer rows. This suggests, that

if a Sn/Ge wetting layer was grown at elevated temperatures a surface more similar

to the Si/Ge system might be observed. The impact of annealing the wetting layer

is discussed further in section 4.4.

4.3 Evolution of 0.53 ML tin layers under annealing

Due to the low solid solubility (< 1.1 at.%) of Sn in Ge, GeSn layers are typically

grown outside equilibrium conditions and therefore have low thermal stability [50,

130]. Hence, it is of interest to investigate the behaviour of Sn layers under annealing.

Here, I study the evolution of a 0.53 ML thick Sn layer on Ge(100) from as deposited

at room temperature to annealed up to 638◦C. At each temperature step the sample

is annealed for 5 min as described in section 3.3.2. The STM measurements are

performed after the samples have cooled to room temperature.

Figure 4.6 shows the structural changes of the surface under annealing. As dis-

cussed the previous two sections, after Sn deposition elongated ad-dimer chains have

formed on the surface. When annealing the sample to 297◦C the surface morphol-
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Figure 4.6: Evolution of the surface morphology of 0.53 ML Sn on Ge(100) under

annealing. STM image (a) shows the sample after room temperature (RT) Sn depo-

sition. The sample is then annealed for 5 min to (b) 297◦C, (c) 355◦C, and (d) 638◦C

after which it is scanned at room temperature. At 297◦C the A and B features have

disappeared, leaving only clusters of C features and incorporated Sn. After anneal-

ing to 355◦C strain is released leading to the “comb-like” structure which persists

up to 638◦C.
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ogy changes completely. The A and B ad-dimers have disappeared and only small

clusters of C features remain. Moreover, many slight protrusions attributed to in-

corporated Sn appear on the surface as is more easily discernible in Fig. 4.7b. In

particular, slight protrusions in the C feature clusters can be identified, suggesting

that these are mixed Ge and Sn features. Increasing the temperature to 355◦C leads

to further change of the surface morphology. There are no more C features and the

Ge terraces shrink down to 10s of nanometres in the direction perpendicular to the

dimer rows, and a few nanometres parallel to the dimer rows. This morphological

change persists up until 638◦C, the highest temperature studied here. However, at

355◦C the slight protrusions indicative of the presence of Sn in the surface persist,

while at 638◦C no more Sn can be observed in the surface (cf. Fig. 4.7c, h).

I propose, the change in surface morphology may be explained as follows: raising

the temperature to 297◦C allows more Sn atoms overcome the energy barrier to Sn

incorporation, reducing the amount of Sn in the ad-features and increasing the

amount of Ge. In turn this leads to the densely packing, homo-epitaxial C features

becoming more favourable, as the strain in the features is reduced with the presence

of Ge atoms. At the low Sn coverage studied here this is sufficient for all ad-features

to turn into C features. However, the increased amount of Sn in the Ge substrate

increases the surface strain in this layer. When the thermal energy is sufficient after

raising the temperature to 355◦C the strain of Sn incorporation is released. The

presence of Sn increases the compressive strain along the dimer row and releases

some of the tensile strain perpendicular to the dimer row, leading to the formation

of the “comb-like” structure of small terraces elongated perpendicular to the dimer

row, where strain in the dimer row is released by missing atoms [62]. This strain

released surface morphology is stable up to 638◦C, though the surface Sn content

reduces as temperature increases. The ability to completely remove Sn from Ge(100)

(cf. chapter 3.3.1) suggests that with sufficient thermal budget the terrace size may

be increased again.

As a next step I quantify the Sn incorporation. Figure 4.7a-h shows a high res-

olution filled states STM image of every temperature step. At each temperature

I count the incorporated Sn features in the Ge surface and determine the atomic

percentage (at.%) they contribute to the total number of surface atoms. The result

is presented in Fig. 4.7i. Uncertainties are determined from counting the incor-

porated Sn on multiple scans for the 355◦C measurement and treating each scan

as an independent measurement. The relative uncertainty of the percentage of Sn

incorporation is assumed to be constant over the entire temperature range, giving

the uncertainty for all other temperature data points.

The quantitative analysis in Fig. 4.7i confirms that when annealing to 297◦C

the Sn content in the surface increases. As the annealing temperature is increased
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Figure 4.7: Detailed analysis of Sn incorporation in the Ge(100) surface under sam-

ple annealing. (a) 0.53 ML Sn as deposited at room temperature scanned at −1.5 V

and 400 pA. (b) – (h) STM images scanned at −1.5 V and 15 pA after annealing

for 5 min at temperatures from 297◦C to 638◦C. Note the presence of incorporated

Sn at all temperatures except 638◦C. (i) Sn content in the surface as a function

of annealing temperature. The maximal solid solubility of Sn in Ge is 1.1% at

400◦C [50].
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further the Sn content in the surface gradually decreases until at 638◦C no more

incorporated Sn is observed in the surface. Comparing the atomic Sn content in

the surface with the equilibrium solid solubility determined by Olesinski and Ab-

baschian [50], two things immediately become apparent: first, at room temperature

the amount of incorporated Sn in the Ge(100) surface corresponds to the room tem-

perature solid solubility of Sn in bulk Ge. Second, the highest Sn solid solubility in

bulk Ge, found at 400◦C, is 1.1% which is lower than the amount of Sn incorporated

into the (100) surface after annealing below 474◦C. This may be due to one of two

reasons: either, 5 min is not sufficient annealing time to reach equilibrium or the

Ge(100) surface solubility of Sn is higher than the bulk solubility.

Moreover it should be noted that after annealing, the Sn content in the surface

(4% or less) is significantly lower than the 53% surface coverage after depositing Sn.

While some Sn may diffuse into the Ge bulk, the low solid solubility of Sn in Ge

makes it unlikely that this would account for a > 90% reduction of surface Sn after

5 min of annealing. Furthermore, bulk GeSn layers with Sn contents above the Sn

solid solubility degrade first by surface segregation, then by Sn island formation on

the surface, and finally by Sn desorption [51]. Sn 3D islands on the scale of hundreds

of nanometres or larger, which cannot be observed at the scale of the STM images

shown here, form at temperatures lower than the lowest annealing temperature of

297◦C used here [52]. Significant Sn desorption from the surface is found at 500◦C

and above, though the onset of desorption begins at lower temperatures [51]. This

suggests, Sn island formation on the surface after annealing may account for the

initial reduction in observed surface Sn. Thereafter, Sn initially desorbs slowly,

until at 474◦C the surface Sn content is comparable to the solid solubility of Sn.

Annealing beyond 500◦C to 638◦C desorbs all the remaining Sn from the surface.

This behaviour is in line with the ability to regain clean Ge(100) surfaces after Sn

deposition noted in chapter 3.3.1.

4.4 Further experiments

In this section I briefly describe some additional data that was not analysed in

as much detail as the other sections, in part due to difficulties in calibrating the

temperature. First the formation of the second Sn layer on Ge is investigated and

contrasted with the wetting layer formation. Thereafter, a series of experiments is

presented where 1.24 ML Sn is annealed in steps up to 650◦C giving insight into the

thermal stability of the wetting layer.
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Figure 4.8: Filled and empty states STM of Sn on Ge(100) at 1.24 ML (a) and

2.35 ML (b) coverage. The dotted rectangle in the higher magnification (5.0 nm x

5.0 nm), enhanced contrast insets indicates a pair of ad-features in the second Sn

layer. The arrow points to a second layer ad-feature cluster that appears similar

to the cluster of six C features shown in Fig. 4.4.
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4.4.1 The second and third tin monolayer

Beyond the formation of a Sn wetting layer on Ge(100) discussed in section 4.2 the

growth mode of Sn on the wetting layer is of interest. Figure 4.8 shows the filled and

empty states images obtained for a 1.24 ML and 2.35 ML Sn area coverage samples.

At 1.24 ML coverage (Fig. 4.8a) the wetting layer discussed in section 4.2 is visible

with the next layer beginning to form on top. This second layer is still visible at

2.35 ML coverage (Fig. 4.8b). In addition the third layer has begun to form. From

this data the growth mode of the second layer of Sn on Ge(100) is two dimensional,

with the third layer only beginning to form after the second layer is completed. This

is in agreement with Oliveira et al. who found the transition from two dimensional

to three dimensional growth at 2.2 ML using atomic force microscopy (AFM) [55].

In contrast to the formation of the wetting layer, the second layer consists of

only one type of ad-feature that typically comes in pairs. One pair is indicated by

the dotted rectangle in each inset of the STM images in Fig. 4.8. Each feature cor-

responds to a single protrusion in filled states, in empty states the pair’s protrusions

merge into a single protrusion. Moreover, in 4.8b one can find clusters of second

layer add features that look similar to the cluster of six C features shown in Fig.

4.4 (indicated by the arrow). This suggests, that the ad-feature is a C feature type

ad-dimer, which corresponds to the formation of a diamond-cubic layer of α-Sn.

The lack of uninterrupted dimer rows as observed e.g. on clean Ge(100), may be

attributed to the large amount of strain caused by the lattice mismatch between Ge

and α-Sn whose lattice constants are 5.66Å and 6.49Å, respectively.

The change in ad-features when progressing from wetting layer growth to second

Sn layer growth may be traced back to a change in surface. The wetting layer is

(predominantly) a Sn layer grown on Ge while the second layer is a Sn layer grown

on Sn. This is supported by the features contributing to the onset of the third layer

of Sn appearing similar to the second layer features, as the third layer is Sn grown

on Sn. The clusters of C features involved in the growth of the second and third

layer demonstrate diamond-cubic Sn growth continues at these coverages.

4.4.2 Evolution of 1.24 ML tin layers under annealing

In section 4.2 I suggest that growing Sn on Ge(100) at a higher temperature increases

the similarity between the Sn/Ge and Ge/Si systems. Therefore, I investigate the

evolution of a 1.24 ML tin layers under annealing. After room temperature (RT)

deposition the sample was annealed for 5 min by direct current heating at the cur-

rent given in Fig. 4.9, before being cooled to room temperature for measurement.

However, due to the sample breaking these annealing currents could not be cali-

brated back to temperatures. At a best guess the annealing temperatures range
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Figure 4.9: Evolution of 1.24 ML Sn on Ge(100) under annealing up to ca. 650◦C.

(a) 1.24 ML grown at room temperature. Thereafter, the surface is annealed for

5 min each at the current given in the figure. The applied current corresponds at

best guess to an annealing temperature of (b) 250◦C, (c) 400◦C, (d) 460◦C, (e)

500◦C, and (f) 650◦C. STM scans were taken at -1.5 V and 300 pA.
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from 250◦C to 650◦C, the guess for each current is given in the figure caption. This

guess arises from what temperatures were reached at a similar annealing current for

the calibrated series in section 4.3. As samples were hand cleaved, and therefore not

uniform in size and the two series use different Ge wafers these temperatures are

not very precise.

As the sample is annealed in a first instance (4.9b ca. 250◦C) the A and B

features that characterise the room temperature wetting layer disappear, leaving

only C features which order on the surface in a c(4x2) reconstruction interrupted

by dimer vacancy lines. Individual features of the second layer remain. However, as

the annealing temperature is increased to ca. 400◦C (4.9c) and beyond the surface

reorders with the C features remaining, but only ordering in small clusters and the

surface becoming rougher.

The general behaviour observed under annealing is in good agreement with the

morphological changes observed at 0.53 ML coverage (cf. section 4.3) where the A

and B features also disappear after the first annealing step and in the subsequent

steps terrace size has reduced and surface roughness increased. There I attribute

the morphological change when annealing above 297◦C to strain relief suggesting

that this may be the case here as well.

Moreover, the surface at ca. 250◦C (Fig. 4.9b) is of particular interest. It is

directly comparable with the Ge monolayers grown on Si(100) at 300◦C – 400◦C

[128,129]. In both material systems the diamond-cubic structure of the substrate is

continued and dimer vacancy lines perpendicular to the dimer rows relieve strain.

It should be noted, that the results presented in section 4.2 suggest this layer may

contain some Ge. However, no direct evidence for this can be found in the data

shown here. Finally, I highlight that the temperatures around 250◦C are common

(bulk) GeSn growth temperatures [130]. Thus, GeSn growth occurs in the regime

where diamond-cubic GeSn can form, but strain cannot be released fully avoiding

surface roughening.

4.5 Conclusions

In summary, I investigated the room temperature deposition of Sn on Ge(100).

Starting at low Sn coverage I studied the Sn induced features and their evolution

when forming a wetting layer at Sn coverages of 1.24 ML and a second Sn layer at

2.35 ML. Moreover, I present the impact of post-growth annealing Sn layers up to

650◦C.

Upon adsorption of Sn on the Ge(100) surface, I reveal the two competing surface

processes: (i) Sn incorporation into the top surface layer and (ii) the formation of

ad-dimer clusters. I investigate the chemical composition of the three types of ad-
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dimers that act as atomic-scale components that tile the surface as Sn coverage

increases. By comparing STM data with DFT, I show that Ge atoms ejected from

the surface by Sn incorporation can also be present in the ad-dimer features.

When increasing the amount of Sn deposited, the ad-dimer clusters principally

elongate perpendicular to the dimer rows, resulting in the growth of an atomically

flat wetting layer. I observe no long range order in the layer, and all three ad-dimer

features (A, B and C) are still present. The completed wetting layer is dominated

by the more densely packed B and C features, whereas the lower density A features

are at least equally represented at lower coverages. I propose that an increased Sn

coverage changes the formation kinetics of these features, now favouring the B and

C features.

Upon formation of the second Sn layer the growth mode has changed from Sn

growth on Ge to Sn growth on Sn. I propose the single ad-feature that makes up

this layer is a C feature, meaning that the second layer grows in a diamond-cubic

structure. The growth of the second layer is wholly two dimensional as is the onset

of the growth of the third layer.

Due to Sn incorporation in the Ge substrate and resulting Ge ejection, the wet-

ting layer presents a Sn dominated GeSn layer (estimated <2% Ge), even at room

temperature deposition. The Ge/Sn intermixing during the early stages of Sn-on-Ge

growth, limits the ultimate achievable sharpness of Ge/Sn interfaces at the atomic

level. Nonetheless, the two dimensionality of the wetting layer formation at low

growth temperatures makes this process well suited for fabrication of Ge/Sn MQWs

in future high performance Sn-based optical devices.

The sharpness of the interface is further reduced when post-growth annealing the

Sn layer. Upon annealing 0.53 ML Sn to 297◦C the Sn content in the surface (not in

ad-dimers) increases from <1% to 4%. However, annealing the completed wetting

layer to ∼ 250◦C increases the long range order of the surface producing a surface

where the substrate’s diamond-cubic structure is continued and strain relieved by

dimer vacancy lines. Hence, annealing Sn layers to this temperature leads to a trade

off between interface sharpness and surface ordering. Which is more suitable for

an application will depend on the requirements of the application in question. In

MQWs this means the tolerance of the MQW for well broadening compared to the

impact (if any) lack of long range order has on the energy levels of the Sn layer need

be evaluated.

Once Sn layers are annealed to 350◦C and beyond the strain induced by Sn in-

corporation is relieved through surface roughening. As the temperature is increased

to ∼ 650◦C Sn desorbs from the surface. This reaffirms previous studies [130] that

find temperatures in this range unsuitable for two dimensional Sn growth.

Overall, these results provide a first understanding of the complex growth mech-
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anisms governing the transition from sub-monolayer to two monolayer coverages in

the Sn/Ge and GeSn system.

76



Chapter 5

Tin layer formation on germanium(111)

Much focus in investigating GeSn based devices has been on alloys grown on the

(100) surface. However, at low Sn-contents equivalently fabricated p-type MOSFETs

(metal-oxide-semiconductor field-effect transistors) exhibit improved effective hole

mobility when fabricated on Ge(111) surfaces over Ge(100) surfaces [29]. Thus,

investigating the formation of Sn layers on Ge(111) is of interest in order to gain

fundamental understanding of Sn and by extension GeSn and Sn/Ge multi-quantum-

well (MQW) growth on this surface.

In the past, studies of Sn on Ge(111) have focused on three particular sub-bilayer

(bilayer1 = BL) reconstructions;
√

3x
√

3R30◦, 5x5 and 7x7 [76, 78]. Emphasis has

been on the
√

3x
√

3R30◦ reconstruction which forms after annealing 1/3 BL Sn

between 170◦C − 300◦C and then cooling to room temperature. This is due to

two transitions between reconstructions, with associated surface charge reordering,

being observed at cryogenic temperatures in this system [69, 70]. More recently,

stanene (graphene-like Sn) on Ge(111) has been predicted to be a 2D topological

insulator (also referred to as quantum spin Hall insulator) at room temperature [15,

16]. Furthermore, since the first experimental realization of stanene on Bi2Te3(111),

few layer stanene on PbTe(111)/Bi2Te3 has been shown to be a superconductor

below 3K [14, 86]. However, at this time stanene has not be realized on Ge(111).

Thus, beyond understanding the growth mechanisms of Sn on Ge(111) it is of interest

to determine whether stanene can be grown on Ge(111).

In this chapter, I investigate the properties of Sn on Ge(111) as a function of

coverage, growth temperature and post growth annealing temperature. I begin by

studying the formation of 1.26 BL Sn on Ge(111) (section 5.1). STM measurements

1In the <111> direction of a diamond cubic crystal there are two alternating distances between

atomic layers. A bilayer refers to the two layers which have a shorter distance from each other

in the <111> direction. The upper (lower) atoms in the bilayer bond perpendicularly upward

(downward) to the next bilayer up (down). This bilayer corresponds to full surface coverage in

the same way a monolayer on the Ge(100) surface does, however due to the two different atomic

heights involved it is referred to as a bilayer. For details see chapter 2.1.
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of 0.09 BL to 1.26 BL Sn grown on Ge(111) at room temperature reveal that Sn grown

at room temperature grows in a two dimensional growth mode. I demonstrate that

disordered bilayer islands form on the surface, which then grow laterally to form

a closed (disordered) layer. Simultaneously, Sn incorporation in the surface occurs

limiting interface sharpness. Therefore, as a next step I grow Sn at ∼ 200 K at

coverages of 0.15 BL and 1.26 BL. In analogy to room temperature growth, I show

the initial island formation and Sn incorporation at low coverage evolving to form

a closed (disordered) layer.

In order to investigate the thermal stability of Sn layers and look for ordered Sn

layers I anneal both low coverage and high coverage Sn layers to temperatures of up

to 600◦C (section 5.2). Annealing 0.09 BL Sn to 300◦C reveals full Sn incorporation

and the presence of an intermediary state between the Ge(111)-c(2x8) reconstruc-

tion and the 1/3 BL Sn
√

3x
√

3R30◦ reconstruction. Beyond that temperature the

surface remains unchanged. By contrast, when annealing 1.26 BL Sn to 300◦C I

find two surface phases. The A phase shows no long range order and persists to

temperatures beyond 300◦C with increasing local ordering. The B phase is only

observed after annealing to 300◦C and is fully ordered. I investigate this surface

carefully, determining that it is likely not stanene and suggest possible alternative

atomic configurations.

The final section summarizes the results of this chapter.

5.1 Formation of a tin bilayer on germanium(111)

In general, when growing Sn layers on Ge it is of interest to determine the Sn

growth mode and interface sharpness, i.e. the confinement of Sn in growth direction,

as these properties influence device applications. E.g., stanene growth requires a

two dimensional growth mode, with the stanene layer partially decoupled from the

surface. Sn incorporating in Ge will influence stanene-substrate interactions. Here,

I investigate the growth of Sn bilayers (BL) on Ge(111) by studying the evolution

of the layers as coverage is increased from sub-bilayer to full bilayer. Moreover, I

compare the growth of Sn on Ge(111) at room temperature to growth at cryogenic

temperatures ∼ 200 K.

5.1.1 Growth at room temperature

As a first step towards understanding bilayer formation of Sn on Ge(111), I investi-

gate Sn growth at room temperature. Starting from 0.09 BL coverage I study the Sn

ad-structures and Sn incorporation. Increasing the coverage to 0.28 BL and 1.26 BL

78



Chapter 5. Tin layer formation on germanium(111)

Sn I demonstrate the formation of a full bilayer and discuss the growth process2.

I begin my experiments with single crystalline Ge cut to expose the (111) surface.

The clean surface orders in a c(2x8) reconstruction which can form in three different

orientations on the surface due to the three fold rotation symmetry of the {111}
planes. Where two orientations of the c(2x8) reconstruction meet, surface domain

boundaries form as shown in Fig. 5.1a. In empty state images (+1.0 V) the only

visible atoms are the c(2x8) reconstruction’s adatoms. I.e. the Ge atoms located at

the T4 position above the uppermost bilayer. Under negative bias the rest atoms,

which are the upper atoms of the bilayer not bonded to an adatom, become visible

as well (for more detail cf. 2.1).

Growing 0.09 BL Sn on Ge(111) (Fig. 5.1b - d) does not change the surface

reconstruction of the Ge substrate outside the area covered by ad-features. Several

nanometre-sized islands appear on the surface and slight, atom-sized protrusions

appear in the surface layer (circled) at the same location in both empty (+1.0 V)

and filled (−1.0 V) states. High resolution imaging of one of the smaller islands

reveals no clear internal ordering of the islands and, in empty states no individual

atoms are visible. In filled state imaging, bright protrusions forming second island

layer atop a first island layer are discernible. Figure 5.1e shows a height profile

across the island and through two of the second island layer protrusions (white line

in (d)). The height profile shows that the first island layer’s height is not uniform,

but has peaks of comparable shape to the protrusions that form the second island

layer.

I propose that the islands represent the onset of two dimensional growth with

Sn atoms in two distinct atomic layers as is the case for a bilayer. Thus, the first

island layer is attributed to atoms in the lower bilayer position and the second

island layer is attributed to Sn atoms in the upper bilayer position. In order to

evaluate this interpretation, I determine the peak height of the second island layer

relative to the substrate Ge peaks (x) as 0.41±0.03 nm from the height profile in

Fig. 5.1e. A horizontal line indicates the average height3 for each substrate atoms

(red), first island layer (green) and second island layer (blue). The distance of the

upper atoms between two bulk bilayers (a/
√

3, a is the bulk lattice constant) for

Ge is 0.35 nm and for Sn is 0.37 nm. This supports the primary atomic species in

the island being Sn since the measured value of the second island layer height fits

2Coverages are determined by measuring the area coverage of the Sn islands in empty states

(+1.0 V) for sub-bilayer coverages and extrapolating the coverage of the full layer as a function of

deposition time.
3To determine average peak heights, a four pixel wide line profile was extracted from raw STM

data where only a plane has been subtracted from the total image. In the height profile the peak

positions and heights that correspond substrate or island atoms were found. For each of the three

layers an average was taken over all atoms’ peak maxima and the standard deviation determined.
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Figure 5.1: 0.09 BL Sn on grown on Ge(111) at room temperature. The STM

images show (a) the clean Ge(111)-c(2x8) surface with a surface domain boundary

and (b – d) 0.09 BL Sn grown on that surface at room temperature. (c) and (d)

show a higher resolution, dual bias image of the dotted rectangle in (b). All STM

images were measured at a tunnelling current of 150 pA. One of the slight protrusions

discussed in the main text is circled in both biases. The white line in (d) indicates

the location of the height profile shown in panel (e). In (e) the horizontal lines show

the average peak height for the substrate (red), first island layer (green) and second

island layer (blue). The inset shows the side view of a diamond cubic crystal with

a (111) surface. The arrows indicate the distance of the two atomic layers in the

(bulk) bilayer and the distance of the upper atoms in two adjacent (bulk) bilayers

as a function of the lattice constant a.
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reasonably well with bulk expectations. As a second step, the ratio of the peak

height of the second island layer relative to the substrate Ge peaks (x) and the first

island layer’s peaks (y) is determined and compared to ratio of the distance of the

upper atoms between two bulk bilayers (a/
√

3) and the distance between atomic

layers within a bilayer (a/(4
√

3)), as shown in Fig. 5.1e. The ratio of y/x = 19.5%

with an uncertainty of 2%. The ratio of the distance of atoms within the bilayer

and the upper atoms between two neighbouring bilayers is 25% in a bulk diamond

cubic structure of a single atomic species. While this is larger than the y/x ratio

determined here the difference may be accounted for by the fact that material system

contains two atomic species. In the island Sn is predominant while the substrate

is primarily Ge. Furthermore, the c(2x8) reconstruction of the Ge surface affects

the atomic positions relative to the bulk positions [41] and the Sn adlayer atoms

may not always begin to nucleate in the optimal positions to continue growth in a

diamond cubic structure (as is the case for Sn on Ge(100) - cf. chapter 4). Thus,

despite the ratio of y/x = 19.5% being lower than the expected ratio within the

bulk, the islands are attributed to two dimensional Sn adlayer growth comparable

to bilayer formation.

The bright protrusions observed in the substrate at the same location in both

empty and filled states (circled Fig. 5.1c and d) can be attributed to incorporated

Sn atoms. They appear only after Sn growth and their height is lower both than

the first island layer and the difference in height between the first and second island

layer. This suggests the Sn has substituted a Ge atom in the surface causing a

protrusion as Sn atoms are larger than Ge atoms. Note, that the only location

at which the protrusions appear are the T4 position of the adatoms in the c(2x8)

surface reconstruction, the upper most surface atoms. The location of incorporated

Sn atoms at the T4 position is in agreement with literature where after annealing

6 0.4 BL of Sn on Ge(111) to 400◦C or 500◦C all Sn was observed to be in the T4

position [78]. Thus, I demonstrate that partial Sn incorporation into the surface

occurs even at room temperature Sn growth on Ge(111).

Figure 5.2 shows the evolution of a full bilayer of Sn grown on Ge(111) at room

temperature at two length scales 200x200 nm2 (a-c) and 50x50 nm2 (d-f). As Sn is

grown on the Ge(111) surface, Sn (bilayer) islands initially accumulate at the step

edges and surface domain boundaries (0.09 BL coverage). These Sn islands grow

laterally as coverage is increased to 0.28 BL with no contribution to a second bilayer

discernible. As the Sn islands grow they take on a triangular shape, as indicated

by the dotted line in Fig.5.2e, with one side aligning with the double rows of the

c(2x8) reconstruction. At larger scale it becomes apparent that the triangles orient

in the same direction, i.e. in Fig. 5.2b the triangles orient from the upper left of

the image to the bottom right. While the origin of the triangular shape is not clear,

81



Chapter 5. Tin layer formation on germanium(111)

Figure 5.2: Evolution of a Sn bilayer on Ge(111) at room temperature studied by

STM at a set point current of 150 pA and the biases given in each panel. The

Sn coverage is increased from 0.09 BL (a,d) to 0.28 BL (b,e) and 1.25 BL (c,d). At

0.09 BL coverage Sn accumulates at the step edges and surface domain boundaries,

a trend which is not apparent at higher coverage. Increasing the coverage to 0.28 BL

reveals the islands to have a triangular shape as indicted by the dotted line in (d). At

1.26 BL a wetting (bi)layer has formed with the second layer beginning to nucleate

on top. The complete closing of the wetting layer is proven by the filled states

(−1.0 V) inset of the section marked by the dashed rectangle, where more atoms of

the wetting layer become visible filling the gaps observed in empty states.
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it might originate from the three fold symmetry of the germanium substrate with

the double rows of the c(2x8) reconstruction acting as a guide for growth in one

direction. When increasing the coverage to 1.26 BL Sn a second layer begins to form

on top of the first bilayer. This is evidenced by the second layer on the lower terrace

in Fig. 5.2c being of the same height as the first layer of the upper terrace. A higher

resolution image of this surface without a step edge (Fig. 5.1f) reveals no discernible

ordering among the atoms of the first bilayer. In empty states (+1.0 V) there are

large gaps between the first layer atoms. However, the filled states (−1.0 V) image

of the dashed square, shown in the inset, reveals that these gaps are not empty, but

filled with atoms only discernible in under negative bias. This is comparable to the

rest atoms of the Ge(111)-c(2x8) reconstruction only being visible in filled states

while the adatoms are discernible in filled and empty states.

Thus, as Sn is grown on the Ge(111) surface at room temperature a disordered

wetting (bi)layer is formed. While there is some accumulation of Sn near step

edges and surface domain boundaries at low coverages, no trend of layer nucleation

from these locations is observed. Instead, triangular islands grow laterally on the

Ge(111)-c(2x8) surface. This is comparable to Ge growth on Si(111)-7x7, however,

unlike Ge growth on Si(111)-7x7 no clear linkage to specific nucleation sites on

the reconstruction is observed [131]. Furthermore, due to Sn incorporating into

the Ge(111) surface, even at room temperature, some ejected Ge is expected to

be incorporated into the wetting (bi)layer. Therefore, I propose in analogy to Sn

deposition on Ge(100) (chapter 4.2) that at room temperature a high Sn content

GeSn wetting (bi)layer is grown on the Ge(111) surface.

5.1.2 Growth at cryogenic temperatures

One method to increase interface sharpness is to reduce growth temperature in order

to suppress incorporation of ad-atom species. As I demonstrate in the previous sec-

tion, Sn incorporates into the surface during room temperature growth. Therefore,

here I grow Sn on Ge(111) at ∼ 200 K and image the surface at room tempera-

ture. Both low coverages of 0.15 BL Sn and full surface coverage of 1.26 BL Sn are

investigated.

Beginning at sub-bilayer coverages, 0.15 BL Sn grown on Ge(111) at 206 K is

shown in Fig. 5.3a, c. Small islands of comparable height to the Ge step edge have

formed on the surface. These islands distribute randomly on the surface, have no

defining shape and no internal ordering. Comparing these results to Sn grown at

room temperature as discussed in the previous section reveals that the islands behave

similarly when grown at cryogenic temperatures. There is no internal order to the

islands and their height is that of a bilayer with no further layers beginning to form.
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Figure 5.3: Evolution of an Sn bilayer grown on Ge(111) at ∼ 200 K studied by STM

at room temperature. The set point current for each STM image is 150 pA, with

the scanning bias given in the image. Panels (a) and (c) show 0.15 BL Sn grown at

206 K at two length scales. The inset in (c) shows a magnified, enhanced contrast

image of three slight protrusions in the surface characteristic of incorporated Sn. In

panels (b) and (d) 1.26 BL Sn has been grown at 190 K. The arrow in (d) points at

a small patch of atoms in the wetting layer ordering in double lines similar to the

c(2x8) reconstruction of pristine Ge(111). Moreover, the inset shows a negative bias

image of the dashed square.
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The random distribution of islands on the surface is comparable with 0.28 BL Sn

grown at room temperature and the lack of defining island shape is in comparable

with 0.09 BL Sn grown at room temperature.

Beyond the formation of Sn islands on Ge(111) after growth at cryogenic tem-

peratures, the inset of Fig. 5.3c highlights slight protrusions in the surface. As

discussed in the previous section these slight protrusions are Sn incorporated into

the surface at the T4 position. Since the samples were warmed to room temperature

before investigating the surface with STM there are two possible stages at which Sn

may incorporate into the surface: during Sn deposition at 206 K or as the sample

warms to room temperature with the Sn islands acting as a Sn source. The present

work cannot distinguish which is the case, however, theoretical calculation of the Sn

incorporation barrier may determine which is the case. Thus, while Sn incorporation

is observed after Sn growth at cryogenic temperatures no clear statement about the

expected interface sharpness after growing a full bilayer of Sn can be made.

The surface measured at room temperature after growing a 1.26 BL of Sn at 190 K

is shown in Fig. 5.3b, d. A complete wetting (bi)layer has formed with the onset of

a second layer but no clear indicators of a third layer present, as evidenced by the

height of the second layer on the lower terrace in Fig. 5.3b relative to the upper

terrace. Higher resolution empty sates (+1.0 V) STM of a 50x50 nm2 area reveals

individual atoms in the first (bi)layer with notable gaps between them. However,

the −1.0 V inset of the dashed rectangle demonstrates that these gaps are filled

with atoms only visible in filled states. Thus, Sn grown on Ge(111) at 190 K forms

a wetting (bi)layer on the surface. Furthermore, small patches of atoms ordered in

double lines comparable to the c(2x8) reconstruction of pristine Ge(111) are visible,

one of which is indicated by the arrow in Fig. 5.3d.

Comparing 1.26 BL Sn grown at 190 K with 1.26 BL Sn grown at room temper-

ature it should be noted that the atoms visible in the wetting layer under STM

are denser when the Sn has been grown at 190 K. Moreover, while no ordering is

discernible at room temperature growth, small patches of a few atoms ordering

in double lines can be observed after growth at cryogenic temperatures. This is

counter-intuitive as normally higher temperature means more diffusion, which gives

more opportunity to find the lowest energy position and therefore leads to more

ordering. Nonetheless, both 1.26 BL Sn deposited at room temperature and 190 K

form a disordered wetting layer, that may contain small amounts of Ge ejected due

to Sn incorporation.
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5.2 Evolution of tin on germanium(111) under annealing

In this section I investigate the behaviour of Sn layers on Ge(111) under anneal-

ing. Understanding the thermal properties of these layers serves a two fold purpose:

First, the thermal energy provided by annealing may allow atoms to rearrange on

the surface. This potentially allows the formation of ordered structures such as

stanene. Second, in order to incorporate Sn layers on Ge(111) in any device fabrica-

tion process the thermal properties need to be known in order to optimally position

Sn deposition in the process flow. Therefore, I study the thermal properties of

sparse (0.09 BL) and dense (1.26 BL) Sn coverages on the Ge(111) surface. Samples

of both coverages are annealed for 5 min at each temperature studied, reaching up

to 600◦C. Thereafter, STM measurements are performed when the samples have

cooled to room temperature.

5.2.1 Evolution 0.09 BL tin under annealing

In a first instance I study the behaviour of 0.09 BL Sn under annealing in order to

determine the behaviour of the Sn/Ge system when the dominant surface species is

Ge. It has been found that in the well studied
√

3 x
√

3R30◦ reconstruction which

forms after annealing 1/3 BL Sn to 170◦C − 300◦C the entire Ge surface is covered

with Sn atoms at T4 sites but not beyond that [76,78]. Therefore, when annealing Sn

coverages below 1/3 BL both Sn and Ge atoms are expected to be observed allowing

insight into the evolution of the higher coverage surface reconstructions as coverage

increases.

The evolution of 0.09 BL Sn deposited at room temperature when annealed to

300◦C, 450◦C and 600◦C is shown in Fig. 5.4. For each temperature an STM

image and, in the inset, the Fourier transform of the STM image is shown. At

room temperature Sn islands have formed on the surface and small amounts of Sn

have incorporated in the surface leaving the Ge(111)-c(2x8) reconstruction intact as

discussed in section 5.1.1. Upon annealing to 300◦C the Sn islands disappear and the

amount of bright atoms attributed to incorporated Sn has increased. Small patches

of the three c(2x8) surface domains can be found on the surface, as indicated by the

rectangles in Fig. 5.4b. Simultaneously, patches of a new ordering can be observed

on the surface as indicated by the triangle. This reconstruction cannot be identified

by STM alone, but is consistent with e.g. a 2x2 or
√

3x
√

3 reconstruction on the

Ge(111) surface. Annealing the system to 450◦C and 600◦C shows no appreciable

change in surface from 300◦C.

The Fourier transforms of the STM images show the same trends as the real

space. At room temperature the Fourier transform (inset Fig. 5.4a) has 180◦ ro-

tational symmetry. The pattern corresponds to a single domain c(2x8) reconstruc-
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Figure 5.4: Room temperature STM of 0.09 BL Sn on Ge(111) annealed up to

600◦C. All STM images were measured at 1.0 V and 150 pA (a) or 200 pA (b-

d). After room temperature deposition of 0.09 BL Sn (a) the sample is annealed

to 300◦C (b) leading to the islands disappearing and Sn incorporation increasing.

The surface domains dissolve though small patches ordered according to the three

c(2x8) orientations are still visible as indicated by the rectangles. Furthermore, a

new ordering on the surface is observed as indicated by the triangle. Increasing

the annealing temperature to 450◦C (c) and 600◦C (d) does not change the surface

structure further. All insets show the Fourier transform of the corresponding STM

image. Note, that skew and drift in the STM image leads to distortion of the Fourier

transform.
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tion [132]. In fact, Fourier transforming a STM image of single domain Ge(111)-

c(2x8) gives the same pattern (cf. appendix B). When annealing the surface to

300◦C the Fourier transform has hexagonal symmetry with the central six spots

being blurred. This reciprocal space pattern is the same as LEED of this surface re-

ported by Uhrberg et al. [133] and corresponds to the LEED pattern of a disordered

c(2x8) surface. This is in good agreement with my observation of small patches of

all three c(2x8) surface orientations in the real space image. When increasing the

annealing temperature to 450◦C the spots further from the centre disappear. As the

STM image (Fig. 5.4c) is of lower quality and slightly blurred compared to the other

STM shown in this figure, the disappearance of these spots is most likely related

to the quality of the STM data. This is supported by these spots being present

again in the Fourier transform of the 600◦C STM image. Note, that all Fourier

transforms are distorted in the direction of the (slight) skew and drift present in the

STM images.

Overall, when annealing 0.09 BL Sn on Ge(111) I find full Sn incorporation at

300◦C. This leads to the dissolution of the c(2x8) domains though small patches of

all three orientations remain giving a reciprocal space pattern comparable to dis-

ordered Ge(111)-c(2x8) surface. In addition, patches of a reconstruction consistent

with the appearance of
√

3 x
√

3R60◦ are observed. Thus, this is an intermediary

stage between the c(2x8) structure observed on clean Ge(111) and the
√

3 x
√

3R60◦

observed after annealing 1/3 BL Sn to 300◦C, with the Sn coverage being too low

for the new reconstruction to fully form. Similarly, the Sn coverage is too low for

the higher temperature 7x7 and 5x5 reconstructions to form at 450◦C or 600◦C [76].

Instead the surface remains unchanged from the surface at 300◦C. This suggests

that at these coverages, Sn does not strain the surface sufficiently for a reordering

of the surface to be energetically favourable unlike for 0.53 ML Sn on Ge(100) (cf.

chapter 4.3). Together with Sn being located in the T4 position in the
√

3 x
√

3R60◦

reconstruction [78] this suggests that all incorporated Sn is in the T4 position at all

annealing temperatures. In summary, when annealing 0.09 BL Sn on Ge(111) to at

least 300◦C all Sn incorporates disordering the c(2x8) reconstruction and patches

of a new reconstruction begin to form. This surface remains stable up to at least

600◦C.

5.2.2 Evolution of 1.26 BL tin under annealing

The Sn density on the Ge(111) surface affects the behaviour under annealing, in par-

ticular as the dominant species at the surface changes from Ge to Sn. In the coverage

regime of 1/3 BL to 0.9 BL it has been found that depending on coverage and anneal-

ing temperature three different surface reconstructions can form:
√

3 x
√

3R60◦, 5x5
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Figure 5.5: STM images of 1.26 BL of Sn on Ge(111) deposited at room temperature

(a, d) then annealed to 300◦C (b, e) and 450◦C (c, f) for 5 min each. All scans were

taken at a bias of +1.0 V and a tunnelling current of either 150 pA (RT) or 200 pA

(after annealing). Panel (e) is a taken on an area of the mostly disordered surface

phase A, surface phase B is discussed in section 5.2.3. The dashed square and dotted

rectangle in (e) and (f) indicate the two types of surface features where a few atoms

order locally within the disordered surface under annealing: a triangular feature

and double rows of atoms ordered reminiscent of the Ge(111)-c(2x8) reconstruction,

respectively.

and 7x7 [76]. Therefore, it is expected that coverages above a bilayer may showcase

different behaviour than sub-bilayer coverages. Thus, I investigate the behaviour of

a 1.26 BL Sn layer grown at room temperature when annealed to 300◦C and 450◦C

by measuring the sample under STM at room temperature.

Figure 5.5 shows the evolution of 1.26 BL Sn under annealing at two different

length scales 200 x 200 nm2 (a – c) and 50 x 50 nm2 (d – f). As discussed in section

5.1.1, after room temperature deposition of Sn the wetting layer is disordered and

small islands have formed where the second layer has begun to nucleate. When the

surface is annealed to 300◦C two distinct phases form on the surface. A mostly dis-

ordered phase A which is discussed here and an ordered phase B, which is less rough

and lower in height than phase A, discussed in section 5.2.3. High resolution imaging

of phase A (Fig. 5.5e) reveals that there is no long range order and the islands of
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the second layer visible before annealing have disappeared leaving individual atoms

atop the first layer. Despite the lack of long range order, two multi-atom features,

where a few atoms order locally while the surrounding area remains disordered, have

appeared. Highlighted in the dashed square is a triangular feature which appears fre-

quently on the surface. Much more infrequent is the feature indicated by the dotted

rectangle: a double row of atoms reminiscent of the Ge(111)-c(2x8) reconstruction.

Annealing the surface further to 450◦C leads to the disappearance of surface phase B

and increased patches of local ordering in surface phase A. In particular, the amount

of patches of double rows of atoms reminiscent of the Ge(111)-c(2x8) reconstruction

have increased significantly. In the c(2x8) reconstruction neighbouring ad-atoms in

neighbouring rows appear either next to each other or centred between two atoms

of the neighbouring row. One example of each type is indicated by the dotted rect-

angles in Fig. 5.5f. Occasionally, these double rows will line up with the triangular

structures as highlighted by the dashed rectangle. Finally, I note that due to Sn

incorporation in the Ge surface at room temperature and increasingly so at elevated

temperatures (cf. section 5.2.1) the wetting layer is likely to contain small amounts

of Ge at all temperatures.

The increase of patches of local order in surface phase A with increasing annealing

temperature suggests that annealing to temperatures beyond 450◦C may allow for

a fully ordered surface. As the amount of c(2x8)-like double rows increases more

significantly than the triangular features, I propose that such an ordering would

likely be a c(2x8) reconstruction. Moreover, I suggest that the triangular features

due to their three fold symmetry and the fact that they can line up with the double

rows, will act as a meeting point of the three c(2x8) surface domain orientations.

Such propagation of the substrate surface reconstruction has been observed in the

chemically similar system of Ge grown on Si(111), where after growing 50 nm Ge at

550◦C on the Si(111)-7x7 surface a 7x7 reconstruction comparable to the Si(111)-7x7

reconstruction was observed [134].

5.2.3 The ordered surface phase of 1.26 BL tin annealed to 300◦C

In this section I discuss the ordered B phase observed after annealing the 1.26 BL

Sn on Ge(111) surface to 300◦C. Finding an ordered Sn surface phase on Ge(111)

is of particular interest as stanene on Ge(111) is predicted to be a 2D topological

insulator at room temperature [15,16]. Therefore, I study the formation of 1.26 BL

Sn surface grown at both room temperature and 190 K, and subsequently annealed

to 300◦C. Furthermore, I investigate the surface structure and propose an atomic

structure model for the B phase.

Figure 5.6 shows the B phase formed after annealing 1.26 BL Sn samples from
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Figure 5.6: STM images of surface phase B produced by growing 1.26 BL Sn on

Ge(111) at 190 K (a, b) or room temperature (c, d) and subsequently annealing to

300◦C for 5 min. An overview of the surface including a step edge and surface phases

A and B is shown in (a). A higher resolution image of the B phase on this sample is

shown in (b). Panel (c) shows phase B at the same resolution and bias as panel (b)

with better STM tip quality and produced from a sample with Sn grown at room

temperature. (d) shows a different area of the surface in (c) scanned at +1.5 V

making individual atoms visible. In the inset a 5 nm wide higher resolution and

enhanced contrast image at this bias is shown. The black and grey circles highlight

atoms higher and lower on the surface, respectively. The white rectangle outlines

the unit cell of the surface, with the glide plane (blue) and mirror planes (green)

indicated.
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5 min to 300◦C with different Sn growth temperatures. Panels (a) and (b) show the

B phase formed from 1.26 BL Sn grown at 190 K whereas panels (c) and (d) show

the B phase formed from 1.26 BL Sn grown at room temperature. Panel (a) shows

a typical 500 x 500 nm2 surface scan after annealing 1.26 BL Sn to 300◦C4. Up to

hundreds of nanometre large patches of the smoother and lower in height phase B

are discernible within the dominant environment of phase A. Furthermore, phase

B is never observed to cross step edges. Scanning phase B at higher resolution,

with the same bias of +1.0 V, reveals a rhombic cross hatch pattern where no atoms

are visible. Scans of phase B taken on a sample with 190 K Sn growth and room

temperature Sn growth reveal identical surfaces. The differences between the surface

as shown in panel (b) and (c) are due to the scan resolution in (b) being lower due to a

lower quality STM tip. Therefore, the formation of surface phase B is not dependent

on the initial Sn growth temperature, only on the annealing temperature. Moreover,

after annealing the surface of 1.26 BL Sn grown at 190 K to 300◦C for a total of

20 min the phase B continues to be observed. By contrast, after annealing 1.26 BL

Sn grown at room temperature to 300◦C for 60 min only phase A was observed in

STM5. This suggests, that surface phase B may be sensitive to annealing time as

well as temperature.

When scanning phase B at a slightly higher bias of +1.5 V individual atoms are

revealed on the surface (cf. Fig. 5.6d). Two different heights of atoms are observed.

The higher atoms (black circles in the inset) form zig-zagging lines. Between these

lines are the atoms observed at a lower height (grey circles) located such that they

complete the cross hatch pattern. Note, that the eight atoms making up a rhombus

(six higher, two lower) frame an empty space. The white rectangle shows one place-

ment of a rectangular unit cell on the surface. The four corners of the unit cell are

placed at the central atom of three higher atoms forming a line from the top left to

the bottom right, this places lower atoms at the centre of the cell making symme-

tries easier to distinguish. A glide plane can be placed through the line formed by

the lower atoms (blue line) and a mirror plane can be placed perpendicularly to the

glide plane through either apexes of the zig-zag pattern of the higher atoms (green

lines). Moreover, the B phase has also been observed rotated ∼ 60◦ relative to the

B phase shown here. This suggests that a third surface orientation may be possible

such as found for the Ge(111)-c(2x8) reconstruction.

As a first step towards determining the atomic structure of the B phase I com-

pare the surface to similar systems in literature. Of particular interest is whether

4This scan was taken on a sample with Sn grown at 190 K. However, the surface observed at

this scale after annealing 1.26 BL Sn grown at room temperature to 300◦C is comparable - cf. Fig.

5.5b for a 200 x 200 nm2 image of this.
5This was checked by scanning several 500 x 500 nm2 areas across the accessible scan area.
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phase B is stanene. Therefore, I compare the B phase with stanene grown on other

substrates. In these cases, often a honeycomb structure is observed either directly

or the upper atoms of a buckled honeycomb are visible [86,87,89]. In rarer cases, a

more complex structure is observed such as the buckled
√

3x
√

7 structure observed

on gold(111) [135]. However, none of these STM images in literature are comparable

to the B phase observed here. Next, I compare the B phase with graphene grown on

Ge(111). While the appearance of graphene on Ge(111) varies strongly as a func-

tion of scanning parameters, with superstructures becoming visible at some biases,

typically a honeycomb-like structure is still observed at the atomic scale [136–138]

which I do not observe in the B phase. Therefore, I suggest that the surface struc-

ture of the B phase is fundamentally different from a stanene layer. In the previous

sections, I observe that Sn incorporates into the Ge(111) surface even before an-

nealing to 300◦C, whereupon incorporation increases. Thus, I propose that phase

B is covalently bonded to the Ge(111) surface and thus not a 2D-material weakly

coupled to the substrate but an ad-layer.

In Fig. 5.7 I suggest two possible atomic configurations that may produce the

surface observed under STM. While a multitude of atomic structures may be drawn

on the Ge(111) surface, the structure models were chosen to fulfil the following

criteria:

• Substrate bonds are preferably saturated and no atom has more than one

dangling bond.

• Atoms visible under STM are at elevated height relative to the substrate

and/or have a dangling bond.

• There is a height difference between the brighter and darker atoms observed

under STM.

• The atoms are positioned such that a crosshatch pattern is produced. I.e. two

sets of parallel lines can be drawn through the visible atomic rows.

• All atoms are sp2 or sp3 hybridized.

Furthermore, as a starting point for constructing a surface structure I take known

behaviour of the Ge(111) surface and Sn/Ge(111) system into account. I observe the

B phase only after annealing 1.26 BL Sn to 300◦C and it disappears after annealing to

higher temperatures. This temperature coincides with the c(2x8)→ ”1x1” transition

temperature observed on Ge(111). In LEED diffuse half order spots were observed

which, in conjunction with STM of the increasing disordering of the surface as 300◦C

is approached, indicates a disordered 2x2 reconstruction [132,139]. The mechanism

for this surface phase transition is the c(2x8) reconstruction’s ad-atoms becoming
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Figure 5.7: Two possible models of the atomic structure of the B phase. For each

model top and side view are shown as well as an overlay on a 5 nm x 5 nm STM

image of the B phase scanned at +1.5 V and 200 pA. The Ge atoms of the unrecon-

structed surface are indicated in dark grey, while Ge atoms from lower layers are

indicated in light grey. The top view of panel model 1 also shows a section of clean,

unreconstructed Ge(111) where the H3, T1 and T4 positions are indicated. Within

the area covered by Sn a Ge atom with a remaining dangling bond is marked in red.

The lower Sn positions on the surface Sn1 and Sn2 are shown in yellow, while the

higher Sn positions Sn3 and Sn4 are in blue. All structure models are drawn with

VESTA [30].
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mobile and hopping from the T4 site they are located at, i.e. above the lower

atom of the topmost Ge bilayer, via a H3, i.e. in the centre of the topmost Ge

bilayer hexagon, to another T4 site [140]. A similar observation has been made

for 1.5 BL Sn on Ge(111), where Sn is mobile on the surface at 300◦C and can

be found predominantly at the T1 position, i.e. atop an upper Ge atom of the

unreconstructed surface, to a lesser extent at T4 sites and in small amounts at H3

sites [141]. Moreover, the sub-bilayer coverage Sn on Ge(111) surface reconstructions

which all occur in the vicinity of 300◦C (
√

3x
√

3R30◦, 5x5 and 7x7) have all been

found to be Sn dominated [76,78]. In the
√

3x
√

3R30◦ Sn is located T4 position [78]

which is where it incorporates naturally at room temperature (cf. section 5.1.1).

Based on these considerations, I place Sn atoms at T1 and T4 as a starting point

in order to construct the surface structures presented in Fig. 5.76. I start with tiling

the surface with Sn atoms in the T4 position to form a c(2x4) reconstruction. This

reconstruction is chosen as a starting point, as the Ge(111)-c(2x8) reconstruction

can be considered as alternating rows of c(2x4) and 2x2 and this starting point leads

to a viable Sn surface structure. Structure model 1 is constructed by adding Sn in

the T1 position where dangling bonds on the surface remain. Sn atoms in the T4

position now have one dangling bond, whereas Sn atoms in the T1 position have

three dangling bonds. Thus, to reduce the number of dangling bonds I break the

one of the Sn-Ge bonds of the Sn atoms in the T4 position shifting these atoms

into the Sn1 position and leaving a Ge atom with a dangling bond behind (red).

The Sn2 atom is then created by bonding the Sn atoms in the T1 position to two

neighbouring Sn1 atoms, shifting the atom slightly away from the T1 position. Both

Sn1 and Sn2 atoms have sp3 hybridization with the bonds of the Sn1 atoms being

fully saturated while the Sn2 atoms have a dangling bond. The sp3 hybridization of

the Sn1 atoms dictates the zig-zag pattern created by the Sn1 and Sn2 atoms as well

as the increased height of the Sn2 atoms relative to the Sn1 atoms. As indicated in

the STM image, I suggest the (yellow) Sn1 and Sn2 atoms correspond to the higher

atoms visible under STM and the (red) Ge atoms with dangling bonds correspond

to the lower atoms. Note also, that the Sn1 and Sn2 atoms together with the red

Ge atoms form two sets of parallel lines on the surface, generating the crosshatch

pattern.

Structure model 2 is constructed from structure model 1 by bonding an additional

Sn atom to each dangling bond present on the surface in structure model 1. Sn

6There may be some Ge in the B phase from ejection of Ge after Sn incorporation in the

substrate. However, as the low coverage reconstructions are Sn dominated [78] I propose that the

same can be said for this surface. Furthermore, Ge and Sn have the same number of bond sites,

making them chemically similar. Thus, in the discussion of the structure models I refer to all

ad-atoms as Sn atoms, despite there possibly being some Ge in the structure as well.

95



Chapter 5. Tin layer formation on germanium(111)

atoms in position Sn3 are bonded atop Sn2 atoms, while Sn atoms in position Sn4

are bonded to the Ge atoms with dangling bonds (red in structure model 1). All Sn

atoms in this additional (blue) layer have a remaining dangling bond. Sn3 atoms

are sp3 hybridized while Sn4 atoms are sp2 hybridized, requiring Sn3 atoms to be

higher than Sn4 atoms. While the positions of Sn1 and Sn2 atoms in both structure

models is the same, in structure model 2 it is the (blue) Sn3 and Sn4 atoms that

give the higher atoms under STM and the Sn2 atoms give the darker atoms creating

the crosshatch pattern of the surface, as indicated in the STM image.

In addition to the criteria outlined above, both structure models are consistent

with experimental data in the following ways: The structure models do not exceed

the number of Sn atoms present in 1.26 BL Sn if it were growing to form a diamond

cubic seed layer. Thus, the number of atoms required to create these structures

are present on the experimental surface. The height of structure model 2 above the

surface is comparable to that of a single bilayer which is consistent with surface phase

A having higher elements than surface phase B (cf. Fig. 5.5b) as A is a more open

structure and an additional layer has started to form upon it. Furthermore, both

structure models can be rotated in 60◦ increments to create three symmetrically

equivalent surface structures, which is consistent with the observation of two B

phases rotated 60◦ relative to each other. Next, I compare the calculated atomic

distance along the densest line of atoms to the experimental inter atomic distance.

The theoretical prediction is ∼ 22% smaller than the experimental value, however,

due to drift in the STM images this lies within the upper limits of the uncertainty

in the experimental value.

As a final step of comparison between the structure model and the experimental

data, I compare the simulated diffraction pattern of the structure models to the

Fourier transform of the B phase. In order to simulate the diffraction pattern I use

LEEDpat [142] which was created for LEED pattern simulation. The simulation and

LEEDpat settings are shown in Fig. 5.8a. While LEED is very surface sensitive,

it penetrates a few atomic layers deep, unlike STM where only the local density of

states at the surface is observed. The 2D lattice (space group) for the (111) surface

of a diamond cubic crystal such as Ge is p3m1 when one takes all atomic layers into

account, while the unreconstructed, topmost bilayer has the symmetry p6mm [143].

As STM is not sensitive to the lower layers of the surface and the relative positions

of the atoms in the superlattice of the structure models are only dependent on the

atomic positions of the topmost bilayer of unreconstructed Ge(111) I use p6mm as

symmetry of substrate 2D lattice. The unreconstructed Ge(111) surface is shown

in Fig. 5.8bi with the surface lattice vectors drawn in blue. Both structure models

presented in Fig. 5.7 create the same superlattice, thus I show the example of

structure model 1 in Fig. 5.8bii. The primitive unit cell of the superlattice is drawn

96



Chapter 5. Tin layer formation on germanium(111)

Figure 5.8: Simulation of the reciprocal space pattern of the structure models and

comparison with experiment. (a) LEEDpat [142] simulation of the LEED pattern of

the structure models shown in Fig. 5.7 taking only the topmost (unreconstructed)

Ge(111) bilayer and the ad-layer into account. (bi) Unreconstructed Ge bilayer with

the 2D lattice vectors drawn in blue and the unit cell of the superlattice given by

the ad-layer drawn in red. (bii) Structure model of the B phase with the ad-layer

and uppermost Ge bilayer drawn. The unit cell given by the superlattice of this

structure model is drawn in red, with mirror planes in green and the glide plane in

blue. Only structure model 1 is drawn here, but structure model 2 has the same unit

cell and symmetries. Both structure models are drawn in VESTA [30]. (c) Fourier

transform of the STM image of the B phase shown in Fig. 5.6d.
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in red with the corners located at symmetrically equivalent Sn1 positions. The

rectangular unit cell has two mirror planes (green) and one glide plane (blue) making

the 2D space group of the superstructure p2mg. As the superlattice is commensurate

with the underlying surface the superlattice’s symmetry and transformation matrix

M =

(
4 0

1 2

)
(5.1)

are sufficient to simulate the diffraction pattern. Only one domain is drawn in the

“Pattern” section of LEEDpat as I compare the pattern to the Fourier transform

of a single domain of the B phase (Fig. 5.8c). Both the simulated pattern and the

Fourier transform show an rectangular base pattern of reciprocal space spots with

every other spot missing along the short side of the rectangle where it is in line with

the 0th-order reciprocal space spot. Thus the simulated and experimental reciprocal

space pattern are qualitatively consistent with each other. Comparing, this pattern

to the patterns derived from RHEED measurements of ∼ 1.26 BL Sn on Ge(111) at

temperatures up to 170◦C in literature [77], shows that these are not consistent with

each other reaffirming that the B phase is, to my knowledge, a previously unreported

surface structure.

Overall, I determine that the ordered surface phase B found after annealing

1.26 BL Sn on Ge(111) to 300◦C is sensitive to annealing temperature and possibly

annealing time, but not the deposition temperatures studied here. At least two

60◦ rotationally symmetric orientations exist. Thus due to the 3-fold symmetry

of the substrate this suggests a third orientation may also exist. Moreover, as Sn

incorporates into Ge(111) even at room temperature, I determine that the B phase

is likely covalently bonded to the Ge substrate. While the B phase may contain

small amounts of Ge I propose that it is dominated by Sn atoms like the sub-

bilayer coverage Sn on Ge(111) reconstructions. Based on this I suggest two possible

structure models that are consistent with the experimental data. In structure model

1 the zig-zag row of higher atoms under STM correspond to Sn ad-atoms whereas the

darker atoms correspond to Ge substrate atoms with a dangling bond. In structure

model 2 the lower atoms correspond to the central Sn atom of the row of three that

make up the zig-zag in structure model 1 and the higher atoms correspond to a

second zig-zag row bonded to the dangling bonds of structure model 1. Future work

may include theory calculations to determine the viability of the proposed structures,

determining the temperature stability of the structure and performing scanning

tunnelling spectroscopy experiments on the B phase to investigate its electronic

structure.
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5.3 Conclusions

In this chapter, I studied the deposition of Sn on Ge(111) as a function of coverage

and growth temperature, and investigated the impact of post growth annealing on

the material system. Starting from low coverage I investigated the evolution of Sn

islands to a wetting layer at 1.26 BL Sn coverage, both at room and cryogenic growth

temperatures. Sn layers at coverages of 0.09 BL and 1.26 BL were annealed and the

impact on Sn incorporation and surface ordering investigated.

When depositing Sn at room temperature two processes occur simultaneously:

Sn incorporation and ad-island formation. The Sn atoms incorporate only at the

T4 positions previously occupied by the Ge(111)-c(2x8) reconstruction’s adatoms.

Annealing 0.09 BL Sn to at least 300◦C and up to 600◦C leads to full Sn incor-

poration and the emergence of an intermediary state between the Ge(111)-c(2x8)

reconstruction and the 1/3 BL Sn
√

3x
√

3R30◦ reconstruction. This suggests that

the Sn is still located at the T4 position. Finally, STM of 0.15 BL Sn dosed at 206 K

reveals, that Sn either incorporates even at these low temperatures or incorporates

as the surface warms to room temperature before measurement with the Sn islands

acting as Sn source. Thus, over the entire temperature range investigated here Sn

incorporation is observed.

At both cryogenic and room temperature Sn grows from small ad-islands laterally

to cover the entire surface. The ad-islands have been determined to be consistent

with an ad-bilayer and, even at 1.26 BL where the onset of a second bilayer is

observed, no indicator of a third layer is present. Thus, Sn grows 2-dimensionally

into a disordered wetting layer at both 190 K and room temperature. Contrary

to expectation, the wetting layer grown at low temperature appears denser than

the layer grown at room temperature and small ordered patches reminiscent of the

c(2x8) reconstruction form at low temperature. Due to the small amount of Sn

incorporation present at both growth temperatures, some ejected Ge is expected to

be present in the wetting layer. Nonetheless, the wetting layer is predominantly a

(disordered) Sn bilayer both when grown at room temperature and 190 K.

Annealing 1.26 BL Sn to 300◦C results in the formation of two surface phases.

In surface phase A there is no long range ordering, but small patches of local or-

dering indicating an organization comparable to the Ge(111)-c(2x8) reconstruction.

Only this surface phase persists to 450◦C where the proportion of patches of local

ordering increase. This suggests that, at even higher temperatures the A phase may

evolve into a c(2x8) reconstruction in analogy to the propagation of the Si(111)-7x7

reconstruction in the Ge/Si(111) system.

The 1.26 BL Sn post 300◦C anneal surface phase B is of particular interest as

it is an ordered surface. A cross hatch pattern of two parallel rows of atoms form.
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In each row a pattern of three consecutive atoms at a higher position followed by

a single atom in a lower position repeats. The higher atoms from intersecting rows

form zig-zag lines across the surface. The unit cell of the surface is a rectangle

with two mirror planes and a glide plane. At least two 60◦ rotationally symmetric

orientations exist, suggesting a third orientation may also be possible. I propose

on the basis of Sn incorporation into the Ge(111) surface occurring, that the B

phase is covalently bonded to the substrate and may contain small amounts of Ge.

Furthermore, the B phase is sensitive to the annealing temperature as it is only

observed after annealing to 300◦C for <1 h. Growth temperature does not play a

role as the surface was produced both from Sn layers grown at 190 K and room

temperature. Due to the covalent bonding of the Sn atoms and the appearance of

the B phase under STM, I conclude that the B phase is not stanene. Therefore, on

the basis of the experimental observations I propose two possible structure models,

model 1 with the higher atoms corresponding to zig-zag rows of Sn on the surface

and model 2 with two overlapping zig-zag rows of Sn at two different heights.

Overall, the results presented in this chapter provide first atomic scale insights

into the formation of Sn bi-layers on Ge(111) under a range of growth and anneal-

ing conditions. In particular, I present a detailed characterization of a previously

unreported surface phase at 300◦C.
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Chapter 6

Arsine dosed germanium(100): adsorption and in-

corporation

In recent years, germanium (Ge) has emerged as a platform for hole-based quantum

computing utilizing gate induced quantum dots [4]. This technology takes advan-

tage of Ge’s material properties such as high hole mobility, significant spin-orbit

coupling and compatibility with the Si CMOS platform. Despite benefiting from

many of Ge’s properties, electron based approaches to Ge quantum computing are

less studied. One avenue for quantum device fabrication is scanning tunnelling mi-

croscopy (STM) hydrogen resist lithography which is currently used for phosphine-

based (PH3-based), atomic scale device fabrication in silicon (Si) [22, 93] and has

been extended into PH3/Ge(100) [26,98]. In this process the Si(100) or Ge(100) sur-

face is terminated with hydrogen, which then can be locally desorbed with atomic

precision using STM. PH3 gas is dosed to the surface, where it adsorbs only on the

bare Si or Ge atoms and not on the hydrogen terminated ones. Where the gap in the

hydrogen termination is large enough the PH3 dissociates fully, and after annealing

incorporates at the locations determined by the STM patterning [97]. Thus, this

technique allows for placement of single P dopants at the atomic scale. Furthermore,

arsenic (As), a common donor in Ge, has recently shown to be compatible with STM

hydrogen resist lithography in silicon (Si) using arsine (AsH3) as a precursor [25].

Therefore, AsH3 is a precursor candidate for STM hydrogen resist lithography fab-

rication of As-based quantum device components in Ge, such as the formation of a

2D electron gas, the fabrication of nano-scale electronic leads and n-type doping on

the atomic scale. In this chapter, I investigate the AsH3/Ge(100) system towards

integration with STM hydrogen resist lithography. I demonstrate AsH3 dissociation

on and incorporation in Ge as well as As delta-layer formation in Ge.

I begin by investigating the dissociation of AsH3 on Ge(100) at room temper-

ature in section 6.1. Careful comparison of clean Ge(100) with the surface after

exposure to 0.023 L AsH3 reveals nine characteristic dissociation features. Studying

their structure under STM, their frequency on the surface and transitions between
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features, reveals which features are close in energy and informs what features lie on

the same dissociation pathway. Moreover, contrasting experimental results with sim-

ulation of stable AsH3 dissociation products, kindly provided by Steven Schofield1,

enables me to propose possible atomic configurations for one of the AsH3 dissociation

features.

As a next step (section 6.2), I anneal the surface to study the evolution of AsH3

features as a function of temperature, from room temperature to 767◦C. In par-

ticular, I determine three temperature regimes and demonstrate the comparability

of AsH3 with hydrogen resist lithography by revealing As incorporation into the

Ge(100) surface before hydrogen desorbs from the surface. Throughout the hy-

drogen desorption process and beyond, the incorporated As content in the surface

remains stable.

Metallic contacts for atomic scale devices can be fabricated by high As doping

of the surface. Towards this goal I investigate saturation dosing Ge(100) with AsH3

in section 6.3. Slightly different surfaces are observed as a function of dose rate. By

annealing the surface I reaffirm the temperature regimes determined at low AsH3

dose and estimate an upper bound for the density of As surface incorporation which

underlines the comparability of AsH3/Ge(100) with scanning tunnelling hydrogen

resist lithography processes.

Full As-in-Ge based device functionality requires confining of the As in-plane

when overgrowing with Ge, i.e. confining As perpendicular to the growth direction.

Thus in section 6.4 I demonstrate proof of principle confinement of an As δ-layer in

Ge(100) after dosing with AsH3.

An overview of the results is given in section 6.5.

6.1 Dissociation of arsine on germanium(100) at room tem-

perature

When exploring a new material system for scanning tunnelling hydrogen resist

lithography a first step is to investigate the surface chemistry of the material system.

Therefore, I investigate the dissociation products of AsH3 on Ge(100) after dosing

at room temperature. I identify nine AsH3 related features and observe that some

can transition into each other. Based on these observations and DFT simulation I

discuss the chemical and structural implications of my findings.
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Figure 6.1: Dissociation of AsH3 on Ge(100) studied by STM. Panel (a) shows clean

Ge(100) with a cluster of missing dimers indicated. In (b) the surface has been dosed

with 0.023 L at room temperature. (c) The two most common hydrogen related

features on the germanium surface: left a hemihydride and right a monohydride.

All scans are measured at a set point current of 200 pA.

6.1.1 Characteristics of arsine dissociation products

First characterization of AsH3 dissociation is achieved by comparing the surface of

clean Ge with the surface after a small AsH3 dose (for a discussion of the Ge(100)

surface structure see chapter 2.1). Figure 6.1 shows the Ge(100) surface before and

after dosing with 0.023 L AsH3 at room temperature. In particular, note the dark

depressions on the clean Ge(100) which are missing dimer defects, e.i. Ge atoms

missing from the surface. Moreover, two common features related to hydrogen are

shown. On the left, a hemihydride where one hydrogen atom bonds to a dangling

bond of a Ge dimer (cf. also Fig. 4.2). It appears as a slight protrusion at the

location of the up-tilted Ge atom in filled states (−1.5 V) and a three dimer wide

depression in empty states (+1.0 V). The depression is dark on the side of the dimer

row opposite to the filled states protrusion and only slightly depressed on the side

of the filled states protrusion. By contrast the monohydride, where both dangling

bonds of the dimer are occupied by a hydrogen atom, appears as a completely dark

depression the size of a dimer in both filled and empty states, though direct compar-

ison reveals it to be slightly less dark than a missing dimer. Both of these features

may appear on the clean Ge(100) surface though they are rare, the monohydride

particularly so.

Numerous features beyond the hydrogen related features appear on the surface

after AsH3 dosing. Most features appear as a mix of protrusions and depressions

relative to the Ge substrate. A filled states (−1.5 V) and empty states (+1.0 V)

1London Centre for Nanotechnology, UCL, London
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Figure 6.2: Catalogue of features observed after dosing

Ge(100) with AsH3 at room temperature. The 6.0 nm x

6.0 nm STM scans were taken at 200 pA and the bias given

in the figure.

Type Average

counts per

2500 nm2

A 18.4± 6.7

B 7.3± 4.2

C 5.8± 3.3

D 2.8± 3.1

E 9.3± 3.3

F 2.6± 2.2

G 1.8± 1.7

H 0.2± 0.4

I 22.7± 5.1

Table 6.1: Number

of features observed

on average on a scan

area of 2500 nm2. A

total of 851 features

were analysed. Un-

certainties arise from

treating each new

area of 2500 nm2 as

an independent mea-

surement.
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image of each of the nine features I identify are shown in Fig. 6.2. The characteristic

appearance of each feature is described briefly in the following:

• Type A occupies three dimers along the dimer rows and two dimers perpen-

dicular to the dimer rows, so has a total footprint of twelve Ge atoms. For

simplicity I will use the terminology “three dimers and two dimer rows wide”.

In filled states it is characterized by three slight protrusions and a several

atom large depression. One slight protrusion is located between two dimers

and the two dimer rows. The two other, atom sized protrusions are located

in one dimer row to either side of the central protrusion at the location of an

substrate atom. On the opposite side of the central protrusion in the other

dimer row these locations are characterized by a dark depression as is one

neighbouring dimer in that row. In empty states the A feature appears as a

bright protrusion centred between dimers at the location of the filled states

central depression. It is surrounded by a slight depression in addition to a

dark depression at the same location as in filled states.

• Type B is three dimers and one dimer row wide. In filled states it appears as a

depression the size of a dimer next to two dimers adjacent to each other with

a slight protrusion at the location of the up-tilted Ge atom. In empty states

the location of protrusion and depression remain unchanged, in contrast to a

buckled dimer row interrupted by a monohydride where the protrusion is on

opposite sides of the dimer row in filled and empty states.

• Type C is three dimers wide and located on one dimer row. It is a dark

depression in both filled and empty states with a protrusion the height of the

Ge substrate atoms located on one side of the dimer row, between two dimers.

This location does not change as a function of bias, though the empty states

protrusion is slimmer than the filled states protrusion.

• Type D is three dimers wide and located in a single dimer row. In filled states

it consists of a dark depression with a slight protrusion at the location of the

central dimer on one side of the dimer row. In empty states the protrusion

has the same height as the substrate and is located across two dimers on the

same side of the dimer row as the protrusion in filled states.

• Type E is a bright protrusion in both filled and empty states, two dimers

wide centred on a single dimer row. This feature only ever appears near other

features never well isolated as the others do.

• Type F is three dimers wide on one dimer row. In filled states it appears

as two dark depressions the size of a dimer on either side of protrusion the
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height of the substrate and size of a dimer. In empty states the location

of depressions remains unchanged, while the single protrusion splits into two

slight depressions on either side of the dimer row.

• Type G is three dimers wide and localized on one dimer row. In filled states it

is a dark depression with two protrusions, the height of the substrate dimers,

on one side of the dimer row and located on two neighbouring dimers. In

empty states the location of the depression remains the same and the two

protrusions merge into a single protrusion.

• Type H is four dimers wide and localized on a single dimer row. In filled states

it has a dark depression the size of a dimer on either end and two protrusions at

the location of each of the middle dimers. The protrusions are localized slightly

off centre of the dimer row in opposite directions. In empty states the location

of the dark depressions locations remains the same, while the protrusions turn

into slight depressions split comparably to the central depression in the type

F feature.

• Type I appears as a two dimer wide depression on a single dimer row in both

filled and empty states, making it distinct from a monohydride, which is only

a single dimer wide. Most of the depression is dark, however, it can have a

very faint reduced depression adjacent to any of the four Ge atoms this feature

neighbours on in the dimer row.

By treating each new scan area on any sample as a statistically independent mea-

surement the average number of times each feature occurs in a scan area of 2500 nm2

is determined as listed in Table 6.1. It is evident that feature types A and I are

the most common by a wide margin, followed by B, C and E, then D, F and G and

finally H. In particular, H is so rare at room temperature it is not observed in most

measurements.

The characteristic appearance and frequency of the features gives a first insight

into the surface chemistry. The relative abundance of type A and I features suggests

that these features are favoured configurations in the AsH3 dissociation process at

room temperature. Moreover, the fact that the type E feature never appears well iso-

lated suggests that it is stabilized by the presence of other features. Taken together

with the feature’s brightness in both filled (−1.5 V) and empty states (+1.0 V) it is

likely, that the E feature is not a final dissociation product, but contains an AsHx

rest-molecule protruding out of the surface.

Features characterized by absence of protrusions above the substrate dimers

(types F, H and I) are candidates for features consisting of monohydrides and no

arsenic. I consider this scenario for each feature: the F feature could be a pure
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hydrogen feature where pristine Ge dimer is bracketed by a monohydride on either

side. In filled states the central dimer of the F feature appears similar to a dimer

p(2x1) reconstructed section of the surface such as the top most dimer row in the

image of the F feature or the two top most rows of the image of the D feature,

which was taken from the same 50x50 nm area. In empty states the central dimer of

the F feature is characterized by two slight depressions, starkly visible against the

surrounding dark depression, on either side of the dimer row. While this may be

attributed to the two half-filled dangling bonds of a pristine Ge dimer, one would

expect to see this configuration on p(2x1) configured sections of the surface as well,

which is not the case. Furthermore, in latter experiments where the amount of

monohydrides on the surface is increased (cf. section 6.2) instances of monohydrides

bracketing a pristine Ge dimer are observed where the pristine dimer appears as a

single protrusion in empty states. Thus, while possible, it appears unlikely that

the F feature is a pure hydrogen feature. The H feature could be considered two

monohydrides bracketing a pair of pristine dimers. However, the same arguments

apply as for the F feature in regards to the appearance of the feature in empty states.

Due to this similarity of the F and H features it is possible that the H feature may be

two neighbouring F features missing the separating depression. Finally, the I feature

may be considered two neighbouring monohydrides as it appears as a two dimer wide

depression in both filled and empty states. Three main arguments speak against this:

first, there is a very faint reduced depression at the location of one of the four atomic

sites of the feature in filled states. Second, on a surface area of 2500 nm2 the I feature

appears 22.7 ± 5.1 times while the monohydride appears 3.8 ± 3.5 times and there

are no features that suggest monohydride chains more than two dimers long. As

AsH3 has only three hydrogen atoms there is no reason for pairs of monohydrides

(containing four hydrogen atoms) to be more probable than single monohydrides

(containing two hydrogen atoms). Third, under annealing (cf. section 6.2) the I

features disappear and the number of monohydrides increases. This suggests either

that isolated monohydrides are energetically favoured over pairs of monohydrides or

that type I features are not a pair of monohydrides. Taken together with the previous

two arguments it is more likely that I features are not pure hydrogen features. Thus,

none of the features shown in Fig. 6.2 can be considered pure hydrogen features.

6.1.2 Arsine feature transition processes

The stability of features, i.e. if a feature’s appearance changes over time, gives

insight into which features have reached the maximal possible dissociation on the

surface. To that end I observe the same area of the sample over time and determine

whether features change. Due to experimental constraints, first STM measurements
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Table 6.2: Absolute number of observed AsH3 feature transitions. On the diagonal

are transitions where a feature transitions into mirrored versions of itself.

H
HHH

HHHH
From

To
A B C D E F G H I

A 0 0 41 0 0 0 0 0 0

B 0 42 1 1 0 0 36 0 0

C 40 1 0 3 1 0 11 0 0

D 0 1 3 4 0 0 0 0 0

E 0 0 1 0 0 0 0 0 0

F 0 0 0 0 0 0 0 0 0

G 0 36 8 2 0 0 15 0 0

H 0 0 0 0 0 0 0 0 0

I 0 0 0 0 0 0 0 0 0

were taken 15 min after dosing the surface at the earliest. Therefore, any unidirec-

tional reactions that occur on a time scale shorter than 15 min cannot be observed.

Moreover, the exact amount of time between each measurement of a feature in a

series depends on the feature’s location on the scan and the scan speed. However, on

average, the time between each feature observation is ∼ 9 min. Table 6.2 shows an

overview of the absolute number of times each transition is observed on the surface

in the analysed data sets.

Four things are immediately evident: 1) Features F, H and I do not transition

indicating they are stable at room temperature. 2) There are non-zero entries on

the diagonal (highlighted in yellow) for features B, D and G, meaning that they can

transition into a different version of themselves (cf. Fig. 6.3a). 3) All transitions

of features into each other (highlighted in gray) are bi-directional2, suggesting these

the atomic configurations of these features have similar energies. 4) All features that

transition are part of a single network of transitions allowing features A, B, C, D,

E and G to transition into each other either directly or through intermediary steps.

Due to the complexity of this network, no transition rates are given, as it makes it

difficult to determine the probability for a feature to be in any one configuration

before transitioning into another. Take for example feature G: the absolute number

of G features observed in the data set before observing an area over time is 22,

2The only uni-directional transition is feature G into D. However, this transition is rare in that

it only occurs twice, meaning that if it were bi-directional the D to G transition may be equally

rare. Thus, the lack of observed transitions may be within the statistical uncertainty of the D to G

transition. As a consequence, the data is not sufficient to determine whether the G to D transition

is uni-directional or bi-directional.
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which is smaller than the total number of transitions from a G feature into any

other feature (46). The discrepancy between the number of initial features and

transitions from G features can be accounted for by the number of B and C features

transitioning into G features (47). However, as it is possible for a multiple features

to transition into B and C features (among them the G feature) there is no simple

way of calculating any of the transition rates.

Further insight into the behaviour of AsH3 dissociation is gained by looking at

the transitions in more detail. Figure 6.3 shows examples of the most common

transitions. A full catalogue with an example of one direction of each transition

can be found in appendix C. First, I consider the transitions where features B, D

and G change configuration without changing types. An example of a B feature

changing configuration is shown in Fig. 6.3a. From one scan to the next the B

feature is mirrored along the axis of the dimer row as indicated by the dashed

yellow line. The slight protrusions of the two left dimers (indicated by the arrows)

flip sides under both biases, while the dimer sized depression remains unchanged.

In this specific example, the intensity of the protrusion in empty states (+1.0 V) is

reduced, however, this is not the case for every transition observed. No instance of

the feature transitioning such that is mirrored perpendicular to the dimer axis or

rotated is observed. Features D and G show the same behaviour in transitioning

such that the initial feature is mirrored along the axis of the dimer row to form the

final feature.

Next, I investigate transitions where there is a type change. The most common

transitions of this type are A↔C, C↔G and G↔B. In sum these account for 92%

of all transitions between feature types. The transition of type A to type C (e.g.

Fig. 6.3b) is the only transition between a feature that is two dimers rows wide

and a feature that is a single dimer row wide. Going from type A to type C the

location of the dark depression remains the same in both filled (−1.5 V) and empty

(+1.0 V) states and the position of the protrusions in direction of the dimer rows

remains the same. In filled states, features A’s neighbouring slight protrusions on

the other dimer row have disappeared, which affects the Ge substrate reconstruction.

The central protrusion in the middle of the two dimer rows and two neighbouring

dimers, has been reduced to feature C’s Ge dimer high protrusion which is localized

on a single dimer row. In empty states the change of the protrusion is even more

noticeable. Feature A’s bright protrusion becomes the C feature’s slim, Ge dimer

high protrusion.

The transition of feature C to G (e.g. Fig. 6.3c) is a representative of all other

transitions in that the transition of features is between two features that are localized

on a single dimer row. When going from feature C to G the location of the dark

depression remains predominantly the same in both filled and empty states and
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Figure 6.3: Examples of the most common AsH3 on Ge(100) feature transitions

studied by STM. A full catalogue is shown in appendix C. Panel (a) shows feature

B transitioning into a mirrored version of feature B, indicated as B*. The mirror

plane is indicated by the yellow, dashed line and the white arrows mark the three

dimers of feature B. Panels (b) to (d) show transitions between feature types: (b)

A to C, (c) C to G and (d) G to B. Transition G to B is the only transition with

more than one transition pathway. For clarity the arrows indicate the position of

the three dimers that make up features G and B. All transitions shown occur in

both directions, the arrow indicates the direction of the transition in the specific

example shown. (e) Evolution of the absolute number of A, B, C and G features

in a 2500 nm2 scan area observed for 15:09 h. All scans are taken at a set point of

200 pA and are 5.0 nm x 5.0 nm.
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is only slightly affected by the change of the protrusions. In filled states feature

C’s single protrusion centred between two dimers splits feature G’s two protrusions

located on the dimers that the C feature protrusion was centred between, which

broadens the size of the protruding area slightly. In empty states a similar change

occurs with the slim protrusion of the C feature broadening to cover the width of

two dimers.

The transition between feature G and B is unusual in that it is the only transition

with two different variants of the transition as shown in Fig. 6.3d. In both variants

of the transition the dark depression of one dimer width remains unchanged in both

filled and empty states. However, the way the protrusions shift into each other

changes between the two variants, it remains in place on one dimer while it changes

the side of the dimer row on the other dimer. In the example shown here, the

transition from G to B feature occurs by the protrusion on the central dimer of the

G feature moving to the other side of the dimer to make the B feature. The broad

protrusion in empty states is split and shifts sides on the central dimer as well. For

this example of the B to G transition the protrusion on the central dimer remains

in place, both in filled and empty states, while the protrusion on the neighbouring

dimer changes sides to make the characteristic two dimer wide double protrusion of

the G feature in filled states and single two dimer wide protrusion in empty states.

Note, that the new G feature is mirrored relative to the initial G feature. I emphasize

that the transitions shown here are only an example and both transitions happen in

both directions for features of any orientation on the surface and the B feature can

and often does persist for longer than a single instance of scanning the surface.

All other transitions (shown in appendix C) only show a single transition vari-

ant. For the transitions B↔C, C↔D and C↔E the position of the protrusion does

not change. However, in the case of the transitions B↔D and G→D the location

of the protrusion changes in analogy to the mirroring along the axis observed for

features B, D and G. I point out that all features that allow such behaviour (includ-

ing the transition G↔B) only involve features that may change between mirrored

configurations of themselves.

Finally, in order to confirm that there is no long term effect where as time goes

on e.g. the A↔C becomes weighted towards the more frequent A feature, I observe a

single area of the surface over 15:09 h and track the number of A, B, C and G features

present. The results are shown in Fig. 6.3e. As all four features can transition into

several other features, the amount of each feature type on each scan varies. However,

there is no trend of any feature type increasing or decreasing over time, the number

of each features oscillates around a constant. This confirms that the features are in

an equilibrium state that where the average number of each feature type does not

change over time.
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From the observation of the features transitioning, the following conclusions can

be drawn: 1) 15 min after dosing AsH3 onto Ge(100) at room temperature the

dissociation process has reached an equilibrium where all observed transitions are

bi-directional. Thus the energy barrier between these transitions is low enough

to be overcome at room temperature. 2) When transitioning between two feature

types there is typically only one pathway for features to transition within the time

resolution of STM, the only exception being the G↔B type transition. 3) The two

most abundant features A and I likely belong to different reaction pathways, as the

A feature may transition into a C feature and by extension into B, C, D, E and G

features, while the I feature does not transition at all.

6.1.3 Atomic configuration of feature A

In order to gain a deeper understanding of the surface chemistry, it is of interest to

determine the atomic configurations of the AsH3 dissociation products (i.e. features

A to I) on the surface. Therefore, I compare the AsH3 on Ge(100) features to

the dissociation products of the related systems of AsH3 on Si(100) [25], PH3 on

Ge(100) [144, 145] and PH3 on Si(100) [146]. A brief overview of some of the most

prominent features on Si(100) is found in appendix D. However, none of the features

discussed in the papers referenced are sufficiently similar to the features I observe

to make a feature configuration assignment.

Another method to determine the structure of surface features is to analyse the

electronic and structural characteristics revealed in STM and compare this with

simulation. Here, DFT is utilised to determine the stable AsH3 dissociation prod-

ucts and energy on a slab consisting of three germanium dimers in a single dimer

row3, which corresponds to the size of all experimentally observed features except

feature A. However, the A feature can be considered a feature bonded on one dimer

protruding into the second dimer row as discussed below. Configurations where the

σ-bond of the Ge dimer is broken are not considered.

In this work, I focus on analysing the type A feature as it is the second most

abundant feature, characterized by protrusions and depressions, and part of the

complex web of transitions observed. Figure 6.4a, b shows the type A feature over-

layed with a grid where each rectangle frames a substrate dimer. The three dimers

and two dimer rows that define the feature are indicated by the arrows. In filled

states (−1.5 V) one of the three slight protrusions is located in the centre between

dimer 1 and 2 and row 1 and 2. The other side of dimers 1 and 2 are characterized

by a dark depression in row 1 and a slight protrusion on each dimer in row 2. Dimer

3 is a dark depression in row 1 and a clean, tilted Ge dimer in row 2. In empty states

3The simulations are kindly provided by Steven Schofield.
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Figure 6.4: Simulated structures potentially matching feature A of the AsH3 disso-

ciation features on Ge(100). 6.0 nm x 6.0 nm STM images of feature A with a grid

framing the substrate dimers at a tunnelling bias of (a) −1.5 V and (b) +1.0 V and

a tunnelling current of 200 pA. The arrows indicate the substrate dimers defining

the A feature. (c) As end-bridge configurations found in stable AsH3 dissociation

products. (d) Lowest binding energy (EB) AsH3 dissociation product for each As

end-bridge configuration.
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(+1.0 V) the (single) protrusion is located in the centre between dimer 1 and 2 and

predominantly in row 1 with the maximum of the protrusion being at the bottom

edge of row 1. The dark depressions are in the same location as observed in filled

states.

The presence of a protrusion located between in the centre dimer 1 and 2 in both

filled and empty states combined with the maximum of the empty states protrusion

being located at the bottom of row 1, suggests that an AsHx (x = 0, 1, 2, 3) molecule

is bonded to the substrate in an end-bridge position, i.e. the AsHx bridges dimer 1

and 2 in row 1 by bonding to the row 1 Ge atom adjacent to row 2 for both dimer 1

and 2. I propose that the slight protrusions at the bottom of dimer 1 and 2 in row 2

are caused by the AsHx leaning towards row 2. Thus the row 2 Ge atoms adjacent

to row 1 are forced into the down-tilted position in the dimer and conversely the

bottom Ge atoms in row 2 are forced into the up-tilted position, leading to the slight

protrusions in on either dimer. Fixed Ge dimer tilt is further supported by the tilt

of the Ge dimer on either side of dimer 1 and 2 being in the opposite configuration,

and the alternating tilt of Ge dimers continuing in either direction as expected for

bucked Ge dimer rows. Thus, the dissociation process of the A feature only occurs

on row 1 across three dimers allowing comparison with the simulated features.

From DFT simulations three AsHx end-bridge configurations are found to be

stable, shown in Fig. 6.4c. In configuration i, the As atom in the AsH molecule is

bonded to the bottom Ge atom of each dimer and the back bonds of the Ge dimers

are intact. Configuration ii is the same as i, without the hydrogen atom. Instead the

As atom has a dangling bond. In iii the back bond of one of the Ge atoms bonded to

the As end-bridge is broken and the As atom forms a third bond with the Ge atom

in the layer below. This leaves one bond of the Ge surface atom dangling. All three

configurations may produce the filled states protrusion configuration characteristic

of feature A due to the increased height of the end-bridge relative to the substrate

and the impact of the end-bridge on the next dimer row over as discussed above.

As a next step I consider the lowest energy variations of each of the three end-

bridge configurations found to be stable by DFT (Fig. 6.4d). For configuration i,

the Ge atom across from the end-bridge in dimer 1 and 2 is hydrogen terminated.

Dimer 3 is tilted with a filled bond on the upper Ge atom and an empty bond on

the lower Ge atom. In configuration ii, the Ge atom across from the end-bridge

in dimer 1 and 2 is terminated as is the Ge atom adjacent to the end-bridge in

dimer 3. A dangling bond remains on the other Ge atom in dimer 3 and on the

As atom. In configuration iii, which has the lowest energy of any AsH3 dissociation

product, dimer 3 is completely hydrogen terminated as is the Ge atom across from

the end-bridge in dimer 1. Dimer 2 is tilted with the upper Ge atom having a filled

bond and the lower Ge atom having an empty bond. In a first analysis none of these
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configurations fully reproduce the appearance of the A feature. The configurations

shown in 6.4di and ii might not reproduce the dual-bias depression experimentally

observed at dimer 3. The configuration shown in (di) suggests a tilted Ge dimer at

the location of the dimer 3 depression while (dii) has a dangling-bond across from

a hydrogen atom. Both of these configurations are likely to appear as a protrusion

of comparable height as the substrate both in filled and empty states. Configura-

tion 6.4dii may not reproduce the correct appearance at the location of dimer 2 as

the simulation suggests a tilted Ge dimer, which normally suggests a protrusion in

filled states at the position of the Ge dimer where a depression is observed in fea-

ture A. However, it should be noted that determining the appearance of hydrogen

terminated and bare Ge surface atoms in a complex feature such as the A feature

is difficult, due to dimer tilt and bond filling influencing the appearance. Thus,

while feature A cannot be conclusively attributed to the AsH3 dissociation products

shown in 6.4d all three configurations are viable candidates.

Overall, the A feature is proposed to have an end-bridge configuration. Further,

simulation of, for example, reaction pathways of AsH3 dissociation may give insight

into features beyond the A feature, allowing the more detailed assignment of the A

feature drawing on the information obtained from feature transitions. This will be

work performed at UCL beyond the scope of this thesis.

6.2 Dissociation of arsine on germanium(100) under anneal-

ing

In order to demonstrate that the AsH3/Ge(100) system is compatible with scanning

tunnelling hydrogen resist lithography, it must be shown that arsenic can incorporate

into the surface, ideally before hydrogen begins to desorb. Moreover, removing the

hydrogen while retaining incorporated arsenic is of interest for delta-layer (δ-layer)

formation. In this section, I study the evolution of a low AsH3 dose on Ge(100)

as a function of annealing temperature, beginning at room temperature and reach-

ing a maximum of 767◦C with all measurements performed at room temperature.

Particular attention is paid to arsenic incorporation and hydrogen desorption.

Figure 6.5a-i shows the surface at each annealing stage. Qualitatively the changes

in the surface under annealing can be described as follows: after annealing from

room temperature to 143◦C, the lowest annealing temperature, the composition of

features on the surface has changed. Most notably, the number of A features (cf.

Fig. 6.2) has reduced and a slight, atom-sized protrusion has appeared on the surface

(circled). Increasing the temperature to 213◦C leads to the majority of protruding

features disappearing. The new, slight, atom-sized protrusions remain as do features

characterized by a depression. Additionally, germanium clusters have appeared on
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Figure 6.5: Evolution of 0.023 L AsH3 on Ge(100) under annealing. Panels (a) to (i)

show STM scans of the surface before annealing (RT) and after annealing for 1 min

up to 767◦C scanned at −1.5 V and 200 pA. In (b) a new feature, characterized by a

slight protrusion, is circled. The number of features A to I, normalized to 2500 nm2,

over the entire temperature range is shown in (j). Each new surface area is treated

as independent measurements.116
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the surface as indicated in Fig. 6.5c. The germanium clusters disappear again at

254◦C. While there are many features characterized by a depression at this temper-

ature the two dimer wide I features are significantly less common. Furthermore, the

number of slight, atom-sized protrusions has increased. The next notable change

of the surface occurs at 374◦C where features characterized by a depression have

reduced significantly. The thus generated surface is stable up to 509◦C. Finally,

after annealing to 767◦C the number of slight, atom-sized protrusions has decreased

significantly.

A quantitative analysis of evolution of features A to I is shown in Fig. 6.5j; the

slight, atom-sized protrusions, monohydrides and hemihydrides are not considered

at this point. For each annealing temperature I determine the amount of each

feature (A to I) present on average in an area of 2500 nm2. Uncertainties arise from

treating each sample and each new scan area on the same sample as an independent

measurement. As observed qualitatively, the number of A features decreases when

annealing the sample from room temperature to 143◦C. The same holds true for

features B, C, D, E and G, i.e. all features that partially appear as protrusions

higher than the substrate dimers. By contrast, the number of F features and, to

a much lesser extent, H features increases while the number of I features remains

constant. Notably these are the features that are characterized solely by depressions

in the surface. Annealing the surface further leads to first the number of F features

decreasing (213◦C) and then the number of I and H features decreasing at 254◦C,

leaving the surface bare of features A to I.

The analysis of features A to I as a function of temperature gives insight into the

dissociation process. First, the number of A, B, C, D, E and G features reducing

immediately under annealing while the number of F features increases significantly

suggests that feature F is a later stage dissociation product of the reaction involving

features A, B, C, D, E and G where the activation energy cannot be overcome at

room temperature. Second, feature I is reaffirmed to belong to a different reaction

pathway than feature A as it is stable for longer than features A to G and the

number of features I does not change when the number of A to G features drops.

Third, due to the small number of H features and large measurement uncertainties

no clear conclusions can be drawn about the H features. Fourth, the majority of A

to I features having disappeared at 254◦C coincides with a qualitatively noticeable

increase of slight, atom-sized protrusions suggesting this is a final stage dissociation

product.

Next, I identify the atomic configuration of the slight, atom-sized protrusion ob-

served at elevated temperatures. Figure 6.6a, b shows a high resolution section of the

surface after annealing to 300◦C. In filled states (−1.5 V) three slight, atom-sized

protrusions are visible. However, in empty states (+1.0 V) two of these features
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Figure 6.6: Arsenic incorporation and hydrogen desorption on Ge(100) as a function

of temperature. 8.5 nm x 8.5 nm STM images scanned at a bias of −1.5 V (a) and

+1.0V (b) and a current of 200 pA, of three features that appear as slight protrusions

under negative bias. Based on the positive bias appearance, one is identified as a

hemihydride (Ge-Ge-H) and two are Ge-As heterodimers, with the location of the

As and Ge atom in the dimer indicated in the left feature. Panel (c) shows the

number of Ge-As heterodimers, sum of features A to I and hydrogen atoms found in

an area of 2500 nm2 as a function of temperature. Three regimes are identified: I)

AsH3 dissociation and As incorporation, II) hydrogen desorption and Ge diffusion

and III) equilibrium to onset As desorption. Uncertainty in the feature count arises

from treating each new surface area as an independent measurement.
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appear as a less pronounced protrusion at the same location as the filled states pro-

trusion. The third feature appears as a three dimer wide depression in empty states

which is dark on one side of the dimer row. The latter feature is a hemihydride

(Ge-Ge-H) as discussed in detail in chapter 4.1 whereas the slight, atom-sized pro-

trusion in filled and empty states is a new feature. I assign this feature as a Ge-As

heterodimer for two reasons: 1) the presence of germanium clusters on the surface

at 213◦C (Fig. 6.5c) suggests Ge ejection from incorporation of atoms. Increasing

the annealing temperature enables Ge atoms to diffuse to step, leaving few Ge clus-

ters at higher temperatures for this AsH3 dose. However, annealing to comparable

temperatures for a surface dosed to saturation shows ejected Ge remains present on

the surface (for a discussion of why cf. section 6.3). This suggests the new feature

is an incorporated atom. 2) The Si-As [25], Ge-P [145] and Si-P [147] heterodimers

observed in the AsH3/Si(100), PH3/Ge(100) and PH3/Si(100) systems, respectively,

have a similar appearance as this new feature (cf. Fig. D.2). Simulations of the

Si-P heterodimer at biases similar to the ones used here, have found that the filled

and empty state protrusion corresponds to the location of the down tilted Si atom

whereas the up tilted P atom appears dark in filled and empty states, meaning the

heterodimer is buckled in parallel with its neighbouring Si atoms [148, 149]. This

counterintuitive buckling is attributed to surface energetics being affected by charg-

ing of the atoms [148]. Based on the similarity of the new feature with previously

reported heterodimers, I propose that it is a Ge-As heterodimer with the Ge atom

at the location of the protrusion and the As atom appearing dark.

I quantify the amount of incorporated As and isolated hydrogen (i.e. hydrogen

in the form of monohydrides and hemihydrides) on the surface as a function of

temperature in order to investigate the comparability of the AsH3/Ge(100) system

with scanning tunnelling hydrogen resist lithography. Figure 6.6c shows the number

of Ge-As heterodimers (corresponding to one incorporated As atom), the sum of

all features A to I and the number of hydrogen atoms present on the surface as

monohydrides and hemihydrides (two atoms per monohydride and one atom per

hemihydride), ignoring the hydrogen present in features A to I. The amount of Ge-As

heterodimers increases gradually until 213◦C after which it abruptly jumps to ∼ 40

Ge-As heterodimers per 2500 nm2 at 254◦C. Thereafter the number of heterodimers

remains constant until 509◦C after which the number of heterodimers drops. The

graph representing the sum of features A to I shows the the inverse behaviour with

the number of features dropping monotonously as temperature increases. Most

notably, the number of A to I features drops below the number of Ge-As heterodimers

at 254◦C. The number of isolated hydrogen atoms increases slowly until 213◦C and

then jumps to a maximum at 254◦C. Once 374◦C is reached the hydrogen disappears

almost completely from the surface.
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Based on this analysis I identify three temperature regimes: I) room temperature

to 254◦C – AsH3 dissociation and As incorporation. II) 254◦C to 374◦C – Hydrogen

desorption and Ge diffusion. III) 374◦C to 767◦C – Equilibrium and As desorption.

In the first regime, AsH3 slowly dissociates fully leading to a decrease in features A

to I and a gradual increase of isolated hydrogen features and Ge-As heterodimers. At

254◦C the As incorporation temperature is reached where all arsenic incorporates as

heterodimers. Hydrogen remains on the surface as monohydrides and hemihydrides.

In the second regime ejected Ge diffuses on the surface as will be discussed in the

next section and hydrogen desorbs. Temperature programmed desorption (TPD)

studies have found monohydrides the desorption peak to be located between 296◦C

and 336◦C and full desorption by ∼ 370◦C [150–154]. This is in good agreement with

monohydrides and hemihydrides being numerous on the surface in this regime until

300◦C and then having desorbed at 374◦C. In the third regime only incorporated

Ge-As heterodimers remain on the surface. The amount of arsenic remains constant

until 509◦C, however at 767◦C it has begun to desorb. This is in agreement with

literature where atomic arsenic desorption was observed from ∼ 820◦C [155].

Overall, I demonstrate several necessary characteristics for use of the AsH3/Ge(100)

system in scanning tunnelling hydrogen lithography. First, the arsenic fully incor-

porates in the surface, which is required for reproducible single dopant placement.

Second, As incorporation happens before hydrogen desorption ensuring that the hy-

drogen resist pattern is maintained during incorporation and allowing for multi-step

patterning of devices with different dopants. Third, the incorporated As is stable

beyond hydrogen desorption, which is advantageous for improving the quality of

germanium overgrowth by removing the hydrogen beforehand. Thus, at low doses

AsH3 is a suitable precursor for atomically precise doping of Ge(100) with scanning

tunnelling hydrogen lithography.

6.3 Saturation dosing of arsine on germanium(100)

For the PH3/Si(100) system scanning tunnelling hydrogen lithography defines con-

tacts in the device plane are fabricated by dosing the contact area to saturation

in order to obtain maximal phosphorus content, enabling metallic behaviour of the

contacts [156]. Therefore, I study the AsH3/Ge(100) surface after saturation dos-

ing. I begin with saturating the surface by dosing at under two different conditions:

high and low dose rate. The former is achieved by dosing the surface for 10 min at

5 · 10−9 mbar AsH3 pressure which corresponds to an exposure of 2.256 L. The latter

is achieved by dosing at a pressure of 1 ·10−10 mbar over a period of 4 h resulting in a
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dose of 1.080 L. In a conservative estimate4 even this lower exposure corresponds to

twice the necessary saturation dose. Thereafter, I investigate the saturation dosed

surface after annealing up to 739◦C and measuring at room temperature thereby

confirming the temperature regimes identified in the previous section.

Figure 6.7 shows the surface after dosing at a high rate to 2.256 L AsH3. The

clean Ge surface is completely covered with only step edges producing a clear height

contrast. Higher resolution 50x50 nm2 STM (6.7c, d) reveals various atomic-scale,

bright protrusions, none of which exhibit patches of order. Only the feature circled,

which is characterized by protrusions of equal and high brightness in both filled

(−1.5 V) and empty (+1.0 V) states appears similar to a low dose feature, namely

type E (cf. Fig. 6.2). Between the bright protrusions darker sections are visible.

In Fig. 6.7e I magnify one such area. At this scale unbuckled Ge dimer rows are

visible between the bright protrusions. Moreover, in Fig. 6.7f I show a cluster of

three of the smallest protrusions on the surface as indicated by the arrow. These

protrusions appear off centre from the dimer row in two different positions (two on

one side of the dimer row, one on the other). The unbuckled nature of the dimer

rows and the appearance and location of these smallest protrusions suggests that the

visible Ge patches are hydrogen terminated with the small protrusions being single

dangling bonds [151, 157]. In conjunction, the hydrogen terminated Ge dimers and

the continued discernibility of the Ge substrate step edges confirm that AsH3 dosing

Ge(100) is a self terminating process. Once no more sites for AsH3 dissociation are

available, no further AsH3 is adsorbed.

Next, I compare the AsH3 saturation surface obtained by a high dose rate to the

surface obtained by a low dose rate. Figure 6.8 shows the surface after dosing to

1.080 L AsH3 by exposing the clean Ge surface to 1 ·10−10 mbar AsH3 for 4 h. At the

200 nm scale the surface appears completely covered, with Ge step edges continuing

to be visible. At the 50 nm scale it becomes apparent that the areas of hydrogen

terminated Ge dimer rows constitute a larger portion of the surface than for the high

dose rate. By contrast, the appearance of the various protrusions has not changed

and similarly to the high dose rate there are no ordered clusters. To reiterate,

despite the total AsH3 exposure being lower than for the previous sample, 1.080 L

4The saturation dose is calculated as follows: I determine the coverage of protrusions above sur-

face after dosing 0.023 L AsH3 to be ∼ 2.5%. The depression portion of the AsH3 features are more

difficult to quantify due to a number of large surface defects presenting as depressions. However,

all features that present as a protrusion, except type E, also have a characteristic depression and

features F, H and I are characterized by their depression alone. In conjunction with the coverage of

depressions after dosing being ∼ 4.5% I conclude that the depressions have a greater contribution

to the AsH3 coverage than the protrusions. Hence, I consider the coverage of protrusions (2.5%)

as a lower bound for the coverage of depressions giving a total AsH3 coverage of ∼ 5%. From there

I calculate the saturation dose to 0.46 L.
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Figure 6.7: STM scans of a saturation dose of 2.256 L AsH3 on Ge(100) achieved

with a high dose rate. (a) the Ge(100) surface before dosing and (b) after dosing

where a Ge step edge is discernible. Panels (b) and (c) show a 50x50 nm2 dual

bias scan of the saturation dose surface. Circled is a feature resembling the type

E feature on the low dose surface. (e) and (f) are magnified regions of (c) and (d)

showing an area where (e) hydrogen terminated Ge dimer rows are visible (10 nm

x 10 nm) and (f) three dangling bonds in a region of hydrogen terminated Ge as

indicated by the arrow (5.0 nm x 5.0 nm). All images are scanned at 200 pA.
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Figure 6.8: Saturation dose of 1.080 L AsH3 on Ge(100) achieved with a low dose

rate. STM scans taken at −1.5 V and 200 pA at (a) 200x200 nm2 showing several

Ge step edges and (b) 50x50 nm2 without any Ge steps.

is well above the saturation dose. Moreover, no clear patches of (unterminated) Ge

are observed. I suggest that the increased contribution of hydrogen terminated Ge

to the total surface area is due to a lack of steric hindering of AsH3 dissociation,

compared with that at high dose rates. Thus, at the lower dose rate more hydrogen

has dissociated from the AsH3 molecule leading to more hydrogen bonded to Ge

dimers. No further AsH3 can arrive at the hydrogen terminated sites reducing the

overall number of bright protrusions on the 1.080 L slowly dosed surface.

Comparing the behaviour of saturation dosing the AsH3/Ge(100) to the re-

lated systems of AsH3/Si(100) [25], PH3/Ge(100) [144] and PH3/Si(100) [158] the

AsH3/Ge(100) system shows most similarity with the two Si based systems. In brief

for each reference system: AsH3 dissociates to As + 3H on Si immediately upon ar-

rival on the surface making control of the degree of dissociation by rate dependence

impossible and leading to a disordered surface [25]. In the case of PH3/Ge(100)

the PH3 dissociates only to a single configuration of PH2 + H at room temperature

giving a well ordered, rate independent saturation surface [144]. Finally, the PH3

dissociation process on Si(100) occurs at time scales observable by STM. Thus, by

changing the dose rate when saturation dosing PH3/Si(100) the surface can be tuned

to different dissociation products giving different surfaces [158].

The only reference system to show a dose rate dependence is the PH3/Si(100)

system, which is the only reference system where the PH3 reaction pathway at room

temperature can be observed by STM. I do not observe a significant amount of uni-

directional reactions for AsH3/Ge(100) at room temperature>15 min dosing – a time

limit imposed by experimental constraints. As I observe a dose rate dependence

when saturation dosing this suggest that it may be possible to observe the AsH3

dissociation process on Ge(100) if one adapted the experimental set-up to reduce
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the time gap between beginning the measurement and dosing the surface. The lack

of local order on the surface I observe for either dose rate may be explained by the

existence of two reaction pathways on the surface, leading to feature A and I at room

temperature, and the bi-directional transitions as well as a lack of notable feature

diffusion. No single dissociation product is the most common feature on the surface

and there is no diffusion to aid similar features clustering together. Together this

prevents local ordering of these features.

Extending my investigation of the evolution of AsH3 on Ge(100) under annealing,

I anneal a high dose rate, 2.256 L AsH3 sample to temperatures from room tempera-

ture to 739◦C in analogy to the low dose annealing series. In Fig. 6.9 the surface for

each annealing temperature is shown. When annealing to the lowest temperature

(156◦C) no change in the appearance of the bright protrusions is observed. How-

ever, the amount of hydrogen terminated Ge dimer rows has increased. In fact, this

surface is very similar in appearance to the slow dose, 1.080 L AsH3 surface. The

appearance of the surface remains similar at 220◦C. At 255◦C protrusions begin to

cluster into lines elongated perpendicular to the substrate dimer rows. This trend

continues to 300◦C where the elongated rows of protrusions have now ordered fur-

ther leaving bare patches between them. Increasing the temperature to 370◦C and

beyond the clusters of protrusions have disappeared leaving behind a surface with a

multitude of slight protrusions. At the highest annealing temperature (739◦C) the

number of slight protrusions has reduced to the point where each protrusion is well

isolated.

The three temperature regimes I identified at low AsH3 doses can be applied here:

I) room temperature to 255◦C – AsH3 dissociation and As incorporation. II) 255◦C

to 370◦C – Hydrogen desorption and Ge diffusion. III) 370◦C to 739◦C – Equilibrium

and As desorption. In the first regime I observe increased AsH3 dissociation when

annealing to 156◦C as evidenced by the increased area contribution of hydrogen

terminated Ge to the surface. This is further supported by the similarity of this

surface to the slowly dosed, 1.080 L AsH3 surface. Moreover, this similarity suggests

that some of the AsH3 dissociation products on the high dose rate, 2.256 L AsH3

surface may only be loosely bonded to the surface and desorb under annealing,

allowing for increased dissociation and leaving a comparable amount of arsenic on

the surface as a slow dose would. At 255◦C, where I show full AsH3 incorporation at

low doses, elongated structures have started forming on the surface. In the second

regime, these structures are increasingly ordered at 300◦C (Fig. 6.9e). By looking

at both filled (−1.5 V) and empty (+1.0 V) states of this surface these features can

be identified as ejected Ge as they form the buckled dimer rows characteristic of the

Ge(100) surface, as indicated by the arrows. This confirms arsenic incorporation.

Note, that the presence of Ge clusters on the surface extends to higher temperatures
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Figure 6.9: 2.256 L AsH3 on Ge(100) dosed at a fast rate and annealed from room

temperature (RT) to 739◦C, each for the time given in the image. STM scans are

taken at −1.5 V and 200 pA, with the insets in (e) and (f) showing a 7.0 nm x 7.0 nm

magnified section of the surface under positive and negative bias as indicated in the

figure. The Ge substrate dimer rows are oriented in the same direction for all scans.

The arrows in (e) indicate a row of buckled dimers.
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than for low doses (cf. section 6.2). Due to the increased amount of AsH3 dosed,

there is an increased amount of hydrogen and ejected germanium at these coverages.

Thus, a Ge atom diffusing on the surface is more likely to be hindered by the presence

of hydrogen and is more likely to encounter a Ge cluster rather than an step edge.

Thus, small clusters of Ge persist to higher temperature, only nucleating to the step

edges when all hydrogen is desorbed. Furthermore, determining the area coverage

of ejected Ge can be used to estimate the arsenic incorporation. Only an upper

bound of atomic sites of arsenic incorporation can be determined due to imperfect

tip quality blurring the edges of the ejected Ge dimer rows, which is found to be 30%.

This is above the 25% incorporation expected from full dissociation of AsH3 before

incorporation, where every available site of the Ge surface is used, and comparable

to the upper bound of phosphorus incorporation after PH3 dosing Ge(100) [145]. At

the highest temperature of the second regime (370◦C) the Ge clusters are not visible,

suggesting Ge has nucleated to the step edges. This verifies titling the second regime

hydrogen desorption (as evidenced in the previous section) and Ge diffusion. In the

third regime, as at low AsH3 doses, the surface remains unchanged up until 510◦C

after which the arsenic begins to desorb as evidenced by the almost clean Ge surface

observed at 739◦C.

Overall, in this section I show that dosing AsH3 on Ge(100) is a self terminating

process. While there is a rate dependence in the saturation of the surface, with

a lower dose rate allowing for increased AsH3 dissociation, annealing the surface

of a higher dosed sample produces a surface comparable to the low dosed surface

at room temperature. This suggests, combined with the similarity of the features

observed independent of dose rate, that the increased AsH3 on the surface after

dosing quickly, desorbs under annealing instead of incorporating. The amount of

incorporated arsenic for the quickly dosed surface is determined to an upper bound

of 30% of atomic sites. Moreover, at 370◦C where hydrogen has been desorbed from

the surface completely, the ejected Ge has nucleated to the step edges, making this

surface ideal for further delta layer growth.

6.4 Arsenic δ-layer formation in germanium

The next step in investigating the suitability of AsH3 dosed Ge(100) for hydrogen

lithography processes is to asses the ability to form an As δ-layer by encapsulating

the As incorporated layers demonstrated in section 6.3, with more Ge. Here, I

study two different growth recipes for As δ-layer formation in Ge. In both cases I

saturation dose the Ge(100) surface with AsH3, then anneal the sample to 370◦C

for 2 min. As demonstrated in sections 6.2 and 6.3, by annealing to 370◦C the AsH3

dissociates fully, As incorporates, the ejected Ge nucleates to the step edges, and
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the hydrogen fully desorbs from the surface. This leaves an ideal surface for Ge

overgrowth. I show two different growth procedures: room temperature growth and

a two temperature recipe used for phosphorus δ-layers in Ge [159].

Figure 6.10 shows the surface at room temperature (a - d) and SIMS profile

(e) of a sample where the saturation dose was achieved by quick dosing (10 min at

5.0 · 10−9 mbar AsH3) and 8 nm Ge was grown at room temperature, i.e. the sample

was not heated during overgrowth. However, due to germanium source irradiation

the thermocouple measured a substrate temperature of 54◦C at the start of the Ge

cap growth, 84◦C after 2:15 h, and 93◦C after the full 5:25 h growth time.

At the micrometre scale the surface of the germanium cap is investigated by

AFM5 (Fig. 6.10a, b). In the largest scan (a) the mean square roughness (RMS) of

the surface is measured as 2.4 nm which corresponds to ∼ 4.2 times the germanium

lattice constant (aGe0 = 0.566 nm). As the scan size decreases the RMS decreases,

however the surface remains visibly rough into the atomic scale investigated by STM

(Fig. 6.10c, d). At the smallest scale shown here (d) the RMS is 0.136 nm which

comparable to the step height on Ge(100) (aGe0 /4 = 0.142 nm). Parts of seven dif-

ferent Ge layers are visible in Fig. 6.10d with the cluster sizes varying from a few

atoms to a few nanometres, demonstrating island like growth. It should be noted,

the clusters show a c(4x2) reconstruction proving crystallinity of the Ge cap. The

critical thickness of germanium homoepitaxy at 50◦C is 3 nm for defect free growth

and 15 nm including defective layers [160, 161]. Both critical thicknesses increase

with increasing growth temperature. Thus, the Ge cap grown here is below the crit-

ical thickness of germanium homoepitaxy, which is consistent with the crystallinity

observed under STM.

The formation of a δ-layer is verified by SIMS6 in Fig. 6.10. Shown are the

Ge (73.92 ± 0.01 u), GeO (89.92 ± 0.01 u), and As (74.92 ± 0.01 u) mass signal as

a function of depth. All three signals show a peak at the surface which is a SIMS

artefact. However, as expected the germanium signal is constant in the bulk and

the germanium-oxide drops to background levels in the bulk. The arsenic raw data

shows a clear, symmetric peak at 8.064 nm with a full width half maximum (FWHM)

of 3.11 nm. Yet, the raw signal does not drop to background level as the GeO signal

does. This is due to the raw As signal being convoluted with the GeH (74.93±0.01 u)

signal as discussed in appendix E. Furthermore, in the appendix I show how the As

and GeH signal can be separated from each other, giving the corrected signal. From

the corrected As signal (green line) it is evident that the arsenic is confined to the

δ-layer with a FWHM of 1.981 nm.

5AFM is measured by Taylor Stock (London Centre for Nanotechnology, UCL).
6SIMS is measured by Procopios Constantinou (London Centre for Nanotechnology, UCL) and

Sarah Fearn (Imperial College London).
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Figure 6.10: As δ-layer in Ge(100) with the Ge gap grown without sample heating.

(a) and (b) AFM images of the cap surface. (c) and (d) STM images of the cap

surface scanned at −1.5 V and 200 pA. (e) SIMS depth profile of the δ-layer. The

signals of the Ge matrix (73.92± 0.01 u), GeO oxide fragment (89.92± 0.01 u), raw

As (74.93± 0.01 u) which is convoluted with GeH and corrected As (74.92± 0.01 u)

where the GeH contribution has been removed.
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The FWHM of the peak corresponds to a few monolayers of Ge. However, due

to knock on effects during sputtering for SIMS the peak has likely been broadened.

Therefore, I calculate an upper bound for the intrinsic diffusion length of As in Ge for

this Ge cap growth process. The diffusion length can be calculated as LD = 2
√
Dt

with t being the total growth time (19500 s) and D being the temperature dependent,

intrinsic diffusion length D93◦C = 1.60 · 10−36 cm2/s [162]. Thus, as an upper bound

LD = 3.53 ·10−9 nm for this growth process which shows that the As does not diffuse

during this growth process. Moreover, the symmetry of the peak suggests that there

has been no dopant segregation which is consistent with no As segregation being

expected below 300◦C [163]. I emphasise that, the confinement of this As δ-layer in

Ge is comparable to the confinement achieved As δ-layers in Si [25], P δ-layers in

Ge [164] and P δ-layers in Si [165], demonstrating that this As δ-layer in Ge is well

confined. However, these authors find a lack of dopant activation if the δ-layer is

grown at the low temperatures used here and has not undergone an rapid thermal

anneal (RTA) for activation. Furthermore, growth at elevated temperatures will

produce flatter surfaces better suited for further processing.

As a next step I fabricate a As δ-layer from a sample saturation dosed slowly

(4 h at 1.0 · 10−10 mbar AsH3) and overgrown with 8 nm Ge following an optimized

recipe for P δ-layers in Ge [159]. First 10 ML (≡ 1.42 nm) of Ge is grown at 330◦C

(growth time ∼ 30 min) to confine the As, then the sample temperature is raised to

530◦C and growth continued for 4:55 h giving a total layer thickness of 8 nm. Figure

6.11a - d shows the surface of the sample at room temperature after growth of the

Ge cap. At the micron scale investigated by AFM large “flakes” are evident on the

surface, with a RMS of 2.429 nm (∼ 4.29 aGe0 ) at the largest scale. Zooming into the

nano scale with STM Ge terraces on the scale of 10s of nanometres are visible leading

to a much reduced surface roughness of 0.066 pm at the smallest scale (6.11d). At

this scale a lot of bright protrusions are visible reminiscent of incorporated As (cf.

Fig. 6.6).

Comparing the surface of this sample, grown at elevated temperatures, to the

sample above, grown without sample heating, it immediately is evident that the

Ge growth is much more two dimensional. While the RMS at the micron scale

is comparable or larger than for the sample without sample heating, for quantum

computing critical nano scale, the sample is flat allowing e.g. further hydrogen

lithography after Ge capping.

However, the SIMS profile (6.11e), taken in analogy to the previous sample, does

not show an arsenic peak. Therefore, As must have either diffused into the sample

or segregated to the surface during Ge growth. From the temperature dependent

diffusion constants in Brotzmann and Bracht [162] I calculate the intrinsic diffusion

length of As in Ge under the growth conditions used for this sample to 47.3 nm. This
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Figure 6.11: As δ-layer in Ge(100) with the Ge cap grown using an optimized recipe

for P δ-layers in Ge [159]. (a) and (b) AFM images of the surface. (c) and (d) STM

images of the surface scanned at −1.5 V and 200 pA. In (d) Ge-As heterodimers (an

example circled) are observed on the surface. (e) SIMS depth profile of the Ge matrix

(73.92 ± 0.01 u), GeO oxide fragment (89.92 ± 0.01 u) and raw As (74.92 ± 0.01 u)

signal without removing the GeH contribution.
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is much higher than the germanium cap thickness, explaining the lack of arsenic

peak. Moreover, the bright protrusions observed in Fig. 6.11d suggest that As

may have accumulated on the surface of the Ge cap, which has been observed in

a similar experiment for P buried in Si [166]. Note that these protrusions do not

appear on the sample grown without substrate heating (cf. Fig. 6.10d). Kawanaka

et al. find As segregation in Ge at 400◦C and above but not at 300◦C, the next

lowest temperature they investigate [163]. This suggests that even the 330◦C may

be sufficient for As segregation allowing for large amounts of As to accumulate at

the surface of the Ge cap.

In conclusion, growing the Ge cap for an As δ-layer without sample heating pro-

duces a thin δ-layer observable in SIMS while growing the cap with a 330◦C locking

layer and 530◦C covering layer as for P δ-layers does not. This may be attributed

to the diffusion constant of arsenic in germanium being higher than the diffusion

constant of phosphorus in germanium [167] and possibly more surface segregation as

is the case for phosphorus and arsenic in silicon [168]. However, I show that growing

the Ge cap for an As δ-layer without sample heating produces a well confined δ-layer.

In moving forward this procedure should be considered the springing board towards

high quality δ-layers. If carrier activation in the layer as grown by this recipe should

not prove sufficient a rapid thermal anneal (RTA) as used for arsenic and phosphorus

in silicon may be a viable path to improve carrier activation [25,165].

6.5 Conclusions

In this chapter I have demonstrated the potential of AsH3 as a precursor for fab-

ricating As-based quantum devices in Ge using scanning tunnelling microscopy hy-

drogen resist lithography. In particular, I have investigated the dissociation of AsH3

on Ge(100) up until As incorporation, shown that this occurs before hydrogen des-

orption and demonstrated As confinement in the form of Ge δ-layers.

At room temperature AsH3 dissociates on the surface with two different reaction

pathways, one terminating in feature A and one terminating in feature I. These

two pathways are distinguished by the A feature being part of a network of bi-

directional transitions between features of similar energy, whereas the I feature is

stable at room temperature, i.e. it does not transition. Using DFT to simulate

the AsH3 dissociation products and carefully analysing the appearance of the type

A feature under positive and negative bias suggests that the A feature is likely

characterized by an AsHx (x = 0, 1) end-bridge. Furthermore, feature E is likely

sterically hindered from dissociating further as it only appears near other features,

not well isolated.

While the lack of uni-directional transitions between features suggests the surface
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is in equilibrium, the saturation dosed surface reveals a dose rate dependence. At

slow dose rates (1 · 10−10 mbar AsH3 for 4 h) more hydrogen terminated Ge dimers

can be observed than at fast dose rates of 5 · 10−9 mbar AsH3 for 10 min. This

suggests that higher dose rates sterically hinder full dissociation, possibly due to

surface reactions occurring at time scales <15 min which could not be observed in

the experiments. However, beyond hydrogen terminated Ge no order is observed

on the surface which I attribute to two competing dissociation pathways, a lack of

diffusion of features along the surface and the multitude of equilibrium transitions.

In annealing low and saturation doses of AsH3 from room temperature up to

767◦C I identify three temperature regimes which demonstrate compatibility with

STM hydrogen resist lithography. I) AsH3 dissociation and As incorporation, II)

hydrogen desorption and Ge diffusion and III) equilibrium to onset As desorption.

In the first regime, ranging from room temperature to 255◦C, feature F is demon-

strated to be part of the reaction pathway containing features A to E and G, and

feature I is reaffirmed to belong to a different reaction pathway. Nonetheless, I show

that upon annealing AsH3 fully dissociates and incorporates into the surface as Ge-

As heterodimers, leaving none of the features A to I. Moreover, annealing a fast

saturation dose to 156◦C increases the amount of hydrogen terminated Ge dimers,

suggesting that excess AsH3 desorbs and does not incorporate. In the second regime

from 255◦C to 370◦C I show that As incorporates in the surface before hydrogen

desorbs and remains in the surface as hydrogen desorbs and ejected Ge nucleates to

the step edges. Under AsH3 saturation an upper bound of 30% As incorporation is

determined. In the third regime from 370◦C onward, I demonstrate a hydrogen free,

stable surface. Only above 510◦C does As begin to desorb out of the surface.

As a final step I demonstrate confinement of As in a δ-layer. After incorporating

As and desorbing hydrogen by annealing to 370◦C, a Ge cap of 8 nm grown nominally

at room temperature leaves As well confined in a δ-layer with a FWHM of 1.981 nm

as determined by SIMS. AFM and STM of the surface reveal that the Ge cap is

rough at the atomic scale, but crystalline. Thus, AsH3 is a promising precursor for

atomic scale placement of As in Ge.
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Conclusions, discussion and outlook

In this thesis, I have studied the chemical and structural properties of Sn and AsH3

as they adsorb on germanium. In the case of Sn I studied the layer formation on the

surface on the Ge(100) and Ge(111) surface. For AsH3, I investigated its viability

as a precursor for atomic scale n-type doping in Ge(100). Here I briefly summarize

the conclusions of this work and contextualize them with each other and within

the overall context of Ge as a material for optoelectronic and quantum computing

applications.

The first system studied in this work is the formation and thermal properties of

Sn monolayers on Ge(100) at the atomic scale. Upon adsorption of 0.05 ML Sn on

the Ge(100) surface, I revealed two competing surface processes: (i) Sn incorporation

into the top surface layer and (ii) the formation of ad-dimer clusters. I demonstrated

that the Sn incorporation leads to small amounts of Ge presence in the A, B and C

ad-dimer features. A is a symmetric ad-dimer is oriented parallel to the substrate

dimers and between dimer rows, B is a tilted ad-dimer with the same position and

orientation on the surface as A and C is a tilted ad-dimer forming the diamond

cubic structure. Increasing the Sn coverage to 1.24 ML drives the surface kinetics

to favouring the densely packing B and C features and the formation of a < 2% Ge

content GeSn, two-dimensional wetting layer. Due to the growth mode changing

from Sn on Ge to Sn on Sn when growing the second monolayer, that monolayer

forms only as C features, i.e. grows as the diamond cubic structure. Annealing both

a 0.53 ML or 1.24 ML Sn coverage sample leads to full surface reconstruction into

C features below 300◦C, in the case of 0.53 ML Sn the surface becomes a 4% Sn

GeSn layer. From annealing temperatures of 350◦C onward, strain relief roughens

the surface and Sn is slowly desorbed until it is gone above 650◦C.

In the context of multi-quantum-well (MQW) formation, the two-dimensionality

of Sn growth on Ge(100) is an advantage, allowing for very thin layers. However,

the interface sharpness is still limited by the Sn incorporation even at room tem-

perature so formation of a perfect two-dimensional Sn layer is not possible. Instead

this opens an avenue for very high Sn content GeSn layer formation. Annealing
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these layers to temperatures below 300◦C may be an advantage in order to obtain a

fully diamond cubic crystal structure in the layer while not beginning to remove Sn

from the surface. Both layers with and without post-growth anneal are suitable for

application in Sn/Ge-based optoelectronics.

From the understanding of the Sn/Ge(100) growth system a next step could be

the full chemical and electronic characterization of the wetting layer with techniques

such as X-ray photoelectron spectroscopy (XPS) and angular resolved photoemission

spectroscopy (ARPES). Interesting future STM studies may include the investiga-

tion of: the growth mode of the third layer; subsequent higher coverages; growing Ge

layers on top of the Sn layers; and determining whether growth temperature varia-

tions can be used to further optimize the growth kinetics, e.g. in limiting the spread

of Sn atoms in the out-of-plane direction. A more ambitious experiment would be

to use scanning tunnelling spectroscopy to study how Sn buried in Ge(100) affects

the local electronic structure of the material.

The second system studied in this work is Sn layer formation on Ge(111) under

a range of temperatures. I showed the evolution of a wetting (bi)layer of Sn growing

two-dimensionally on Ge(111) at both ∼ 200 K and room temperature. A small

fraction of Sn incorporates in the surface in either case, leading to the presence of

small amounts of Ge in the wetting layer. Furthermore, in either case the wetting

bilayer is disordered. Annealing 0.09 BL Sn to 300◦C and beyond leads to full Sn

incorporation with no surface reconstruction. By contrast, when annealing 1.26 BL

Sn, two surface phases form: (i) an A phase without long-range order which persists

to elevated temperatures and may evolve into a c(2x8) reconstructed surface, and

(ii) an ordered B phase which is only present when annealing to 300◦C, for which I

suggest possible structure models.

The two-dimensional growth mode of Sn on Ge(111), paired with the Sn incor-

poration even after growth at ∼ 200 K, makes the MQW approach and very high Sn

content GeSn layers similarly viable as in the case of the Ge(100) surface. Further-

more, the formation of the ordered B phase under annealing is of particular interest.

While this surface is likely not a decoupled stanene (graphene-like Sn) layer, but

is instead covalently bonded to the Ge substrate, the properties beyond the struc-

ture observed under STM are completely unknown at this point. Considering the

multitude of interesting properties found in films that are shrunk down to single or

bilayer thickness, further investigation is warranted.

To further the study of Sn grown on Ge(111), future work may include theory

calculations utilizing e.g. DFT. Energy barrier calculations could determine the

temperature at which Sn begins to incorporate in the surface and surface energy

minimization calculations may determine the stability of the proposed structure

models for the B phase. Calculation of the B phase’s band structure would provide
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hints at interesting electronic properties that could be probed by scanning tunnelling

spectroscopy. Furthermore, Sn growth at temperatures below 200 K may give further

insight into Sn incorporation. By contrast, exploration of Sn growth or annealing

above room temperature may reveal further ordered structures and give insight into

the temperature window in which the B phase forms.

Having investigated the formation of very high Sn content GeSn wetting layers on

Ge(100) and Ge(111) it is of interest to briefly compare the two surfaces. In principle,

differing surface kinetics and energetics of Ge(100) and Ge(111) are expected to lead

to different behaviours. Nonetheless, some similarities are observed. In both cases

Sn incorporates into the surface at room temperature at the upper most atomic

position, i.e. the up tilted dimer on Ge(100) and the ad-atom on Ge(111). As

the up-tilted atom on the Ge(100) surface has a lone pair and the ad-atom on the

Ge(111) surface has an empty bond this likely is not an electronic effect, but a

structural one. The much larger Sn atom has the most space at the highest position

in the Ge surface, and thus causes the least strain on in the surface in this position.

Due to the Sn incorporation, the wetting layer that forms contains small amounts

of Ge in both cases. Similarities continue as the surface with sub-monolayer or

sub-bilayer Sn coverage is annealed to temperatures of up to 300◦C. In both cases

Sn is fully incorporated. Differences arise when annealing beyond 300◦C or surfaces

with ∼ 1.25 ML/BL Sn coverage. For Sn on Ge(100) the 1.24 ML surface orders

when annealing to 300◦C and, for sub- and full monolayer Sn coverage, annealing

beyond 300◦C releases strain roughening the surface and beginning Sn desorption.

For Sn on Ge(111), at sub-bilayer coverages there is no surface roughening or notable

Sn desorption, likely due to the lower Sn coverage used inducing less strain in the

surface. This is compounded by the Ge(111) ad-atoms being more widely spaced

than the Ge(100) up-tilted Ge dimer atoms, thus low amounts of incorporated Sn

may be expected to strain the Ge(111) surface less than the Ge(100) surface. When

annealing 1.26 BL Sn on Ge(111) the reasons for the lack of order in the A phase

and the formation of an ordered B phase, which does not resemble a diamond cubic

structure, are not clear.

The third and final system studied in this thesis is AsH3 dosing of Ge(100) as a

step towards As doping of Ge with STM hydrogen resist lithography. I investigated

the dissociation of AsH3 on Ge(100), gaining first insights into the surface chem-

istry via study of the structure and stability of dissociation products. Furthermore,

I identified three temperature regimes: I) room temperature to 255◦C – AsH3 dis-

sociation and As incorporation with an upper bound of 30% of surface atoms, II)

255◦C to 370◦C – hydrogen desorption and Ge diffusion to step edges and III) 370◦C

to 510◦C – equilibrium with a stable surface of incorporated As to onset of As des-

orption. Moreover, I present a well confined As δ-layer, buried below a crystalline
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Ge cap, with a FWHM of 1.981 nm as determined by SIMS.

These results make AsH3 a promising precursor for STM hydrogen resist lithog-

raphy on Ge(100). First, incorporation of As is a prerequisite for electrical activa-

tion of the dopants. Furthermore, that As incorporates before hydrogen desorbs is

promising, as this is a requirement for maintaining the hydrogen lithography pat-

tern during incorporation and thus confinement in the directions spanning the (100)

plane. Moreover, demonstration of an As δ-layer shows confinement perpendicular

to the (100) plane and is a step towards fabrication of electrical contacts in the

device plane. Thus, As is a good candidate for atomic scale placement in Ge in all

three dimensions.

Future work on AsH3 as a precursor for STM hydrogen resist lithography will

involve careful correlation of DFT simulations with experimental data in order to

determine the dissociation pathway of AsH3 on Ge(100). Furthermore, electrical

characterization of As δ-layers is essential in order to determine the fraction of As

dopants that are electrically active and whether metallic transport in the plane of

the layer can be achieved. Based on the outcome of these measurements the recipe

for growing the Ge cap needs to be optimized to achieve optimal dopant activation,

charge transport and surface flatness, while maintaining confinement. Thereafter,

the final step towards full integration with STM hydrogen resist lithography is to

investigate how AsH3 interacts with the hydrogen resist on Ge(100). With AsH3

fully integrated with STM hydrogen resist lithography on Ge(100), investigation of

As as a electron-based dopant qubit can begin.

Further into the future, the GeSn system and Ge quantum computing platform

may be combined. E.g. GeSn can be used a stressor to create tensile strain in a Ge

layer, which will lead to splitting of degenerate bands in the Ge bad structure and

affect overall energy levels in the band structure. This opens up more energy levels

for quantum dots and isolates the undesired energy levels from the ones used in the

computing process. Alternatively, quantum computing developments in Ge may be

expanded into GeSn as host material for quantum devices in order to exploit the

even higher spin-orbit coupling GeSn has over Ge.

Overall, the work in this thesis expands on the current understanding of Ge sur-

face interactions. In particular, I obtained detailed insight into the formation of Sn

layers on Ge(100) and Ge(111) at the atomic scale enabling a deeper understanding

of the complex surface interactions. Understanding their behaviour gives insight into

optimizing and controlling the Sn-Ge system in all its iterations, a necessity for effi-

cient device applications e.g. in optoelectronics. Furthermore, AsH3 as a precursor

for STM hydrogen resist lithography on Ge(100) opens up another avenue for atomic

scale placement of n-type dopants as qubits for quantum computing. This enables

more complex quantum computing schemes and increases options when choosing
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the type of qubit required for a specific task. Thus, this work drives Ge forward as

a material for both optoelectronic and quantum computing platforms.
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Statistical height analysis of Sn features on Ge(100)

In this chapter, I discuss an approach to measuring the height of ad-dimers on the

Ge(100) surface after Sn deposition. In principle, measuring the height of these

features is expected to enable distinction between Sn-Sn and Ge-Ge ad-dimers. For

example, DFT simulations predict the height of the ad-dimer protrusion maximum

over the Ge substrate maximum for the A feature (cf. Fig. 4.3a) as 0.06 nm for a

Ge-Ge dimer and 0.09 nm for a Sn-Sn dimer when measuring at a scanning bias of

-1.5 V1. While this height difference is within the resolution of STM, the common

method of taking a line profile along the substrate and through the feature was not

successful in reproducibly determining the height of the ad-dimers2. The reason for

this is as follows:

As the ad-features appear in clusters on the surface, a thin line profile (1 - 3

pixels) is required to only measure the height of a single feature instead of multiple

features. This means that slight variations in positioning of the line profile can shift

the line placement on the Ge dimer row, e.g. passing exactly through the maxima

of the up-tilted Ge atoms of the c(4x2) reconstruction or slightly next to them in

the trough. When the line is not placed exactly through the Ge maxima, it lowers

both the measured height of the maxima of the up-tilted Ge atoms and the average

substrate height along the row. Therefore, in order to get an accurate measurement

of the feature height relative to the substrate, care must be taken to place the line

correctly along the dimer row and simultaneously through the maximum of the ad-

dimer. In particular, for the B and C feature where the protrusion maximum is not

aligned with the Ge ad-dimer maximum (cf. Fig. 4.3b and 4.3c) this proves difficult.

In addition, at room temperature the Ge(100) surface exhibits both the buckled

c(4x2) and p(2x2) reconstructions as well as the unbuckled p(2x1) reconstruction

(cf. chapter 2.1 for details). This means that where the buckled reconstructions

transition into the unbuckled reconstruction the tilt angle of the dimers shrinks and

1A full list of the expected heights for all ad-dimer configurations can be found in table 4.1.
2For a typical example of height extraction via line profiling, see the discussion of Sn islands on

Ge(111) in the context of Fig. 5.1e.
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therefore reduces the height of the up-tilted Ge atoms, meaning the reference surface

area must be chosen with care. As the reconstruction may change along a dimer row

this further limits the number of features available for line profiling. Furthermore,

it should be noted that the C features may change buckling orientation (cf. Fig.

4.1d-f) and therefore also may change in height.

As a consequence of the issues discussed above, I attempted a different approach

to determining the height of the ad-dimer features on the Ge(100) surface after Sn

deposition. In this approach, I measured the maximum of the ad-dimer protrusions

and the maximum of the up-tilted Ge substrate atoms directly. This avoided con-

cerns about placing the line profile correctly along the dimer row and allowed the

ad-dimer protrusions not to be aligned with the maxima of the up-tilted Ge sub-

strate atoms in a dimer row. Further, concerns about changing tilt angles of the

substrate Ge dimers can be avoided by carefully selecting only fully buckled dimers,

i.e. where the maximum of the up-tilted Ge substrate atom is highest.

I determined the heights using a custom Matlab program I wrote. The program

displays the STM image as shown in Fig. A.1a adding an overlay of white dots

representing the local height maxima. The local maxima are determined in two

steps: Using Matlab’s built in imregionalmax(I) function, where I is the matrix of

measured heights in the scan, all local maxima relative to their eight neighbouring

pixels are determined. Then, a 0.2 x 0.2 nm2 box is scanned over the surface moving

one pixel row or column at each step and only the maximum within that box kept at

every stage. The sides of the box are chosen to be slightly smaller than the 0.25 nm

atomic radius of Ge [169] in order to determine the local maximum at the position

of each Ge (or Sn) atom while reducing the number of “false” local maxima due to

slight variations in height measurement caused measurement uncertainties.

Using the interface shown in Fig. A.1a a feature maximum can be selected by

selecting the corresponding white dot in the image, assigning a feature type (e.g. “A

feature”) and pressing “Feature Selected”. Then multiple maxima of up-tilted Ge

atoms can be selected in the image and confirmed by pressing “Substrate Selected”.

Pressing “Save” will then save the selected positions and feature type, mark the

saved feature with a black “x” as in Fig. A.1b and enable a new selection. Once

feature maxima and substrate positions for all features have been saved, pressing

“Done” calculates the average substrate maxima height and determines the feature

maximum height relative to that value for each individual feature. This calculation

is performed both using only the height of the pixel that represents the maximum

and using an average of the height of the pixel indicating the maximum and its eight

neighbours. Both results are saved to a text file for the assigned feature and an image

of all features selected as shown in Fig. A.1b is saved. Further, the “Histogram”

button is now enabled. Pressing it shows a histogram of height distributions for
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Figure A.1: The Matlab program for analysing feature heights. (a) Shows the

program interface (running in Matlab) with a 20 x 20 nm2 STM image of Sn on

Ge(100) scanned at 300 pA and -1.5 V loaded and the local height maxima indicated

by the white dots. The crystallographic directions of the STM image are [11̄0] along

the dimer rows and [110] perpendicular to them as shown in Fig. 2.2. (b) Shows

the program after several A feature protrusion maxima and corresponding maxima

of up-tilted Ge atoms have been saved and the “Done” button pressed. Each saved

feature maximum is indicated by a black “x”.
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Figure A.2: Histogram of A feature heights as determined using the Matlab program

of Fig. A.1. A total of 60 height measurements (corresponding to 30 A features)

were taken on STM scans at 300 pA and -1.5 V. As there is only one height cluster,

the average height is determined to 0.068±0.003 nm.

each feature on the scan being analysed.

Figure A.2 shows an example of this analysis performed for the A feature using

the average of the height of the pixel indicating the maximum and its eight neigh-

bours in the analysis. Measurements were taken from several STM images scanned

across multiple days at -1.5 V and 300 pA. As the A feature has a symmetric double

protrusion corresponding to one Ge or Sn atom each (cf. chapter 4.1 and Ref. [63]),

each of these protrusions was treated as its own measurement as indicated in Fig.

A.1b, but both protrusions were measured for each feature. Care was taken only to

include fully up-tilted Ge atoms as substrate reference points with five atoms being

chosen along either side of the dimer row containing the feature where possible, and

always at least five reference substrate atoms being used.

The resulting histogram shows clearly that only one atomic type is present in

the A features measured, as there is only a single cluster of heights. Moreover, all

measured heights are within a range of 0.016 nm, which is much smaller than the

0.03 nm height difference expected between Ge-Ge A features and Sn-Sn A features

from DFT calculations. Therefore, it is justified to calculate the average A feature

height of this data to 0.068±0.003 nm. This value does not correspond to the heights

expected from DFT simulation of a −1.5 V STM measurement, which are 0.06 nm
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and 0.09 nm for a Ge-Ge A feature and a Sn-Sn A feature, respectively. However,

the DFT simulation corresponds to a 0 K measurement and cannot easily be quanti-

tatively correlated with experimental room temperature measurements. Therefore,

while the height of the A features can be determined no clear conclusion as to chemi-

cal composition of the feature can be drawn. While not performed in as much detail,

an initial survey of B and C feature heights produced similarly inconclusive results.

Therefore, despite this method improving on the results of the standard line profile

method in achieving reproducible height measurements, quantitative height analysis

was abandoned as a pathway to chemical analysis.
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Reciprocal space pattern of the Ge(111)-c(2x8)

reconstruction

In this chapter I briefly discuss the reciprocal space pattern of the Ge(111)-c(2x8)

reconstruction. Two different methods are used to determine the reciprocal space

pattern of the surface: Fourier transforming the real space STM image of the c(2x8)

reconstruction and LEED (low energy electron diffraction). In LEED a beam of

monochromatic low energy electrons is directed at the sample at normal incidence

and the the diffraction pattern of the elastically scattered electrons recorded. Due

to the short elastic mean free path of electrons in solids this technique is, in first

approximation, only sensitive to the surface atoms and must be performed in UHV

on samples free of contamination. Thus, the diffraction pattern recorded by LEED

corresponds to the reciprocal space pattern of the surface reconstruction. Note,

that the diffraction pattern is averaged over all surface reconstructions within the

electron beam spot. For more details on LEED I refer the reader to text books such

as VanHove, Weinberg and Chan “Low-energy electron diffraction” [170].

Figure B.1a shows the clean Ge(111)-c(2x8) reconstructed surface as observed

by STM at a tunnelling bias of +1.0 V. There are two atomic positions without

fully saturated bonds in this reconstruction which are illustrated schematically in

Fig. B.1d. In red are the adatoms of the reconstruction which each saturate three

dangling bonds of the unreconstructed surface and in green the rest atoms of the

unreconstructed surface which do not bond to an adatom. Both types of atoms are

shifted slightly from their equilibrium positions, downward and upward for adatoms

and rest atoms, respectively [41]. At +1.0 V only the adatoms are observed in STM

(cf. chapter 2.1 for more detail). Calculating the Fourier transform of this STM

image gives the reciprocal space image of this surface (at this bias) shown in Fig.

B.1b. I emphasize that the STM image shows a single surface domain of the c(2x8)

reconstruction, thus the reciprocal space pattern is also limited to a single domain

of c(2x8). In fact, the pattern is in perfect agreement with the schematic reciprocal

space pattern for a single Ge(111)-c(2x8) domain shown in Fig. B.1e. The large open
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Appendix B. Reciprocal space pattern of the Ge(111)-c(2x8) reconstruction

Figure B.1: Real and reciprocal space images of Ge(111)-c(2x8). (a) STM image of

clean Ge(111) showing a single c(2x8) domain, with the unit cell drawn in black. (b)

Fourier transformation of (a) with examples of each spot highlighted in accordance

with (e) as follows: integer-order in red, half-order in yellow, quarter-order in blue

and eighth-order in green. (c) LEED pattern of the clean Ge(111)-c(2x8) with

examples of each reciprocal space spot spot highlighted in analogy to (e) and (f). (d)

schematic of the Ge(111)-c(2x8) reconstruction drawn in VESTA [30]. Highlighted

in red are adatoms of the reconstruction and in green rest atoms. The unit cell is

drawn in black. (e) reciprocal space schematic of a single c(2x8) surface domain

with integer-order spots as large open circles (overlaid in red), half-order spots as

small open circles (yellow), quarter-order spots as asterisks (blue) and eighth-order

spots as small solid circles (green). (f) schematic of the Ge(111)-c(2x8) reciprocal

space pattern including all three surface domain orientations.

*Panels (e) and (f) reprinted from Surface Science, 164 (1), R.J. Phaneuf and M.B.

Webb, A LEED study of Ge(111); a high-temperature incommensurate structure,

167 – 195, Copyright (1985), with permission from Elsevier.
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Appendix B. Reciprocal space pattern of the Ge(111)-c(2x8) reconstruction

circles (overlaid in red) correspond to the integer-order spots of the unreconstructed

surface, the small open circles (yellow) to half-order spots, the asterisk (blue) to

quarter-order spots and the small solid circles (green) are eighth-order spots.

I compare the Fourier transform of the STM image to the LEED pattern of a

clean Ge(111) surface recorded at an electron beam energy of 105.5 eV. The ErLEED

150 optics from SPECS used in this work has a ∼ 1 mm beam spot. This spot is sev-

eral orders of magnitude larger than the Ge(111)-c(2x8) surface domains (∼ 10s nm

– 100s nm) and Ge(111) terraces (∼ 100s nm) I observe under STM. Therefore, the

LEED pattern depicts the sum of all three c(2x8) surface domain orientations as

shown schematically in Fig. B.1f. Thus, the hexagonal symmetry of {111} lattice

planes is easily discernible. The dimness of the quarter-order spots in LEED is in

good agreement with literature where the relative intensity of integer, half-, quarter-

and eighth-order spots was found to be 1000 : 100 : 1 : 10 [132]. Without the distor-

tion of the adatoms and rest atoms from their equilibrium positions the fourth-order

spots would be structure factor forbidden.

Overall, the reciprocal space patterns determined by Fourier transformation of an

STM image and LEED are in excellent agreement with each other and expectation

from literature.
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Arsine feature transitions
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Appendix C. Arsine feature transitions

Figure C.1: Catalogue of all transitions at room temperature after dosing AsH3 on

Ge(100). All transitions except (k) are observed to go both in the direction of the

arrow shown here and in reverse. Except for transition (j) all transitions only occur

in the mode shown here. Transition (j) can also occur in a different mode as shown

in Fig. 6.3. All STM scans are taken at 200 pA and are 4.8 nm x 4.8 nm.

*Only transition that has a second mode of transition.

**Only transition that is not observed to go in both directions.
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Dissociation features of XH3 on Si(100) or Ge(100)

in literature
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Appendix D. Dissociation features of XH3 on Si(100) or Ge(100) in literature

Figure D.1: The most prominent dissociation feature at room temperature for the

AsH3 on Si(100) (left) and PH3 on Si(100) (right) systems.

*Reprinted figures with permission from ACS Nano 14(3) 2020, Stock et al. “Atomic-

Scale Patterning of Arsenic in Silicon by Scanning Tunneling Microscopy” https:

//pubs.acs.org/doi/10.1021/acsnano.9b08943.

**Images curtsey of N.J. Curson and S.R. Schofield, private communication.

Permission for reprint must be sought with the respective copyright holders.

Figure D.2: The heterodimer of the AsH3 on Si(100) (left), PH3 on Si(100) (middle)

and PH3 on Ge(100) (right) systems.

*Reprinted figures with permission from ACS Nano 14(3) 2020, Stock et al. “Atomic-

Scale Patterning of Arsenic in Silicon by Scanning Tunneling Microscopy” https:

//pubs.acs.org/doi/10.1021/acsnano.9b08943.

**Images curtsey of N.J. Curson, private communication.

***Reprinted with permission from Wolfgang M. Klesse “Doping and Nanostructur-

ing of Germanium with Atomic Precision”, PhD thesis, 2014.

Permission for reprint must be sought with the respective copyright holders.
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Appendix E

Deconvolution of As and GeH SIMS signal

Secondary ion mass spectrometry (SIMS) determines the atomic species based on

the mass-to-charge ratio of secondary ions knocked out of the surface by an analysing

ion-beam. These secondary ions can be both atomic and molecular ions. Therefore,

it is possible for two ions in a material system to have similar mass-to-charge ratios.

For the case As δ-layers in Ge, both As ions (atomic number: 33) and GeH ions

(atomic number Ge + H: 32 + 1) are expected. In order to analyse the properties of

the As δ-layer, it is of interest to deconvolve the As and GeH signals.

The full mass spectrum of the combined As and GeH signal (74.93 ± 0.01 u)

is shown in Fig. E.1a. This spectrum was recorded within the peak observed

around 8.064 nm depth for the combined signal (red line in Fig. E.1b). In the mass

spectrum a shoulder is discernible on the low mass side, indicating the presence of a

smaller peak close in mass to the larger peak. In first approximation the peaks are

deconvolved by determining the high mass edge of the shoulder and attributing the

mass range above this edge to GeH (grey area of the peak) and the mass range below

this to As (blue area of the peak). The As (74.92±0.01 u) and GeH (74.93±0.01 u)

and combined (As raw) signals are shown as a function of depth in E.1b. Within the

8.064 nm peak region there is a significant contribution of the As signal (green) to the

raw, combined signal (red) as shown by the clear As signal peak and the reduction of

the GeH signal (purple) relative to the raw signal. Furthermore, outside peak region

there is no notable As signal and the GeH signal overlays the raw signal, reaffirming

the assignment of the low mass shoulder to As. I point out, that a slight peak of the

GeH signal is observed at the location of the As peak. This may be attributed to

either increased hydrogen in the δ-layer due to imperfect hydrogen desorption before

Ge overgrowth or imperfect deconvolution of the mass signals, underestimating the

As contribution. The consistent peak shape in all three signals suggests, that while

the As peak intensity may be underestimated in this technique the peak shape is

not affected.

Overall, it is demonstrated that the As and GeH contributions to the mass

spectrum may be deconvolved. This allows the identification and analysis of the As
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Appendix E. Deconvolution of As and GeH SIMS signal

Figure E.1: Deconvolution of the GeH and As signals for SIMS. (a) Combined GeH

and As mass spectrum, with the As shoulder highlighted in blue and the GeH peak

highlighted in grey. (b) SIMS depth profile of the raw As signal (74.93 ± 0.01 u),

consisting of the combined As and GeH mass contributions, and deconvolved As

(74.92± 0.01 u) and GeH (74.93± 0.01 u) signals.
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contribution to the overall SIMS spectrum independent of the GeH signal.
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[131] U Köhler, O Jusko, G Pietsch, B Müller, and M Henzler. Strained-layer

growth and islanding studied with STM of germanium. Surface Science,

248(1991):321–331, 1991.

[132] R. J. Phaneuf and M. B. Webb. A LEED study of Ge(111); a high-temperature

incommensurate structure. Surface Science, 164(1):167–195, 1985.

[133] R. I.G. Uhrberg, H. M. Zhang, and T. Balasubramanian. Determination of

the Sn 4d line shape of the Sn/Ge(111)
√

3 x
√

3 and 3 x 3 surfaces. Physical

Review Letters, 85(5):1036–1039, 2000.

[134] R. S. Becker, J. A. Golovchenko, and B. S. Swartzentruber. Tunneling images

of germanium surface reconstructions and phase boundaries. Physical Review

Letters, 54(25):2678–2680, 1985.

[135] Yani Liu, Nan Gao, Jincheng Zhuang, Chen Liu, Jiaou Wang, Weichang Hao,

Shi Xue Dou, Jijun Zhao, and Yi Du. Realization of Strained Stanene by

Interface Engineering. Journal of Physical Chemistry Letters, 10(7):1558–

1565, 2019.

[136] Brian Kiraly, Robert M. Jacobberger, Andrew J. Mannix, Gavin P. Camp-

bell, Michael J. Bedzyk, Michael S. Arnold, Mark C. Hersam, and Nathan P.

Guisinger. Electronic and Mechanical Properties of Graphene-Germanium

Interfaces Grown by Chemical Vapor Deposition. Nano Letters, 15(11):7414–

7420, 2015.

[137] Trung T. Pham, Nguyen Dang Nam, and Robert Sporken. Surface morphol-

ogy, structural and electronic properties of graphene on Ge(111) via direct

deposition of solid-state carbon atoms. Thin Solid Films, 639:84–90, 2017.

[138] Andreas Becker, Christian Wenger, and Jarek Dabrowski. Influence of tem-

perature on growth of graphene on germanium. Journal of Applied Physics,

128(4):045310, 2020.

[139] R. M. Feenstra, A. J. Slavin, G. A. Held, and M. A. Lutz. Edge melting of the

Ge(111) surface studied by scanning tunneling microscopy. Ultramicroscopy,

42-44(PART 1):33–40, 1992.

167



Bibliography

[140] Noboru Takeuchi, A. Selloni, and E. Tosatti. Energy barriers, adatom diffu-

sion and field-induced disordering of the Ge(111)c(2x8) surface at T ˜ 300C.

Surface Science, 307-309(PART B):755–760, 1994.

[141] M. F. Reedijk, J. Arsic, F. K. de Theije, M. T. McBride, K. F. Peters, and

E. Vlieg. Structure of liquid Sn on Ge(111). Physical Review B, 64(3):033403,

2001.

[142] LEEDpat, Version 4.2, utility by K.E. Hermann (FHI) and M.A. Van

Hove (HKBU), Berlin / Hong Kong, 2014; see also http://www.fhi-

berlin.mpg.de/KHsoftware/LEEDpat/index.html.

[143] Friedhelm Bechstedt. Principles of Surface Physics. Springer, 1 edition, 2003.

[144] G. Scappucci, O. Warschkow, G. Capellini, W. M. Klesse, D. R. McKenzie,

and M. Y. Simmons. N-type doping of germanium from phosphine: Early

stages resolved at the atomic level. Physical Review Letters, 109(7):1–4, 2012.

[145] Wolfgang Matthias Klesse. Doping and Nanostructuring of Germanium with

Atomic Precision. PhD thesis, 2014.

[146] S. R. Schofield, N. J. Curson, M. Y. Simmons, O. Warschkow, N. A. Marks,

H. F. Wilson, D. R. McKenzie, P. V. Smith, and M. W. Radny. Atomic-scale

observation and control of the reaction of phosphine with silicon. e-Journal of

Surface Science and Nanotechnology, 4(August):609–613, 2006.

[147] N. J. Curson, S. R. Schofield, M. Y. Simmons, L. Oberbeck, J. L. O’Brien, and

R. G. Clark. STM characterization of the Si-P heterodimer. Physical Review

B, 69(19):1–5, 2004.

[148] M. W. Radny, P. V. Smith, T. C.G. Reusch, O. Warschkow, N. A. Marks,

H. Q. Shi, D. R. McKenzie, S. R. Schofield, N. J. Curson, and M. Y. Simmons.

Single P and As dopants in the Si(001) surface. Journal of Chemical Physics,

127(18), 2007.

[149] M. W. Radny, P. V. Smith, T. C.G. Reusch, O. Warschkow, N. A. Marks, H. F.

Wilson, N. J. Curson, S. R. Schofield, D. R. McKenzie, and M. Y. Simmons.

Importance of charging in atomic resolution scanning tunneling microscopy:

Study of a single phosphorus atom in a Si(001) surface. Physical Review B,

74(11):3–6, 2006.

[150] Mark P. D’Evelyn, Stephen M. Cohen, Eric Rouchouze, and Yuemei L. Yang.

Surface π bonding and the near-first-order desorption kinetics of hydrogen

from Ge(100)2x1. Journal of Chemical Physics, 98(4):3560–3563, 1993.

168



Bibliography

[151] Jae Yeol Maeng, Jun Young Lee, Young Eun Cho, Sehun Kim, and Sam K.

Jo. Surface dihydrides on Ge(100): A scanning tunneling microscopy study.

Applied Physics Letters, 81(19):3555–3557, 2002.

[152] Jun Young Lee, Jae Yeol Maeng, Ansoon Kim, Young Eun Cho, and Sehun

Kim. Kinetics of H2 (D2) desorption from a Ge(100)-2 x 1:H (D) surface

studied using scanning tunneling microscopy and temperature programmed

desorption. Journal of Chemical Physics, 118(4):1929–1936, 2003.

[153] Sam Keun Jo. Surface Reactions of Atomic Hydrogen with Ge(100) in Com-

parison with Si(100). Applied Science and Convergence Technology, 26(6):174–

178, 2017.

[154] S. Shimokawa, A. Namiki, M. N. Gamo, and T. Ando. Temperature de-

pendence of atomic hydrogen-induced surface processes on Ge(100): thermal

desorption, abstraction, and collision-induced desorption. Journal of Chemical

Physics, 113(16):6916–6925, 2000.

[155] Cindy L. Berrie and Stephen R. Leone. Desorption of arsenic species during the

surfactant enhanced growth of Ge on Si(100). Journal of Physical Chemistry

B, 106(25):6488–6493, 2002.

[156] B. Weber, S. Mahapatra, H. Ryu, S. Lee, A. Fuhrer, T. C.G. Reusch, D. L.

Thompson, W. C.T. Lee, G. Klimeck, L. C.L. Hollenberg, and M. Y. Simmons.

Ohm’s law survives to the atomic scale. Science, 335(6064):64–67, 2012.

[157] W M Klesse, G Scappucci, G Capellini, and M Y Simmons. Preparation of

the Ge(001) surface towards fabrication of atomic-scale germanium devices.

Nanotechnology, 22(June 2016):145604, 2011.

[158] Steven R. Schofield, Neil J. Curson, Oliver Warschkow, Nigel A. Marks,

Hugh F. Wilson, Michelle Y. Simmons, Phillip V. Smith, Marian W. Radny,

David R. McKenzie, and Robert G. Clark. Phosphine dissociation and diffu-

sion on Si(001) observed at the atomic scale. Journal of Physical Chemistry

B, 110(7):3173–3179, 2006.

[159] G. Scappucci, G. Capellini, W. M. Klesse, and M. Y. Simmons. Dual-

temperature encapsulation of phosphorus in germanium delta-layers toward

ultra-shallow junctions. Journal of Crystal Growth, 316(1):81–84, 2011.

[160] G. Xue, H. Z. Xiao, M. A. Hasan, J. E. Greene, and H. K. Birnbaum. Critical

epitaxial thicknesses for low-temperature (20-100C) Ge(001)2x1 growth by

molecular-beam epitaxy. Journal of Applied Physics, 74(4):2512–2516, 1993.

169



Bibliography

[161] K. A. Bratland, Y. L. Foo, J. A.N.T. Soares, T. Spila, P. Desjardins, and J. E.

Greene. Mechanism for epitaxial breakdown during low-temperature Ge(001)

molecular beam epitaxy. Physical Review B, 67(12):11–13, 2003.

[162] Sergej Brotzmann and Hartmut Bracht. Intrinsic and extrinsic diffusion of

phosphorus, arsenic, and antimony in germanium. Journal of Applied Physics,

103(3), 2008.

[163] M. Kawanaka, N. Iguchi, S. Fujieda, A. Furukawa, and T. Baba. GeAs as a

novel arsenic dimer source for n-type doping of Ge grown by molecular beam

epitaxy. Journal of Applied Physics, 74(6):3886–3889, 1993.

[164] G. Scappucci, G. Capellini, and M. Y. Simmons. Influence of encapsulation

temperature on Ge:P δ-doped layers. Physical Review B, 80(23):2–5, 2009.

[165] Joris G. Keizer, Sebastian Koelling, Paul M. Koenraad, and Michelle Y. Sim-

mons. Suppressing Segregation in Highly Phosphorus Doped Silicon Monolay-

ers. ACS Nano, 9(12):12537–12541, 2015.

[166] Lars Oberbeck, Thilo C.G. Reusch, Toby Hallam, Steven R. Schofield, Neil J.

Curson, and Michelle Y. Simmons. Imaging of buried phosphorus nanostruc-

tures in silicon using scanning tunneling microscopy. Applied Physics Letters,

104(25):1–6, 2014.

[167] Hartmut Bracht and Sergej Brotzmann. Atomic transport in germanium and

the mechanism of arsenic diffusion. Materials Science in Semiconductor Pro-

cessing, 9(4-5 SPEC. ISS.):471–476, 2006.

[168] R. Bashir, A. E. Kabir, and P. Westrom. Phosphorus and arsenic profile

control for high performance epitaxial base bipolar junction devices. Applied

Physics Letters, 75(6):796–798, 1999.

[169] J. C. Slater. Atomic radii in crystals. The Journal of Chemical Physics,

41(10):3199–3204, 1964.

[170] Michel A VanHove, William Henry Weinberg, and Chi-Ming Chan. Low-energy

electron diffraction: experiment, theory and surface structure determination.

Springer Science & Business Media, 1986.

170


	Declaration
	Abstract
	Impact statement
	Acknowledgements
	Academic outcomes
	Contents
	List of figures
	List of tables
	List of abbreviations
	Introduction
	Scientific background
	Germanium
	The germanium(100) surface
	The germanium(111) surface

	Tin on germanium
	Tin on germanium(100)
	Tin on germanium(111)

	Arsine dosing of germanium

	Experimental methods
	Scanning tunnelling microscopy
	Semi-classical treatment of the 1D tunnelling problem
	First-order perturbation theory of tunnelling
	Experimental requirements

	Ultra-high vacuum set-ups and tip preparation
	Set-up at IHP
	Set-up at UCL

	Sample preparation
	Cleaning germanium
	Preparing the material system

	Further characterization techniques
	Atomic force microscopy
	Secondary ion mass spectrometry
	Density functional theory


	The formation and thermal properties of tin monolayers on germanium(100) studied at the atomic scale
	Surface features at sub-monolayer coverage
	Evolution from low coverages to full monolayer
	Evolution of 0.53 ML tin layers under annealing
	Further experiments
	The second and third tin monolayer
	Evolution of 1.24 ML tin layers under annealing

	Conclusions

	Tin layer formation on germanium(111)
	Formation of a tin bilayer on germanium(111)
	Growth at room temperature
	Growth at cryogenic temperatures

	Evolution of tin on germanium(111) under annealing
	Evolution 0.09 BL tin under annealing
	Evolution of 1.26 BL tin under annealing
	The ordered surface phase of 1.26 BL tin annealed to 300℃

	Conclusions

	Arsine dosed germanium(100): adsorption and incorporation
	Dissociation of arsine on germanium(100) at room temperature
	Characteristics of arsine dissociation products
	Arsine feature transition processes
	Atomic configuration of feature A

	Dissociation of arsine on germanium(100) under annealing
	Saturation dosing of arsine on germanium(100)
	Arsenic -layer formation in germanium
	Conclusions

	Conclusions, discussion and outlook
	Statistical height analysis of Sn features on Ge(100)
	Reciprocal space pattern of the Ge(111)-c(2x8) reconstruction
	Arsine feature transitions
	Dissociation features of XH3 on Si(100) or Ge(100) in literature
	Deconvolution of As and GeH SIMS signal
	Bibliography

