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SUMMARY 

Scanning tunnelling microscopy is a surface science tool that allows topographic 

imaging of a conductive surface on an atomic scale, enabling real space visualisation 

of surface reconstructions. As it is based on quantum tunnelling to and from electronic 

states on the surface, it is also useful in mapping local variations in surface electronic 

structures. 

In this thesis, we have developed an STM-compatible sample stage capable of 

applying uniaxial strain to a sample surface in situ. This stage works by clamping a 

cantilever sample at one end while the other end is deflected by use of a small 

piezoelectric slip-stick actuator. Deflection of the free end upwards induces 

compressive strain on the top surface of the sample, while downward deflection 

induces tensile strain. In order to anneal samples within the ultra-high vacuum (UHV) 

system to remove native oxide and prepare clean surface reconstructions, the stage 

was designed to allow direct current heating of the sample while under minimal 

deflection at the free end. Design challenges included minimising heat transfer to the 

actuator during annealing and reducing resistance of the contact made at the sample 

free end to avoid local melting while working within a confined volume afforded by 

the Createc STM used in this study. 

Following the development of the strain stage, it was employed to study the 

effects of strain on the electronic structure of the Si(111) 7 × 7 surface. The 7 × 7 cell 

contains 6 distinct surface sites that each occur in groups of three equivalent sites 

with a local C3 symmetry. These sites were investigated under both compressive and 

tensile strain using scanning tunnelling spectroscopy and conductance imaging. We 

did not observe electronic symmetry breaking between these equivalent sites based 

on the direction of the applied uniaxial strain at magnitudes of ~0.17%. However, we 

found evidence of a general shifting of unfilled electronic peaks to higher biases as 

well as peak broadening under compressive strain and a narrowing and slight 

reduction of peak energies of those states under tensile strain. This was supported by 

conductance imaging which showed that successive surface states appeared at higher 

biases under compressive strain. 

Beyond observing the strain effects on the 7 × 7 cell, the high spatial density of 

the recorded spectra, as well as the high signal-to-noise ratio afforded by the variable 

height spectroscopy method, enabled us to observe the spectral features of the 

surface in great detail. We provide further evidence for the splitting of the middle 
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adatom unfilled state into two distinct peaks, previously observed at 7 K. We also 

found evidence of a high density of states located on the faulted corner adatoms 

around the Fermi energy. 

Strain experiments were also performed on Si(100). This surface is composed of 

parallel rows of dimers which run in perpendicular directions on terraces separated 

by an atomic step. Preliminary spectroscopic investigation shows a shift in the energy 

of the 𝐷1
∗ peak, which is composed of a mixture of states from the dimer antibonds, as 

well as the backbonds accessible to the STM between dimer rows. The peak shifts are 

observed primarily over dimer rows, where the backbond contribution is minimal, 

indicating that the shift is related to the dimer bond. Further investigation is needed 

to characterise the spatial variation of this peak. 
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1 INTRODUCTION 

1.1 Background 

Silicon is the defining element of the current era. As the prinicipal material used 

in the fabrication of metal oxide field effect transistors (MOSFETs), it is responsible 

for the digital information revolution, with silicon-based semiconductor devices 

inextricably woven into almost every aspect of modern life. For this reason, 

anthropologists often refer to the late 20th and early 21st centuries as the Silicon Age; 

the invention of the MOSFET in 1959 could therefore be considered one of the most 

important milestones in modern human history. 

Gordon Moore’s famous prediction of exponential growth of transistor density 

on integrated circuits became a development target that guided the semiconductor 

industry for several decades.1 This was originally accomplished through scaling down 

MOSFET dimensions, such as channel length, as lithographic and deposition 

processes improved.2 However, as transistors were reduced down to the nanoscale, 

problems such as current leakage, mobility degradation and dielectric breakdown 

began to offset the performance gains from scaling. Focus was therefore shifted to 

enhancing transistor operation through other methods, and strain engineering of the 

channel area was chief among these methods (see Fig. 1.1).3 By straining the silicon 

lattice, the electronic band structure is warped as the degeneracy between bands 

associated with different crystallographic directions is broken. This can be used to 

increase carrier population in bands that have lower carrier effective mass or to 

reduce inter-band scattering, with the overall effect of increasing the carrier mobility 

leading to higher on-state currents in the transistor and enhancing operation speed. 
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Fig. 1.1 The increased role of strain in PMOS transistor performance beginning with the 90nm 

technology node.7 

It was found that biaxial tensile strain of the channel decreases the relative 

energy of a low mass conduction band, increasing electron mobility and reducing 

inter-band scattering. This is beneficial for negative-MOS (NMOS) transistors,4 and 

can be applied by growing the channel layer on a surface with a larger crystal 

structure so that the silicon stretches to match it.  On the other hand, uniaxial 

compressive strain in the channel greatly enhance the mobility of holes, the charge 

carriers in positive-MOS (PMOS) transistors, by warping the valance band in which 

they travel.5 This has been applied via the growth of SiGe within the transistor source 

and drain regions, causing them to expand to accommodate the larger lattice and 

squeezing the channel area along the axis between them. While modern transistors 

have moved beyond the planer model to multi-side gated structures, known as 

finFETs, the role of strain in their operation has remained ubiquitous.6 Despite this 

crucial role of strain engineering, there are still important questions that remain 

about the effects of applied strain on silicon, particularly around the interaction with 

silicon surfaces and interfaces, which are becoming increasingly important as devices 

are scaled down in size. 

While the bulk electronic structure of silicon is well understood, there are 

outstanding questions on the electronic properties of silicon surfaces, where crystal 

periodicities are broken and unique surface electronic states emerge. Measurements 

are ongoing into the conductivity of silicon surface layers,8,9 which are becoming ever 

more relevant as device channels shrink in volume and increase their gated relative 

surface areas. Likewise, while the electronic effects of strain on bulk silicon have been 
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reasonably predicted from modifications to the band structure, the modifications to 

surface electronic states have proven more difficult to understand through 

simulation. 

Previous surface studies of strained silicon surfaces have primarily investigated 

the change in the equilibrium physical reconstruction. Relative changes in the 

populations of the 2 × 1 and 1 × 2 domains have been observed on the Si(100) 

surface when samples under uniaxial strain were annealed.10,11 These experiments 

demonstrated the breaking of energetic degeneracy of surface sites through applied 

strain. On the Si(111) surface, calculations have shown that the iconic 7 × 7 surface 

unit cell is stable over other possible arrangements due to a balance between surface 

bond reduction and surface strain.12 It is predicted that sufficient compression of the 

surface should make the 5 × 5 structure favourable.13 While uniaxial strain from  

cantilever strain has not been able to induce that transition before breaking of the 

sample,14 the 5 × 5 periodicity has been observed following the deposition and 

dissolution of germanium on the Si(111) surface, suspected to be stabilised by biaxial 

strain in the doped surface layers.15,16 In order to observe the effects of strain on the 

electronic states of a surface, however, one must prevent surface atoms from 

migrating to minimise the strain energy.  

The role of intrinsic strain in determining surface bond energies is well 

established. Many bonds at surfaces are under a degree of intrinsic strain. Applied 

strain can act to relieve or increase the intrinsic bond strain at surfaces and so lower 

or raise the energies of surface bonds. For example, the backbonds of adatoms on the 

unreconstructed Si(111) surface can be thought to partially rehybridise towards a 

planar sp2 configuration, while donating more p orbital character to the dangling 

bond (see Fig. 1.2). This causes the adatoms to move downwards into the subsurface 

layer, resulting in compressive strain which arrests the motion. We would predict that 

an applied tensile strain to this surface would cause further “rehybridisation” to 

occur, which could be observed electronically through a raising of the dangling bond 

energy as it acquires a higher proportion of p character. 
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Fig. 1.2 Rehybridisation of adatoms on the Si(111) surface from (a) sp3 configuration used to form 

tetrahedral bonds in the bulk crystal towards (b) an sp2 hybridisation with the filled backbonds, 

with more p character given to the dangling bond. This causes compressive strain in the surface 

plane. 

When considering a uniaxial applied strain, the direction of the strain axis with 

respect to the bond directions comes into play. The basis of strain engineering is 

breaking degeneracy between bands in different directions under directional strain.4 

Could there likewise be a divergence in electronic structure between surface atoms 

whose symmetry are broken by applied uniaxial strain? Such an effect might open the 

possibility of tuneable site selectivity for reactions on the silicon surface, or for 

modifying conductivity in the surface channel.  

1.2 Aims 

The goal of this thesis is to investigate changes to the surface electronic structure 

of Si(111) and Si(100) under uniaxial strain using scanning tunnelling microscopy 

(STM) and scanning tunnelling spectroscopy (STS). The STM is a tool that allows real 

space imaging of a conductive surface on an atomic scale. The advent of the STM 

revolutionised surface science was instrumental in establishing the correct surface 

structures for these silicon surfaces.17,18 As well as providing images of atomic scale 

topography of surfaces, the STM is a useful tool for probing local variation in surface 

electronic structure. By measuring the current response to varying tip-sample bias 

over a site, we can infer information about the local density of states (LDOS) at that 

position. 

To prevent surface reconstruction in response to the applied strain, it was critical 

that the strain was applied in situ, after the surface had been cleaned of surface oxide 

in the UHV chamber. To this end, we developed a strain stage: a sample holder 

compatible with the Createc STM, which contained a piezoelectric inertial slider used 
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to deflect one end of the cantilever samples. This enabled us to remove oxide by 

annealing the sample, with minimal deflection of the sample, and then to apply either 

compressive or tensile uniaxial strain before measurement.  

The structure of this thesis is as follows. In chapter two we discuss the theory of 

quantum tunnelling, starting from a simple description and progressing towards a 

model capable of quantifying the tunnelling current between a three-dimensional tip 

and surface. The imaging and spectroscopic techniques used in the operation of an 

STM are discussed. In chapter three we introduce the instrumentation used in this 

study. The development of the strain stage raised several challenges, which are 

addressed in this chapter. 

Chapter four consists of an overview of the Si(111) 7 × 7 surface, including what 

is known about the electronic states localised over its diverse range of components, 

as well as the balance of strain from each of those components. In chapter five we 

present the results of our imaging and site-specific spectroscopy on this surface under 

both compressive and tensile strain and make comparisons between them. We show 

conductance images of both strain states to confirm the differences indicated from 

our spectra. The results of our experiments are compared to the simulated LDOS of 

the Si(111) 5 × 5 surface under strain. Finally, a future outlook for the research on 

strained silicon surfaces is presented. 
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2 SCANNING TUNNELLING MICROSCOPY 

Scanning Tunnelling Microscopy (STM) is a technique in which an atomically 

sharp tip is brought within several Angstroms of a conductive surface such that 

quantum tunnelling of electrons can occur between them. A small potential difference 

is applied between them in order to generate a net electron tunnelling current in one 

direction, which is amplified and measured. By scanning the tip over the sample 

surface using finely controlled piezoceramics and measuring the variation of 

tunnelling current, an image which contains both topographic and electronic details 

of the surface can be recorded (See Fig. 2.1). Due to the inverse exponential 

proportionality of tunnelling on distance, only the very bottom atoms of the tip 

contribute significantly to the measured current, meaning images with atomic 

resolution can be acquired. 

The STM was first demonstrated in 1982 by Binning and Roher,1 and was 

significant enough to earn them the Nobel prize in 1986. While other surface science 

techniques, such as low-energy electron diffraction (LEED), gave indirect information 

about the average surface structure, STM enabled real space imaging of metallic and 

semiconductor surfaces on an atomic scale.  

 

Fig. 2.1 Schematic of an STM operating in constant current mode. Bias applied between tip and 

sample causes a tunnelling current, which is amplified and compared to a setpoint current. The 

difference is reduced by a feedback circuit adjusting the height of the tip, and the response of the 

feedback over a scanned area is used to create the STM image. 
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2.1 Theoretical Background 

In the late 19th century, electromagnetism was thought of purely in the context of 

fields and waves, wholly explained by Maxwell’s equations.2 Conversely, matter was 

understood to be made of ball-like particles, whose motion could be described 

through Newton’s laws.3 However, experimental observations such as the 

photoelectric effect and the blackbody radiation curve could not be explained within 

this paradigm. Thinking along these lines led Einstein and Bose to the quantisation of 

light in particle form, what we now call photons.4,5  

De Broglie later proposed that the dual wave-particle nature of light, might also 

apply to electrons and indeed to all matter.6 This was verified by the “Davisson-

Germer experiment” demonstrating electron diffraction from a nickel surface.7 With 

these discoveries came the need for a new formalism to understand the non-intuitive 

behaviour of matter at the quantum scale. This led to the formulation of what is now 

known as quantum mechanics, which included the development of the concept of 

quantum tunnelling. One of the most remarkable elements of quantum mechanics, 

tunnelling is a process in which sufficiently small particles, such as electrons, can pass 

through regions that would be energetically impossible to cross under classical rules. 

By considering quantum electron tunnelling in a number of simplified systems, 

we can arrive at the principles that govern STM. 

2.1.1 Tunnelling through a one-dimensional potential 

barrier 

Classically, an electron moving in a one-dimensional field 𝑉(𝑥) is described by 

the equation 

 
휀 =

𝑝2

2𝑚
+ 𝑉(𝑥) (2.1) 

where 𝑝 is the momentum of the electron, 𝑚 is the electron mass, and 휀 is energy of 

the particle. In regions where 휀 > 𝑉(𝑥), the electron has non-zero momentum. Where 

the electron encounters a potential barrier higher than its total energy, we would 

expect it to be repelled, and points where 휀 = 𝑉(𝑥) are known as classical turning 

points. 

In the formalisations of quantum mechanics, an electron does not generally have 

a precisely known position and is instead described by a wavefunction. This is a 

complex function from which only the relative probability of finding the electron at a 
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given position can be derived.8 In this formulation, equation (2.1) is effectively 

replaced by the time-independent Schrödinger equation 

 
−

ℏ

2𝑚

𝑑2

𝑑𝑥2
𝛹(𝑥) + [𝑉(𝑥) − 휀]𝛹(𝑥) = 0 (2.2) 

where ℏ is the reduced plank constant and 𝛹(𝑥) is the wavefunction of the electron. 

Under the rules of quantum mechanics, a wave function cannot end abruptly at a finite 

potential barrier. Therefore, there is some probability of finding the electron in the 

classically forbidden region, where 휀 < 𝑉(𝑥). Moreover, if the barrier is thin enough, 

it is possible to find the electron on the other side of the barrier, despite lacking the 

energy to surmount it. This is the process known as quantum tunnelling. 

Let us define a potential barrier with a height of 𝑉0 in the region between 𝑥 = 0 

and = 𝑠 , and to be zero elsewhere. That is 

 
𝑉(𝑥) = {  

0,                    𝑥 < 0, 𝑥 > 𝑠
𝑉0,                      0 ≤ 𝑥 ≤ 𝑠

 (2.3) 

An illustration of this barrier is shown in Fig. 2.2. Outside of the barrier region, the 

wavefunction of the free electron has the form of a travelling wave 

 𝛹(𝑥) ∝ 𝑒𝑖𝑘𝑥 (2.4) 

where the wave vector 𝑘 = √2𝑚휀 ℏ⁄ . 

 

Fig. 2.2 Electron tunnelling through 1D barrier. The wavefunction takes the form of a travelling 

wave outside the barrier and exponential decay within it. The energy of the electron, 휀, remains 

the same but the probability amplitude is reduced. 
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Taking 휀 < 𝑉0, the edge of the barrier is a classical turning point. However, a 

wavefunction must remain continuous at a barrier, so it follows that the probability 

density of the electron extends into the classically forbidden zone. Solving equation 

(2.3) for this region, the wavefunction takes the form of exponential decay. 

 𝛹(𝑥) ∝ 𝑒−𝜅𝑥 (2.5) 

where 𝜅 = √2𝑚[𝑉0 − 휀] ℏ⁄ . 

For an electron moving in the positive 𝑥 direction, as illustrated in Fig. 2.2, the 

general solution is 

 

𝛹(𝑥) = {  

𝐴𝑒𝑖𝑘𝑥 + 𝐵𝑒−𝑖𝑘𝑥                      𝑥 < 0

𝐶𝑒−𝜅𝑥 + 𝐷𝑒𝜅𝑥               0 < 𝑥 < 𝑠

𝐹𝑒𝑖𝑘𝑥                                        𝑥 > 𝑠

 (2.6) 

where A is the amplitude of the incident wave, B is that of the reflected wave, C is that 

of the decaying wave, D is that of the decaying wave reflected at 𝑠, and F is the 

amplitude of the transmitted wave. Equations (2.6) can be solved for the amplitudes 

by matching boundary conditions for the wave function and its derivative to obtain 

the transmission coefficient, the probability that an electron will tunnel through the 

barrier 

 
𝑇 = |

𝐹

𝐴
|
2

=
4𝑘2𝜅2

4𝑘2𝜅2 + (𝑘2 + 𝜅2)2 sin2 𝜅𝑠
 (2.7) 

For a highly attenuating barrier, where the width 𝑠, is much larger than the decay 

length 𝜅−1, Equation (2.7) can be approximated 

 
𝑇 ≈

16(𝑘𝜅)2

(𝑘2 + 𝜅2)2
𝑒−2𝜅𝑠 =

16𝐸[𝑉0 − 휀]

𝑉0
2 exp(−2𝑠

√2𝑚[𝑉0 − 휀]

ℏ
) (2.8) 

From Equation (2.8) we can see that the probability of tunnelling is exponentially 

dependant on the barrier width, 𝑠. This relationship is what gives STM its extreme 

vertical resolution9.  

2.1.2 The Bardeen approach to Tunnelling Current 

While we demonstrated the direct calculation of a transmission coefficient for 

tunnelling in section 2.1.1, this calculation does not provide realistic models of the tip 

and surface. The electronic structure of the sample and tip need to be explicitly 

considered. To account for the factors that determine tunnelling current in an STM 

experiment, we look to perturbation theory. The sample and tip in STM are typically 

separated by a gap on the order of 1 𝑛𝑚 wide, meaning the coupling between them 
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can be assumed to be small. From first order perturbation theory, the tunnelling 

current can be written10 

 
𝐼 =

2𝜋𝑒

ℏ
∑𝑓(𝐸𝑡)[1 − 𝑓(𝐸𝑠 + 𝑒𝑉)]|𝑀𝑡𝑠|

2𝛿(𝐸𝑡 − 𝐸𝑠)

𝑡,𝑠

 (2.9) 

where 𝑓(𝐸) = 1 (1 + exp [⁄ (𝐸 − 𝐸𝐹) 𝑘𝑇⁄ ]) is the Fermi function which describes the 

distribution of occupied states around the Fermi level, 𝐸𝑡 and 𝐸𝑠 are energies of the 

tip and surface states involved in the tunnelling process, 𝑉 is the applied bias, and 𝑀𝑡𝑠 

is the tunnelling matrix element.11 For low or room temperature measurements, the 

Fermi function can reasonably be replaced with its zero temperature limit, a unit step 

function. In the limit of small voltage, this expression simplifies to 

 
𝐼 =

2𝜋𝑒2

ℏ
𝑉 ∑|𝑀𝑡𝑠|

2𝛿(𝐸𝑡 − 𝐸𝐹)

𝑡,𝑠

𝛿(𝐸𝑠 − 𝐸𝐹) (2.10) 

Bardeen developed a method of calculating the tunnelling matrix in 1961, when 

considering tunnelling between two electrodes separated by a thin oxide.10 His model 

relied on the assumption that the electron states in each conductor had negligible 

coupling with those in the other, and they could be treated separately. Under 

Bardeen’s assumptions, the tunnelling matrix elements, 𝑀𝑡𝑠, are constant in energy 

and can be calculated between any two states from the surface integral of their 

overlap as 

 
𝑀𝑡𝑠 =

ℏ2

2𝑚
∫𝑑𝑆 ∙ (𝜓𝑡

∗∇𝜓𝑠 − 𝜓𝑠∇𝜓𝑡
∗) (2.11) 

where the integral is taken over any surface within the barrier region. Therefore, 

according to Bardeen, we need to model both tip and surface wavefunctions in order 

to calculate the tunnelling current.  

If we imagine the tip to be point probe, which is the idealised case for maximum 

resolution, then its wavefunctions are spherical and localized exactly at the probe 

position, 𝑟𝑡. In this case equation (2.10) reduces to 

𝐼 ∝ 𝑉 ∑|𝜓𝑠(𝑟𝑡)|
2

𝑠

𝛿(𝐸𝑠 − 𝐸𝐹) ≡ 𝑉𝜌(𝑟0, 𝐸𝐹) (2.12) 

where 𝜌(𝑟0, 𝐸𝐹) is the sample Local Density of States (LDOS) at the Fermi energy and 

position 𝑟0, corresponding to the location of the tip above the surface. Thus an ideal 

tip, scanning at low bias in constant current mode, would simply measure a surface of 

constant LDOS at the Fermi energy.12 Tersoff and Hamann showed that for a tip with 
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spherical symmetry at the apex (and hence an s wave tip wavefunction), this 

proportionality persists.  

2.1.3 The WKB approximation 

The low voltage approximation is reasonable for considering tunnelling between 

superconductors, where energy gaps are small, on the order of 𝑚𝑒𝑉.13 In this regime, 

current increases linearly with voltage, as in equation (2.10), and the small applied 

voltage means that only a finite number of states close to the Fermi energy are 

available for tunnelling. In STM experiments, gaps on the order of a few 𝑒𝑉 are often 

opened, particularly under conditions where spectroscopic measurements are being 

performed. Under these conditions, the broad range of states available for tunnelling 

do not all experience the same potential barrier.  

Image states on metal surfaces and surface states on semiconductors distort the 

barrier, and biases applied between tip and sample give it a sloping character. The 

Wentzel-Kramers-Brillouin (WKB) approximation is a method that can be used to 

obtain solutions to the Schrödinger equation for a particle in a spatially varying 

potential of arbitrary shape14, and is particularly useful for us in providing a general 

expression for the tunnelling probability.  

The core assumption of the WKB method is that though 𝑉(𝑥) is not constant, it 

varies slowly in comparison to the period of the electron wave. Thus the wavefunction 

retains its oscillatory character outside the barrier and its exponential form within it, 

but with 𝜅 now being a slowly varying function of 𝑥. Therefore, the barrier can be 

treated as a series of infinitesimally small rectangular barriers, and the overall change 

to the wavefunction found by an integration of the small exponential decays across 

the gap. The coefficient for the reflected term, D in equations (2.6), can be taken to be 

very small so the wavefunction within the barrier can be written 

 

 
𝜑(𝑠) = 𝜑(0)𝑒−∫ 𝜅𝑑𝑧 = 𝜑(0)exp(−

2√2𝑚

ℏ
∫ √𝑉(𝑧) − 휀

𝑠

0

𝑑𝑧) (2.13) 

The transmission probability is given solely by changes to the decay exponent 

 

 
𝑇 = |

𝜑(𝑠)

𝜑(0)
|
2

= exp(−
2√2𝑚

ℏ
∫ √𝑉(𝑧) − 휀

𝑠

0

𝑑𝑧) (2.14) 
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Fig. 2.3 Trapezoidal approximation of the 1D barrier height. An energy diagram of a tunnelling 

junction, with positions of the Fermi energies of tip and sample marked 𝜺𝒇𝑻 and 𝜺𝒇𝑺, respectively; 

an effective barrier height of 𝛷; and a positive bias of 𝑉 applied to the sample.  
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Using the trapezoidal approximation for the barrier, as shown in Fig. 2.3, the 

potential barrier can be taken as rectangular, with height given by 

 
𝑉(𝑒𝑉) = 𝛷 +

𝑒𝑉

2
 (2.15) 

where 𝛷 is the average tunnelling barrier height without bias modification. Generally, 

it can be taken as an average of the tip and sample work functions. The transmission 

coefficient is then given as 

 

𝑇(휀, 𝑉, 𝑧) = exp (−𝛼𝑧√(𝛷 +
𝑒𝑉

2
− 휀)) (2.16) 

where 𝛼 = 2√2𝑚 ℏ⁄ . From the WKB approximation the tunnelling current can be 

expressed using this transmission coefficient in the form:15–17 

 
𝐼(𝑉, 𝑧) ∝ ∫ 𝜌𝑠(휀, 𝑧)𝜌𝑡(휀 − 𝑒𝑉)𝑇(휀, 𝑒𝑉, 𝑧)𝑑휀

𝑒𝑉

0

 (2.17) 

Where 𝜌𝑠(휀, 𝑧) is the sample density of states measured at tip height, 𝑧, and 𝜌𝑡(휀) is 

the tip density of states, with energy 휀 taken with respect to their Fermi levels. In this 

formulation, 𝑒𝑉 > 0 corresponds to a positive bias applied to the sample relative to 

the tip where elections from filled states in the tip tunnel into empty states in the 

sample. 

An important point to note from equation (2.16) is that the transmission 

probability is highest for the most energetic electrons, those at the Fermi level, and it 

decreases with an exponential square root relationship as the energy approaches the 

bottom states available within the tunnelling window (see Fig. 2.4). With a positive 

sample bias, the tunnelling current is dominated by Fermi level electrons from the tip 

tunnelling into the highest energy states of the sample within the tunnelling window. 

This means that sweeping the bias through a positive range effectively probes the 

empty states of the tip. However, with a negative sample bias the main contribution 

is from Fermi level electrons from the sample tunnelling to empty states of the tip. 

Opening the bias window further in this regime brings in further contributions from 

lower energy filled states in the sample, but any features in the LDOS of the tip will 

have a larger effect on the current. 
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Fig. 2.4 Potential energy diagram for STM under (a) positive sample bias, with electrons 

tunnelling to empty sample states and (b), negative sample bias, with electrons tunnelling from 

filled sample states. The blue line represents the sample LDOS with the filled section participating 

in tunnelling. The grey curve shows the higher relative participation in tunnelling from the more 

energetic states due to the energy dependence of the transmission coefficient. 

2.1.4 LDOS extraction 

In tunnelling spectroscopy experiments, the quantity of interest is often the LDOS 

of the sample, the density of electronic states (DOS) at a given position over a set 

energy range. However, while it is clear that the tunnelling current measured over a 

voltage sweep is related to the sample LDOS it is difficult to extract precise 

quantitative information about the DOS from a spectrum. From equation (2.17)  the 

current contains information about the sample LDOS, 𝜌𝑠(𝑉), but also depends on the 

tip LDOS and the tip sample separation. Beyond opening of the tunnelling window to 

more states, increasing bias also lowers the effective barrier. In semiconductor 

samples there is also the problem of voltage drops from current through the sample 

as well as band bending due to the tip.18 

Current-voltage spectrums at surface sites show kinks with increasing voltage as 

extra surface states come into the window defined by 𝑒𝑉.  The derivative of current 

with respect to voltage shows these kinks as peaks and was initially taken as an 

estimate for LDOS.19 However, this measurement is inconsistent, varying greatly with 

initial tip sample separation.  

Normalising the differential conductivity by the static conductance, i.e. taking 

(𝑑𝐼 𝑑𝑉⁄ ) (𝐼 𝑉)⁄⁄  as a measure of LDOS, was a method proposed by Feenstra et al. to 

effectively eliminate the dependence of tunnelling current on tip-sample 
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separation.20,21 This is a reasonable approximation, but it does not account for tip 

LDOS, nor can it handle issues related to the sharp drop in conductance at energies 

approaching the bandgaps of semiconductor samples.15 Moreover, it does not 

completely negate effects due to variation in tip sample separation. Several methods 

have since been developed to extract more consistent information about sample 

LDOS.16,17 A procedure was developed by Naydenov et al. to extract a more direct 

value for surface LDOS, which is outlined below.24 

Taking the derivative of Equation (2.17) and applying the mean value theorem 

for integrals we get 

 

 𝑑𝐼(𝑉)

𝑑𝑉
= 𝜌𝑠(𝑉)𝜌𝑡(0)𝑇(𝑒𝑉, 𝑉, 𝑧) −

𝛼𝑧

𝛽√𝛷𝐼(𝑉)

+ ∫ 𝜌𝑠(휀)
𝑑𝜌𝑡(휀 − 𝑒𝑉)

𝑑𝑉
𝑇(휀, 𝑉, 𝑧)𝑑휀

𝑒𝑉

0

 

(2.18) 

where 𝛽 = 𝛽(𝑉, 𝛷, 𝑧) ≅ 4.17 From the first term in this equation, we can see that there 

is approximate proportionality between conductance and the sample LDOS. 

Rearranging this equation, we get 

 
𝜌𝑠(𝑉) [𝜌𝑡(0) + ∫ 𝑃𝑆,𝑇(휀, 𝑒𝑉, 𝑧)

𝑒𝑉

0

𝑑𝜌𝑡(휀 − 𝑒𝑉)

𝑑𝑉
𝑑휀]

=
1

𝑇(𝑒𝑉, 𝑉, 𝑧)
(
𝑑𝐼(𝑉)

𝑑𝑉
+

𝛼𝑧

𝛽√𝛷
𝐼(𝑉)) 

(2.19) 

where 

 
𝑃𝑆,𝑇(휀, 𝑒𝑉) =

𝜌𝑠(휀)

𝜌𝑠(𝑉)

𝑇(휀, 𝑉, 𝑧)

𝑇(𝑒𝑉, 𝑉, 𝑧)
 (2.20) 

If 𝜌𝑠(휀) varies slowly compared to the exponent 𝑇(휀), we can say that 𝑃𝑆,𝑇 ≅

𝑐𝑜𝑛𝑠𝑡. = 1. Then, if we replace 𝑑𝜌𝑡(휀 − 𝑒𝑉) 𝑑𝑉⁄  with −𝑑𝜌𝑡(휀 − 𝑒𝑉) 𝑑휀⁄ , given positive 

voltage explores the negative energy states of the tip, the term in the square brackets 

in equation (2.19) becomes approximately equal to 𝜌𝑡(−𝑉). Equation (2.19) is then 

an expression of the combined tip-sample LDOS: 

 

𝜌𝑠,𝑡(𝑉) = 𝜌𝑠(𝑉)𝜌𝑡(−𝑉) ≅ [
𝑑𝐼(𝑉)

𝑑𝑉
+

𝛼𝑧

𝛽√𝛷
𝐼(𝑉)] exp(𝛼𝑧√𝛷 −

𝑒𝑉

2
) (2.21) 
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The unknown parameters on the right-hand side of this equation are the barrier 

height, 𝛷, and the absolute tip-sample separation, 𝑧. By simultaneously measuring 

𝐼(𝑉) and 𝑑𝐼(𝑉) 𝑑𝑉⁄  spectra at two heights of a known relative separation, we can 

calculate 𝛷 and 𝑧 by applying equation (2.21) for both spectra, given that the LDOS 

should be the same at each separation. We define 

 
∆𝑅1,2 = |1 −

𝜌𝑠,𝑡(𝑉, 𝑧1)

𝜌𝑠,𝑡(𝑉, 𝑧2)
| (2.22) 

and find the values for 𝛷 and 𝑧 within a realistic range which give the minimum value 

for ∆𝑅1,2. In order to deconvolute the sample LDOS, we need to know the tip LDOS. 

Generally, we aim to have a tip with a relatively flat LDOS which contributes a 

constant background signal 𝜌𝑡(0) to 𝜌𝑠,𝑡(𝑉), so the latter is then a good representation 

of the structure of the sample LDOS. 

2.2 STM Techniques 

There are a variety of STM imaging and spectroscopic modes that allow the user 

to gain significant insights into both the morphology and the electronic properties of 

the sample under study. 

2.2.1 Imaging modes 

During constant current imaging (CCI), the tip is scanned over the sample while 

maintaining a setpoint tunnelling current through a feedback circuit. The measured 

current is converted to voltage by an operational amplifier (with a gain of 

1 × 109 VA−1 and a cut-off frequency of 1.1 kHz). This voltage is compared to a 

reference voltage corresponding to the setpoint. The difference between measured 

and setpoint signal is amplified and sent to the z-piezo, adjusting the tip height to 

minimise this difference, using a digital proportional integral controller. By recording 

the voltage applied to the z-piezo as it moves in an x-y plane above the surface, we 

obtain what is referred to as a topological map. This term is not completely accurate; 

as was shown in section 2.1.2, the tip seeking constant current actually follows a 

contour map of constant LDOS at the applied bias. 

The tip moves in a raster pattern when recording an image, scanning over a line 

and then back over the same line in the opposite direction before moving to the line 

below. Because of this, there are two images recorded in each scan, one each for the 

forward and backward scans. Due to lag between the detection and the piezo 

response to a difference in setpoint current (the controller time constant is typically 
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on the order of 400 μs), these two images can show feature positions that are shifted 

relative to the scan direction, with the true location being estimated at the centre 

between the two images. 

The other main STM imaging approach is constant height mode. Here the tip is 

rastered as before but the feedback loop is disconnected. The image is formed directly 

from the measured tunnelling current at each point over the surface. Without the 

delay required for the feedback circuit to respond to changes in current, images can 

be taken at a much higher rate. While constant current scans take minutes or even 

hours to produce without significant noise levels, constant current scans can be taken 

at frequencies in the kHz range, effectively enabling a video feed of the surface. This 

is useful for observing processes evolving in real time, such as surface diffusion.25 

However, the surface must be near-atomically flat over the scan area to avoid tip 

crashing against protrusions. It is also necessary to model the background plane of 

the surface for the z-piezo to follow, as generally this will not be exactly in the natural 

scan plane of the tip. 

2.2.2 Tunnelling spectroscopy 

As discussed in section 2.1.3, varying the bias between the tip and sample 

changes the amount of electronic states available for tunnelling as well as changing 

the tunnelling barrier. Varying the tip-sample separation also changes the effective 

tunnel barrier. By holding the tip over a surface feature of interest and independently 

varying the experimental parameters 𝐼, 𝑉 and z, we can record a wealth of information 

relating to the electronic states at that position.  

2.2.2.1 I(V,z) spectroscopy 

During 𝐼(𝑉) spectroscopy, the feedback loop controlling tip height is turned off 

using a sample-and-hold circuit, and bias is varied while tunnelling current is 

measured. LDOS information was originally extracted from numerical differentiation 

of the 𝐼(𝑉) curve. To minimise the transfer of noise from this signal, it is now more 

common to record 𝑑𝐼 𝑑𝑉⁄  directly while taking a spectrum using a modulation 

technique. This is done by applying a low amplitude alternating current (AC) voltage 

on top of the sweeping bias. The AC dither (10mV, 966Hz)is added by means of a lock-

in amplifier (see 3.2.1), which then measures the phase change in the oscillating part 

of the tunnelling current and extracts a conductance spectrum as a function of bias.  

The height of the tip during an 𝐼(𝑉) is fixed by the setpoint current and voltage 

conditions. Yet as the tunnelling current decreases at low biases, the resolution of the 
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spectrum is low for states around the Fermi energy. To maintain signal strength while 

reducing the applied bias, the tip may be moved in toward the sample in a controlled 

way during the spectrum, so this is more generally labelled 𝐼(𝑉, 𝑧) spectroscopy. As 

described in section 2.1.4, LDOS information can be deconvoluted for a specific 

surface feature if 𝐼(𝑉, 𝑧) spectra are recorded at two heights of known relative 

distance from the sample. 

2.2.2.2 z(V) spectroscopy 

During 𝑧(𝑉) spectroscopy, also known as constant current spectroscopy, the 

feedback loop is left on and the voltage is swept. A small AC signal is applied over the 

direct current (DC) bias at a sufficiently high frequency that the feedback circuit 

cannot respond to it. The in-phase AC component of the tunnelling current is 

extracted using a lock in amplifier to record the conductance, as described above. 

Early measurements of the electronic structure of Si(111) were taken by Becker 

et al. using this method.26 However, as the height of tip increases at high bias, the 

lateral sensitivity of the measurement degrades. Another issue is that the 

conductance diverges at low biases due to decreasing the gap width while 

maintaining current. Moreover, if the surface has a bandgap, the feedback causes the 

tip to crash if it is probed too closely.27 

However, 𝑧(𝑉) spectroscopy is useful for a different purpose. As the current is 

kept constant, the bias can be brought high into the field emission range without 

destroying the tip and sample. This enables the excitation and probing of the electron 

standing waves set up in the triangular region above the trapezoidal vacuum gap, as 

shown in Fig. 2.5. These standing waves originate from images states bound to the 

surface in a sharp potential well, and are expanded and Stark shifted by the applied 

bias.28 These states manifest as oscillations in the conductance spectrum as the 

voltage is ramped above the work function, as electrons interfere in positive kinetic 

energy wedge, as predicted.29  
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Fig. 2.5 Derivative from a constant current spectrum taken on a platinum surface. Beyond 5V, 

excitations of image states above the barrier, known as Gundlach oscillations30 can be seen. 

In this work, 𝑧(𝑉) spectroscopy was employed when forming our tips in 

platinum. By noting the sharpness of the image state spectrum, we could infer the 

stability of our tip apex over a large bias range. 

2.2.2.3 I(z) spectroscopy 

Another spectroscopic technique involves fixing the sample voltage and 

measuring the current response to a small modification of tip-sample separation. As 

the number of states in the tunnelling window remains constant, changes in current 

here are directly related to the transmission coefficient, 𝑇. From equation (2.16), we 

expect an exponential increase in tunnelling current as the tip moves towards the 

sample, and the rate of this exponential curve provides us with an estimate of the 

apparent barrier height, 𝛷. Thus 𝐼(𝑧) spectroscopy is also known as barrier height 

spectroscopy. 

2.2.2.4 Differential Conductance Imaging 

Combining the STM’s atomic lateral resolution images with I-V spectroscopy is 

the technique of scanning tunnelling spectroscopy (STS), which essentially concerns 

the imaging of surface states. 

The constant current topography recorded in normal STM usage itself contains 

spectroscopic information, as the tunnelling current arises from the integral overall 
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states within the tunnelling window (from Equation (2.17)). However, fine electronic 

features may be difficult to resolve in these images due to the effects of other states 

within the window. This is especially true for negative bias images, for which the 

highest energy states at the Fermi level of the sample dominate the STM image.  

When the energy of an electronic state of interest is known, it may be useful to 

obtain STS images at that specific energy using differential conductance imaging. 

While recording a CCI at the sample bias of interest, a small AC dither is applied to the 

bias using the lock-in amplifier, as described in 2.2.2.1. The component of the tunnel 

current in-phase with this signal can be used to extract the differential conductance 

at the DC sample bias. The frequency of the modulation is sufficiently high that the 

feedback loop does not respond to it, and a largely stable CCI is recorded at the same 

time as the differential conductance image. 

Care must be taken in the interpretation of 𝑑𝐼 𝑑𝑉⁄  images; as with CCIs, the result 

is a convolution of electronic and topographic information. Surface wave functions at 

topographic peaks have shorter effective decay lengths than those at topographic 

valleys, as demonstrated by the flattening of apparent corrugation at STM distances 

far from the surface.12 Therefore the transmission barrier is higher over a surface 

peak, and given the dependence of 𝑑𝐼 𝑑𝑉⁄  on the barrier from the first term in 

Equation (2.18), a differential conductance map has a background that is essentially 

an inverted topography.31 

Another form of surface state imaging developed by Hamer’s et al. is termed 

Current Imaging Tunnelling Spectroscopy (CITS).32,33 In this technique the tip scans 

at a single bias with the feedback gated to be active 10% of the time. During the 

ungated period, the voltage is ramped recording the current, producing a local I-V 

scan over every point on the surface. This technique produces a wealth of high-

density spectroscopic information, but it is limited by the scan bias that is followed. 

The scan bias in those studies was chosen to be high, at 2 V for Si(111) such that the 

STM topography matches the atomic corrugation reasonably well. However, 

following the contours electronic states at such a high bias means that the tip would 

be relatively far from the surface and therefore less sensitive to more tightly bound 

wavefunctions. Recording successive 𝑑𝐼/𝑑𝑉 images allow the tip to follow contours 

relating to each energy state that is being probed.  
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3 EXPERIMENTAL DETAILS 

3.1 UHV system overview 

The STM apparatus used in these experiments consists of three vacuum 

chambers: the load-lock; the preparation chamber and the STM chamber. An image of 

the system is shown in Fig. 3.1. The load-lock is a chamber that holds a transfer arm, 

as well as a turbomolecular pump (TMP) and a small gated ion pump. The volume is 

low and the load lock can be vented, pumped and baked independently of the other 

two chambers to facilitate the quick transfer of samples and tips in and out of the main 

chambers without the need to vent the whole system. 

The preparation chamber is used for storing, preparing and analysing samples 

outside of the STM. A manipulator is used to take samples from the load-lock transfer 

arm, move them around the preparation chamber and bear them into or out of the 

STM. The manipulator has six sample contacts and can be cooled to 77 K with liquid 

nitrogen. There is a sample storage stage with five sample holders, magnetic tip 

holders and a tungsten filament for electron bombardment. The preparation chamber 

is also equipped with a quadrupole mass spectrometer (QMS), a low energy electron 

diffraction (LEED) apparatus, a hydrogen cracker for surface passivation and an 

argon sputter gun used for cleaning the platinum sample surface before tip forming. 

The load lock has a base pressure of 5 × 10−11 mbar, which is maintained by an ion 

pump stocked with a titanium sublimation pump (TSP). The manipulator bellows are 

differentially pumped by a TMP that also serves to flush the hydrogen and argon gas 

lines. Pressure is measured using a hot cathode ionization gauge (HCG). 

The STM chamber houses the microscope assembly, which can be clamped in 

place for sample transfer but is suspended on long springs during measurement, as 

will be described in section 3.2.1. The tall housing needed for the springs is also used 

as a bath type cryostat, with two stages. The outer 15 L cryostat is filled with liquid 

nitrogen and keeps the temperature stable at the inner 4 L cryostat, which can be 

filled with either liquid nitrogen or liquid helium for 77 K or 4 K experiments. The 

STM chamber is pumped with another ion pump/TSP combination, and the added 

pumping of the chilled cryostat brings the base pressure down to ~2 × 10−11 mbar. 

The pressure in this chamber is measured using a cold cathode gauge to avoid the hot 

filament of a HCG disrupting the thermal equilibrium of the STM.  
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Fig. 3.1 The UHV system used in this work. The main chamber is split by a gated internal wall into 

the preparation chamber on the right, and the STM chamber on the left. Annealing, dosing and 

sputtering of samples can be performed in the preparation chamber without contaminating the 

cryostat cooled walls of the STM. 

All components and viewports on the UHV chamber are joined to the main body 

using ConFlat flanges. Each of the mating flanges has a circumferential knife edge 

which presses into a softer metal gasket, generally made from copper. The 

deformation of the gasket around any small defects in the knife edge forms an 

excellent seal, which is leak- tight down to pressures in the 10−13 mbar range. 

3.1.1 Vacuum pumping 

To perform most surface science measurements, including SPM, it is necessary to 

have a clean and controlled surface layer on the sample. Silicon exposed to air will 

grow a native oxide capping layer of one or two nanometres thick, with the rate 

controlled by an interplay of oxygen and adsorbed moisture.1 To create and maintain 

atomically clean surfaces, experiments are performed in an ultra-high vacuum (UHV) 

environment. UHV is characterised by pressures lower than 10−9 mbar.2 

From the kinetic theory of gases, we can describe the flux of gas molecules on a 

surface using the Hertz-Knudsen equation, which uses an ideal gas assumption and 

takes an average molecule speed from the Maxwell-Boltzmann distribution.3 The flux, 

𝑍, given by this equation is proportional to the gas pressure, 𝑃, the molecular mass 𝑚, 

for the gas, and the temperature, 𝑇.4 
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𝑍 =

𝑃

√2𝜋𝑚𝑘𝑏𝑇
 (3.1) 

where 𝑘𝑏 is the Boltzmann constant. Taking oxygen as an example gas, then the rate 

of flux at standard temperature and pressure is approximately 4 × 1023 cm−2s−1. A 

typical surface has roughly 2 × 1014 𝑎𝑡𝑜𝑚𝑠 cm−2, so assuming that all incident atoms 

adsorb to the surface, i.e. there is a sticking coefficient of one, a clean surface would 

be completely covered in less than a billionth of a second. At a pressure of 

1 × 10−11 mbar, the flux decreases to 4 × 109 cm−2s−1 and the time for a monolayer 

becomes ~14 hours. This demonstrates the need for UHV for sensitive surface science 

experiments. 

To bring the vacuum chamber down to UHV pressures, a combination of several 

pumps is needed because they each have different operational pressure ranges. When 

bringing the chamber down from a vented state the first step is rough pumping, using 

a dry scroll pump, down to a pressure range of 10−2 mbar. At this stage, the 

turbomolecular pumps can be activated and the bake-out procedure is begun.  

Bake-out is a necessary step to achieve UHV pressures whenever the inside of the 

chamber has been exposed to atmosphere, because water vapour will have adsorbed 

on all surfaces. Below ~10−6 mbar, water desorbing from the internal walls of the 

chamber becomes the primary gas load for the system and takes a prohibitively long 

time to remove at room temperature. Bake-out entails raising the temperature of the 

system above 100°C for several hours so that water desorbs at an increased rate. 

During this time, it is useful to degas any filaments such as those on hot cathode 

gauges. 

The prolonged time associated with bake-outs is the reason it is preferable to 

have a load-lock to facilitate the insertion and removal of samples from the vacuum 

chamber. The small size of this chamber makes it both easier to heat and quicker to 

pump due to the low area of internal surfaces. 

The TMPs pump the system down to a pressure range of 10−10 mbar. At this 

stage, the ion pumps are turned on and further reduce the pressure to the 10−11 mbar 

range. Ion pumps have a low pumping rate and can become oversaturated, so they are 

generally used only while maintaining the system at UHV. During operation of the 

STM, the ion pumps are the only ones left running as they do not introduce mechanical 

noise into the system. 
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3.1.1.1 Dry Scroll Pump 

An Edwards nXDS10i dry scroll pump was used for rough pumping and for 

providing backing pressure to both TMPs on the chamber. The pump has a 

displacement of 12.7 m3h−1 and can reach an ultimate pressure of 7 × 10−3 mbar. 

The pumping mechanism is comprised of two intermeshing metallic spirals, or 

scrolls. One of the scrolls is fixed in position while the other moves in a small orbital 

motion, without rotation. The motion, which presses the two scrolls together 

throughout the orbit, creates pockets of gas that are compressed and moved through 

the spiral to the outlet at the centre of the spiral pair. Due to the lack of rotation in its 

motion, the scroll pump can operate without lubrication, i.e. dry. This contrasts to the 

other common rough pump used for UHV, the rotary vane pump, which uses oil to 

lubricate the motion of its motor and to form a seal to trap the gas it is displacing. 

Rotary vane pumps are cheaper and easier to repair, but the oil in their mechanism 

can be a disadvantage. A pump failure could cause the contamination of the UHV 

chamber with organic materials, which would require extensive cleaning before high 

vacuum could be reached again.2 Rotary vane pumps also pose a potential health 

hazard with some oil vapour being discharged from the outlet. 

3.1.1.2 Turbomolecular Pumps 

The turbomolecular pump operates by imparting momentum to gas molecules in 

the direction of the exhaust from rapidly spinning turbine blades. The design of the 

blade assembly is such that the probability of transfer of molecules towards the outlet 

is much higher than the reverse, despite the steadily increasing pressure in that 

direction.  

A TMP is made up of a number of stages, each consisting of a rotating blade and 

a stationary blade pair. The rotating blades face towards the outlet in the direction of 

spin, and thus tend to impart momentum to molecules in that direction. The stator 

blades face in the opposite direction to the rotor, in order to direct particles impelled 

by the rotor downwards. They generally have a flatter angle, as they act to reflect 

particles that have been bounced back towards the inlet by the rotor blade below. At 

each stage there a difference in pressure of approximately a factor of 10. 

TMP rotors act at very high speeds of up to 1500 Hz, or 90,000 rpm. Most use a 

hybrid bearing system, with oil lubricated ball bearings on the low vacuum end and 

permanent magnetic bearing on the high vacuum end. The latter is wear-free and 

avoids contamination of the vacuum chamber with organic molecules; those from the 

lower vacuum can be pumped effectively by the TMP itself. When the TMP is not 
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running, it should be isolated from the main chamber with a gate valve to prevent the 

leaking of these lubricants. To prevent backflow of gas, the moving and stationary 

parts have small gaps between them.  

3.1.1.3 Ion pumps 

Ion pumps have no moving parts, making them very useful for maintaining UHV 

while performing STM experiments. They operate by ionising gas particles within a 

strong electric field, causing the charged particles to embed themselves in the pump 

walls.  

The ion pump, as illustrated in Fig. 3.2, contains an enclosed stainless steel 

volume that mounts directly to the vacuum chamber, isolating atmosphere from the 

vacuum inside. Two strong ferrite magnets are located on opposite sides of the 

volume and are surrounded by a magnetic steel pole piece that concentrates the 

magnetic field within the pump. This creates a strong and unidirectional field within 

the pump area. 

Inside the vacuum volume there are two grounded cathode plates, made of 

titanium, and between those are a close-packed stack of hollow metal tubes used as 

anodes. The tubes are aligned along the direction of the field with the cathode plates 

at either end. The pumps can be switched on once there is a rough vacuum in the 

chamber of 10−5 mbar or lower, by applying high voltage to the anode of between 

3kV − 7kV. This high bias ionises gas particles within the pump creating free 

electrons, which move towards the anode assembly. The force from the magnetic field 

acting on the electrons causes them to move in long spiralling paths before hitting the 

anode wall, giving them a high lifetime within the tube, which individually is known 

as a Penning trap.5 

The swirling electron clouds have a high probability of colliding with any gas 

particles that enter the anodes, producing more electrons and positively charged ions. 

These ions are accelerated out of the tubes and collide with the cathode plates at high 

velocity. Their collisions sputter the titanium cathodes and produce secondary 

electrons that sustain the cycle. 
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Fig. 3.2 Cross sectional diagram of an ion pump. The combination of the directed magnetic field 

and high voltage electric field within the pump causes electrons to move in a long, spiralling path, 

giving them a high likelihood of colliding with gas particles. 

There are several mechanisms of pumping within this process. Organic 

molecules tend to be dissociated by the electron bombardment and adsorb readily 

onto the cathode surface. Active molecules such as oxygen, carbon monoxide and 

nitrogen may be pumped through “gettering”: they react with surface titanium atoms 

producing a stable compound, while fresh titanium is generated by the sputtering 

action of the charged collisions. Some particles are buried while they are bonded to 

the surface as ions by sputtered cathode material. This is the primary pumping 

mechanism for hydrogen, which is too light to have a sputtering effect. 

3.1.2 Pressure gauges 

3.1.2.1 Hot cathode gauge 

Hot cathode gauges are compositionally similar to triodes, with a filament 

cathode, a grid and a collector electrode.6 The filament is heated to produce 

thermionic electrons which are attracted to the positively biased grid but due to its 

design, generally miss it and oscillate within the gauge volume. Gas particles hit by 

these electrons are positively ionised and attracted to a central collector electrode. 

The number of ions hitting the collector is measured through the collector current. 

The probability of an ionising collision is proportional to the number density of gas 

molecules in the gauge volume, which is itself proportional to the pressure at constant 

temperature, so the pressure can be estimated from the ion current. 
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Older designs of the HCG used a large collector plate external to the grid, but the 

sensitivity of these gauges was limited to 10−8 mbar due to noise. The noise was 

suspected to come from photoemission of electrons from the collector due to soft x-

rays generated when accelerated electrons hit the grid.2 In modern Bayard-Alpert 

gauges, the collector is a very fine wire located in the centre of the grid, minimising 

it’s x ray cross section.6 This enabled gauges to measure pressures down to 

10−11 mbar and the Bayard-Alpert design became standard for HCGs. 

3.1.2.2 Cold cathode gauge 

The cold cathode gauge (CCG), developed by Penning, is another form of 

ionisation gauge.5 A combined magnetic field and multipolar electric field act to trap 

an electron plasma, similar to an individual anode cell in the ion pump. The electron 

plasma ionises gas particles in collisions producing electrons, which sustain the 

plasma, and ions. The slow ions are quickly captured at the cathode and the current 

generated is measured. As with the HCG, this ion current is proportional to the 

number density of gas particles in the gauge, which is related to pressure. 

The electron plasma must be sparked by initial, spontaneously ionised particles 

within the gauge, so CCGs can be slow to start at low pressures. They are typically less 

accurate at low pressure than HCGs, but have the advantage of not producing 

unwanted heat within the chamber and require less maintenance, as they have no 

filament to burn out. 

3.1.2.3 Pirani gauge 

Pirani gauges are robust and convenient sensors for measuring pressure in the 

medium vacuum range. They are based on measuring the temperature loss of a heated 

metal wire due to thermal conduction by gas particles in the vacuum chamber.7 

A filament, usually composed of platinum or gold, is suspended in a cell 

connected to the vacuum region to be measured. The ends of the filament are 

contacted from outside the cell and a current is passed through the wire, heating it. A 

rise in pressure at the filament causes a temperature loss in the wire from increased 

thermal conduction. The heated filament is externally connected as the fourth arm of 

a Wheatstone bridge, thereby measuring the resistance across it, which scales with 

temperature. A regenerative feedback controlled by the bridge adjusts the current 

through the wire to keep its temperature approximately constant. This current is 

measured with an ammeter and corresponds linearly to the pressure at the filament 

in the conduction regime.  



   

 

32 

Pirani gauges work best in a pressure range from ~101 − 10−2 mbar, where 

temperature loss varies linearly with pressure. At lower pressures the heat loss from 

radiation becomes dominant, and at higher pressures it saturates as heated molecules 

cannot escape the region of the wire.2 As such, they are useful when rough pumping a 

vacuum chamber, or for measuring the backing pressure to a TMP. 

3.1.3 Quadrupole mass spectrometer 

The QMS is a tool that analyses the composition of residual gases in a vacuum 

chamber. They are useful in monitoring the amounts of gases evolved during 

processes in the preparation chamber, such as the evolution of SiO during a sample 

anneal. They are also useful in finding small leaks in a vacuum chamber, acting as 

sensitive helium detectors while the gas is sprayed from outside on possible entry 

points. 

Like all mass spectrometers, the QMS works by ionising gas particles and sending 

them through a mass filter device where ions of the selected mass-to-charge ratio are 

counted. Ions are produced when electrons emitted from a hot filament and 

accelerated towards a positive plate impact on gas molecules in the chamber. The 

ionisation cross section is not equal for all gases so the final readings of peak heights 

will not reflect the exact partial pressures of gases in the chamber, but the relative 

change of any single peak during measurement will reflect the change in that gas’s 

partial pressure, i.e. the mass spectrometer is linear with pressure.  

The positive ions are accelerated through focusing plates into the mass filter, 

which consists of 4 parallel rods surrounding the ion path. Each opposing pair is 

contacted together and a DC offset bias is applied between them. This bias sets up a 

hyperbolic electric field between them, with a saddle point along the central axis. 

There is also a radio-frequency AC potential applied between the rod pairs, with 

magnitude greater than that of the DC field, which sets up an oscillation of the ions as 

they move along the length of the quadrupole. The AC field overcomes the DC field for 

a fraction of the cycle, and the saddle point is inverted. This instability is too brief to 

affect heaver ions, but is enough to eject lighter ions from the stable region after a few 

cycles. Conversely, heavier ions are drawn out of stability towards the rods at 

negative DC bias, while lighter ions can be kept stable by the AC field. In this way, the 

quadrupole acts as a band pass filter with only the selected mass range of ions passing 

through to the collector; all others will follow unstable orbits. By sweeping the AC and 

DC voltages, the permitted mass to charge ratio can be scanned.  
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3.2 Scanning Tunnelling Microscope 

3.2.1 Vibration isolation 

Good vibration isolation is essential for high resolution STM and STS operation. 

Semiconductor surface corrugation is generally on the order of 0.1 Å and to measure 

that, a vertical resolution of approximately 0.01 Å is needed.8 For more sensitive 

measurements, the tip-sample separation should be maintained to an accuracy of 

0.001 Å, or 0.1 pm, over six orders of magnitude smaller than the amplitude of the 

typical floor vibration (0.1 − 1 μm).9 

As well as acoustic building noise, which is typically in the 1 − 20 Hz range,10 

noise arises from electrical components at the AC supply frequency, which is 50 Hz. It 

is necessary to design the STM assembly with a vibration transfer function which is 

minimal across this range.  

The system can be considered as a series of coupled harmonic oscillators. The 

STM body, including sample and tip assembly, is suspended during tunnelling from 

long springs within the chamber, and behaves as an oscillator. The transfer function 

for this system, which describes how effectively different frequencies pass through 

the STM body, can be derived 

 

𝑇𝑠(𝜐) =
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Where 𝜐𝑠 is the natural frequency of the spring and 𝜉 is the dampening ratio. 

From this function, illustrated in Fig. 3.3, it can be seen that below the resonant 

frequency no damping occurs, and the transfer is approximately unity. At the resonant 

frequency, there is amplification of the vibration signal which is reduced by 

dampening and at frequencies above 𝜐𝑠, the amplitude transfer decreases, but at a 

slower rate for heavily damped systems.  

It is clear that a low resonant frequency is desirable to minimise vibration 

transfer. For a suspended spring system: 

 
𝜐𝑠 ≈

5

√∆𝐿
 (3.3) 

where ∆𝐿 is the elongation of the spring in cm due to the weight of the STM. A very 

long spring can thus be used for a low natural frequency structure, but it is more 

practical to achieve this through a two-stage spring system.  
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Fig. 3.3 Vibration amplitude transfer for a single stage isolation system as a function of frequency. 

Curves are shown for a variety of damping coefficients. Figure adapted from Kuk and Silbverman.11 

In the case of these experiments, the entire vacuum chamber is suspended on 

four Newport pneumatic dampers, which can be tuned in their response by the 

supplied air pressure. 

However, the largest contribution to vibration isolation comes from the STM 

body itself. If it is rigidly constructed, vibrations that transfer through the spring 

system are dissipated by the STMs inherent structural damping and we can expect the 

tip assembly to move together with the sample.11 The transfer function for the 

microscope body is given by 
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(3.4) 

where 𝜐𝑚 is the lowest mechanical resonance frequency of the microscope, and 𝑄 is 

the quality factor of the tip sample junction. The total transfer function for the system 

is given by the product of (2.1) and (3.4). 

 𝑇(𝜐) = 𝑇𝑠(𝜐)𝑇𝑚(𝜐) (3.5) 

And for intermediate frequencies, where 𝜐𝑠 > 𝜐 > 𝜐𝑚 this approximates to 12 
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Using typically values for 𝜐𝑠 and 𝜐𝑚 of 2 Hz and 20 kHz respectively, we arrive at 

an amplitude transfer function of 10−7, small enough to allow us to maintain tip 

sample separation accuracy despite external vibrations. 

3.2.2 Tip formation 

STM tips were created from tungsten wire using the DC drop off method 

described by Ibe et al.13 In this method, an electrochemical circuit is set up between 

the tungsten wire and a surrounding stainless steel loop in a 2M NaOH solution, as 

illustrated in Fig. 3.4. The tungsten, acting as the anode, is oxidised forming soluble 

tungstate ions. The overall reaction at the wire follows the equation: 

𝑊 + 8𝑂𝐻 → 𝑊𝑂4
2− + 4𝐻2𝑂 + 6𝑒− 

While at the cathode loop, water is reduced, producing hydrogen gas and 

hydroxide ions: 

6𝐻2𝑂 + 6𝑒− → 3𝐻2 + 6𝑂𝐻− 

 

The wire is initially held above a solution by a micrometre positioner. To remove 

the surface oxide, the wire is dipped into the solution beyond the intended drop off 

length and then retracted, with a 10 V bias applied. A lower voltage, around 5 V is 

applied and a differential control circuit is connected before lowering the wire into 

solution. As the reaction proceeds, the flow of the tungstate ions down along the 

submerged length wire shields the lower section of the wire from hydroxide ions. For 

this reason the etch rate is higher just below the meniscus of the solution and a neck 

forms in the wire at this point (See Fig. 3.4). When the neck becomes too narrow to 

support the weight of the lower section of wire, it breaks off, leaving an extremely 

sharp point. Any etching that occurs after the drop off blunts the newly formed tip, so 

the control circuit is designed to shut off the applied bias when a significantly large 

current differential is detected.14 

It is important for reproducibility that the meniscus is stable so that the neck 

position doesn’t shift during the etch procedure. To reduce turbulence caused by 

hydrogen bubbles evolved at the ring cathode, there is a glass tube placed around the 

central tungsten wire. The beaker is supported on a vibration isolation table to further 

reduce disturbance during etching. Using optimised conditions, it is possible to create 

a tip with radius of curvature of under 10 nm. 
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Fig. 3.4 Electrochemical etching of an STM tip. Necking in the tungsten wire occurs just below the 

meniscus. 

Newly formed tips are immersed in deionised water to remove residual 

hydroxide ions before being fixed in a magnetic tip holder and loaded into the STM 

vacuum chamber. At this stage the tip is generally still covered with a surface oxide, 

which can be removed by annealing the tip above 900 K, at which point the oxide 

sublimes. High voltage electron bombardment from a hot filament was used in this 

case.  

For reproducible STS measurements, it is necessary to control the chemical 

composition and physical structure of the tip apex as it defines the tip contribution to 

the convoluted LDOS.15 Tips were inked and characterised on single crystal Pt(111) 

using the method described by Naydenov et al.16 With a small sample bias applied, the 

tip is brought into direct contact with the crystal, causing local melting in the contact 

area. When the tip is withdrawn, platinum atoms are drawn from the surface forming 

the a tip apex. A platinum spire is generally left extruding from the surface, as 

demonstrated in Fig. 3.5. This procedure is repeated until the tip is sharp, with a 

singular apex, as seen from step edges and other features; metallic with a flat 𝜌𝑇(𝐸), 

measured through 𝐼(𝑉) spectroscopy; stable over a large bias range, checked with 

𝑧(𝑣) spectroscopy. 
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Fig. 3.5 Tip forming on a Pt surface.(a) STM image of the platinum before making contact with the 

tip, with two step edges visible. (b) the same area after making contact, with a feature visible at 

the contact site. (c) a height profile over the step edges and feature shown in (b) 

3.2.3 Tip positioning 

A core challenge in the development of STM was the development of a system to 

bring a tip from several millimetres away to within a few nanometers of a sample 

without crashing into it. This is realised by dividing the motion into two forms: fine 

positioning, and coarse positioning. Fine positioning of the tip within a few hundred 

nanometers is generally controlled using piezoelectric drives.17  

Piezoelectric materials contain electrical dipoles within their crystal structures, 

which can be aligned with a strong electric field in a process known as poling. When 

a bias is applied across the material along the dipole direction, a linear expansion or 

contraction in the crystal can be induced.18  

Coarse positioning has been tackled through a number of methods, moving either 

the tip or the sample. The “louse” was originally used to bring the sample into range 

of the tip via three piezo-driven legs that would alternatively clamp and move in 

sequence.19 It is now more common to control coarse motion through inertial sliding, 

in which controlled gliding and sticking between two surfaces is used to create net 

motion between them.20 
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The STM used in these experiments is a commercially available low temperature 

STM made by CreaTec, a schematic of which is shown in Fig. 3.6. The coarse motion 

control is based on the Pan-type slider.21 In this setup, the tip and piezo tube used for 

fine motion are mounted inside a hollow triangular prism made of sapphire, 

orientated vertically.  

Each of the faces of the prism is clamped by a piezo stack, two of which are 

mounted to the outer body of the assembly with the third held against the prism with 

a spring contact of adjustable tightness. Using short and long voltage pulses applied 

to the stacks, slip stick motion in of the sapphire prism can be induced, in the manner 

of an inertial slider. It is important that an individual step of the slider is shorter than 

the expansion range of the piezo tube, so that the tip can be brought into range of the 

sample without crashing. The STM assembly is joined to the base plate, where the 

sample holder is clamped during STM, by four horizontal piezoelectric stacks. These 

can be used to provide slip stick motion for coarse adjustments of the tip in the xy 

plane relative to the sample. 

 

 

 

 

Fig. 3.6 Diagram of STM scanner assembly in (a) a top down view and (b) a side on view with a 

representation of a sample holder. 
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The tip is mounted to the end of a piezoelectric tube, which is used to control its 

fine positioning.22 The outer wall of the tube is divided into four electrodes divided 

lengthwise along the tube as well as a circumferential electrode at the end, while the 

inside of the cylinder is one continuous electrode. Fine motion in the z axis is 

controlled by biasing the circumferential electrode, causing vertical expansion or 

contraction. Applying bias to each of the orthogonal pairs of electrodes along the 

length of the tube causes a lateral deflection of the tube, which enables scanning of 

the tip in the x and y directions. There is some coupling between xy motion and z 

motion, as the deflection tilts the tip out of the xy plane, but it is kept minimal by using 

a long piezo tube. 

The tip can be brought within a few mm of the sample using coarse positioning 

while observing the tip sample separation through a camera. For the final approach, 

the coarse positioner takes individual steps, after each of which the piezo tube 

expands through its full range while searching for a tunnelling current. If none is 

found, the tube retracts and another coarse step is taken. In this manner, the tip can 

safely be brought within tunnelling range of a sample. 

3.2.1 Lock-In Amplifier 

A lock-in amplifier is a device that can extract information on low amplitude 

signals from extremely noisy backgrounds. It does this through the method of 

homodyne detection, in which a sinusoidal modulation is applied on top of a carrier 

signal under study, such as an STM sample bias, and the sample output signal is 

compared to an initially identical reference sinusoidal signal. 

The process the lock-in amplifier uses to compare the signals can be broken down 

as follows. First the DC component of the sample signal is removed. In the case of STM 

this is the non-oscillatory component of the tunnelling current, which has converted 

to a voltage signal by an operational amplifier. The remaining AC signal can be written 

as 𝑉𝑠𝑖𝑔 sin(𝜔𝑠𝑖𝑔𝑡 + 𝜃𝑠𝑖𝑔), where 𝑉𝑠𝑖𝑔 is the signal amplitude, 𝜔𝑠𝑖𝑔 is the signal 

frequency and 𝜃𝑠𝑖𝑔 is the signal frequency. Likewise, the reference signal is 

𝑉𝑟𝑒𝑓 sin(𝜔𝑟𝑒𝑓𝑡 + 𝜃𝑟𝑒𝑓). 

The sample signal and the reference are then mixed through multiplication. This 

produces two AC signals, one at the difference between frequencies and one at the 

sum of frequencies, as shown in Eq. (3.7)  

 𝑉𝑝𝑟𝑜𝑑(𝑡) = (𝑉𝑠𝑖𝑔 sin(𝜔𝑠𝑖𝑔𝑡 + 𝜃𝑠𝑖𝑔))(𝑉𝑟𝑒𝑓 sin(𝜔𝑟𝑒𝑓𝑡 + 𝜃𝑟𝑒𝑓)) (3.7) 
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= 1
2⁄ 𝑉𝑠𝑖𝑔𝑉𝑟𝑒𝑓[cos([𝜔𝑠𝑖𝑔 − 𝜔𝑟𝑒𝑓]𝑡 + 𝜃𝑠𝑖𝑔 − 𝜃𝑟𝑒𝑓)

− cos([𝜔𝑠𝑖𝑔 + 𝜔𝑟𝑒𝑓]𝑡 + 𝜃𝑠𝑖𝑔 + 𝜃𝑟𝑒𝑓)] 

As the sample signal contains a range of frequencies due to noise, the product signal 

will contain a range of AC products. However, for the specific case in which the signal 

frequency matches the reference frequency, i.e. for the applied sine wave, a DC 

component will be formed from the difference term in Eq. (3.7). 

 𝑉𝑝𝑟𝑜𝑑_𝐷𝐶 = 1
2⁄ 𝑉𝑠𝑖𝑔𝑉𝑟𝑒𝑓 cos(𝜃𝑠𝑖𝑔 − 𝜃𝑟𝑒𝑓) (3.8) 

This is the principle of homodyne detection: the time average of the product of 

any two sine waves will be zero unless they are the same frequency. By passing the 

product signal through a low-pass filter, the AC components can be removed leaving 

just this DC signal, which depends on the amplitude of the input waves and the phase 

difference between them. These factors can be decoupled and the change in phase of 

the sample signal with respect to the reference contains information about the 

underlying sample signal. In the case of our experiments, the phase change can be 

used to determine the first harmonic frequency of the tunnelling current, which is the 

conductance. 

3.3 Low Energy Electron Diffraction (LEED) 

LEED is an analysis technique that can determine the symmetry and periodicity 

of a crystalline surface structure. It is based upon the diffraction of an electron beam 

in the surface layers of a crystal and the recording the resulting diffraction pattern.23 

Electrons incident on a surface will be scattered in all directions in interactions 

with the surface atoms. Scattered electrons that escape the surface will undergo 

diffraction if their wavelengths are comparable to the interatomic spacing on the 

surface. If the surface is periodic over a large enough scale, the interference from 

scattered electrons forms a diffraction pattern that can be resolved on a phosphor 

screen. Constructive interference occurs under conditions where the path difference, 

illustrated in Fig. 3.7 (a), between scattered waves is an integer multiple of the 

wavelength. 

 𝑛𝜆 = 𝑑𝑆𝑖𝑛(𝜃) (3.9) 

Where 𝑑 is the distance between two neighbouring atoms and 𝜃 is the angle of 

scattering relative to the normal.  

A LEED apparatus is illustrated in Fig. 3.7 (b). A dome shaped phosphor screen 

surrounds the sample with a number of grids sitting inside it. The inner grids are held  
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Fig. 3.7 LEED conditions and apparatus. (a) Bragg diffraction from a 1D chain of atoms illustrating 

path length difference. (b) Schematic of a LEED apparatus 

at biases near that of the emitting electron gun, to block inelastically scattered 

electrons that come from further in the bulk. The outermost grid is grounded to 

confine the electric field and prevent angular deflection of the electrons approaching 

the screens. 

An electron with energy ~150𝑒𝑉 has a de Broglie wavelength of ~1 Å from 𝜆 =

ℎ/𝑝, which is appropriate for diffraction from surface atoms. Around this energy, 

electrons have a high elastic backscattering cross section and low mean free path 

within solids, meaning elastically scattered electrons tend to come from the first few 

surface layers.24 

 

3.4 Strain Stage 

To perform STM measurements on elastically deformed silicon samples, it was 

necessary to design a system that could apply strain from within the UHV chamber 

and after surface annealing, during which the strain becomes plastic and “built in” to 

the surface reconstruction. The system has to be robust enough to survive anneal 

temperatures of over 1000°𝐶 and compact enough to fit within the dimensions of the 

STM. To this end, the Strain Stage was developed. A design assembly and photograph 

of the final model can be seen in Fig. 3.8. 

The base for the strain stage is a Createc sample holder. It is made of gold coated 

copper for high thermal and electrical conduction, with an inert surface. When the 

STM is raised on its spring suspension for tunnelling, the top face of the external part 

of the holder is clamped against the base plate of the STM, as seen in Fig. 3.6 (b). The 
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working part of the strain stage protrudes through a gap in this base plate into the 

range of the STM tip. 

Long cantilever samples are fixed at one end in the sample clamp, between two 

flat plates pressed together with a screw. The free end of the sample sits between the 

prongs of a movable, pincer-shaped electrode. The electrode can be used to deflect 

the free end of the sample upwards or downwards, inducing uniaxial compressive or 

tensile strain on the top surface of the sample, respectively. Using this method, strains 

of up to 0.2% can be applied at the site of the STM measurements. The sample clamp, 

the pincer and the screws fixing them are made from molybdenum or tantalum to 

avoid outgassing during sample anneal or contamination from alloyed components 

such as nickel. 

Crucially, the motor driving the deflection is mounted on the sample holder and 

operates at cryogenic temperatures, so strain may be applied in situ, at a temperature 

that is too low for significant surface diffusion to occur. Thus the surface strain cannot 

be released through reconstruction, and must instead manifest within the surface 

bonds. 

Bringing the pincer electrode into contact with the free end of the cantilever 

completes an electrical circuit through the sample, with both the pincer and the clamp 

electrodes connected through the back contact plate. A direct current can then be 

passed through the sample, causing resistive heating across it. This method was used 

for oxide removal and surface reconstruction on the silicon samples. It was critical to 

ensure that a minimum possible amount of strain was applied during the anneal 

process and therefore “built into” the surface reconstruction. 
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Fig. 3.8 Strain stage assembly.(a) Solidworks assembly model for the current design of the strain 

stage. (b) Profile photo of the stage 

At the same time, a stable contact between the sample and pincer electrode was 

needed for reproducible annealing. To reduce the sample deflection required to 

achieve a reliable electrical contact, tantalum foil was fixed on the lower lip of the 

electrode to act as a spring contact to the underside of the cantilever. 

The inertial slider is an ANPz30 LT/UHV model from Attocube. It works based on 

slip stick motion, similarly to that described for the pan-slider in section 3.2.3. In this 

case, instead of having actuators in contact with the slider, there is one large piezo 

stack at the bottom, to which the end of a prismatic guide rod is mounted. Expansion 

and contraction of the stack against the base plate to which it is bonded causes the 
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guide rod to move up and down. A cylindrical inertial mass is held on the guide rod 

with an adjustable tightness. During operation, a sawtooth wave pattern is applied to 

the piezo stack with slow charging through a 1 MΩ resistor followed by rapid 

discharge through a high frequency MOSFET. The tightness of mass clamping is such 

that the static friction between it and the guide rod is overcome during the rapid 

phase of the motion but not during the slower phase, resulting in a net motion of the 

mass along the rod. The inertial slider has a travel range of 2.5 mm and a maximum 

force output of 0.1 N, so the cantilever dimensions were chosen to operate within 

these bounds. The inertial slider is vulnerable at high temperatures, having a 

maximum bake temperature of 150°C. Above this temperature both depoling of the 

piezoceramic actuator and damage to the lubricant coating on the guide rod can occur. 

This was one of the challenges of the strain stage that informed both the design of the 

system and the sample anneal procedure that was followed. 

The pincer electrode is connected to the inertial slider with a mounting piece 

made of Macor ceramic, chosen to act as both an electrical and thermal insulator. To 

help dissipate heat from the pincer electrode during sample anneals, a thick copper 

foil joins the main sample holder body to the electrode thermally through a small 

sapphire block. 

At the clamped end, the sample is held between two flat pieces of molybdenum 

which are pressed together using a slotted screw. The clamp electrode is isolated from 

the main body with a sapphire piece, so there is good thermal contact with the main 

body. 

The tall profile of the strain stage, constrained by the height of the slider, brings 

the sample above the maximum travel height of the tip in the Createc STM. In order 

to lower the sample with respect to the STM base plate, three copper spacer blocks 

were added to the edge of the sample holder.  

In a previous model of the strain stage, shown in Fig. 3.9, the sample was 

positioned in front, below the top of the inertial slider, and orientated laterally to it. 

This meant the overall profile of the stage was lower, and spacer blocks were not 

needed. The sample was annealed similarly through direct current heating, but a flat 

Macor piece which held the free-end electrodes shielded the slider from material 

released during the heating. 
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Fig. 3.9 Previous design of the strain stage. The sample was positioned laterally to the inertial 

slider, leading to a lower profile but applying torque on the slider. A MOSFET - diode bridge was 

mounted directly on the strain stage to discharge the piezos rapidly. 

However, this design ultimately failed due to gradual degradation of the slider 

operation at low temperatures. The cause of this was unclear for some time. Heat 

transfer to the slider guide rod during the anneal procedure was suspected of 

destroying the lubricant coating the guide rod surface (see Fig. 3.10), and we 

attempted to rectify this by applying thin coatings of MoS2. However this only ever 

had temporary benefits. We found that a larger factor in this degradation was the 

design of the strain stage itself. The relatively large lateral distance between the slider 

axis and the point of force application on the sample free end was found to cause a 

significant torque on the guide rod axis which wore on the guide rod unequally. 

For this reason the system was remodelled to the design seen in Fig. 3.8, in which 

the slider only applies force in the vertical direction. The copper foil, which thermally 

connects the pincer electrode to the main body of the strain stage, was intended to 

reduce the heat passed to the slider itself. 
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Fig. 3.10 20X magnification image of one edge of the slider guide rod. Solid lubricant can be seen 

coating the rod, between regions scraped clear by the motion of the slider.  

3.4.1 Cantilever Strain 

Our samples can be modelled as rectangular cantilevers, fixed at one end and 

with a measurable deflection applied to the other. The mechanics of such systems are 

well understood.25 As the cantilever bends, the convex face expands under 

longitudinal tensile stress, while the concave face experiences longitudinal 

compressive stress. Between these faces, passing through the centroids of all sections 

of the cantilever, is a surface at which there is no stress, known as the neutral 

surface.25 The transverse stress at any point in such a cantilever is given 

𝜎(𝑥, 𝑦) = −
𝑀𝑦

𝐼
 (3.10) 

where 𝑦 is the tangential distance from the neutral surface, 𝑥 is the lateral distance of 

the point on the cantilever relative to the clamped edge, 𝑀 is the bending moment, 

and 𝐼 is the area moment of inertia of a cross section normal to the bending axis. The 

area moment of inertia for a rectangular section, where the thickness and width are 

denoted 𝑡 and 𝑤, respectively, is given 

𝐼 = ∫∫𝑦2𝑑𝑥𝑑𝑦 =
𝑤𝑡3

12
 (3.11) 

The bending moment of the beam decreases linearly from a maximum at the clamped 

end to zero at the deflected free end. 

𝑀 = 𝐹[𝑙 − 𝑥] (3.12) 



   

 

47 

where 𝑙 is the length of the beam between the clamped edge and the point at which 

deflection is measured, and 𝐹 is the force applied to induce the deflection. The force 

applied to cause the bending moment can be expressed in terms of the free end 

displacement, 𝑧, which is measureable in our experiment. From Roarks’s formulas 

𝑧 = −𝐹 (
𝑙3

3𝐸𝐼
) → 𝐹 = −𝑧 (

3𝐸𝐼

𝑙3
) (3.13) 

where 𝐸 is the Young’s modulus of the cantilever material.25 By combining equations 

(3.10), (3.12) and (3.13) and setting 𝑦 = 𝑡 2⁄ , as we are interested in the strain at the 

surface, we can express the stress and strain caused at any point along the beam 

length in terms of the free end deflection and known properties of the sample. 

 
𝜎𝑥 = 𝑧

3𝐸𝑡[𝑙 − 𝑥]

2𝑙3
 (3.14) 

 
휀𝑥 =

𝜎𝑥

𝐸
= 𝑧

3𝑡[𝑙 − 𝑥]

2𝑙3
 (3.15) 

From equation (3.14) it can be seen that strain does not depend on the width of the 

sample, as the area moment of inertia cancels out. However, the deflection force 

required linearly depend on the sample width, and so our samples are cut sufficiently 

narrowly such that our slider can deflect them without sacrificing strain. 

3.4.2 Sample preparation 

3.4.2.1 Dicing 

Silicon samples of both (111) and (100) surfaces were diced from 115 μm thick 

wafers that were highly doped with phosphorous to a resistivity of 0.01 Ωcm. This 

wafer thickness was selected such that they were thin enough to be deflected in the 

2.5 mm travel range of the inertial slider while staying within its force limits. Wafers 

were diced into strips 1.2 mm wide, along the [110] direction (See Fig. 3.11). Sample 

wafers were bonded to thicker substrate wafers to facilitate dicing, and the top 

surface of the sample was coated with a polymer resist to protect it from scratches 

during the procedure. To clean the strips of silicon and detach them from the 

substrate wafer, they were twice rinsed in hot acetone for 10 minutes, followed by 

two immersions in isopropyl alcohol (IPA). Strips were then rinsed in deionised water 

and dried in a vacuum oven.  

To clean the samples of carbon contaminants contained in the native oxide layers, 

they were then put through an inductively coupled plasma (ICP) etch. An oxygen 

plasma was used for this procedure such that a thin and chemically pure surface oxide  
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Fig. 3.11 Cleavage planes for (a) Si(111) and (b) Si(100) wafers. For both wafers we diced along the 

[110] direction marked by the wafer flat. Resulting Si(100) cantilevers were rectangular but 

Si(111) cantilevers had ends at 60° angles, cleaving along the [101̅] or [011̅] directions.26 

was formed on the sample surface while the native oxide was removed. An Oxford 

Instruments ICP-100 plasma system was used for etching. Removing carbon 

contaminants in this way allowed the sample anneal in the vacuum system to be 

performed at a lower temperature, as temperatures above 1200 ℃ are needed to 

cause carbides to diffuse into the silicon bulk.27 This procedure allowed us to anneal 

at temperatures as low as 1000 ℃.28 

Subsequently, strips were cleaved to a length of 16𝑚𝑚 to fit the dimensions of 

the strain stage. Samples were then fixed into the sample holder in an unstrained 

configuration, with great care taken to ensure the sample was aligned normal to the 

clamp edge. This ensured that models of the cantilever stress would be appropriate. 

3.4.2.2 Annealing 

The strain stage was then loaded into the vacuum chamber via the loadlock, as 

described in section 3. In the preparation chamber, the stage was cooled by passing 

liquid nitrogen through a cooling circuit on the sample manipulator. The temperature 

of the system could be monitored indirectly through measuring the capacitance of the 

piezo stack driving the inertial slider, which reached a minimum when the stage had 

reached its base pressure. 

 Samples were contacted at the free end by the foil spring on the pincer electrode. 

Care was taken to achieve a relatively low resistance contact without deflecting the 

free end significantly from its resting position, to minimise stress during annealing. 

Typically a resistance on the order of ~10 kΩ was achieved, while keeping deflection 
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of the sample below 0.1 mm. This corresponds to a strain below 0.002% at the 

clamped end. 

Due to the relatively high power loss across the free end junction, as well as the 

better thermal contact with the main body at the clamped end of the sample, a thermal 

gradient across the length of the sample was unavoidable during DC heating. This can 

be seen in Fig. 3.12. Therefore, care had to be taken to find anneal conditions that 

removed the surface oxide right to the clamp edge, without causing vaporisation of 

the sample where it makes contact with the claw electrode. 

Samples were flashed to > 900°C using a stepwise process that allowed the 

temperature along the sample to equilibrate at several stages. The DC current used 

for annealing the sample, was increased in increments of 0.3 A each minute, up to a 

maximum of ~1.2 A. This maximum current was varied based on the conditions of the 

clamping contact and the quality of the free end contact with the same, such that the 

sample reached a white/yellow colour right to the clamp edge. 

The temperature was assessed visually, as the small dimensions of the sample 

and the temperature gradient across it made it unsuitable for measurement with a 

pyrometer. Flashes at the maximum temperature lasted 30s, followed by a gradual 

cooling over ~90s. Samples were flashed at least twice, until the surface was clean 

enough such that the chamber pressure stayed below 5 × 10−11 mbar during the 

flash. The gas evolution during four subsequent anneals, as measured by QMS, can be 

seen in Fig. 3.13. 

 

 

Fig. 3.12 Annealing a silicon cantilever in the Strain Stage. The temperature gradient across the 

sample can be seen at lower power levels 
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Fig. 3.13 Partial pressure of gases during sample anneal, measured by the QMS. The four pressure 

bursts show four anneal cycles with progressively less material evolved.  

Though LEED studies had suggested that, based on the sharpness of the 

diffraction spots, slow cooling of under 2 K/s following the anneal was necessary to 

produce a well ordered surface Si(111) 7 × 7,29 STM studies have found that 7 × 7 

structure is produced reliably without major defects at cooling rates of up to 

100 K/s.30 Problems only arise if the surface is quenched rapidly from a very high 

temperature (> 1400 K), in which case the metastable 1 × 1 structure will remain 

“frozen in” in some areas.31 The 2 × 1 structure on Si(100) also forms readily after the 

removal of the surface oxide layer, and the exact anneal temperature was not found 

to be critical, though the surface is prone to roughening after repeated annealing at 

temperatures above 1200 K.32 

LEED could be used to determine whether the flash had removed the oxide and 

whether the surface has reconstructed to a 7 × 7 configuration. However, due to 

electron charging effects on the insulating pieces around the sample, we didn’t find it 

practical for use on the strain stage. Instead, the oxide removal was verified from the 

mass spectrum of the gases annealed during the first and second anneal. If the oxide 

peak remained low during the second anneal, we could be reasonably confident that 

the surface was clean right up to the clamp edge. 

After removing the oxide and forming the surface reconstruction, samples were 

put under stress by deflection of the free end. This was done in the preparation 
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chamber, where a camera faced the strain stage from the side. By first minimising 

parallax on the electrode, deflection could be measured visually in relation to the 

known dimensions of the pincer electrode. Images from the side-facing camera of the 

electrode defecting the sample are shown in Fig. 3.14. Generally, samples were 

deflected by around 0.85𝑚𝑚 which corresponds to a strain of 0.18% at the clamped 

end, from Eq.(3.15). Strained samples were immediately loaded into the STM 

chamber to reduce surface contamination and to begin thermal equilibration with the 

STM, which takes approximately twelve hours. Under UHV conditions in the STM 

chamber, the surface would remain reasonably clear of defects for several days of 

experimentation. After this period, the surface could generally be cleaned through 

another anneal cycle, though we found Si(100) was less able to regenerate a low 

defect surface after multiple anneal cycles. 

Through the use of the strain stage and the Createc STM described in this section, 

we were able to perform STM and STS on compressively and tensilely strained silicon 

cantilevers. The measurements were all performed at low temperature, so oscillation 

of the surface atoms was reduced and the electrons were confined to their lower 

energy states. Through this method we hoped to gain an understanding of the impact 

of strain on the local electronic structure over surface features. 

 

Fig. 3.14 Deflection of the sample free end to induce strain. As shown here, deflection of the 

sample down or up, induces tensile or compressive strain on the upper surface of the sample, 

respectively. 
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4 SILICON (111): THE 7×7 RECONSTRUCTION 

Cleaving a covalently bonded crystal to expose a particular surface involves 

breaking a set of bonds in the surface plane. This leaves top-layer atoms with 

unpaired valance electrons, localised in what are known as dangling bond orbitals.1 

The breaking of these bonds requires energy, and the free energy of a surface can be 

related to the density of dangling bonds that it creates. In order to reduce this free 

energy, the top layer atoms may reorganise from their bulk positions in a process 

known as surface reconstruction. This tends to reduce dangling bond density but may 

also introduce strain into the surface, as bond angles and bond lengths are varied from 

their relaxed bulk values. 

Silicon crystallises in a diamond cubic arrangement, as shown in Fig. 4.1. The four 

valance electrons of each silicon atom occupy 𝑠𝑝3 hybridised orbitals which form 

covalent bonds at 109.5°, in a tetrahedral configuration. These bonds have an energy 

of 2.34 𝑒𝑉 and a bond length in the bulk of 2.35 Å.2 These silicon bonds are orientated 

along four 〈111〉 axes within the crystal, so a (111) plane at certain offsets will cross 

a set of these bonds perpendicularly. Each atom on the ideal 1 × 1 surface (See Fig. 

4.2 (a)) formed by this cleavage has one dangling bond directed normally into the 

vacuum, as well as three backbonds to subsurface atoms. This plane crosses the 

minimum bonds per unit area of any cleavage plane, making Si(111) the lowest 

energy surface of silicon.3 Theoretically, Si(111) cleavage could occur at a different 

offset plane that involves breaking three bonds per atom instead of one, but this 

would be very energetically unfavourable and is not likely to occur. However, this 

surface termination is stabilised in the presence of hydrogen and is known as the 

Si(111) −SiH3 trihydride phase.4 

 

Fig. 4.1 The diamond cubic unit cell.5 The structure follows a face centred cubic lattice, with a 

basis comprised of two neighbouring atoms. 
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Fig. 4.2 Reconstruction of the Si(111) surface into the 2 × 1 arrangement. (a) the bulk terminated 

1 × 1 surface in profile and (b) the 2 × 1 reconstruction with dangling bond atoms moved into 

nearest neighbour configuration such that their p orbitals overlap. Adapted from Boland & Kubby9 

Upon cleaving, the Si(111) surface reconstructs to form the metastable 2 × 1 

arrangement.6 This occurs readily without any activation energy required, beyond 

that supplied by the cleaving process itself. Subsurface bonds are rearranged to bring 

dangling bond atoms into nearest-neighbour positions (Fig. 4.2 (b)), such that their 

unpaired electrons may be shared in a weakly 𝜋-bonded chain.7 This does not reduce 

dangling bond density, but it is the correlation of the bonds that drives the 

reconstruction. Bond lengths between surface atoms in the chain are contracted from 

their ideal length by 0.01 Å, inducing a moderate tensile stress along the chain 

direction.8 

When the Si(111) 2 × 1 surface is annealed at temperatures as low as 600 °𝐶, it 

transitions to a much more complicated surface structure: the famous “7 × 7 

reconstruction”. 10,11 The first observation of the 7×7 periodicity occurring on Si(111) 

was recorded by Schlier and Farnsworth in 1959 with early LEED experiments.12 

Further studies using LEED, reflection high-energy electron diffraction spectroscopy 

(RHEED) and photoemission spectroscopy (PES) followed, but the large and complex 

structure meant it was difficult to decipher and led to many competing structural 

models. In one of the early demonstrations of scanning tunnelling microscopy, 

Binning et al. produced the first real space image of the 7x7 cell, showing the overlayer 

consisted of 12 adatoms, and that there was an asymmetry in the halves of the cell 

separated by the short diagonal.13 The full structure was determined in 1985 by 

Takayanagi et al., based on detailed study of transmission electron diffraction data, 

which was swiftly verified with X-ray diffraction14 and STM modelling15. It is known 

as the dimer-adatom-stacking fault model, or the DAS model.16,17 
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4.1 Dimer Adatom Stacking Fault Model 

The 7 × 7 cell, as described by the DAS model, is a four-layered structure 

consisting of two triangular subunits, one of which contains a stacking fault. It is 

comprised of an unreconstructed base layer, a dimer layer, a rest atom layer and an 

adatom layer, all of which are shown in Fig. 4.3 in an exploded view. The base layer 

(Fig. 4.3(d)) has the structure of the 1 × 1 surface, with one bond each pointing out 

along the surface normal. Each of these is satisfied by the layer above, excluding those 

at the four corners of the unit cell. These dangling bonds on the bulk layer are left 

exposed to the vacuum, forming the deep corner holes of the DAS structure.  

In the next layer (Fig. 4.3 (c)), atoms form rows of dimers bounding the edge of 

the unit cell, and bisecting it, intersecting with each other at the corner holes. This 

divides the cell into two triangular subunits. These dimers rows form on the preferred 

cleavage axes of (111)-plane wafers, that is, the [110], [101]̅ and [011]̅ axes.18 

The rest atoms, shown in Fig. 4.3 (b), have threefold coordination to the dimer 

layer. At the borders created by each line of dimers in the layer below, there is a break 

in the rest atom stacking pattern. In one half of the unit cell, the rest atoms follow the 

regular diamond cubic arrangement relative to the atoms below them; in the other 

 

Fig. 4.3 Layers of the Si(111)-7x7 surface unit cell, from the DAS model:2 (a) Adatom layer (b) Rest 

atom layer (c) Dimer layer (d) Unreconstructed base layer.  
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half there is a stacking fault, with the rest atoms situated directly above the lower 

atoms of the base layer. Thus, the subunits of the 7x7 cell are distinct; there is a faulted 

half and an unfaulted half. This can be seen clearly in the top down view of Fig. 4.4 (a). 

The dangling bond density from the rest atom layer (42/unit cell) is greatly 

reduced by the addition of 12 adatoms (Fig. 4.3 (a)), as each one satisfies three rest 

atom dangling bonds while only adding one of their own. These atoms sit in top site 

positions, occluding atoms from the dimer layer, and not in the adjacent hollow site 

positions. The adatoms don’t accommodate all dangling bonds in the rest atom layer; 

there are 6 left unsaturated per unit cell and these are referred to specifically as the 

rest atoms dangling bonds.  

Including the adatoms, the rest atoms and the base layer atoms exposed at the 

corner holes, the reconstruction leads to 19 dangling bonds per unit cell; a significant 

reduction from the 49 exposed on the unreconstructed surface. 

The 12 adatoms can be separated into four inequivalent groups: those next to the 

corner holes, referred to as corner adatoms, and those between them, referred to as 

middle adatoms, in each the faulted and unfaulted halves of the cell.  

 

Fig. 4.4 Surface unit cell of the 7 × 7 structure. (a) Top down view of the cell. Yellow balls 

represent the adatoms, while blue shows the unsaturated rest atoms. The red lines indicate the 

borders of the unit cell, with atoms from neighbouring cells included to show the corner holes (b) 

Cross section of the cell through the long diagonal, showing the relative heights of the atoms. 

Adapted from Takayanagi17 
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We label the corner adatoms 𝐹𝑐 and 𝑈𝑐 for those in the faulted and unfaulted 

halves respectively, and similarly using 𝐹𝑚 and 𝑈𝑚 for the centre, or “middle” 

adatoms. These labelled adatoms can be seen in Fig. 4.4 (b). 

As shown from LEED19, STM20 and non-contact atomic force microscopy21 

experiments these adatoms are at different heights relative to the surface due to 

variations in their local strain environments, their heights follow the decreasing order 

𝐹𝑐 > 𝐹𝑚 > 𝑈𝑐 > 𝑈𝑚. These height variations are subtle and there is some 

disagreement as to their exact magnitude, but ab initio pseudopotential calculations 

with a sufficient slab depth to allow relaxation of over four layers, put the difference 

as approximately 0.04 Å between 𝐹𝑐 and 𝐹𝑚, and between 𝐹𝑚 and 𝑈𝑐, with a smaller 

difference of 0.015 Å between 𝑈𝑐 and 𝑈𝑚.22 

The DAS model allows for structures with periodicities other than 7 × 7; for 𝑚 ∈

𝑁 cells with (2𝑚 + 1) × (2𝑚 + 1) configuration are also possible, being bounded by 

𝑚 dimers and having an overlayer of 𝑚(𝑚 + 1) adatoms.23 The 5 × 5 surface has been 

observed on samples that have been annealed in kinematically limited conditions, 

suggesting the structure is a metastable intermediate state in the formation of 

7 × 7.10,24 In rarer cases, isolated 9 × 9 and 11 × 11 cells have also been observed.25,26  

4.2 Electronic Structure 

Resolving the electronic structure of this large and complex unit cell has proven 

even more challenging than the physical structure and certain questions relating to 

the metallic states and the degree of electron localisation still remain open.27 

As stated in section 0, there are 19 unpaired electrons per unit cell; 12 from the 

adatoms, 6 from unsaturated rest atoms, and 1 from the corner holes. From a band 

theory perspective, this odd number of electrons per unit cell should lead to a metallic 

surface, in contrast to bulk silicon, which has a bandgap of ~1.1 eV at room 

temperature.28 Accordingly, electron energy loss spectroscopy seems to point to a 

metallic surface.29,30 while photoemission studies27,31–33 and inverse photoemission 

studies34,35 show surface states straddling the Fermi energy very closely on both sides.  

The second layer stacking fault creates distinct electronic environments in each 

half of the unit cell. While adatoms from both sides appear roughly equal in positive 

bias images, in negative bias images the faulted adatoms appear much brighter than 

their unfaulted counterparts.36 Models based on density functional theory (DFT) 

calculations also predict more charge density located over the faulted half.37 

Early angle-resolved photoemission studies found three distinct filled states on 

the surface, which have been assigned to particular surface atoms with the aid of 
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STS.38 One, labelled 𝑆3, at −1.8 eV is associated with the back-bonds between surface 

layer and first layer atoms.27 Another state, 𝑆2, at −0.8 eV is associated both with the 

rest atoms and also with the corner hole dangling bonds.33,39 This low energy state is 

fully occupied, indicating charge transfer from the adatoms’ dangling bonds to these 

lower lying bonds provides a reduction in energy for the 7 × 7 surface. The adatoms 

donate six electrons through their backbonds to the rest atoms, and donate another 

to the corner hole, leaving the adatom orbitals with an overall occupancy of five 

electrons.27,40  

The highest energy filled-state peak, 𝑆1, associated with adatom dangling bonds, 

is observed at approximately −0.15 eV. Thus the metallic states can be attributed to 

the adatoms. This is shown readily in STM experiments using CITS (see section 

2.2.2.4),20,38 around the Fermi energy as well as from energy band calculations.41,42 

This partially filled adatom band strongly pins the surface Fermi level for both p and 

n doped substrates, indicating a high density of surface states at the Fermi energy.43 

The pinning position, measured by core level spectroscopy, is at 0.65 eV above the 

bulk valance band maximum, slightly above the centre of the bulk bandgap.43,44 

Corner adatoms have higher occupancy than centre adatoms within the same 

subunit, as is evident in site specific spectra and in STM images, which show brighter 

contrast for corner adatoms at low negative sample biases.45 This is likely due to 

increased donation from the centre adatoms to the filled rest atoms states, as centre 

adatoms each border two rest atoms, while corner adatoms border one.15,36 Uhrberg 

et al. observed a second filled adatom state at −0.5 eV, which becomes visible in 

photoemission spectra at low temperatures (< 100 K). They concluded from its angle 

that it is specifically associated with corner adatoms in the 7 × 7 cell.33 This lower 

energy state for the corner adatoms was later found in DOS curves calculated via DFT 

by Smeu et al., shown in Fig. 4.5, and is consistent with the reduced levels of charge 

transfer from corner adatom to rest atom sites.39 

Another electronic distinction between corner and centre adatoms has been 

reported involving a splitting of the unfilled centre adatom state into two peaks. While 

the unfilled state of the corner atoms, 𝑈1, has an energy around 0.3 eV, the middle 

adatom state is seen to split into two peaks, 𝑈1𝑚
′  and 𝑈1𝑚, at energies above and below 

this. Mysliveček et al. observed this splitting through STS at low temperature, and 

found room temperature values of 0.2 eV and 0.44 eV for these states.46 More recently, 

Wang et al. observed this splitting at low temperature in STS measurements recorded 

using a silicon-atom decorated tip.47 
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Fig. 4.5 Calculated LDOS for the four categories of 7x7 adatoms. It can be seen that corner 

adatom PDOS have an extra feature below the Fermi energy that isn’t seen for middle adatoms.39  

It can also be seen that the faulted adatoms have more filled state character than their unfaulted 

counterparts 

Ortega et al. described the electronic structure of corner and centre adatoms 

through electron correlation effects between the corresponding dangling bonds.42 

Their local-density approximation calculations showed that there is a large 

interaction between the six corner adatom dangling bonds that surround a corner 

hole, as well as a large interaction between each centre adatom dangling bond and its 

neighbour in the adjacent half-cell, but that the hopping integral between these 

features, is comparatively small.48 This enabled them to group the adatom dangling 

bonds into decoupled ring and dimer structures before later considering the effect of 

the transfer of electrons between structures. These dangling bond structures are 

shown visually in Fig. 4.6. Note that each unit cell contains one ring and three dimers. 

Flores et al. found that the ground state for the five adatom electrons per unit cell 

has three electrons within the ring structure and two electrons within the three 

equivalent dimers. Therefore the ground state is triply degenerate. The DOS for the 

fully localised electrons are shown in Fig. 4.7 (a) and (d) for the ring and dimer 

structures respectively. This ground state electronic distribution is corroborated by 

the observed lower occupancy of middle adatoms relative to corner adatoms. 
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Fig. 4.6 Large correlation interactions for 7x7 adatom dangling bonds.27 Black and white balls are 

used to illustrate faulted and unfaulted atoms, and black bars show the large hopping integrals, as 

considered by Ortega et al. 

When accounting for the small hopping integral between neighbouring rings and 

dimers, this ground state degeneracy leads to the metallicity of the surface, with two 

electrons per cell travelling along unoccupied dimers across the surface. While ring 

structures remain largely decoupled from the dimers, there is a peak at the Fermi 

energy on the corner rings due to coupling with the charge carried on the dimers, 

shown in Fig. 4.7 (b). The DOS for the dimers in Fig. 4.7 (c), shows a very small 

dispersion (~15 meV) of the metallic states, and it is this narrow band that pins the 

Fermi energy for the surface. Evidence for such a band has been observed in beta-

nuclear magnetic resonance, which has found non-metallic variation of the relaxation 

time with temperature.49,50 Not seen in the figure is a second unfilled dimer band at 

around 0.45 eV above the Fermi energy, which is associated with doubly occupying a 

dingle dimer and is shifted up in energy by the columbic repulsion inherent in this 

arrangement.48 This may be the origin of the second unfilled peak, 𝑈1𝑚, seen in STS 

on middle adatom sites. 
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Fig. 4.7 The surface electronic states, as calculated by Ortega et al.42 B1 and B2 are occupied 

adatom states while C1 and C2 are the symmetric unoccupied states. A is the triply degenerate 

dimer state. s is the transfer integral between neighbouring structures, which is turned off for (a) 

and (d) 

There is a small columbic barrier to moving an electron from an occupied dimer 

to an empty one. This barrier may lead to a Mott-Hubbard insulator transition in the 

surface at low temperatures, in which the correlation barrier overcomes the transfer 

integral in the conduction pathway and an energy gap develops in the dimer DOS.51 

Flores et al. predicted such a gap on the order of 60 meV, with the Mott transition 

occurring within the range of 120 − 180 K.48 Subsequent STS studies at low 

temperatures have found evidence of such a gap, though it has been observed at much 

lower onset temperatures, below 20 K.52,53 Evidence for a low temperature gap has 

also been observed in transport measurements using a micro-four-point probe54 and 

in high resolution angled resolved photoemission spectroscopy (ARPES).55 However, 

it is possible that this gap is due to electron phonon coupling rather than a Mott-

Hubbard insulator ground state, and more work is needed to determine the correct 

model.52,55 

4.3 Intrinsic Surface Stress 

Surface stress, as defined by Gibbs, is the reversible work per area required to 

stretch a surface elastically.56 By that convention, tensile and compressive stresses 

have positive and negative signs, respectively.  
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Intrinsic surface stress, meaning the stress inherent in a surface relaxation or 

reconstruction, arises from charge redistribution at the surface changing bond 

lengths and angles from their ideal values.57 Electrons from dangling bonds 

terminated at the surface are partially redistributed among surface bonds and 

backbonds to the layer below.  

Unreconstructed Si(111) − (1 × 1) is an intrinsically compressive surface, with 

a calculated stress of −0.54 eV per (1 × 1) unit cell.58 The tetrahedral configuration 

of its surface atoms are unstable with one half-filled dangling bond each, and the 

surface atoms partially rehybridise to a planer 𝑠𝑝2 configuration. Angles between the 

backbonds increase from the tetrahedral bond angle of 109.5° to 114°, which is 

midway to the planar bonds angle of 120°.59 This increase of bond angle is naturally 

accompanied by a reduction of bond length to around 2.29 Å, resulting in compressive 

stress.58 

Reduction of this compressive surface stress was once posited as the driving 

force for the 7 × 7 reconstruction, before the DAS model was fully accepted,60 but 

theoretical models have shown that the 7 × 7 cell is actually a highly tensile 

structure.61 Though the magnitude of this stress was too challenging to compute for 

the full cell, an experiment by Martinez et al. estimated the surface stress by carefully 

measuring the deflection of a silicon cantilever, which on one side had a structure of 

calculated surface stress (Ga:Si(111)√3 × √3) and the other had the 7 × 7 

reconstruction. They found that the latter had an overall surface stress of 

2.37 eV/(1 × 1) cell.62  

The dimers bordering the triangular islands induce strong tensile strain in the 

cell, causing an average expansion of 1.5% within the subunits.63 Each was calculated 

to cost strain energy of 0.54 eV, and substantially more when bordering a corner 

hole.8 

Adatoms are another source of tensile strain.59 They occupy the top site positions 

on the surface instead of the hollow sites, meaning they directly occlude atoms from 

the dimer layer. In an unrelaxed surface this both brings the adatoms unfavourably 

close to the dimer layer atoms and creates narrow bond angles between them on the 

three rest atoms they share. The coulombic repulsion from both these factors, and 

especially the latter, drives the adatoms outwards. This therefore lengthens the bonds 

to the rest atoms, resulting in tensile stress. 

This evidence indicates that the 7 × 7 reconstruction is driven by the reduction 

of surface energy from dangling bonds in spite of the tensile strain that is created in 
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the surface. Moreover, the balance between these factors is the reason the 7 × 7 cell 

is favoured over the other (2𝑚 + 1) × (2𝑚 + 1) configurations possible under the 

DAS model (where 𝑚 ∈ 𝑁). It is a balance between the energy gain from surface atom 

reduction, which is maximised for smaller cells, and the loss to strain energy from the 

dimers and corner holes, of which there are fewer for larger cells. 

This balance can be altered by externally applied strain, by either offsetting or 

increasing the tensile energy cost of the dimers. Calculations show that there is a small 

energy difference of ~10 meV per 1 × 1 area between the 7 × 7 and 5 × 5 

reconstructions.64 A model by Vanderbilt accounting for the strain energies of the DAS 

features, excluding the adatoms, showed that compression of the surface leads to the 

5 × 5 unit cell becoming favourable (Fig. 4.8).8 This has been demonstrated in strain 

experiments using Ge doping in the Si(111) surface to apply compressive strain.65 

Overall, we can conclude that strain is highly influential in the energetics of the 

7 × 7 surface. The role of strain in determining the physical structure of the surface 

has been well established computationally, and it has been demonstrated that 

externally applied strain can influence the formation of the surface structure at high 

temperatures. 

We can also conclude that the 7 × 7 cell has a rich electronic structure, with 

several distinct states due to the many types of atoms within the cell and the complex 

effects of charge redistribution between them. Considering just the adatoms, there 

are four subgroups per unit cell, the corner and centre adatoms for both the faulted 

 

 

Fig. 4.8 Lowest energy Si(111) reconstruction under a range of isotropic applied strain conditions, 

predicted by Vanderbilt.8 Under compressive strain the 5 × 5 surface is favoured and at high levels 

of tensile strain, the 1 × 1 surface is predicted to be favourable. 
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and unfaulted halves. Each subgroup contains three adatoms per unit cell, equivalent 

under 𝐶3 symmetry. Each of these adatoms has three symmetric bonds with atoms in 

the second layer with balanced tensile strain between them. If a sufficient uniaxial 

strain could be applied along this surface, it is reasonable to assume that the relative 

energies of these backbonds could be modulated. Likewise this modulation could 

extend to the relative occupancies of the adatom dangling bonds, breaking the in-

group 𝐶3 symmetry we observe on the 7 × 7 cell. 

Previous STM experiments on this surface under applied uniaxial strain have 

examined it while at elevated temperatures.66,67 This allows the surface 

reconstruction to reform to minimise surface strain, through the movement of surface 

atoms from step edges. It remains an outstanding question whether uniaxial strain, 

applied at temperatures below the activation energies for atomic migration, could 

influence the symmetry of these adatom bond energies, and therefore the distribution 

of charge on the surface. In this thesis we will discuss STM experiments on silicon 

surfaces in which strain is applied in situ, after the surface reconstruction has been 

formed in unstrained conditions. We aimed to find any shifts in state energies relating 

to the adatoms and rest atoms, particularly any which break the threefold symmetry 

of the unit cell along the axis of applied strain. 
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5 SILICON (111) UNDER APPLIED STRAIN  

5.1 Introduction 

In this section we present the results of STM, STS, and variable height 

spectroscopy performed on Si(111) under uniaxial strain, applied in situ using the 

strain stage we developed (see section 3.4). In these experiments we aimed to 

measure the electronic states localised over the range of surface atoms present in the 

Si(111)−7 × 7 under strain and determine whether there were changes from the 

unstrained structure. We also aimed to discover whether there was divergence in the 

electronic structure within groups of surface atoms that are equivalent under 𝐶3 

symmetry on the unstrained surface but which becomes inequivalent under uniaxial 

strain.  

Exploiting 𝐼(𝑉, 𝑧) spectroscopy (see section 2.2.2.1), particularly its sensitivity to 

electronic states close to the Fermi energy we will probe the evolution of the LDOS 

associated with dangling bonds states on the surface under varying strain conditions. 

Conductance mapping will be then be used to visualise the spatial distribution of 

these electronic states across the 7 × 7 surface and verify the comparative energy 

shifts seen in our spectra. 

5.2 Experimental Procedure 

In order to produce consistent and comparable tunnelling spectroscopy data, it 

is necessary to have a reproducible STM tip. Ideally, that tip should be electronically 

featureless, to avoid convolution with surface features of interest. However, while 

scanning on Si(111) it is not uncommon to pick up silicon atoms or atomic clusters 

from the surface, resulting in a sharp tip with a bandgap in the tip LDOS. The tips used 

in the work were initially formed from tungsten wire (0.25 mm diameter) as 

described in section 3.2.2. Tips were subsequently formed within the UHV system by 

“inking” the tip apex on a Pt(111) sample, so that tips can be repeatedly reformed-in 

situ without removal from the STM. 

To remove silicon clusters while over the platinum surface, voltage pulses were 

applied until a jump in tunnel current or a change in the image condition signalled 

that the contaminant had dropped from the tip. This was followed by forming the apex 

at a clean location on the platinum surface, by bringing the tip into contact with the 

surface and drawing out Pt atoms. The LDOS of the newly formed tip was then 
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established by measuring an I(V) spectrum on a pristine area of platinum. A gap in the 

current around zero bias indicates that the tip has non-metallic character and 

therefore that further tip forming is required. Fig. 5.1 shows a current spectrum for a 

metallic tip, showing finite tunnelling current at all non-zero bias values. 

 

 

Fig. 5.1 I(V) spectrum taken over platinum to confirm tip metallicity. There is a non-zero 

tunnelling current in the vicinity of the Fermi energy. 

Metallic tips were checked for sharpness and multiplicity by imaging the 

platinum surface around step edges and surface adsorbates. The abruptness of the 

scan profile of the tip as it traverses step edges on the platinum gave an indication of 

the sharpness of the tip. Where the tip had more than one apex within tunnelling 

distance from the surface, adsorbates and step edges would appear repeated as a 

ghost image. We refer to this as tip multiplicity. An example of significant multiplicity 

is shown in Fig. 5.2, where a single surface adsorbate appears as a large cluster 

reflecting the relative positions of the apexes on the tip. Replications of the step edges 

can also be observed. Multiple tip apexes can participate in spectroscopy if they are 

comparable in distance from the surface, so they are undesirable for site specific 

spectroscopy. 

Upon forming a sharp tip that could image the surface without multiplying 

surface features, the tip was checked for stability by taking a constant-current 

spectrum on a clean area of the platinum, as described in (see 2.2.2.2) This was taken 

over a wide bias range, emulating the conditions used during approach, imaging and 

spectroscopy on the sample. At this point it was common to see sudden jumps in the 

height-voltage profile which indicated that atomic clusters or adsorbates are being 

transferred to and from the surface depending on the bias.  
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It was also critical that there was no significant variation in tip electronic 

structure between recorded datasets, to ensure their comparability. A non-metallic 

tip apex introduces a bandgap to the spectra, shifting surface electronic features 

outwards, and influences STM contrast at a given bias. Even for metallic tips, a 

significant feature in the tip DOS can dominate over the surface DOS and create false 

peaks in spectra, or shift them to higher biases.1 Therefore, the metallicity of the tip 

was checked regularly during measurements. Once a stable platinum-coated tip had 

been obtained, the Pt(111) sample was removed from the STM to the sample carousel. 

 

Fig. 5.2 An image on Pt(111) taken by a tip with multiple apexes (a). Defect patterns are repeated 

in an L-shape, reflecting the relative positions of the apexes. Ghosting of the step edges can also 

be seen. An image with a singular tip is shown in (b) for comparison. 

Samples were annealed when first loaded into the UHV chamber to remove the 

native oxide layer. The sample free end was then deflected to induce the required 

level and type of strain. The sample free end was deflected by ~0.85 𝑚𝑚 for these 

experiments. Following equation (3.13), and taking the value for the transverse 

Young’s modulus of Si(111) as 168.9 GPa,2 we estimate a strain of 0.18% at the 

clamped end. When investigating unstrained samples, the pincer electrode was 

brought into gentle contact with the underside of the sample free end to prevent 

cantilever oscillating during measurement. Immediately following straining, the 
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samples were loaded into the STM chamber and left to reach thermal equilibrium at 

77 K over the next 12 hours.  

The measurements were generally performed at a distance of ~0.75 mm from 

the clamp edge to avoid the tip crashing on any islands of silicon dioxide remaining 

near the clamp after annealing the sample, due to the lower temperature at this point 

while annealing. Given the linear decrease of strain across the length of a deflected 

cantilever given by equation (3.13), the applied strain at our point of measurement 

was estimated to be 0.17%. 

Samples were imaged under tensile and compressive strain at a variety of biases 

to ascertain whether the effect of strain is easily visible in STM topographic images. 

STM image contrast, as described in section 2.1.3, represents an integration over all 

surface states in the energy window defined by the applied bias, weighted by the 

appropriate barrier transmission factor. As such, subtle changes in the energies and 

density of particular states can be difficult to detect in these images, unless they are 

recorded precisely at the biases corresponding to those states. In order to detect more 

subtle changes to electronic structure induced by the applied strain, and to pick out 

which energy states might be critical to investigate, we rely on tunnelling 

spectroscopy.  

Spectra were performed using the tip height and voltage profiles shown in Fig. 

5.3. The voltage was ramped from −1.5 V to 1.5 V and then back to 1.5 V. The tip-

sample separation was decreased by up to 0.8 Å as the sample bias passed through 

the zero point to increase the signal-to-noise ratio at low biases. The tip was then 

retracted by 0.4 Å and the spectrum was repeated. This second recording at a larger 

tip separation was used to check the consistency of our spectra with height variation. 

An AC dither was applied from a lock-in amplifier to the sample bias signal during 

spectroscopy to provide a direct measurement of dI/dV in the output current during 

the spectrum, as described in section 2.2.2.1. 

Spectra were taken starting from the negative bias, where the tunnelling barrier 

is higher and the set-point tip height is therefore lower. This initial height is also 

selected through the set-point tunnelling current that the system seeks before 

beginning a spectrum. Using this height profile and a set-point current of 30 pA we 

were generally able to record spectra consistently without modifying the tip or the 

sample.  

 

 



5. Silicon (111) Under Applied Strain 
  

73 

 

Fig. 5.3 Voltage and relative height programming of our 𝐼(𝑉, 𝑧) spectra. The tip is moved towards 

the surface (positive height) as the bias decreases in magnitude to maintain the current signal, and 

thus the resolution. The second half of the spectrum records the same bias sweep at a different 

relative separation from the surface, such that the LDOS of the sample may be extracted. 

In order to properly map out the energetic changes over the unit cell, in different 

strain conditions, spectra were taken in a dense grid over a single unit cell (Fig. 5.4). 

The particular cells chosen for mapping were selected based on the criteria of being 

far step edges (> 50 nm) and the absence of defects within the neighbouring unit 

cells. 

The grid was constructed, using the Createc STM software, so that it divided the 

cell symmetrically along both axes and could be easily aligned with the cell based on 

corner hole and adatom positions. The Createc software enables a set of spectra to be 

recorded at equal spacing along a line positioned relative to the last STM image. 

Spectra were recorded along the horizontal red lines shown in Fig. 5.4, at the locations 

where the red and vertical blue lines cross. 
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Fig. 5.4 A grid map of spectra taken over the 7 × 7 cell. Red lines show the target path for the tip 

while recording spectra, and the blue lines crossing them show the positions of spectra taken 

along these paths. 

To record the full mapping of the unit cell, we alternately recorded line spectra 

and STM images of our cell. Despite measurements being performed at 77 K after 

allowing sufficient time for thermal equilibration, there was inevitably some drift 

between the tip and sample surface over time. To account for this drift while 

recording successive rows of spectra, the grid was realigned with the unit cell after 

each image was taken, and immediately before the next spectral row was recorded. 

This ensured the first spectrum of each row was taken at the target location on the 

unit cell.  

However, this does not negate the effect of drift during the recording of each 

spectral row. This drift would invariably shift the positions of our spectral sites from 

the grid line they were intended to follow. In order to accurately relate observed 

spectral features to specific sites on the surface, it was necessary to correct for this 

drift and find the true locations where the spectra were recorded. From measurement 

of the drift between multiple subsequent images, by tracking the movement of surface 

features over a known period of time, it was determined that the drift vector was 

approximately constant between images. Therefore, if we assumed there was 
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negligible time between the recording of a spectral row and recording the STM images 

before and after it, our correction then consist of a linear translation of the end point 

of the spectral row to its intended position on the subsequent image. 

We overlaid the pixel positions of the spectra onto the subsequent drifted image 

with realigned grid, and drew a line from the grid position of the first spectrum to the 

pixel position of the final spectrum (Fig. 5.5). Assuming there was minimal drift 

between the recording of the images and taking the spectra, this method provides a 

good estimate for the “true row” that the spectra were recorded along. Furthermore, 

as the mapping proceeded along the unit cell, the base position of the tip was moved 

such that the spectral rows to be recorded were near the top of the image, reducing 

the time taken to scan the feature of interest. 

 

Fig. 5.5 Drift correction for a spectral row. The red line shows the target row overlaid on the 

subsequent image. The Green dots shows the positions of the target spectra, recorded from left to 

right, and offset from the red line due to drift. The black line is our estimate of the true spectral 

row, adjusted for drift. 

5.3 Results 

The mapping procedure described generated 281 𝐼(𝑉, 𝑧) spectra, with 3 to 5 

spectra recorded over each adatom and rest-atom location in the unit cell, and the 

others taken at sites between these atoms, containing a mixture of spectral features. 

These conductance spectra were then grouped for each of the adatom and rest-atom 

locations and plotted directly in Fig. 5.7- Fig. 5.12. 
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As explained in section 4.1, there are four distinct types of adatoms in the unit 

cell, as well as two types of rest atoms. Each of these subgroups contains three atoms 

that are equivalent under 𝐶3 symmetry. To distinguish between adatom and rest atom 

sites within the same subgroup, it is necessary to label each one in a way that is 

reproducible between all datasets. We adopted a labelling scheme that is defined by 

the axis of applied uniaxial strain in our system, that is, the direction towards the 

clamped end of the sample within our STM images (Fig. 5.6).  

Firstly, the prefixes “F” or “U” refer to atoms in the faulted and unfaulted halves, 

respectively. Atoms are then labelled “c”, “m” or “r” for corner adatoms, middle 

adatoms or rest atoms. Adatoms and rest atoms with the suffix “1” are on an axis 

perpendicular to the direction of applied strain. Those labelled “2” and “3” should be 

equivalent under this strain, as, on the length scales of the surface structure, variation 

of the strain with lateral distance from the clamp is negligible. We label the corner 

and middle atoms that are closest to the clamped edge as 2, and label each other atom 

accordingly, such that the labels are symmetric through the axis of strain. 

 

Fig. 5.6 Labelling of the adatom and rest atom sites with relation to the direction of increasing 

strain. 1 atoms are on the axis perpendicular to the direction of strain. 

5.3.1 Site Spectroscopy 

The results of our spectroscopy over specific surface features, averaged for the 

forward and back scans at the closer tip-sample separation, are shown in Fig. 5.7-Fig. 

5.12. It can be seen in our spectra that the unfilled adatom states are generally much 

stronger than the filled adatom states. The reason for this is twofold. Firstly, the 
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adatom dangling bonds donate their charge to the lower energy states on the rest 

atoms and corner holes (see section 4.2). This leaves the 12 surface adatoms with 

around 5 electrons per unit cell, under 1/4 occupancy so we therefore expect more 

adatom LDOS above the Fermi energy in general. Secondly, the effective barrier to 

tunnelling that is experienced by occupied states is higher than that of the unoccupied 

states. The transmission barrier follows an exponential square root relationship 

which increases for decreasing energy, as described in section 2.1.3. This means that 

tunnelling from lower energy filled states of the sample is attenuated relative to 

tunnelling from filled states close to the Fermi energy, in contrast to empty state 

tunnelling, where current is most sensitive to empty states in the sample at the energy 

level defined by the sample bias. Therefore, features at high positive biases are more 

prominent then those at high negative biases in spectra generally. 

It should also be noted that moving the tip closer to the surface at low biases 

reduces the effective barrier width when probing states near the Fermi energy to keep 

the signal-to-noise ratio high, and this would have the effect of further increasing the 

weight of these states in our spectra. 

5.3.1.1 Corner Adatoms in Faulted Subunits 

We begin by considering the corner adatoms in the faulted half of the cell.  The 

spectra in Fig. 5.7, indicate the presence of LDOS associated with these adatoms on 

either side of the Fermi energy, with no observable bandgap. The first filled peak, 

which we will label 𝑆1𝑐, is centred at approximately −0.12 eV. 𝑆1𝑐 is sharply defined 

for all strain conditions, though it appears shifted slightly closer to the Fermi energy 

for both the tensile and compressively strained samples.  

There is notably a second filled peak at around −0.4 eV, which is smaller and 

broader than 𝑆1𝑐. This is the second filled adatom state that has been observed in 

photoemission studies at low temperatures and has been attributed to corner 

adatoms.3 We accordingly label this peak as 𝑆1𝑐
′ . This is consistent with DFT 

calculations which indicate the presence of a lower energy, filled LDOS feature that is 

solely attributed to corner adatoms. It is also consistent with Ortega’s calculations, 

which include correlation effects, that predict a greater occupancy at corner adatom 

sites compared to middle adatom sites.4 This peak is sharp in the spectra measured 

on the tensile strained sample, and appears comparatively broad on those recorded 

under compressive strain.  
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Fig. 5.7 Spectra recorded at faulted corner adatom sites. Spectra were recorded with height-

voltage profile shown in Fig. 5.3, with a set-point current of 30pA. Insets on the left are 

representative spectra from the unstrained and compressive sets to label the observed peak 

features. The latter is included to show 𝑈1𝑐
′ . 

The unfilled states associated with faulted corner adatoms in Fig. 5.7 also show 

interesting characteristics. The main peak, 𝑈1𝑐  is seen around 0.32 eV for the 

unstrained sample, but there is significant variation in this peak position between 
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samples in different strain states. Under tensile strain, this state is observed to shift 

to lower biases. In contrast, the peak is shifted to higher biases for compressively 

strained samples, and also seems to be broadened. A more quantitative analysis of the 

peak position and width is provided in 5.3.2. 

In addition, there appears to be a smaller second peak nestled within 𝑈1𝑐 , which 

appears as a lower energy shoulder to the peak. This is most evident in the tensile 

spectra but can also be seen in the compressive spectra. As far as we can tell, this is a 

hitherto unobserved feature associated with faulted corner adatom sites, which we 

will refer to as 𝑈1𝑐
′ . This state onset is sharp like that of 𝑆1𝑐 on the same adatoms, and 

it is possible they are part of one continuous peak that traverses the Fermi energy but 

is not visible to us due to the vanishingly small tunnelling current levels at very low 

biases. This was the conclusion of Hamers et al, when they observed the similarities 

between low positive and negative bias STM images of the 7 × 7 cell.5 The correlation 

calculations by Ortega et al. predict the Fermi level states are primarily localised on 

the middle adatoms in dimer structures, and that the states associated with the rings 

of corner adatoms, acted as donors and acceptors ~100 meV above and below middle 

adatom states at the Fermi energy.4 Our spectra would then seem to imply the donor 

and acceptor levels are more strongly associated with the Fc atoms, when compared 

with the spectra over the Uc atoms. 

5.3.1.2 Middle Adatoms in Faulted Subunits 

The filled middle adatom state (Fig. 5.8) is located at −0.18 𝑒𝑉, between the 

energies of 𝑆1𝑐 and 𝑆1𝑐
′  for the corner adatoms. This, and the broader shape of the 

peak, distinguishes the state from its corner adatom counterparts, so we label it 𝑆1𝑚. 

The lower energy of this peak, as well as its lower intensity relative to 𝑆1𝑐, is 

consistent with the lower observed brightness of middle adatoms compared to corner 

adatoms when imaging at negative biases.6 

The corresponding empty state feature associated with faulted middle adatoms 

shows a clear splitting into two peaks, as originally observed by Mysliveček et al.7 

However, instead of being a weak shoulder, as observed at 77 K by these authors, a 

well pronounced double peak structure is evident, more in line with their spectra 

taken at 7 K.  We label these peaks 𝑈1𝑚
′  and 𝑈1𝑚 and they are observed at 

approximately 0.16 eV and 0.4 eV for the unstrained sample, respectively. There is a 

large sensitivity of these peaks to the strain condition of the surface. Under tensile 

strain, both states are narrowed and the relative intensity of the 𝑈1𝑚
′  state increases 

until it is nearly equal with the 𝑈1𝑚 state. Under compressive strain, in contrast, the 
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𝑈1𝑚
′  state is diminished. In addition, both peaks are broadened and are shifted to 

higher energies, as with the unfilled states measured on the Fc adatoms. 

 

 

Fig. 5.8 Spectra recorded at faulted middle adatom sites. Spectra were recorded with height-

voltage profile shown in Fig. 5.3, with a set-point current of 30pA. An inset spectrum on the left 

taken from the unstrained sample labels the observed peaks. 
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The faulted middle adatom spectra also show significant filled state peaks around 

−0.85 eV, which is characteristic of the filled rest atom state, 𝑆2. Hints of this state can 

be seen in all spectra, as there is only ~4.5 Å between rest atoms and their 

neighbouring adatoms, but the rest atom contribution to the measured spectra is 

always significantly larger for middle adatoms than for corner adatoms. One reason 

is that the depth of the corner hole allows STS spectra at corner adatom site to be 

recorded with minimal interference from neighbouring rest-atom and corner hole 

dangling bonds.  Secondly, as the middle adatoms are each adjacent to two rest atoms 

and donate more of their charge to the 𝑆2 state, the coupling between middle and rest-

atom sites is always stronger. 

5.3.1.3 Corner Adatoms in Unfaulted Subunits 

The unfaulted corner adatom spectra (Fig. 5.9) show diminished strength of the 

filled states LDOS relative to their faulted counterparts, consistent with the presence 

of charge transfer from the unfaulted to the faulted half-cell due to the stacking fault.8–

10 The 𝑆1𝑐 state is still evident but is less intense and the peak appears shifted to 

slightly lower energy. The outer filled state, 𝑆1𝑐
′  is much weaker in particular and is 

not consistently observed in these spectra under all strain conditions.  

The unfilled state appears singular for the unfaulted corner adatoms, and there 

is no sign of the novel shoulder state, 𝑈𝑐1
′ , as was seen in the spectra over Fc adatom 

sites. As with the same states on the Fc adatoms, 𝑈1𝑐  is shifted outwards and 

broadened for the compressive spectra, but there is no notable difference for the state 

under tensile strain. 

5.3.1.4 Middle Adatoms in Unfaulted Subunits 

The spectra at unfaulted middle adatom sites (Fig. 5.10) are similar in structure 

to those in the faulted half, with a single filled state related to the adatoms, 𝑆1𝑚, and 

two unfilled states, 𝑈1𝑚
′  and 𝑈1𝑚. In keeping the reduced charge overserved generally 

for adatoms in the unfaulted half, the 𝑆1𝑚 peak is smaller relative to the unfilled peaks 

when compared with spectra over Fm adatom sites. The 𝑆1𝑚 peak occurs slightly 

closer to the Fermi energy than the same peak in the faulted half, at −0.17 eV. As with 

𝑆1𝑚 in the faulted half, it is shifted closer to the Fermi energy under both tensile and 

compressive strain. 

The 𝑈1𝑚
′  peak is present in spectra over these sites but is significantly reduced in 

magnitude relative to the 𝑈1𝑚 peak when compared to spectra at middle adatom sites 

in the faulted half. This is true for all strain conditions, but most prominently the 

tensile strained sample, which had 𝑈1𝑚
′  almost as large as 𝑈1𝑚. Both of these peaks 



5. Silicon (111) Under Applied Strain 
  

82 

are broadened under compressive strain, causing the 𝑈1𝑚
′  peak to become more of a 

shoulder to the larger unfilled peak. 

 

  

Fig. 5.9 Spectra over unfaulted corner adatoms. Spectra were recorded with height-voltage 

profile shown in Fig. 5.3, with a set-point current of 30 pA. An inset spectrum on the left taken 

from the unstrained sample labels the observed peaks. 
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Fig. 5.10 Spectra over unfaulted middle adatoms. Spectra were recorded with height-voltage 

profile shown in Fig. 5.3, with a set-point current of 30 pA. An inset spectrum on the left taken 

from the unstrained sample labels the observed peaks. 

5.3.1.5 Rest Atoms in Faulted and Unfaulted Subunits 

The spectra taken over the faulted rest atoms (Fig. 5.11) show features from both 

the corner and middle adatoms, demonstrating the interaction and charge transfer 

between the states. The rest atom state itself, 𝑆2, is located at approximately −0.85 eV 
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for the unstrained sample. Under tensile strain, the energy is the same but the peak 

amplitude is much larger relative to the other states. This possibly indicates 

additional charge transfer to rest-atom sites under tensile strain condition. This is 

consistent with the apparently reduced intensity of the filled corner and especially 

the middle adatom states under tensile conditions. The density of this state appears 

slightly reduced for the compressed sample. 

 

Fig. 5.11 Spectra over faulted rest atoms. Spectra were recorded with height-voltage profile shown 

in Fig. 5.3, with a set-point current of 30 pA. An inset spectrum on the left taken from the 

compressed sample labels the observed peaks. 
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The unfaulted rest atom dangling bond states (Fig. 5.12) are observed to be at 

lower energy than the rest atom states in the faulted half, in agreement with previous 

studies.7 This is reasonable, as we would expect the rest atoms that eclipse the fourth 

layer atoms to be higher in energy in general. 

 

Fig. 5.12 Spectra over unfaulted rest atoms. Spectra were recorded with height-voltage profile 

shown in Fig. 5.3, with a set-point current of 30 pA. An inset spectrum on the left taken from the 

unstrained sample labels the observed peaks. 
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5.3.2 Peak fitting 

To quantify the changes observed in positions and widths of the adatom-related 

electronic states under different strain conditions, we fitted Gaussian curves to each 

of the peaks in our spectra. This was done by dividing each spectrum into filled and 

empty state regions, and fitting a Gaussian function to each observable state. Another 

Gaussian function was used to fit the background signal which then remained fixed 

for each spectrum within an adatom or rest atom subgroup. An example of the fitting 

for an Fm adatom on a tensile-strained sample is shown in Fig. 5.13. The energy 

positions of each occupied and unoccupied peak, measured from the fitted Gaussian 

curves, are shown below in Fig. 5.14 and Fig. 5.15, respectively. The fitted positions 

from each spectrum associated with the same adatoms were averaged, and the error 

in position is the standard deviation between them.  

 

Fig. 5.13 Fitting of the filled (green) and empty (red) state peaks with Gaussian curves. The data 

curve is in grey 

There is no clear evidence of symmetry breaking in the filled electronic structure 

of atoms within the same 𝐶3 subgroup. There are several examples shown in Fig. 5.14, 

in which mean peak energies diverge within a subgroup beyond the margin of error 

defined by the standard deviations of each mean. However this level of variation is 

seen as often for spectra taken on the unstrained sample as for those taken on samples 

under applied strain. This implies that the variation is a random error rather than an 

effect due to strain. This could be due to differences related to the exact lateral tip 

position over the surface sites in question.  
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Fig. 5.14 Changes in average peak position of the occupied states in the 7 × 7 cell. Error bars show 

the standard deviation of the peak mean across all spectra for each subgroup. 
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Fig. 5.15 Changes in peak position of the unoccupied states in the 7 × 7 cell. Error bars show the 

standard deviation of the peak mean across all spectra for each subgroup. 
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There is significant in-group variation in the positions of the main unoccupied 

state peaks for samples under compressive strain, which is larger than that seen for 

the unstrained sample. However, we note that the divergence does not consistently 

relate to our axis of applied strain as expected. Considering the symmetry of the 

uniaxial applied strain, we would expect electronic states measured over sites in the 

2 and 3 positions to shift identically relative to those at the 1 sites. In contrast, the 

peak positions relating to the subgroup sites appear to diverge without a consistent 

pattern. This indicates further that the in-group variations cannot be attributed to 

strain effects, at least based on the data at hand. 

While we observe no systematic dispersion of state energies within surface atom 

subgroups under either tensile or compressive strain, there are average changes in 

state energy between these groups when measured under different strain conditions. 

We can see from Fig. 5.15 that there is a trend for all unoccupied states on both corner 

and middle adatoms to be shifted to higher energies as the sample is compressed, as 

can be seen from the spectra themselves. The largest shifts are observed for the main 

adatom states, 𝑈1𝑐  and 𝑈1𝑚, in the unfaulted half of the unit cell, with the latter 

increasing by ~100 meV relative to the unstrained sample. 

For the samples placed under tensile strain, unfilled adatom states are similar in 

peak energy to those for the unstrained sample, in some cases being at slightly lower 

energy. From qualitative comparison with the spectra shown, it appears that the 

spectra taken under tensile strain are narrower than the unstrained spectra, and 

along with this narrowing is a slight reduction in the peak maximum energy, though 

it is less significant than the reverse effect observed for the compressed peaks. 

The filled adatom state peak positions are relatively close together under all 

conditions of strain, and the variations between them seem to be within the margin 

of error in general. There does appear to be a shift in the 𝑆1𝑚 state to higher energies 

for both compressive and tensile strain, which is observed for middle adatoms in both 

halves of the unit cell. 

In order to verify the results obtained from our analysis of the STS spectra, 

images on compressive tensile samples were recorded at a range of positive tip biases 

to probe the spatial distribution of unoccupied states. 

5.3.3 Conductance Imaging 

We aimed to correlate shifts in the peak energies seen in our spectroscopic data 

under strain, with spatial variation of the LDOS over the 7 × 7 unit cell at biases 

around those peak energies. To this end, a set of differential conductance maps were 
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taken on samples under compressive and tensile strain. The relative brightness of 

surface atoms in these maps show the relative distribution of DOS between them at 

the energies selected by our sample bias. While STM images are an integration of 

LDOS over the entire bias window, conductance maps provide snapshots at particular 

biases and enable us to observe the onset of new states more clearly. The range of 

biases used for this imaging were selected to match the key peak positions in our 

spectra; and as such, they are mainly recoded for the case of empty states where peak 

energy and width changes are greatest. 

In the conductance maps under both strain conditions, it can be seen that the 

adatoms are fringed with bright outlines. Rather than representing state density in 

the areas between surface atoms, these rings are artefacts relating to the current 

error signal while scanning over these areas (see Fig. 5.16). The current error comes 

from a lag in the response of the tip-height controlling feedback loop while scanning, 

over the bumps and dips of the surface.  

 

 

Fig. 5.16 The current error signal of the tip while scanning over the tensile sample at 0.1V. It can 

be seen to follow the topography with maxima between the adatoms. This inverted topography is 

present in the conductance maps but does not change the trends of the adatom intensities. 

At 0.1 V on the tensile sample (Fig. 5.17(a)&(b)), the faulted adatoms are brighter 

than those of the unfaulted half, indicating the empty states closest to the Fermi 

energy are associated with them. The unfaulted corner adatoms are dimmest, in 

agreement with predictions that they have the lowest LDOS just above the Fermi 

energy.11 In the conductance image (Fig. 5.17 (c)), the Um adatoms are brightest and 

the Fc adatoms are darkest, with the Uc and Fm atoms intermediate and roughly equal 

to each other intensity. This suggests that there is an Fc state around the Fermi energy 
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which peaks below 0.1 V and is decreasing at this bias, as the Fc adatoms are bright in 

the STM image which integrates over this peak. This indicates that the 𝑈1𝑐
′  shoulder 

state detected in our spectra, which appears to peak at ~0.1 V (Fig. 5.14), is just the 

upper edge of an Fc acceptor state that lies closer to the Fermi energy. Comparison 

with the images and conductance map taken at 0.1 V on the compressive sample (Fig. 

5.18 (a)-(c)) show the same trends in adatom brightness, indicating that the 𝑈1𝑐
′  

shoulder state on the Fc dominates at this bias under both strain conditions.  

Images taken at 0.17 V under both strain conditions (Fig. 5.17(d)&(e) and Fig. 

5.18(d)&(e)) show similar contrast patterns as those for 0.1 V. The conductance maps 

(Fig. 5.17(f) and Fig. 5.18(f)), however, show a change in contrast, with the Uc atoms 

now dominating the image while the Fm atoms have darkened to the level of the Fc 

atoms, suggesting that the relative intensity of the Fm state is decreasing at 0.17 V, 

while the Uc state is increasing. The intensity of the Um state has decreased by this 

bias, but there is a difference in its intensities between the tensile and compressive 

maps. The Um atoms still appear bright in the compressive map relative to the Fc and 

Fm atoms, while in the tensile map, they are as dark as the faulted atoms. This implies 

that either the empty state peak localised on the Um atoms persists to a higher bias 

or that the onset of the Uc is shifted to a higher bias under compressive strain. 

By 0.26 V, the faulted and unfaulted halves appear approximately equal in 

brightness under STM images (Fig. 5.17(g)&(h) and Fig. 5.18(g)&(h)), with the Uc 

atoms now as bright as their middle atoms' neighbours. The conductance maps for 

both strain states (Fig. 5.17(i) and Fig. 5.18(i)) now match that measured at 0.17 𝑉 on 

the tensile sample (Fig. 5.17(f)), with the Uc atoms dominating and the rest of the 

adatoms approximately equal. This further suggests that the unfilled states under 

compressive strain are “lagging behind” those on the tensile strained sample, 

consistent with the broader and shifted peaks observed in compressive spectra. 

At 0.33 V, the unfaulted half adatoms have begun to appear brighter than the 

faulted under STM, as seen more clearly in the contrast adjusted images (Fig. 5.17(k) 

and Fig. 5.18(k)). There is also a shift in the conductance patterns, which are divergent 

under the two strain states. The tensile map (Fig. 5.17(l)) shows all adatoms as dark, 

with the faulted half slightly dimmer. The adatom outlines appear most intense in this 

image, due to the current error signal convolution. The conductance map of the 

compressed surface (Fig. 5.18(l)) under the same bias conditions, however, still 

shows the Uc atoms as brighter than their neighbours, similarly to what is seen  in Fig. 

5.17(f). This is again suggesting that the state seen at lower biases under tensile strain 

has been shifted to higher energy under compressive strain.  
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Fig. 5.17 Tensile empty state images (left and middle columns) and conductance maps (right). The 

middle column has adjusted contrast to better highlight inequalities. Each row was recorded at the 

bias shown in left column corner with a set-point of 30 pA. 
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Fig. 5.18 Compressive empty state images (left and middle columns) and conductance maps 

(right). The middle column has adjusted contrast to better show relative intensities. Each row was 

recorded at the bias shown in left column corner with a set-point of 30 pA. 
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Increasing the bias to 0.38 V has no major effect on the STM image contrast, but 

sees the onset of a new state in the conductance images for both strain conditions 

(Fig. 5.17(o) and Fig. 5.18(o)). An increase in conductance on middle adatoms in both 

cell halves is observed, while corner adatoms from both cell halves are equally dark. 

This matches our spectroscopy data, which has the main corner adatom peak, 𝑈𝑐1, 

decreasing from around this bias, while the second middle adatom state 𝑈1𝑚 begins 

to peak. The states distribution at this energy fits with the first excited state calculated 

for the correlated surface by Ortega et al., who predicted an extra ring electron 

promoted to these middle adatom dimers from the corner rings. This state 

distribution persists in the conductance maps taken at 0.44 V for both strain 

conditions (Fig. 5.17(r) and Fig. 5.18(r)).  

At 0.5 𝑉 In the conductance map for the compressive sample (Fig. 5.18(v)), the 

characteristic pattern of the 𝑈1𝑚 state seen at lower biases is still present, with Um 

and Fm atoms brighter than the dark rings of adatoms surrounding corner holes. The 

map on the tensile sample (Fig. 5.17(u)), however, has reverted to a negative phase 

image of the surface, with all adatoms shown equally dark, with bright outlines from 

the current error. This would imply that the 𝑈1𝑚 state does not extend as high in 

energy under tensile strain, and that by 0.5 V, the adatom state densities are 

approximately equal. At 0.5 V, the Fc adatoms are notably dimmer than the others in 

STM images (Fig. 5.17 and Fig. 5.18(u)). Having remained dark in all conductance 

maps, it appears that their empty state density is lower than the other adatoms at all 

biases we tested, which agrees with our spectra over those atoms which indicate 

relatively high occupancy.  

Turning to the filled state images in Fig. 5.19 and Fig. 5.20, the lowest bias image 

at −0.11 V sees the Fc adatoms brightest, followed by the Uc and the Fm, with the Um 

atoms being darkest. The increased brightness of faulted adatoms in both these and 

the images at 0.1 V suggest that the metallic states are more strongly localised in the 

faulted half. The conductance maps at −0.11 V (Fig. 5.19(c) and Fig. 5.20(c)) are dark 

at middle adatom sites, in agreement with our spectra showing the 𝑆1𝑚 peak at lower 

energies than 𝑆1𝑐. Fc adatoms are dimmer than the Uc adatoms in the conductance 

maps , despite being brighter in the STM image, indicating that the filled state for the 

Fc atoms peaks at an energy above −0.11 eV. This, combined with the lower bias onset 

suspected for the 𝑈1𝑐
′  state on these adatoms from Fig. 5.17 and Fig. 5.18 (a), lends 

more weight to our suggestion that the near-metallic states are located 

predominantly on Fc atoms. 
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Reducing the bias further to −0.18 V does not change the STM image contrast 

(Fig. 5.19(d) &(e) and Fig. 5.20(d)&(e)), but does see the conductance contrast flip in 

the faulted half. For the tensile sample, (Fig. 5.19(f)), the Fc adatoms are now dark 

relative to the Fm adatoms, which in conjunction with the fitted peaks data (Fig. 5.14) 

shows that at this bias, the Fc peak is decreasing while the Fm state is ascendant. The 

conductance map on the compressive sample (Fig. 5.20(f)) also shows this trend, but 

the relative intensities of the states are different. The tensile sample has the Um 

adatoms brightest at −0.18 V, as at −0.11 V, but for the compressed sample, the 

faulted 𝑆1𝑚 state appears as bright or brighter than the 𝑆1𝑐 state on the Uc adatoms. 

The difference between these maps may be related to a shift of the 𝑆1𝑚 state to higher 

energies under compressive strain, as indicated from the peak fitting in Fig. 5.14. 

The images at −0.85 V (Fig. 5.19(g)&(h) and Fig. 5.20(g)&(h)) show the rest 

atoms contributing to the STM image as well as the adatoms. An unfortunate tip 

change can be seen in the compressed sample images at this bias, but the overall 

pattern of intensity can still be observed. The conductance maps (Fig. 5.19(i) and Fig. 

5.20(i)) show that the rest atoms are dominating at −0.85 V, as expected. They also 

show that the unfaulted rest atom state is stronger at this bias than the faulted rest 

atom state for both strain conditions. This is interesting, as spectra show the 

unfaulted rest atom state peaks at biases below−0.9 V, while the faulted rest atoms 

peak around−0.85 V. This may indicate that the unfaulted rest atom occupancy is 

greater overall, which is consistent with our observations that the unfaulted adatoms 

have lower occupancy than the faulted ones, as it the reduced charge on the adatoms 

could be transferred to the rest atoms 
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Fig. 5.19 Tensile filled state images (left and middle columns) and conductance maps (right). The 

middle column has adjusted contrast to better highlight inequalities. Each row was recorded at the 

bias shown in left column corner with a set-point of 30 pA. 

 

Fig. 5.20 Compressive filled state images (left and middle columns) and conductance maps (right). 

The middle column has adjusted contrast to better highlight inequalities. Each row was recorded 

at the bias shown in left column corner with a set-point of 30 pA. 
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5.3.4 Simulated 5x5 

To further understand these results, we turned to simulation, in collaboration 

with Prof Charles Patterson of TCD. To compute the LDOS over surface atoms, a 

hybrid density functional theorem method was used in which the exchange 

correlation function was based on a mix of the Hartree-Fock method and the 

generalised gradient approximation. While simulating the 7 × 7 surface without 

strain was feasible, relaxing this very large surface structure under strain was too 

computationally expensive. As a proxy, the 5x5 surface was simulated at a relaxed 

configuration, and then with alternately compressive and tensile strain across the 

unit cell. 

The 5 × 5 surface is another (2𝑚 + 1) × (2𝑚 + 1) DAS surface reconstruction 

that is possible on the Si(111) surface, as described in sec 4.1. It is found to form 

preferentially at low anneal temperatures on very flat surfaces, as it requires the same 

number of atoms provided by the underlying base layers, in contrast to the 7 × 7 

surface which requires extra atoms to migrate from defects and step edges. It is 

therefore a metastable surface reconstruction, formed in kinetically limited 

conditions.12,13 As theorised in Fig. 4.8, the 5 × 5 surface can be thermodynamically 

stable under conditions of applied compressive strain.14 Experimentally this has been 

found as a few monolayers of germanium deposited onto Si(111), and then annealed 

to disperse through the surface causes enough compression from the larger 

germanium atoms to result in a 5 × 5 reconstruction.15,16 

Similar to all DAS structures, the 5 × 5 unit cell is comprised of two triangular 

subunits, one containing a stacking fault, bordered by dimers and with holes exposing 

4th layer atoms at each corner. Being a smaller surface unit cell than the 7 × 7, the 

5 × 5  reconstruction is also a degree less complex. It has only three adatoms per 

subunit, with one at each corner, equivalent under 𝐶3 symmetry. Between these 

adatoms sit one rest atom per subunit. In Fig. 5.21, we can see the labelled 5x5 cell, 

visualised in XCrySDen 17 as well as the new plane of symmetry caused by an applied 

uniaxial strain. 

We simulated the 5 × 5 surface under conditions of no strain, as well as under 

uniaxial strain along the short diagonal of the unit cell. Strain magnitude of 2.5% was 

applied. Volume conservation was used for these simulations so applied compression 

along one in-plane axis caused equal stretching in the other, and vice versa. 
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Fig. 5.21 5x5 supercell used for simulating the surface. The faulted and unfaulted halves of the unit 

cell are marked by red and blue triangles, respectively. Strain was applied along the strain axis, 

producing a mirror plane of symmetry, marked in green. 

The LDOS is simulated over atoms on the reconstruction in an 8V range, 

capturing information on the filled and empty backbond states as well as the surface 

states located around the Fermi energy. The backbond states were useful in verifying 

the assigned Fermi energies for both strained and unstrained supercells aligned but 

otherwise our analysis focuses on the surface states, as probed by experiment on the 

7x7 surface. 

Fig. 5.22 contains plots of the LDOS over the atoms of interest. (a) shows the 

LDOS for faulted adatoms under compression, tension, and no strain. There is a slight 

shift of the adatom state to lower biases under both strain directions, as well as a 

broadening of the backbond states. In (b) we see that there is a more significant 

change in the LDOS of the faulted adatoms on the mirror plane, with a splitting of the 

adatom peak under both directions of applied strain, with greater weight given to the 

lower energy peak. 
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Fig. 5.22 Computed LDOS over adatoms and rest atoms on the 5x5 surface. LDOS is shown for each 

type of surface site under compressive strain, no strain and tensile strain. 

Fig. 5.22 (c) and (d) show a similar change in the unfaulted adatoms. The LDOS 

for the unstrained adatoms has a double peaked structure around the Fermi energy, 

with much more weight on the higher energy peak, showing the lower occupancy of 

the unfaulted adatoms relative to the faulted ones. Fig. 5.22 (c) shows that under both 

directions of uniaxial strain, the unfaulted adatoms off the mirror plane reduce DOS 

in the smaller, lower energy peak. In contrast, the mirror plane unfaulted adatoms in 

(d) have increased DOS in the lower energy peak, with starkly reduced DOS in the 

higher energy peak, suggesting increased electron occupancy on these adatoms under 

strain. 



5. Silicon (111) Under Applied Strain 
  

100 

Most remarkably, the rest atom peaks appear to shift significantly to lower 

energy under both directions of strain, and in both halves of the unit cell. The 

difference between strain directions appears to be marginal over both rest atom sites, 

but the magnitude of the peak shift is higher on rest atoms in the unfaulted half of the 

unit cell. 

5.4 Discussion 

From our spectra and the peak fitting performed on those spectra, we could find 

no evidence of differences in electronic structure between subgroup atoms whose 

symmetry was in principle broken by the direction of our applied uniaxial strain. With 

an applied strain of ~0.17% at our point of measurement, subgroup atoms appeared 

equivalent in our STM images under both directions of strain. There were also no 

differences observed in the conductance maps at the biases we selected.  While 

spectroscopy measurement over particular adatom and rest atom sites showed 

variations, these appears to be within the margin of error and most likely result from 

slight positional discrepancies over the sites. 

Whereas strain did not cause symmetry breaking among the various C3 

subgroupings of atoms on the 7 × 7 surface it did result in noticeable changes in peak 

positions and widths. Our spectra on the compressed sample showed a shifting of the 

unfilled adatom states to higher biases as well as a broadening of those states. As the 

shift appeared to be universal across all adatoms for the sample measured under 

compressive strain, it is worth considering the possibility that this was due to a tip 

effect. There is no bandgap observed in the spectra taken on the compressive sample, 

as would be expected for a tip apex coated with silicon clusters.18 However, Pelz 

argues that a metallic tip with a strong filled state, due to a contaminant, could be 

expected to distort the empty state spectrum of the sample.1 If tunnelling from this 

defect state on the surface dominates over tunnelling from the tip Fermi energy, it 

could cause empty state features to appear at higher energies and to be broadened. 

Conductance mapping of the surface supported the same energy shifts of unfilled 

states observed in the spectra and thus we conclude it was unlikely to be a tip effect. 

The broadening of energy states we observe under compressive strain may be a result 

of increased electronic interaction between neighbouring sites brought closer 

together by the compression. Likewise, the narrower peaks observed under tensile 

strain may be a result of less band broadening from reduced electronic overlap. 

From our conductance mapping at multiple biases, we can see that the onset of 

empty state transitions occurs at lower biases in the maps taken on the tensile sample 
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than those on the compressed sample. This is observed in the conductance maps at 

0.17 V, 0.33 V and 0.5 V ((f), (i) and (v) respectively in Fig. 5.17 and Fig. 5.18). The 

lagging of the state transitions on the compressive sample is consistent with the peaks 

shifts and broadening observed in the site spectroscopy and supports the conclusion 

that compressive strain increases the energy of the unfilled adatom states on the 

surface.  

We verify the splitting of the unfilled middle adatom state into two distinct peaks, 

𝑈1𝑚
′  and 𝑈1𝑚, first observed by Mysliveček et al. as a feature in tunnelling 

spectroscopy at low temperatures.7 These states have been rarely observed and have 

yet to be adequately explained by theoretical work. The calculations  of  Ortega et al. 

predict two states on the middle adatoms, as the first exited state for the surface 

under their model has a corner ring electron moving to the middle adatom dimers.4 

However, they predicted the first middle adatom state would be at the Fermi energy 

and thus responsible for the metallicity of the surface, so the split unfilled peak cannot 

be explained through this correlation effect. Fujita et al. used DFT to obtain the 

distinct DOS features for each dangling bond state, and correctly predict the filled rest 

atom state and the metallic adatoms. They found that the LDOS over the adatoms 

would be qualitatively much more similar for those in the same half of the unit cell 

rather than for those in the same position in each half cell, as we observe.10 More 

recent DFT calculations  by Smeu et al. (see Fig. 4.5) predict the second filled state 

localised only on corner adatoms, but they do not find an extra unfilled middle adatom 

state.11 We observe that the lower energy of these middle adatom states, 𝑈1𝑚
′ , is more 

pronounced under tensile strain, while it appears to be reduced in strength under 

compressive strain. The broadening of the states from compression also makes it less 

distinct from 𝑈1𝑐 . 

Finally, we also detect a subtle peak, 𝑈1𝑐
′ , in the spectra over Fc adatoms, just 

above the Fermi energy and almost indistinct from the main state 𝑈1𝑐 . We believe this 

is the upper edge of state that extends further down towards the Fermi energy, 

beyond the detection of tunnelling spectra with this set-point height above the 

surface. Such a low energy state for the Fc adatoms must exist, as they appear bright 

in low bias images yet dark in our conductance images taken at 0.1 V. It is also possible 

that this state is metallic, as the Fc adatoms also appear bright in filled state images 

near the Fermi energy. We are the first to observe this state, as far as we can see, and 

this may be due to the height profile employed during our spectra. By moving the tip 

continually towards the surface while decreasing bias, to a maximum of 8 Å closer 

than the set-point height, we decreased the effective tunnelling barrier by nearly an 
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order of magnitude for states close to the Fermi energy. This may have enabled the 

small and indistinct shoulder, 𝑈1𝑐
′ , to be observed. 

Simulation of the 5 × 5 surface provided somewhat conflicting results. Symmetry 

breaking between 𝐶3 equivalent sites was observed under uniaxial strain, in contrast 

to our site spectroscopy. On top of that, there was very little difference in the LDOS 

spectra between the compressed and stretched surface. The former may be due to the 

significantly higher strain applied in simulation, which is over an order of magnitude 

higher than we were able to apply to silicon cantilevers without them breaking. The 

latter could possibly be explained by the constant volume constraint used to strain 

the models. This restraint effectively assumes a Poisson’s ratio of 1 for the silicon 

structure, meaning applied strain in one direction is accompanied by and equal and 

opposite resulting strain in a perpendicular direction along the surface. 
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6 SILICON (100): POTENTIAL FOR STRAIN 

MANIPULATION 

The Si(100) surface is comprised of rows of buckled dimers that run in either the 

[011] or [01̅1] directions, alternating between them on adjacent terraces separated 

by single atomic height steps.1 The two intrinsic domains of the surface have 

perpendicular strain fields comprised of compression along the direction of the dimer 

rows and tension in the direction of the dimer bonds. These fields can alternately be 

reduced and increased with an applied strain along one of the surface cleave planes. 

This makes Si(100) an intriguing potential candidate for electronic modification with 

externally applied uniaxial strain.  

However, the study of this surface by STM is also more challenging than Si(111) 

in a number of ways. Firstly, the surface feature size is smaller on the (100) surface, 

with neighbouring dimers separated by a distance of less than 4 Å. Secondly, the 

dimers form multiple buckling arrangements which coexist across the surface and 

have slight differences in their electronic properties. The observed arrangement 

depends on the local environment, and is influenced by the presence of surface 

defects and step edges.2,3 The arrangement observed also depends on the imaging 

conditions, and STM probe effects have been found to change the local dimer buckling 

arrangement.2,4–6 

Here we present the results of preliminary investigations into the effects of strain 

on the surface electronic structure of Si(100). 

6.1 Surface Reconstruction 

The truncation of silicon on the (100) plane leaves surface atoms with two 

backbonds and two broken bonds in a 1 × 1 square array, as shown in Fig. 6.1(a). The 

distance between nearest neighbours on the surface layer is 3.84 Å. The backbonds 

are orientated diagonally into the surface and the dangling bonds are oriented 

diagonally out of the surface like “rabbit ears”, in a plane perpendicular to the 

backbonds. Along a line defined by their backbonds, the surface atoms are arranged 

in adjacent rows, which all run in the same direction, either [011] or [01̅1], for a given 

truncation plane. For neighbouring surface terraces that are offset by a monoatomic 

step, the orientation of the backbond rows and the dangling bonds are swapped, 
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rotating the surface symmetry by 90 degrees. This gives rise to an intrinsic two 

domain structure on the (100) surface.1 

The high density of dangling bonds on the 1 × 1 surface makes it very unstable 

and for this reason, it is not observed without passivation. The cleaved surface 

undergoes reconstruction to reduce the dangling bond density and then a further 

symmetry-breaking relaxation in order to reduce the energy of the occupied bonds. 

This occurs readily upon the formation of the surface, without any activation energy 

requirement.1 

Pairs of atoms in adjacent backbond rows are drawn together into dimers, 

forming covalent σ bonds with their nearest dangling bonds. This reduces the 

dangling bond density on the surface by half, to one per surface atom. These 

remaining dangling bonds form weaker π bonds above the dimer, further reducing 

the surface energy by breaking the electronic degeneracy. Dimerization results in an 

overall reduction of energy of ~2 eV/𝑑𝑖𝑚𝑒𝑟.1,7 Neighbouring surface atoms along a 

backbond row all bond with the atoms from the same adjacent row, as this induces 

less surface strain in the second layer. This forms a surface structure composed of 

rows of dimers, as shown in Fig. 6.1(b).  

This simple model of a symmetric dimer structure was used to explain LEED 

results showing a 2 × 1 periodicity on the surface.8,9 However, some LEED studies10, 

and later He diffraction11, demonstrated a 4 × 2 periodicity that could not be achieved 

with any sort of symmetric dimer model. Chadi used a tight binding model for the 

surface to calculate that symmetric dimers, as in Fig. 6.1(b), were unstable, and that 

further energy was gained by angling, or “buckling”, the dimer bond in a form of Jahn-

Teller distortion.12 This is driven by an orbital rehybridisation on each of the dimer 

atoms: “down” atoms rehybridise towards a more planar, 𝑠𝑝2 configuration while 

“up” atoms gain more 𝑠-character on their dangling bonds. The 𝑠-like bonds are lower 

in energy and therefore the “up” atom orbitals have a greater share of the dimer bond 

electrons. This charge transfer pushes these atoms away from the surface plane. 

Estimates of the energy reduction from this rehybridisation to the 𝑝(2 × 1) 

asymmetric surface (Fig. 6.1(c)), find it an order of magnitude below the dimerization 

energy, at ~0.12 eV/𝑑𝑖𝑚𝑒𝑟.7 Moreover, alternation of the buckling direction can lead 

to higher order periodicities for the surface structure. 
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Fig. 6.1 Top down view of the Si(100) surface under different models of reconstruction. Lighter 

balls represent atoms closer to the surface and shaded areas show the unit cell for (a) the 

unreconstructed surface, (b) the dimerised surface, (c) buckled dimers and (d) and (e) showing the 

alternating buckled dimer surface in the p(2x2) and c(4x2) configurations. Arrows in (e) are used to 

indicate the distinct sites of ridges along dimer rows as well as the valleys between them. The 

image is adapted from Ramstad et al.7  

The question of whether dimers were, in fact, buckled was a point of contention 

for many years, with several theoretical investigations pointing to symmetric dimers 

as the ground state, with various vacancy models used to explain the observed higher 

periodicities,13,14 and others in favour of the buckled model.15,16 Room temperature 

STM provided real space images of the surface, providing conclusive confirmation of 

the dimer model, but did not resolve the buckling debate as both buckled and 

symmetric dimers were observed on the surface in roughly equal number.17  

Wolkow showed that the level of dimers buckling increased significantly under 

STM at 120 𝐾, demonstrating that the apparent symmetry was related to a thermally 

activated process, that is, flipping between buckling configurations.18 The energy 

required for a dimer to flip buckling direction is low, on the order of 0.1 eV, and at 

room temperatures dimers flip billions of times per second.16,19 This explains the 

symmetric dimers observed in STM: even the fastest STM images take a number of 
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milliseconds to scan over a dimer, and in that time dimers flip so often that the STM 

images can only record the equally spread, average position of each dimer atom. 

It was also noted that unlike the (2 × 1) buckled model shown in Fig. 6.1(c), the 

buckling direction of dimers tend to alternate for each dimer along a row. This is 

driven by a relaxation of subsurface strain energy in the row direction, as atoms 

backbonded to “up” atoms are pulled inwards along rows and those bonded to “down” 

atoms are pushed outwards. 

Dimer alternations that exhibit an identical registry between adjacent rows 

result in the 𝑝(2 × 2) surface shown in Fig. 6.1(d), and when there is an offset of a 

single dimer it leads to the 𝑐(4 × 2) surface (Fig. 6.1(e)). Low temperature STM 

measurements on the Si(100) surface observe both 𝑐(4 × 2) and 𝑝(2 × 2) structures 

in the buckled dimer rows, but 𝑐(4 × 2) is much more prevalent. There is a slight 

energy difference in favour of the 𝑐(4 × 2) conformation over 𝑝(2 × 2), on the order 

of a few meV, small enough that it can be influenced by the local environment of 

defects and step edges. 

6.2 Electronic Structure 

The reconstructed (1 × 1) surface is predicted to be metallic with two 

overlapping bands from 𝜋 interactions of dangling bonds that cross the Fermi 

energy.20,21 The formation of a symmetric dimer introduces a large energy gap 

between the 𝜎 bonding and antibonding state. The weaker 𝜋 bonds have less energy 

splitting, and for the symmetric (2 × 1) surface, they were predicted to overlap when 

broadened into surface bands, which would leave the surface remaining metallic.22 

The experimental discovery from ARPES measurements that the Si(100) surface 

is in fact semiconducting  is one of the findings that led to the realisation that dimers 

on the Si(100) surface must be buckled.23 Buckling introduces an asymmetry between 

orbital energy on each side of the dimer that splits the π bands further than for the 

symmetric dimer, such that they no longer cross the Fermi energy.12 The surface 

bandgap caused by buckling depends on the exact local surface structure, but it is 

calculated to be between 0.5 and 0.7 𝑒𝑉.24,25  

The rehybridisation that drives buckling leaves the “up” atom in each dimer with 

more tightly bound, s-like orbital character than the more p-like “down” atom. This 

causes charge transfer of the dimer electrons towards the “up” atom, and when 

broadened into bands from the interaction with other dimers the filled π band is 

almost entirely located over the “up” atoms. Similarly, the unoccupied π* band 

becomes more heavily associated with the “down” atoms. As a result, STM images of 
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buckled dimers at negative sample bias follow the positions of the “up” atoms in a 

zigzag pattern along dimer rows, while empty state images show the down atoms in 

a reversed phase image. 

The band structure for the lowest energy dimer surface, 𝑐(4 × 2), as calculated 

by first principles DFT,26 is shown in Fig. 6.2. The π and π* bands are each split into 

two bands when accounting for the larger 𝑐(4 × 2) unit cell. It can be seen that the 

occupied π bands overlap with bulk states at all points so it is not a true surface state, 

but it does contribute significantly to the first filled peak, 𝐷1, in the projected surface 

DOS shown on the right. The π* state however, extends well below the bulk 

conduction band minimum, giving the surface DOS a shoulder like structure above the 

Fermi energy.  

 

Fig. 6.2 The surface band structure and projected DOS for the Si(100), calculated from DFT by Ren 

et al.26 It can be seen that while the filled bands overlap with the bulk valance bands, there are 

surface states purely associated with the 𝜋∗ bands below 1 eV. Red circles on bands relate to the 

weight of their contribution to the dimer DOS. The 𝐷1 and 𝐷1
∗ peaks are labelled. 

It can be seen that there is a large peak in the empty state DOS, corresponding to 

a flat region in the π* band. This peak also has contributions from a band attributed 

to the antibonding dimer state, σ*.27,28 The combined DOS peak, which is seen here at 
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~1 V, is labelled 𝐷1
∗, following Dai et al., who first observed it in inverse 

photoemission.29  

The π* state can be seen to have very low dispersion in the ΓX direction, while 

being highly dispersive along the ΓY direction, matching what is observed in angle 

resolved IPES.27 This means that the empty surface states are conductive in the 

direction of the dimer rows, while they are highly localised in the direction 

perpendicular to the rows, making dimer rows a quasi-1D conductor. This was 

demonstrated visually with dI/dV images of the surface, showing the local oscillation 

of the state LDOS caused by surface standing waves.30 It was found that the waves 

were only visible in the direction along the dimer rows, indicating the unidirectional 

nature of conduction in the π* state. 

6.3 Intrinsic Surface Stress 

The formation of dimers on the Si(100) surface does not require significant 

distortion of atomic bond lengths from the bulk value of 2.34 Å, apart from that of the 

dimer itself, which is estimated to be between 2.27 Å and 2.29 Å.7,31 Instead, the 

reconstruction is achieved mainly by the rotation of backbonds from their bulk 

tetrahedral configuration in response to bonding and the electronic rehybridisation 

of the dimer atoms.32,33 This bond bending creates a strain field that extends several 

layers into the surface, with displacements from the bulk positions observed for at 

least the first six layers by X ray diffraction analysis.34  

Due to the 𝐶2 symmetry of each surface terrace, this strain is highly anisotropic. 

The stress anisotropy of a surface terrace is quantified as the difference between the 

stress direction of the dimer bonds and the stress directed along the dimer rows. 

Considering firstly the symmetric dimer, there is a tensile stress in the direction of the 

dimer bonds in response to the backbonds being drawn in together across rows. As 

well as that, there is a compressive stress directed along the dimer rows. This is 

caused by the partial rehybridisation of the dimer atoms, which are threefold 

coordinated, towards an 𝑠𝑝2 configuration. This hybridisation involves 120° angles 

between bonds, while the tetrahedral configuration of the bulk has atoms at ~109°, 

and the force pushing the two backbonds of each dimer atom outwards causes 

compressive strain in the backbond rows. The stress anisotropy is the sum of these 

components, as compressive stress is taken as negative. The total is estimated to be 

around 2.4 eV/(1 × 1) cell.35 

Buckling of the dimers has the effect of slightly increasing the tensile strain in the 

bond direction, as the dimer atoms must pull the backbonds further due to shortening 
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the dimer projection on the surface. The effect on the strain along dimer rows is more 

significant. The “down” atoms further rehybridise towards 𝑠𝑝2 and induce 

compressive strain by pushing backbonded atoms outwards along dimer rows. The 

“up” atoms, however, seek to rehybridise towards a 𝑝3 arrangement, as their 𝑠 

orbitals are used to house dimer electrons. This arrangement has 90° angles between 

bonds, so “up” atoms introduce significant tensile strain along the dimer rows. In a 

buckled (2 × 1) arrangement, these conflicting forces result in a low net strain in the 

row direction and the tensile stress anisotropy in the dimer bond direction remains 

high, at 1.8 eV/(1 × 1) cell.35 

If the buckling direction along dimer rows is alternated, as in the 𝑝(2 × 2) and 

𝑐(4 × 2) configurations, “down” atoms can relieve their compressive strain by 

pushing their backbonded atoms towards neighbouring “up” atoms. This greatly 

reduces local strain, and drives the alternation.18 However, “up” atoms are less 

relieved than “down” atoms, resulting in a larger net tensile stress directed along the 

dimer rows. This reduces the overall stress anisotropy to 0.8 eV/(1 × 1) cell, a third 

of that predicted for the symmetric dimer.35 

The two domain structure of the Si(100) surface creates two opposing strain 

fields in surface layers of the sample, directions of compressive and tensile strain 

alternating as the directions of the dimer rows alternate between neighbouring 

terraces. It was shown that applied uniaxial strain along either the [011] or [01̅1] 

directions stabilised one of these domains over the other by relaxing one strain field 

and increasing the other. Men et al. found that annealing a Si(100) cantilever under 

applied strain changes the relative intensities of the LEED spots relating to each 

domain.36 STM images of the strained surface confirmed visually that this related to 

relative changes in the domain sizes, showing that compressive strain favoured the 

domains whose rows run perpendicular to the strain axis, as the intrinsic tensile 

strain across the dimer was partially relieved.37 The energetics of this transition was 

used to provide an estimate of the stress anisotropy of 0.9 - 1.2 eV/(1 × 1) cell, in 

reasonable agreement with the computed value quoted above.37 More recently this 

domain reconstruction was observed in situ using STM at high temperatures.38  

The aim of the work in this section is to determine if uniaxial strain applied at 

low temperatures, without the energy required for atomic migration, would manifest 

as a relative change in the electronic structures of the Si(100) domains, defined by 

their relationship to the strain axis (see Fig. 6.3). We aimed to detect changes through 

the use of tunnelling spectroscopy over and between sets of dimer rows in each of the 

domains. 
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Fig. 6.3 Adjacent terraces on the Si(100) surface illustrating dimer rows running parallel and 

perpendicular to the direction of strain. This is an empty state image at 2 V (10 pA), so the dimer 

rows are represented by the dark buckled lines. 

6.4 Experimental Procedure 

STM tips were formed using the same Pt-inking method outlined in section 3.2.2. 

While imaging the silicon surface, tips would periodically require sharpening, which 

was achieved by making gentle contact with the Si surface at a very low negative bias 

(~0.1 𝑚𝑒𝑉). Following the experimental procedure of Munz et al., who performed 

spectroscopy on the same surface, we saw no changes in our spectra related to 

emergence of semiconducting LDOS features, indicating that this treatment was 

unlikely to have caused silicon clusters to be picked up onto the tip.39 

Our anneal procedure followed a stepwise heating method described in section 

3.4.2.2. Samples were strained and loaded into the STM within thirty minutes of being 

annealed. Samples were then cooled to 77 K over ~12 hours before measurement.  

Samples were probed under both compressive and tensile strain at magnitudes 

of ~0.17%. Areas of 𝑐(4 × 2), 𝑝(2 × 2) and apparently symmetric dimers were all 

observed, but we focused on areas of 𝑐(4 × 2), which were the most common while 

imaging at −2 𝑉 with a setpoint current of 10 𝑝𝐴. Spectra were recorded at sites 

centred over the dimer rows as well as sites between two neighbouring “down” dimer 

atoms, as illustrated in Fig. 6.4. 

Spectra were recorded between −2 V and +2 V with a set-point current of 30 pA 

and with a linear programmed tip height decrease during each spectrum by 0.2 Å at 

the bias of 0 V. Forward and back scans were subsequently averaged, and three of 

these spectra were averaged to produce the results shown in the section below.  
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Fig. 6.4 A filled state image showing the target locations for our spectra recorded (A) in the 

middle of the dimers and (B) in the valley between dimer rows in a c(4 × 2) location, Note the 

spectra in (b) start and end at “down” dimer atom positions. The image was recorded at -2 V, 

10pA 

6.5 Results 

An example spectrum taken in the valley between dimer rows is presented in Fig. 

6.5 to label the peaks observed. STS studies of the Si(100) surface have generally 

observed three distinct peaks: one filled and two unfilled peaks.40–42 The first peak, 

𝐷1, is largely related to the filled π dimer band, but also has contributions from bulk 

states, as shown in Fig. 6.2. This is the state tunnelling that occurs when imaging the 

surface at negative biases, and is mainly located over the dimer atoms which are 

buckled upwards. In our spectra, 𝐷1 is observed around −1 eV. 

We observe a surface bandgap of approximately 0.5 eV above 𝐷1. This is in line 

with other STS measurements on this surface at 80 K.41,43 It is also in reasonable 

agreement with the 0.66 eV gap determined between the bottom of the π* state and 

the valance band maximum by two-photon photoemission, a technique which 

measures excitations between filled and empty states directly.28  

As the Fermi level is not pinned strongly by surface states on Si(100), its exact 

position relative to the surface band structure depends on factors such as the doping 

of the sample.28 Our samples were all highly n-doped with phosphorus to a resistivity 

of 0.01 Ωcm. These added negative impurities have the effect of shifting the Fermi 

level up towards the conduction band, and we observe from our spectra that it is right 

at the bottom of the π* shoulder state. DFT calculations for the intrinsic sample, in 
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contrast, generally put this level near the middle of the surface bandgap26 or at the 

valance band maximum.25,44 

The π* state extends approximately 0.6 eV to the bottom of the 𝐷1
∗ peak. 𝐷1

∗ is a 

mixed state that has been attributed to the upper edge of the π* band and the σ* 

antibonding dimer state. It has also notably been linked to the backbonds on dimer 

atoms, specifically those on the "up" atoms of the dimer, which are exposed to the 

STM tip due to the buckling orientation.43 This is because the peak amplitude is seen 

to be highly dependent on the position of spectra on the surface; it is much stronger 

in the valleys between dimer rows, where the backbonds are exposed.41 

In these measurements we observe a fourth peak in the unfilled states, which we 

label 𝐷2
∗. This is less frequently observed and more difficult to ascribe. It is possibly 

related to backbond states on the “down” dimer atoms, similar to the 𝐷1
∗ peak, or to 

bonds. 

 

 

Fig. 6.5 Labelled peaks on a spectrum recorded on a compressed Si(100) surface between dimer 

rows perpendicular to the strain axis. 

6.5.1 Compressive spectra 

 Spectra taken on a compressively strained sample are shown in Fig. 6.6. They are 

grouped to enable comparison of spectra taken over dimer rows for each domain (Fig. 

6.6a) and between rows for each domain (Fig. 6.6b). We note that the 𝐷1
∗ peak 

intensity is much higher in the spectra taken between rows than those above them, 

consistent with the partial assignment of 𝐷1
∗ to the dimer backbonds.  

The 𝐷1 peak is generally seen to be centred at −1.0 eV. There appears to be a 

slight shift of the 𝐷1 peak to lower energy for the spectra taken over rows 
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perpendicular to the strain axis. This indicates the applied compressive stress, when 

aligned with the dimer bonds in perpendicular rows, is reducing the energy of the 

dimer bonds, which are under intrinsic tensile strain. The same shift is not observed 

in the 𝐷1 peak in spectra taken between the perpendicular dimer rows. We expect the 

spectra to be less sensitive to the filled 𝜋 state between dimer rows, so this may 

indicate that the shift is related to the 𝜋 state. 

In the spectra taken over the dimer rows, there is also an apparent shift of the 𝐷1
∗ 

peak between domains. The peak is shifted down in energy in spectra taken over 

parallel rows to about 0.8 eV, while the peak remains centred at 0.9 eV on 

perpendicular rows. If compression is stabilizing tensile dimer bonds and reducing 

their energy, then it would also be expected to increase the energy of the 

corresponding antibonding state, so this result supports this explanation for the 𝐷1 

relative shifts. 

 

Fig. 6.6 Spectra taken on a compressed Si(100) surface. (a) shows spectra taken over the dimer 

rows and (b) shows spectra taken in the valleys between them, for each the perpendicular and 

parallel rows. 

We also note that the 𝐷2
∗ state is observed at ~1.7 eV in the spectra taken on the 

dimer rows, but is observed at lower energies on the spectra taken between dimer 

rows. This indicates the peak is more accessible to the tip when between the rows, 

and therefore that it is related to the backbonds. The exact energy of the peak is lower 

in valleys running parallel than those perpendicular to the axis of applied strain. In 

parallel valleys, 𝐷2
∗ is centred at ~1.45 eV while in perpendicular valleys the peak is 

centred at ~1.55 eV. This strain induced splitting may be caused by alternative 

subsurface relaxations of the backbonded atoms under each surface domain. 
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6.5.2 Tensile spectra 

Our spectra taken over and between rows on a tensile strained sample are shown 

in Fig. 6.7. The position of the bottom of the π* band appears to be unchanged, 

beginning at the surface Fermi level. The apparent surface bandgap is similar to that 

seen for the compressive sample at ~0.5 eV, though the onset of the 𝐷1 state appears 

to occur more rapidly. This peak consistently occurs around−0.9 eV, shifted up by 

~0.1 eV relative to its normal position in spectra on the compressed sample. 

The spectra taken over the dimer rows are qualitatively similar to those observed 

on the compressed sample, but there are some universal peak shifts shown in these 

spectra relative to those on the compressed sample. The filled state peak 𝐷1 

consistently occurs at −0.9 eV, shifted up by ~0.1 eV relative to its position in spectra 

along the compressed dimer rows. This increase in dimer bond energy could be 

caused by additional tensile strain applied to a surface that is already intrinsically 

tensile. However, there is no significant difference observed in 𝐷1 peak position 

between spectra measured on rows perpendicular and parallel to the strain axis, 

while we would expect parallel rows to be higher in energy as the applied stress adds 

to the innate stress anisotropy.  

 

Fig. 6.7 Spectra taken on a tensile Si(100) surface. (a) shows spectra taken along the dimer rows 

and (b) shows spectra taken in the valleys between them, for each the perpendicular and parallel 

rows. 

The 𝐷1
∗ peak is also shifted to higher energy, being centred at 1.0 eV. There is a 

slight difference in this peak energy of spectra taken along the dimer rows, being 

reduced in energy by ~0.1 eV in spectra taken over rows perpendicular to the applied 

strain. This notably mirrors the reduction in the 𝐷1
∗ energy for parallel rows under 
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compressive strain and gives more weight to the likelihood that this is a strain 

induced shift. 

There is a large shift in the 𝐷2
∗ peak to higher energy relative to the compressive 

spectra. This is seen most notably in the spectra between rows (Fig. 6.7b) where the 

peak appears to be shifted to 2 V, the edge of the bias window of our spectra for both 

directions of dimer row. If 𝐷2
∗ relates to the backbonds on “down” atoms, it would be 

expected that the antibonding state would raise in energy under tension as the 

bonding state is lowered. 

6.6 Discussion 

In this exploratory work, we observed several apparent peak shifts in STS spectra 

over the Si(100) surface, suggesting this could be a fertile surface for the study of 

surface electronic structure modification through strain. 

We observe shifts in the 𝐷1 peak to higher biases under applied tensile strain 

relative to its position under compressive strain. The 𝑐(4 × 2) surface is intrinsically 

tensile in both directions so we expect additional tensile strain to raise the energy of 

the filled dimer bond states. Moreover, under applied compressive strain, the 𝐷1 peak 

measured on rows perpendicular to the strain axis is lower in energy than that 

measured on parallel rows. This is because the applied stress acts to reduce the stress 

anisotropy on the perpendicular rows. 

The 𝐷1
∗ peak is notably shifted to lower energy under compressive strain on rows 

parallel to the strain and also to lower energy under tensile strain on rows 

perpendicular to the strain axis. Considering this peak is related to the two 

antibonding states of the dimer bond, which is under tensile strain, we might have 

expected to see the opposite shifts as these directions of strain serve to increase this 

bond strain. As the 𝐷1
∗ state is so variable with position, mapping out the surface 

spectroscopically would be useful to fully isolate any strain induced variation. 

The 𝐷2
∗ peak is a hitherto unknown spectral feature and warrants further 

investigation. It appears to be dependent on position and in spectra recorded between 

dimer rows, it varies with applied strain. This peak may be related to the backbonds 

on the “down” atoms, in contrast to the backbond component of the 𝐷1
∗, peak which is 

generally attributed to the “up” atoms.43 We expect “down” atom backbonds to be at 

lower energy than those on “up” atoms due to a higher s orbital component and 

relatively low compressive strain. Applied compression may increase the energy of 

those backbonds and similarly reduce the energy of their antibonding states. This 

would explain the 𝐷2
∗ peak appearing at higher energies under tensile strain. 
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7 CONCLUSIONS AND FUTURE WORK 

In this thesis we have worked to gain a greater understanding of the effect of 

strain on the electronic structure of silicon surfaces. Despite the importance of strain 

in modifying semiconductor electronic properties and despite the ever-increasing 

contribution from interface layers as devices shrink in volume, there remain many 

open questions on the impact of strain on the unique electronic structures that occur 

at surface layers.  

 A novel STM-compatible sample stage was developed capable of applying either 

compressive or tensile strain elastically to the surface of a silicon cantilever. Several 

design challenges were overcome to enable this research, including heat dissipation 

away from the piezo motor; uneven load on the motor; and high thermal gradient 

across the sample during annealing. 

On the Si(111) surface, strain was observed to induce changes in the electronic 

states across all sites on the 7 × 7 unit cell. Under compression, we observed a 

broadening of unfilled states as well as a shift to higher energies, while under tensile 

strain unfilled peaks were narrowed and shifted to slightly lower energies. This was 

initially observed in our tunnelling spectra recorded over each surface site under each 

strain condition. Conductance imaging of the surface was performed at a range of 

positive biases around the turning points in the states observed in spectra. These 

conductance images showed that the onset of new surface states on the compressed 

sample generally occurred at higher biases than on the tensile sample, consistent with 

the observation that unfilled peaks on the compressed surface were shifted to higher 

energies.  

We did not observe significant splitting of the peak energies between equivalent 

adatom or rest atoms sites on the Si(111)7 × 7 unit cell which would indicate a 

breaking of electronic symmetry relative to the direction of the applied uniaxial 

strain. There were variations in peak energies between sites but as seen from our 

fitting, there were generally within the margin of error defined by the variation of 

energies recorded at a single site.  

Fitting was less reliable in the filled states, in which the peaks irregularly shaped 

and unsuited for Gaussian fitting. Symmetry breaking between the filled state sites 

could potentially be further tested by the adsorption of sub-monolayers of hydrogen. 

By imaging the resulting adsorption pattern and analysing the adsorption site 
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statistics one could detect changes to the filled surface states that were not apparent 

in the spectroscopy performed as part of this research. This is worth further study 

because such strain modified adsorption would have significant technological 

implications in the preparation of small-scale devices on silicon. 

In collaboration with computational solid-state physicists, we simulated the 

5 × 5 surface under uniaxial strain of 2.5%. We found that applied compressive and 

tensile strain produced similar effects on the surface LDOS. Both directions of strain 

caused a breaking of 𝐶3 symmetry between the adatom sites, with adatoms along the 

mirror plane generally showing reduced DOS relative to non-mirror adatoms. This 

suggests that the principle of surface atom degeneracy breaking through uniaxial 

strain is sound, and perhaps the strain magnitude needed for a discernible effect is 

too large to be applied by deflecting a cantilever sample. 

Another interesting line of future experimentation would be to dice a Si(111) 

wafer along a [112̅] or equivalent direction which runs perpendicular to the natural 

cleave planes of the surface. This would enable the application of uniaxial strain along 

the long diagonal of the unit cell, which may induce electronic warping in a distinct 

manner to that observed in this work. 

Unrelated to the strain condition of the sample, we verified the rarely observed 

splitting of the middle adatom state into two peaks, first shown in LT STS by 

Mysliveček et al.1 This qualitatively matches the empty state DOS structure predicted 

for middle adatom dimers by Ortega et al. from correlation effects, though the 

energies are much higher than those predicted in that work.2 

We are also the first to report a LDOS shoulder above the Fermi energy located 

solely above the corner atoms of the faulted half. We believe this is the upper edge of 

a dense state over these atoms crossing the Fermi energy. This is supported by the 

conductance imaging, in which the Fc atoms were seen to dim at both −0.11 𝑒𝑉 and 

0.1 eV, while being bright in the STM images at those biases. Some researchers have 

speculated that there may be a sharp “Kondo-like” peak around the Fermi energy on 

the 7 × 7  surface due to interaction of the ring structures formed by corner atoms 

and the dimer structures formed by middle adatom pairs.2,3 If this narrow peak 

contributes to the tunnelling current significantly, then our data would imply it is 

located more precisely on the faulted corner atoms of the rings. 

Preliminary investigation of the Si(100) surface shows that it is another viable 

candidate for surface modification under applied strain. The 𝐷1
∗ peak, which is 

understood to be a mixture of several states, seems to shift in energy between 

adjacent terraces when measured over the dimer rows, but the variability of this 
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peak’s composition when measured over the surface means a more thorough 

investigation is required to draw firm conclusions on the nature of this shift. 

A third unfilled peak in the spectra was observed above 1.5 eV, which has not 

been observed in previous spectroscopic studies. This peak, which may represent a 

resonance with bulk continuum states, appears to vary more strongly with strain than 

the dimer bond peaks. It is low in energy under compressive strain and appears 

shifted slightly between spectra. 

Our exploratory work on the electronic structures of both the (111) and (100) 

surfaces of silicon under strain has revealed multiple changes in LDOS that indicates 

a range of non-trivial atomic interactions are occurring in relief of this strain. The 

effects are subtle but understanding these interactions may be key to enabling the 

continuous application of strain as a device enhancer beyond the current limitations 

of scale. As strained silicon will remain a key component of electronic and 

optoelectronic devices for the foreseeable future, we believe this line of research is 

worthy of further pursuit. 
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