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Abstract:
Silicon is currently the most widely used semiconductor material with applications

ranging from solar cells and sensors to electronic devices. Surface functionalization
of silicon with molecular monolayers can be used to tune properties of the material
toward a desired application. However, site-specific adsorption of molecules or molecular
patterning on silicon surfaces is a difficult task due to the high reactivity of silicon.

In this work, we use scanning tunneling microscopy, ab-initio calculations and
kinetic Monte Carlo simulations to study adsorption of organic molecules on a bare
and thallium-passivated Si(111) surface. We show that the polarity of molecules has a
large impact on bonding of the molecules with the bare surface. We demonstrate that,
in comparison with the bare surface, molecules or single-atom adsorbates deposited
on the Tl-passivated surface have significantly higher mobility. The increased mobility
induces formation of 2D gases on the surface and enables formation of self-assembled
molecular structures. We propose a novel method to directly visualize the 2D surface
gases and we show that a phase of surface gases containing molecule-bound dipoles can
be controlled by a non-homogeneous electric field.
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Preface
In the past decades we got used to the fact that the computing power of electronic

devices is notably increasing every year. This goes hand in hand with the ability to
produce smaller and more effective electronic components. However, the decrease of
the size is coming to the breaking point. This year (2017), the mass-production of chips
with the 10-nanometer transistor size has been announced [6]. By the end of the year
2020, 5 nm transistor size could be commercially available. Even smaller transistors,
based on the same technology, would experience quantum tunneling effect, which would
impede their proper functioning. The question is, how will we push the size even further
after the conventional lithography methods and the Si-based transistor technology will
come to their limits.

Molecular self-assembly, using organic molecules as building blocks of spontaneously
grown molecular structures, offers a solution to the problem. In the molecular electronic
devices, molecules, or groups of the molecules, are foreseen to be designed in a way
that they would be able to execute computations internally and would be able to
output or store the results. Because of the sub-nanometer size of the molecules, such
computations would inevitably include quantum effects. But mastering the manufacture
of the quantum molecular devices will probably be a long and gradual process. Some
elements essential for the molecular computing, such as molecular switches [7–9],
molecular wires [10], molecular motors [11] etc., were already demonstrated in a
single-molecule form or a many-molecule but non-addressable form [12]. The biggest
difficulty today lies in connecting the molecule-size components to each other or to
bulk electrodes in order to form a functional molecular-electronic device. In this regard,
direct ’on-chip’ combination of the silicon-based and molecular-based electronics seems
to be the solution that would enable the use of advantages of both worlds: the world
of lithographically prepared semiconductive silicon and the world of self-assembled
molecular elements with potential of quantum effects embedded inside.

The process of self-assembly starts after deposition. Initially, deposited molecules are
distributed randomly on a surface. The initial positions can be changed and molecules
may order only if they are sufficiently mobile after the deposition. The mobility
may be directed through weak noncovalent inter-molecular interactions (e.g. hydrogen
bonding, metal coordination, van der Waals forces etc.) by tailoring the structure and
composition of deposited molecules. As a result of the directed mobility, molecules
should self-assemble into desired functional patterns.

Bare semiconductor surfaces are typical for their high density of unsaturated
dangling bonds, high reactivity and therefore very low mobility of adsorbates. Most
atoms and molecules are fixed by a strong covalent bonds immediately after deposition
on the silicon surface. The fixation hinders diffusion of the molecules and their assembly.
However, the high reactivity can be suppressed if the dangling bonds are saturated
before the deposition of molecules. This process is called surface passivation and in the
case of silicon it is usually achieved by deposition of one monolayer of hydrogen [13–15].

In this work, we use passivation by one monolayer of thallium in the reconstruction
(1 × 1). Among other passivated surfaces, the Si(111)/Tl − (1 × 1) [16] has been shown
to have outstanding properties such as Rashba splitting of electronic bands [17, 18].
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Despite the fact that the surface is stable, inert and with completely saturated surface
dangling bonds [19,20], it has never been used as a substrate for molecular self-assembly
before.

From all possible adsorbates, metalo-phthalocyanines (MPcs) are the molecules of
our choice. MPcs are π-conjugated, square-shaped molecules with a rigid structure and
remarkably high thermal and chemical stability [21]. Electronically in a bulk form, most
of the phthalocyanines fall into the category of p-type semiconductors with a typical
direct band gap of about 1.8 eV [22]. The electronic structure can be significantly
altered by substitution of a central transition metal atom and peripheral hydrogen
atoms (for instance, fluorination of copper phthalocyanine (CuPc) changes it from a
p-type semiconductor to an n-type [23]). Thanks to the variety of electrical and optical
properties obtainable by the substitutions, phtalocyanines are ones of the most widely
used organic molecules with applications in organic thin-film transistors [24,25], organic
light-emitting diodes [26], flexible solar cells [27] etc.

To study the Si(111) substrate, the Tl − (1 × 1) passivation layer and the growth
of ordered molecular layers, a combination of experimental and theoretical approach
has been used. From the experimental side, we use the scanning tunneling microscopy
(STM), which offers real-space and real-time images of the surface with atomic
resolution. From the theory side, we use ab-initio calculations and kinetic Monte
Carlo (KMC) simulations. Ab-initio methods are used to calculate different static
configurations and adsorption energies of the configurations. Comparison of the
calculated space structure and the electronic structure of the configurations with
STM images and STS spectra allows us to identify exact geometries of the observed
configurations. On the other hand, dynamic processes on the surface can be modeled
by kinetic Monte Carlo (KMC) simulations. These simulations take input parameters
determined by STM or ab-initio calculations and model the time evolution of the
surface. This allows us to simulate fast processes that are inaccessible by the relatively
slow STM technique.

The thesis is divided into two parts. The first part describes the theory of STM and
the experimental apparatus that we use. The second part is devoted to experimental
results. The results begin with a study of adsorption of a simple organic molecule -
acetophenone - on the Si(111) − (7 × 7) surface (chapter 3, paper V). It shows how the
molecular polarity affects adsorption on the electronically complex surface. Results of
the paper V are later used to signify differences between adsorption on the bare and
Tl-passivated Si(111) surface. The Tl-passivated surface and its thermal and chemical
stability are studied in chapters 4 and 5, papers IV and I. In these papers we tackle the
problem of the valency of Tl on the surface and the effect of the Tl-passivation on the
mobility of single-atom adsorbates, namely Mn, In and Sn. Mobility and self-assembly
of organic molecules are studied in the chapter 6, papers II and III. Here, we found out
that depending on the temperature and local coverage both molecules of our interest,
CuPc and fluorinated CuPc, form a disordered 2D gas phase or ordered solid phase on
the surface. We propose a novel method for direct visualization of the 2D molecular gas
phase and we show that the STM can be used to induce a 2D-gas/solid phase transition
of the molecules on the surface.

My contribution to the work presented in the thesis concerns mainly its experimental
aspects. First of all I obtained all displayed STM and STS data. As a first author, I
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analyzed and prepared the data for publication in three peer-reviewed papers (papers
I, II and III). As a co-author, I carried out all experimental work, including a data
analysis, of the paper V. I participated in STM experiments of the paper IV. My part
of the work is specified in more details before full-texts of the papers in the main part
of the thesis.
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1. Theory of scanning tunneling
microscopy

If you close your eyes and put one finger on the computer keyboard you can tell
whether the finger is placed above a button or between two buttons. Pushing the finger
against the corrugated surface of the keyboard activates pressure receptors in your skin.
The pressure signal is converted to the electrical signal, which is sent to the brain. If
the brain had a capability to precisely remember the information, you would be able
to map the entire keyboard topography, just by moving the finger across the surface.

The same principle is used in various surface imaging methods falling into the
category of scanning probe microscopy SPM. In the SPM, the skin receptors are
replaced by atomically sharp tips, the hand muscles are replaced by piezo-ceramics
and the brain is replaced by a computer. On top of that, modifications of the tips and
detection units of the microscopes allow surface mapping based on the different types
of tip-surface interactions, ranging from quantum tunneling to electric and magnetic
forces.

In an STM, a sharp metallic tip is brought close to an electrically conductive surface
biased at a voltage Vts. When the tip-surface separation dts is small enough, a potential
barrier for the electrons reduces to the point when quantum tunneling occurs. The
tunneling electrons form electric current whose amplitude exponentially decreases with
dts. The current is used in the STM feedback to position the tip in a precise distance
above the surface. Employing the exponentially dependent tunneling current in the
feedback is the key factor that made STM the first method with a real-space atomic
resolution and one of the most widespread methods in the present-day surface science. In
this chapter, we briefly describe the history of the STM, the physical principles behind
STM functioning and the practical issues related to the operation of the microscope.

1.1 History of STM

The first successful scanning probe microscope, called topografiner, was constructed
by Russell Young in 1972 [28]. The topografiner consisted of the metallic tip mounted
on three piezoceramic actuators (see Fig.1.1a). Z-piezoceramic, perpendicular to the
surface plane, adjusted the dts according to the feedback. Two remaining ceramics
provided the lateral scanning motion of the tip. Similarly to its non-scanning
predecessor "field emission ultramicrometer" [29], the topografiner employed the field
emission current between the tip and the sample for the feedback stabilization of the
tip-sample distance. The field emission can work even at large distances, provided the
large enough electric field, but it lacks the exponential sensitivity to dts [29]. Young
was aware of the fact, but was unable to operate the microscope in the direct tunneling
regime because of the feedback instabilities in the exponential region [30]. He estimated
the ultimate resolution of his apparatus to 0.3 nm perpendicular to the surface, limited
by noise, and 20 nm in the lateral direction, limited by a tip radius. The possibility of
lateral imaging of individual atoms was not suspected by anyone at the time [31].

Ten years later, the idea of a tunneling microscope was brought to life by Binnig,
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a

b

c d

Fig. 1.1: Evolution of the STM between 1971 and 1986. a: schematic of the topografiner
(reprinted from Ref. [28]). b, c, d: first three generations of STM constructed by Binning
and Rohrer (reprinted from Ref. [32]).

Rohrer, Gerber and Weibel [33]. Their improvements in the vibration isolation and
the feedback control enabled the microscope to achieve the resolution of individual
surface atoms. One of the first atomically resolved STM images, the STM image of
the Si(111)-(7×7) adatom layer [34], together with the results of X-ray scattering and
electron scattering, helped Takayanagi et al. [35] to unfold the dimer-adatom-stacking
fault (DAS) model for the Si(111)-(7×7) surface, probably the most intriguing problem
of the surface science in the 20th century. Shortly after the demonstration of the atomic
resolution, Binning and Rohrer were awarded with the Nobel Prize in Physics (1986).
The amazing spatial resolution of the STM and the relative simplicity of the method
triggered the evolution of further SPM methods, which are now indispensable part of
the surface science.

1.2 Quantum tunneling

This section provides a brief description of the quantum tunneling effect and
electronic states in solids. Conclusions of this section will be used to derive equations
of the tunneling process between two solids separated by a vacuum barrier, especially
between an STM tip and a sample.

Tunneling is a quantum-mechanical effect that occurs when a particle moves through
a classically insurmountable barrier. In classical terms, a particle should not surmount
a barrier if the energy of the particle is lower than the height of the barrier. However,
in quantum mechanics, particles like electrons have wavelike properties. The waves do
not end abruptly at a barrier, but the amplitude of the waves decreases quickly in the
region of the barrier. If the barrier is thin enough, there is a non-zero probability to
find a particle on the other side of the barrier (see Fig. 1.3).

A simple example of the tunneling is the tunneling of an electron through a potential
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Fig. 1.2: Cross-sections of electron radial probability densities (blue curves) of the 1s
orbital in an isolated hydrogen-like atom (a nucleus surrounded by a single-electron
cloud) (a), two close hydrogen-like atoms (b) and at a metal-vacuum-metal interface
(c). The corresponding electron potentials (in units of energy per electron) are depicted
as violet curves at the bottom parts of the panels a, b and c. Panel d depicts density
of all states n and density of occupied states N in a conduction band of a metal.

barrier between two atomic nuclei, e.g. two hydrogen nuclei, with an electrostatic
potential V (r) ∝ 1/r (Fig. 1.2a). When two nuclei approach, the potential changes
from 1/r to 1/r+ 1/(r− rp), where rp is the relative position of the nuclei (Fig. 1.2b).
Between the nuclei, electron potential barrier emerges. A macroscopic particle would be
able to cross the barrier only if its energy was higher than the peak value of the barrier.
However, as Fig. 1.2b shows, there is always a non-zero overlap of two neighboring
electronic orbitals. Because of the overlap, electrons are able to tunnel through the
barrier. Probability of the tunneling is proportional to the overlap. In addition to the
tunneling, atomic orbitals split into two molecular orbitals, a bonding orbital E1B and
an antibonding orbital E1A.

8



1.2.1 Electronic states in solids

In crystals, nuclei are bound into tight lattices. Similarly to two neighboring nuclei,
where one energy level splits into two levels, here, if a lattice contains m atoms,
electronic energy levels splits into m sublevels. For high m, the close sublevels form
quasi-continuously filled intervals of energy, i.e. electronic bands (Fig. 1.2c). The quasi-
continuous character of the bands is described by a quantity called density of states
(DOS), which is defined as a number of states per interval of energy. A typical DOS
of a band in a three-dimensional crystal has a square-root dependence on a difference
between the energy of an electron E and the lowest energy of the band E0

1 [36]:

n(E) = 1
2π2

(2me

h̄2

)3/2 √
E − E0 (1.1)

Electrons available in the crystal fill the states according to the Fermi-Dirac probability
distribution function 1 [37]:

fF D(E, T ) = 1
e(E−µ)/kBT + 1

. (1.2)

Metals are special cases of solids whose Fermi level - the energy of the highest
occupied state at T = 0 K - lies inside a band. In thermal equilibrium, the number
of occupied conduction-band states per a unit volume at a given energy E above the
bottom of the band Ec can be expressed simply as a product of DOS (1.1) and the
Fermi-Dirac distribution function (1.2) (see Fig. 1.2d) 2:

N(E, T ) = n(E)fF D(E, T ) = 1
2π2

(2me

h̄2

)3/2 √
E − Ec

( 1
e(E−EF )/kBT + 1

)
. (1.3)

Electrons near the Fermi level can space-propagate and enable the flow of electric
current in metals.

1.2.2 Probability of the single-electron tunneling

In the STM, tunneling occurs at a metal-vacuum-conductor interface between a
metallic tip and a conductive sample. At the interface biased at a voltage Vts, occupied
and empty electronic states of the surfaces are on the same energy level, thus electrons
from the occupied states can tunnel through the barrier. In order to quantify the
probability of tunneling of an individual electron, we assume the 1D case of the barrier
with the height VB ≫ Vts. The barrier can be approximated by a rectangle VB × dts

(see Fig. 1.2 and Fig. 1.3).
A wave function of an electron approaching the barrier with the wave vector

k =
√

2meE

h̄
(1.4)

can be expressed as a simple plane wave

ψ(x) = eikx. (1.5)
2The following notation is used in the equations: n - density of states, h̄ - reduced Planck constant,

me - mass of an electron, µ - electrochemical potential (often referred to as a Fermi level EF ), kB -
Boltzmann constant, T - absolute temperature of a system.
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To account for possibility of the electron reflection on the left side of the barrier,
the wave function changes into the superposition of the plane wave eikx and e−ikx.
The same principle applies in the area of the barrier, where the complex exponential
function changes to the real exponential function with the decay constant

κ =
√

2me(VB − E)
h̄

. (1.6)

On the other side of the barrier, electron with the original wave vector k, but a different
amplitude is transmitted. The amplitude can be obtained from the following set of
equations

ψI(x) = Aeikx +Be−ikx (1.7)
ψII(x) = Ceiκx +De−iκx (1.8)
ψIII(x) = Eeikx (1.9)

if we require the continuity of the wave function and the continuity of the first derivation
of the wave function at points 0 and dts (for detailed solution see [38]). ψI , ψII and ψIII

represent the wave functions in the areas I, II, III. A, B, C, D and E are the unknown
amplitudes of the wave-function components. Ratio of the outgoing amplitude E and
the incoming amplitude A determines the tunneling probability of the electron

pT =
⏐⏐⏐⏐EA

⏐⏐⏐⏐2 = 1

1 + 1
4

(
k
κ + κ

k

)2
sinh2 κdts

∝ e−2κdts . (1.10)

For the most metals, with the work function Φ ≈ 5 eV,

κ ≈
√

2meΦ
h̄

≈ 10 nm−1. (1.11)

It means that even the 1 Å thick barrier can change the amplitude of the wave function
by one order of magnitude (e−2×10nm−1×0.1nm ≈ 0.1). Over a typical atomic diameter
of e.g. 0.3 nm, the tunneling current changes by a factor 1000.

From the relation (1.10), we can see that the tunneling current from a sample to an
STM tip, viewed as a flow of non-interacting electrons, is exponentially proportional to
VB and dts:

It ∝ e−2κdts . (1.12)
The two exponential dependencies are crucial for understanding the STM because they
determine that the occupied states which are (i) the highest in energy and (ii) the
closest to the empty states contribute to the current the most.

1.3 Tunneling in STM

1.3.1 Bardeen’s tunneling theory

The first analytic expression of the tunneling current was introduced in 1961 by
John Bardeen [39], who was trying to explain tunneling through superconductor-oxide-
superconductor interfaces from a many-particle point of view. A simple way to derive

10



E > V E < V E > V
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Fig. 1.3: Single-electron quantum tunneling through a potential barrier. Note that after
the tunneling, the amplitude of the wave function is decreased, but its frequency remains
unchanged.

Bardeen’s tunneling theory is to compute electronic states of the two electrodes (E1
and E2) as if they were isolated 3

Ĥ1ψ1(r) = − h̄2

2me
∆ψ1(r) + V1(r)ψ1(r) (1.13)

Ĥ2ψ2(r) = − h̄2

2me
∆ψ2(r) + V2(r)ψ2(r). (1.14)

Then regard the second electrode as a perturbation of the stationary states of the first
electrode Ĥ1ψ1(r) = E1ψ1(r). A time evolution of the initial electronic states in the
electrode E1 can be written as

Ψ1(r, t) = ψ1(r, 0)eE1t/ih̄ +
∑

k

ak(t)ψ2,k(r), (1.15)

where the first term is the time evolution of an initial state without the perturbation
and the second term is the sum over all bound states ψ2,k of the electrode E2 satisfying
the equation H2ψ2(r) = E2ψ2(r). If we assume that (i) tunneling is weak enough so that
the first-order Born-Oppenheimer approximations can be applied [40] and (ii) states of
the two electrodes are nearly orthogonal, the coefficients ak can be evaluated as [41]

ak(t) = eE1t/ih̄ − eE2,kt/ih̄

E1 − E2,k

⟨
ψ2,k

⏐⏐⏐Ĥ − Ĥ1
⏐⏐⏐ψ1

⟩
, (1.16)

where Ĥ − Ĥ1 is a difference between the perturbed and initial Hamiltonians of a
tunneling electron. Because probability density ρ is related to a wave function as
ρ(r, t) = |Ψ(r, t)|2, the rate at which an electron initially in a state ψ1 of the electrode
E1 scatters into a state in the electrode E2 is

pT = d

dt

∑
k

|ak(t)|2. (1.17)

3The following notation is used in the equations: Ĥ - Hamiltonian of an electron in a potential
V , ψ(r) - space dependent electron wave function, Ψ(r, t) - space and time dependent electron wave
function, n - density of states, h̄ - reduced Planck constant, me, e - mass and charge of an electron, ak

- complex expansion coefficients.
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Combining (1.16) and (1.17) with Fermi’s golden rule [42] gives [41]

pT ≈ d

dt

(2πt
h̄

M2n2(E1)
)
, (1.18)

where the matrix element M2 =
⏐⏐⏐⟨ψ2,k

⏐⏐⏐Ĥ − Ĥ1
⏐⏐⏐ψ1

⟩⏐⏐⏐2 and n2(E1) is the DOS of the
electrode E2 at the initial energy of the electron E1. To substitute the matrix element
M, Bardeen employed a general equation for the probability current density [38]

j = h̄

2ime
(ψ∗∇ψ − ψ∇ψ∗) . (1.19)

integrated over an arbitrary closed surface S separating the electrodes:

M = h̄2

2me

∫
(ψ1∇ψ∗

2 − ψ∗
2∇ψ1) dS. (1.20)

Knowing the value of M, a formula for the tunneling current I can be obtained from
(1.18), if we consider that

I1→2 = en1(E)pT (E), (1.21)
I = I1→2 − I2→1 (1.22)

and that electrons from occupied DOS of the electrode E1 can tunnel only to empty
DOS of the electrode E2 (see eq. (1.3) and Fig. 1.2) [41]:

I = 4πe
h̄

∫ ∞

−∞
[fF D(EF + eV12 + ϵ) − fF D(EF + ϵ)]n2(EF +eV12 + ϵ)n1(EF + ϵ) |M|2 dϵ

(1.23)
The formula can be simplified at the limit of low voltages and low temperatures, when
fF D converges to a step function

I = 4πe
h̄

∫ eV12

0
n2(EF + eV12 − ϵ)n1(EF − ϵ) |M|2 dϵ. (1.24)

In other words, if the magnitude of M does not vary significantly within the interval
⟨0, V12⟩, the tunneling current is given by a convolution of the DOS of the electrodes.
Note that throughout the whole derivation we assumed that the tunneling process does
not significantly affect the original Hamiltonians of the separated electrodes, i.e. (i) the
electron-electron interaction can be ignored, (ii) occupation probabilities for the tip
and sample are independent of each other, and do not change, despite the tunneling
and (iii) the electrodes are each in electrochemical equilibrium.

1.3.2 Tersoff-Hamann theory

So far, we have quantitatively described the quantum tunneling of individual
electrons (1.10) and the flow of the tunneling current through the 1D (or planar)
rectangular barrier (1.23). After the invention of the STM in early 1980s, a new theory
describing the lateral resolution of the STM and the local tunneling in a 3D space was
necessary. The first theory that successfully approximated the tunneling process was
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published by Tersoff and Hamann [43,44]. The theory builds on the Bardeen’s formula
(1.23) and uses the fact that the major part of the current flows only through the
outermost atom of the tip. In the original paper, Tersoff and Hamann [44] replaced
the unknown electronic structure of the tip by a simple model, in which the outermost
atom is assumed to have the spherical s-orbital shape (see Fig. 1.4). To evaluate the
matrix element M, they expanded the surface wave function in the form 4

ψs(r) = 1
Ωs

∑
G

aG × exp
[√

κ2 + |kG|2z
]

× exp (ikG · x) . (1.25)

The s-orbital of the tip can be expanded analogously. When the two expressions are
inserted into the formula (1.20), the matrix element M reduces to 4

M = 2πh̄2

meΩt
ReκRψs(r0), (1.26)

where r0 is the center of the tip s-orbital. For the simple form of M, the tunneling
current I can be expressed as [44]

I ∝
∫ eVts

0
ns(r0, EF − ϵ)dϵ. (1.27)

In a limit of small voltages, the expression simplifies to

I ∝ ns(r0, EF ). (1.28)

It means that within the approximations above, an STM image is simply a contour of
constant ns(r, EF ) of the surface. The property ns(r, E) is usually referred to as a local
density of states (LDOS).

Even though the Tersoff-Hamann model has been very successful, it fails to predict
the corrugation amplitudes of atomically resolved surfaces [45]. As Chen in his extension
of the STM theory pointed out: "The corrugation amplitude of the LDOS contour of
atom-sized features in the Tersoff-Hamann model, even at an extremely short tip-sample
distance and with an unrealistically small R, is still too small to be observable." [46].
The discrepancy arises partly as a result of the oversimplified s-orbital tip modeling.
Nowadays, the ever-increasing computing power allows the simulation of STM images
with more complex tip structure. Tip apexes can be modeled to have p-, d- or f-orbital
shape or their combinations (Fig. 1.4). On top of that, it has been recently shown
that even flexible surface-interacting tip apexes are necessary to accurately simulate
high-resolution STM images [47].

1.4 Scanning tunneling spectroscopy

The equation 1.27 shows that the local electronic properties of surfaces can be
probed directly by measuring the dependence of the tunneling current on the tip-
sample voltage, i.e. the volt-ampere characteristic (VAC). Differentiating the equation

4The following notation is used in the equations: ψs - surface wave function, Ωs,Ωt - volume of
a sample and a tip, aG - complex expansion coefficients, κ is defined same as in the relation (1.11),
kG = k|| + G, where k|| is the surface Bloch wave vector of the wave function and G is a surface
reciprocal-lattice vector, R - local radius of tip’s curvature about the center located at r0, r = [x, z],
where x is a 2D space vector parallel to the surface and z is a distance from the surface, .
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STM, CO tip, z = const. theory, s-wave tip theory, p-wave tip theory, s-p mixed tip

Fig. 1.4: Comparison of the high resolution STM image of naphthalocyanine molecule
with Tersoff-Hamann simulation using s-wave tip apex and an extension of Tersoff-
Hamann simulation using p-wave and s-p mixed tip apex. Simulated images are
reprinted from [48].

leads to the relation
ns(r0, eVts) ∝ dI

dVts
, (1.29)

where the LDOS is proportional to the derivative of the VAC. In practice, the
normalized derivative [49]:

ns(r0, eVts)
1

eVts

∫ eVts
0 ns(r0, EF − ϵ)dϵ

∝
dI

dVts

I
Vts

. (1.30)

is used instead to compensate for a different resistance of a tunneling junction. The
derivative dI/dVts can be obtained by numerical differentiation of the VAC, however,
the differentiation amplifies a noise in the signal. The noise is usually suppressed by a
synchronous lock-in detection. In the method, during the measurement of the VAC, a
small harmonic signal with amplitude Vm is superimposed on a tip-sample voltage:

Vts = Vts0 + Vmcos(ωt). (1.31)

Harmonic part of the voltage causes oscillations of the tunneling current, with the
same frequency ω but different amplitude Im (Fig. 1.5). A lock-in detector measures
the amplitude by suppressing all frequencies of the tunneling current signal that differ
from the frequency of the superimposed signal. The derivative of the VAC in the vicinity
of Vts0 is then computed as the ratio of Im and Vm.
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Fig. 1.5: Principle of the synchronous lock-in detection of dI/dV.
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2. Experimental apparatus of the
STM

In this chapter we briefly introduce the basic experimental aspects of STM and how
they affect the measured data. We follow the introduction by the description of our
experimental setup and procedures that we use to prepare the apparatus and samples.

2.1 Operation of the STM

In the most basic setup, the STM consists only of a conductive tip, an XYZ
positioning unit, a sensitive ammeter, a controllable source of voltage and a computer
(see Fig. 2.1). When the tip is approached to the surface, the computer reads the value
of the tunneling current and compares it with the value of Iset defined by the operator.
If I < Iset (I > Iset), the computer uses the XYZ positioning unit and approaches
(retracts) the tip. The positioning unit is usually realized by a piezo-ceramic component
(see Fig. 2.1). In this arrangement, contraction (expansion) of the Z ceramics retracts
(approaches) the tip, while the scanning motion of the tip is realized by simultaneous
applying of the opposite voltage to opposing lateral ceramics.

Y-
X- X+

Z

A

PC

I
V

Z

X

Y

Iset

Z Y

X

Fig. 2.1: Schematic drawing of the STM feedback mechanism.

2.1.1 Modes of operation

In the STM, the tunneling current is used in the feedback loop to adjust the position
of the tip. Depending on the type of the feedback loop, two modes of operation are
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commonly used:

The constant current mode
The tunneling current is stabilized by the feedback at a constant level Iset.
The constancy is achieved by adjusting the voltage on the Z ceramic. Surface
topography is reconstructed by sampling the voltage applied on the Z ceramic
at different coordinates X and Y. Because of the active feedback, the mode can
be used even for scanning rough surfaces. On the other hand, the rougher the
surface, the slower the scanning has to be in order to give the feedback enough
time to avoid the highest surface features.

The constant height mode
Compared to the previous mode, the scanning speed in the constant height mode
may be significantly higher, but only on atomically flat surfaces. The following
steps are necessary to operate in this mode. First, the operator needs to approach
the surface, to scan a flat area of the surface in the constant current mode and
to identify the orientation of the surface plane. Then the operator turns off the
feedback loop and switches to the scanning in the identified plane. The distance
between the tip and the surface can be adjusted simply by adding an offset to
the voltage on the Z ceramic. In this case the tunneling current is not involved in
the feedback, but serves as a signal.

Comparison of the two modes is depicted in Fig. 2.2. The constant current mode of
the scanning is the predominant mode used in this work. The cases where the constant
height mode is used are pointed out in the main text or in the description of figures.

Fig. 2.2: The same area of the surface scanned in the constant current mode (left)
and the constant height mode (right). Plots in the top left corners of the images are
histograms describing the relative frequency of colors in the images. Different colors
represent different heights (in the constant current mode) and different currents (in the
constant height mode). Size of the displayed area is 9 nm×9 nm.
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2.1.2 Limiting factors

Electrical and mechanical noise

A typical width of the tunneling barrier dts is about 0.2 nm [50]. Operation of
the STM requires stability of dts and stability of the lateral position of the tip at sub-
angrstrom level. Such stability can be achieved thanks to various methods of mechanical
damping, like springs, magnetic dampers, laminar flow isolators etc. (see Fig. 2.6e
and 2.6f). These methods should contain a combination of low-pass and high-pass
mechanical filters, to effectively block most of the outside noise frequencies. From the
electrical point of view, the apparatus should be completely isolated from any outside
signals, especially the 50 Hz signal from power sockets.

Thermal drift

Temperature is another factor that needs to be stabilized during STM
measurements. Most solid materials have a linear thermal expansion coefficient
αT between 10−6 and 10−4 K−1. For instance, αT (Si) ≈ 3 × 10−6 K−1 [51] and
αT (steel) ≈ 12 × 10−6 K−1 [52]. If the rigid structure of the apparatus between the
sample and the tip is made of materials with different coefficients αT , any change of
the temperature manifests as a change of the relative position of the tip and the sample.
On the basis of this mechanism, two ends of two 1 cm long silicon and iron parts of
the apparatus change their relative position by ≈ 1 nm if the temperature changes only
by 0.01 K. Such a thermal stability is rarely obtained in room-temperature setups,
especially when we take into account that the sample is often heated to hundreds of
degrees Celsius before the measurement. As a result of the thermal expansion, the effect
called thermal drift can be seen in raw STM images (see Fig. 2.3). The drift can be
compensated during the measurement or corrected afterwards.

a b

Fig. 2.3: STM image with a thermal drift (a) and after the correction of the drift (b).
Vertices of the blue equilateral triangle should lie in the middle of black spots in the
image without the drift.
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Piezo creep

Similar effect as the thermal drift can be caused by XYZ actuators. The actuators
usually contain a piezoelectric ceramic material that generates a mechanical strain
resulting from an applied electrical field. Internally, the strain originates from partial
polarization of crystal domains in the material. If the operating voltage of piezo ceramics
is changed, after the voltage change is complete, the remnant polarization continues
to change, reflecting itself in a slow creep. In the STM, fast changes of the actuator
voltage occur when the operator changes the position of the tip above a surface (in the
XY direction, see Fig. 2.4) or after approaching the surface (in the Z direction).

Fig. 2.4: STM image with a piezo creep. The image was taken after a position of the
tip above the surface was changed by the operator. The piezo creep manifests as a
gradually changing apparent distortion of the triangular symmetry of the surface.

Unknown tip apex

As has been shown in chapter 1, tip apex has a crucial role in the interpretation
of STM images. From the whole tip only the topmost part is involved in the tunneling
process, thanks to the exponential dependence of the tunneling current on the tip-
sample distance. As a consequence, atomically flat surfaces can be scanned with atomic
resolution even with microscopically blunt tips. But the blunter the tip, the higher
the probability of the multiple apex formation. Images resulting from scanning with
multiple tip apexes contain ghost features, shifted from the main features by the
distance dg (see Fig. 2.5). This images can be interpreted as a geometric convolution
of the tip shape and the sample shape. In the case of rough surfaces, the readability
of images is determined by the radius and the roughness of the tip together with the
roughness of the sample. Generally, the tip shape is unknown and some caution for
spurious tip effects is necessary.

2.2 Our experimental setup

The experimental part of this work was performed using the STM apparatus
which is placed at the Department of Surface and Plasma Science of the Faculty of
Mathematics and Physics of the Charles University. The apparatus is non-commercial.
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R = 30 nm

r = 0.3 nm

a

b

c

dg

dg

Fig. 2.5: a: scale drawing of the tip with the radius 30 nm and the tip apex formed
by three atoms with the radius 0.3 nm. b: explanation of the multiple-apex artifacts in
STM images. Black and red lines mark the real and ideal path of the main tip apex,
respectively. c: an example of the STM image obtained by a double tip. Size of the
displayed area is 140 nm × 140 nm.

Its creator is doc. Ivan Ošťádal. The operating software of the apparatus was developed
by doc. Pavel Sobotík. In the following sections we describe the parts of the apparatus
which are crucial for the preparation of our samples and we present the procedures that
are necessary for the preparation of the apparatus before an STM measurement.

a1

j

a2

b

c
e

i

f

h
d

g

Fig. 2.6: Schematic drawing of our experimental apparatus. a1, a2: solid-state and
liquid-state evaporation cells, b: shading plate, c: rotary carousel with samples, d:
rotary motion feedthrough, e: internal cage with mechanical and magnetic damping
systems, f : laminar flow isolators, g: electrical amplifier, h: inchworm motor, i: piezo-
ceramic system with the STM tip, j: vacuum chamber.
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2.2.1 The ultra-high vacuum system

One of the key ingredients of any surface science study is the ability to maintain well-
defined conditions of experiments. In this regard, vacuum is an indispensable working
environment. It keeps the surface clean and suppresses any undesirable atmospheric
influence. The usual rule of a thumb is that it takes about 1 second to cover a surface by
contaminants at pressure 10−4 Pa. To keep a surface clean during the whole experiment
for hours, the pressure lower than 10−7 Pa is usually required.

In our apparatus, the ultra-high vacuum (UHV) is maintained by a multi-level
pump system which consists of a membrane vacuum pump, a two-level turbomolecular
high vacuum pump and a titanium ion pump (see Fig. 2.7). As an additional pumping
method, a titanium sublimation is used before each experiment. The base pressure
of about 8 × 10−9 Pa is reached after baking the apparatus at a temperature above
125 ◦C and subsequent degassing of all evaporation cells and samples. Pressure during
all presented experiments is sustained within the order of 10−8 Pa.

Main vacuum 
chambre

STM

Electric current
feedthrough

Rotary motion
feedthrough

Vacuum gauge

Gate valve

Right-angle valve

Diaphragm 
vacuum pump

Ti sublimation

Sputter-ion pump

Needle valve

Turbomolecular 
pump 

Solid phase 
deposition 

Liquid phase 
deposition 

Gas phase 
deposition 

pump

Fig. 2.7: Schematic diagram of the UHV setup.

2.2.2 Sample preparation

In all our experiments we use 0.3 mm × 2 mm × 8 mm samples cut from Sb-doped
Si(111) wafers with resistivity 0.005 ± 0.01 Ωcm and miscut ±0.1◦. In the apparatus,
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samples are firmly attached to the carousel. The rotary motion of the carousel can
transfer the samples between two main positions: facing the deposition cells or facing
the STM tip. In these two positions, samples can be electrically connected and heated
by passing a direct current.

Preparation of the samples before an experiment comprises several steps:

• degassing at ≈ 600 ◦C for ≈ 12 h

• flashing to ≈ 1200 ◦C for ≈ 10 s

• flashing to ≈ 1200 ◦C for ≈ 10 s, jump decrease of the temperature to ≈ 900 ◦C
and slow decrease of temperature from ≈ 900 ◦C to the room-temperature

This procedure leads to the almost perfect (7 × 7) reconstruction of the Si(111) surface.
The surface can be used for a direct deposition organic molecules or it can be passivated
by a layer of Tl. The Tl layer is formed as follows:

• deposition of 1 ML of Tl

• heating the surface for 2 minutes at ≈ 300 ◦C

Longer heating at ≈ 300 ◦C or heating at a higher temperature induces desorption of
Tl and creation of TlSi-(

√
3 ×

√
3) mosaic reconstruction (see chapter 4 for details).

2.2.3 Deposition of adsorbates

Two types of deposition mechanisms are available in the apparatus:

• Solid phase evaporation
The evaporation cells are heated by passing of a direct electrical current. Before
the deposition, a cell is preheated by the current for up to 10 minutes while the
shading plate is closed (see Fig. 2.6). The shading is opened after the stabilization
of the deposition rate. We determine the deposition rate and the amount of the
deposited material from a thickness quartz monitor. The monitor is calibrated
separately for each adsorbate-substrate combination by the STM measurement
after deposition of a full monolayer on the surface. We estimate the accuracy of
the calibrated values to ±10 %.

• Liquid/gas phase deposition
A needle valve is used for the controlled exposure of the surface by gasses. The
valve separates the vacuum chamber from a tubing which connects the valve to a
liquid or gas container. Before the exposure, the tubing is heated and pumped by
a turbomolecular pump. The pumped tubing is then filled by a gas or vapors of a
liquid. Deposition rate and the amount of a deposited material are estimated from
readings of two ion gauges and calibrated afterwards by STM measurements.

2.2.4 Temperature measurement

Temperature of the sample was not measured directly during experiments, but
indirectly via measuring the power of the electric current used for the heating. As can
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be seen on Fig. 2.8, the supplied power and the temperature depends linearly on each
other. The linear coefficient of the dependence was calibrated after measurements by
placing a thermocouple on the sample. Since the linear coefficients vary up to 15 %
from the mean value, we can estimate the temperature of a sample with the accuracy
of 15 % even before the calibration of the given sample.
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Fig. 2.8: Temperature calibration of different samples [53].

23



3. Direct adsorption of molecules
on the Si(111) surface
3.1 Bulk structure of the silicon crystal

Silicon is a solid at room temperature, with a melting point of 1410 ◦C [54]. It
crystallizes in the same pattern as diamond, in a structure which can be viewed as two
interpenetrating face-centered cubic primitive lattices (see Fig. 3.1). All bulk Si atoms
are sp3 hybridized and form four 0.235 nm long covalent bonds with the neighboring
atoms. When a surface is created, a part of the bonds is broken. Depending on the
termination of the crystal, the surface has different density of broken (dangling) bonds
and different reactivity. Three main bulk-like crystal terminations have the following
densities of dangling bonds: σ(111) = 7.83 × 1014 cm−2, σ(100) = 6.78 × 1014 cm−2 and
σ(110) = 9.59 × 1014 cm−2. Because of the high densities, silicon surfaces at room
temperature reconstruct to energetically more favorable structures. In this work, we
use the most stable reconstruction of the Si(111) surface, the (7 × 7) reconstruction.

3.2 The Si(111)-(7 × 7) surface reconstruction

The Si(111) − (7 × 7) reconstruction belongs to the class of dimer-adatom-stacking
fault (DAS) reconstructions [35]. It is considered to be one of the most complex but
also one of the technologically most important surfaces. The base of the reconstruction
is formed by three sets of parallel and equidistant dimer rows which intersect at 60 ◦

angles and divide the surface into equilateral triangular areas (see Fig. 3.2). There are
two types of the triangular areas - unfaulted and faulted ones - depending on the exact
position of the area over bulk Si atoms. Two neighboring triangular areas form a unit
cell of the reconstruction.

Each triangular half-unit-cell (HUC) contains 18 surface atoms that are saturated
by 6 adatoms. The adatoms remain unsaturated and positively charged, due to the
redistribution of the excessive charge to neighboring unsaturated atoms, restatoms. In
addition to 9 unsaturated bonds inside the HUC, one dangling bond remains outside
the cells in the corner hole. In total, there are 19 dangling bonds per a unit cell, giving
the surface density of dangling bonds σ(7×7) = 3.04 × 1014 cm−2. Note the density is
more than 60 % lower compared to the bulk-terminated surface.

The charge redistribution on the surface significantly affects the chemical reactivity
of different sites. A dangling bond of the corner hole atom is saturated by the charge
transfer from neighboring fully saturated Si atoms. It usually does not participate in
chemical reactions due to its low accessibility. The most reactive sites on the surface are
adatoms and restatoms (red and orange in Fig. 3.2) that are respectively positively and
negatively charged. The charge results in the generally higher reactivity of adatoms.

The geometric and electronic structure of the (7 × 7) surface can be probed by
STM. A typical STM image of the surface is dominated by adatoms and corner holes
(see in Fig. 3.3). In empty states images (positive surface bias), all adatoms are imaged
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Fig. 3.1: Structure of the silicon crystal and its main surface planes. Top: a unit cell
of a silicon crystal. Blue crosses, red crosses and green circles mark equivalent corner,
side, and inside atoms of the displayed cell, respectively. Bottom: three main surface
planes viewed from top, side and perspective.

with the approximately equal apparent height. The equality is broken in occupied states
images (negative surface bias) where (i) the corner adatoms appear brighter than center
adatoms and (ii) faulted HUCs appear brighter than unfaulted ones. The faulted HUCs
are imaged differently, especially at small negative voltages (up to −0.5 V), because of
the higher density of occupied states close to the Fermi level.

3.3 Adsorption of acetophenone on the Si(111)-(7 × 7)
surface

Chemisorption of single-atoms [55–60] and small organic molecules [61–66] on silicon
surfaces has been extensively studied since the invention of the STM due to the
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Fig. 3.2: Structural model of the (7 × 7) reconstruction. Plus and minus signs indicate
charges of atoms.

corner
adatoms

center
adatoms

faulted
HUC

unfaulted
HUC

- 0.5 V

+ 0.5 V

corner
hole

Fig. 3.3: Two STM images of the same area of the (7 × 7) reconstruction taken at the
opposite sample voltage.
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promise of enhancing existing silicon technology with molecular properties such as
biosensitivity [67], nonlinear optical response [68] etc. To achieve this goal, one needs
to find a molecule that, on one hand, selectively binds to specific sites on the surface and,
on the other hand, remains functional after the adsorption. The process of adsorption
on the Si(111) − (7 × 7) surface, which can lead to various configurations depending on
the structure of a molecule, is not fully understood yet [61, 63, 69, 70]. Because of this,
molecules whose adsorption is studied (i) should be small in order to reduce complexity
of the problem, (ii) should contain a reactive center that allow specific bonding to the
surface and (iii) should be electronically related to more complex molecules used in
electronic or optical applications.

In the following study (see paper V, page 28), we chose the smallest aromatic ketone,
acetophenone (AP). The ketonic part of the molecule includes the polar C O group
which is reactive and should ensure strong bonding with the substrate. The aromatic
part contains delocalized π-orbitals that give rise to a small band gap of the molecule
and relate it to the molecules used in opto-electronic applications.

Chemisorption of AP was already studied on the Si(100) surface [66,71,72]. It was
shown that the most stable adsorption configuration of AP is formed by dissociation of
two hydrogen atoms and by bonding to the surface via C Si and O Si bonds of the
ketonic part.

Compared to the Si(100) surface the Si(111) − (7 × 7) surface provides more
spatially and electronically inequivalent reactive sites. Because of the large difference
in electron density among atoms containing dangling bonds (see page 24), an adatom
coupled with one adjacent rest atom act as a strong dipole. This enables molecules like
alkanes or ketones to react with the surface via addition [63,69]. Other small carbonyl
molecules like acetone or acetaldehyd are reported to dissociate on the surface [65,73].

In the paper V, we show that the adsorption of AP on the Si(111) − (7 × 7) surface
qualitatively differs from the adsorption of AP on the Si(100) − 2 × 1 surface and
also from the adsorption of other small carbonyl molecules on the Si(111) − (7 × 7)
surface. Our detailed STM analysis shows that the most frequent AP structure on
the Si(111) − (7 × 7) surface is neither dissociated nor bound to the adatom-restatom
pair. We interpret this structure with help of extensive ab-initio simulations and STS
measurements as a 1,6-adduct bound to two adatoms in neighboring HUCs. We suggest
that the difference between the adsorption of AP and other small organic molecules
sources from the presence of a polar carbonyl group in the AP molecule. The strong
effect of the molecular polarity on the reaction pathway can be also utilized to direct
the adsorption of other functional molecules on the Si(111) − (7 × 7) surface.

My contribution to the paper V consists mainly in STM and STS measurements
of the Si(111) − (7 × 7)/AP surface. I carried out three sets of STM measurements: at
the room temperature, 75 ◦C and 150 ◦C. I identified several irregular and three regular
adsorption configurations of AP. I determined the relative occurrence of the adsorption
configurations on the surface (see table S2 and Fig. S3 in the Supplementary materials
of the paper V). The statistics revealed the most stable adsorption configuration on the
surface (the configurations is referred to as object B in the paper V). I measured STS
spectra of the two most stable adsorption configurations (Fig. 4 of the paper V). The
spectra were used to identify the structure of the configurations. Finally, I prepared the
experimental data for the publication and I participated in writing of the manuscript.
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ABSTRACT: Temperature-dependent chemisorption of acetophe-
none molecules on the Si(111)-7 × 7 reconstruction was studied by
means of scanning tunneling microscopy, scanning tunneling
spectroscopy, and density functional theory calculations. A config-
uration interpreted as a silyl enolether has been repeatedly observed
on the surface at room temperature and after annealing to 75 °C. The
most frequent structure on the surface stable up to 150 °C is
identified as a 1,6-adduct to two adatoms of the neighboring half unit
cells. The results suggest that presence of the polar group in the
molecule affects the chemisorption in a way that leads to bonding with
two adatoms.

■ INTRODUCTION

The chemisorption of small organic molecules on silicon
surfaces has been extensively studied1−11 due to the promise of
enhancing current silicon technology with interesting electronic
or optical properties of the molecules. For potential utilization
of the surfaces with suitable molecules one has to deal with an
uneasy task of finding a surface structure that would bind a
molecule strongly enough to form a stable configuration while
the adsorbed molecule should have properties that would allow
using it as a functional element. In order to find suitable
molecules, it is necessary to understand how various functional
groups affect the adsorption of the molecules on different
substrates. The interplay between atomic and electronic
structure of surfaces and various functional groups of
molecules, which leads to different chemisorption patterns, is
not fully understood yet.3,6,11 The studied precursor molecules
should have properties that allow very specific binding to the
surface and at the same time they should be electronically
related to more complex molecules designed for electronic or
optical applications.
Aromatic ketones are promising for the following reasons.

The aromatic part of the molecules evinces a small gap because
the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) are delocalized
π-orbitals. On the other hand, the polar CO group of the
ketonic part is highly reactive and ensures strong bonding to
the semiconductor surface.5,11

For this study, we chose the smallest aromatic ketone,
acetophenone (hereafter AP for short, schematic formula
shown in the Figure 2e). The chemisorption of AP has been
already studied on the Si(100) surface using scanning tunneling
microscopy (STM),7 near-edge X-ray adsorption spectrosco-

py,9 and density functional theory (DFT) calculations.7,8 On
the Si(100) surface, the most stable chemisorbed configuration
of AP is formed by dissociation of two hydrogens (that bind to
the surface) and by bonding to the surface via C−Si and O−Si
bonds of the molecule ketonic tail.7,9

As a substrate, we used the 7 × 7 dimer-adatom-stacking fault
reconstruction12,13 of the Si(111) surface (hereafter 7 × 7 for
simplicity). Compared to the Si(100) surface, the 7 × 7 has
more complex structure and contains different reactive sites
that can interplay in the molecular chemisorption. The ball and
stick model of the whole 7 × 7 cell is shown in Figure 1. The 7
× 7 cell consists of two half unit cells (HUC). HUCs are
separated by the dimer rows (orange atoms in Figure 1) and
the corner holes. A dangling bond of the corner hole atom
(violet in Figure 1) is saturated by a charge transfer, thus the
atom is negatively charged. It usually does not participate in
chemical reactions due to its low accessibility. The most
reactive sites of the cell are 12 adatoms (blue in Figure 1) and
six restatoms (gray in Figure 1).14 The restatom dangling bonds
are fully saturated via charge transfer from adatoms, therefore
restatoms are negatively charged. The charge transfer also
results in partially positively charged adatoms with each
dangling bond containing only ∼5/12 of electron.15 The
charge of adatoms, restatoms, and the corner hole atom is
indicated by “+” and “−” symbols in Figure 1. The unsaturated
dangling bond results in general in higher reactivity of the
adatoms. However, some atomic adsorbates, like hydrogen,
prefer restatoms over adatoms.16 The other Si atoms of the
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reconstruction have four σ-bonds, thus their bonding capacity is
fully saturated. Therefore, these atoms are much less reactive
and they do not play an important role in adsorption.
There are two common reaction patterns of small carbonyl

molecules on the 7 × 7. First, molecular decomposition,
reported in the case of saturated carbonyl molecules: acetone
loses the hydrogen at 250 K10 and acetaldehyde dissociates at
350 K.1 Second, addition to the adatom and restatom, which
was identified for unsaturated ethyl-vinyl-ketone6 that under-
goes 1,4-addition (in ref 6 denoted as [4 + 2]-like
cycloaddition).

In this paper, we show that the adsorption of AP on the
Si(111)-7 × 7 qualitatively differs from the adsorption on
Si(100)-2 × 1 surface and also from the adsorption of the
smaller carbonyl molecules on the 7 × 7. Our detailed STM
analysis shows that the most frequent AP structure on the 7 × 7
(in our discussion referred to as object B) is neither dissociated
nor bound to the adatom−restatom pair. This structure,
observed by STM in a temperature range from room
temperature (RT) to 150 °C, was explained with help of
extensive DFT simulations and scanning tunneling spectrosco-
py (STS) measurements as a 1,6-adduct bound to two adatoms
in neighboring HUCs. We put it in contrast to a similarly sized
but nonpolar styrene molecule,3,4 which has been reported to
bind to the adatom and restatom via 2,8-addition (in refs 3 and
4 denoted as [4 + 2]-like cycloaddition). We suggest that the
presence of carbonyl group in the AP molecule and its polarity
plays an important role in the studied chemisorption.

■ PROCEDURES

Experimental Procedures. Experiments were carried out
in an ultrahigh vacuum chamber (a base pressure below 8 ×
10−9 Pa) equipped with a noncommercial STM. Silicon
substrates were prepared from Sb doped wafers (resistivity
0.005−0.01 Ω cm). The 7 × 7 reconstruction was obtained by a
standard flashing procedure. Pressure during the substrate
preparation was sustained within the order of 10−8 Pa. AP was
deposited via a leak valve from the liquid phase, which was
purified by several freeze−pump−thaw cycles prior to the
experiment. During the exposition, the pressure of AP was held
in the order of 10−6 Pa. The purity of the AP was confirmed by
deposition onto the Si(100) surface with recognition of the

Figure 1. Si(111)-7 × 7 DAS surface reconstruction12,13 as used in the
DFT calculations. (a) Top view, (b) side view. The 7 × 7 slab is
passivated by a hydrogen (white ball) layer from the bottom. Symbols
“+” and “−” indicate charge of the atoms with dangling bonds.

Figure 2. AP/Si(111)-7 × 7 surface after annealing to 75 °C. (a,b) STM images of the surface taken at the sample bias: −1.75 V and +1.75 V,
respectively (tunneling current 0.5 nA). Blue, red, and green arrows mark positions of objects found after AP exposition. We name them as A, B, and
C, respectively. White arrows indicate irregular objects. Series of detailed STM images of the object A taken at different biases is shown in (c). The
7 × 7 cell is indicated by a dashed line. The series of line profiles taken over diagonal of the 7 × 7 cell is shown in (d). The blue and black lines are
taken over the longest diagonal of the 7 × 7 cell with the A object (dotted blue line in c1) and of the clean 7 × 7 cell, respectively. (e−g) Schematic
chemical formulas: (e) acetophenone molecule (with atom numbering), (f) 1,2-adduct with consecutive interconversion and hydrogen migration,
and (g) adatom-bound silyl enolether. The adatoms are depicted in blue, while restatoms are depicted in gray.
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same structures as published by Schofield et al.7 The data for
the STM images were processed by a floating average filter and
are shown in the pseudo-3D view mode.17 The dI/dV scanning
tunneling spectra were measured using a lock-in technique, the
presented data were averaged over several equivalent spectra
normalized by I/V.
Theoretical Procedures. The geometry optimizations

were performed with DFT using the Fireball18 code, which is
based on the formalism of the local combination of atomic
orbitals,19 norm-conserving pseudopotentials,20 and the
McWEDA functional.21 The exchange-correlation energy was
calculated using the local density approximation22 with the
Perdew−Zunger parametrization23 of the correlation energy of
a homogeneous electron gas calculated by Ceperley−Alder.24
The Fireball DFT calculations were done with a full 7 × 7

slab that contained a total of six layers of Si and a vacuum gap
of 9.0 nm. A layer of hydrogen was attached underneath the
slab to passivate the surface. The two bottom layers of Si and
the layer of H were fixed during the geometry optimizations.
For the Brillouine zone sampling, we used the 2 × 2
Monkhorst−Pack grid.25 The slab calculations enable a much
better description of the 7 × 7 states in comparison with small
cluster calculations.
In order to confirm the densities of states obtained from the

Fireball, we performed a single point calculations with VASP
DFT package26 using more precise generalized gradient
approximation-PW91 functional.27 For these calculations, we
used a slab containing four Si layers, a passivating hydrogen
layer, and 1 nm of vacuum above.
The used basis sets and energy cut-offs are stated in the

Supporting Information.

■ RESULTS AND DISCUSSION
We carried out RT STM measurements of the adsorbed AP on
the 7 × 7 surface (AP/7 × 7) after three different
postdeposition thermal treatments: without annealing and
with annealing to 75 and 150 °C in order to distinguish
metastable and stable adsorption geometries on the surface.
Observation of the AP-exposed samples without annealing
revealed, as we expected, that AP chemisorbs already at RT
(Figure S2 in the Supporting Information). Multiple objects
can be found on the surface after AP exposure and most of
them are stable up to 75 °C. A representative STM image of the
AP/7 × 7 surface after annealing to 75 °C is shown in Figure
2a,b. A majority of objects found on the surface can be classified
as irregular (white arrows in Figure 2a,b). They usually appear
as protrusions at sample biases US < −1 V and as protrusions or
depressions at US > 1 V. At |US| < 1 V, the irregular objects are
imaged as a depression in the position of a single adatom or
couple of adatoms. The irregular objects are often spread over
several neighboring adatoms and we consider them as
composed of multiple adsorbed AP molecules or as rare
adsorption configurations of a single AP molecule. We note
that these structures are only metastable and disappear after
annealing to 150 °C.
Besides the irregular structures, three frequently observed

types of objects can be distinguished on the surface after
annealing to 75 °C, denominated A, B, and C (blue, red, and
green arrows in Figure 2a,b, respectively). Results of the
statistical analysis of the observed objects are shown in table S1
in the Supporting Information. The B object is the most
frequent regular object on the surface and together with the
object C is stable even after annealing to 150 °C. The

properties and atomic structure of B and C objects will be
discussed in detail later. Unlike the B and C objects, the A
object is only metastable since it is not observed after annealing
to 150 °C.
Bias-dependent details of imaging the A object are presented

as STM maps in Figure 2c. In addition, line profiles taken at
corresponding tip voltages over a 7 × 7 cell containing an
object A and over a clean 7 × 7 cell are shown in Figure 2d.
The object appears as the brightest feature in the STM images
taken at negative biases US < −1.3 V (e.g., Figure 2c1,d1). For
US between −1.2 and +0.9 V it completely disappears (e.g.,
Figure 2c2,c3,d2,d3), thus it looks like a missing adatom. After
increasing the bias above +0.9 V, it appears as a slightly more
enhanced and laterally shifted adatom (shown in the Figure
2c4). The shift is even more pronounced in the line profile in
Figure 2d4. The closest restatom is missing on the images taken
at US < −0.9 V (e.g., Figure 2c1,c2), which indicates that the
AP molecule or its part are bound to the restatom.2,16

By means of DFT calculations, we searched for AP surface
configurations consistent with STM imaging of the object A, i.e.
1) saturating dangling bonds of the adatom and the restatom
and 2) with a low density of states in the range from −1.2 eV to
+0.9 eV. We found three geometries of the chemisorbed AP
molecule meeting the criteria: A silyl enolether (a schematic
formula in Figure 2g), which has two stable geometries,
“standing” or “lying”, and a 1,2-adduct with consecutive
interconversion and hydrogen migration (schematic formula

Figure 3. Relaxed candidate adsorption geometries of the A object: (a)
adatom-bound standing silyl enolether, (b) adatom-bound lying silyl
enolether, and (c) 1,2-adduct with consecutive interconversion and
hydrogen metathesis. (a,c) Side views, (b) top view. Color scheme of
the silicon atoms is the same as in the Figure 1. (d) The molecule
projected densities of states (PDOS) for the adsorption geometries
(a−c).
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in Figure 2f). The corresponding relaxed geometries are shown
in Figure 3a−c and molecule projected densities of states
(PDOS, for more information see the Supporting Information)
are shown in Figure 3d.
The silyl enolether lying geometry is the most stable one,

according to the Fireball calculations, however we suppose that
the stability of this geometry can be overstated in our
calculations due to the BSSE error.28 Another support for the
silyl enolether geometry can be obtained from STM images:
The protrusion in the STM images of the object A (shown in
Figure 2c1,c4) is positioned always above the adatom, slightly
shifted in the direction to the neighboring HUCs. If the A
object were the 1,2-adduct, which is situated above the adatom
and the restatom, the corresponding protrusion in STM image
would be shifted to the restatom. Therefore, we consider the
silyl enolether as the more probable adsorption model for the A
object. We note that switching between both chemically
identical silyl enolether geometries can be also possible at RT.
However, due to the similar PDOS of both geometries the
switching cannot be observed by means of simple STM
imaging. This type of adsorption was observed previously in the
case of acetone on the 7 × 7.10 The dissociated hydrogen is
bound to the restatom which is the preferred position for the
hydrogen on the 7 × 7 and it causes disappearance of the
restatom at US < −0.9 V.16

A representative STM image of the AP exposed surface after
annealing to 150 °C is shown in Figure 4. The metastable
irregular objects as well as the objects A are no more observed
on the sample. For the latter one, we do not expect desorption

via Si−O bond scission but rather transformation into some
other undistinguished structure. Bias-dependent STM details of
the objects B and C are shown in Figure 4b,c, respectively. The
direct comparison of the line profiles taken at corresponding
voltages above the clean 7 × 7 cell and the cells containing B or
C object is shown in Figure 4d. Both objects appear very similar
in the STM images at negative sample biases US ≤ −1 V, that is,
as bright protrusions at the adatom positions (as shown for
example in Figure 4b1,b2 and c1,c2). At negative sample biases
US > −1 V (e.g., Figure 4b3,c3,d3), the objects have at least the
same brightness as unreacted adatoms. The main difference
between B and C objects arises at US ≥ 1 V (see Figure 4b5,b6
and c5,c6, respectively). At these biases, the B and C objects
appear as a protrusion and a depression, respectively. That can
be also seen from the line profiles in Figure 4d5,d6. We note
that the protrusions corresponding to B and C objects are
usually shifted in direction toward the neighboring HUC, which
is the most prominent at US ≤ −1 V. At positive biases, the
contrast of the closest adatom in the neighboring HUC is
almost unaffected in the case of the B object, while in the case
of the C object the adjacent adatom is considerably darker.
We performed STS measurements above the stable B and C

objects in order to specify differences in the electronic structure
(see Figure 4e). While the contrast of STM images reflects
geometry and also all electronic states between applied bias and
zero bias (= the energy of the Fermi Level), the normalized
tunneling spectra are roughly proportional to the local density
of states.29 The spectrum of the B object (red line in Figure 4e)
indicates a high density of states at −0.7 and +1.0 eV. In the

Figure 4. AP/Si(111)-7 × 7 surface after annealing to 150 °C. (a) An STM image of the surface at the sample bias: − 1.0 V (tunneling current 0.085
nA). Red and green crosses indicate positions of the objects B and C, whose detailed STM images taken at different biases are shown in (b) and (c),
respectively. The black cross marks position of a center adatom. The 7 × 7 cell is indicated by a dashed line. The series of the line profiles taken
above the longest diagonal of the 7 × 7 cell containing the B object (red line), the C object (green line), and above the clean 7 × 7 cell (black line) is
shown in (d). The actual location of the line profile taken above objects B and C is marked out by red and green dotted lines in (b1) and (c1),
respectively. (e) STS curves measured above center adatom (black line) marked by black cross in (a) and objects B (red line) and C (green line).
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case of the object C (green line in Figure 4e), the spectrum
shows an increased density at −0.5 eV, compared to an
unreacted adatom (black line in Figure 4e), and a lower density
of states above the Fermi Level up to 2 eV. The lower density
of unoccupied states explains disappearance of the object in the
STM empty-state images (Figure 4c4−c6).
Extensive DFT calculations were used to select adsorbate−

surface configurations corresponding to the experimentally
obtained properties of the object B. A stable configuration with
high bonding energy and PDOS consistent with the tunneling
spectra29 in Figure 4b were required. In addition, the
configuration should have a low formation barrier because it
is commonly observed already on samples exposed to AP at
RT. Geometries with a datively bound AP molecule to a single
Si adatom or restatom (figure S1 top left in the Supporting
Information) could be ruled out as energetically unfavorable,
thus we limit our discussion to geometries with AP bound to
two Si atoms, to adatom and restatom, or to two adatoms.30

The former can be also excluded because in the case of the B
object we did not observe any restatom interaction,
disappearance of the restatom and highlighting of the
neighboring adatoms, in filled-state STM images.31 Therefore,
the only feasible geometries would comprise the AP molecule

bound to two adatoms. The neighboring adatoms in the same
HUC do not seem to be affected according to STM images, but
the opposite is true in the case of the adjacent adatoms in the
neighboring HUCs.
Our DFT simulations provided two object B candidate

geometries with high bonding energies and the required PDOS.
The first one is a 1,6-adduct bound to the adatoms via oxygen
and para carbon of the benzene ring, shown in the Figure 5a.
Undergoing 1,6-addition leads to the loss of benzene
aromaticity and the creation of methylidenecyclohexadiene-
like structure. The second geometry, shown in the Figure 5d,
originates from the first one via dissociation of oxygen that
forms a stable adatom-O-backbone atom binding. Simulta-
neously the rest of the molecule is rebound to the same
adatom. We call this model a 1,6-adduct with adatom oxidation.
The tendency of the 7 × 7 to dissociate a stable molecule and
undergo adatom oxidation was already reported (for water
molecule)32 but only on samples annealed to ∼300 °C. Thus,
we expect a high barrier for the oxygen dissociation and we
suppose that the B object is the simple 1,6-adduct, even though
the second model is more stable by ∼2 eV.
Next we discuss possible origins of the object C. Because of

its similarity with the object B in the STM images and its
stability after annealing, we expect that the object C is
composed of the molecule or its parts bound to the two
adatoms as in the case of the B object. However, the C object is
less frequent, especially on the samples exposed to AP at RT or
after annealing to 75 °C. Therefore, we expect a higher
formation barrier in comparison with the object B. There are
many possible two-adatoms-bound products of potential
dissociations, hydrogen migrations or more complicated surface
incorporations. Analyzing all of them is beyond the possibilities
and the scope of this study. We have tested several selected
geometries using DFT calculations (Figure S1 in the
Supporting Information), however, none of them showed
PDOS consistent with the STS curve measured above the
object C.
Addition reaction of small organic molecules to two adatoms

of the 7 × 7 surface, which we propose for the 1,6-adduct
(object B), is rare. A molecule of comparable size as
acetophenone and featuring double bonds, styrene, chemisorbs
preferentially via addition to adatom and restatom.3,4 Of similar
size but strongly polar p-benzoquinone is the only small
molecule reported to undergo addition to two adatoms.11 In
this case, the bonding to two adatoms is predictable because the
molecule has two highly reactive and negatively charged oxygen
atoms. These atoms are supposed to be attracted by the
positively charged Si adatoms.15 Moreover, such addition to
two adatoms results in aromaticity of the benzene ring in the
case of the p-benzoquinone, therefore it is also energetically
favorable.
The comparison of nonpolar styerene and polar p-

benzoquinon shows how strongly polarity of the molecule
influences mechanisms of adsorption on the 7 × 7. A detailed
description of a chemisorption pathway leading to the bonding
to two adatoms is beyond the possibilities of the used
methodology. However, it is natural to expect that the
adsorption mechanism of AP is affected by its polarity as
well. It is probable that the reaction proceeds stepwise. First,
the oxygen atom forms a dative bond selectively with an
electron-deficient adatom.11,15 Second, the molecule is further
stabilized by forming an Si−C bond. From all available Si and C
combinations, the energetically favored 1,6-adduct to two

Figure 5. Candidate adsorption geometries of the B object: (a−c) 1,6-
adduct of the AP, (d−f) 1,6-adduct with adatom oxidation. (a,d)
Schematic formulas, (b,e) top views, and (c,f) side views. The atoms
are colored as in Figure 1 and 3. The inset in the middle: Schematic
drawing of the 7 × 7 reconstruction with adatoms shown only. The
red dashed-dotted rectangle marks out the area shown in the panels a−
f. (h) The molecule projected densities of states (PDOS) of the
adatom−adatom adducts. Blue line is the density of the 1,6-adduct,
whereas yellow line represents the density of the 1,6-adduct with
adatom oxidation.
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adatoms in neighboring HUCs (object B) is found preferable,
especially when the relaxation is allowed at elevated temper-
atures.

■ SUMMARY
In this work, we have used bias-dependent STM imaging and
STS to distinguish different objects formed by the adsorbed
acetophenone molecule on the Si(111)-7 × 7 surface. The DFT
calculations were carried out in order to find atomic geometries
that would be in compliance with the experimental
observations. At room temperature and after annealing to 75
°C, various configurations of the adsorbed acetophenone can
be found on the surface. The most prominent and repeatedly
observed metastable structure (referred to as object A) is
consistent with the silyl enolether bonding after dissociation of
one H atom. After annealing to 150 °C, only two of the most
stable configurations remain. The first one (object B) was
identified by means of DFT calculations as a 1,6-adduct to the
two adjacent adatoms of neighboring half unit cells. The second
less numerous stable structure (object C), which appears dark
in the empty-state STM images, is proposed to be bound to the
two adjacent adatoms as well. We suggest that polarity of the
carbonyl group affects the initial stage of chemisorption and
thus indirectly favors bonding to the two adatoms over other
bonding configurations.
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Details of theoretical calculations

Fireball calculations

The basis set for the valence electrons consists of numerical Fireball pseudo-atomic or-

bitals with radial cuts.1 The used radial cuts are shown in the table S1.

Table S1: The used radial cuts for the basis set used in the Fireball calculations. ab stands
for the Bohr radius.

atom orbital radial cut [ab]

H s 4.0

s* 4.0

C s 4.5

p 4.5

d 5.4

O s 3.5

p 4.0

d 5.0

Si s 4.8

p 5.4

d 5.2

In order to confirm that the sufficient amount of layers was used, we performed calcula-

tions with a total of eight layers of Si in the slab, for the most favorable geometries. These

calculations provided the same results as the one done with the six layered slab.

The adsorption energy Ead (as shown in Figure S1) for any calculated structure is defined

as: Ead = −(Estructure
TOT −E7×7

TOT −EAP
TOT ), where Estructure

TOT is the total energy of the calculated

adsorption geometry of the acetophenone (AP) molecule, E7×7
TOT is the total energy of the

clean 7×7 slab and EAP
TOT stands for the total energy of the AP molecule in vacuum. For

the most stable geometries, we performed calculations with the AP molecule adsorbed at

different types (there are two inequivalent HUC types, faulted and unfaulted with respect

to the bulk2,3) or different positions within a HUC – close to a corner or a center adatom.

The differences in the adsorption energies were lower than 0.1 eV.
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VASP calculations

The VASP code4 is based on a plane waves basis set. In our calculations we used an

energy cut-off for the plane waves 396 eV and ultrasoft pseudopotentials.5

Densities of states

The atomic projected densities of states were obtained by projecting the density of states

of the whole system onto each atom of the system. The molecule projected densities of

states (PDOS) were gained via summing atomic densities corresponding to all atoms of the

molecule.

All calculated configurations

Here we show all the configurations of the adsorbed AP molecule (Figure S1), which were

optimized and calculated in order to find potential candidates for the observed A, B and

C objects. The silyl enolethers and the adducts bound to the adatom and the restatom were

calculated as candidates to the object A. Dissociated adatom-adatom configurations and

adducts to two adatoms with hydrogen migrations were our attempts to find a candidate for

the object C . The dissociated structure with adatom oxidation and some of the structures

concerning adducts with hydrogen migration are energetically even more stable than the

simple 1,6-adduct; however, any of these structures do not have PDOS in agreement with

the measured STS data. The backbone-bound and dimer-bound structures were calculated

just in order to exclude the possibility of these bindings from thermodynamical point of view

– such structures are less stable than the 1,6-adduct.

Some of the 1,4-adducts have higher or comparable adsorption energy with respect to

the simple 1,6-adduct; however, we expect that the BSSE error6 affects the total energy

calculations. Even though we cannot evaluate the exact value of the BSSE error within our

calculations, the error is supposed to be enhanced when the atoms of the molecule are close

to the neighboring Si surface atoms, as in this case.
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Figure S1: Formulas for all the adsorption geometries, that were studied and optimized by
means of the DFT calculations. The adatoms are depicted in blue, restatoms in gray and
dimer atoms are depicted in orange. The EAD – adsorption energies are taken from Fireball
and they correspond to the acetophenone adsorbed at the faulted corner adatom, unless
specified otherwise by stars: *-bound to or nearby center adatoms; ** - bound only to the
restatoms. The adsorption energies may differ, depending on the HUC or side (corner or
edge) in the HUC, by less than 0.1 eV. The acetophenone molecule with numbering of atoms
is shown in the right bottom corner.
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Additional experimental results

In this section, we show statistical analysis of the objects resolved on STM images,

together with STM images of larger areas, in order to supply the figures and statements in

the main text.

The statistical data obtained from all the three post-deposition annealing treatments are

shown in Table S2. The data of the resolved objects after room temperature deposition and

after annealing the sample to 75 ◦C were taken from single set of STM images. In the first

case the data were collected from the surface area of approximately 30× 30 nm, while in the

second one the surface area was ∼ 20×20 nm; however, the coverage was much larger due to

higher exposition to AP. These data therefore provide only rough estimates. The statistical

data of the stable objects after annealing the sample to 150 ◦C, which were the main subjects

of this study, were gathered from multiple sets of measurements containing much larger area

of the sample.

Figure S2 shows STM images obtained after room temperature deposition of the ace-

tophenone molecules. Figure S3 reveals large area STM images after annealing the sample

to 150 ◦C. Only a floating average filter was used to process the STM data.7

Table S2: The statistics on the resolved objects from the experimental STM images. Irr.
objects, No. obj. and RT stands for irregular objects, total number of statistically analyzed
objects and room temperature, respectively.

Temperature Irr. objects [%] Objects A [%] Objects B [%] Objects C [%] No. obj.

RT 44.0 4.0 36.0 16.0 25

75 ◦C 55.8 9.6 30.8 3.8 52

150 ◦C — — 68.9 31.1 201
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Figure S2: The Si(111)-(7 × 7) surface after room temperature exposition to the acetophe-
none molecules. Left and right parts show the same area with opposite sample biases, left:
Us = −1.6 V, right: Us = 1.6 V (tunneling current 0.28 nA).
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Figure S3: The AP/Si(111)-(7 × 7) surface after annealing to 150 ◦C. Left and right parts
show the same area with opposite sample biases, left: Us = −1.75 V, right: Us = 1.75 V
(tunneling current 0.12 nA).
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4. Thallium passivation of the
Si(111) surface
4.1 Surface passivation

In the process of passivation, a surface is covered by a suitable medium that
saturates all or a part of dangling bonds. The process is often used to decrease the
reactivity of highly reactive, e.g. silicon, surfaces. Besides the reactivity, passivation
has a substantial effect on the roughness of the adsorption energy relief (see Fig. 4.1).
On reactive surfaces, the relief is highly corrugated due to the presence of dangling
bonds. Diffusion of deposited molecules is either halted by chemisorption to the dangling
bonds (see the previous chapter) or confined to small areas [74]. Reducing the number
of dangling bonds flattens the adsorption energy relief and lowers the energy barriers
for diffusion.

The most common passivation method of silicon surfaces is the passivation by
hydrogen. In the case of the Si(111) surface, individual hydrogen atoms saturate all
surface dangling bonds and stabilize the (1 × 1) termination of the surface. As a result,
diffusion barriers for adsorbed atoms are significantly lowered (e.g. in the case of Ag,
from 0.85 eV to 0.12 eV, see Fig. 4.1)

Si(111) Si(111)/H

a1

dimer

a2

b1

b2

Fig. 4.1: Ag diffusion on the clean and H-terminated Si(111) surface. a: Diffusion barrier
of the reaction coordinate over a dimer row on the (7 × 7) surface. b: Adsorption energy
relief of the H-terminated Si(111) surface. Reprinted from [75].
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4.2 The Si(111)/Tl-(1 × 1) surface

In 1980’s and 1990’s, the group III elements on Si surfaces have been extensively
studied as model systems for the adsorbate-induced surface and interface phenomena
[55–60]. In 1999, Vitali et al. continued with the effort by the study of thallium
overlayers on the Si(111) surface [16]. At that time, Tl was studied because of its inert-
pair property of the 6s2 electrons, that is the reluctance of the electrons to participate
in chemical bonding. The reluctance makes Tl chemically similar to alkali metals. The
first experiments showed that at the room-temperature Tl atoms form small clusters
in the (7 × 7) HUC, first occupying faulted, then unfaulted cells. At the temperature
above 260 ◦C and coverage 1 ML, the (1 × 1) reconstruction emerges on the surface.
Between 1 ML and 2 ML coverage, an incommensurate (6 × 6) structure forms on top
of the first layer. In 2002, Lee et al. determined that Tl atoms occupy T4 sites over
the Si lattice and, contrary to previous observations, discovered that Tl can form a
(
√

3 ×
√

3) reconstruction, similarly to other group III elements [19,76]. The observation
of both (1 × 1) and (

√
3 ×

√
3) structures led to the question of Tl valency in the

reconstructions. The question was answered in 2006 by photoemission experiments of
Sakamoto et al. [77, 78] which showed that the nature of Tl binding is same in (1 × 1)
and (

√
3 ×

√
3) reconstructions, i.e. the valence state of Tl on the surface is 1+.

From the electronic side, Lee et al. showed that Tl binding to the Si surface has the
mainly ionic character given by the charge transfer from Tl atoms to Si dangling bonds
[19]. Theoretical calculations suggested that the transfer makes the Tl − (1 × 1) surface
semiconducting with a band gap of 0.34 eV. Later STM experiments of Kocán et al.
(2011) showed that unlike the ideal surface, the real surface contains point defects with
electronic states close to Fermi level [79]. These states make the surface metallic-like. On
top of that, angle-resolved and spin-resolved photoemission studies of Sakamoto et al.
revealed that the Si(111)/Tl − (1 × 1) surface possesses peculiar electronic properties:
(i) giant spin split of surface states close to the Fermi level and (ii) abrupt rotation of
the Rashba spin to the direction perpendicular to the surface [17, 18, 80]. Both these
properties are of a potential use in the future spintronic devices.

The Si(111)/Tl − (1 × 1) surface is usually prepared by deposition of 1 ML of Tl
on the Si(111) − (7 × 7) surface and annealing at ≈ 300 ◦C [19]. The annealing cancels
the (7 × 7) DAS structure and rearranges Si atoms into the (1 × 1) termination. The
rearrangement also changes surface concentration of the atoms in the topmost Si bi-
layer, from 2.08 ML in the case of the (7 × 7) termination to 2 ML in the case of the
(1 × 1) termination. In the paper IV (page 45), we show that the extra 0.08 ML of Si
atoms form Si bi-layer islands that are covered by the Tl − (1 × 1) layer. Edges of the
islands behave same as the step edges of the terraces. Density of the islands can be
affected by the length and the exact temperature of annealing during the preparation
of the Tl − (1 × 1) surface.

4.3 Desorption-induced thallium structures

Length and the exact temperature of annealing are two sensitive parameters mostly
affecting preparation of the (1 × 1) reconstruction. The sensitivity is caused by a very
low desorption temperature of Tl from the Si(111) surface (≈ 330 ◦C), which is only
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≈ 30 ◦C above the temperature necessary for the preparation of the (1 × 1) layer.
Slightly higher temperature or slightly longer annealing cause desorption of a part
of Tl atoms and formation of the incomplete (1 × 1) layer.

At the temperature above ≈ 300 ◦C, Si dangling bonds are gradually exposed
as Tl atoms desorb from the surface. Exposed dangling bonds immediately react,
first with remaining Tl atoms, then with Si atoms. In this process, the surface
reconstruction changes from the original Tl − (1 × 1) through the TlSi-(

√
3 ×

√
3)

mosaic reconstruction to a wide variety of metastable Si reconstructions (see Fig. 4.2
and Fig. 2 of the paper IV). We successfully fitted the temperature dependence of
the amount of residual Tl atoms on the surface by a model using the first order
desorption. The same desorption energy of (2.1 ± 0.3) eV and frequency prefactor
5 × 1014±2s−1 during all stages of the desorption are sufficient for the fitting. This led
us to the conclusion that bonding of Tl in both (1 × 1) and (

√
3 ×

√
3) configurations is

of the same nature. The conclusion agrees well with the previous photoemission studies
of Sakamoto et al. [77, 78].
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Fig. 4.2: Structural models of the Tl − (1 × 1) , Tl − (
√

3 ×
√

3) and TlSi mosaic
reconstructions. Blue and red dotted lines mark unit cells of the reconstructions.

My contribution to the paper IV consists in the participation in the STM
measurements of the desorption-induced structures (Fig. 2 in the paper IV). I analyzed
the obtained data and determined the coverage of the surface by Tl atoms. Results of
the analysis were used to determine the dependence of the Tl coverage on the annealing
temperature (Fig. 3 in the paper IV).
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tion from the Si(111) surface. Transition from the Si(111)/(1×1)-Tl structure through the (√3×√3)R30°
mosaic phase to domains of metastable Si reconstructions is observed. Silicon substitutional atoms are
found to be intrinsic to the (√3×√3)R30° structure. The temperature dependence of the amount of residual
Tl atoms on the surface is successfully fitted by a model using the first order desorption. The same desorption
energy of (2.1±0.3) eV and frequency prefactor 5×1014±2 s−1 during all stages of the desorption are suffi-
cient for the fitting. It is concluded that bonding of Tl in both (1×1) and (√3×√3) configurations is of the
same nature.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Recently, the Si(111) surface with one deposited monolayer of
thallium has attracted a significant attention due to the observation
of an unusual Rashba spin splitting [1]. The spin splitting, lifted by a
spin–orbit interaction in combination with a broken symmetry [2],
represents a promising mechanism for generation of spin-polarized
electrons for spintronic applications [3].

Deposition of Tl on the Si(111) surface and annealing to 250–
300 °C results in formation of the Si(111)/(1×1)-Tl reconstruction
[4]. Upon annealing to a higher temperature (∼350 °C) a Si(111)/

ffiffiffi
3

p
�

ffiffiffi
3

p� �
R30°-Tl reconstruction [hereafter called

ffiffiffi
3

p
�

ffiffiffi
3

p� �
for

simplicity] is formed via desorption of Tl [4,5]. Structure of the
(1×1) reconstruction was determined as a monolayer of Tl atoms in
T4 site positions (see Fig. 1a) using low energy electron diffraction
[6], synchrotron X-ray scattering [7], and ab-initio calculations [4].

On the other hand, structure of the
ffiffiffi
3

p
�

ffiffiffi
3

p� �
reconstruction is not

settled yet. Ab-initio calculations [8] denoted 1/3 of monolayer of Tl
atoms at T4 sites (Fig. 1b) as the stable structure. Such structure is

similar to the
ffiffiffi
3

p
�

ffiffiffi
3

p� �
reconstruction formed by other group III

metals with trivalent metal atoms. However, photo-emission results
show a different bonding nature [9] and a monovalent state [10] of

the Tl atoms in the
ffiffiffi
3

p
�

ffiffiffi
3

p� �
structure. By means of the scanning

tunneling microscopy (STM), only a mosaic
ffiffiffi
3

p
�

ffiffiffi
3

p� �
structure

with some Tl adatoms replaced by Si adatoms (Fig. 1c) was observed
[5].

We use STM to study the desorption-mediated transitions (1×1)→
ffiffiffi
3

p
�

ffiffiffi
3

p� �
→ Si metastable structures. Morphology of Tl ad-layer

in different stages of desorption is observed as a function of annealing
temperature T. The atomic resolution allows us to analyze the amount
Θ of residual Tl on the surface. By fitting the dependenceΘ(T) we obtain
the desorption energy, which reflects character of bonding of Tl atoms
to the substrate.

2. Experimental

One ML (monolayer, 7.83×1014 atoms cm−2) of thallium (purity
99.999%) was evaporated from a resistively heated Ta tube onto the
Si(111)/(7×7) substrate (Sb doped with resistivity of 0.005−
0.01Ω cm) cleaned by flashing to ∼1200 °C. Deposited amount was
controlled by a quartz thickness monitor and calibrated by STM. The
(1×1)-Tl surface was prepared as the initial point of each experiment
by annealing the surface to 280 °C. The samples were annealed by
passing DC current for 2 min, absolute (relative) temperature accura-
cy was ±30 °C (±10 °C). The STM measurements were performed by
means of a non-commercial STM in an ultra-high vacuum chamber
with the base pressure better than 3×10−9 Pa. Pressure during Tl
deposition was within the 10−8 Pa order. Electrochemically etched
tungsten tips cleaned in-situ by electron bombardment were used for
measurements.

3. Results and discussion

Fig. 2a shows an STM image of the surface prepared by annealing
of the Si(111) surface with one Tl monolayer at 280 °C for 2 min. The
surface is almost uniformly covered by the (1×1)-Tl layer. On the
main flat area, several hexagonally shaped 2D islands are observed.
We propose that these islands contain an extra bi-layer of Si atoms
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covered by the (1×1) monolayer of Tl. The surface concentration of Si
atoms in the (7×7) reconstruction [prior to (1×1)-Tl formation] is
0.08 ML higher than that of the bulk-terminated surface. These extra
Si atoms would form bilayers with total area of 4%, which well agrees
with 5% obtained from our STM data. The surface of these islands (not
shown) appears on STM images the same as the surface of the main
area, shown in the inset of Fig. 2a. Their apparent height corresponds
to one Si bi-layer high step on the Si(111) surface — see the line

profile along the dashed line crossing three bright islands in Fig. 2a.
The inset in Fig. 2a shows a detail of the (1×1)-Tl surface with re-
solved 1×1 periodicity and several regularly shaped defects, inter-
preted as Tl multi-vacancies [11].

The structures observed after annealing of the (1×1) surface at
different temperatures are shown in Fig. 2b–f. After annealing at
300 °C (Fig. 2b) the (1×1) ad-layer, appearing as a bright surface
without corrugation, became broken by areas with desorbed Tl. In

(a) (b) (c)

(d) (e) (f)

3.1 A°

Fig. 2. STM images of the Si(111) surface with one monolayer of Tl after annealing at different temperatures. (a) T=280 °C: surface covered entirely by the (1×1)-Tl structure. The

inset shows detail of the (1×1) surface. The plot shows a line profile along the dashed line crossing 2D islands. (b) T=300 °C and (c) T=330 °C: coexisting (1×1) and
ffiffiffi
3

p
�

ffiffiffi
3

p� �

structures. (d) Surface covered mostly by
ffiffiffi
3

p
�

ffiffiffi
3

p� �
mosaic after two cycles of annealing at 300 °C and 330 °C. (e) T=360 °C: the surface, from which Tl almost completely desorbed.

(f) T=450 °C: surface covered mostly by (2n+1)(2n+1) reconstructions. Dimensions of images: (a) 200×200 nm2, inset 7×7 nm2, (b–f) 20×20 nm2. Sample voltage: (a) −3.0 V,

inset: 9 mV, (b) 1.1 V, (c) 0.3 V, (d) 0.5 V, (e) 1.0 V, (f) 1.6 V. Other details are in text.

Tl

Si

a b c

Fig. 1. Schematic structural models of the Si(111) surface with (a) (1×1)-Tl [4], (b)
ffiffiffi
3

p
�

ffiffiffi
3

p� �
-Tl [8] and (c) mosaic

ffiffiffi
3

p
�

ffiffiffi
3

p� �
-Tl [5] reconstructions. Filled and empty circles

represent Tl and Si atoms. Unit cells of (1×1) and
ffiffiffi
3

p
�

ffiffiffi
3

p� �
are outlined by the rhombuses.
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these areas (see e.g. the area marked by the arrow in Fig. 2b) the
ffiffiffi
3

p
�

ffiffiffi
3

p� �
reconstruction forms up locally. If the annealing temper-

ature is increased to 330 °C, the total area of the
ffiffiffi
3

p
�

ffiffiffi
3

p� �
recon-

struction is larger, as shown in Fig. 2c. In both Fig. 2b and c the
ffiffiffi
3

p
�

ffiffiffi
3

p� �
reconstruction is not perfect, some spots in the lattice

are darker than the others. The darker spots on empty states STM im-
ages were previously interpreted as Si substitutional atoms in the

ffiffiffi
3

p
�

ffiffiffi
3

p� �
domain (see Fig. 1c) [5]. Fig. 2d shows the surface pre-

pared by annealing at 300 °C followed by annealing at 330 °C. The
(1×1) areas are completely replaced by a mosaic of Tl and Si adatoms

with the
ffiffiffi
3

p
�

ffiffiffi
3

p� �
periodicity depicted in Fig. 1c. A small fraction of

the surface appears darker (see e.g. the area marked by the arrow in
Fig. 2d) and a local structure is different in these areas. The darker re-
gions can be assigned to Si metastable local structures [12] with Tl
completely desorbed.

The area of the Si metastable structures increases rapidly after
annealing at 360 °C, as shown in Fig. 2e. On the surface, only few
mostly isolated Tl atoms remain, appearing as bright protrusions.
The rest of the surface is covered with a mixture of locally ordered
Si adatom structures. Specifically, origins of c(2×8)/c(2×4) recon-
struction can be found (see the dotted arrow in Fig. 2e pointing to a
c(2×8) region) as well as origins of dimer-adatom-stacking fault
(DAS) structures (2n+1)(2n+1) (see the solid arrow in Fig. 2e).
After annealing at higher temperatures Tl atoms desorb completely.
An example after annealing at 450 °C is shown in Fig. 2f. Compared
to Fig. 2e, domains containing several unit cells of DAS reconstruc-
tions can be recognized, see selected unit cells of (9×9), (7×7) and
(5×5) reconstructions outlined by the rhombuses labeled by 9, 7
and 5, respectively. The arrow in Fig. 2f points to an area of the
c(2×8) local structure coexisting with (2n+1)(2n+1) areas.

An amount of non-desorbed Tl atoms Θ (hereafter called cover-
age) was extracted from STM images using different contrast of Si
and Tl atoms. The amount of Tl atoms in the (1×1) structure was
obtained by measuring its area with known concentration of Tl
atoms, while the amount of Tl atoms in the

ffiffiffi
3

p
�

ffiffiffi
3

p� �
structure

was counted ‘atom-by-atom’. In order to estimate the accuracy of
measuring the Tl coverage from STM images, test experiments were
performed as follows. The surface with 0.7 ML of deposited Tl was

annealed at 280 °C, which is a condition for the (1×1)-Tl formation
with negligible desorption (see the (1×1) surface with no indication
of desorption in Fig. 2a). The Tl coverage measured from STM images
was in good agreement with the deposited amount within the range
of thickness monitoring error (±5%).

The experimentally obtained dependence of coverage Θ on
annealing temperature T is plotted in Fig. 3 by squares. The fitting
solid line in Fig. 3 was obtained as follows. First, we assume that the
observed structural changes (Fig. 2) are induced by a thermally acti-
vated desorption of the first order. Second, we assume that the de-
sorption energy Edes does not depend on Θ, i.e. Edes is the same for Tl
atoms in all structures formed during the desorption process. Then
the decrease of coverage with time t can be expressed as

Θ ¼ Θ0 exp −Rtð Þ; ð1Þ

where Θ0 is the initial Tl coverage and R is the desorption rate,
depending on temperature T:

R ¼ ν exp −Edes=kBTð Þ; ð2Þ

where ν is the frequency prefactor and kB is the Boltzmann constant.
The initial coverage Θ0 and time twere set Θ0=0.97 ML (the initial Tl
coverage is lower than unity due to the presence of intrinsic defects,
see Fig. 2a) and t=120 s (from the experiment). The frequency pre-
factor ν and the desorption energy Edes were found from the linear
fit of Arrhenius dependence of ln(R) vs. 1/T, shown in Fig. 4. The
values of R were calculated from the experimentally obtained values
of Θ using Eq. (1). The parameters obtained by the fitting are
Edes=(2.1±0.3) eV and ν=5×1014±2 s−1.

The total Tl coverage Θ can be divided into two components Θ1

and Θ ffiffi
3

p , corresponding to fractions of atoms in the (1×1) and theffiffiffi
3

p
�

ffiffiffi
3

p� �
structures, respectively. For simplicity we assume that

the
ffiffiffi
3

p
�

ffiffiffi
3

p� �
structure is formed only by desorption from the

(1×1). Then, taking into account desorption from both structures,
rate equations can be written:

dΘ1

dt
¼ −1:5� Θ1R1 ð3Þ

dΘ ffiffi
3

p

dt
¼ 0:5� Θ1R1−Θ ffiffi

3
p R ffiffi

3
p ; ð4Þ

where R1 and R ffiffi
3

p are the desorption rates from the (1×1) and the
ffiffiffi
3

p
�

ffiffiffi
3

p� �
structures, respectively. Factors 1.5 in the first and 0.5 in
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Fig. 4. Arrhenius plot of desorption rate R (squares) obtained from Tl coverage Θ using
Eq. (1). The solid line is a linear fit.
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Fig. 3. Experimental dependence of Tl coverage (squares) on annealing temperature,
fitted by first order desorption model with single desorption rate R1 ¼ R ffiffi

3
p (solid

line) and with two desorption rates R1 > R ffiffi
3

p (dashed line). The curves distinguished
by light gray-shaded and dark gray-shaded areas underneath are (1×1) andffiffiffi

3
p

�
ffiffiffi
3

p� �
components of Tl coverage with the same desorption energy. The dotted

line corresponds to the area fraction of the
ffiffiffi
3

p
�

ffiffiffi
3

p� �
structure.
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the second equation ensure that desorption of two atoms from the
(1×1) structure effectively removes three atoms from the (1×1)

and adds one atom to the
ffiffiffi
3

p
�

ffiffiffi
3

p� �
structure. If R1 ¼ R ffiffi

3
p , the sum

of Θ1 and Θ ffiffi
3

p represents a one-component first-order desorption
(FOD), which gives the same result as plotted in Fig. 3 by the solid
line. To test how would a higher desorption energy of atoms in theffiffiffi

3
p

�
ffiffiffi
3

p� �
structure influence the total coverage, a result of the ki-

netic equations with energies of desorption set to 2.2 eV and 2.1 eV

for the
ffiffiffi
3

p
�

ffiffiffi
3

p� �
and the (1×1) structures, respectively, is plotted

in Fig. 3 by the dashed line. The frequency prefactor is set to
5×1014 s−1 for both structures. For coverages >0.6 ML, both models

give the same results, because the fraction of the
ffiffiffi
3

p
�

ffiffiffi
3

p� �
structure

is small. However, as desorption continues, a significant difference
between the curves is observed. The declination from the original de-
pendence (solid line) is evident and does not fit to the experiment.
The successful fitting of the experimental dependence Θ(T) using a sin-

gle parameter Edes for the desorption from both (1×1) and
ffiffiffi
3

p
�

ffiffiffi
3

p� �

suggests that a bonding mechanism in both structures is similar.
With respect to the good agreement of the experimental data and

their fitting described above we propose a model of structural trans-
formations on the Tl/Si(111) surface. Starting from the (1×1) struc-

ture, the
ffiffiffi
3

p
�

ffiffiffi
3

p� �
is locally formed by decreasing Tl coverage by

desorption. Because the activation energy of Tl desorption in both
structures is similar, Tl desorbs from both structures with a similar

probability. The Tl atoms desorbed from the
ffiffiffi
3

p
�

ffiffiffi
3

p� �
are replaced

by Si adatoms in order to lower the total energy, as discussed below.
As a result, the mosaic phase is formed. By further desorption, Si ada-
toms dominate and Si metastable adatom structures are observed.

We continue by discussion of a stabilizing mechanism of the mo-

saic
ffiffiffi
3

p
�

ffiffiffi
3

p� �
-Tl structure. In the proposed scenario, the substitu-

tional Si adatoms in the
ffiffiffi
3

p
�

ffiffiffi
3

p� �
structure are intrinsic, in

agreement with proposals in Ref. [13]. In the (1×1)-Tl structure,
which covers the surface almost perfectly after heating to ∼280 °C,
a character of bonding is strongly ionic. It is due to a charge transfer
from the monovalent [10] Tl atoms to Si dangling bonds of the bulk-
terminated Si(111) surface. Ratio of the Si dangling bonds and Tl
atoms is 1:1. If the same mechanism of bonding is applied to the

ideal
ffiffiffi
3

p
�

ffiffiffi
3

p� �
structure (Fig. 1b), where the ratio is 3:1, the charge

provided by monovalent Tl atoms is not sufficient to saturate Si dan-
gling bonds completely. On the other hand, each Si adatom can pro-
vide four electrons to the structure. The Si adatoms are available on
the surface from the Si-rich (7×7) reconstruction and from step
edges. Furthermore, the Si adatoms are highly mobile at elevated
temperatures, otherwise the well shaped 2D islands of Si bilayers

would not be formed (see Fig. 2a). Hence the
ffiffiffi
3

p
�

ffiffiffi
3

p� �
-Tl structure

is likely stabilized by the Si substitutional atoms, resulting in the mo-
saic structure (the model is shown in Fig. 1c).

Here we note that the
ffiffiffi
3

p
�

ffiffiffi
3

p� �
-Tl is formed only as a result of

desorption of Tl from the (1×1). If ∼0.3 ML of Tl is deposited to the
(7×7) reconstruction of Si(111) and heated to ∼300 °C (or deposited

on the hot surface), the
ffiffiffi
3

p
�

ffiffiffi
3

p� �
structure is not observed by STM.

Instead, the (7×7) structure remains on majority of the surface with
Tl clusters inside half unit cells of the reconstruction. Minor parts of
the surface, preferentially at step edges or domain boundaries, are
covered by the (1×1)-Tl structure [5]. This observation, confirmed
by our experiments (not shown), suggests that a low concentration

of Tl is not sufficient to destroy the (7×7) reconstruction and that

(1×1) is preferred in comparison to the
ffiffiffi
3

p
�

ffiffiffi
3

p� �
structure,

which is formed only as a product of the desorption. When the sur-
face with ∼0.3 ML of Tl is annealed to Tl desorption temperature,
the original (1×1) areas follow the same evolution as in the case of
the surface completely covered by the (1×1). Tl is desorbed from
the (7×7) areas leaving clean (7×7) reconstruction.

In previous LEED studies of the Si(111)/
ffiffiffi
3

p
�

ffiffiffi
3

p� �
-Tl surface,

high intensity LEED spots were observed [4,10,9,14]. By the intuitive
interpretation, the maximum intensity LEED pattern was supposed

to correspond to the maximum
ffiffiffi
3

p
�

ffiffiffi
3

p� �
area fraction and to Tl

coverage of 1/3 ML. Using our simple model, the Tl coverage Θ from
Eqs. (1) and (2) can be divided into components Θ1 and Θ ffiffi

3
p (the cor-

responding fractions are shaded by light gray and dark gray in Fig. 3,
respectively). The fractions are obtained from Eqs. (3) and (4) using

values R1 ¼ R ffiffi
3

p ¼ R. The area fraction of the
ffiffiffi
3

p
�

ffiffiffi
3

p� �
is three

times higher than Θ ffiffi
3

p , because Tl adatom concentration in this struc-
ture is ideally 1/3 ML. This area fraction is plotted by a dotted line in

Fig. 3. Maximum of the
ffiffiffi
3

p
�

ffiffiffi
3

p� �
fraction is 43% at T=335 °C,

which corresponds to STM observation— the surface is never entirely

covered by the
ffiffiffi
3

p
�

ffiffiffi
3

p� �
during desorption. We propose, that the

sharp LEED pattern [4,10,9,14] corresponds to the mosaic
ffiffiffi
3

p
�

ffiffiffi
3

p� �
structure (Fig. 2d) with about 0.15 ML Tl coverage. We

note that in case of the
ffiffiffi
3

p
�

ffiffiffi
3

p� �
mosaic phase of Pb on the

Si(111) surface a sharp LEED pattern was observed as well [15].

Finally we compare our results obtained for Tl with desorption of
other group III metals from the Si(111) surface. In general, different
techniques used in experiments discussed below gave not only differ-
ent combinations of frequency prefactors and desorption energies,
but also different order of desorption. To allow comparison across
the results we introduce a critical temperature TC defined as a tem-
perature, at which one half of the initial coverage desorbs from the
surface after fixed time, which we choose 120 s.

Among the group III elements, Al desorbs from the Si(111) surface
at the highest temperatures. In Ref. [16], desorption from the

ffiffiffi
3

p
�

ffiffiffi
3

p� �
-Al structure is studied by the Auger electron spectrosco-

py, the obtained values of the FOD energy and prefactor were
Edes=(3.8±0.1) eV and ν=5.3×1015 s−1, with resultant
TC=790 °C. For submonolayer coverages of Ga, the FODwas observed
by the Rutherford backscattering technique [17] with the activation
energy of desorption Edes=(2.0±0.3) eV and prefactor ν=10(10±3)

s−1. Resultant TC is 550 °C. In the case of In desorption in a submono-
layer regime, values of Edes between 2.5 and 2.9 eV were reported by
several techniques (see [18] and references therein) with ν between
1012 and 1016 s−1, considering the FOD and TC is in the range from
510 to 620 °C. Interestingly, the zeroth order desorption (ZOD) was
reported in contrast to the earlier works. Minami et al. used the fluores-
cent X-ray spectroscopy and the reflection high energy electron diffrac-
tion (RHEED) to study isothermal desorption of In from the Si(111)
surface, reporting ZOD with rate of desorption dependent on super-

structures formed during the desorption [19]. Edes for the
ffiffiffi
3

p
�

ffiffiffi
3

p� �

superstructure was reported to be 1.9 eV and prefactor 4.6×108 ML/s,
the resultant TC is 605 °C. The ZOD usually indicates an existence of a
2D gas phase in equilibrium with a solid phase, which represents a res-
ervoir of atoms for the 2D gas [20]. However, the existence of the 2D gas
phase was not confirmed by RHEED, which shows sharp patterns dur-
ing desorption, corresponding to the solid phase [20]. In the case of
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Ga, ZOD was also reported by King et al. using temperature pro-
grammed desorption [18]. With initial coverage of 1.5 ML, a single de-
sorption peak was fitted by the zeroth order kinetics with
Edes=(2.0±0.1) eV and a ZOD prefactor of 1.0×1012±0.5 ML/s, giving
TC of 435 °C.

Our results show that desorption of Tl can be described by the ki-
netics with a simple bond-breaking mechanism. The value
Edes=(2.1±0.3) eV is close to the activation energy of Ga desorption
and smaller than Edes of In, when considering the first order desorp-
tion. The rather high value of prefactor ν=5×1014±2 s−1 results
in desorption at significantly lower temperatures, compared to both
Ga and In. The value of TC=350 °C is the lowest among the compared
group III elements. This can be explained by a qualitatively different
bonding mechanism, in which only single valence electron per ada-
tom is active.

4. Conclusion

Particular stages of thallium desorption from the Si(111) surface

were observed by STM, i.e. formation of the
ffiffiffi
3

p
�

ffiffiffi
3

p� �
structure by

desorption of Tl from the (1×1) surface and formation of Tl-free Si

metastable structures by desorption of Tl from the
ffiffiffi
3

p
�

ffiffiffi
3

p� �
struc-

ture. Once the (1×1) structure is canceled, the
ffiffiffi
3

p
�

ffiffiffi
3

p� �
mosaic

phase is formed, while ideal Tl-
ffiffiffi
3

p
�

ffiffiffi
3

p� �
without Si substitutional

atoms has been never observed. It is concluded that a significant
amount of the substitutional Si atoms is necessary to stabilize the

ffiffiffi
3

p
�

ffiffiffi
3

p� �
structure, resulting in the mosaic phase. By fitting the ob-

served temperature dependence of the amount of residual Tl on the
surface by means of a first order desorption, we obtained the desorp-

tion energy (2.1±0.3) eV for Tl in both (1×1) and
ffiffiffi
3

p
�

ffiffiffi
3

p� �
struc-

tures. From successful fitting by the single desorption energy we

derive that a nature of Tl bonding in both (1×1) and
ffiffiffi
3

p
�

ffiffiffi
3

p� �

structures is similar.
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5. Single-atom adsorbates on the
Si(111)/Tl-(1×1) surface

At the beginning of our study, there were no published works focusing on the
interaction of adsorbates with the Si(111)/Tl − (1 × 1) surface. The only exception
is the study of Vitali et al. showing very weak bonding between the first and the
second Tl layer if more than 1 ML of Tl is deposited [20]. In the following chapter we
describe our results of the Mn, In and Sn layers on top of the Tl-passivated surface. The
atomic adsorbates were primarily used for testing the stability of the Tl layer before
the deposition of organic adsorbates. In the second part of the chapter we use the Tl
passivation layer as a mediator allowing growth of Si-metal reconstructions at a lower
temperature compared to the direct deposition.

5.1 Growth of Mn, In and Sn layers on the Tl-passivated
Si(111) surface

As written above, Tl and the Tl-passivated Si(111) surface exhibit unique properties
which are extraordinary among other chemical elements and surfaces. From the
applications point of view, the most interesting property is a large spin splitting of
electronic states near the Fermi level [17, 80]. In order to utilize the splitting, the split
surface states are required to be metallic [81]. The ideal Si(111)/Tl − (1 × 1) surface
has a bandgap of 0.34 eV. Spin-split surface bands do not cross the Fermi level, therefore
they cannot be used for generation of spin-polarized electrons. However, metalicity of
the surface states can be induced by surface point defects [79,82] or by creating a dense
2D metal-Tl alloy [83,84].

In the paper I (page 52) we study the behavior of three different atomic adsorbates:
Mn, In and Sn. Mn, known for its reactivity with bare silicon substrates [85, 86], was
chosen for testing the stability of the Tl layer. In and Sn were chosen as potential
candidates for formation of the dense 2D alloys, which could induce formation of
metallic spin split surface bands.

Results of our study can be summarized as follows:

• manganese atoms aggregate to stable 3D dendritic islands nucleated on Si steps

• indium atoms form compact flat islands that are unstable during observation and
interact with the electric field of the STM tip

• tin atoms intermix with Tl atoms and arrange into an array of triangular objects

• diffusion barriers for all studied adsorbates are strongly reduced compared to
those on the initial (7 × 7)-reconstructed Si(111) surface

• even though the growth modes of Mn, In and Sn are significantly different, all
the modes are similar to those found on less reactive metal substrates
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The results suggest that Sn and Tl form a dense 2D alloy that is a candidate for spin
split mettallic bands. Moreover, we show that the Tl − (1 × 1) layer can be used as a
passivation agent and a modifier of adsorbate growth on the Si(111) surface. This use
of the Tl − (1 × 1) layer is discussed in the rest of this work.

My contribution to the paper I can be summarized as follows. I obtained all
experimental data presented in the paper. I analyzed the data and prepared them
for the publication. With the help of co-authors I wrote the manuscript.
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a  b  s  t  r  a c  t

Controlled  growth  of thin  films  on  highly  reactive  silicon  surfaces  has been  a challenge  for  decades.  High
density  of  surface  dangling  bonds,  however,  hinders  the  adsorbate  diffusion  and  its  self-organization.  In
our work,  we  propose  a novel  use  of  the  Tl-(1  × 1)  layer  as  a passivating  agent,  which  highly enhances
diffusion  of adsorbates  by  saturating  all  dangling  bonds  of  the  Si  substrate.

We use  room-temperature  scanning  tunneling  microscopy  to study  structures  formed  on  the
Si(1  1  1)/Tl  − (1 × 1) surface  after  deposition  of  submonolayer  amounts  of three elemental  adsorbates:
Mn,  In  and  Sn.  As  a result,  three  significantly  different  surface  structures  are  observed.  Manganese  atoms
aggregate  to stable  dendritic  islands  nucleated  on  Si steps.  Indium  islands  are  compact  and  unstable
during  observation.  Unlike  Mn  and  In,  Sn  atoms  intermix  with  Tl  atoms  and  arrange  into an  array  of
triangular  objects.

The  growth  kinetics  of the  three  deposited  metals  on  the  Tl − (1  ×  1)  layer  is  discussed  and  compared
with  the kinetics  observed  in previously  studied  systems.  The  comparison  shows  that the growth  of
the  layers  adsorbed  on  the  Tl-passivated  surface  is  similar  to  the  growth  of  the  adsorbate  layers  on less
reactive  metal  surfaces.

© 2015  Elsevier  B.V. All  rights  reserved.

1. Introduction

Controlled growth of thin films has been for many years a key
driver in the surface science and related technological applications
like thin film transistors. In order to obtain defect-free flat films on
highly reactive (typically silicon or germanium) surfaces, a trans-
formation method called passivation is often used [1]. Among other
passivated surfaces, the Si(1 1 1)/Tl − (1 × 1) [2] has been shown to
have outstanding properties [3]. Despite the fact that the surface
behaves as ideally passivated one (stable, inert and with completely
saturated surface dangling bonds [4,5]), it has never been used
as a substrate for further growth of adsorbates. The only excep-
tion is the study of interaction of the second Tl layer with the
Si(1 1 1)/Tl − (1 × 1) surface showing very weak bonding between
Tl layers [5].

Thallium exhibits unique properties, which are extraordi-
nary among other chemical elements. First of all, an inert-pair
effect results in an opportunity to act monovalently in various
reconstructions [4,6,7]. Above that, thallium, as a heavy element
(atomic number 81), exhibits large spin-orbit coupling. The

∗ Corresponding author. Tel.: +420 221 912 342.
E-mail address: matvija.peter@gmail.com (P. Matvija).

coupling in the two-dimensional Tl − (1 × 1) surface layer induces
unusually large Rashba spin-splitting of surface bands [3], which is
of a great value for a potential use in future spintronic devices [8].

The Si(1 1 1)/Tl − (1 × 1) surface can be prepared by deposition
of one monolayer (1 ML = 7.83 × 1014 atoms cm−2) of Tl on the
Si(1 1 1) − (7 × 7) surface and annealing at ≈300 ◦C [4]. The surface
is stabilized by electrons that are transferred from Tl 6p orbitals
to Si dangling bonds. In the structure, Tl atoms are located in T4
positions of the bulk-terminated Si surface [4,9–11].

In order to utilize the large spin-splitting in the Tl − (1 × 1)
layer, the split surface states are required to be metallic. As it
was determined by the scanning tunneling spectroscopy (STS)
[5] and photoemission spectroscopy supported by ab-initio cal-
culations [4], the clean Si(1 1 1)/Tl − (1 × 1) surface has a bandgap
(≈0.5 eV and 0.34 eV, respectively). Spin-split surface bands do
not cross the Fermi level; therefore they cannot be used for gen-
eration of spin-polarized electrons. However, as Gruznev et al.
[12,13] recently showed, spin-split metallic bands can be created
by using a dense 2D alloy layer containing a metal with strong
spin-orbit coupling (e.g. Tl) and another metal which modifies the
surface reconstruction. Experimentally, it has been shown that
metallicity of the Si(1 1 1)/Tl − (1 × 1) surface can be also natu-
rally induced by the presence of defects in the passivating layer
[14,15].

http://dx.doi.org/10.1016/j.apsusc.2015.01.067
0169-4332/© 2015 Elsevier B.V. All rights reserved.
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In our work, we use a room-temperature scanning tunneling
microscopy (STM) to observe the growth of three elemental adsor-
bates (Mn, In and Sn) deposited on the Si(1 1 1)/Tl − (1 × 1) surface
in submonolayer amounts. Experiments show that the studied
adsorbates behave very diversely. By the intra-comparison of the
surface morphologies and the comparison with previously studied
systems we determine kinetic models of the growth. The models
give insight into the substrate–adsorbate and adsorbate–adsorbate
interactions on the Si(1 1 1)/Tl − (1 × 1) surface.

2. Experimental

Experiments were carried out in an ultra-high vacuum non-
commercial STM apparatus with a base pressure below 8 × 10−9 Pa.
Pressure during the experiments was sustained within the order
of 10−8 Pa. The Si(1 1 1) − (7 × 7) surface was prepared on the Sb-
doped Si monocrystal (resistivity 0.005–0.01 � cm)  by flashing to
≈1200 ◦C.

The Si(1 1 1)/Tl − (1 × 1) surface was prepared by the ther-
mal  deposition of 1 ML  of thallium (purity 99.999 %) on the
Si(1 1 1) − (7 × 7) surface and annealing at ≈300 ◦C for 2 min  [4].
The samples were resistively heated by passing DC current. Man-
ganese, indium and tin were deposited on the passivated surface
after cooling down the sample to room temperature (20–40 ◦C).
Resistively heated tantalum and tungsten evaporators were used
for the deposition.

Sample temperature was determined with absolute and rela-
tive measurement accuracies of ± 30 ◦C and ± 10 ◦C, respectively.
The deposition rates and the deposited amounts were measured by
a quartz crystal thickness monitor. Coverages and distances were
estimated from the STM images with a relative error of 15%. Pre-
sented X and Y dimensions of each STM image already account for
calibrated piezo and thermal drifts. Hereafter, only mean values
without respective errors are stated in cases they agree with the
above stated errors.

3. Results and discussion

3.1. Si(1 1 1)/Tl-(1 × 1)

Fig. 1 displays the clean Si(1 1 1)/Tl − (1 × 1) surface before the
deposition of metals. Fig. 1(a) shows Tl-covered Si islands evenly
distributed over the surface (some of the islands are marked by
black arrows). The islands are formed during the post-deposition
annealing of the Si(1 1 1)/Tl surface, when the (7 × 7)-reconstructed
Si surface transforms into the (1 × 1)-reconstructed one [7]. In this
process, excess Si atoms are excluded to the surface and create
islands, which are covered by Tl (see the schematic drawing of the
cross-section of the surface in Fig. 1(b). The step edges of Tl-covered
Si islands are essentially of the same nature as the step edges of
Tl-covered Si terraces. Hence, in this work Tl-covered Si terraces
and Tl-covered Si islands are referred as “terraces” and “Si islands”,
respectively. The density and the size of the Si islands vary and
depend on exact experimental conditions during the preparation
of the Si(1 1 1)/Tl − (1 × 1) surface.

3.2. Si(1 1 1)/Tl-(1 × 1)/Mn

In order to use the Si(1 1 1)/Tl − (1 × 1) surface as a substrate
for further deposition of adsorbates, it is necessary to examine the
stability of the passivating layer. In our study we have tested the
stability by deposition of Mn,  which is known for its high reactivity
with bare silicon surfaces [16,17]. We  have performed experiments
with two different amounts of deposited Mn:  (0.18 ± 0.05) ML  and
(0.35 ± 0.10) ML.

The Si(1 1 1)/Tl − (1 × 1) surface after the deposition of the
smaller amount of Mn  is presented in Fig. 2(a). The figure shows
Tl-covered Si islands surrounded by several bright clusters (some
of them are marked by white arrows). Since the clusters are not
present on the surface before the deposition of Mn  (see Fig. 1), we
conclude that they consist of nucleated Mn  atoms.

Fig. 2(c) presents the detailed image of the surface. It displays
two terraces and one Si island. A few Mn  islands are nucleated on
the Si island and terrace step edges. For the insight into the vertical
topography the figure also includes a height profile which is placed
under the image. A contour from which the profile is extracted is
marked by a blue dotted line “1”. The line crosses three Mn  islands
which are assigned to the peaks of the profile by gray dotted arrows.
Taking into account the known composition and topography of all
objects in the figure, we constructed a simplified explanatory draw-
ing of the cross-section of the surface, which is displayed in the inset
of Fig. 2(a).

Fig. 2(b) presents the surface with a higher deposited amount of
Mn.  Two  displayed terraces are separated by a step edge which runs
from the top right corner to the bottom left corner of the image. The
edge is decorated by Mn  islands elongated in a direction perpen-
dicular to the step (two of the islands are marked by white dotted
arrows). Si islands (one of them is marked by a black solid arrow),
surrounded by highly-branched Mn  islands (white solid arrows),
are evenly distributed over both terraces. In contrast with the low-
coverage case, where no preferred growth orientation is visible, at
higher coverage Mn  islands grown on Si islands form triangularly
enveloped dendritic structures (marked by blue-dotted equilateral
triangles). All envelopes are congruently oriented: one side is par-
allel to the [11̄0] direction and one apex is pointing in the [112̄]
direction.

Fig. 2(d) displays a detail of a step edge between two terraces.
Two height profiles (placed on the right side of the figure) are
extracted from the image. Positions of the profiles are marked by
the pink and blue dotted lines, which cross Mn  islands nucleated
next to an Si island and a step edge of a terrace, respectively. As can
be seen from Fig. 2(d), Mn  islands nucleated on the top of step edges
merge with those that are nucleated on the bottom. It is noteworthy
that (i) gradually descending profiles of Mn  islands are formed at Si
steps and (ii) longer parts of the merged Mn  islands are located on
tops of edges. The latter phenomenon can be explained as follows.
The annealing of the Si(1 1 1)/Tl surface at 300 ◦C causes nucle-
ation of Si islands as well as growth of terraces due to nucleation
of Si atoms on step edges. The outer border areas of terraces are
newly nucleated, hence much lower concentration of defects and
Si islands are observed on them. The shielding effect of Si islands
blocks most of the deposited Mn  atoms from nucleation on the
bottom side of terrace step edges. On the other hand, lower concen-
tration of Si islands in the vicinity of steps on top terraces enables
more Mn  atoms to diffuse to top sides of step edges and nucleate
there.

The average apparent height of Mn  islands (measured from the
bottom terraces of steps) is determined to be 2.3 times the height of
an Si step (i.e. 0.72 nm). However, as it is illustrated by the profile “1”
of Fig. 2(c), height of individual Mn  islands varies significantly (as
much as 25%). These observations of gradually descending profiles
and high variance of height of the Mn  islands indicate that, although
an inner structure of Mn  islands has not been resolved, ordering of
Mn atoms in the islands is only short-range.

Growth of dendritic islands as those observed in Fig. 2(b)
can be found in many metal-on-metal surface systems (e.g.
Ir(1 1 1)/Au, Pt(1 1 1)/Au [18] or Pt(1 1 1)/Ag [19]). Monte Carlo
simulations of such a growth unveiled that two  conditions are
necessary for the growth of dendritic islands: (i) high mobility
of deposited atoms on the surface and either (ii-a) low diffu-
sivity of nucleated atoms along islands edges [18], (ii-b) a high
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Fig. 1. The Si(1 1 1)/Tl − (1 × 1) surface before deposition of adsorbates: (a) typical STM image of the surface (50 nm × 150 nm,  Usample = −0.3 V, Itunnel = 0.3 nA); inset shows a
high  resolution image of the Tl-(1 × 1) structure (2.5 nm × 3.0 nm,  Usample = 0.2 V, Itunnel = 0.2 nA); (b) schematic drawing of the cross-section of the surface. Solid and dotted
black  arrows indicate some of the Tl-covered Si islands on the top and the bottom terrace respectively.

island-corner diffusion barrier [20] or (ii-c) anisotropic corner dif-
fusion [19].

Based on the stated observations a kinetic model of the growth
can be formulated as follows. Mn  atoms deposited on top of the
Tl − (1 × 1) layer diffuse quickly on the low-corrugated passivated
surface until they hit an Si step. After an attachment to the Si step,
Mn atoms significantly decrease their mobility and create nucle-
ation centers which are evenly distributed along Si step edges (no
coalescence of neighboring Mn  islands has been observed in ini-
tial stages of the growth). Very low or anisotropic diffusion of Mn
along edges of Mn  islands and a shielding effect of already nucle-
ated Mn  clusters lead to formation of highly-branched Mn  clusters
with triangular envelopes nucleated on Si islands. The growth of Mn
clusters nucleated on Si steps is predominantly governed by the
shielding effect, which results in formation of evenly distributed
single-branched Mn  clusters perpendicular to step edges.

3.3. Si(1 1 1)/Tl-(1 × 1)/In

In comparison with Mn,  significantly different behavior is
observed in the case of In deposited onto the Si(1 1 1)/Tl − (1 × 1)
surface. Fig. 3(a) shows a representative area of the surface with
four In islands (two of them are marked by dashed pink arrows).
In contrast to Mn,  we do not observe any preference of In islands
to grow in the vicinity of Si islands (two of them are marked by
dashed white arrows) and steps. Thus, despite we do observe that
In islands are frequently connected with Si islands, Si islands do not
serve as centers for the nucleation of In islands. This is a sign of no
interaction or only a small attractive interaction between In atoms
and Si step edges (the interaction is much smaller than in the case
of Mn). A simplified schematic drawing of the cross-section of the
surface, which reflects the observed topography, is placed in the
joint inset of Fig. 3(b) and (c).

Fig. 2. Surfaces prepared by the deposition of two  different amounts of Mn  on the Si(1 1 1)/Tl − (1 × 1) surface: (a) (0.18 ± 0.05) ML  of Mn (inset: schematic drawing of
the  cross-section of the surface); (b) (0.35 ± 0.10) ML  of Mn;  (c) detailed image of the surface covered by (0.18 ± 0.05) ML  of Mn and a height profile extracted from the
image; (d) detailed image of the surface covered by (0.35 ± 0.10) ML  of Mn  and two height profiles extracted from the image. White and black arrows indicate Mn and Si
islands,  respectively. Image conditions (image size, sample bias voltage, tunneling current): (a) 250 nm × 250 nm, −0.5 V, 0.25 nA; (b) 250 nm × 250 nm,  +1.9 V, 0.3 nA; (c)
60  nm × 12 nm,  −0.5 V, 0.25 nA; (d) 85 nm × 110 nm,  +1, 9 V, 0.3 nA. (For interpretation of the references to color in text, the reader is referred to the web version of this
article.)
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Fig. 3. STM image of the Si(1 1 1)/Tl − (1 × 1)/In surface – 0.27 ML of In: (a) representative image of the surface; (b, c) two images of the same island at different biases (a
detailed inner structure in insets; a schematic drawing of grown structures in the join inset); (d–f) evolution of a sub-area from (a) during the scanning (a solid black arrow
in  (a) indicates an area which is gradually filled by In atoms); (g, h) the same In island scanned in two  directions at opposite sample biases. Solid green arrows indicate
a  direction of tip movement during the scanning. Dashed pink and dashed white arrows indicate indium and silicon islands, respectively. Solid white arrow indicates a
defected area of the Tl − (1 × 1) reconstruction. Image conditions (image size, sample bias voltage, tunneling current, scanning speed): (a) 350 nm × 350 nm, +2 V, 0.3 nA,
2800  nm/s; (b) 40 nm × 60 nm,  −2 V, 0.4 nA, 260 nm/s (inset: 11 nm × 18 nm,  −2 V, 0.4 nA); (c) 40 nm × 60 nm,  +1 V, 0.4 nA, 260 nm/s (inset: 12 nm × 18 nm, +1 V, 0.25 nA);
(d)  80 nm × 90 nm,  −1.3 V, 0.2 nA, 1900 nm/s; (e) 80 nm × 90 nm,  −0.5 V, 0.2 nA, 2800 nm/s; (f) 80 nm × 90 nm,  −0.5 V, 0.2 nA, 1500 nm/s; (g) 100 nm × 90 nm,  −2 V, 0.3 nA,
1850  nm/s; (h) 100 nm × 90 nm,  +2 V, 0.3 nA, 1850 nm/s. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 3(b) and (c) present STM images reflecting an inner struc-
ture of In islands. The figures display the same In island placed
between two hexagonal Tl-covered Si islands. The Si islands con-
tain a few dot defects of the Tl-(1 × 1) layer [7] (they appear
as dark circles on Si islands in Fig. 3(b) and as bright circles in
Fig. 3(c)). The surface of the In island is imaged at two differ-
ent sample biases (−2 V and +1 V, respectively). In both cases,
the In island exhibits a hexagonally symmetric pattern with a
1.8 nm periodicity, which is approximately 4.6× the periodicity of
the (1 × 1)-reconstructed Tl layer. The similar structure has been
observed on the Si(1 1 1)/Tl − (1 × 1)/Tl surface, where Tl in the
second layer forms a low-corrugated structure with approximate
(6 × 6) periodicity [5]. The structure can be explained as a Moiré
pattern which emerges as a result of an electronic interference of
two layers of Tl. Generally, a Moiré surface pattern can be observed
on planar systems that consist of two congruent lattices (one lattice
lying on top of another one). The pattern can be generated by both
rotation and different lattice constants of the two lattices. In the
former case, the Moiré pattern rotates together with the rotation
of one of the lattices. However, the pattern on the In islands of the
Si(1 1 1)/Tl − (1 × 1)/In surface is always aligned with edges of Si
islands (see Fig. 3(c)). Thus, the In lattice is oriented in the same
direction as the lattice of the Tl − (1 × 1) reconstruction. On the
other hand, In is weakly binded to the passivated substrate (shown
below), which enables its lattice to relax laterally. On the basis of
the stated observations, we managed to reproduce the periodicity
of the Moiré pattern by the In hexagonal surface lattice with the
periodicity ≈0.32 nm.

As another contrast to stable Mn  islands, edge atoms of In islands
remain mobile at room temperature, suggesting weak bonding
to the substrate and weak intra-island bonding of In atoms. We
observed two experimental indications of this statement. The first
one can be seen in Fig. 3(d–f). The figures display an evolution of

an In island during the scanning. A small gap in In island presented
in the first scan (see the solid black arrow in Fig. 3(a)) is gradually
filled by In atoms and disappears in Fig. 3(f).

Fig. 3(g) and (h) presents the second evidence of the mobility.
The displayed In island is scanned in two directions at opposite
sample biases (directions of scanning are marked by solid green
arrows). In relation to the scanning direction, trailing edges of In
islands are always more ragged than leading edges. This observa-
tion is reflected in the schematic drawing of the surface in Fig. 3
as raggedness of one side of the In island. On the other hand,
edges of neighboring Si islands are smooth (not ragged) indepen-
dently on the scanning direction. This rules out the possibility that
the raggedness of In islands is the scanning artifact of the feed-
back. We  explain the observed raggedness as follows. Based on
Fig. 3(d–f), we know that In islands change their shape during
the scanning at room temperature. The change is caused by the
weakly bonded, mobile In adatoms in vicinity of In islands. Dur-
ing the scanning, the STM tip may  cause additional attraction or
repulsion to the weakly bonded atoms and temporarily drag an In
atom over the weakly corrugated surface. Note that the ragged-
ness of trailing edges of In islands is more pronounced when the
scanning speed is higher (Fig. 3(a, d–h)) since the dragged In atom
passes longer distance until the weak tip-adatom bond is bro-
ken by thermal fluctuations. The tip-induced mobility of adatoms
has been already observed on similar surfaces: Si(1 0 0)/Tl [21],
Si(1 0 0)/In [22], Si(1 1 1)/In [23]. As a result of the weak binding
of In atoms to the substrate and Si steps, In islands are signif-
icantly more compact than Mn  islands. In spite of the striking
difference, we  note that both growth scenarios may  be consid-
ered as two different cases of the same fractal diffusion-limited
growth.

Nucleation of the second In layer on existing In islands was
not observed. We  suppose that In atoms which were originally
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Fig. 4. STM image of the Si(1 1 1)/Tl − (1 × 1)/Sn surface – 0.22 ML of Sn: (a) representative image of the surface; (b, c) two images of the same area of the surface obtained at
two  opposite sample biases (± 1 V); (d) explanatory schematic drawing of the cross-section of the surface (e) detailed image of the surface. White and gray arrows indicate
Sn–Tl  and Si islands, respectively. Image conditions (image size, sample bias voltage, tunneling current): (a) 240 nm × 290 nm, +1.9 V, 0.3 nA; (b) 250 nm × 40 nm,  −1 V, 0.3 nA;
(c)  250 nm × 40 nm,  +1 V, 0.3 nA; (e) 50 nm × 60 nm, +2.3 V, 0.17 nA.

deposited on an In island either diffuse to island edges or directly
incorporate into the island at a deposition site.

An analogous type of growth has been observed for other,
mostly high-temperature, systems (e.g. Au on Ru(0 0 0 1) at 500 K
[24] or TiN on TiN at ≈1150 K [25]). A kinetic model of In on the
Si(1 1 1)/Tl − (1 × 1) can be formulated as follows: Due to weak
bonding of In atoms, diffusion along island edges and detachment
from the edges is frequent at room temperature. As a result, com-
pact but unstable 2D islands are formed on the surface.

3.4. Si(1 1 1)/Tl-(1 × 1)/Sn

Interaction of tin – the third studied adsorbate – with the
Si(1 1 1)/Tl − (1 × 1) surface qualitatively differs from Mn  and In.
Fig. 4(a) displays a representative image of the Si(1 1 1)/Tl − (1 × 1)
surface after deposition of 0.22 ML  of Sn. The displayed area con-
tains Si islands (two of them are marked by gray arrows) and evenly
distributed triangular objects (two of them are marked by white
arrows). The triangular objects cover 22% of the surface. No such
structure has been observed on the clean Si(1 1 1)/Tl − (1 × 1) sur-
face before the deposition of Sn; therefore we  conclude that the
objects contain the deposited Sn in the concentration of 1 ML  (i.e. in
the same concentration as surface atoms in the (1 × 1) reconstruc-
tion). Hereafter, we refer to the triangular objects as “Sn islands”.
All Sn islands are congruently oriented with one apex pointing in
the [112̄] direction. Nucleation of the islands occurs evenly on the
surface. Besides these evenly distributed Sn islands, Si islands are
often decorated by Sn as well, as shown in the magnified part of
Fig. 4(b).

In comparison with Mn  and In, Sn islands are considerably
smaller. If we  take into account similar coverages of all three sur-
faces and roughly the same deposition rates (0.05 ± 0.03) ML/min,
we can conclude that the diffusivity of Sn atoms on the passivated
surface is smaller than the diffusivity of the former two adsorbates.

Fig. 4(b) and (c) shows two images taken simultaneously from
the same area of the surface at opposite bias voltages. Apparently,
triangular islands in the images are displayed inversely – they

appear darker (brighter) than the Tl − (1 × 1) layer at −1 V (+1 V)
sample bias, respectively. The inverse contrast is obtained due to a
different bias between the STM tip and the surface; therefore we
can conclude that it has an electronic (not topographical) nature.
Comparison of typical island line profiles (Fig. 5) reveals that the
apparent height of Sn islands over the thallium layer is signifi-
cantly smaller than in the case of Mn  or In. Observed apparent
heights of islands in empty state STM images are: Mn:+0.6 nm,
In:+0.32 nm and Sn:+0.09 nm while in occupied states they are:
Mn:+0.7 nm,  In:+0.2 nm and Sn:−0.07 nm.  This suggests that Sn
atoms are located much lower on the surface and probably create
a reconstruction within the Tl layer, as schematically illustrated in
Fig. 4(d). Since no evidence of Tl atoms in the second layer (on a top
of the Tl − (1 × 1) reconstruction) has been observed, we suggest
that triangular islands contain Tl atoms in the surface concentration
of 1 ML  as well.

The exact structure and composition of the islands cannot be
concluded from our measurements, but the presented experimen-
tal data suggest that Sn and Tl atoms in Sn–Tl islands form a dense
reconstruction. Similar model systems with one of the elements
(Tl) able to induce a large spin-splitting have been proposed by
Gruznev et al. [12] as possible generators of spin-polarized elec-
trons. In order to show whether the Si(1 1 1)/Tl − (1 × 1)/Sn surface
can be used for this purpose, a thorough study of its atomic and
electronic structure needs to be executed.

Due to the probable creation of mixed Sn–Tl reconstruction,
a kinetic model of the growth of Sn–Tl islands cannot be formu-
lated as simply as in the case of Mn  and In. Based on the presented
data, we suggest two possible scenarios of the creation of Sn–Tl
islands. Deposited Sn atoms either diffuse on the passivating layer
or directly penetrate deeper into the Si(1 1 1)/Tl − (1 × 1) surface
and diffuse there (the possibility of sub-surface diffusion channels
on passivated Si surfaces has been previously shown [26]). The
Sn–Tl reconstructed islands form at sites with sufficiently high local
concentration of Sn atoms. Smooth edges in <1, 1̄, 0> directions are
strongly preferred, which results in triangular shape of the islands
(the symmetry is inherited from the symmetry of the substrate).
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Fig. 5. Typical line profiles of Mn,  In and Sn islands on the Si(1 1 1)/Tl − (1 × 1) surface. Blue horizontal lines indicate height of the Tl-covered Si islands. Red and blue
transparent rectangles indicate positions of the bare Tl-(1 × 1)-reconstructed surface and adsorbate islands on the surface respectively. The schematic diagram in the bottom
part  of the figure indicates position of Si (yellow), Tl (red) and adsorbate (blue) layers on the upper surfaces. (For interpretation of the references to color in this figure legend,
the  reader is referred to the web  version of this article.)

3.5. Si(1 1 1)/Tl-(1 × 1) versus metal surfaces

In many aspects, room-temperature growth of metals on the Tl
passivated surface is similar to growth of metals on metal surfaces
at various temperatures. For instance, on the Ru(0 0 0 1) substrate,
Au forms dendritic and compact islands at room and 500 K tem-
perature, respectively, and Co forms triangular islands at room
temperature [24]. Another example is growth of Al on the Pt(1 1 1)
substrate [27], which at different temperatures exhibits all three
types of islanding observed in our study. At room temperature,
Al forms dendritic islands (as Mn), which transform into compact
ones (as In) after annealing at 500 K. At temperature above 800 K,
Al incorporates directly into the top layer and creates Pt–Al alloy
(as Sn).

Metals are known to have relatively inert and chemically inac-
tive surfaces. Adatoms on these surfaces are weakly bonded and
create a 2D gas of mobile adatoms even at room temperature
[28,29]. On the other hand, growth of most elemental adsorbates
on the Si(1 1 1) surface leads to formation of strong bonds between
adsorbates and Si substrate, which hinder further diffusion and
organization of adsorbed atoms. Our experiments show that adsor-
bates on the Tl-passivated Si(1 1 1) surface are all weakly bonded
to the substrate while diffusing on the Tl − (1 × 1) layer. As a
result, during the growth on the Tl-passivated substrates adsor-
bates behave similarly to the case of adsorbates on less reactive
metal surfaces.

Quantitatively, the similarity between metal surfaces and the
Si(1 1 1)/Tl − (1 × 1) surface can be expressed in terms of the height
of an energetic barrier for diffusion of adsorbates. On the basis of
our experiments, we can roughly estimate the energy barriers of Mn
and Sn after strongly simplifying the growth model with following
assumptions: (i) the observed density of islands is the saturated
one and (ii) the critical size of a nucleus is 1. Then, according to the
mean-field nucleation theory, the saturation density of all stable
clusters nx on the hexagonal lattice depends on deposition flux F
and the adatom diffusion barrier ED as follows [29,30]:

nx ≈ �(�)
(

3F
�0

)1/3
exp

(
ED

3kT

)
, (1)

where � denotes the pre-exponential numerical factor dependent
on the coverage �.  The value of � in conditions of our experiments

has been estimated to be (0.2 ± 0.1), see Fig. 6 in [31]. The expo-
nential prefactor �0 is assumed to be 10(12±1) s−1 as in the case
of other metal-on-metal systems [30,32,33]. In the case of Sn, the
observed island density (5.5 × 1011 cm−2) is assumed to be the sat-
urated value nx. Since Mn  clusters are nucleated primarily on Si
steps and the density of Mn  clusters without the presence of the
steps would be significantly lower, we  use the density of Si islands
(1.1 × 1011 cm−2) as the highest estimate for the density of the Mn
clusters on the flat surface. The effect of Si steps on the growth of
Sn islands is neglected.

As a result the following diffusion barriers were obtained:
EMn

D � 0.3 eV, ESn
D ≈ 0.4 eV. The similar estimation of the diffu-

sion barriers of In atoms cannot be derived from our data, since
the simplified model is not consistent with observed unstable
islands. The application of Tl passivating layer causes signifi-
cant reduction of the diffusion barriers in comparison with the
clean Si(1 1 1) − (7 × 7) surface (≈0.9 eV [34,35]), which results
in about nine-order increase of the diffusion constant D (D ∝
�0
3 exp(−ED/kT)). The estimated values of diffusion barriers on

the Si(1 1 1) surface after the passivation fall into the range of
the barriers determined for diffusion of metals on metal surfaces
(Fe(1 0 0)/Fe – 0.45 eV [36], Ni(1 0 0)/Cu – 0.36 eV [30], Ag(1 0 0)/Ag
– 0.40 eV [32], Pt(1 1 1)/Ag – 0.16 eV [37] etc.).

4. Summary

We investigated growth behavior of three elemental adsor-
bates: manganese, indium and tin on the thallium-passivated
Si(1 1 1) surface. At submonolayer coverage (about 0.25 ML) and
room temperature, the adsorbates exhibit diverse strength of
adsorbate–adsorbate and substrate–adsorbate interactions, result-
ing in significantly different arrangements. Manganese creates
highly-branched stable islands which are primarily nucleated on
Si steps. The topography of Mn  islands suggests that ordering of
Mn atoms in the islands is only short-range. Indium creates more
compact flat islands with height of one monolayer and without any
apparent nucleation centers. The topography of In islands man-
ifests a Moiré pattern (periodicity 1.76 nm), which indicates that
the islands consist of periodically arranged In atoms (lattice con-
stant 0.32 nm). Changes of shapes of In islands indicate relatively
strong interaction between the STM tip and In atoms compared to
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the bonding of In atoms to other atoms in In islands and the sub-
strate. Tin forms an array of triangular objects, in which Sn and Tl
atoms are probably intermixed, both in concentration of 1 ML.  Ener-
getic barriers for the diffusion of all studied adsorbates are strongly
reduced compared to those on the initial (7 × 7)-reconstructed
Si(1 1 1) surface. Overall, the growth modes and the diffusion barri-
ers of adsorbates on the Si(1 1 1)/Tl − (1 × 1) surface resemble those
found on less reactive metal substrates. This shows that Tl can be
used as a suitable passivation agent and a modifier of adsorbate
growth on the Si(1 1 1) surface.
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5.2 Thallium-mediated growth of Si-metal surface
reconstructions

Another unique property of Tl atoms is their extraordinarily low desorption
temperature from the Si(111) surface. The Tl − (1 × 1) layer forms at ≈ 300 ◦C and Tl
atoms start to desorb just above this temperature, at ≈ 330 ◦C. After the desorption, Tl
atoms leave the Si-(1 × 1) termination exposed. The termination, containing dangling
bonds, is reactive and tends to reconstruct into energetically more favorable structures.
When only Tl and Si atoms are present on the surface, this leads to formation of the
SiTl-(

√
3 ×

√
3) mosaic reconstruction (paper IV, page 45).

If we deposit an adsorbate onto the Tl − (1 × 1) layer and heat it to ≈ 330 ◦C,
the adsorbate substitutes Tl or Si in the surface reconstructions (Fig. 5.1a-e). After
desorption of all Tl atoms (at ≈ 360 ◦C), Si-adsorbate reconstructions emerge on the
surface (Fig. 5.1f). Hereafter we will refer to this method of preparation of Si-adsorbate
reconstructions as the Tl-mediated growth. In this section we compare Si-metal
reconstructions prepared by the Tl-mediated growth with Si-metal reconstructions
prepared by the direct deposition to the Si(111) − (7 × 7) surface and annealing at
the temperature ≈ 360 ◦C (see Fig. 5.1g-h). We show that the Tl layer can have a
catalyzing effect on the formation of thermally induced Si-metal reconstructions.

After a direct deposition, three adsorbates of our interest behave as follows. Below
≈ 260 ◦C Mn forms clusters on top of the (7 × 7) reconstruction of the Si(111) surface
[87]. Above this temperature, Mn atoms react with Si substrate to form manganese-
silicide islands of three types: tabular, 3D and elongated [87]. The elongated islands
evolve into MnSi nanowires at a temperature above ≈ 500 ◦C [88]. The other two studied
systems, the Si(111)/In and the Si(111)/Sn surfaces, are typical for a wide variety of
thermally induced reconstructions on the Si(111) substrate (see phase diagrams in [89]
and [90]). Both In and Sn incorporate into the (7 × 7) reconstruction at the temperature
below 350 ◦C and the coverage below 0.25 ML. At a higher temperature and coverage,
(
√

3 ×
√

3), (1 × 1) and (2
√

3 × 2
√

3) phases emerge on the surfaces. High temperature
is necessary for canceling the original (7 × 7) reconstruction, which is complex and
stable up to ≈ 900 ◦C without the presence of a metal adsorbate.

Our method of growing Si-metal reconstructions at lower temperature consists
of three steps. First, prepare the Si(111)/Tl − (1 × 1) surface and deposit a desired
amount of an adsorbate. Then anneal the surface at ≈ 360 ◦C. The annealing induces
desorption of Tl atoms, exposes the underlying Si-(1 × 1) termination of the surface
and enables the adsorbate to react directly with Si dangling bonds (see Fig. 5.1).

The first adsorbate, manganese, directly deposited on the Si(111) surface, forms 2D
and 3D MnSi islands with average density of (7 ± 2) × 10−3 nm−2 (the left column of
Fig. 5.2). Silicon atoms incorporated into the islands at ≈ 280 ◦C are taken from the
vicinity of the islands, leaving holes in the originally flat surface. The holes are evenly
distributed on the surface. After the Tl-mediated growth (the right column of Fig. 5.2),
density of islands decreases to (2.3 ± 0.5) × 10−4 nm−2. The surface contains bigger and
more compact holes compared to the direct deposition. In addition to 2D and 3D islands,
MnSi nanowires are observed on the surface. According to the literature, the nanowires
are expected to emerge on the surface at a higher temperature of ≈ 500 ◦C [88].

In the case of indium, we observe only subtle differences between the results of
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Fig. 5.1: Comparison of the Tl-mediated (a-f) and direct (g-i) growth of Si-metal
reconstructions on the Si(111) surface. j: reaction coordinates of the two processes.
Letter M denotes a metal adsorbate in all images. Red, green and black arrows denote
desorption, diffusion and substitution, respectively.

a direct and Tl-mediated growth. Both preparation methods produce SiIn-(
√

3 ×
√

3)
mosaic reconstruction with similar number of defects. The similarity is not true in the
case of Sn. While a direct deposition of Sn leads to the surface covered partially by
the Sn-(

√
3 ×

√
3) reconstruction and partially by the Si(111) − (7 × 7) reconstruction

with Si adatoms substituted by Sn, the Tl-mediated deposition produces the surface
fully covered by the (

√
3 ×

√
3) mosaic reconstruction.

Two main conclusions follow from the observations. First, the Tl-mediated growth
can facilitate formation of thermally induced metal-Si reconstructions by canceling the
original Si-(7 × 7) reconstruction and replacing it by the less stable (1 × 1) termination
of the surface (see Fig. 5.1j). Secondly, the Tl passivation layer increases the mobility
of metal atoms compared to the bare Si(111) surface. The increased mobility causes
growth of larger and more compact island structures on the surface. The catalyzing
effect of the Tl − (1 × 1) layer can be used in situations when a metal-Si reconstruction
needs to be prepared on a surface that already contains thermally sensitive structures.
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Fig. 5.2: Comparison of the Si(111)/M surfaces (M = Mn, In, Sn) prepared by a direct
deposition and annealing at ≈ 360 ◦C with the surface prepared by a deposition onto the
Si(111)/Tl − (1 × 1) surface and annealing at the same temperature. Green rectangles
denote the length of 10 nm. The scanning sample voltage is indicated in all images.
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6. Organic molecules on the
Si(111)/Tl-(1 × 1)

In previous chapters, we tested that the Si(111)/Tl − (1 × 1) surface is chemically
stable enough to sustain adsorption of reactive adsorbates. We showed that single-
atom adsorbates are mobile on the surface and tend to form bigger and more compact
island structures. These two properties resemble properties of metal surfaces, on which
organic molecules are able to diffuse and self-organize. In this chapter we address the
question of self-assembly of organic molecules on the Tl-passivated Si(111) surface by
studying behavior of two technologically important molecules: copper phthalocyanine
(CuPc) and copper hexadecafluoro-phthalocyanine (F16CuPc) (see structural models
in Fig. 6.1). Our results show that in addition to static self-assembled structures these
molecules form dynamic structures that we are able to not only visualize, but also
control by the STM.
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Fig. 6.1: Structural models of CuPc (left) and F16CuPc (right) molecules.

6.1 Phthalocyanines

The phthalocyanines are a group of synthetic compounds that contain four isoindole
units linked together in a macrocyclic ring. The first phthalocyanine was synthetized
in 1907 [91]. Metal-coordinated phthalocyanines came by chance 20 years later after
accidental use of a metal reaction vessels [92,93]. The obtained metal-phthalocyanines
were isolated and identified in 1934 [92]. Since then phthalocyanines have become widely
used in dyes and pigments and more recently in molecular-electronic devices such as
organic solar cells and organic field-effect transistors [94,95]. Due to (i) their structural
analogy to natural pigments such as the porphyrins, (ii) outstanding chemical stability
to light and temperature and (iii) versatile electronic properties that can be tuned
by substitution of central metal atom or by substitution of lateral hydrogen atoms,
they are often used in academic research as building blocks of self-assembled molecular
structures.
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On solid/vacuum interfaces, phthalocyanines generally adsorb with the molecular
plane parallel to the surface and often form long-range ordered structures at monolayer
coverage. In the submonolayer regime, the tendency to form densely-packed structured
depends on the balance between attractive and repulsive intermolecular forces.
Attractive forces result mostly from van der Waals interactions or hydrogen bonds.
The latter ones are important especially in the case of halogenated phthalocyanines
such as F16CuPc. In general, attractive intermolecular interactions prevail when the
adsorbate-substrate interaction is weak [21]. In contrast, strong interactions are usually
accompanied by an adsorbate-substrate charge transfer. The transfer results in net
dipole moments connected to adsorbed molecules. The dipole moments are parallel to
each other and cause repulsion between the molecules.

In the last decades, an extensive effort was dedicated to the studies of
phthalocyanines adsorbed on various substrates. Since providing a comprehensive
overview of the large amount of phthalocyanine-related information available in the
literature is out of scope of this thesis, we focus the readers attention to existing review
papers of Gottfried [21], Otsuki [96], Drain et al. [97] and others [98–100].

6.2 Direct observation of a 2D molecular gas on the
Si(111)/Tl-(1 × 1)

The first molecule we address in this thesis is the F16CuPc molecule. Upon
deposition on the (1 × 1)-reconstructed Tl layer F16CuPc molecules adsorb in a flat-
lying position with the main molecular plane parallel to the surface. At the room
temperature, molecules have enough thermal energy to overcome shallow diffusion
barriers and therefore they move almost freely along a defect-free surface. On the other
hand, defected parts of the surface are more reactive and form covalent bonds with
F16CuPc molecules. In the STM, only the static molecules can be directly visualized.
Mobile molecules, which are not covalently bonded to the substrate, form a 2D gas.
Direct imaging of individual gas molecules is not possible because their surface diffusion
is much faster than the speed of the STM feedback loop.

2D surface gases are often observed on nonreactive surfaces such as Ag(111)
[101, 102], Ag(110) [103], Au(111) [104, 105], Cu(111) [106]. In general, methods of
observing the 2D gases fall into five categories:

(a) cooling down a surface in order to slow down the molecular diffusion (individual
molecules are imaged by SPM techniques) [103]

(b) observation of a 2D-gas-solid interaction in the vicinity of step edges or a
condensed phase (imaged by SPM techniques) [101,106]

(c) imaging a surface with an SPM probe affected by individual gas molecules [103]

(d) detecting a presence of a 2D gas on a surface by an increase in the noise of the
signal that is utilized in an SPM [101,104,105]

(e) determination of the radial distribution function of a 2D gas by diffraction
techniques [102]
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The SPM techniques either rely on slowing down of the diffusing molecules (a-c), or
they detect the presence of a 2D gas without a further characterization of its properties
(d). However, slowing down the molecules by cooling down the surface, by interaction
with step edges, or by interaction with SPM probe inevitably changes the state of
a gas. Diffraction methods do not significantly influence the state, but provide only
reciprocal space images of a 2D gas. These images correspond to the space-averaged
and time-averaged relative positions of all molecules in a diffraction volume during
the image acquisition. Because of the space averaging, the information included in
diffraction images does not reflect local changes in the properties of a 2D gas that can
occur on real surfaces with defects and step edges. On the other hand, time averaging
and rotation of gas molecules results in circularly symmetric diffraction images. Such
images do not reflect the effect of a lower molecular symmetry on the distribution of
molecules on a surface.

In the paper II (page 65), we propose a novel approach of visualizing 2D surface
gases by means of STM. In the approach, we use the fact that even though positions of
individual molecules in a gas are random, positions of the gas molecules are correlated
to its close neighbors. From a perspective of a mobile reference gas molecule, the
correlation means that the probability of finding another molecule in its vicinity varies
with the distance r and the direction φ. On an ideal defect-free surface, all molecules
would be mobile and all positions on the surface would have the same probability
pm(x, y) to be occupied by a molecule. In other words, the local time-averaged density
of molecules n(x, y) would be constant on such a surface. On a real surface, defects and
static molecules adsorbed on the defects represent surface points that are forbidden
for mobile molecules. This disrupts the constancy of pm(x, y) and induces corrugations
of n(x, y) in the vicinity of the static objects on a surface. We use STM to image the
molecular density corrugations and we use KMC simulations to show that the origin of
the corrugations is the correlated motion of the molecules in a 2D gas. Importantly, we
also apply the approach to visualize n(x, y) in the vicinity of fixed molecules bonded
to defects. This case is of special significance since n(x, y) in the vicinity of a fixed
reference molecule directly represents a pair correlation function of a 2D gas. A direct
measurement of the pair correlation function was not achieved by any other method
up to now.

My contribution to the paper II can be summarized as follows. I obtained all
experimental data presented in the paper. During the first experiments with the
Si(111)/Tl − (1 × 1)/F16CuPc system, I discovered that F16CuPc molecules form a
2D gas on the surface and that the 2D gas can be visualized by STM. To explain
complex structures observed on the surface, I carried out a series of experiments with
a different molecular coverage (see Figs. 2, 3 and 4 in the paper II). These experiments
led to the identification of different static and dynamic adsorption configurations of
F16CuPc molecules and to the explanation of the observed surface corrugations as the
corrugations of n(x, y). I prepared the data for publication. With the help of co-authors,
I wrote the manuscript.
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ABSTRACT: The state of matter in fluid phases, determined by the interactions between
particles, can be characterized by a pair correlation function (PCF). At the nanoscale, the
PCF has been so far obtained experimentally only by means of reciprocal-space techniques.
We use scanning tunneling microscopy (STM) at room temperature in combination with
lattice-gas kinetic Monte Carlo (KMC) simulations to study a two-dimensional gas of
highly mobile molecules of fluorinated copper phthalocyanine on a Si(111)/Tl-(1×1)
surface. A relatively slow mechanism of STM image acquisition results in time-averaging of
molecular occurrence under the STM tip. We prove by the KMC simulations that in the
proximity of fixed molecules STM images represent the PCF. We demonstrate that STM is
capable of visualizing directly the pair correlation function in real space.

Atoms or molecules adsorbed on weakly interacting surfaces
at noncryogenic temperatures are often observed in the

form of a 2D surface gas.1−6 Within the lattice-gas model, a
surface is represented by a periodic lattice of adsorption
positions separated by low energy barriers allowing migration of
the molecules. The position of a molecule in the lattice-gas is
random but correlated in relation to its close neighbors. In a
system of many particles, the correlation is usually expressed by
a pair correlation function (PCF).7 It is defined as an ensemble-
averaged particle density at a given position relative to a
reference molecule. The PCF reflects complex interactions
between molecules, and thus, its knowledge is crucial, for
example, for controlled growth of organic semiconductor
devices. In general, the PCF can be decomposed into the radial
part (i.e., the radial distribution function) and the angular part.
The radial part can be experimentally determined indirectly by
various diffraction methods;8−11 however, such results are
nonlocal and suffer from numerical errors (e.g., Fourier
termination errors).9,10 The angular part of the PCF can be
partly reconstructed from diffraction data, but only for simple
molecules.8,12 All of these limitations are principally caused by
the fact that the PCF was visualized at the atomic scale so far
only by means of reciprocal-space techniques.
The imaging speed of scanning tunneling microscopy (STM)

is relatively slow in comparison with molecular motion, and
even “video-rate” imaging13 is not sufficient to record fast
surface processes in detail. Lowering the temperature reduces
the rate of thermally activated processes but observation of
some kinetic aspects may become impossible due to limited
surface mobility. Recording of processes much faster than STM
data acquisition produces images containing time-averaged
traces of the processes, such as in the case of Si dimer flip−flop

motion14 or fast diffusion of Ag atoms on the Si(111)-(7×7)
surface.15

In STM, an acquisition time for each pixel of topography or
current images is typically in the order of milliseconds. It results
in time-averaging of all faster surface processes.14,15 In the case
of a 2D molecular gas, each molecule passing under the tip
(with fixed z position) temporarily increases the tunneling
current. Because many molecules are passing under the tip
during the acquisition of one data point, the measured
tunneling current can be expressed as It = pmIm + (1 − pm)Is,
where pm is the probability of finding a molecule under the tip
and Is and Im are tunneling currents corresponding to the bare
substrate and the substrate with a molecule, respectively. The
probability pm can be expressed in terms of the local time-
averaged surface density of molecules n(x,y) as pm = n(x,y)/θS,
where θS is the molecular concentration on the surface fully
covered by one layer of molecules (hereafter monolayer, ML).
Therefore, measured changes of the tunneling current are

θ
− = −I x y I

n x y
I I( , )

( , )
( )t s

S
m s

(1)

In the regime of the constant tunneling current stabilized by
adjusting the z position of the tip, the change of z is
proportional to n(x,y) as well, within the first-order
approximation for small changes of the current. The relations
imply that the STM images on an atomically smooth substrate
covered by a 2D gas reflect local differences in n(x,y). This
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makes STM an excellent method for probing the local time-
averaged surface concentration of molecules.
As a model system of a 2D gas, we use fluorinated copper

phthalocyanine molecules (F16CuPc) deposited on the
Si(111)/Tl-(1×1) surface. The Tl-(1×1) surface is atomically
smooth,16−18 unreactive for adsorbates and enables almost free
and fast diffusion of F16CuPc molecules.16 Like on other
surfaces,4,19−25 these planar molecules adsorb in a flat-lying
configuration (see Figure 1a,b) and interact with the surface
mostly by van der Waals forces.19 The only reactive sites for
F16CuPc molecules are defects commonly present on the
surface (Figure 2a).26 An STM image of molecules attached to
the defects is displayed in Figure 2b. The image shows that the
molecules attach to the defects by one lobe, while three lobes
lie flat on the Tl-(1×1) substrate. After saturation of all reactive
defects, the residual molecules form a 2D gas of highly mobile
molecules. STM imaging of the gas is clarified by the height
profile in Figure 2b. The profile crosses the Tl-(1×1) molecule
adsorbed on a point defect (the highest and the lowest points
of the profile). The area corresponding to the second lowest
minimum in the profile forms the dark envelope surrounding
the unbound lobes. It can be explained as the level of the bare
Tl-(1×1) layer with low density of the 2D gas because of the
repulsive interaction between F atoms of the static molecule
and mobile 2D gas molecules. The remaining level in the
profile corresponds to nonzero density of the 2D gas. Its height,
between the level of Tl-(1×1) and the level of fixed molecules,
agrees well with the value expected from eq 1 for the surface
coverage of approximately 0.4 ML.
As can be seen from the profile, the 2D gas level is slightly

corrugated, especially near the fixed molecule (see the gray
arrows in Figure 2b). A size and a position of the brighter area
near the fixed molecule does not correspond to the bright ring
surrounding defects (see Figure 2a); therefore, the corrugation
cannot be explained by interaction of molecules with electronic
states of the substrate. The corrugation arises due to the
correlation of molecules in the 2D gas. In defect-free Tl-(1×1)
areas, time-averaging results in the constant density of
molecules. Surface defects affect the motion of molecules and
influence the probability pm. As a result, the constancy of the
local density of the gas is broken in the vicinity of defects. At
low coverage up to ∼0.3 ML, n(x,y) is notably corrugated only
in the closest vicinity of the defects. Surfaces with molecular
coverage close to full monolayer are imaged with a strong
corrugation of n(x,y) on the whole surface (see Figure 2c).

To explain the complex maps of n(x,y) and its dependence
on the total coverage, we executed the lattice-gas kinetic Monte
Carlo (KMC) simulations. In the simulations, each molecule is

Figure 1. (a) Top view of the structural model of the Si(111)/Tl-(1×1) surface and an adsorbed F16CuPc molecule. Unit cell areas occupied by the
molecule on the nondefected surface are marked by hexagons. The same hexagonal cells are used as a lattice basis in the Monte Carlo simulations
(panel c). (b) Side view of the structural model. (c) Snapshot of a KMC simulation, θ = 0.62 ML. The fixed reference molecule is shown in dark
blue, and mobile molecules of the 2D gas are shown in light blue. The scale bar is 3 nm long.

Figure 2. Adsorption of F16CuPc molecules on the Si(111)/Tl-(1×1)
surface. (a) Si(111)/Tl-(1×1) surface before the deposition of
molecules. Different kinds of point (black) and more complex
(white) surface defects are marked by arrows. (b) Defect-stabilized
F16CuPc molecules surrounded by the 2D molecular gas and an STM
height profile over one of the static molecules. The dotted line marks
the position in the image from which the profile was extracted. (c)
Pseudo-3D view of the surface topography after deposition of 0.9 ML
of F16CuPc molecules. Solid and dotted arrows mark different defect
sites interacting with F16CuPc molecules. Scale bars are 10 nm long in
all images.
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represented by 15 lattice points that correspond to the real
shape of F16CuPc molecules, as shown in Figure 1a. Each lattice
point is either occupied by a molecule or vacant (see Figure
1c). To simulate the steric repulsion, molecules can shift or
rotate on the surface with a probability depending on the
overlap of the molecules (double-occupied points). No other
interaction is included in the simulation (but there is no
limitation to implement any other kind of interaction). Maps of
the molecular density n(x,y) are obtained by time-averaging
occupancy of each lattice point. Details about KMC simulations
are provided in the Supporting Information.27

The comparison of KMC simulations with STM data
unveiled that the complex maps of n(x,y) can be explained as
a result of 2D gas interactions with a few types of static
F16CuPc adsorption configurations and with surface defects. In
the most common configuration (Figure 2b-1), three lobes of
an F16CuPc molecule are only weakly affected by the bond
between the molecule and the defect. The interaction of the
free lobes with molecules of the 2D gas is therefore similar to
the F16CuPc−F16CuPc interaction in the gas. The particular
case of the single fixed molecule is of special importance. The
reason follows from the fact that the PCF is defined as an
average density of molecules referenced to the position of a
selected molecule. In the case of the F16CuPc gas on the Tl-
(1×1) surface, the fixed molecules immobilized on defects can
be used as the selected one. This means that the molecular
density surrounding the fixed molecules corresponds to the
PCF of the gas.
In the KMC simulations, we represent the configuration in

Figure 2b-1 by fixing the position of a selected molecule while
enabling the motion of others. A comparison of the KMC-
calculated coverage-dependent n(x,y) in the proximity of the
fixed molecule with the corresponding STM images is
presented in Figure 3a,b. At coverage θ ≈ 0.34 ML, the

simulation successfully reproduces the dark Tl-(1×1) region
surrounding the fixed molecule, the bright circular shell
surrounding the dark region, and the constant character of
n(x,y) further from the molecule. At higher coverage, both
simulation and STM data show the evolution of further circular
shells with alternating brightness, that is, the regions with an
alternating value of local density of molecules. In the radial
direction, an increase in coverage induces higher contrast and
compression of inner-shell corrugations (see Figure 3c,d). The
same evolution has been reported for the radial distribution
function of 2D gases examined by diffraction.4

In contrast to the diffraction experiments, STM also offers a
possibility to measure directly the angular part of the PCF. The
angular dependence is the most pronounced in the “circular”
shells, especially the inner shells at a high surface coverage (see
Figure 3a with θ > 0.5 ML). KMC simulations revealed that
maxima of the shells can be assigned to positions of the
molecules in the close-packed domains containing the fixed
molecules (for details, see the Supporting Information27).
Visualization of the angular part of the PCF is clearly
demonstrated in Figure 3a, even though an exact match of
the simulated maxima within the shells with the experiment is
not possible mainly due to assymmetry of the molecule
stabilized by the defect, which is not considered in the
simulation.
The influence of other defects on n(x,y) is further shown in

Figure 4. Figure 4a depicts a pattern often observed at higher
coverage (dotted arrow in Figure 2c). In this case, no fixed
lobes are observed and the object has almost perfect circular
symmetry. In the KMC simulations (Figure 4b), we successfully
reproduced the STM image by substituting the fixed molecule
with a rotating molecule bound to the surface by its central
part. Another type of surface defect is a step edge, which
naturally represents a nonreactive boundary influencing the 2D

Figure 3. Time-averaged density of molecules in the vicinity of a fixed F16CuPc molecule. (a) Pseudo-3D view of the STM topography images of
n(x,y) near immobile molecules adsorbed on a defect. White crosses and circles indicate positions of centers of the molecules and the neighboring
point defects, respectively. (b) Corresponding KMC simulated images of n(x,y) near the fixed molecule (same color coding as that in the STM
images). Scale bars are 3 nm long in all images. (c) Profiles of the STM-measured n(x,y) in the vicinity of immobile F16CuPc molecules. The
direction of the profile is marked by an arrow in panel (b). (d) Positions of the first maxima in the n(x,y) profiles as a function of the coverage (the
positions are marked by gray arrows in panel c).
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gas. The STM image of the 2D gas on the upper terrace near a
step edge and the corresponding simulation is shown in Figure
4c,d. The row of molecules nearest to the step edge is divided
into dots due to the irregular shape of the edge in Figure 4c,
which is not included in the simulation, but the formation of
parallel wave-like corrugation is evident. More complex patterns
can be explained by combining the influence of two or more
defects. As a result, complex interference-like patterns can be
observed (Figure 4e,f). The interference-like patterns can be
also rationalized by possible layouts of individual molecules
with respect to the surface defects (for details, see the
Supporting Information27).
The excellent qualitative agreement between the STM-

measured and KMC-simulated n(x,y) has been achieved by
taking into account solely the geometry of the substrate and
molecules. The only interaction used in the model is the steric
short-range repulsion of the molecules. Thanks to the
agreement, we can conclude that the long-range interaction is
negligible and does not significantly affect the distribution of
the molecules on the surface. In addition, quantitative analysis
of the PCF can provide further details on the state of 2D gas.
Individual properties of the molecules, such as the effective
intermolecular potential, can be derived from the measured
PCF by iterative Monte Carlo simulations.28 Integral gas
properties like pressure, compressibility, or total potential
energy can be then determined directly from the PCF and the
intermolecular potential.7

The new method allowed observation of the PCF in real
space with molecular resolution. STM images of the 2D
molecular gas interacting with immobile molecules reflect
directly intermolecular interactions. By tuning temperature it is
possible to activate kinetic processes reflecting specific
interactions. The only fundamental limitation of the method
is a sufficient mobility of the molecules within the 2D gas in
order to allow time-averaging of their occurrence by STM. The
broadly used experimental technique of STM and the relatively
straightforward interpretation of the measured data promise
wide applicability of the method in a variety of systems
including, for example, functionalized organic molecules or
complex hetero-organic adsorbates.
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P. Kocań: 0000-0002-7677-557X
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the Czech Science Foundation
(Contract No. 16-15802S) and by Charles University (Project
GAUK No. 326515).

■ REFERENCES
(1) Tang, K. B. K.; Palmer, R. E.; Teillet-billy, D.; Gauyacq, J. P.
Orientational Ordering of a 2D Molecular Gas. Chem. Phys. Lett. 1997,
277, 321−325.
(2) Mateo-Martí, E.; Rogero, C.; Gonzalez, C.; Sobrado, J. M.; De
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Experimental details

Experiments were carried out in an ultra-high vacuum non-commercial STM apparatus with

a base pressure below 5×10−9 Pa. All experiments were done at room temperature. Pressure

during the experiments was sustained within the order of 10−8 Pa. The Si(111)/Tl-(1×1)

surface was prepared by the thermal deposition of 1 ML1×1 of thallium (purity 99.999 %,

1 ML1×1 = 7.83×1014 atoms cm−2) on the Si(111)-(7×7) surface and annealing at 300 ◦C

for 2 minutes.1 The Si(111)-(7×7) surface was prepared on the Sb-doped Si monocrystal

(resistivity 0.005 - 0.01 Ω.cm) by flashing to 1200 ◦C. F16CuPc molecules (from TCI, purified

by sumlimation, purity > 98%) were deposited on the passivated surface after cooling down

the sample to the room temperature. The amount of deposited molecules was measured by

a quartz thickness monitor. One monolayer of molecules (1 ML = 5.2×1013 molecules/cm2)

was callibrated by depositing a saturated layer of molecules.

All presented STM images were measured with the sample voltage within the range

(−2V, −3V) and the tunneling current below 40 pA. In our previous work2 we studied near-

monolayer coverages of non-fluorinated CuPC molecules and found a strong influence of STM

tip-induced electric field on a local density of molecules. From the dependence of averaged

molecular density on deposited amount (Fig. 3(a) of the Letter) and from the agreement with

KMC simulations (Fig. 3(b) of the Letter) we can assume that the effect is not so strong in

case of the fluorinated CuPC molecules, probably due to a stronger repulsion between the

molecules. However we cannot exclude that the actual local coverage of molecules under the

STM tip might be somewhat higher than the nominal values.

During the image acquisition the scanning speed ranged from 0.1 ms to 1 ms per pixel.

Fast processes were averaged on the level of the feedback loop (bandwidth ≈ 600 Hz). Smooth

STM data in the pseudo-3D view3 were obtained by scanning the surface in high resolution

and by averaging over up to 25 neighboring points. No other post-processing was used.

Peak positions in Fig. 3(c) in the Letter were obtained as distances of the first maxima in

the n(x, y) profiles from the centers of immobile F16CuPc molecules. The profiles were taken
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in a direction from the center of the immobile molecule to the center of the closest molecule

in the close-packed ordering [marked by an arrow in Fig. 3(b) of the Letter]. The position

of the center of the immobile F16CuPc molecule in the profiles was estimated as the middle

between the two minima surrounding the peak corresponding to the immobile molecule.

KMC simulations

In the kinetic Monte Carlo lattice-gas simulation, the F16CuPc molecule was modeled with

a real shape reflecting geometry where each molecule occupies 15 lattice points as shown in

Fig. 1(a) of the Letter. The energy of an adsorption configuration is increased by each lattice

point in which two neighboring molecules overlap. No interaction was considered between

non-overlapping molecules.

The standard rejection-free algorithm as described by Bortz, Kalos and Lebowitz4 was

used to determine the time evolution of the system during simulation. All simulations were

performed at a temperature of 300 K. Only two processes were considered: migration of

a molecule to an adjacent lattice point and rotation by 60◦. Activation energies for both

processes were chosen arbitrarily as 0.3 eV. Since we use the same activation energies for

rotation and jump of the molecules and we integrate over simulation steps, the pair corre-

lation function is invariant of the activation energies and temperature in the studied case.

The exact values of the barriers only determine the average time step of the simulation. The

overlap energy penalty was set low enough to enable the formation of a close-packed struc-

ture at high coverage with the average overlap incidence lower than 2.5×10−4 per adsorption

site. Activation energies involving overlapping molecules were dynamically calculated as an

intersection point of neighboring parabolic potentials.5

The simulation was split into two parts: a relaxation phase and an integration phase.

At the beginning of the relaxation phase, the required number of molecules was placed

randomly on the surface and the simulation was run for a fixed number of steps to allow the
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overlap incidence to drop and the molecules to reach an equilibrium state.

During the following integration phase, the lattice occupancy by the central point of a

molecule was accumulated. Only the central points of the molecules were considered as they

correspond to dominant features of the static molecules in STM images. The integration

phase was run for a fixed number of simulation steps (at least 1.5×106 steps per molecule).

Finally, the molecular density n(x, y) was obtained by dividing the integrated count in

each lattice-point by the number of simulation steps. This determines the average lattice-

point occupancy over the course of the simulation.

Angular dependence of the correlation function

The F16CuPc molecule is not radially symmetric causing the value of the pair correlation

function to depend on the angle with respect to the fixed molecule. Some local maxima of

the time-averaged surface concentration of molecules are explained in Fig. S1. The highest

value of n(x, y) is located at the two closest points where a molecule can be located in any

orientation without overlap with the central fixed molecule [Fig. S1(a)]. The second highest

local maxima are located at the four points above and below the lobes of the fixed molecule

[Fig. S1(b)]. The third highest maxima are located to the left and right of the lobes of the

fixed molecule [Fig. S1(c)]. These positions have a lower occupation than those in Fig. S1(b)

due to the proximity of points shown in Fig. S1(a). Points shown in pannels (b) and (c)

correspond to close-packed structures of F16CuPc molecules with the lowest center-to-center

distance.

As shown in Fig. S1(d), the interference-like patterns can be also rationalized by possible

layouts of individual molecules. The local maximum between the two fixed molecules can be

explained by 3 molecules forming a bridge without overlapping.
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Figure S1: Local maxima of n(x, y) near the fixed molecule (dark blue). Circles in upper
pannels mark the local maxima, corresponding configurations are depicted in bottom pannels.
(a) The highest value of n(x, y). (b) The second highest local maxima. (c) Third highest
maxima. (d) The local maximum between two fixed molecules. Image (d) uses a different
color scale compared to (a)-(c) to enhance the visibility of the second and third circular
shells around the fixed molecules.

References

(1) Lee, S. S.; Song, H. J.; Kim, N. D.; Chung, J. W. Structural and Electronic Properties

of Thallium Overlayers on the Si(111)-7×7 Surface. Phys. Rev. B 2002, 66, 23312.
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6.3 Electric-field-induced self-assembly of organic
molecules on the Si(111)/Tl-(1×1) surface

In the previous section, we showed that F16CuPc molecules form a 2D surface gas
up to a full monolayer coverage. The same holds true for CuPc molecules up to a
coverage of ≈ 0.6 ML. Interestingly, at the coverage between ≈ 0.6 ML and ≈ 0.95 ML,
CuPc molecules can be observed by STM in a 2D-gas phase, condensed phase or mixed
2D-gas/condensed phase, depending on the scanning voltage and the local layout of
surface defects. At the full monolayer coverage, only the condensed phase is observed.

We focus our attention on the extraordinary voltage-dependent behavior of CuPc
molecules in the paper III (page 77). During the STM experiments, we discovered that
the behavior of CuPc molecules changes abruptly at a certain negative value of Vts.
Hereafter we will refer to this value as VT . We found out that CuPc molecules (i) self-
assemble below VT , (ii) disassemble once they are exposed to a voltage above VT and
that (iii) the disassembled CuPc molecules tend to interact with the tip at the voltage
above VT . The interaction is often destructive for the tip resolution. To resolve the
nature of the abrupt behavior, while preserving the tip resolution, we opted for direct
imaging of the condensed non-interacting phase interrupted by a short voltage pulses
to the region above VT . Such pulses are nondestructive for the tip, while still induce
abrupt rearrangements of CuPc self-assembled structures.

As a result of repetitive voltage pulses with different shapes and amplitudes
we concluded that the measured probabilities of switching agree well with random
reordering of the self-assembled structures after they are exposed to a voltage above VT .
Based on ab-initio and KMC simulations, we proposed a simple model in which ordering
and disordering is induced by the electrostatic interaction between dipoles connected
to CuPc molecules and the strong non-uniform electric field between the STM tip and
the sample. In the model, molecular dipoles are pulled into or pushed out of the area
under the tip, according to the orientation of the electric field. The interaction changes
the local density of molecules under the tip and forces the molecules to assemble.

The ability to control molecular density by means of external stimuli would
allow programmable molecular patterning at scales accessible by recent lithography
techniques [107]. So far, only a small number of switchable ordered molecular structures
have been reported. These structures are limited to liquid-solid interfaces [108–113],
where it is hard to determine the exact mechanism of switching, or to small inorganic
molecules [114], which are not suitable for further functionalization. In an atomically
clean environment under UHV, synchronized rotations of molecular rotors have been
realized recently [115]. However, to allow molecular patterning, switching of an assembly
of mobile molecules mediated by surface diffusion would be necessary (see Fig. S7 in
the Supplementary materials of the paper III). Up to now, no such study in the well
defined UHV environment has been reported.

My contribution to the paper III can be summarized as follows. I obtained all
experimental data presented in the paper. I discovered that stability of self-assembled
CuPc structures on the surface depends strongly on the electric-field between the STM
tip and sample. I proposed and carried out switching experiments presented in Fig. 1
of the paper III. I analyzed the experimental data and prepared it for the publication.
With the help of co-authors, I wrote the manuscript.
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Electric-field-controlled phase 
transition in a 2D molecular layer
Peter Matvija1, Filip Rozbořil1, Pavel Sobotík1, Ivan Ošťádal1, Barbara Pieczyrak2, Leszek 
Jurczyszyn2 & Pavel Kocán  1

Self-assembly of organic molecules is a mechanism crucial for design of molecular nanodevices. 
We demonstrate unprecedented control over the self-assembly, which could allow switching and 
patterning at scales accessible by lithography techniques. We use the scanning tunneling microscope 
(STM) to induce a reversible 2D-gas-solid phase transition of copper phthalocyanine molecules on 
technologically important silicon surface functionalized by a metal monolayer. By means of ab-initio 
calculations we show that the charge transfer in the system results in a dipole moment carried by 
the molecules. The dipole moment interacts with a non-uniform electric field of the STM tip and the 
interaction changes the local density of molecules. To model the transition, we perform kinetic Monte 
Carlo simulations which reveal that the ordered molecular structures can form even without any 
attractive intermolecular interaction.

The process of molecular self-assembly, using organic molecules as building blocks of spontaneously grown 
molecular structures, became one of the leading topics important for development of molecular devices1, 2. In 
recent applications, such as organic field-effect transistors3, tunnel diodes4, solar cells5, light-emitting diodes6 etc., 
static ordered layers are utilized. A possibility to control molecular density—and thus ordering of whole molec-
ular assemblies—by means of external stimuli would allow programmable molecular patterning7 at scales acces-
sible by recent lithography techniques. Controlled switching has been well demonstrated on the level of isolated 
molecules8–15, but connecting the single-molecular switches to the rest of a functional device remains an obsta-
cle15, 16. A small number of switchable ordered molecular structures reported up to date is limited to liquid-solid 
interfaces17–22 or small inorganic molecules23. In atomically clean environment under ultra-high vacuum (UHV), 
synchronized rotations of molecular rotors have been realized very recently24. However, to allow molecular pat-
terning, switching of an assembly of mobile molecules mediated by surface diffusion would be necessary. So far, 
no such study in well defined UHV environment has been reported.

In our previous studies, we have shown that the Si(111)/Tl substrate is weakly interacting and suitable for 
growth of ordered ad-layers of metal atoms25–27. Compared to bare silicon surfaces, where adsorbed molecules 
are immobilized by strong chemical bonding to silion surface atoms28–31, the self-assembly of phthalocyanines 
on weakly interacting surfaces depends on a delicate balance between adsorbate-substrate and inter-molecular 
interactions, and on external parameters such as tempearture and surface coverage32. For growth of organic 
ordered layers composed of metalo-phthalocyanines (MPc), the weakly interacting metal surfaces are typically 
used as substrates32. A dominant factor governing the adsorption of different MPc molecules is a van der Waals 
interaction between the molecules and substrate, often resulting in a net static dipole moment perpendicular to 
the surface. Intermolecular interactions are weak attractive or even repulsive due to an interaction of the static 
dipoles, depending on the average inter-molecular distance32–34. The stable self-assembled layers are therefore 
often observed only at close-to-monolayer coverage, when the thermal motion of the molecules is limited by its 
neighbors32, 35, 36.

Here, we demonstrate the electric-field-controlled room-temperature switching of the copper phthalocyanine 
(CuPc) self-assembled arrays on the Si(111)/Tl - (1 × 1) surface, evidenced experimentally by the scanning tun-
neling microscopy (STM) and explained with help of ab-initio calculations. Stability of the ordered CuPc arrays 
during the scanning depends strongly on the polarity and amplitude of the applied tip-surface voltage. Negative 
sample bias stabilizes the ordered CuPc arrays, while application of positive sample biases causes the fast disinte-
gration. By means of a strong electric field under the STM tip, we repeatedly change the orientation and position 
of all molecules within the domain. Measured probabilities of the domain changes demonstrate an existence 
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of a voltage threshold above which the changes occur. Based on the results of ab-initio calculations and kinetic 
Monte Carlo (KMC) simulations, we provide a simple electrostatic model of the field-molecule interaction. The 
model explains the probabilistic nature of the process by disordering and the following random re-assembly of 
the molecular array at the measured threshold voltage. We expect that a similar electric-field control over surface 
assembly can be achieved for a wide range of systems containing a weakly interacting mobile adsorbate carrying 
sufficiently strong permanent dipoles.

Results
Switching of the self-assembled arrays. The CuPc molecule belongs to the family of planar macrocy-
cles, phtalocyanines. These molecules tend to self-organize on nonreactive surfaces, as previously demonstrated 
using various substrates13, 14, 32, 37–42. STM images of approximately 0.8 monolayer (ML) of the CuPc molecules 
deposited on the Si(111)/Tl - (1 × 1) surface reveal the similar long-range ordering (Figs 1a,b and 2a,b). However, 
in addition to the self-assembly, we observe that the stability of the CuPc arrays at sub-monolayer coverage 
depends strongly on the scanning conditions. The ordered arrays are observable only at negative sample voltage 
US < −1.8 V, while scanning at sample voltage US > −1.8 V leads to noisy STM images without the presence of any 
ordered molecular structure. We note that the absolute value of the threshold can vary for different experimen-
tal conditions such as surface concentration of CuPc molecules, temperature etc. The presence of the threshold 
indicates that the electric field of the STM tip influences the molecular ordering. Figure 1b shows an STM image 
scanned at a sample voltage of −1.7 V, which is near the threshold of imaging the stable molecular arrays. During 
the scanning, the image of the initially stable CuPc structure is repeatedly perturbed by abrupt spikes until the 
ordered pattern completely disappears.

To reveal the mechanism of the tip influence we investigated the effect of tip-sample voltage pulses on the 
ordering of the molecules. During the image acquisition the scanning is stopped for a moment required by the 
pulse and then continues immediately. A result of such procedure is shown in Fig. 1a, where the purple stars mark 
positions where the pulses were applied. Abrupt changes in molecular layouts are visible immediately after the 

Figure 1. Field-induced switching of the CuPc self-assembled molecular array. (a) Change of a domain 
orientation (1) and position (2) as a response to voltage pulses. Purple stars mark positions above which the 
pulses were applied. The image was taken at the sample bias Us = −2.3 V. The inset depicts the structural model 
of a CuPc molecule. Red and green dots mark positions of molecules in the molecular structures with different 
orientations. (b) STM image of the CuPc molecular array taken at the sample bias of −1.7 V, which is close 
to the threshold of imaging the stable arrays. Red arrows indicate the scanning direction. Green bars denote 
the length of 3 nm. (c,e) Shape of the triangular voltage pulse and corresponding dependence of the domain 
change probability on the peak voltage of the pulse UF. The values of probability were acquired from the 320 
voltage pulses applied over the same domain. (d,f) Shape of the rectangular voltage pulse and corresponding 
dependence of the domain change probability on the pulse duration. The results were acquired from 100 voltage 
pulses applied over the same domain. Dashed line denotes ideal probability of random switching in a system 
of 45 domains (see Supplementary). The error bars represent a range of two standard deviations. Note that 
absolute values of the voltages and probabilities can vary for different STM tips and different surface coverages, 
but the character of the measured probability dependence remains the same.
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application of a pulse. More STM images of CuPc ordered arrays and their response to voltage pulses can be seen 
in Supplementary materials.

As we will show later in this work, the changes in the molecular layouts can be assigned to domain changes of 
the same CuPc ordering on the Tl-(1 × 1) surface. By repetitive applying different voltage pulses, we obtained 
statistics of the successful collective switching, which are present in Fig. 1e and f. We opted for two pulse shapes 
with various duration and amplitude. First, we applied triangular pulses (see Fig. 1c) with the initial voltage of 
−3 V (the stable ordered structure) to study dependence of the switching probability on the peak voltage UF. 
Though pulses with UF in the range of (−3 V, −1.8 V) do not induce any change of the molecular arrays, from 
UF ≈ −1.8 V the probability of the domain change increases approximately linearly with UF. The maximal switch-
ing probability (0.65 ± 0.10) is reached for sample biases  .U V1 0F . In the case of the rectangular pulse (see 
Fig. 1d), the sample voltage is changed from the scanning value of −3.5 V directly to + 2.0 V and is held constant 
for various time intervals. The average probability of a pulse-induced domain change saturates at the level of 
(0.9 ± 0.1). In the switching experiment, we were able to distinguish two types of the domain change. In the first 
case (Fig. 1a-1) the orientation of the molecular superlattice is changed, while in the second case (Fig. 1a-2) the 
orientation is preserved and the superlattice is shifted with respect to the original layout. For simplicity, the 
changes will be referred to as domain rotations and domain shifts, respectively. Taking into account the two cate-
gories, we analyzed the rectangular-pulse-induced changes and we determined that the average probability of the 
domain rotation is (0.6 ± 0.1) and the average probability of the domain shift is (0.3 ± 0.1). In the studied range 
from milliseconds to seconds, no dependence on the pulse duration was observed, implying that the time neces-
sary for the switching is less than 1 ms.

Besides the external electric field, concentration of CuPc molecules and of surface defects have a significant 
impact on ordering of the molecules as well. The domain switching was observed only at near-monolayer surface 
coverage in the range of 0.6–0.95 ML. At saturated coverage, we observe stable molecular arrays at all scanning 
conditions. Here, CuPc molecules cover tightly the whole surface with exception of defects in the Tl- (1 × 1) layer 
and their surrounding (see Fig. 2a). At lower coverage, we observe only individual adsorption of CuPc molecules 
at step edges. Independently on STM conditions, no stable ordering of the molecules was observed on terraces 
up to ≈0.6 ML, indicating the presence of the 2D gas-like phase of highly mobile molecules on the surface. At all 

Figure 2. Self-assembly of CuPc molecules on the thallium-passivated Si(111) surface. (a) The Tl-passivated 
surface covered by almost 1 ML of CuPc molecules. Three domain orientations of the ordered CuPc array are 
shown. Us = −3 V. (b) STM image of the CuPc array superimposed by the structural model. Us = −2 V. Red, 
green and blue squares mark unit cells of the CuPc molecular arrays. (c) Top view of the relaxed structural 
model. Purple and gray spheres denote positions of Tl and Si atoms, respectively. (d,e) Isosurfaces of the 
constant difference of the charge density. The cross-section plane, the direction of the view and the volume 
imaged is marked in the panel c. The isovalues are set to 0.012 eÅ−3 (panel d) and 0.005 eÅ−3 (panel e). Red and 
blue colors represent electron density depletion and accumulation, respectively. (f,g) Side view of the relaxed 
structure superimposed by the plane-integrated charge transfer Δρ (panel f) and the cumulative charge transfer 
Q (panel g).
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coverages, defects represent positions of the surface that are forbidden for CuPc molecules (see Supplementary 
materials for more STM images). Ordering of the molecules is substantially affected by defects especially if the 
local concentration of defects is high.

Existence of the voltage threshold of domain switching and absence of ordered molecular arrays at voltages 
above the threshold suggest that stability of the arrays depends on the external electric field. Changes of the 
tip-sample electric field during the pulse can explain switching of CuPc domains as follows. Molecular arrays are 
stabilized by the electric field at sample voltage  − .U 1 8 Vs . During the voltage pulse, at sample voltages corre-
sponding to the saturated switching probability (  .U 1 0 Vs ), a whole domain of the CuPc array disintegrates 
faster than recordable by the STM. At the end of the pulse, when the voltage is restored to the original value, CuPc 
molecules reorganize randomly into one of the possible configurations (in total 90 different configurations exist; 
among them 45 configurations with 3 possible orientations are distinguishable in our experiment; see 
Supplementary for details). The expected probability of a domain change, rotation and shift in such a system 
would be 44

45
, 2

3
 and 14

45
, respectively. In the experiment, we obtained the average values of (0.9 ± 0.1), (0.6 ± 0.1) 

and (0.3 ± 0.1), respectively. All expected values fall within the standard deviation range of the measured values. 
Slightly lower mean experimental values are caused by surface defects which can locally “pin” or “block” some 
domains. Another reason is the limited room-temperature STM resolution, which could be insufficient to distin-
guish small domain shifts.

Geometric and electronic structure of the ordered array. To clarify the details associated with the 
molecule-substrate and molecule-molecule interactions, the relativistic DFT calculations have been performed. 
In our models, we took into account the experimentally obtained Cu-Cu distance of the nearest molecules of 
≈1.4 nm and the orientation of the molecules in the surface reconstruction shown in Fig. 2b. The remaining free 
parameter, the position of CuPc molecules with respect to the Tl-(1 × 1) surface, was determined by evaluating 
the adsorption energy of molecules in the most symmetric sites (on top, hollow and bridge) after relaxation of the 
testing configurations. The highest adsorption energy per molecule was obtained for central Cu atoms of CuPc 
molecules located above bridge positions of the Tl-(1 × 1) lattice (2.92 eV), followed by the hollow (2.83 eV) and 
on top sites (2.68 eV). In the relaxed bridge configuration (see Fig. 2c), molecules lie 0.33 nm above the Tl-(1 × 1) 
layer. Due to symmetries of the CuPc molecules and the bridge positions of the substrate, there are 90 equivalent 
CuPc configurations in total (see Supplementary for details).

On the Tl - (1 × 1) surface, the CuPc molecules are stabilized by van der Waals forces, which is also the case 
of phthalocyanine molecules on metal surfaces32, 34. Figure 2d and e show the charge transfer Δρ induced by 
an interaction of the CuPc molecule with the substrate. The transfer is calculated from the DFT calculations by 
subtracting charge densities of the isolated systems of the substrate and the adsorbate from that of the combined 
system. A dominant charge transfer is associated with Cu, N and C atoms in the central ring of the CuPc molecule 
(see Fig. 2d with isovalues ±0.012 eÅ−3). The transfer has a mirror symmetry plane, which is identical with the 
plane of the CuPc molecule and is parallel to the surface. Therefore, the transfer within the molecule contributes 
only to quadrupole or higher moments of the molecule.

Contributions to the dipole moment can be found mainly in the region between CuPc molecules and the Tl 
layer (see Fig. 2e with isovalues ±0.005 eÅ−3). The plane-integrated charge transfer Δρ (see Fig. 2f) shows that the 
charge is shifted from proximity of the surface towards molecules. In Fig. 2g, the cumulative charge transfer, 
obtained as ∫ ρ= ∆ ′ ′

−∞
Q z z dz( ) ( )z  is shown, indicating that ≈0.23 e is transferred in maximum, which results in 

a static dipole moment of ≈0.35 eÅ. Similar formation of a dipole pointing from the substrate to adsorbed mole-
cules was calculated for other phthalocyanine-on-metal systems32, 43. In the following discussion, we neglect the 
complex charge transfer within the system and take into account only the dipole moments perpendicular to the 
surface plane.

Mechanism of the phase switching. Under the studied conditions, the molecules are highly mobile on 
the surface. Two electrostatic forces acting on the molecules carrying dipoles can influence their dynamics: a 
dipole-dipole repulsive force and an interaction between the molecular dipole and the tip-sample electric field. 
The former can be neglected, because at the distance corresponding to the most close-packed configuration the 
interaction energy is ≈0.6 meV, which is much less than the energy of thermal fluctuations at room temperature 
kT ≈ 25 meV, where k is the Boltzmann constant. Presence of a biased STM tip in proximity of the surface induces 
a strong electric field (typically ≥107Vcm−1) with maximum intensity E ≈ U/dTS under the tip apex, where dTS is 
the tip-sample spacing and U is the tip-sample voltage. Along the surface, the field is non-uniform and almost 
vanishes at a distance of the tip radius. The influence of the gradient field on mobile dipoles on surfaces has been 
previously reported44. In case of the positive (negative) tip bias and dipoles μ pointing perpendicularly to the 
surface, the field represents a potential well (hill) with depth (height) μE for each dipole. If the well is deeper than 
kT, an isolated molecule would be”trapped” by the tip. If a reservoir of molecules is available, their concentra-
tion would increase locally under the tip. Assuming the tip-sample separation of 1 nm, μE ≈ kT at a sample bias 
of ~−0.7 V. Because the high concentration results in ordering of the molecules, this value can be considered a 
threshold for assembly of the CuPc molecules into ordered arrays.

When scanning at the tip bias inducing sufficiently deep potential well, the locally increased concentration of 
molecules allows formation of a stable CuPc array (see Fig. 3). If we lower or reverse the bias (e.g. during a voltage 
pulse), the well becomes shallow or even reversed, which rapidly decreases the molecular concentration under the 
tip. At the end of the voltage pulse, when we sweep the voltage back to the scanning voltage, the potential well is 
restored and the molecules reorder randomly in the region under the tip to one of 90 possible configurations. This 
explanation is supported experimentally by Fig. 1e, where the voltage necessary for the CuPC assembly obtained 
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from electrostatic relations and DFT calculations fits within the region of transition between zero and saturated 
switching probability, and by Fig. 1f, where the measured average switching probabilities correspond well to val-
ues expected in a system where domains switch into random domain layouts.

In order to further support the hypothesis that the existence of a potential well under the tip is sufficient 
for the self-assembly of molecules, we performed kinetic Monte Carlo simulations. In the simulations, the real 
shape of CuPc molecules is modeled by 15 lattice points of the substrate lattice and the interaction of molecules 
is limited to a steric repulsion which applies when the molecules overlap (see Supplementary). Apart from that, 
no inter-molecular interaction is included. Results of the simulations can be seen in Supplementary Fig. S6. On 
the intact surface the molecules at 0.75 ML coverage behave as a 2D gas (Fig. S6a and c). As a potential well 
is introduced to the surface, the local molecular coverage inside the well increases, inducing formation of the 
close-packed ordered molecular structure (Fig. S6b). The structure remains stable while the potential is held 
sufficiently low (Fig. S6d).

Discussion
Our explanation neglects several factors. First, we consider a dipole moment only and omit higher moments of 
the molecule. The higher moments would affect a molecule-molecule interaction, which is though insignificant 
at RT, while the crucial interaction of the molecules with the tip field is driven by the dipole moment dominantly. 
Secondly, the strong field may affect molecule-substrate distance accompanied by a charge redistribution45. Such 
changes can be treated by the dipole approximation as well. If the dipole induced by the distance change was 
stronger than the static one, the tip-molecule interaction would be attractive at both bias polarities, in contrast 
to the experiment. Diffusion barriers can be modified by the field as well45, but we expect that at room temper-
ature the diffusivity would be still very high, as supported by the field-independent 2D gaseous phase observed 
at coverage <0.6 ML. Thirdly, defects, such as step edges or point defects46, necessarily represent real boundary 
conditions, which may influence stability of ordered domains. In our experiments, we are able to find small areas 
isolated by defects where molecules are strongly confined and do not change their positions at any scanning 
conditions. Similarly, we are able to find areas with lower local concentration of molecules where we observe 
spontaneous switching even under otherwise stable conditions. Lastly, we note that experiments with different 
tips and coverage resulted in the qualitatively same results, however with different values of the threshold voltage 
in the range from −0.5 V to −2 V and different values of switching probabilities.

Outlook
At sub-monolayer coverage and at room temperature, CuPc molecules behave like a 2D gas. We showed that, 
thanks to the permanent electric dipole between the molecules and the substrate, the local concentration of 
the molecules on the surface can be controlled by the nonuniform electric field. As ordering of the molecules is 
closely related to their local concentration, it is possible—at the scale of tens of nanometers—to switch between 
ordered and 2D-gas phases. An idea of patterning based on aggregation of molecules carrying dipoles by means of 

Figure 3. Graphic illustration of the field-controlled switching mechanism. Static dipoles carried by the CuPc 
molecules are represented schematically by the +/− signs on the surface. Green arrows indicate forces acting 
upon the dipoles in the electric field.
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a nonuniform field has been introduced theoretically by Suo and Hong a decade ago7. Later, Jiang et al. reported 
possibility of tip-field-induced freezing of molecules on metal surface at 77 K, benefiting of increasing diffusion 
barriers rather than of dipole moments45. Our results show that it is possible to achieve the adaptive field-induced 
patterning at room temperature on technologically well mastered silicon substrates (see Supplementary Fig. S7).

In general, adsorption of molecules at surfaces is often accompanied by a charge transfer and formation of 
adsorption-induced permanent dipoles. We therefore expect that interaction of an external electric field with 
the dipoles can be utilized to control the surface assembly of a wide range of weakly-interacting adsorbates and 
substrates, similarly to the case presented in this study.

Methods
STM. Experiments were carried out in an ultra-high vacuum non-commercial STM apparatus with a base 
pressure below 5 × 10−9 Pa. Pressure during the experiments was sustained within the order of 10−8 Pa. The 
Si(111)/Tl - (1 × 1) surface was prepared by the thermal deposition of 1 ML of thallium (purity 99.999 %) on the 
Si(111) - (7 × 7) surface and annealing at 300 °C for 2 minutes26. The Si(111) - (7 × 7) surface was prepared on the 
Sb-doped Si monocrystal (resistivity 0.005–0.01 Ω.cm by flashing to 1200 °C. The samples were resistively heated 
by passing DC current. CuPc molecules were deposited on the passivated surface after cooling down the sample 
to the room temperature. Tunneling current was in the range 0.05–0.15 nA during the acquisition of all presented 
STM images.

DFT. Our theoretical study is based on the density functional theory as it is implemented in the Vienna 
Ab-initio Simulation Package (VASP)47–49 and the use of plane wave basis set. In all presented calculations the 
description on the electron-ion interaction has been performed with the help of the projector-augmented wave 
(PAW) method while the exchange-correlation effects were included in the framework of generalized gradient 
approximation (GGA) in its Perdew-Burke-Ernzerhof (PBE) formulation50. The convergence of the energy of 
electronic states was performed using Davison-Block algorithm51 and the atomic structure has been relaxed using 
the conjugate gradient method. All calculations presented in the paper were performed with the use of nine 
k-points. The influence of this factor was tested in separate check calculations. The cutoff energy applied during 
calculations was 450 eV. The considered system was represented by a repeated slab model composed of CuPc mol-
ecule at the top, one Tl layer and six Si layers. The bottom Si layer was saturated by H atoms. In the total-energy 
calculations the molecule and 5 topmost layers of the substrate were relaxed until the forces present were less than 
0.01 eV/Å. The slabs were separated by 15 Å of vacuum. The van der Waals interactions were included using the 
scheme of Grimme52.

KMC. In the simulations, each molecule is represented by 15 lattice points which correspond to the real 
shape of CuPc molecules. The molecules can randomly either move to one of the 6 neighboring sites or rotate 
by 60°. Activation energy for both processes was calculated as the intersection point of neighboring harmonic 
potentials53. The energy of an adsorption configuration is increased by each lattice point in which two neigh-
boring molecules overlap. Apart from that, no interaction was considered between non-overlapping molecules. 
The time-averaged maps of the local occupancy of lattice-points by molecules (see Supplementary Fig. S6) are 
obtained by averaging of the molecular positions over at least 1.5 × 106 successive simulation steps per molecule.
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Domain structure of the CuPc molecular array

Based on the STM experiments and DFT calculations we were able to determine the structural

model of the most stable dense configuration of CuPc molecules on the Tl-1× 1 surface (see Fig. 2

of the main article). To explain the switching experiment presented in Fig. 1 of the main article, it is

important to understand the symmetry of the structure and its implications to number of possible

configurations and number of configurations distinguishable in our STM experiments.

First of all, DFT calculations showed that the most stable position of the CuPc molecule

on the Tl-1× 1 surface is a bridge site. To obtain the minimal energy, central Cu atoms of CuPc

molecules have to sit directly above the bridge sites and their orientation must be as it is shown

in Fig. 2c in the main article. In order to create the molecular array with the minimal energy, all

molecules of the same domain have to have the same orientation. There are 3 possible orientations

of CuPc molecules corresponding to 3 different bridge positions within a 1× 1 Tl cell (see Fig. S1a

and Fig. S1c-e). Since CuPc molecules and bridge positions have common mirror symmetry (shown

in Fig. S1), there are two different ways the molecules can be arranged on the substrate at each of

the three orientations. The two different arrangements are marked by two different colors at each

panel c-e. In the figure, only positions of central Cu atoms of CuPc molecules are marked and only

one central molecule is fully depicted. Orientation of the rest of the molecules is the same as the

orientation of the central molecule. Super-cells of the molecular arrays are marked by red, green

and blue squares. If we count only configurations where central CuPc molecules sit above one

given unit cell of the Tl-1 × 1 lattice, we obtain 3 × 2 = 6 possible configurations. A super-cell

of the CuPc molecular array, however, contains 15 unit cells of the Tl-1× 1 lattice (see Fig. S1b).

Therefore the total number of configurations of the CuPc molecular array equals to 3× 2× 15 = 90.

In our STM experiments, a dominant feature of CuPc molecule imaging at room temperature

and Us ∼ −3 V is its central C-N macrocycle (see Fig. S5c). As a consequence, we are often not

able to determine the orientation of individual molecules. Domains with the same orientation of

the molecular superlattice, but the different orientation of individual molecules are percieved as
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identical (see the different domains marked by the same color in Fig. S1c-S1e). The identity reduces

the total number of 90 domains to 45 distinguishable domains and the total number of domain

orientations to 3 distinguishable orientations.

Tl-1x1 unit cell

Tl atoms

bridge sites

CuPc array super-cell

15 Tl-1x1 unit cells inside a 
super-cell of the CuPc 

molecular array

a b

c d e

Figure S1: Possible configurations of the CuPc molecular array on the Tl-1×1 surface. a, Unit

cell of the Tl-1× 1 surface reconstruction. Positions of Tl atoms are marked by purple dots. Gray

dots represent 3 bridge sites with different orientation in the unit cell. b, Example of a super-cell of

the CuPc molecular array on the Tl-1× 1 surface. Black dots mark positions of Tl-1× 1 unit cells

inside the super-cell of the CuPC array. c-e, Schematic drawing of possible configurations of CuPc

molecular array on the Tl-1× 1 surface. Each panel corresponds to one possible orientation of CuPc

molecules on the surface. Bridge sites that can be occupied by a central Cu of a CuPc molecule in a

given orientation are marked by black dots. Bridge sites corresponding to a different orientation

of the molecules are marked by gray dots. There are two possible molecular arrangements in case

of each orientation of the molecules (marked by two different colors on each panel). Positions

of central Cu atoms of CuPc molecules are marked by red, green and blue dots. Unit cells of the

molecular arrays are marked by squares of the same color. The same colors in different panels

indicate the same orientations of the whole molecular arrays.
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Domain switching viewed by STM

Figures S2 - S4 display dynamic behavior of CuPc domains during the STM scanning. All images

were acquired at Us < −2 V, which is above the switching threshold (i.e. the voltage is sufficiently

high to stabilize CuPc domains). After application of voltage pulses which penetrate below the

threshold, sudden domain changes are observed. Fig. S2 illustrates the domain changes on a large

area. The imaged area is initially covered by a single domain of the CuPc molecules. The orientation

of the domain is marked by blue lines. After application of a voltage pulse (top purple star), the

right part of the domain is shifted (red lines), while the left part remains without a change. Domain

boundary emerges between the two domains. The second pulse induces rotation of both domains.

More detailed images of the domain switching are presented in Fig. S3. Note that a big

fraction of the pulses, especially in Fig. S3f, does not induce any domain change. We observe this

effect on areas with high density of defects which represent boundary condition for the ordering of

molecules and can pin or prevent certain domains.

The influence of defects on CuPc ordering is even more pronounced in Fig. S4. Here high

density of defects induces stabilization of domains on certain areas (marked by 1a), while other

areas remain covered by unstable and spontaneously switching domains (marked by 2). Areas

where defects prevent formation of stable domains and areas where defects hinder aggregation of

molecules from surrounding surface are covered by a 2D molecular gas (marked by 3). At the

interface of the stable domains and the gas, gradual decrease of the apparent molecular brightness

can be seen. The lower brightness of the molecules can be explained as lower probability to find a

molecule at a given position. The lower probability arises as a result of the dynamic equilibrium

between the gas and condensed phase and it is the clear evidence of presence of the 2D gas phase

on the surface.
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a b

10 nm

Figure S2: Domain switching on a large area. Two successive STM images of the same area are

displayed. Differently colored solid lines mark orientations of different domains. Red-white line

marks a domain boundary. Purple stars on the panel b marks positions where triangular voltage

pulses (Uf = 1 V) were executed. Us = −3 V. Note that (i) images were not corrected for a thermal

drift and piezo-creep and that (ii) positions of defects remain unchanged after the pulses. Scanning

direction is from the top to the bottom.
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a b c

d e f

Figure S3: Multiple domain switching. Six consecutive STM images, Us = −2.3 V, showing

abrupt domain changes after voltage pulses. 19 triangular voltage pulses from -2.3 V to 0 V were

executed. 9 domain changes were identified. Positions of the voltage pulses are marked by purple

stars. Note that slight deviations in the position of the dark defect are caused by inaccurate manual

compensation of the thermal drift. Size of the imaged area is 10 nm×10 nm. Scanning direction is

from the top to the bottom.
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1a

2

3

1b

1c

Figure S4: Coexistence of the 2D gas and condensed phase on the surface. 1a, 1b and 1c mark

three possible orientations of stable CuPc domains. 2 marks an unstable CuPc domain which is

spontaneously switching during the STM measurement. Area between the domains is filled by a 2D

gas (marked by 3). Surface coverage ≈ 0.7 ML. Us = −2.5 V. Green bar denotes 10 nm.
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DFT calculations
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Figure S5: a, Calculated local density of states (LDOS) of the CuPc molecule deposited on the

Si(111)/Tl-(1x1) surface projected on the s (black line), p (red line) and d (green line) orbitals of the

molecule. b, Top view of the corresponding system. c, d, e, Partial charge distributions of the LDOS

features shown in the panel a; isosurface values are 0.0035, 0.0035 and 0.002 eÅ−3, respectively.
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KMC simulations

a b

c d

HILO

Figure S6: KMC simulations of the molecular condensation in the STM-tip-induced potential

well on the surface with 0.75 ML molecular coverage at a temperature of 300 K. The figure

displays snapshots of KMC simulations without (a) and with (b) the 0.075 eV potential well and

the corresponding maps of the time-averaged lattice-points occupancy (c and d, respectively).

The hexagonal potential well is outlined by black and white lines. The well has a rectangular

cross-section, i.e. the adsorption energy per one lattice point is increased for every lattice point

inside the well by the constant value of 0.075 eV. Close-packed ordering of molecules in the

potential well can be clearly seen even without any attractive interaction between CuPc molecules.
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Stable switchable molecular arrays

Figure S7: The proposition of a stable switchable molecular array consisting of Tl-covered undoped

silicon layer (yellow), conducting buried electrodes (red and blue) and mobile CuPc 2D gas on

top of the surface. Red and blue colors of the surface represent areas of potential hills and wells,

respectively.
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Summary
This work is devoted to study of the Tl-passivated Si(111) surface. The main goal

of the study is to investigate the behavior of organic molecules on this specific surface,
however the results can be applied to a wide range of other systems comprising metal
surfaces, weakly interacting organic molecules, 2D gases etc.

Main results of our work can be summarized as follows:

• We revealed that the polarity of adsorbed molecules affects the initial stage of
their chemisorption on the Si(111) − (7 × 7) surface. (paper V)

• We showed that the nature of Tl bonding in the (1 × 1) and in the desorption-
induced (

√
3 ×

√
3) structures is similar, i.e. Tl atoms are single-bonded in both

structures. (paper IV)

• We showed that the Tl passivation of the Si(111) surface substantially increases
surface diffusion of single-atom adsorbates (at least by nine orders of magnitude).
As a result of the increased diffusivity, growth modes of different adsorbates on the
Si(111)/Tl − (1 × 1) surface resemble the growth modes observed on low-reactive
metal surfaces. (paper I)

• We proposed a novel method for observation of a local time-averaged density of
2D molecular gases on surfaces. (paper II)

• We performed, to the best of our knowledge, the first direct observation of a pair
correlation function of a 2D molecular gas. (paper II)

• We determined the adsorption configurations of individual and self-assembled
CuPc and F16CuPc molecules on the Si(111)/Tl − (1 × 1) surface. (papers II
and III)

• We discovered that the phase of CuPc molecules on the Si(111)/Tl − (1 × 1)
surface can be controlled by a non-uniform electric field. We explained the
mechanism of the phase control by a simple model considering only the
electrostatic interaction of molecules and the STM tip. (paper III)

These results offer a new perspective on dynamic molecular processes on reactive
and non-reactive surfaces. Thanks to the methods proposed in the work, mobile
molecules on non-reactive surfaces can be studied and even controlled by means of
the STM. The possibility to study and to control the mobile molecules is the first step
towards building more complex molecular surface architectures that will be used in
future molecular-electronic devices.
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List of Abbreviations
AP acetophenone. 27

CuPc copper phthalocyanine. 4, 62, 76, 95

DAS dimer-adatom-stacking fault. 6, 24, 43

DOS density of states. 8, 9, 12

F16CuPc copper hexadecafluoro-phthalocyanine. 62, 63, 64, 76, 95

HUC half-unit-cell. 24, 27, 42

KMC kinetic Monte Carlo. 4, 64, 76

LDOS local density of states. 13, 14

ML monolayer. 42, 43, 50, 59

MPcs metalo-phthalocyanines. 4

SPM Scanning Probe Microscopy / Scanning Probe Microscope. 6, 63

STM Scanning Tunneling Microscopy / Scanning Tunneling Microscope. 4, 6, 7, 9, 13,
16, 17, 18, 19, 21, 22, 24, 25, 27, 44, 50, 62, 63, 64, 76, 95

STS Scanning Tunneling Spectroscopy. 4, 27

UHV ultra-high vacuum. 21, 76

VAC volt-ampere characteristic. 13, 14
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Nomenclature
dts tip-sample distance

n(x, y) time-averaged density of molecules at the position (x, y)

pm(x, y) probability of finding a molecule at the position (x, y)

VT threshold voltage for the order/disorder transition of CuPc molecules

Vts tip-sample voltage
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