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Structure Transition and Electronic Properties of

Two-dimensional lonic Thin Films

Student : Hong-Dao Li Advisor : Dr. Tsin-Fu Jiang

Dr. Deng-Sung Lin

Institute of Physics, National Chiao Tung University

Abstract

Heteroepitaxy has now become an important technique for fabricating very-large
scale integrated circuits (\VLSI). It also.serves.as an ideal sample preparation tool for
understanding the nature in heterogeneous interface. . Furthermore, one hopes to gain
sufficient insight to. manipulate the thin film  structures with desired properties.
Silicon and sodium chloride have similar lattice constant but much difference in
crystal structure (fcc. & diamond). The electronegativity difference between chlorine
and silicon is 1.2 and that between chlorine and sodium Is 2.1. Many interesting
guestions can be raised regarding-the ionic-crystal-covalent crystal interface: What
correlations can be drawn about the difference in electronegativity between bonded
atoms and their tendency to form ionic or covalent bonds? What kind of physical
properties exist in interface? Can we produce a NaCl thin film of only single layer in
thickness? In this thesis, we designed a two-step epitaxy to research these issues
through a combination of atomic layer deposition (ALD) and self-limited concept.
First, we prepared a oriented CI/Si(100)-(2x1) surface, and then deposit various
amount of sodium atoms on the surface. On the sample surface, we can directly
observe the interaction between three species of atoms. The evolution of the surface



morphology, the electronic state, and the interfacial properties during the film growth
are investigated by scanning tunneling microscopy (STM), X-ray photoelectron
spectroscopy (XPS) and first principle calculations (DFT).

The STM result shows, in low sodium coverage (6,,=0.1), the surface
consists three kind of adsorption structures, the single dim spot, the p(2x2) domain
and a domain of dim spots. At intermediate coverage (6,, =0.5), the surface would
transform into unique p(2x2) ordered structure. When the coverage over 1 ML, the
surface dramatically transformed into large scale and uniform p(1x1) structure. By a
steric measurement, we concluded the structure is.a two dimensional NaCl(100) film.
The XPS spectra indicate; with increasing of sodium coverage, the CI2p and Na2p
peaks synchronouslyincrease-by-about 1.1 eV. It suggests significant transition in
their bonded electronic state during the Na.adsorption process. The Si 2p spectra
indicate, when sodium coverage is over 1 ML, the electron state in surface silicon
retrieved dangling”bond state; ‘namely, the Van der Waals force dominated the
interaction between the'NaCl thin film and silicon substrate:

From first principle calculation, we showed that the single sodium prefer to
adsorb on hollow sites between‘chlorine atoms and that the sodium atom can easily
diffuse along the dimer row assembling into NaCl(111) cluster. The structure should
correspond to single dim spot that we observed in STM. With the increasing of cluster
density, the structure would transform into NaCl(111)-(100) concomitant phase; It just
corresponding to p(2x2) ordered structure that we observed in STM. When the sodium
coverage over 1 ML > the cluster would entirely self-assemble into NaCl(100)
monolayer. We demonstrated that the epitaxy process follows Franck-van der Merve
growth mode. Finally, we also simulated a series of electronic properties including

density of state (DOS), spatial charge distribution, STM image and XPS spectra
\Y



simulation. The simulation result showed good agreement with our experiment data; it
not only successfully explains the experimental data but also clarifies the underlying

physics.
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Chapter 1 Introduction

1.1 Motivation

The implementation of top-down technologies with the aim of making
miniaturized structures is about to reach certain limits. With reduced dimension,
producing defect free device structures becomes increasingly difficult and expensive.
The formation of nanostructures by atomic layer deposition (ALD) as a bottom-up
approach is therefore a promising alternative for the fabrication of nanoscale devices.

Electrons confined in two-dimensional systems, such as interfaces and ultrathin
films, are essential to low-dimensional physics: Without a doubt, the discovery of
2010 Nobel Prize-winner, graphene-is the most famous two-dimensional material in
recent years. Such a 2D quantum film exhibits_ many amazed material characteristic
that had never been observed before. The physical properties-of three dimension
crystalline soild are well documented, dimensionality two is conspicuously absent
among experimentally known erystals. It has long been tempting to try splitting 3D
crystal into individual atomic layers; but it remained unclear whether free-standing
atomic layers could exist in principle (thermodynamically unstable).

Alkali halides are the family of ionic compounds with simple chemical formula
X*Y". In standard room conditions dry alkali halides tend to form in Halite structure
(space group: Fm3m).Whether two dimensional alkali halides is a stable state has
been widely discussed before. For example, on metal surface, alkali halides are
known to grow in the form of large domains (approximately micrometers) of bilayers,
but growth beyond the bilayer contents many small islands™ 2. Why the alkali halides

thin films always follows double-layer growth mode still remains much unknown.
1
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Hebenstreit et al.® produced for the first time unusual adsorbate-free NaCI(111) thin
film by subsequent adsorption of Na and Cl, on Al(111). It used to be widely believed
that the surface energy of polar surfaces such as bulk-terminated (111) surfaces of
NaCl-type ionic crystals is formally infinite, and such surfaces are unstable and do not
exist in nature. Whether the NaCIl(111) thin film surface can be “produce” is still in
controversy.

The Si(100) has been widely used in the semiconductor industry. The
reconstructive Si(100) surface rich in half-occupied dangling bonds that has very high
chemical activity and electron mability. Halogen molecules can be dissociated by
dangling bonds without any extra energy, the reaction is spontaneous. The halogen
saturated p(2x1) surface would-become very stable and well ordered “. It would be a
very good platform for observing growth behavior of ionic thin film. By utilizing the
concept of self-limited reaction, we prepare a halogen-terminated ordered p(2x1)
surface by using molecule halogen: Then, we deposit controlled amounts of alkali
metal on the surface. The method has ‘two  expected advantages; first,
halogen-saturated surface provides a good positioning for. increasing lateral growth
ratio. Second, by controlling the'amount of alkali metal, step by step, we can directly
observe surface transition with varying sodium coverage. The self-limit reaction
process is schematically shown in Fig. 1.1.2.

In general, the lattice mismatch of less than 3% can effectively reduce interface
stress that would be good for growing high-quality thin films. Therefore, we attemped
to calculate bond length and energy in among of twelve kinds of different alkali
halides as shown in Fig. 1.1.1; it tells us that most of alkali-halides in nature tend to
form in three-dimension. However, for some case, 2D and 3D alkali-halides have only

very small difference in paired bond energy. In those cases, the 2D alkali-halide
2



crystal might be a metastable even a stable state. Therefore, in consideration of their

lattice matching, sodium chloride seems to be the best choice; Because, theoretically,

the lattice mismatch of NaCI(3D)/Si(100) and NaCl(2D)/Si(100) is only +2.35% and

-3.11% respectively. For the reasons, this thesis, we chose the Si(100) as a substrate,

chlorine molecule as a precursors and sodium metal as a reagent. Unlike in the past,

we employed the ALD method by using the sequential Cl and Na deposition. Entire

experiment was carried out in an ultra high vacuum (UHV) under room temperature

condition. The evolution of epitaxy process was examined by STM, XPS, and First

principle simulation. By combination of experiment and theoretical computation, we

are able to answer following. issues.

1. Can we produce a NaCl -~ film-with-only single layer in thickness?

2. Can the ALD method effectively increase lateral growth ratio?

3. If the answer for.(2) is yes, what’s the growth mechanism?

4. What correlations can be drawn about the bonding between Si, Cl, and Na in
atomic level?

5. What kind of physical properties exist in surface and interface?
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1.2 Si(100) surface reconstruction

Si(100) surface is the most widely used material in the semiconductor industry.
Silicon in bulk is bounded by covenant bonding with the sp® orbital hybridization, and
composed of two fcc sublattices with 1/4 lattice dislocation (See Fig. 1.2.1). If one
cleaves the silicon crystal along the (100) direction, two valence bonds of each Si
atom at the exposed surface will be broken and transform into dangling bonds. As
shown in Fig. 1.2.2 (a), every silicon atom in the surface has two dangling bonds and
two valence bonds. In this 1x1 structure, the surface energy is too high to be stable.
To reduce the numbers of the dangling bonds, the first layer atoms in the surface will
be reconstructed. Upon.reconstruction, two.neighboring atoms form a strong sigma (o)
bond by combined one of the two-dangling bonds. The top-layer atoms of the Si(100)
surface dimerize to.reduce the number of dangling bonds. These bonded pairs of Si
atoms are called dimers. The amount of dangling bonds ‘is reduced by 50 %. This
establishes two characteristic directions on the surface, along the dimer row and
perpendicular to the dimer. The parallel rows of the dimer bonds also reduce the
overall surface energy. These remaining-dangling bonds can further form a weak n
bond, then the 1x1 structure of the surface have transformed into 2x1 structure, as
shown in Fig. 1.2.3(b). Many studies reported that the perfect p2x1 structure is not the
ground state. The reconstructure of Si(100) is dependent on the temperature
conditions®®. As shown in Fig. 1.2.3, The DFT-LDA simulated result' indicates that
the equilibrium structure of the Si(100) surfaces cannot be adequately explained by a
single static structure, namely its surface configuration is switching rapidly at room
temperature. Thermal disordering renders the dimmers uncorrelated, therefore, the
ground state c(4x2) orderly structures can be observed only if the temperature lower

5



than 150K™ %2,

As shown in Fig. 1.2.4, when preparing the Si(100) surface, the step structure
formed by the cleavage along the (100) direction. The step height is about 1.36 A (1/4
lattice constant. The dimer rows on the neighboring terraces are perpendicular, so
steps of the terraces divide into two types. Sa is the steps where the dimer rows
direction on the upper terrace parallel the step edge. Sg is the steps where the dimer

rows direction on the upper terrace perpendicular the step edge.

Figure 1.2.1 (a) Tetrahedral bond arrangement of diamond structure. (b) The down
view of diamond structure, the fractions denoted the height of the atoms in units of a
cubic edge.

(a) (b)

) \/) ) : ‘”“ .
' Li{%fj[g Y 4 - J]t‘f})fﬂ.
\ \,.\.i/ox\\/"j(\bﬂ \ .P! 0
]

\
®

IA‘
\
g~. )

Figure 1.2.2 (a) The oblique view of the primary Si(100)-p(1x1) surface. Spheres are Si
atoms and conoid sticks are dangling bonds. Each silicon atom has two valence bonds

and two dangling bonds, and (b) after reconstructive Si(100)-p(2x1) surface.
6
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Figure 1.2.3 (a) Top view of four Kinds of ‘sitlicon reconstructions .Smaller spheres
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represents deeper atoms. (b) A schematic illustration of the order of magnitude of

energy differences between different-reconstructions of Si (100).
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Figure 1.2.4 Step structures on the Si(100)-p(2x1) surface. (a) STM image of
Si(100)-p(2x1) surface. The size is 15 nmx10 nm and Vs = 2 V. (b) Oblique, (c) top and
(d) side views of step structures. Sp is the steps where the dimer rows direction on the
upper terrace parallel the step edge. Sg is the steps where the dimer rows direction on

the upper terrace perpendicular the step edge.



1.3 Madelung constant

1314 js the most important factor for estimating the

Madelung constant
electrostatic potential of a single ion in a crystal by approximating the ions point
charges. Because the anions and cations in an ionic solid are attracting each other by
virtue of their opposing charges, separating the ions requires a large amount of energy.

This energy must be given to the system in order to break the anion-cation bonds. The

total energy:

1 ’ : : :
Ei= Z a9 _ —a—d \where a,is'the nearest distance between anion and
e, 77 |n -1 ‘ 4reyay

cation, « being the Madelung constant. For.1-D infinite collinear ionic solid:

(L By ind) 13863

col =

If the anions and cations arrange in straight line but'with a small angle as

shown in the followingschematic:

ao .- - - -

symmetry : +.».'.'_'__Q___ + - .

asymmetry: -+ + + -+

The total energy of two case can be calculated by principle of superposition.
20° 1 N 1
4rega, 2c0s6 4cosb

_ 2
2q L+ 1 N 1
Aed, \[(3cosO)? +(sin6)?  \/(5c0s6)? +(sin 6)?

+...) (anions—anions)

sym —

+ +.....)(anions — cations)


http://en.wikipedia.org/wiki/Electrostatic_potential
http://en.wikipedia.org/wiki/Ion
http://en.wikipedia.org/wiki/Crystal
http://en.wikipedia.org/wiki/Point_charge
http://en.wikipedia.org/wiki/Point_charge
http://en.wikipedia.org/wiki/Anions
http://en.wikipedia.org/wiki/Cations
http://en.wikipedia.org/wiki/Ionic_compound

2
2q (_1+1_ 1

Areqa, 2 \/(3c050)2+sin29 4

asym

(1.3.2)

By using the numerical method with distance-fixed constraint, we can obtain a
“Madelung constant function” which depends on only the bending angle. As shown in
Fig. 1.3.1. The result tells us that the anions-cations arranged in asymmetric non-
collinear chain is relatively stable than another. In the other words, this arrangement
mode is able to survive in higher distortion angle. For 2D case; we can calculate it by

same method:

E —q—z(j+i_£+ﬂ+i
" Amea, 1 2 5248

Eym = (g +¥ +% +...) / (anions=anions)

—q? W2 4

4
’ 4reqd, @ \/(3c080) + (sin ) ’ J(3cos6)? + (sin )

F o) = Oy =1.6227

+..)(anions —cations) (1.3.3)

The result indicates that the Madelung constant.in 2D 'system is more strongly
depending on bending angle. In summary, the result tells.us that the anion and cation
they prefer to arrange in perfect collinear (1D).and coplanar (2D) configurations; but
the “Madelung constant function” in asymmetric arrangement mode have just
slightly decreasing with bending angle. From an electrostatics point of view,
asymmetry arrangement can effectively reduce the electric dipole which makes the
system relatively stable. For 3-D case, from the textbook :a 3;p =1.7475 .After a
comparing,The Madelung constant is increasing with system dimension
a5 (1.386) << &, (1.612) < e, (1.748) ;which indicates larger degree of freedom of
system result in more stable structure. However the argument is limited in complete

electronic closed-shell model and constant distance constrain. In real systems,



electron transfer between anion-cation may not be integer. Bond length in lower
dimension system also can be shrinking or expanding. Does the 2D ion film can be
stable; the simple electrostatic model may no longer applicable for the question.
Nevertheless, this calculation gives us some significant hint; completely free-standing
1D and 2D ionic system cannot exist in nature. But if a 1D or 2D ionic crystal be
inhabited growing on a surface. In order to reduce surface, the anion-cation pair

should prefer to arrange in anti-symmetry form instead of symmetry form.

~1.8
<
316 =
§14 —=a
1.2 SN
8 ~ ~—
o 1.0 |——— 2D sym S~
c N
508 |——2Dasym \\\
Q —_—— ~
206 1D sym
= — 1D asym

0.4

0 10 20 30 40

bending angle(degree)

Figure 1.3.1 Madelung constant: Function- «(8)-in 1D non-collinear and 2D

non-coplanar anion-cation pairing system.
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1.4 Literature Review

1.4.1 NaCl /Cu(111)
Typical alkali halide growth based on molecular beam epitaxy (MBE) using
beams of ionically balanced molecular units for deposition has been reported to yield

a double-layer growth mode® *°

. NaCl /Cu(111) is the most remarkable system
because it has much strange behavior and high application value, but only bilayer
NaCl structure had been observed on Cu(111)*" *8.Uniform and very large scale
(micrometer) Sodium chloride would assemble itself on the surface (Fig. 1.4.1(a)),
which provides a very nice platform for doing STM measurements. By the method,
DOS of molecules could be decoupled. from the substrate. through an interlayer,
namely the STM images would-resemble closely the shape of the HOMO/LUMO of
the free molecule. The Pentacene on NaCl/Cu(111) system is the most famous case’®.
As shown in Fig. 1.4.2, the insulator NaCl thin film would-benefit'to greatly enhance
the sample resolution. Another unusual behavior, Fig. 1.4.3/shows a strong interface
state density and it will possibly propagate to clean Cu(111) region. With varying
sample bias, the surface reveals different-DOS distribution. The observed metal
induced gap state (MIGS) formation due to Moiré patterns is similar to the
superlattice concept *"*?> %! based on the idea of creating artificial, tunable 1D band
gaps by growing a vertical lattice of alternating semiconductors. Whereas in
semiconductor superlattices the band gaps can be tuned by the layer thicknesses
during growth, Moire”- pattern-induced band gaps can be tuned by the choice of
lattice constant mismatch. This phenomenon shows a new way to tailor the properties
of interface states for future applications. These possibilities can be further extended

by controlled sequential growth of different dielectric materials. In contrast to surface
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states, interface states are inherently protected by the dielectric adlayer and can even

be studied under ambient conditions.

(b)

P’ ’ CB E
LUMO e EyHIIES
M ' .
) NaCl/Cu(111) HOMO

Metal Tip
'“‘ vB
! |NaCI Mol. [Vacuum

Figure 1.4.1(a) STM image of NaCl/Cu(111) taken.at 320 K with the sample bias
V,=-1.26 V and the tunneling current of 230 pA. The.scansize is 230 nmx160 nm. (b)
Diagrammatic sketch.of double-barrier-tunneling junction. (Cited from Gerhard

Meyer,Jascha Repp, Peter Lilreroth 1BM Zurich Research Laboratory).
0.7V +1.90V

(a)

111).« Peatacene/Cu(111)

HOMO Gap LUMO
\ p——
\./!
A —

=
Pcntaecnc/§aCMCu

Free Molecule  Pentacene Tip

B

Figure 1.4.2.From top to bottom, (a) the experimental STM images acquired with

(c)

DFT

pentacene on Cu (111) (without NaCl interlayer) and (b) STM images of pentacene on
NaCl/Cu(111) surface with a metal and a pentacene tip, the images at bias voltages

exceeding the HOMO (left) or LUMO (right) exhibit very pronounced features.(c) The

results of theoretical calculations.(Cited from °).
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STM tip

i NacCl layer

Cu(111) substrate

-10 5 0 59na
2e(A) NaCl

Figure 1.4.3 From top to bottom,.a schema of MIGS between Cu(111) and NaCl thin
film. Under various sample bias (a)-(d), which reveals different sort of Fermi wave.
Bottom figure draws.vertical charge density distribution. (Cited from Gerhard
Meyer,Jascha Repp; Peter Lilreroth IBM Zurich Research Laboratory).

1.4.2 NaCl/Ge (100)

Thin NaCl films:.can be grown-epitaxially-on-Si ~Ge(100) with high quality under
appropriate conditions. GIoE ckler et al.®> demonstrated‘that-NaCl grows on Ge(100)
surface by using the MBE also results.in bilayer NaCl. Fig. 1.4.4(b) displays a typical
large-area STM image with various NaCl island sizes, between 30 and 320 A in
diameter, which are mostly one DL high. The island edges run predominantly along
the [100] and the [110] directions of the Ge substrate, yielding 90° and 135° island
corners. Lateral atomic resolution (see Fig. 1.4.4(b)) was obtained for NaCl islands of
one DL height for slightly enhanced tunneling currents (I;=1.8 nA), which force the
tip closer to the surface. A well-resolved square lattice with a lattice constant of 4.0 A
is observed. From this lattice constant they conclude that only one type of ions (Na*

or CI") is imaged as white protrusions. They indicated that the tunneling current is
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predominantly due to emission from Ge states through the NaCl layer. This is
certainly due to the fact that the tunneling barrier is not only determined by the
vacuum between tip and NaCl layer, but also by the NaCl layer itself, which does not
provide the density of states between the Fermi energies of the tip and Ge
substrate.They also executed a deep profile measurement as shown in Fig. 1.3.4(c),
from which nominal heights of 3.8+0.3 and 2.0+0.3 A are derived for the first (double)
and the second (single) NaCl layers respectively. In summary, They have roughly
described growth mode of NaCl/Ge(100) system.

Professor Shiow-Fon Tsay et-al®% also reported a series of DFT calculation
results for the system. By way of layer adsorption energies calculations (see Fig.
1.3.5(a)), they demonstrated that-why -NaCl grow on Ge(100).is also followed double
layer growth mode. They indicated that only very weak coupling has existed between
the interfacial CI" ions and the dimer up-Ge atom. Fig. 1.3.5(b) shows their electronic
calculation result that reveals small quantities of Ge-Cl bonded states locate around -1
eV and large quantities ClI 3p state.locate between -2 to -4 €V. The calculation results
are totally consistent with the.previous results of "'STM. experiments. The white
protrusions in STM image should be explained as an electron that emitted from

silicon substrate.
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Figure 1.4.4 (a) Large-area STM-scan(1130x1130 A 2) of NaCl-on Ge(100). Nearly all

(b)

[10Q}

NaCl islands have a height of one double layer (Vs =-2.7 V; ;= 0.7.nA).(b) STM image

(98x81 A?) with atomic resolution of a NaCl layer of one double layer. The square

lattice has a lattice constant of 4.0°A<and is oriented along the [110] and [-110]

directions of the underlying Ge (100) surface (Vs=-2.7 V, I¢=1.8 nA).(cited from *°)
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Figure 1.4.5 (a) Layer adsorption energies per 1x1 supercell for NaCl adsorbed on a Ge
(100) surface (AE,, () =[Eycree (N—1) + E\, + E; — Enacice (M])-

(b) The electronic band structure and PDOS for 10 ML NaCl/Ge(100) surface. The
states corresponding to the Na and ClI are indicated by pink and green solid circles,
respectively, and that of the dimer up-Ge and down-Ge are represented by the full and

empty blue circles, respectively.(cited from %)

1.4.3 NaCl/Si (100)

Maximilian Amsler et al® had calculated a series of simulation for researching
the structural stability of NaCIl/Si(100) system. As:shown in Fig. 1.4.6, two sort of
adsorbed configurations had been-considered. They indicated the most favored
adsorption type was found to be four NaCl dimers on top of lower Si atoms. This is in
agreement with the positive balance of energy when the dissociation of the (NaCl),
cube into dimers and the formation of .CI-Si bonds is taken into account. However,
this trend changes if larger NaCl clusters were adsorbed. The increasing dimerization
energy with respect to the cluster size and the formation of stable cuboid geometries
of isolated NaCl clusters suggest that the adsorption without dissociation is preferred
over the dimer adsorption for larger clusters. Because in the limit of bulk NaCl, the
dissociation into dimers requires 3.25 eV per molecule, which is considerably larger
than the 2.31 eV released during a single dimer adsorption on the silicon surface. In
the other words, they suggested two kind of adsorption behavior may synchronize on
the Si(100) surface, which kind would happen that depends on the NaCl particle size.
Besides, our group also did a series of experiment by using the MBE epitaxy for this
system?®. The results as shown in Fig. 1.3.7 and Fig. 1.3.8. As 6 < 0.4 ML, the XPS

and STM results both indicated that more than half of the adsorbed NaCl dissociates
16



to form Si-Cl and adsorbed Na. A wetting adlayer is formed after the deposition of
0.65 ML NaCl. This adlayer consists of Si-Cl, adsorbed Na, NaCl networks, and
isolated dangling bonds. Many isolated dangling bonds are grouped into small patches,
which exhibit the (2x4) or (2x2) ordered structure. Further deposition above 0.65 ML
results in the appearance of double-layer NaCl islands which grow in size on top of
the first adlayer (see Fig. 1.3.8). Up to 6 = 1.8 ML, the isolated dangling bonds remain
at the interface between the NaCl film and the silicon substrate. On the whole, our

experimental data is totally in a good agreement with previous theoretical paper.

System size Cube'on'surface NaCl dimers

Small (few) 1.33 2.68
Large (many) 4.0 4.85

Figure 1.4.6 (a) NaCl dimers-on a Si(100)-c(4x2) reconstruction. The silicon surface
reconstruction disappeared and the pattern of NaCl dimers mimics the original silicon
surface reconstruction. (b) (NaCl), cube adsorbed in a hole of the silicon model tip. The
green (dark gray large sphere) and purple (dark gray small sphere) spheres denote Cl
and Na atoms respectively. Adsorption energy of them also listed at lower right

corner.(cited from %)
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Figure 1.4.7 (a) Si-2p core-level photoemission spectra (dots) of Si(100) surface with
various amounts of NaCl deposition, as-specified. The solid curves fit to the spectra.
The curves labeled B,.S, |, and Si* are the results, respectively, of the decomposition of
the Si 2p spectra into contributions from the bulk, theclean surface, the interface layer,
and the Si-Cl species. The energy zero refers to the bulk position. (b) Cl 2p (left), and
Na 2p core-level photoemission spectra (dots) corresponding to Si 2p .All the energy

scales were relative to Si 2p bulk for eliminate the band-bending effect.(cited from %)
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Figure 1.4.8 (a) Filled-state STM-images showing morphology evolution with various
NaCl coverages on Si(100), as labeled. All images are obtained at room temperature
with Iy =0.23nAand V= (a) —2.05,(b) — 2.3,(c), and (d) — 2.8 V. The images cover
an area of about (a) 80 nmx40 nm , and (b)—(d) 300 X150 nm .The apparent topographic
height profiles along the line segments and schematics of grown NaCl nanofilms were
shown in right side. The thin yellow (light gray) layer above the substrate depicts the
first adlayer. A thick yellow (light gray) rectangle indicates an NaCl monolayer.(cited

from 2%)
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Chapter 2 Theory

In this chapter, we introduce several theoretical background and approximate
method that used in our first principle calculations. At the first, we introduce the
Born-Oppenheimer approximation, and how does it work for separating equations of
motion of nuclei and electron. After that, we introduce Hartree-fork theory and show
how it simplifies the multi-electronic complicated system to single electron model.
Furthermore, we will introduce the Density Functional Theorem (DFT), and illustrate
how to estimate exchange correlation energy. The last section, we review the Bloch’s
theory and illustrates that. how to-estimate density of states through the different

smearing methods.

2.1 Born-Oppenheimer approximation

The N-electron-Schrodinger equation is usually extremely eomplicated because

of too many coupling items:

H =K, +K, +V +Vy 4+ Ve (2.1.1)
Considering both the atomic nucleus and the electronic movement will cause the

question to be extremely complicated. In general, we always simplify the N-electron

25, 26

problem by using the famous Bohn-Oppenheimer (BO) approximation , Which

assumes that electron is fast-moving particle with frozen nucleus because their
enormous mass ratio me/mn=1/1836. Therefore we are able to separately solve the

Schrodinger equation of electron:
l:le = l2(-3'4_ v\N_t Ve’e b} (-:‘: e (/E e e( Il\ﬁK N:Ng ’
U(r)=E 9 () (2.1.2)
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Where U(r) is called potential energy function or potential energy surface
(PES). In the general molecular orbital theory (MO), the molecule structure will

correspond with minimum point on PES®’.

2.2 Hartree—Fock approximation

28,29 «

The Hartree—Fock algorithm is frequently used for solving the multi-electron

atom or molecule time-independent Schrodinger equation. The N-electron Hamilton

of a system can be written as:
N

2 N 1NN 2
H :z%+;vext(r)+zzze— (2.2.1)

i-1 =1 j=1 ‘ri —I‘j‘
Assuming the total .wavefunction-can be simplified as a production of individual
wavefunction. w(r,r,,...10) =4 (R)o(1,)...4 (ry) 2.2.2)

And then, we have to consider exchange symmetry of fermions” electron thus total

wave function should be written as Slater determinant:

¢1(q1) ¢2 (ql) T ¢N (ql)
L%(qz) $,(0,) < dy(dy) (2.2.3)
JINT| Do Tk
¢1(qN) ¢2(qN) ¢N(qN)

thus the total energy of the system should write as :

E=<l//||:||l//> _ ZJ.dqlﬁ*(ql)Hl(ql)ﬁ(ql)+EZJ.dqldq2|¢I(ql)||¢J(q2)|

i 2 i#]j | r| _rj |
¢ (0)4,(9,)9, (0,)9,(au)
j 1T (2.3.4)

!
2

(w|H][w)

W)

Through the variational principle, for the ground state, we have &
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In order to ensure each single electron wavefunctions that satisfies normalization

condition. We introduce the Lagrange multiplier 4; , and let
5{E_Zﬂﬁj <<¢| |9, >_5ij)}:0

N (2.2.5)
Thus we have
Zﬁij (q11{¢k})¢j (ql) = Zﬂn(ﬁj (ql) , Zﬁ:j(ql’{¢k})¢;(ql) = Z/lji¢;(q1) (2.2.6)

" _ _h_z 2 |¢k(q2)| ¢f(q2)¢i,(q2)

Where hi,-<q1,{¢k}){ o Vi +vion(r1)}5i,-+;jdqz R Ly
( 2 . 2 : 7 )

Because his a Hermitian operator h h., thus we have Z(/l“ —4; )q)j =0 ,where

i |
A;;1s a Hermitian matrix. 1t can be diagonalzed through a unitary operator:
(uj’u+)ij = Eié‘ij =@ = Zuij¢j (2.2.8)
J

The new single electron ground.state wavefunction should. satisfy the equation:

PACHRURACHEIAACN

(2.2.9)
O A
(Hartree) (exchange) (2.2.10)

This is known as Hartree-Fock equation, the third term generally so-called “screening
potential” or Hartree potential, which represents effective local potential contributed
between electrons in a mean-field theory description. It could be solve by standard
self-consistent procedure. The last term is the exchange potential which is a very
complicated nonlocal term; in general, people didn’t directly calculate this tern, but

replace by some approximation. However, Hohenberg and Kohn suggested that the
22



problem really is the many-electron wavefunction that is too complicated to deal with
Hartree-Fock theory in a variational approach. The primary reason is that we cannot
describe the real system with 10%variables. They suggested chose an alternative
electron density as their fundamental variable. The K-S theory based on BO
approximation and H-F self-consist field theory and associate with exchange and
correlation functional not only make the calculation of large electron system feasible

but also greatly improve accuracy of simulation.

2.3 Density Functional Theory

The first practical density functional theory(DFET) published by Kohn and
Sham®® * since 1965;it.is widely-applied for physical and chemical researching. It is
an extremely successful approach for the description of ground. state properties of
metals, semiconductors, and insulators. The success of density functional theory (DFT)
not only encompasses standard bulk materials but also complex materials such as
organic Polymer, carbon nanotube, and graphene®’. Numerous material properties
such as bonding types, magnetic moments, band.structure, dynamic, and optical
character has been precisely described by DFT in the past several decades. The main
concept of DFT is to describe an interacting system of fermions through its charge
density distribution.

The most important concept of DFT is the ground properties of a many electron
system are uniquely determined by its electron density n(r).All ground physical
quantity of the system can be derived by functional calculation E[n(r)], T[n(r)]..etc
The general proof as following demonstration:

Hamilton of a system can be write as :
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H=22' zm(r)+ ZZ‘ ‘ (2.3.1)

i=1 i=1 i=1 J—l

Suppose there are two potential Vi and V, have the same electron density n(r),

but V1« Vy+constant and i, # y, .Suppose the ground state is nondegenerate, then

<‘//1|H1|'//1><<W2|H2|‘/’2>; H,=H,+V,-V,

< <V/2 | |:|2 |'//z>+<'//2 |V1 -V, |‘/’2> =E, +Jdl’(\/2 =Vn(r)
[dr.. [ drg OV (0) =V (W) w (1, 80,15 Sy 8y [ = [ V(1) =V, (r))N(E)
= E, < <‘/’1| |:|1|';V1>+<‘//1|V1 =V, |W1> =E +J.dl‘(\/2 =V)n(r)

E, - E, < [dr(V,-Vn(r) < E,=E, <= contravention
(2.3.2)
~n(r)=n,(r) =V, =V, +constant

The great idea largely reduced complexity of unknown systems, and successfully
convert the problem from 3N dimension wavefunction expansion to only three
dimension density n(r).expansion. As in the Schrodinger equation, the density
-functional approximation canbe summarized asa sequence: n(r)=y(r,r,....r) =>V(r)
Although this sequence describes the conceptual picture of DFT, but it does not
really represent what is done in actual applications of it, which typically implement
along rather different line, and do not make explicit use of many-body wave functions.
It’s only a conceptual representation. The real DFT base on Hartree-Fock
approximation as an effective single-body theory which described by Kohn-Sham
equation. The ground state total energy of a system can write as:
Es[n]=T [n]+ [dF(F)V (F)+ ”n(r)n(r)drdr +E,[n]

‘ - ‘ (2.3.3)
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which Ts [n] ~ Exc [n] ~ Vs(r) and n(r) still unknown term, Kohn and Sham they
suggested a practicable scheme to determine them. According to the Hohenbeg-Kohn
theory, given a known V(r) corresponds to unique n(r) , as the Hartree-Fock

algorithm we introduce a Lagrange multiplier 4 to ensure norm conserve condition.

5(EG(n,V)—l(jdr'n(r')—N))= (2.3.4)

The total charge density can be calculated by linear combination of inner product of N

N
non-interaction wavefunctions: n(r)=>|4 [ | '[drqﬁ,*(r)qﬁj(r):&u
=1 (2.3.5)

By using the variation method, we have:

5(EG(n,V)—Zi”. (jdrqﬁ,*(r)g»j (r -5, )] -

(2.3.6)

on(r) 0E [nV] - N on(r) oE.[mV] &
jdrzs¢(){5¢() on(r) _?“”'"i'(r)}‘baﬁ(r) o) A0

on(r)dE;[nV] < il on(r) sEg[mV] < .
jdr25¢(){5¢(r) on(r) _?"“’5"“)}‘0: s ong) 200

(2.3.7)

From the eq (2.3.3) we have:

EG 5T[n] J' n(rl) +§Exc +V(r)
sn(r) — sn(r) |r—r'[ on(r) (2.3.8)

Rewriting the T[n]=T_[n]+(T[n]-T,[n]), where Ts[n]:i'[dfqﬁ,*(—vz);zﬁ,

.The unknown (T[n]—-T,[n]) term can be classified into new exchange correlation term

E..[n]
éTs_N_Z B éTs_N_z*A
5(4*(0_;( V?)4(r) and 5¢i,(r)_2( V)4 ()

T (2.3.9)
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Similarly, through the unitary operation, let ¢. = Zuij(/ﬁj , the many-electron
i

wavefunction of the system may be constructed as a Slater determinant of the

Kohn-Sham orbital. Finally we can obtain the standard Kohn-Sham equation:

[~V Vo (N +V, [T +V, [n(N)] ] 3 (r) = E (1) (2.3.10)

WhereV,, [n(r)] = [dr' ") (Hartree) (2.3.11)
|r—r’]

VAn(N] = I n(r)z [n(r)]F,.[n(r), Vn(r)]dr (exchange-correlation) (2.3.12)

In finite temperature, the occupation_numbers.of electron comply with Fermi-Dirac

distribution, thus the electron density can be augment®;

N 1 ,
n(r) _gexp[(Ei _ﬂ)/kBT]+1|¢i| (2.3.13)

If the exchange correlation potential is known, we can calculate the ground state

wavefunction ¢ and.electron density n(r)through the self-consist.iteration loop (see

Fig. 2.3.1):

[ Giving an initial electron density n(r) ]
|
v
Caleulatingeffective potential
Vg =V, @) + ¥ [n(r)]+V, [n(r)]

Solving the Kohn-Sham equation
[V +V,;[n(0)] | (1) = Ep(r)
n. (1) = (-, (r) + o, (v) )
Calculating electron density
N
1

n(r) = Z. expl(E, — ) [k, T]+1 .|

e

Yes

[ Obtaining ground state electron density ]

Figure 2.3.1 Flowchart of self-consist loop
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2.4 Exchange-Correlation Functional

The Kohn-Sham equations are thus far exact; no approximations have yet been
made. We have simply mapped the fully interacting system onto an auxiliary non-
interacting system that yields the same ground state density. As mentioned before,
several unknown many-body interaction energy totally attributed into exchange

correlation energy:
Eo[n(N] =TI(r)]-Ts[n(r)]+ E. [n(r)] - E, [n(r)] 2.4.1)

where E_[n(r)] andT[n(r)]are the real electron-electron interaction energies and
exact kinetic respectively. Physically, this term can be interpreted as containing the
contributions of detailed exchange and correlation-to the system energy. The
definition above is such that it ensures that the Kohn-Sham formulation is exact. But
directly calculate this term is very difficult work, thus we=must introduce an

approximate functional to substitute that.

We can divide the density of the N-1-electron system-into the total density n(r), and to

add an exchange-correlation hole let ‘n(r,,r)=n(r)+h(r,,r) .where h(r,,r) should

satisfy locality condition: lim h(r,,r) =0, obeys Pauli Exclusion Principle

r—rg| >0

lim h(r,,r)=-n(r) ,and the hole contains negative one electron .[h(ro, rydr=-1

[r—ro|>0
The exchange hole affects electrons with the same spin and accounts for the Pauli
principle. In contrast, the correlation-hole accounts for the Coulomb repulsion of

electrons with the opposite spin. It is short range and leads to a small redistribution of

charge. The correlation hole contains empty charge:Ihc(ro,r)dr=—1.There are two
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common approximations in used : the local density approximation (LDA)*, and the
generalized gradient approximation (GGA)* **. The simplest approximation is the
LDA, It assumes that the exchange-correlation energy at a point in space is simply
equal to the exchange-correlation energy of a uniform electron gas that has the same

density at the point. Thus we can write:

SE[N(N] _ aln(r)z, ()] (2.4.2)

Exc = [n(r)] = J.gxc (r)n(r)dr ' VXC (r) - 5n(r) an(r)

where ¢,.(r)=g.[n(r)] .Assuming that the exchange-correlation energy is purely

local. The most common parametrisation.in.use for, [n(r)] is that of Perdew and

Zunger *form, which is¢based upon the quantum‘Monte Carlo calculations of

Ceperley and Alder 2

on homogeneous electron gases. at-various densities; the
parameterizations provide interpolation formula linking these results. The LDA
ignores corrections-to exchange-correlation energy due to inhemogeneities in the
electron density about r. It may seem surprising that this is as successful as it is given
the severe nature of the approximation in use; to large extent, it appears that this is
due to the fact that the LDA respects the sum rule, that is, that exactly one electron is
excluded from the immediate vicinity of a given electron at point r. The LDA is
known as overbind, particularly in molecules. In order to the reason that in this studies
we have neglected it in favor of the GGA. The GGA attempts to incorporate the

effects of inhomogeneities® by including the gradient of the electron density; as such

it is a semi-local method. The GGA exchange-correlation functional can be written as:

ESA[n(n)] = [ n(r)&, [n(N]F [n(r), vn(r)]dr (2:24)

where F,[n(r),vn(r)]is known as the enhancement factor. Unlike the LDA, there

has not unique form for the GGA, and indeed many possible variations are possible
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3941 "each corresponding to a different enhancement factor. The GGA succeeds in

reducing the effects of LDA over binding, and is significantly more successful when
applied to molecules, and also generally employed for semiconductor systems. For
metallic systems GGA is also overall better than LDA for cohesive properties (lattice
parameters, cohesive energies, elastic constants)* 3. Therefore, in this thesis, we

|44

employed the GGA-PBE exchange correlation functional™ for entire calculation. But

one may notice that neither LDA nor GGA are not perfect, they don’t work for

42, 45, 46

strongly correlated systems and also false to describe Van der Waals

interactions, excited states, band gaps*'%°.

2.5 Bloch’s Theory,

In solid state systems, the periodic potential appears because the ions are
arranged with a periodicity of their Bravais lattice, given by-lattice vectors R.
V(r+R)=V(r) andy(r+R)=exp(ikeR)y(r) .The physical meaning of k is an
indication for describes the wavefunction variation with space transition. If the k is
discrete (molecule) then the energy is also discrete energy level. If the k is continuing

(solid state) then it corresponds with energy band. For a system with translational
symmetry[H,T]=0, thus Hy, . = E, ..., T (R, =€“Fw, => w,, =€“"u,(r).
The momentum of electron can be calculated as the operation:

h h ikr h ikr
Pl//nk :Tvl/lnk :Tv[ek U (r)] = hkl//nk +—-€ “ vunk (r)
I I I (2.5.1)

For bloch electrons, . is no longer a momentum eigenstate ﬁ’yxnyk #=hky, . .

however, and 7k is called the crystal momentum and k can always be confined in

the first Brillouin zone (1% B.Z) with restricted vector{k}=ha" +kb" +Ic* =G , Where
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h,k, I are integers and the vectors a“,b",c"are the reciprocal lattice vectors. In terms

of the lattice vectors the reciprocal lattice vectors a’,b*,c’are given by:

N bxc . cxa . axb
T—, —— C =4 ———
a-(bxc) a-(bxc) a-(bxc) (2.5.2)

It can be reduced to be a hermitian eigenvalue problem which restricted to a single
primitive cell of the crystal. The Hamilton of a periodic crystal system can rewrite:

2
H, = _g_m (k+V)*+V(r) with B.Cy/, .6 (N) =y, (1), o =exp(ik - r)u, (r)

However the partial differential equation is too complicated. But we can reduce the

boundary value problem to a simple matrixdigonalization problem by using the

variational principle. We can choose a set of orthonormal basis. { 7, } that also satisfy

the same periodic boundary conditions.

2. (r+R) = x,(r) ;and the wavefunction can expand as linear combination of {;(n} :

uk(r):ZCn;(n(r)Minimizing the  expectation--value (uk||3||uk> with normalizes

constraint (u, |u, ) for the ground state solution we"have:

H,

Zszm> =0

0 0
C cy)-2-2(SC
8C.*<Zn: T ; mzm> c <Z T

2 Hin(K)C, =42.8,,C,, =0
m m (2.5.5)

According to orthogonal conditions the equation remains only the terms which

satisfies C,=C,, , thus:
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Z HIm (k)Cm _ﬂ'z SImCm = 07 Where Hlm(k) :<ZI | Hk |Zm> ! SIm :<l| |lm> (256)

Thus we can transform complicated boundary value problem to a diagonalization
eigenvalue problem. By Apply the boundary condition of macroscopic periodicity for
generalize volume commensurate with underlying Bravais lattice we have:
w(r+Na,)=w(r), i=12,3, where a,are the primitive vectors and N,are integers
of order where N = N,, N,,, N, is the total number of primitive cells in the crystal. The

quantum number k can be composed from the reciprocal lattice vectors

Kk =xb, +X,b, +xb,, since &b, =278, | the Bloch theorem then gives e'*™™ =1,

3
. : m, .
Thus, x = ™ and the allowed Bloch wave vectors are given by: k= E —b, with
i ERA

m, integers. For a simple cubic Bravais lattice, the allowed wave vector components

2zrm
a

X y z

reduce to the earlier k, =

b, = Z—ﬂf etc. As fora free electron case, the volume Ak per allowed k is given by
a

3
Ak = 8Vi . The group velocity of a Bloch electron givenby.n and k isv, (k) = % aai

An external force acting on an electron in the crystal gives rise to change of k, and the

variation energy can be written as:

1o¢

dk
ot=F-(——)ot 2.5.7
(l al ) ( )

dk_F , os=F-v
h

t 9

The ground state of a system of Bloch electrons can be constructed by filling up
energy levels just as in the free electron case. To count each level only once, k needs

to be limited to a single primitive cell of the reciprocal lattice, typically the first
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Brillouin zone. The allowed k values are still spaced discretely, even though ¢, (k)

are continuous functions of k. Since the volume of the Brillouin zone is

dk vV
_— okdS
272 IV 8r° J. ¢

shell in k space £<gp <etAe
e<g <et+Ae

D)=L [ L | Dyde= |

3
Az YV, &,

(2.5.8)

which gives 2N electron states per band. Depending on the number of valence
electrons per cell V¢ and the band structure ¢, (k) , one may obtain completely filled or
partially filled bands. The Fermi surface is obtained from the condition that
g: =¢,(K). If some bands are completely filled and all others remain empty, the gap
between the highest occupied level and the lowest unoccupied level is known as band

gap. Theoretically, the accurate-band-structure energy of a system can be calculated

by integral over the filled'parts of the bands: zi I Eo(e, — 1)dk
n Bz oy (2.5.9)

But due to finite computer resources this integral has to be evaluated using a discrete

set of k-points®® °*: ", J —> o where o, is.the weighting of the k points.
Z 0y (0K

Keeps the step function we get a sum of density of state:ZZa)kgnk5(gnk— w)But it
n k

converges exceedingly slow with the number of k-points included. This slow
convergence speed arises only from the fact that the occupancies jump from 1 to O at
the Fermi-level. If a band is completely filled the integral can be calculated accurately
using a low number of k-points (semiconductors and insulators).Thus we can replace
the step function (e, — )by a (smooth) function f({e,})resulting in a much
faster convergence speed without destroying the accuracy. The VASP program

supports several selectable smearing methods®®. In general, for semiconductors or
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insulators we select always the tetrahedron method with Bléchl corrections®, if the
cell is too large (too few k-points) we select Gaussian smearing with appropriate
smearing width (o ).The following sketch diagram shows how to integral DOS
through the discrete k-points by different smearing method.

& function  A*exp(— (ﬂ)z)
o

ki ko ks ki D(g) D(g)
Figure 2.5.1 Sketch diagram of DOS smearing, the short solid line in left represents
discrete eigenstates and the red curve represents its dispersion broading. The spectrum

on right side represents integral results through the different smearing method.
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Chapter 3 Algorithm

3.1 Pseudopotential

Most of physical and chemical properties of materials depend only on the
behaviors of valence electrons. The core electrons usually do not participate in the
chemical bond. They are strongly localized around the nucleus; therefore, the
distribution of core electrons basically does not change even if the atoms are placed in
a different  chemical environment. It is thus justified.to assume the core electrons to
be “frozen” and to keep the core electron distribution of the isolated atom in the
crystal environment: The first advantage of the frozen—core approximation is that now
fewer electrons have to be treated and less eigenstates of the Kohn—-Sham equations
have to be calculated. The second advantage is that the total energy scale is largely
reduced .If the core electrons were removed from the workload which makes the
calculations of energy differences between atomic configurations numerically much
more stable. In principle one might just take the distribution of the core electrons and
combine their Hartree potential with the Coulomb potential of the nucleus to an ionic
core potential. However, this is not very useful since the valence wave functions still
have to maintain their nodal structure in order to be orthogonal to the core states.
Much more practical is to replace immediately the ionic core potential by a pseudo
potential which leads to nodeless valence wave functions>*. Current pseudo potentials

are constructed from ab initio calculations for isolated atoms. Assume we have solved
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the Kohn—Sham equations for a single atom of the chemical species for which we
would like to generate a pseudo potential. This can be done easily since due to the
spherical symmetry of atoms the wave functions can be written as a product of a
radial function and a spherical harmonic. The Schrédinger equation then reduces to
one—dimensional differential equations for the radial functions which can be
integrated numerically. A typical result for a radial function from such an
“all-electron” atom calculation together with the corresponding external Coulomb
potential as shown in Fig. 3.1.1. In general, the pseudopotential is also constructed
such that the scattering properties.of the pseudo.wavefunctions are identical to the
scattering properties of the ion-and core electrons.. This will be different for each
angular momentum <.component—of- the valence . wavefunction, therefore the
pseudopotential will be angular-momentum dependent. Pseudopotentials with angular
momentum dependence were called non-local pseudopotentials. The usual methods of
pseudopotential generation firstly determine the all electron eigenvalues of an atom
using the Schrédinger.equation

n o,
[—ﬁv +le//AE(I) =Co)W e, (3.1.1)

where Vg, is the wavefunction for the all electron (AE) atomic system with angular

momentum component|. The resulting valence eigenvalues are substituted back into

the Schrodinger equation but with a parameterized pseudo wavefunction function of
n

the form®: Wosa, =Z“i J, \where j, are spherical Bessel functions. The coefficients,
i=1

a;, are the parameters fitted to the conditions listed below. In general the pseudo

wavefunction is expanded in three or four spherical Bessel functions. The

pseudopotential is then constructed by directly inverting the Kohn-Sham equation
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with the pseudo wavefunction Wy, - The pseudopotential is not unique, but they

have to obey following criteria. First, Pseudo-electron eigenvalues must be the same
as the valence eigenvalues obtained from the atomic wavefunctions.Second,Pseudo
wavefunctions must be continuous at the core radius as well as its first and second
derivative and also be non-oscillatory. Third, on inversion of the all electron
Schrodinger equation for the atom, excited states may also be included in the
calculation (if appropriate for a given condensed matter problem), for example,
generating a d component for a non-local pseudopotential when the ground state of an
atom does not contain these angular momentum ‘components. 4. The core charge
produced by the pseudo’wavefunctions must be the same as that produced by the
atomic wavefunctions. This ensures the pseudo atom produces the same scattering
properties as the ionic core. To make the exchange-correlation energy accurately it is
necessary that outside the core region>® the real and 'pseudo.wavefunctions be
identical so that both wavefunctions generate -identical charge densities (see

conditions listed above): Generation of a pseudopotential that satisfies

R, R,
! Wie (N (1)dr = j W (N, (0T 612)
The condition guarantees the equality of the all electron and pseudo wavefunctions
outside the core region. In general this is achieved using a non-local pseudopotential
which uses a different potential for each angular momentum component of the
pseudopotential. This also best describes for the scattering properties from the ion
core. This type is known as non-local norm-conserving pseudopotentials®’ and is the
most transferable since they are capable of describing the scattering properties of an

ion in a variety of atomic environments. There are several ways in which these
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conditions can be satisfied leading to the non-uniqueness of pseudopotential. This can
be traced back to the expansion of the wavefunction in terms of a plane wave basis set.
The setting of plane waves, exp((k+G)sr) forms a complete basis set and the
additional core states to which they are orthogonal results in a linearly dependent
spanning set, that is an over complete basis set. This linear dependance leads to

non-unique pseudopotentials.

Figure 3.1.1 Sketch diagram'of the all-electron- (AE) wavefunction and electronic
potential (solid lines) plotted..against distance, r, from the atomic nucleus. The
corresponding pseudo wavefunction and potential is plotted (dashed lines). Outside a

given radius, Re, the all electron and pseudo electron values are identical.

3.2 Projector Augmented Wave (PAW)

The projector augmented wave (PAW) method™ is an extension of augmented
wave methods and the pseudopotential approach, which combines their traditions
into a unified electronic structure method. At the root of the PAW method lays a
transformation, which maps the true wave functions with their complete nodal

structure onto auxiliary wave functions that are numerically convenient. We aim
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for smooth auxiliary wave functions, which have a rapidly convergent plane wave
expansion. With such a transformation we can expand the auxiliary wave functions
into a convenient basis set, and evaluate all physical properties after reconstructing

the related physical (true) wave functions. We denote the physical one-electron

exact wave functions as |¢n) and the auxiliary wave functions as

(/5”>, where n is the

label for a one-particle state and contains a band index, a k-point and a spin index.

They can transfer to each other through a transformation operator|¢n> =T

é)-
The electronic ground state can be determined by minimizing a total energy functional
E[#,] of the density functional theory. - The-one-particle wave functions have to be

orthogonal. This constraint is implemented with the method of Lagrange multipliers.

F([l//n]’An,m) = E[¢n]_2[<¢n |¢m>_5n,m]An,m
'z (3.2.1)

The extremum condition for the wave functions has the form: H|g,) f, =>_|4,) A,

where the A, is the Lagrange multiplier and  f are occupation numbers. To

express the functional, F,.in terms of our auxiliary wave functions, we have:

F(TAL Ay) =ETR1-D (4,

TTT|5m> — 5n,m]An,m
(3.2.2)

The variational principle with respect to the auxiliary wave functions yields

T'HT b) &,

=TT

(3.2.3)

Again, we obtain a Schrodinger-like equation, but now the Hamilton operator has a

different form, T'THT an overlap operator T'T occurs and the resulting auxiliary

wave functions are smooth. If we want to evaluate physical quantities, we need to

evaluate expectation values of an operator O, which can be expressed in terms of

either the true or the auxiliary wave functions:
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Zf

Olg,) =31, (4,[T'0T]4,)

In the representation of auxiliary wave functions we need to use transformed

(3.2.4)

operators, O=T'OT . As it i, this equation only holds for the valence electrons. The
transformation takes us conceptionally from the pseudopotentials to that of augmented
wave methods, which deal with the full wave functions. The operator, T, has to
modify the smooth auxiliary wave function in each atomic region, so that the resulting
wave function has the correct nodal structure. Therefore, it makes sense to write the

transformation as identity plus a sum of atomic contributions, T =1+ZSR . For each

atom, S;adds the difference between the true.and the auxiliary wave function. The
index R is a label forsan atomic site.; The local-terms,S;,are defined in terms of

solutions |¢c)of the.Schrodinger-equation for the isolated atoms. This set of partial

waves will serve as-a basis set so that, near the nucleus, all relevant valence wave

functions can be expressed as superposition of the partial waves with unknown

coefficients:
$(r) =D g (r) for |r =Rg| < R.|
icR (3.2.5)

The indexirefers to a site index R, the angular momentum indices(I,m)and an
additional index that differentiates partial waves with same angular momentum
guantum numbers on the same site. Since the core wave functions do not spread
out into the neighbouring atoms. Currently we use the frozen-core approximation so
that density and energy of the core electrons are identical to those of the
corresponding isolated atoms. The transformationT hall produce only wave functions

orthogonal to the core electrons, while the core electrons are treated separately.

Therefore, the set of atomic partial waves |¢C) includes only valence states that are
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orthogonal to the core wave functions of the atom. For each of the partial waves we

choose an auxiliary partial wave ‘gZC> and let:

i

In order to apply the transformation operator to an arbitrary auxiliary wave function,

|4.) = %)

SR &c>=|¢c>_

(3.2.6)

we have to expand the auxiliary wave function locally into the auxiliary partial waves:

$(r)=>_ 4. (Bi|§) for [r—Re|<|Ry]
= (3.2.7)

The projector functions probe the local character of the auxiliary wave function in the

atomic region and satisfy orthogonality conditions
Z C(I ><pl|_1 and <ﬁ|
Finally, the exact wave function-can-be expressed as:

14)=[6)+ 2 0. 444 )(0ld) (1) =19

The following figure demonstrated how does PAW method worked in VASP.

thep) =0, fori. jeR. (3.2.8)

(3.2.9)

=Ty f VAR

Figure 3.2.1 superposition sketch of PAW method
3.3 Residual Minimization Scheme

According to the Kohn-Sham equation, the charge density and energies of a

system can be written as sum of ground state one electron wavefunction:

Ng/2

ptot (r) 22|¢ (r)| +p'0n (r) (331)

2 Ng/2 tot

E© = 2Z¢(r) V¢(r)dr+2’0 PEMP(E) 4rgy +E, [p(N)]
r-r] (3.3.2)

tot
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The VASP provides several algorithms to improve wavefunction for searching
Kohn- Sham ground state. The most stable and efficiency method is the residual
minimization scheme (RMS)>* ®°. One usually starts with a set of trial wavefunctions
representing the filled states and a few empty one electron states, and then the

wavefunctions are improved by adding to each certain amount of the residual vector:

A

IR,)=(H-¢£9)|4,) and a wavefunction |4 )=|4,)+1P|R) ,where P is a

preconditioner. For the short wavelength parts of the residuals, H —gn§ will be

dominated by the kinetic energy operator, so we have approximately P =-T

Then we can get step length 4 by minimizing the norm.of new residual vector

(R [R,) = (¢ |(H —&,8) (H -&S)[4) (3.3.3)
, and possesses a quadratic unrestricted minimum at the each eigenfunction ¢, (r). If
a good starting guess for the eigenfunction it is possible to use the algorithm without

the knowledge of. other . wavefunctions, —and  therefore without explicit

orthogonalization ofthe preconditioned residual vector.

3.4 Ab-initio molecular dynamics (AIMD)

61.62 5 that electronic and

A natural consequence of the Car-Parrinello formalism
ionic relaxation can take place simultaneously, the time—dependence of the electronic
structure is a consequence of nuclear motion. For this to be performed, the total forces
on the ions must be found to update the ionic positions. In order to process this part,

Born-Oppenheimer Molecular Dynamics was employed in VASP program®. The

force on an ion, I, at position R, can be obtained from the full derivative of the total
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energy: F, :_;?E As the electronic wavefunctions change, force on the ions will
|

be altered; therefore the full derivative has to be expressed in terms of changes in the

wavefunction:

E o dE OE Og, _z OE O¢,
' dR, 40p 0R, S 0¢ CR

, Where E =(p|H|p)

(3.4.1)

It follows that S—E is justH ¢, . But ¢, are electronic eigenstates with eigenvalues; .

Therefore after some algebraic manipulation the last two terms can be written as:

Za i((p |¢>> This shows that when each electronic orbital is an eigenstate of the
- i 8R ] ]

Hamiltonian, then the partial derivative of the total energy with respect to the ionic
positions is the force felt by the ions. According to the Hellmann-Feynman
theorem®,it can be“generalized to any order of derivative of the total energy. In
practice, the wavefunctions are only calculated to a given tolerance therefore they are
not exact eigenstates of the Kohn-Sham Hamiltonian. As‘aresult the forces calculated
using the Hellmann-Feynman  theorem—incurs_error. This can be seen when the

expression for the force is written formally as:

Fi:_aEext —_[n(r) oV, dr—J. OE an(r)dr
OR, OR, on(r) oR, (3.4.2)

where E_, are all external energies such as the Ewald energy. The final term, called
the variational force, vanishes when the wavefunctions are completely converged so
that the conditions of the Hellmann-Feynman theorem are satisfied. It is in this term

that the errors occurring from unconverged wavefunctions or incomplete basis sets are

incurred. The error on the force is first order with respect to error in the wavefunction.
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It follows that the Hellmann-Feynman theorem can only be implemented when the
wave functions are very close to self consistency. Only then can the ionic equations of
motion be integrated and the ionic positions updated. This leads to the use of the
Born-Oppenheimer approximation. This is based on the fact that typical electronic
velocities are much greater than that of the ions. It can therefore be assumed that the
ions move so slowly relative to the electrons that at any point in time, the electrons
will be in their ground state for that instantaneous ionic configuration (see Fig.
3.4.1).The ground state wavefunction is first calculated self-consistently for a fixed
set of ionic coordinates. In this method an ‘initial wavefunction has to be assumed
this is given by initializing the expansion coefficients of the wavefunction by random
numbers. Although this initial state-is-far from the Kohn-Sham eigenstates it does not
assume any initial symmetry which, if incorrect, could lead to prohibitively long
calculation to find.the correct wavefunctions. The total energy-is reduced by the
residual minimization scheme(RMS) until the wavefunctions are sufficiently
converged to give correct forces. New Ionic positions are then calculated under the
influence of these forces either by integration of the equations of motion or by direct
minimization techniques. After each change in ‘the position of the ions, the
wavefunctions will no longer be eigenstates of the new ionic positions. In order to
find the wavefunctions for this better set of ionic positions it is not necessary to
randomize the wavefunctions. The motion of the ions will be sufficiently small that
the old wavefunctions will be a good place to initialize the iterative procedure again.
After electronic self-consist iteration, a molecular dynamic iterative procedure as
shown in Fig. 3.4.2. The verlet algorithm is employed for time iteration in VASP
program which running as follow step. Consider expansion of coordinate forward and

backward in time scale we have:
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1 1 1d°r
rit+ot) =r@t)+—p(t)dt + —F(t)ot? + ——— ot +....
( )=r(t) m|O() om () e

3
1A 504

r(t—ot) = r(t)—%|0(t)5t+%':(t)5t2 TS (3.4.5)

Adding above two formulas:

r(t+35t) = 2r(t) —r(t - ot) +£ F(t)ot? +.....
m (3.4.6)

As the equation shows, we only need to know current acceleration from the potential

gradient of current position: a(t) =

FO _-VUIr®)] . Finally we can obtain velocity
m m

r(t+ot)—r(t—ot) A
25t '

information from the finite difference method: v(t)=

schematic view of iterative procedure as shown-in Fig. 3:4.2.

El{e.}.{R,}]

BO sprface

Figure 3.4.1 Schematic diagram of an MD trajectory on BO surface
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Figure 3.4.2 Flow chart of iterative procedure of ab initio molecular dynamics

simulations (AIMD).

Chapter 4 Experimental results

In chapter we will first introduce the principle of scanning tunnel microscope
(STM) and X-ray photoelectron spectroscopic (XPS); and then, discuss experimental
results. Two measurement experiments have same sample preparation procedure as
shown in following. The sample-was-placed in a grounded z-metal chamber with
ultrahigh-vacuum (UHV) environment (1~3x10-10.torr) at room temperature (~300K).
The Si(100) samples used in-our experiment were sliced into pieces of size 1 mmx8
mm .After loading the samples to the chamber; the samples were then being degassed
for over 12 hours at ~900 K. After degassing, the sample was flashed at ~1450 K for a
few seconds (~9s) to remove the:surface oxide layer../After these processes the surface
would form a Si(100)-2x1 dimerized surface. More detailed sample cleaning
procedure please refer this article®®. And then, chlorine gas was induced and
controlled through a leak valve. The amount of dosage of chlorine gas was about
2x10°x 2 minutes (2.4 Langmuir) .After reaction; the surface would form a
Cl-terminated Si (100)-2x1 structure. After that, we employed the DC current
controlled “alkali metal disperser” to deposit Sodium atom under varying exposure
time. The deposition rate was calibrated by thickness monitor; and to converter the
unit into “ML” by referring atom density of surface silicon. About one minute

afterwards, the surface would reach thermal equilibrium. After that time, we just start
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to take data.

4.1 Principle of STM

The STM technique has been widely used in various fields, like
condensed-matter physics, chemical, biology physics etc. Especially, after resolving
the structure of the Si(111)-7x7-in real space using STM®®®® this instrument has
proven to be an extremely powerful tool. Fig. 4.1.1 exhibits its essential component. A
probe tip, usually made of tungsten (W)-or Pt-Ir aloy®® ™, is attached to a
piezoelectric scanner. Using the positioner, the tip and sample are-brought to be within
a few angstroms. Abias voltage, applied between the tip and the sample, causes an
electrical current to flow. A guantum-mechanical phenomenon, tunneling, is the
principle theory of the scanning.tunneling microscopy. For achieving higher atomic
resolution, vibration isolation is ‘essential. A commonly used vibration isolation
system consists of a set of suspension springs and a damping mechanism. Based on
guantum tunneling theory, an electron can penetrate into or across a potential barrier

even if its energy E is smaller than the potential ® within the barrier (see Fig.

4.1.2).For a rectangular barrier we have:

w(d) =w(0)e™ , where KZ_@m((D-E)
h (4.1.1)

The probability of finding an electron behind the barrier of the width d is

W(d) =l (@) =y O e > (4.1.2)
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In a STM system a small bias voltage V is applied so that the tunneling of electrons

results in a tunneling current I. The barrier height can be roughly estimated by the

(@

. . + @,
average workfunction of sample and tip @ = in)

sample

2

If the applied voltage is much smaller than the workfunction (eV<<&), thex can be

\/ 2md
/)

simplified as a constant: x ~ , and the current is proportional to the probability

Eq

of tunneling electrons penetrate the barrier: | o Z
E=E;-eV

w(0) e, (4.1.3)

The tunneling current depends on an integration of electron density of states around
the Fermi level. Therefore, STM.Iimage is a mapping of surface electron state instead
of the atomic topography. Sometimes, we have to. combine with theoretical
computation to verify what the real structure is. Fig. 4.1.3 shows the direction of
tunneling current under varying bias voltage. In general the fill state image is rather
reliable than empty state images. But sometimes, we have to switch bias for clarifying

real atomic image.

HV amplifier [¢———
Scan

Y | generator
HV amplifier [

HV amplifier l
7 Y
[

l
L /
| Fendback f%

bias

Computer

—> and controller

Si( Tunneling current

Figure 4.1.1 Schematic diagram of the essential elements of STM.
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Figure 4.1.2 Schematic diagram of quantum tunneling phenomenon
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Figure 4.1.3 Schematic diagrams of tunneling current under varying bias voltage in

filled state (a) the current tunneling from sample to tip;in empty state (b) the current

tunneling from tip to sample.

4.2 STM results

As shown in Fig. 4.2.1 (a), the chlorine-terminated p(2x1) surface had prepared

before sodium deposition. A visible step edge located at lower left corner which

separate the surface into two planes with different height (~ 1.36A). Fig. 4.2.1 (b)

shows the surface after 0.2 ML sodium deposition; the surface formed into three kinds

of different pattern- a single dark dim (ii), a p(2x2) zigzag array (iii), and a chuck of

dark dim (iv).Besides the type (iv) structure , every dark dot is located alternative one
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side of dimer. Intuitively, we might consider that the sodium atom is directly standing
on the top site of chlorine atom. However, if this is the case, it may induce strong
surface electric dipole along z-direction, as we mentioned in sec. 1.1.3, that would
cause the system unstable. On the other hand, the model cannot explain why the
sodium should be arranged in zigzag pattern. If we assume that the pattern is due to
somehow “stress force”; but how to explain the type (iv) structure? Up to now,
depends only on the STM experiment cannot give a reasonable explanation; Fuller
discussion will be presented in the next chapter. As shown in the Fig. 4.2.1(c), with
the increasing of sodium coverage, the surface generated more and more dark dots;
and they seem tending to form in more ordered. p(2x2) structure. The residual
uncovered dimer can:serve as-an-indicator for identifying the surface orientation;
which indicates the p(2x2) pattern prefer to extend. along the dimer row. The average
height difference along O-B in Fig. 4.2.1(c) is about one angstrom; and width of each
peak is about 22/3~7.3 A.

When the sodium coverage reached 0.75 ML, the image has rather different. As
shown in the Fig. 4.2.1(d),;most.zigzag dark spot has disappeared and several darker
cluster growing. But the average apparent height difference between O to point A still
held one angstrom. Finally, the surface structure has significant structure transition
when the sodium dosage reached one monolayer. The Fig. 4.2.1(e) reveals a clearly
structural phase transition, incredibly, a large scale and uniform p (1x1) structure has
been formed. The Fig. 4.2.1(f) shows an obvious height difference across the point O
to point C approximately about 1.4A that exactly correspond to the step gap of
Silicon(1.36 A). But unlike the general step edge, that the structure is extended to

very broad region (~30A).The curve O-C indicates that the distance between two
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wave peak is about % ~ 4.3A; is very closed to the simulated result (4.33A).By

comparing, in the case, either chlorine or sodium atom should correspond to the bright
spot. Oppositely, darker spot should correspond to space that without any atom. That
structure is exactly consisted with NaCI(100) structure; but the nearest distance in the
thin film (4.33A) is somewnhat larger than that in typical NaCl crystal (4.00A ).Namely,
the lattice is stretched about 8% in 2D thin film. More noteworthy is that the p(1x1)
structure looks like a large carpet with many random corrugations; this feature is
rather similar to the grapheme. It tells us the 2D NaCl thin film may not be perfect
plane. Corrugations would effectually- reduce the surface stress which makes 2D
structure can be stable. ln_summary, STM image_strongly tells us that the surface
morphology strongly.depends on-sodium.coverage. It implies the growth mechanism
of the case may involve somewhat structure phase transition. Besides, these images
from STM measurement verify that 2D ionic NaCl layer indeed can be stable even at
room temperature rcondition: It alsoconfirmed.  that the' self-limit concept can
effectively enhance the lateral growth ratio. As far as we know, perfect 2D ionic NaCl

is first time to be produced and observed in room-temperature.
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Figure 4.2.1 A series of STM images which scanned by the following parameters:
(a)Chlorine-terminated p(2x1) Silicon surface scanned by sample bias Vs=+2V
(empty state) with 25A x 25A scan size.

(b) 0.2 ML sodium covered surface scanned by sample bias Vs=-2 V(fill state) with

40A < 40A scan size.

(c) 0.5 ML sodium covered surface scanned by sample bias Vs=-2 V (fill state) with

150 x 150A scan size.

(d) 0.7 ML sodium covered surface scanned by sample bias V=+2 V(empty state)

with 200A x 200A scan size.

(e) 1 ML sodium covered surface scanned by sample bias \V=-2V (fill state) with

150A x 150A scan size; and a sketch of NaCl(100) thin film (calculated by VASP).

(F) Measured apparent height topography along specific.path in (c), (d) and (e).

4.3 Principle of XPS

X-ray photoelectron spectroscopy (XPS) Is also an important one of surface
analysis tools which take different approaches from core state of electron. The core
level photoemission experiment IS to-collect-the photoelectrons excited from core
level near nucleus. Photoelectrons were collected and analyzed by a large
hemispherical analyzer as shown in Fig. 4.3.1. Relative core level shift (RCLS) of an
atom reflects its local bonding state and surrounding chemical environment.
According to Einstein’s principle of photoelectric effect we can write down the energy

relation:
KE=hv-E,-W

KE : kinetic energy of excited photoelectron

hv : incident photon energy
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Ep : binding energy
W : work function.

The Ey is defined as the energy difference between the core states and Fermi
level and W is the energy difference between the vacuum and Fermi level. This
formula is based on the ideal conditions; however, we sometime have to consider
other factors such as secondary electrons, imperfect inelastic scattering, band bending
effect... etc. Experimentally, we have to using some data processing methods to
eliminate those effects, such as background deduction, bulk alignment, least square
fitting ...etc. Total resolution of imstrument is convolution of x-ray source width,

natural line width of peak, analyzer resolution’.

I:WHNItotal = \IFWHM 3—ray + FWHM I?ne—width + FWHM :nalyser
(0.1~1.0eV) (<0.1eV)  (0.1~0.2eV) (5.3.1)

Where FWHM of analyzer is really only one factor we can control..Resolution defines
- _ AE
ability to separate closely spaced photoemission peaks E = = AE ~ FWHM,

, where E is the kinetic energy of photoelectron. Therefore we ought to select
appropriate light source energy as small as possible. Synchrotron radiation has tunable
energy range, higher collimation, lower ‘aperture which provides a perfect light source

for implementing XPS measurement.
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Figure 4.3.1 Ultra high vacuum 'system (UHV) for core-level-photoemission

spectroscopy.
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4.4 XPS results

The incident photon energies in our experiment is locked in 140 eV for
Si2ps(Ep=99.4 eV), Na 2ps(Ex=30.8 eV), and 240 eV for Cl 2ps,(Ep,=200 eV)

respectively. The relative energy resolution can be roughly estimated as follow:

AE  /0.3)° +(0.1)* +(0.125)*
E E....—Es

~8.0x 10°3(Si2p) ~ 3.0x 10°(Na2p) ~ 8.5x10°(ClI2p).

photon

The detailed XPS measured results are shown in Fig. 4.4.1 to Fig. 4.4.3.The
background of each spectra has deducted by the standard Shirley method’?, and each
peak components were decomposed by least square fitting method with reasonable
Gaussian and Lorentz mixed FWHM ™ "%, All energy scales are referred to the bulk Si
2pay to eliminate band bending-effect’. A clean Si(100) spectra can be decomposed
into four components. They are related to bulk (B) atoms, up atoms (S,), down atoms
(Sg), and the second layer(S’) atoms respectively. After the chlorine reaction, two
surface peaks(S, * Sq) would disappear but S* became larger. This peak has narrower
FWHM which correspands.to high ordered Si-Cl bonding state .With the increasing of
sodium coverage, the FWHM . of Si* peak-becomes more broadening. On the other
hand, the intensity of dangling bond state (Sy ~ Sq) slowly increased until the sodium
coverage over one monolayer. The result implies that the Si-Cl bonding has gradually
weaken and becoming disorderly. At the time, deposited sodium plays the role of
electron donor instead of surface silicon. In general, the surface dangling bond state
has very high activity that can easily react with surrounding atoms. The dangling bond
(DB) state usually cannot survive over ten minute even in the UHV chamber (5x107*
torr).However, in the experiment, we found that the buried DB state in the interface
that unexpectedly survived over more than one hour. We think the unusual
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phenomenon is credited from cover layer, the dense NaCl thin film.

Next we discuss the spectra of Na 2p and ClI 2p Before the sodium deposition,
FWHM of Cl 2p spectra looks very narrow that reflects the chlorine atom be in
ordered CI-Si bonded state. With the increasing of sodium dosage, the Cl 2p peak is
shifting to higher binding energy, and its FWHM becomes broad. The sodium peaks
also reveal same tendency. Their binding energy energies synchronously increased
about 1.1 eV . Both the Na 2p and ClI 2p peak becomes more and more broad, which
reveals that may not only unique one bond state existing at the surface or interface. It
also indicates NaCl thin film may not be a perfect 2D plane. The behavior of
synchronously core level shifts'in"Na and ClI should-not be explained as  a result of
relative chemical shifts (Charge-transfer) between them. That-should be regard as a
result of total band offset, which reflects their valence bonding energy becoming
stronger. The shift.usually accompanies some constructional or ligancy changes.Now
we don’t have enough information for understanding how it happening, this issue will
be fully discussed further in the last chapter. In additional, after the sodium dosage
over one monolayer, a new peak.was arising at the position of lower binding energy
(-67.8 eV). It is corresponded the Na atoms who own higher electron density or fewer
unscreened core hole. The peak should be explained as some metallic sodium clusters.
The peak provides us a good indicator to double check the amount of sodium
coverage. But, it is not necessary for the purpose of this thesis to inter into a detailed

discussion of the extra metallic sodium.
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Figure 4.4.1 Si 2p core level photoemission spectra (red circles) for the ALD growth
process. The black solid-curves are the fitting results which can be decompose into five
components - Sy(up atom) * Sg(down-atom) - B(bulk) = Si*(second layer) and Si*(Si-Cl

bonding state).
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Photoemission Intensity (abs.unit)
Photoemission Intensity (abs.units)

+Na 0.33ML l‘ N
\|\||||I||||I||l|II\\||

104 103 102 101 100 199 -65 -66 -67 -68 -69
Relative Binding Energy (eV) Relative Binding Energy (eV)

Figure 4.4.2 Cl 2p“(left) and Na 2p (right) core level photoemission spectra (red and
black dots) in different sodium coverage. Relative binding energy in both spectra were
simultaneously shifted about 1.1 eV. When Na coverage is over 1 ML, a metallic Na 2p

state appears at -67.8 eV.
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Chapter 5 Computational results (1)

Morphologies and dynamics

In this chapter, we consider the cases in static calculations to find their ground
state configurations (0OK).In order to deepen the understanding the diffusion behavior
of sodium atoms, we then employed the Nudged Elastic Band (NEB) method to
compute diffusion barriers in various path ways. Sometimes, static relaxation is
incapable for finding real global energy minimum, especially if the system is too
complicated. Therefore, we attempted to use the alternative Abinito molecular
dynamic simulation (AIMD) for seeking whether one structure has lower energy
minimum. It not only guarantees-structure’s correctness but also provides more

dynamic information. Detailed calculation conditions is listed in Appendix A.

5.1 Static structure relaxations

It is known that the top layer atoms of the Si(100) surface reconstruct to form
parallel rows of dimers, which establish two well-differentiated directions, in parallel
and perpendicular to these rows. After chlorine reaction, the chlorine atom tends to
saturate at the top of dangling bond sites. We can calculate the adsorption energies for

a chlorine molecule by the formula:

Eas=(Ecisici —Esi — NEC|2)/ N

(5.1.1)
We get Eqgs= -3.44 eV for single chlorine adsorption which value is roughly in a good
agreement with that reported in previous papers. The reaction is a typical exothermic
process with zero reaction barriers. If we increase the exposure of the chlorine gas, the
density of the fully Cl-terminated dimers increases. Finally, all the dimers with
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dangling bonds on the surface will be terminated with chlorine atoms. The adsorption
of Cl molecules does not disrupt the dimer bonds, but break the weaker © bonds.
Therefore, each dimer has terminated with two Cl atoms, as one Cl per Si, in the
Cl-saturated Si(100)-p(2x1) surface. Now, we consider one simplest adsorption
situation to place one single sodium atom upon the surface. As shown in Fig 5.1.1(a),
there are six high symmetric points should be concern. The consideration is based on
translation symmetry and mirror symmetry, So sodium atom is individually placed
one angstroms above the points for a static structure. By using the similar formula as

Eq.5.1.1,

E =(Esi_ci-na — Esic —NE

ads —

iso—Na) / N Na

512
We obtained mean adsorption energy with varying sodium number as shown in Fig.
5.1.1(b). As anticipated, for single sodium atom; the top site of chlorine is the most
unstable position for adsorption. Contrast, hollow site is the most stable adsorption
site. The Si-Cl bond length in each case was slightly-to be elongated that is roughly
inversely proportional to their adsorption energy. In contrast, Na-Cl bond has larger
difference, larger Na-Cl bond would.cause more-stable structures, and shorter Na-Cl
bond (T) would cause higher energy. If so, a square-like pattern with dark or bright
spot is to be observed in experiment. However, it is not. We did not find any structure
looks like a sodium atom on hollow site. Thus we go on to consider more complex
structure the surface composed by plural sodium atom. As Fig. 5.1.1(b) shows, two
sodium adsorb on adjacent hollow site would lead energy rising. With four sodium
adsorption, the mean adsorption energy is equal to the mean value of separate case but
unequal to the value of two sodium adsorption.

(-2.12(HiH2H1H2) = (-2.15(H1) + (-2.19)(H2))/2 # -1.96(H1H2)).
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At first sight the result seems to be confusing. But if we more in-depth examine
their structure we will find they are not similar. The Figures. 4.1.1(d) and (e) tell us if
one chlorine be pulling out of the silicon is beneficial for reducing energy. the Si-Cl
bond is broken and the Na-Cl ionic bond is formed. However, the energy is not
lowered; the result still cannot explain why the dark spot in STM image always
occupied only one side of dimer. For more in deep understanding what we observed in
experiment, we have to further consider the diffusion behavior of the system. We will

further discuss diffusion behavior of the sodium in next section.

(a) Gbp
dsiéna  dmaconid)  Eaasev)
H. 2u14 2.77 -2.15
H> 2.14 2.76 -2.09
B 2.17 2.56 -1.62

B: 2.17 259 -1.63
Bs 2.18 2054 -1.52
T 249 249 _ -1.06

H Hs -1.88
HlHZ(diagonal) -1.96
H.H. -1.86
HiH.HH> =2.12

Figure 5.1.1(a) Bird’s eye view of chlorine terminated Si(100) surface with six high
symmetry adsorption sites,(b) mean adsorption energy table, (c) configuration of HiH2

case ,and (d) configuration of HiH2H2H2 case.

5.2 Diffusion process
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The nudged elastic band (NEB)"®® is a method for finding saddle points and
minimum energy paths between known reactants and products. The method works by
optimizing a number of intermediate images along the reaction path. Each image finds
the lowest energy possible while maintaining equal spacing to neighboring images.
This constrained optimization is done by adding spring forces along the band between
images and by projecting out the component of the force due to the potential
perpendicular to the band. The Fig. 5.2.1 conceptually illustrated how NEB works.

We now consider diffusion behavior for a single sodium atom. The Fig. 5.2.2
shows diffusion barrier along the path A—B-—5C—D. The diffusion barrier are 0.44
eV, 0.53 eV, and 0.57 eV for the path A—B -~ B—C~C—Drespectively. In general, the
atom can diffuse easily. if the barrieris below 1 eV; namely, experimentally, that the
pattern with single sodium on hollow site might exist only in lower sodium coverage.
In higher sodium coverage, if they arrange to be a cluster which can effectively reduce
energy, we cannot find single sodium atom but a cluster. That is the reason why we
never observed in experiment the case a single atom on hollow site. We further
consider the diffusion frequency-by the Arrhenius formula:

D =D,exp(-E, /KT) 521
Where E, is the diffusion barrier, D, is the pre-factor. Although we have not been
calculated this factor, but we assume the factor is the same in each case, and then, the

diffusion ratio could be roughly estimated from:

D, exp(—Eg_c /KT) _

R = =
PreAee Do exp(—E, 5 / KT)

exp((EA—>B - EB—)C)/ KT) 522

After calculation, we got diffusion ratio 1, 0.30, and 0.18 for A—B, B—C, and C—D
respectively. The result indicates that a sodium atom diffusing on dimer is relatively

easy than others. The result is qualitatively explained why zigzag pattern along the
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dimer is so frequently be observed in experiment. So far, we have discussed the
possible adsorption behavior of the case in low sodium coverage. But for higher
coverage, static calculation will no longer to be an efficient method for searching
global energy minimum. Next section, we use alternative approach to determine

ground state structure for the cases with higher sodium coverage.

Transition State

Energy

Reactant

. = Gnﬁ""mm

Figure 5.2.1 Sketch of the Nﬁaged Elastic Band (NEB) method, to determine the
energetic minimum path between the reactant and product state of a chemical reaction,
an initial band (dashed) is-constructed connecting the positional configuration of the
two states. The location of the band is then minimized through a series of iterations
yielding a minimum embedding of the band on the potential energy surface (solid

line).(cited from http://www.cybernet.co.jp/quantumwise/example/neb/neb-01.html)
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Figure 5.2.2 Energy variation-along the diffusion path. A-B—C—D, each the path

contains eight intermediate states-(black circle).

5.3 Finite temperature simulations

Molecular dynamics simulations.generate-information at the microscopic level,
including atomic positions and velocities. Based on statistical mechanics, here we
employed the canonical ensemble with several constraints for simulating “annealing

D% In canonical

process”. Here, we briefly introduce the “principle of AIM
ensemble, The particle number (N) and volumes (V) are keep constant, and a finite
temperature were given by the heat bath approach — the Nose-Hoover

85-87

thermostat ;which introduced a new degree of freedom*‘s’ as a reservoir, and then

associate kinetic and potential energy can be redefined as following:
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where gis a new degree of freedomQ is effective mass. The can be interpreted as a
time scaling factor ,which makes the system's total energy without to be conserved,

but extended Hamiltonian is conserved. Therefore, we rewrite associated equations of

motion as following:

., OH p, .~ OH p
ri == 5 rl - -1
ap;  ms op; £ m,
oH . oH sp
=———=F =l =F Ly
p' 5l’| |  —— pl ari i Qpl
gauge transfer
¢ OH_D S,
ap, Q s Q
oH 1.& p? ospa/Q) 1. p?
=——== ——gk T ———— == ) ==k T
SIS s[zll m.s” ghT) ot Q[zllmis2 T) (4.3.2)
. o S = 14 p . . .
With substituting { =—,¢ 56[2—'— gk,T] finally the Lagrangian equation of
S i m

motion can be rewrite as:

I‘:& ) pi:Fi_é’pi
m

i (4.3.3)

The Nose’ effective mass Q determines the response of the heat bath to
fluctuations of the system. It should be sufficiently small to allow the system to
approach to equilibrium fleetly. In the other hand, it should be large enough to yield
correct values for the energy fluctuations of the system. The frequencies of
temperature fluctuation are approximately the same as typical phonon-frequencies.

29k, T

The characteristic frequency of the thermostat isw? = .Setting that to the same

order of magnitude as the characteristic frequencies of system is always reliably
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suggestion® %. In additional, the time step should be small enough to follow the real
trajectory, but too small setting would waste too much computing time. According to
VASP guide line, how to selectot which is depends on what the component the
system contains. For example, we use always st ~Ifsfor the first, ot~ 2fsfor the
second, ot ~3fsor 4fs for the fourth rows of elements respectively. For our system
(Si ~ CI ~ Na), we always choose ot ~2fs for all case. In general, the time chemical
equilibrium required is only about picoseconds order. Here we set total simulation
time t=2000fs for all cases. The initial structure for MD calculation was given by the

the results of static relaxation, and-initial velocities of each atom were given by the

Maxwell-Boltzmann distribution” v, =+ ,% ~5x107A /fs (300K).

Now,we first ‘consider a simplest situation an initial. adsorption process; Six
sodium atoms were arranged above the surface with random position. The initial
velocity of each thessodium were given-along -z direction (0, 0,~ -5x1072) A /fs. A
series of images of dynamic.process were shown in Fig. 5:3:1.(a)-(f). After 400 fs, we
can clearly see that the left three sodium atoms.has individually settled at the hollow
site,and the right three sodium slowly close to each other. After 800 fs, one of right
chlorine atom has been lifted by surrounding sodium atom. Until the end, the surface
almost keeps the same configuration itself. The Fig. 5.3.1(g) reveals when the system
after 500 fs, the temperature fluctuation has less than 50 K, which means, at the time,
the system has achieved thermal equilibrium. Finally, the right sodium formed as a
triangular structure and left sodium adsorbed on the hollow site individually. The
result indicates that triangular cluster might be smallest unit of “NaCl” cluster.

Furthermore, we putted five sodium atoms in the adjacent hollow site as a initial
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condition. As shown in Fig. 5.3.2(a)-(g), after 500 fs the system has achieved thermal
equilibrium (OT <50 K). At the same time, catercornered chlorine atoms have been
lifted by surrounding sodium atoms. Sodium atom occupied a lower position instead
of former chlorine atoms, and formed two triangular structures. Until the end, the
surface atoms almost held their position with very small oscillation. The result
strongly supports an explanation that the previous dark dot of zigzag p(2x2) pattern in
STM experiment should be triangular structure instead of standing sodium atoms.
Each the cluster contains three sodium atom and one chlorine atom that might block
the tunneling current; therefore, the.region seems.darker than others. Later | shall try
to give a more precise account of this issus. The results‘of higher sodium coverage
case (9/36) were shown in Figure-5:3:3(a)-(g).At 400 fs, one of topmost sodium atom
was assembled with three chlorine atoms; and.each chlorine atom was assembled with
lower three sodium.atoms. Until the end, the structure has not changed much. Finally,
the surface formedas several interlocking triangular fragments. In‘this case, we found
a strange and beautiful pyramidal Na/CIl/Na/Si multi-layer structure. Let’s further
consider more complex case the'surface with 13/36 sodium coverage. Fig. 5.3.4(a)-(f)
shows the sodium and chlorine ‘atoms still tend to form as triangular fragments. At
1600 fs, the upper right chlorine seems to be pulled out of its former position and
move to the left side. Finally, the surface became very complex, from the top to down;
the triangular NaCl cluster, Na cluster, and a few bare silicon dangling bonds.

Now, we summarized the MD results and list them in Fig. 5.3.5.There are five
configurations calculated from static relaxation after MD calculation. We give a

symbol to each structure (I-V).The mean adsorption energy of them can be calculated

by the formula: Eas=(E E E._./N) (5.3.4)

Si+Cl+(N)Na ~ =Si+Cl ~ —isoNa
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As shown in Fig. 5.3.5(a), with the increasing of sodium coverage, the mean
adsorption energy becomes more and more high, which means ,in the AIMD may no
longer to be an effectively method for searching global energy minimum for the
case(lV) and (V). Fig. 5.3.5(a) indicates type Il has larger (lower) normalized
adsorption energy that is most possible to be observed in experiment. Besides, there
are two structure (type Il, type 1V) who have second highest normalized adsorption
energy, they might also could be existing under the room temperature
(E, =0.025eV) .That also means in low sodium coverage case, the NaCl tend to form
discrete triangular structure “on plane” linstead..of three-dimensional stack. By a
comparing , the type Il ~ Il ~ IV exactly correspond to the type ii ~iii ~ivin STM
images respectively «(see Fig-—4.2:1(b) and (c)); which strongly supported our
calculation results.

Let’s further to.examine the triangular structure. The bottom-right picture of Fig.
5.3.5 shows a typical NaCl .crystal with both the (100) ‘and (111) surface. By
comparing, we can see that the triangle-like structure and NaCl(111) surface have the
same phase .In the other words;. the p(2x2) ordered-structure is actually formed by
discrete NaCl(111) cluster. However, the Na and Cl'in NaCl(111) phase is formed as
layer by layer. That surface would produce very strong surface dipole, as the results
we presented in section 1.1.3; the surface would not to be stable. In addition, in the
structure V, we can see an interesting structure at right medium side. It seems to be
NaCl(111) structure ;But if we look it on lateral, it could be also oblique
NaCl(100).As we calculated before, The structure V is relatively unstable; we can
image that the structure would transfer to NaCl(100) by two ways. First, the rhombus
structure can pull out itself to form NaCl(100) surface; if so, the interface would

remain much unoccupied silicon dangling bond. It should correspond to reappearing
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Su and Sy peak (see Fig. 4.4.1) that we observed in XPS experiment. Second, with
more sodium coverage, sodium would freely diffuse from the edge or drop from the
source to replace former sodium atom, and then, the NaCI(100) surface could also be
formed. If so, a part of sodium atoms would be buried under the NaCl(100) layer. In
order to gain lower energy, buried sodium should assemble itself as hexagonal (or
discrete triangular) sodium layer. It should correspond to the metallic-like Na2p peak.
In summary, silicon dangling bond state and metallic-like Na2p signal in XPS
experiment both demonstrated that, in room temperature, two kinds of scenario could
happen.Since the NaCl(111) phase-should be the most stable structure. In order to
more in detail understand how the (111) phase transfer to (100) phase when the
sodium coverage is reached (over)-1-ML.We back to using the static relaxation; we
reproduce the triangular structure-along both on dimer and perpendicular to the dimer
with varying numbers; after relaxation, we combine the energy calculation results to
Fig. 5.3.5 and Fig. 5.3.6.The: diagram-indicates that if triangular NaCl cluster is
growing along on dimer (\I-VIII) ;The mean adsorption energy have just only a little
variation. But if that is growing.along the direction-perpendicular to the dimer, the
structure would be unstable; which indicates here a repulsive interaction between the
dimer rows. It means the triangular structure that along the direction perpendicular to
the dimer cannot conserve with too large scale. That might be another reason why we
always saw the p(2x2) pattern along dimer instead of perpendicular to the dimer.

In experiment, we observed apparent phase transition from p(2x2) to p(1x1)
when sodium coverage over 1 ML.But in theory, simulating such structure changes is
very difficult in implementation. Because, as shown in Fig. 4.2.1, although such
structure in the x-y direction is roughly ordered, but in z direction is not. To

completely describe such complicated structure required very large unit cell and
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computational resource. We think that the DFT based on periodic boundary condition
can not to handle such complicated process. Solving these kinds of problem usually
requires from quantum Monte Carlo method. Here we just do a simple case, we
artificially create a prefect planar p(1x1) NaCl thin film and put it on the Si(100)
surface, and take it to do a standard MD simulation. After annealing, take the structure
to do a static relaxation. As shown in Fig. 5.3.5, the type XII structure roughly hold its
p(1x1) periodicity in the x-y direction, but it is not smooth in z-direction. The nearest
distance between two chlorine atoms in this case is about 4.3 A; the value almost
equal to experiment result (see 4.2.1(e)).But the energy of this case is still higher than
type Xl about 0.03 eV/per sodium. However, as.we can see in Fig. 5.3.6, the
adsorption energy is reducing with-lateral cluster density.

If the a NaCl(111) chain growing along with the direction perpendicular to dimer
row side by side ;that would result in 0.05 eV energy ascending. In general, the
average Kkinetic energy of an atom at room temperature is about 3/2 KT ~ 0.025 eV.
By comparing of these numbers, judging from the above, we have good grounds for
thinking, with the increasing of sodium coverage,-the cluster would be forced in
growing along perpendicular to“dimer row; that would cause energy ascending and
result in structure transition. With different sodium coverage, the process should be
random and contiguous. It roughly corresponds to p(1x1) distorted structure that
observed in STM experiment. This argument seems roughly to fit the facts. In the
other hand, the continuous structure phase transition would reflect in continuous
changes of valence bond state. As we shall see later in the next chapter, it would also

lead core state shifts.

70



(c) 800fs (d) 1200fs

(e) 1600fs

500

+Na 6/36
(random)

450
g400
(0]
5 350
© 300
g
qE> 250
200
150
100

0 500 1000 1500 2000
time (fs)

Figure 5.3.1(a)-(f) Molecular dynamic process: 6,, =6/36 (random), and (Q)
temperature history. Each snapshot includes three kinds direction of view, the bird’s

eye view(left),side view(upper right),and oblique view(lower right)
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Figure 5.3.2(a)-(f) Molecular dynamic process: 6,,=5/36 and (g) temperature history.
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Figure 5.3.3(a)-(f) Molecular dynamic process: 6,, = 9/36 and (g) temperature history.
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Figure 5.3.4(a)-(f) Molecular dynamic process: 6,, = 13/36 and (g) temperature
history.
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Figure 5.3.5 (I)-(V) structures were calculated by static relaxation after “annealing”,
(VD)-(X11) structures were calculated by static relaxation, and (XI1) was calculated by

static relaxation from predetermined coplanar NaCI(100) layer after “annealing”.
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Chapter 6 Computational results (11): Electronic properties

6.1 Density of State

In this section, we show a series of DOS and PDOS results. All spectra were
calculated by 4x4x1 automatic Monkhorst-Pack K point mesh with tetrahedron
smearing method with Blochl corrections. The projected radius were 1.312 A ~ 1.111
A ~1.757 A for Si - Cl -~ Na respectively. In order to subtract the error induced form the
Fermi level position definition, the energy level of each case was calibrated by the Si
1s core level eigenvalue.

We first consider the DOS of 1 ML chlorine saturated surface. Fig. 6.1.1 exhabits
a band gap of about:1.15 eV; which value is very close to the experimental results
(1.12 eV) for bulk silicon. Surface Si ~ Cl were bonded with covalent ¢ bonds with a
DOS between 0 to.-5 eV. Upon single sodium adsorption, Fig. 6.1.1 tells us that the
sodium was bonded with surrounding-Chlorine by-covalent-like bonding around -3 to
-5 eV. Around the Na adsorption site, Si-Cl bonds becomes rather weak than before.
More sodium coverage, Fig. 6.1.2indicates the sodium and chlorine atom in the
NaCl(111) cluster are held together by ‘very local electrostatic interaction which
corresponds to very sharp PDOS around -2 to -2.5 eV. Notably, relevant silicon atom
exhabits unusual a “dangling bond state” which means the atom has metallic-like
electrons. At 5/36 ML sodium coverage, the DOS becomes broader. When the NaCl
forms a NaCl(111) cluster; As indicated by the type IV and V in Fig. 6.1.3, the DOS
of both chlorine and sodium would become very broad and complex. We may note, in

90, 91

passing, the PDOS of silicon has a metal induced gap state (MIGS) in around O to

0.5 eV; the behavior would decrease the band gap of system. In a manner of speaking,
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it can be regard as result of heavy metal doping. Furthermore, if the NaCl(111) cluster
arranged as a long chain which along the dimer. The type VIII in Fig. 6.1.4 tells us
that the Na and CI bond level would becomes very local. There are two major discrete
bond state around -1.8 to -2.2 eV and -3.0 to -4 eV in the case. Only the bond state
with higher energy located at lower chlorine atom could contribute tunneling current
under our experimental scan bias (-2 V).

For higher sodium coverage, the PDOS result in type XI case indicates sodium and
chlorine are bonded in lower energy level than before. In the condition, under our
scan bias (-2 V), only the sodium has very weak.electron state can be detected. The
last cases of type XII also revealsthe same circumstance. The bonding between NaCl
and surface Silicon atom. If so;-electron would hard to be transmitted. As we shall see
in the following section, the behavior would.indirectly reflect caore level shift in the

XPS spectra.

Initial Type |
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Figure 6.1.1 DOS of chlorine pre-covered case (left) and single sodium adsorption
case (type I). The atom used for computing project density of state (PDOS) was

marked with darker color.
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6.2 STM simulations

Bardeen's treatment of a tunnel junction based on perturbation theory laid the
groundwork for the first theoretical STM model®* %. The tunneling current in

Bardeen's formalism is expressed:

_ A€ eVoias 2

h Y0

I ps(Ef _evb + E)pT (Ef + E)‘M,uv

(6.3.1)

where p; , o, denote the density of states (DOS) of the sample and the tip, M, is

the matrix element for the transition of an electron between a sample wave function
and tip wave function. If the experiments are performed at room temperature and
small voltage, we take the limits'of small voltage and temperature:

|=27”e2\/2\|v|#,v "S(E,~E.)3(E,~E.) (6.3.2)

If the tip wave functions are arbitrarily localized, then the matrix. element is simply

proportional the amplitude of v/, at the position r, of the probe: Hence, Eq. 6.3.2

reduced to: | =)

v

() S(E, ~ Ep) (6.3.3)

The quantity on the right:is simply the surface local density of state (PDOS) at E. , the
charge density from states atE.. Thus the-tunneling current is proportional to the
surface PDOS at the position of the point probe, and the microscope image represents
a contour map of constant surface PDOS which is known as Tersoff- Hamann
approximation®®. In this section, we follow the T-H approximation, to project the
PDOS on a plane along +z direction; that plane is fixed at 2.0 A above topmost
chlorine atom for each cases. In order to compare with our experiment data, the
integrated energy region is from 0 to +2 eV relative to Fermi level. A series of
simulated STM results and their configurations are presented in Fig. 6.2.1.

For 1 ML chlorine per-covered surface, under different bias condition (energy
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region of PDQOS), they both reveal p-(2x1) ordered pattern but have a small
displacement along x- direction. That is due to different PDOS shape of them, highest
density of occupied state of chlorine is along x-y direction, but that in unoccupied
state is along x-z direction. So, after a project operation, a small displacement appears.
For the single sodium adsorbed surface (type I), the area around the sodium atom
displays different brightness under different bias conditions. If so, the area should
show a symmetrical square. However, the pattern had never been observed in our
STM result. As we mentioned before, because the sodium atoms can easily diffuse on
surface; therefore single Na adsorption Sites only.exist under a low sodium coverage
or low temperature condition.

For more sodium coverage, simulated- results of type Il and Il tell us that the area
blocked by NaCl cluster should be corresponding to darker spot. The reason is that
because both sodium and chlorine form in cluster they almost didn’t have any DOS in
the energy region ‘we used in STM experiment (-2 V). Therefore, under constant
current mode condition, through the feedback system, the tip must be more close to
the surface to detect constant.current. Therefore,“although the area has higher
topography but it would look to"be darker than others. The simulated image for type
IV gives very complex result .Because in the case the pyramidal cluster has very large
altitude difference. | think the simulation method by projecting DOS on a plane is
incapable to handle such complex steric cluster. Therefore, | cannot give more
discussion for the images this case. The simulated STM image for periodic triangular
cluster in along (VIII) and perpendicular (XI) with dimer are shown in Fig. 6.2.2;
which tells us that the chlorine atom in lower position is also brighter than upper
chlorine atom. The reason is similar as we mentioned before. Finally, the simulated

STM image of the case VIII displays very complex pattern; in basically, the structure
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has ununiform altitude; technically, the image is strongly depends on the height of
projected plane what we used. In the case, Chlorine and sodium atom they have
almost the same brightness. The result seems roughly to fit the STM image. Both
chlorine and sodium can be detected in this case. The result, in a manner of speaking,
is corresponding to the STM image of 1 ML sodium covered case. In summary, the

simulation result totally fit in experiment STM images.
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Figure 6.2.1 A series results of STM simulation for fill state (Vs=-2 V) and empty state

(Vs=+2 V). The projection plane is placed on about 2 A above topmost chlorine.
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Figure 6.2.2 A series results of fill state (Vs=-2 V) and empty state (Vs=+2 V) simulated

STM images. The projection plane is placed on about 2 A above topmost chlorine.
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6.3 Bader charge and core level shifts

As shown in Fig. 6.3.1, an atom can be defined as a region bounded by a surface
through which no gradient vectors of o, meaning that the surface is not crossed by

any trajectories of Vp(r,) . In other words, an interatomic surface (1AS) satisfies the

“zero-flux” boundary condition: Vo(I)en(r,) =0 for every point rs on the

surface S(rs) where n(rs) is the unit vector normal to the surface at rs. By integrating
the electron density within each region we further quantitatively examine how valence
charge distributes®® .

The theoretical models for the calculations of the core-level binding energy shifts
within density functional theory (DFT) can be classified in two major groups, based
on the complete screening picture,-the initial state approximation and the final state
model, respectively. In Fig. 6.3.1, an atom is shown in its (a) initial state A, and (b)
final state A*after the ejection of a core-electron from state i. The resulting core-hole
is assumed to be completely screened, as indicated-by the extra charge in the local
valence band DOS at the atom;. effectively corresponding to one extra electron in the
valence band. This is modeled in the caleulations by promotion of an electron to the
lowest unoccupied valence state, preserving the charge-neutrality of the system.

100

The core electron binding energy in the initial state approximation (IS)™" can be

calculated from the Kohn-Sham eigenvalues of the core state of interest &, and the

Fermi levele,: El'=¢ ¢, (6.3.1)

101103 "the electrons are allowed to relax after the

In the final state approximation (FS)
core electron has been removed, so that the localized hole is screened. In general, the

final state approximation that simulate including somewhat excited state behavior; the
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core electron binding energy shifts between the bulk and the surface are expected to
agree well with experiment. However, final state approximation has to be calculated
by very complex procedure. First, a core electron is replaced by a valence one, then
total energy difference between bulk and surface atom is calculated; The method can
estimate the core hole effect only for only substrate (silicon). Each the case needs
thirty six separate calculations which would cost very large computing resource and
time. Therefore, we picked only a few specific atoms for the final state calculation.
The surface core-level binding energies shifts were defined as'®*:

Eésc(l_f? =[Equr (g =) — Egp ()] =B (N =) — Egie ()] (6.3.2)
In order to eliminate the error caused by relative Fermi level shift; we choose the bulk
state Si 2p eigenvalue ‘as a-reference. level to calibrate energy for following
calculations.

In he case of chlorine-terminated surface about 0.64 electron transferred from
silicon to its associated chlorine atom, which.corresponds to +0.60 eV RCLS (IS) in
Si 2p state. If we consider the core hole effect (FS), the number would be increasing
by about 0.23 eV. The resultindicates, the excited-core hole in chlorine bonded silicon
is more difficult to be screened than bulk silicon. The result calculated by FS
approximation is smaller than experiment number of about 0.07 eV. In the case I, the
central adsorbed sodium atom (No. 1) contributes about 0.85 electrons to surrounding
chlorine atom (No. 2). The RCLS (IS) of surrounding Cl atom also increased of 0.65
eV relative to unreacted Cl atom (No. 3). In the case Il, the RCLS (IS) of buried
silicon (No. 3) decreased to -0.5 eV; and its Bader charge also reduces to 0.1 electrons;
which suggesting that the associated silicon atom recoverits dangling bond (DB) state.

In the case IlI, IV and V, the Bader charge of buried silicon in those cases increases
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with the sodium amounts, which results in the reduction of RCLS (IS).The final state
results also indicate the buried silicon atom has metallic-like electron state, as we
mentioned before, that also reflects to their metal induced gap state (MIGS) of
valence electron . But in fact, we didn't find a peak have such large shift (-1.21 eV) in
experiment. In combination of previous results of energetic calculation; that tells us
that case may account for only a small proportion of the whole surface structure.
Furthermore, in case VIII, the upper and lower chlorine atom has different RCLS;
there were 94.28 eV and 96.14 eV for upper and lower chlorine atom respectively,
which roughly corresponds to their.two kinds of valence bonding in around -2 eV and
-4 eV (see Fig. 6.1.4 (a)):The extended case XII also reveals similar result, which
indicates the experimental continuousCl 2p RCLS should be interpreted as a result of
superposition of the chlorine in-NaCl(111) and NaCl(100) states. RCLS of sodium
also reveals similar-trend but shift with smaller number. \WWe may note, in passing, the
RCLS of buried silicon gradually retrieves electron and try back to its dangling bond
state. For the last case; as we can see the No. 1 chlorine atom that has about 95.48 eV
RSCLS; which almost equal to the average number of previous two different chlorine
atom. Here, we can notice that RCLS of surrounding sodium also enhanced
approximately +1 eV. From the point of view of band theory, When the NaCl
gradually formed into large-scale structure. The group band shifts should be
considered instead of individual atomic chemical shifts. Therefore, for higher sodium
coverage, the same quantity of RCLS in Na 2p and Cl 2p state actually reflects the
group valence band shift of NaCl(100) thin film. The result servers as good
explanation for previous XPS data. Actually, continuous peak shift of Na 2pand Cl 2p
is precisely reflected structure phase transition with varying of sodium coverage.

In summary, the Bader charge result show that charge redistribution depends on
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their relative electronegativity difference. Adsorbed sodium atoms are electron donors;
the valence charges of the sodium and chlorine atoms are preserved during the growth
process. The substrate silicon atoms are electron acceptors and their valence electron
counting change significantly. For surface silicon atoms, RCLS has indeed responded
accordingly the charge transfer behavior between the interfaces. Without the signals
from the bulk, RCLS of chloride and sodium atoms changes their corresponding
binding energies.

(@) (b)
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L AR I T A F

Figure 6.3.1 (a) Contour map of NaCl overlaid with trajectories of Vp, and (b) Bader
partition volume of our.system.((a) cited from

http://www.chemistry.mcmaster.ca/bader/bio/highschool.htm)
(a)

(b)

Exin
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VB-DOS VB-DOS

Figure 6.3.2 (a) Initial and (b) final states of the photoemission process. The effect of
screening is shown by the increased occupation of the local valence band DOS in (b)

compared to (a).(cited from Phys. Stat. Sol. (b) 243, 2447 (2006))
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93



XI

XI

Si2p core

initial initial
‘ Jill|
“ | LI
anl )
" * | \
i * LA |
| |

1

.0 05

-1 0.0 0.5 1.0 1.0 0.5 0.0 -0.5 -1.0
RCLS (eV
CI2p core A
initial
Na2p core
111 ‘ II ‘ 11 ”

" | « |

970 965 960 955 950 945 940 640 -645 650 655 660 665  -67.0
RCLS(eV) RCLS (eV)

V
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Chapter 7 Conclusion

In this research, we have studied the morphology, electronic states and interface
properties of the simplest and yet significant heteroepitaxial system. The atomic layer
deposition (ALD) technique enabled us to produce various functional thin films in
atomic level. The self-limited reaction serves as great stage for understanding the
interaction between dissimilar atoms. By a combination of the two concepts, we
designed a two-step reaction to grow a atomic layer of ionic NaCl.

The first principle calculation. results indicate that molecular chlorine can
spontaneously dissociative.chemisorbs on the clean Si(100) surface forming p(2x1)
chlorine-terminated surface without extra energy input. The nearest neighbor distance
between surface chlorine atoms (3.86 A)‘is very close. to that in-typical NaCl crystal
(3.99 A). Each chlorine atom received about 0.67 electrons from the bonded silicon
atom, resulting in a-polar surface. A sodium atom prefers to adsorb on the hollow site
between surface chlorine atoms, and donates -about 0.85 electrons to the nearby
chlorine atoms. So the partial ionic bonding would be form to replace Si-Cl covalent
bonding. However, the singly-adsorbed structure had never been observed in our STM
images. By the NEB method, we figured out the diffusion barrier along and
perpendicular to the dimer row is only about 0.5 eV. In other words, the single
adsorption case can be observed only under very dilute sodium dosage or at low
temperature. It tells us that the dim spot, we observed in STM images, is consisted of
cluster formation.

We have employed several simulation methods to find possible NaCl 2D
structure. Static calculation results indicated two sodium atoms adsorbing on adjacent

hollow site would result in energy increasing. The result implies that the cluster must
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be form in other arrangement in the initial stages of heteroepitaxy. Furthermore, the
AIMD result suggests the sodium and chlorine atoms tend to form (111) phasic NaCl
clusters. Each cluster unit contains three sodium and one chlorine atom. The clusters
also prefer to assemble along 2D plane instead of 3D stack. From an electrostatic
point of view, the growth of NaCl clusters along its ‘(111)’ direction would result in
very strong surface dipoles. However, previous studies have reported that
non-equilibrium growth shapes are also observed for a range of finite temperatures™
195 Our simulated results indicate three possible formations of assembled clusters, the
single cluster, 2D assembled clusters, and double-layer 3D stack they have only about
0.05 eV energy difference: They ‘may correspond to.the single dim spot, the p(2x2)
and a collected area of dim spots-in-our STM images. Even though the topography of
cluster is higher than other uncovered area, the clusters could correspond to dim spots
in our STM images due to it is lacking of electron density of state under our
scanning bias (-2 eV). With increasing sodium coverage (6,, = 0.5), the cluster tends
to grow along the dimer row. When the clusters gathered over a certain density, it
would transform into NaCl(111)-(100) concomitant-structure. They spell out which
two bonded in two different energy level, one in about -2 eV, another in about -4 eV,
which two bonding types are correspond to three fold (111) and four fold NaCl,
respectively. From this point of view, the continuous spectra shift of Na 2p and Cl 2p
peak in XPS spectra is induced by structure phase transition. The amount of shifts
corresponds well to the formation ratio of NaCl(111) to NaCl(100).To put it the other
way around, the XPS data strongly support our theoretical model. When sodium
coverage reached one monolayer, the STM images indicates NaCl(111)-(100) would
entirely transform into large scale and uniform NaCl(100) monolayer with random

corrugations. The XPS spectra also show that the surface silicon regains its dangling
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bond state; which means only Van Der Waals force is present between the interface of
NaCl thin film and silicon substrate.

Finally, we demonstrated that the growth mechanism of Na on the CI/Si
surface follows Franck-van der Merve growth mode. As far as we know, the
NaCl(100) monolayer is fabricated successfully for the first time. We also found
unusual (100)-(111) concomitant phase in the system. In additional, we discovered
that the thin NaCl films protected the dangling bond state of the surface silicon can be
preserved for long time here. Such surface state usually has very high chemical
reactivity and electron mobility. This phenomenon can someday become useful for

device applications.
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Appendix: Computation Conditions

common setting

Program: Vienna Ab-initio Simulation Package (VASP)
Pseudopotential: PAW-GGA-PBE

Cut off energy for plane wave: 300 eV (22.06Ry)
Without Spin

Structural relaxation (from an unreasonable starting guess)

k-point grid : 4x4x1 (Monkhorst-Pack)

INCAR

LREAL=A # fully automatic optimization of.projection operator
ALGO = Fast #RMM-DIIS for electron

ISMEAR = -5 #DOS smearing method :-5=Tetrahedron

IBRION= 2 # CG algorithm

NSW =10 #10 ionic steps for ionic step

NELMIN =5 # do a minimum of four electronic steps

EDIFF =1E-2 #low accuracy (dE. <1.0E-2)

EDIFFG =-0.3  #.accuracy,of ions not too high(dr;i< 0.3 eV/A)

Structural relaxation (from pre-converged starting guess )

k-point grid : 4x4x1 (Monkhorst-Pack)

INCAR

LREAL=A # fully automatic optimization of projection oper
ALGO = Fast #RMM-DIIS for electron

ISMEAR = -5 #DOS smearing :-5=Tetrahedron method
NELMIN =8 # do a minimum of ten electronic steps

EDIFF =1E-5 # high accuracy for electronic groundstate
EDIFFG = -0.025 # small tolerance for ions

NSW =20 # 20 ionic steps should do

MAXMIX =80 # keep dielectric function between ionic movements
IBRION= 1 #use RMM-DIIS algorithm for ions

NFREE = 10 # estimated degrees of freedom of the system
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Static calculation (after Structural relaxation)
generating more precise charge density and wavefunction for
1. DOS 2.Bader 3.Work function 4. Electron localization function
5.XPS simulation 6.STM simulation

k-point grid : 4x4x1 (Monkhorst-Pack)

INCAR
LREAL =A #FFT project region
ALGO =Fast #RMM-DIIS for electron

ISMEAR =-5 #Tetrahedron method

HEHHHEHHHHHHEHEH S atiC cal culatiONBHHHHHHEHEHEHHHHEHIHIHEHEH
IBRION=-1 #fix don paosition

NSW=0 #fix ion position

HHHHHHHEHHEHHHHTHHHHHHCONVErgent CriteriattHHHHIHHIHHHHHHEHHEH T
EDIFF=1.0E-6 #electronic

HHHIHHHHHH L D O ST T

ISPIN=1 # 2= spin , 1=without spin
EMAX=10 #energy(eV) boundary for DOS
EMIN=-10

RWIGS=0.370 1.3121.111 1.757 4 specify project radius(A)

HHHHHHHEH A 2. A electron(for Bader) #tHHHHEHHIHHIHHEHHHT
LAECHG=.T. #output all electron

#(increase FFT mesh: NGFX(Y)(Z)=2*NGX(Y)(Z) for better charge resolution)
HHUHHHHHHHHH R 3 workfunction (dipole )t
LVTOT=.T. #output LOCPOT

HHHHHHHEHHEHHEHAEHAA 4.electron localization function#HHHHEHHEHHEHHHHEHHH
LELF=.TRUE. #output ELFCAR

HUHHHHHHHHHHHHHHHHHHHHRHD . core |evel #HtHiHTHHIHHHH T
ICORELEVEL =1 # 0,1,2(approx final/ initial /acc. final state)

CLNT =1, 2, 3.....# processing N-th species of atom

CLN=1,2,3... #N quantum number

CLL=0,1,2,3 #orbital quantum number ( 0=s,1=p,2=d)

CLz=1 # (How many electron removed from core,0.5 for transition state)
HHHHHHEHHEHHEHHTHHHHEHHEC . ST M
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LPARD =.T. # output PARCHG
NBMOD = -3 # calculate the range window .vs. Fermi level
EINT =-1 # project window ( eV)

Nudged Elastic Band

k-point grid : 1x1x1 (Monkhorst-Pack)

INCAR

LREAL=A # fully automatic optimization of projection operator

ALGO = Fast # RMM-DIIS for electron

ISMEAR =0 # Gaussian smear for low K-point

SIGMA =0.2 # Band width

HHTHHHHHHH N E B

NSW =100 # max 100-ionic step

POTIM = 0.2 # counting time for ion(0.2fs)
IMAGES=8 # middle points

SPRING=-5 # Spring force-between images (eV/A?)
LCLIMB=.T. # turn on the climbing image algorithm

LWAVE = .F. #don’t  write WAVECAR
LCHARG =.F. #don’t  write CHGCAR and CHG

Vibrational frequency

k-point grid : 4x4x1 (Monkhorst-Pack)

LREAL=A # fully automatic optimizationof projection operator

ALGO = Fast # RMM-DIIS for electron

ISMEAR = -5 # Tetrahedron method

T N | DI
IBRION =5 # Hessian matrix calculation

NSW =100 #2100 ionic steps

ENCUT =300 # energy cut off for pseudopotential

POTIM =0.05  # counting time for ion (fs)

NFREE =2 # degree of freedom

100




Molecular Dynamics

k-point grid : 1x1x1 (Monkhorst-Pack)

INCAR
LREAL=A # fully automatic optimization of projection operator
ALGO = Fast # RMM-DIIS for electron
ISMEAR =0 # Gaussian smear for low K-point
SIGMA =0.2 # Band width
HUHHHHHHH M D
IBRION =0 # For MD calculation
SMASS =-3 # -3 :micro canonical ensemble (NEV)
# -2: constant velocity(for calculating Morse potential)
# -1: Annealing
# >=0: canonical ensemble (NTV) with Nosé-mass
POTIM =2 #  step size(fs)
TEBEG =300 # Initial temperature
TEEND =300 _# final temperature
NSW = 1000 “# 1000 ionic steps
LCHARG =.F. #. don'twrite CHGCAR
LWAVE =.F. # _don'twrite WAVECAR
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