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ABSTRACT

SCANNING TUNNELING MICROSCOPY

STUDY OF Dy, Gd DISILICIDE NANOSTRUCTURES ON Si (001)

By

Bangzhi Liu

The epitaxial growth of rare earth (RE) silicides on the silicon (001) surface has

received some recent interest after it was discovered that self-assembled silicide

nanowires form in the initial stages of growth. In this dissertation, Dy and Gd are chosen

as prototypical systems for the study of RE silicide growth on Si (001) using scanning

tunneling microscopy and low energy electron diffraction, with an aim of optimizing

nanowire growth.

When depositing Dy and Gd on the Si (001) surface, three types of nanostructures can

be formed: 2D reconstructions, nanowires, and 3D islands. The growth behavior of all of

these structures is a function of growth temperature, annealing duration, and metal

coverage. Two types of 2D reconstructions (2x4 and 2x7) are found, and their close

relationship is revealed. Dy and Gd disilicide nanowire growth is achieved on both

normal Si (001) and vicinal Si (001) substrates. 3D silicide islands which grow in

competition with the nanowires can be suppressed by manipulating growth conditions. A

relationship between the grown nanostructures and the crystallographic structures of bulk

RE disilicides is established.
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Chapter 1 Introduction

1.1 Background: RE silicide nanowires

Rare-earth (RE) silicides have been studied since 1979 as a natural extension of the

study of transition metal silicides [1], and attracted more attention Shortly after Tu et al.

found that they have the lowest Schottky barrier height on n-type Silicon [2]. In 1986, it

was found that the RE disilicides grow epitaxially on Si (111) [3]. Thereafter, most of the

work on RE silicide growth has been on Si (111) substrates.

In 1998, Preinesberger et al. found that nanowires can be formed by depositing a

small amount of Dy on the Si (001) surface with subsequent high temperature annealing

[4]. However, nobody paid attention to this phenomenon until the November 1, 1999, the

New York Times reported that Hewlett-Packard (HP) research labs in Palo Alto made a

breakthrough in making nanowires on Si surface [5]. Later, Chen et a1. [6] from the HP

group reported that the formation of the self-assembled erbium disilicide nanowires on Si

(001) is due to the anisotropic lattice mismatch between the hexagonal AlBg type

structure of the disilicide and Si (001) surface, which can work as a strategy for the

intentional epitaxial growth of nanowires for other RE disilicides. Following the NY

Times article, we arrived at this conclusion independently and started studying the

growth of RE silicides on Si (001) extensively, and found that Ho, Y and Gd disilicides

form nanowires, but that other silicides, such as NdSlg only form compact islands,

depending on the details of the lattice mismatch between the RE silicides and the Si (001)

surface [7-9]. Fairly recently. another RE silicide, scandium disilicide, was also found to

form nanowires [10].



As Shown in Table 1.1, the minimum feature Size achievable with current

photolithographic technology is 65 nm, and this minimum is projected to reach 9 nm in

15 years as the scaling down of integrated circuits continues. RE silicide nanowire widths

can be as small as 0.8 nm, which is probably beyond the limits of photolithography.

Therefore, it would be of technological interest to grow and of scientific interest to

understand the properties of these Wires at such a small scale. To date, very few data have

been published on the RE silicide nanowires [4, 6, 7, 10-12], and their growth behavior

and properties are still unclear.

Dysprosium iS a prototypical nanowire forming RE metal. Preinesberger et al.

published only the barest outlines of the growth behavior in this system in their first

paper [4]. In this thesis, the growth of Dy on Si (001) is studied in detail, with different

chapters focusing on various aspects such as Silicon surface reconstruction, detailed

nanowire morpholog , growth kinetics, and formation of non-nanowire silicide islands.

The primary experimental techniques were scanning tunneling microscopy (STM) and

low energy electron diffraction (LEED). In addition, some data on Gd growth is

presented and compared with Dy, and some insight into the behavior of both metals is

gained by this comparison. The contents of this thesis correspond to four or five papers

that have either been published, or are at some stage along the path to publication [13-

17]. In the context of the other work on RE silicide nanowires, almost all of which

appeared in print after this thesis research was well underway, these studies on Dy and

Gd present a significant addition to this literature.

In the remainder of this introductory chapter, the current understanding of RE

silicides and RE silicide thin film properties will be reviewed.
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1.2 Silicides

1.2.1 Transition metal silicides

Many elements in the periodic table react with silicon to form different types of

compounds. The compounds formed between metals and silicon are called silicides. Of

all these, the transition metal silicides are the largest group, of which RE silicides are a

subclass, as shown in Table 1.2 [19-21]. The other two subclasses are refractory metal

silicides, and near noble metal silicides. The silicides occur in three major

stoichiometries: metal rich silicides, in the form of M5Si3, M5Si4; monosilicides, in the

form of MSi; and silicon rich Silicides, in the form of M812, M3Si5. In much of the

published work in these Silicides, the compounds are prepared by depositing metal or co-

depositing metal and silicon onto Si substrates with high temperature annealing. The final

phase formed is the most Si-rich silicide which is frequently the disilicide [19, 22-24]. In

addition, most of the silicides used in integrated circuit technology are disilicides, such as

T1812, C0812, W812, TiSi: and F6812, etc [19, 22, 25]. Therefore. our interest is narrowed

down to the discussion of disilicides.

The RE silicides are classified as a separate class of Silicides due to their distinct and

interesting physical and chemical properties, amongst them a low temperature of

formation, the lowest known Schottky barrier heights on n type Si, good electrical and

thermal conductivity, and unusual kinetics of formation [23, 26]. A detailed comparison

of the three classes of Silicides is listed in Table 1.3.

1.2.2 RE silicides

Speaking of RE metals, traditionally this category refers to lanthanides inclusively,

but now it also tends to include Y and Sc since they have very similar properties [27].
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Chemically, the rare earths are classified as members of the IIIB subgroup of the periodic

table, as shown in Table 1.4. Based largely on trivalent ionic radii, the RE elements are

broadly classified into two groups:

0 Light rare earth elements (LREE), or the cerium subgroup, comprise the first seven

lanthanides (atomic number 57 through 63):

0 Heavy rare earth elements (HREE), or the yttrium subgroup, comprises the remaining

lanthanides and yttrium (atomic numbers 64 through 71 and 39).

Yttrium is categorized with the HREE because of its occurrence, ionic radius and other

similar properties. Scandium (atomic number 21) occurs widely distributed in nature at

low concentrations and is not typically classified as either a LREE or HREE [27].

Table 1.5 Space group and stoichiometry of RE disilicides [21, 26, 33, 34]

 

 

 

 

   

structure Space group stoichiometry

tetragonal ThSI2 I4/amd RESiz

orthorhombic GdSl2 Imma RESi1_75..1_9

hexagonal A182 P6/mmm RESi 1,67(Re3Si5)  
 

Accordingly. the RE disilicides are classified into two groups, light RE silicides and

heavy RE Silicides. They crystallize in three different structures: tetragonal ThSl2,

hexagonal A182, and orthorhombic GdSl2. Usually the stoichiometry of the disilicide is

written as RESig.x due to the existence of Si vacancies [33, 35]. The tetragonal phase has

a composition close to the stoichiometric disilicide (x=0) and the hexagonal phase forms

the RE3Si5 stoichiometry (x=0.25), whereas the orthorhombic phase exists for

intermediate compositions, as Shown in Table 1.5. It is believed that there is one silicon

atom out of six is missing in the hexagonal Ale type Structure, giving a stoichiometry of

3/5'~‘1.67 or 1.7. Therefore, the disilicides are usually written as RESi1_7, RESilm, or



RESig.x with x203 [1. 36—38]. The notation RE3Si5 is reserved for such compounds as

Yb3Si5 with their own structure, not for the defected AIB2 structure [1].

The three types of structures are closely related. The hexagonal A182 type Structure is

of the P6/mmm space group; the unit cell is shown in Figure 1.1(a). The tetragonal ThSl2

type structure is of the I4/amd space group; the unit cell is Shown in Figure 1.1(b). The

orthorhombic GdSi; type structure is of the Imma space group, which is a deformation of

the tetragonal ThSiz type structure. As shown in Figure 1.2, the three structures can be

described as different arrangements of trilayers of the same building element: a

parallelepiped with eight Silicon atoms as apexes, and a RE atom at the center. These

trilayers are stacked along the [001] direction in the tetragonal and orthorhombic

structures, and along the [10T0] direction in the hexagonal one. The hexagonal structure

also differs from the others by the stacking sequence: successive plates are systematically

translated by a/2 in the hexagonal structure, while they are alternatively translated by a/2

or b/2 in the tetragonal and orthorhombic structures. In addition, the largest face of the

building element is square in the tetragonal structure, and rectangular in the orthorhombic

and hexagonal structures [33]. As a result. the lattice parameters of the tetragonal and

hexagonal structures are related, (1:1):((1,,,.,.+c,,,._,)/2 and ('22 am ,5 [39]. Most of the

known RE disilicides lattice parameters are listed in Table 1.6.

For bulk disilicides, the type of structure adopted has a dependence on the particular

RE metal, as shown in Table 1.7. Although there are discrepancies between different

references, a tendency can be seen that the tetragonal and/or orthorhombic Structures

appear mainly for light RE Silicides, the hexagonal structure appears mainly for heavy RE

Silicides, and a mixture of these structures appears for the RE silicides of medium weight.
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Table 1.7 Relationship between rare earth metals and disilicide structures

 

 

    

 

             

   

Sc Y

T [41] O/H [33]

Light rare-earth disilicides Heavy rare-earth disilicides

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

T/O O/H H [33]

T/O [42] H/O/T H     

H: hexagonal. T: Tetragonal, O: Orthorhombic

1.2.3 Epitaxial growth ofRE disilicides

Silicide films on monocrystalline Si substrates, in general, exhibit a polycrystalline

microstructure [22]. But almost all transition-metal silicides can grow epitaxially to a

certain extent on Silicon under controlled growth conditions [22, 40, 43, 44]. All silicides

currently used in device structures are usually polycrystalline due to the difficulty in

making epitaxial Silicides [45, 46]. and that the crystallinity and interface perfection are

not of overriding importance in these applications [47]. However, there has been

tremendous attention on the growth of epitaxial Silicide films out of scientific interest in

studying perfect interfaces and technological interest in potential applications in novel

devices [22, 45, 48-50]. Also, epitaxial silicide layers have an increasing advantage over

polycrystalline Silicide layers when junction depths continue to shrink. The good layer

uniformity and high thermal stability of epitaxial Silicides are very attractive for shallow

junction formation. Therefore, the development of reliable and convenient epitaxial

silicide technologies is likely to be important for sub 0.1 pm devices [45].

It is generally accepted that the reactions between deposited RE metal films and Si

substrates are nucleation controlled [24, 26, 51]. For nucleation controlled kinetics, the

film nucleates in isolated regions, and then grows rapidly both vertically and laterally,

10



resulting in a rough, pitted surface [23, 24, 38, 52, 53]. Additionally, nucleation usually

occurs over a very limited temperature range (325-400°C for RE silicides grown on Si

(111)), below which nothing happens and above which the reactions are too fast to

measure [25, 32]. It was also suggested that the contamination layer at the interface is the

primary cause of surface pitting [38, 40]. But this seems to be questionable Since pinholes

can be formed in the RE silicide films grown on a pre-cleaned substrate in UHV (ultra

high vacuum) [54-56].

The most common methods used to produce thin epitaxial Silicide films on top of

silicon are solid phase epitaxy (SPE, i.e., depositing a thin metal layer on an atomically

clean substrate at room temperature or elevated temperature under UHV conditions, with

or without subsequent annealing at higher temperature) and molecular beam epitaxy

(MBE, the metal and silicon are co-deposited onto the Silicon substrate under Similar

conditions as SPE) [36, 39, 40, 43, 57-59]. Other techniques have been developed to

improve the surface morphology, such as rapid annealing [3, 60], and intermediate

template layers [37, 61, 62]. Sometimes an additional thin layer of Si or metal, such as Pt,

W, Mo. etc., is deposited on top of the RE Silicide films to keep them from oxidizing [3,

23, 60].

1.2.3.1 Epitaxial growth on Si (111)

AS mentioned above, the bulk heavy RE disilicides crystallize in the hexagonal AlB2

type structure. However, the real Situation is more complicated when growing RE

disilicide thin films on Silicon substrates.

Good-quality epitaxial growth of hexagonal RE silicides is expected on Si (111)

substrates since the atoms in the plane normal to c axis in the silicides are essentially

11



identical to those on the Si (111) surface, as shown in Figure 1.3(a), resulting in a nearly

ideal epitaxial arrangement. Typically, the mismatch is within 1.5%, as shown in Table

1.6. Therefore, major attention has been concentrated on epitaxial growth of RE silicide

films on Si (111) surface in the past. It has been found that all of the heavy RE metal

disilicides, including YSig-,,. can grow epitaxially on Si (111) substrates, and nearly all of

them crystallize in the hexagonal A132 type structure with a unique epitaxial relationship:

RESig-,(0001)// Si (111), RESi2_x[l2IO]//Si[OT1] [1, 3, 40, 58, 61-66]. A few references

showed that orthorhombic structure could appear for GdSiz.x after the hexagonal structure

is formed, with a dependence on thickness and annealing temperature [67, 68].

 

Figure 1.3 Lattice matching between (a) RESI2 (0001) and Si (1 l l), and (b) RESI2 (1100)

and Si (001).



Many techniques, such as LEED, STM and transmission electron microscopy (TEM)

etc, have been used in studying the surface reconstruction and vacancy ordering of RE

Silicides. The hexagonal RE silicides on Si (1 11) generally Show a p(lx1) reconstruction

below 1ML and J3x x/3 reconstruction above 1 ML [54, 55, 63, 69, 70], and this

behavior may be temperature dependent [62, 71]. Experiments and theoretical models

Show that both of the 2D reconstructions result from a buckled Si top layer Without

vacancies, instead of the graphite-like Si termination expected for a simple truncation of

the bulk Silicide structure [69, 72-79,]. The J3 x\/3 periodicity is possibly a reflection of

the 3D vacancy ordering superstructure within the film, which has been seen by TEM

[63. 64].

1.2.3.2 Epitaxial growth on Si (001)

Compared to Si (1 l 1), less research activity has been dedicated to growth on Si (001)

Since the lattice match between disilicides and Si (001) is not as good as that on Si (111),

and the epitaxial relationship is less straightforward. Most of the data on epitaxial growth

of continuous RE silicide films on Si (001) are summarized'in Table 1.8, which Shows

that all of the three types of structures, hexagonal A182, orthorhombic GdSl2, and

tetragonal ThSl2, can grow epitaxially on Si (001), and that the hexagonal phase can

coexist with orthorhombic or tetragonal phases, depending on the detailed growth

conditions. It is generally observed that there are two types of orientations between the

hexagonal Structure and Si (001) surface, RESig.x (1100) //Si (100) with RESig.x [0001]

//Si[01T] and RESi2-x(llOO) //Si (100) with RESi2-, [0001]//Si[0TT] [39, 64, 80, 81].

These two orientations are normal to each other, and equivalent in volume fraction and

13
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crystalline quality [81]. The orthorhombic and tetragonal structures match onto Si (001)

surface in the same way, RESig.x (001 )lClr // Si (001) with [100]m// Si[Oll], which is

consistent with the close relationship between them. The occurrence of the orthorhombic

and tetragonal phases may have a dependence on the species of RE metal. For example,

the orthorhombic GdSi3-,, phase was usually reported [67, 82, 83], but for ErSi2_x,

tetragonal phase was reported [57, 85].

When we match the hexagonal RESlg (1100) to the Si (100) surface as shown in

Figure 1.3(b), anisotropic lattice mismatch results: quite small (0% for YSi2-x) along axis

a, but quite large (8.65% for GdSl2-x) along axis c, as listed in Table 1.6. This is the

proposed mechanism for the RE silicide nanowire formation: the silicides grow without

restriction along the small lattice mismatch direction, but with a restriction along the

large lattice mismatch direction, resulting in nanowire-like structure [4, 6, 7, 10-12].

Although the growth of RE silicide films on Si (001) has been studied Since 1980 [1],

the discovery of the RE silicide nanowires had been delayed until fairly recently [4] for

two reasons. Firstly, people usually grew continuous thick films (e.g., 5-1000 nm, as

listed in Table 1.8), but the nanowires form only at submonolayer coverage (<1 nm);

secondly, it is the invention of the STM that made it possible to “see" nanowires at the

atomic scale.

Experiments have Shown the presence of Si vacancies and 3D vacancy ordering in

tetragonal ErSi3-x [39, 84] and hexagonal RESIZ, (REsz, Er, and Y) (e.g., 73 x f3

superstructure, same as that within the silicides grown on Si (11 1) [64]). Several surface

reconstructions have been found, such as c(2x2) on Gd/Si (001) [86], and 3x1 and 3x2 on

Yb/Si (001) [87]. However, many important issues still remain open, such as what
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species constitutes the topmost layer and what structure it has, due to the limited

publications.

By comparing the behaviors of the epitaxial growth of RE Silicides on Si (001) and Si

(1 1 1), we can see that the substrate orientation affects the growth significantly through

the lattice mismatch, which has been realized by some other authors [36, 67, 83, 88]. The

epitaxial growth of different phases can also be controlled by using different growth

techniques (deposition, codeposition, multilayers, and use of templates), and by

controlling the growth conditions. Four factors: growth temperature, annealing

temperature, annealing duration, and thickness have been proved to be critical for the

epitaxial growth of RE Silicides on Si (001), such as the resulting phases and the ratio

between coexisting phases [39, 68, 85]. In our experiments, only thermal evaporation of

pure metal with subsequent reaction with the substrate is used to form the Silicide. The

growth temperature, annealing temperature, annealing duration, and metal coverage are

varied to study the growth behavior of RE silicide nanowires.

1.2.4 Resistivity ofRE silicides

The majority of transition metal Silicides are metallic [89], and some are

semiconducting (CFSI2, B-FCSI2 ,etc) [90]. The resistivity of the refractory and near noble

metal silicides is in the range of 10l to 102 119 cm at room temperature [89]. Metal

Silicides have been widely used as ohmic contacts, Schottky barriers, gate electrodes, and

interconnects in microelectronic devices [19, 25, 44, 91].

The study of the electrical properties of RE silicides has been less extensive

compared to the other Silicides. Most of the available data for heavy RE silicides are

listed in Table 1.9. As shown in the table, the resistivity of RE Silicides is in a similar
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range as the other transition metal Silicides, but varies with formation conditions and

substrate orientations. The RE silicides have potential in applications such as ohmic

contacts and infrared detectors because of their low Schottky barrier heights [2, 92].

However, two major problems have delayed their practical application [26]. One is that

the RE silicides react with oxygen easily, forming ternary phases with different

physicochemical properties. The second problem is the rough morphology of the films

formed on Si substrates.

Table 1.9 Resistivity of RE silicides (RT)

 

 

 

 

 

 

 

 

 

 

  

. . . Resistivity (p9 cm)

SI d
l 'c‘ 8 Bulk Film/Si (001) Film/Si (111)

NdSi; 349 [93]

GdSi; 263 [93] 210 o [34]
110 [94]

DySi2 3020 [93] 76 T [61] 114 H [61]

264 H

ErSi; 59 [94] 217 H [85] 34 H [95]

136 H

129 H+T

86811.7 38 H [41]          

1.3 Thesis organization

This thesis is organized as follows.

0 Chapter 2 is a brief description of experimental methods, as well as a brief

introduction to the working mechanism of STM and the structure of the Si (001) clean

surface.
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Chapters 3 and 5 describe two dimensional (2D) reconstructions of the Si (001)

surface induced by RE metal deposition. These 2D reconstructions co-exist with the

3D silicide structures that grow on the surface and are closely related.

Chapter 4 summarizes the growth behavior of Dy on Si (001), focusing in detail on

nanowire formation, and nanowire morphology.

Chapter 6 is a comparative study of Dy and Gd silicide growth. Here, Dy growth is

studied over a wider range of conditions than in Chapter 4, and the differences in

behavior of the two metals are examined. This chapter also includes data on a

particular variant of nanowire growth: growth of parallel arrays of Dy and Gd

nanowires on single-domain, vicinal Si (001) surfaces.

Chapter 7 is a summary of potential future research directions.
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Chapter 2 Experimental Background

In this chapter, the experimental methods used, the basic properties of the Si (001)

substrate, and the basic mechanism of STM are introduced. The indexing of the Si (001)

surface and the hexagonal structure are also given since both are used repeatedly in

subsequent chapters.

2.1 Experimental methods

All experiments were performed in a UHV chamber with a base pressure of 2x10“)

Torr. The chamber was equipped with a commercial STM (Omicron, Gmbh,

Taunusstein, Germany), low energy electron diffraction (LEED) optics, and metal

deposition facilities. Clean Si (001) 2x1 surfaces were prepared by flashing above

1150°C for 30 S, quickly cooling to 980°C and holding for 10 min, then Slowly turning

down the heating current. The clean surfaces were monitored by both LEED and STM.

Gadolinium and dysprosium were evaporated from tungsten filaments. Deposition rates

were measured with a quartz crystal monitor. Typical deposition rates were 0.1

monolayers (ML) per minute. The nominal coverage was determined by timed exposure

to the source. The samples were kept at elevated temperature during deposition, and then

annealed for several minutes after deposition before cooling down to room temperature.

Four different growth temperatures, 500°C, 600°C, 650°C, and 700°C, were used in

experiments. Three methods were primarily used to prepare RE disilicide films:

0 depositing RE metal onto a heated Si (001) substrate, mostly at 600°C with 2 to

10 min post deposition annealing

19



0 the same deposition conditions as above, but cutting off the heating current

immediately after deposition

0 annealing a sample at 600°C after it has been cooled down to room temperature

The metal coverage (0.1 — 3.5 ML) was varied under each condition. All STM and LEED

observations were at room temperature. The tunneling voltages are specified as sample

bias, with the STM tip held at virtual ground.

2.2 Si (001) substrates

Bulk silicon has a diamond structure of the space group Fd3m, as Shown in Figure

2.1(a), with a lattice parameter cum/I. = 0.543 nm. An ideally terminated Si (001) surface is

Shown in Figure 2.1(b), which is a square 2D lattice with a lattice parameter of as]: (1,,qu

Ix/2 =0.384 nm. A 1x1 unit cell is defined in the figure, with two basic vectors running in

[1 T0] and [110], and one Si atom in the unit cell.

Generally the unit of a monolayer (ML) is used to measure the coverage of overlayer

atoms on a Single crystal substrate. One monolayer is defined as an areal density equal to

the number of atoms per unit area in a Single atomic layer of the substrate material

parallel to the surface. In the absence of reconstruction, this is the same as the number

density of atoms in the top atomic layer of the substrate [96]. According to this definition,

for Si (001) is 1 Min/ae2 = 1/ (0.3842 nmz) = 6.78x10” atoms/cmz.

As shown in Figure 2.1, each Si atom is bonded with four Si atoms in the bulk

structure. However, on the Si (001) surface, each of the first layer atoms is bonded with

two atoms in the second layer, leaving two dangling bonds on each surface atom. Since

this configuration is not energetically favorable, the surface reconstructs to lower the
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surface energy. The most common reconstruction observed is 2x1, in which two

neighboring surface atoms are bonded together to form a Si dimer, which reduces the

number of dangling bonds from two per atom to one per atom. The reconstruction

establishes two characteristic directions on the surface: either along or perpendicular to

the surface dimer rows, in orthogonal <110> directions, which will be called the dimer

row direction and the dimerization direction, respectively. In this thesis, the Si dimer row

direction iS defined as [1T0] and the Si dimerization direction as [110], as already

indicated in Figure 2.1(b).

 
 

o 0 O O

0.38 . .

o o

0.543 . .

0m - 100

0110 o 119- o

O

010

O O O

 (b)

Figure 2.1 (a) Diamond Structure of Silicon, and (b) ideal Si (001) terminated surface.

Theories [97-99] Show that the electronic structure of these dimers consists of an

occupied 1: state below the Fermi energy E: and an unoccupied 1t* state above E13. During

STM imaging, the spatial distribution of these rt-bonding and 7t*-antibonding states are

probed by electrons tunneling out of and into the surface, giving the filled and empty

states images, respectively. The filled states image emphasize the filled dimer bond lying
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between the two atoms, and the empty states image shows the dangling bonds at the end

of each dimer pair. As a result, each Si dimer appears as a bean—shaped feature at

negative sample bias, as shown in Figure 2.2(a), but as two well-distinguished small

features at positive sample bias as shown in Figure 2.2(b), respectively.

 

(a) filled states (0) empty states

Figure 2.2 Features observed under (a) filled and (b) empty states STM imaging, and

their correspondence with the dimer model. The 2x1 unit cell is marked by the two

rectangular boxes in both images.

In reality, the Si (001): 2x1 surface is stressed Since atoms in a dimer are closer than

they are in the bulk. There is a tensile stress in the dimer bond direction, while along the

dimer row direction, the stress is compressive (or at least less tensile) [99, 100]. The 2x1

Structure is shown schematically in Figure 2.3, in which a 2x1 unit cell is marked.

Because of the Stress anisotropy, the surface is expected to break up into two degenerate

Stress domains with single—atomic-steps as their boundaries, with a step height of

abulk/4=0.136 nm. The dimer rows rotate 900 from one terrace domain to the next owing
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to the tetrahedral coordination of diamond structure of silicon. Thus, two types of

monoatomic steps coexist. Following the notations of Chadi [101], the SA step is parallel

to the upper-terrace dimer rows and the SB step is perpendicular to the upper-terrace

dimer rows. The energy required to form kinks in an SA step is higher than that in an S3

step, hence at experimentally accessible temperatures, SA steps typically appear smooth,

while SB steps appear rough, as shown in Figure 2.4.

 
Figure 2.3 Schematic drawing of Siz2x1 reconstruction, as well as SA and 53 types of

steps.

When the vicinal angle is high, double-atomic-layer high steps are favored on a Si

(001) surface. One can again define purely from geometrical considerations two different

types of double steps, DA and D3, which are parallel and perpendicular to the upper—

terrace dimer rows, respectively. But in reality, because the DA steps are much higher in

energy, a Si (001) surface with a large vicinal angle contains only DB steps. Figure 2.5 is
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an STM image of a 4° tilted vicinal surface with DB steps. Here, about 95% of the surface

is Single domain, with the Si dimer rows running from lower left to upper right. A few

small areas of the alternative domain are seen where the double height DB step has split

into a pair of single height steps.

 
Figure 2.5 Empty states image (19 nmx19 nm) of 4° tilted vicinal Si (001) surface.
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2.3 Scanning tunneling microscopy and image processing

Scanning tunneling microscopy (STM) has become a very powerful technique for the

determination of the structural and electronic properties of surfaces over the last twenty

years [96, 102-104]. The STM is primarily used as a high resolution imaging tool, by

which a lateral resolution of 0.1 A and a vertical resolution of 0.01 A can be achieved.

This is sufficient resolution so that the STM can actually “see” single atoms on a surface.

The mechanism of STM is based on the phenomenon of quantum mechanical

tunneling. When a sharp metallic tip is brought close enough (~ 5 to 10 A) to a

conducting surface, electron tunneling occurs and a tunneling current (nA range) can be

detected between the tip and sample when a bias voltage (mV to 5V) is applied. To

obtain an image, the tip is scanned in the two lateral dimensions over the surface driven

by piezoelectric elements. The STM can be operated in several imaging modes, such as

constant current and constant height imaging modes. All of the STM images included in

this dissertation are taken in the constant current mode, which is introduced briefly as

follows.

In the constant current imaging mode, a computer-controlled feedback loop adjusts

the tip height to maintain a pre-set constant current. Since the tunneling current is

exponentially dependent on the tunneling gap, constant current implies constant tip to

sample distance to a very high accuracy. The tip motion, as measured by the voltage

applied to the z-piezo, is then recorded versus the scan position. Essentially, the

corrugation in the STM image reflects the local density of states integrated over a range

of energies between the tip to sample voltage and the Fermi level, at the position of the

tip apex. For surfaces which have relatively uniform electronic properties, such as metals,
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the STM image effectively represents the surface [Opography For electronic

inhomogeneous surfaces, such as semiconductors, the electronic structure becomes

important in determining the nature of the image.

Generally, the STM image of semiconductors shows a very strong bias dependence,

reflecting the Spatial distribution of the valence and conduction band Structure. A typical

example is the pair of filled and empty states images of the Si (001): 2x1 reconstructed

surface shown in Figure 2.2.

The most common method of displaying STM data is to construct a grayscale image,

where the brightness is keyed to height. Bright features in the image represent higher

features on the surface. In Virtually all of the images in this thesis, only minimal image

processing has been done, consisting of planar background subtraction and contrast

adjustment in order to make full use of the grayscale for any given image. In some

instances, a lateral linear mapping has been applied to the image to correct for the effects

of thermal drift during the acquisition time of the image (typically 1 - 20 minutes).

In a few instances, additional processing has been done to emphasize small

corrugations on atomic terraces at different heights. This is certainly true of all of the

pseudo-3D rendered images, for example Figure 2.4. When this type of contrast

enhancement is applied to 2D images, it is noted in the text.

Most of the image processing was done with Image SXM, which is a front end for

NIH Image written by Steve Barrett at the University of Liverpool specifically for

scanned probe images of all kinds [105]
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2.4 Indexing of hexagonal close-packed structure

Due to the repeated usage of indices of hexagonal close-packed (hep) structure, a

fully indexed bulk structure is shown in Figure 2.6 following the four-index notation, in

which the indices of any direction can be written as [u v t w], where t = —(u+v), and the

indices of any plane can be written as (h k i l), where I = —(h+k).

  

 

[mic]

   
[1010]»

Figure 2.6 Indices of hcp structure.
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Chapter 3 The Si (001)(2x4)-Dy surface

In this chapter, the 2x4 reconstruction induced by submonolayer deposition of Dy on

Si (001) is introduced.

3.1 Experimental observations

Deposition of Dy on Si (001) at 600°C leads to the formation of nanowires on a

reconstructed surface, as shown in Figure 3.1. The 3D rendering shows a ridged nanowire

in the upper part and a single-atomic-step in the lower part of the image. On the upper

terrace in this image the Si dimer row direction ([1T0]) is vertical. As we can see, the

long dimension of the nanowire is perpendicular to this direction, which is the general

trend observed for nanowire growth. The nanowire is significantly higher than the Single-

atomic-step height (1.36 A). Aside from the nanowire, the remainder of the surface is

covered by both bare 2x1 reconstructed silicon and metal reconstructed areas, with the

details depending on the metal coverage.

Generally, a 2x4 LEED pattern was observed over the coverage range 0.17-1.6 ML,

and it is sharpest around 0.5 ML, as shown in Figure 3.2. Figure 3.3 Shows a 50 nm

square empty states image of a surface with 0.5 ML Dy deposited. A single-atomic-step

runs horizontally through the image. Each terrace has areas of bare Si as well as

reconstructed areas that we associate with the Dy. The reconstructed patches show a

stronger corrugation, and trenches separated by three rows of maxima. The inset is an

FFT of this image that shows a 2x4 superstructure that agrees with the LEED pattern of

this exact sample.
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Figure 3.1 STM topography of Si (001) surface with 0.5 ML Dy deposited. At a sample

bias of +1.39 V, the maximum apparent height of the nanowire is about 0.4 nm, the width

is about 5 nm.

 

Figure 3.2 2x4 LEED pattern of 0.53 ML Dy on Si (001), grown at 600°C. The beam

energy is 49.2 eV. The Si: 1x1 spots are indexed. Two 2x4 reciprocal unit cells are

marked by two white boxes which are 90° rotated, reflecting the two domain structure of

the Si (001) surface.
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Figure 3.3 Large empty states image (50x50 nmz) of the reconstructed surface with 0.5

ML Dy deposited, VT=+1.05 V. The inset is an FFT of this image. The spots in the right

half of the FFT pattern are accentuated by the black dots. The Si: 2x1 reciprocal unit cell

is marked by the crosses, and the 2x4 by the open circles. A close-up of the area enclosed

in the square box is shown in Figure 3.4, and that in the rectangular box is shown in

Figure 3.5.

 

Figure 3.4 (a) and (b) are two empty states images of the area enclosed in the square box

(10x10 nmz) in Figure 3.3, taken at +1.05 V and +0.46 V, respectively. Clean Si areas

(A) and metal reacted areas (B) are marked. Image (a) shows all the maxima in the metal

covered areas have similar height. Image (b) shows two types of maxima, one higher than

the other. The broken white boxes in both images show the 2x4 unit cell. The two small

boxes in (b) mark the HLH (type I) and LHL (type II) features.
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Figures 3.4(a) and (b) are two empty states images of the surface Shown in Figure 3.3,

taken at two different biases. Both images are close-ups of the area marked by the square

box in Figure 3.3. The surface is separated into areas of clean Si (marked A) and areas

reacted with the metal (marked B). In Figure 3.4(a), taken at a sample bias of +1.05 V, all

the maxima in the metal covered areas have similar heights. In Figure 3.4(b), at +0.46 V,

however, two types of maxima can be seen, with one much higher than the other. These

maxima are in registry with the positions of Si dimers in both directions, along and

perpendicular to the Si dimer rows. If we use H to denote the high maxima and L to

denote the low maxima in (b), two arrangements along the Si dimer row direction can be

differentiated, HLH (type I feature) and LHL (type II feature). These two types of

features alternate along the Si dimer rows, and there is usually a Si dimer vacancy in

between. In a few cases, the two features are adjacent directly to each other. Along the

perpendicular direction, no obvious alternation between type I and type II was observed.

Statistics show that the probability of having a like neighbor in the Si dimerization

direction is much higher than that of having a different neighbor.

Figure 3.5(a)_(c) Shows three empty states images over the area marked by the

rectangular box in Figure 3.3, taken at different biases. Once again, significant

differences in maxima height in the metal covered areas can be seen, implying that the

maxima heights are strongly bias-dependent in the empty states. The detailed appearance

of the metal covered areas varies as well. Observing the arrangement of three rows of

maxima in the white box in these three images, the middle row is higher in (a), all three

rows are at similar heights in (b), and the middle row iS almost invisible in (c). Therefore,

we can draw a conclusion here that not all maxima are Visible at +1.85 V (c), but these

31



missing maxima show up again with stronger intensity at +0.46 V (a), and with similar

intensity at +1.05 V (b). The bias-dependence of maxima height can also be observed

from the height profiles along the same trace marked by dotted lines in these three

images. The black and white arrows in the images show the correspondence between the

specific maxima and their heights.

 
Figure 3.5 (a)-(c) are three empty states images of the area enclosed in the rectangular

box (15x12 nmz) in Figure 3.3, taken at +0.46, +1.05 and +1.85 V, respectively. The

heights marked by the black and white arrows along the profiles correspond to the

positions marked by the same arrows along the dotted traces.

As mentioned above, type I and type II features alternate along the Si dimer rows. If

this alternation were strict, the long range periodicity would be 2x8. However, the real
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order is 2x4, as seen by LEED and also the FFT of our STM data. We ascribe this

ordering to the basic 2x4 building block which can be either type I or type 11.

Figure 3.6 is a filled states image of a surface with 0.17 ML Dy. Areas of clean Si and

reacted Si are marked by A and B, respectively. Overall, the reacted areas appear lower

than the Si dimers. The 2x4 ordering is not as clear as in the empty states images. This is

due to a variation in the heights and sizes of maxima in the reacted areas. A one-for-one

correspondence can be found between maxima in the filled and the empty states, but not

all maxima that appeared in the empty states are visible in the filled states. It is clear from

Figure 3.6 that the filled states maxima line up with Si dimers in the same row.

 

Figure 3.6 Filled states image (15x15 nmz) of the surface with 0.17 ML deposited, VT:—

1.93 V. The surface is separated into areas of clean Si (A) and areas reacted with the

metal (B).

In many metal induced reconstructions of Si surfaces, it is possible to evaluate the

number of metal atoms per unit area by measuring the fraction of reconstructed surface
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and comparing it to the metal coverage. However, it is very difficult to do the same thing

in this particular case since a significant fraction of the metal can be drawn into the

silicide nanowires. Comparing images of surfaces at 0.17 ML (Figure 3.6) and 0.5 ML

(Figure 3.4(a)), it is true that more of the surface is reconstructed at higher metal

coverage, but this increase is not in direct proportion to the change in coverage. Since we

observe three maxima within each 2x4 unit cell, the simplest possible assumption is to

associate each maximum with one metal atom. It is certainly possible that the metal

atoms might be below the top layer and that the observed maxima are in fact Si atoms,

but in the absence of other information, we make this assumption for the purpose of

estimating metal coverage. Usually, images taken at around +1 V are chosen for the

coverage counting because all maxima are Visible at this voltage. Under this assumption,

if the surface is covered by the perfect 2x4 structure, the saturation coverage would be

3/8=O.375 ML. However, a completely 2x4 reconstructed surface was never observed in

our experiments. The 2x4 always coexists with nanowires and with clean Si which do not

disappear even when the coverage is above 3 ML. If we only count metal atoms on the

2D reconstructed areas, 0.15 ML was obtained for nominal coverage 0.5 ML, and 0.2 ML

for 1 ML. This suggests that about 2/3 of the metal is in the nanowires at 0.5 ML and

about 4/5 in the nanowires at 1 ML. To check the accuracy of this statement, we

estimated the amount of metal corresponding to the measured volume of silicide

nanowires. There is an additional 0.35 ML at 0.5 ML nominal coverage, and 0.6 ML at 1

ML. Therefore, all of the metal can be accounted for within experimental error (about

20%) if we combine the 2D surface and the 3D nanowires together. It is also possible that
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some of the metal atoms diffuse into the bulk which would Slightly reduce the amount of

metal in the nanowires.

Note that one other possible assumption is that only the high or the low maxima in the

reconstructed areas are metal atoms. Under either assumption, the density of maxima on

the terraces combined with the metal density associated with the nanowires is not

sufficient to account for the deposited metal, and so both the high and low maxima in the

2x4 structure are likely to be associated with metal atoms.

3.2 Discussion

The relative heights of maxima and surrounding Si dimers shown in Figures 3.4-6

suggest that they are in the same layer, i.e., the Si dimers in the reacted areas were

removed and the maxima Sit on the next lower layer. As discussed above, the maxima are

centered over the Si dimer rows and also in line with Si dimers, which implies that the

maxima are exactly in the place of the missing dimers. Figure 3.7 is a model which Shows

the positions of the maxima in the 2x4 structure with respect to the surrounding Si

dimers. The alternation between the two types of features (HLH and LHL) along the

dimer rows, the Si dimer vacancies between different features, and the statistical

character along the Si dimerization direction are also Shown in this figure. A 3D model is

shown in Figure 3.8 (note that the difference between H and L maxima are not shown

here).

The presence of the two types of maxima (H and L) could be explained by a buckling

of the Dy atoms based on the previous work done on Si (111) [3, 55, 63, 75, 106]. It is

35



C
O
.

ll
,

O
Q
O
E
O
O
O

G
P
O

o
°
o

s
o

0
o

0
2
3
0

O
o

0
:
5
0

°
i

0

Il
l 3

o
o

0
:
5
0

o
0

0
1
:
0

9
0
5
0

0
O

0
.
1
-
,
0

O
o

0
5
.
0

-
I
'

o
o

0
5
3
.
6

0
o

o
.
-
.
o

 
'
O (‘
1

9
0
°
0
q
O
Q
O

0
0
0
0

.. -— , ‘. = . =

000000 0 O

0 underlying Si atom 0 O Si dimer 5:1”: Si dimer vacancy

. . . typell'eaturc(HLH) . . . typellfcature(LHL)

Figure 3.7 Registry of the maxima features in the 2x4 structure with respect to adjacent

clean Si dimer positions. A unit cell is marked by a rectangular box.

    
. Si [1T0]

DySi2 [0001)

   

DySi2 [1.1201

0 Si Q Dy “‘30 Si dimer

Figure 3.8 3D model of 2x4 reconstruction, in which the orientation relationship between

nanowires and Si (001) surface is marked. Bonds are added to the Dy atoms for

illustration purpose only.
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known that the RE disilicides grown on Si (111) are a defected Ale structure, which

includes about 15—20% Si vacancies [3]. The vacancies are believed to play a role in

strain relaxation. Ordered arrangement of these vacancies has been observed in the bulk

silicide [3, 75] and also in silicide films on Si (1 1 1) [55, 75]. These vacancies induce

shifts in the Si and metal positions within the silicide [106] and in the surface [75]. The

buckling will mimic this behavior. where the metal atoms shifting up and down cause the

high and low maxima, as well as the alternation between the two features, HLH and LHL.

The bias-dependence of the maxima in empty states could come from the buckling as

well, which would lead to a change in the electronic charge distribution on the surface,

and in turn, might affect the appearance of the maxima at different biases.
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Figure 3.9 Local position of Dy atom in the bulk silicide, which is similar to that on the

2D surface.

If the assumption that each maximum in the empty states corresponds to one Dy atom

is correct, then the local environment of the Dy atom on the surface, as shown in Figure

3.8, is similar to that in the bulk silicide, as shown in Figure 3.9. Comparing Figure 3.8

and Figure 3.9, the c axis of the silicide can be visualized as lying along the Si dimer row
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direction. Therefore, the reconstructed 2D surface can be considered as the first step to

forming the Silicide, with DySi2(01T0)//Si (001) and [0001] parallel to the dimer row

direction (Si [1 T0] ). Referring back to Figure 3.1, the long dimension of the nanowire

would be along [1120] (direction of axis a).

For DySig, the lattice parameter a is 0.3831 nm, which matches the Si surface

periodicity as) (=0.384 nm) very well, but c is 0.4121 nm, which has a significant

mismatch with as,- [3]. So strain will develop along what would be the c axis of the

silicide, which is parallel to the Si dimer row direction as observed from the nanowires.

Therefore, the Si dimer vacancies along the Si dimer rows in the 2x4 surface would

relieve the strain. Likewise, the growth of the Silicide islands (nanowires) in the [0001]

direction (the Si dimer row direction) will be limited due to the strain developed, but they

will grow without limitation in the direction of[1120] due to the small mismatch. This is

consistent with the observed orientation of the silicide nanowire, as shown in Figure 3.1.

It is entirely possible that the maxima seen in the STM images are due to rearranged

Si atoms, with Dy atoms having moved below the topmost layer of atoms. We cannot

rule this out on the basis of the STM data, and an appropriate model cannot be proposed

for such a structure at this moment. However, the analogies between the 2x4 surface and

the bulk silicide structure in regard to strain accommodation by buckling and Si dimer

vacancies hold true regardless of the details of the surface structure.
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3.3 Conclusions

When Dy is deposited on Si (001) at 600°C, highly elongated islands of Dy silicide

are formed, and the surrounding substrate is reconstructed into a 2x4 periodicity. STM

measurements Show that the appearance of the 2x4 surface is bias-dependent. An atomic

model is proposed where a Dy atom replaces a Si dimer on the top layer, sitting in an

atomic position that is almost the same as that in the bulk silicide. Groups of three Dy

atoms and a Si dimer vacancy form the 2x4 unit cell. The bias—dependence of the STM

images is explained in terms of a buckling of the Dy atoms. Both the buckling and the

presence of Si dimer vacancies contribute to strain relaxation along the Si dimer row

direction.
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Chapter 4 Dy silicide nanowire growth on Si (001)

In this chapter, the growth behavior of Dy on Si (001) is described in detail, including

nanowire and non-nanowire island formation, surface reconstructions of the nanowires

and the substrates, nanowire nucleation, and interactions between nanowires and Si steps

during growth.

4.1 Experimental observations

4.1.1 Coverage dependence

 
Figure 4.1 (a)-(d) are STM images (all 300x300 nm) which show coverage dependent

topography of the Dy/Si (001) surface.

Figures 4.1(a-d) show a sequence of STM images at metal coverages up to 3.3 ML.

At this image magnification, only the overall surface morphology is visible. All samples
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in Figure 4.1 were prepared at a growth temperature of 600°C with 2-10 minutes of post-

annealing. At the lowest coverage (0.17 ML) only very narrow nanowires are formed.

These nanowires run in two perpendicular <1IO > directions and form a network

structure, reflecting the two domain structure of the substrate surface. Single height

atomic steps are visible on the uncovered areas of substrate. As coverage increases in (b)

and (c), the nanowires become denser and wider, and some rectangular islands are

formed, mostly at the junctions of the nanowires, as shown in Figure 4.2, which was

taken from the same sample surface as Figure 4.1(b) with a higher resolution. At 3.3 ML

in (d), a network structure is formed with significant formation of irregular 3D islands.

 

Figure 4.2 3D islands formed at the junction of the nanowires. The image size is

150x150nm, taken from the same sample surface as Figure 4.1(b). The inset is a height

profile of the trace marked by the broken line.

Figure 4.3 shows a close up of a surface with a narrow and wide nanowire at 0.53

ML. Here it is clear that what was described as a wider nanowire in Figure 4.1 is actually

a bundle of parallel nanowires separated by narrow trenches. Some second layer silicide

growth is seen as well, exhibiting a layer-by-layer growth mode, where each second layer
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island does not cross the trenches in the first layer. We make a distinction between this

type of second layer growth which we interpret as a continuation of nanowire growth,

and the growth of larger and wider islands seen at nanowire junctions.

 
Figure 4.3 Filled states STM image (50x50nm, VT: - 1.2 V) shows that Dy silicide

nanowires coexist with 2x4 and 2x7 reconstructed Si (001) surface. The nanowires

bundle together and form wider structures. A single nanowire can be seen in the lower

right corner. The Si dimer row direction is marked in the image.

Two different surface reconstructions, 2x4 and 2x7, are visible in the areas of the

substrate adjacent to the nanowires in Figure 4.3. The Si dimer row direction of the

substrate surface is marked, which is perpendicular to the nanowires on the same terrace.

Furthermore, the 2x dimensions of the 2x4 and 2x7 superstructures run parallel to the

nanowires, or perpendicular to the Si dimer row direction. The details of the 2x4

reconstruction have been presented chapter 3, and the 2x7 reconstruction will be

described in chapter 5. Generally, both the 2x4 and 2x7 reconstructions could appear
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separately or simultaneously with the nanowires, with a dependence on the detailed

growth conditions. Unreconstructed Si patches usually coexist with the 2x4 reconstructed

areas. as discussed in the previous chapter, but not with the 2x7 reconstructed areas.

 

  

 

 

1.2-  0)., _ 0.36

   0.6Illllllllllll
03% 0 20 40 60nm

Figure 4.4 Examples of height and width measurement of the nanowires. The height

profiles of traces (l) and (2) in the left-hand side panel are shown in the right-hand side

panel, respectively. The image size is 70x70 nm, VT=+1.04V.

4.1.2 Width and height distribution of nanowires

By comparing the width of the nanowires to the periodicity measured from Si dimer

rows or 2x4/2x7 superstructures in the same image, it was found that the width is

quantized in multiples of the Si surface lattice parameter as; (=0.384 nm). One example of

the width measurement is shown in the right-hand Side panel of Figure 4.4, where the

curve 1 is the height profile of trace (1) in the left-hand Side panel. Along this trace, the

last two nanowires are 4as,- and 503,’ wide, respectively, and the trench between them is

lag, wide. Note that the width measurement was calibrated by the periodicity measured

Within the same image. Figure 4.5(a) shows the Width distribution of the bundled
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nanowires measured from many images at different metal coverages. The minimum

width is 2a5,- (0.77nm), and the maximum 16a5,- (6.14nm). Mostly, the nanowire widths

are between 2-7a5,-. All of the trenches between adjacent nanowires are measured to be

lag,- wide. For isolated nanowires which are not in bundles, the widths range between 2-
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Figure 4.5 (a) Width distribution of bundled nanowires, and (b) height distribution of

additional layers on nanowires.

Without considering any additional layers, the minimum nanowire heights measured

with respect to the surrounding Si surface range between 0.48 nm and 0.56 nm, which

varying slightly with bias in both filled and empty states. One example of this

measurement is shown in Figure 4.4. The nanowire height along trace (1) in the left panel
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is 0.53 nm, as indicated in profile (1) in the right-hand side panel. These measured

values could be different from the geometrical heights since the reconstructed Si surface

and nanowire surface have different electronic states, resulting in different apparent

heights. To avoid this difficulty, heights of the islands growing atop nanowires were

measured with respect to the surface of the nanowires underneath Since we believe that

they have the same surface. The height difference distribution of nanowires is shown in

Figure 4.5(b), in which all the measured heights range from 0.31 nm to 0.39 nm with an

average of 0.34:0.02 nm. One example of the height measurement is shown by profile

(2) in the right-hand Side panel of Figure 4.4, showing that the height of the islands along

trace (2) in the left-hand Side panel is 0.36 nm.

4.1.3 Nanowire top surface reconstruction

The nanowire top surfaces exhibit various superstructures, which may depend on the

nanowire width. Figure 4.6 Shows a collection of high resolution images of nanowire top

surfaces. most of which were taken from Figure 4.4 (a) except nanowire I and IV. In

Figure 4.6(a) the reconstruction of nanowire 1 turns from p(1x1) in the narrow part into a

different superstructure when the width changes from 2 as,- to 4 as). In (b), nanowire II of

width 2 as,- has maxima on the top which are spaced 2 as) apart along the nanowire long

dimension. Maxima of 1 as,- apart are also possible, as seen on nanowire III of the same

width, but less common. Nanowires IV and V with width of 5 as, in (c) have other

complicated superstructures with holes in the center, with a periodicity of 2 as,- along the

nanowire for V but larger for IV. We did not observe the well-ordered 2x1 nanowire

reconstruction recently reported by Preinesberger et al.[12].
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Figure 4.6 Various reconstructions of the nanowire top surfaces. All the images have the

same size, 10x10 nm. Roman numerals in images (b), (d)-(f) correspond to the marked

positions in Figure 4.4.

Table 4.1 Measured mismatches between the c(2x2) structure and Si substrate

 

 

 

 

 

island # Longitudinal mismatch (%) Lateral mismatch (%)

VI 0.8 7.6

VII 2.1 10.3

VIII 2.7 10.4    
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The most common superstructure is c(2x2) when the nanowire width is larger than 4

(15,, as shown in (d). The reconstructed surface is atomically flat, and one unit cell is

marked in the image. Figures 4.6(e) and (i) show that islands VII and VIII have the same

surface reconstruction as nanowire VI underneath, although both surfaces are curved

across their short dimensions. The c(2x2) unit cell in Figures 4.6(d) and (e) is not square

if observed closely. The maxima spacings (x) along the longitudinal and lateral

directions of the nanowires are compared with the measured Si periodicities along both

directions to correct for any possible image distortion. The mismatches, (x — a5,)/ as,

expressed as percentages are listed in Table 4.1. Referring to the image Shown in Figure

4.4, island V1 is one height quantum, and islands VII and VIII are two height quanta,

respectively, above the surface of the minimum height nanowires in this image, with each

quantum being three layers of atoms. In all cases, the longitudinal mismatch along the

long axis of the nanowire or island is small, and the lateral mismatch is large. The

apparent mismatch changes as a function of height. As a further point of reference, there

is no measurable mismatch along the long axis of the minimum height nanowires (i.e. the

level below VI), and the lateral mismatch is not measurable since the reconstructions of

these wires are complex and varied.

4.1.4 Nanowire nucleation

Short nanowires are often observed at a step edge, or on a flat terrace, as marked by

the arrows in Figure 4.1(b) and Figure 4.4, respectively. This suggests that the nanowire

could nucleate at a step edge or on a flat terrace. In the first case, as the nanowire grows,

the Si atoms around it will be consumed to construct the nanowire, causing new Steps to

form, as shown in Figure 4.7(a). In the second case, the nanowire takes Si atoms directly
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from Si step edges, causing Si steps to bunch up at the end of the nanowire and forming a

“snow-plow” effect, as noted by Chen et al.[6, 11]. A typical example is shown in Figure

4.7(b). Due to the consumption of Si atoms from the step edges, the steps retract and

form a channel in the upper terraces at the lower right end, and produce a quantity of run-

on steps and form a significant “snow-plow” effect in the lower terraces during growth.

The nanowire can affect the terraces significantly below and above the terrace on which it

grows, but always grows on a single flat terrace, never crosses a step.

 

Figure 4.7 Nanowire nucleates (a) on a flat terrace, forming a new step around it by

consuming the Si atoms in the neighborhood, and (b) at a step edge, interacting with Si

steps on both ends during growth.

4.1.5 Effect ofannealing duration

All the samples discussed above were prepared by depositing Dy onto Si (001) at

600°C with post-annealing less than 10 min. When Dy deposition is followed by a long

period of post-annealing, larger, more three dimensional (3D) silicide islands are formed.

Figure 4.8 shows a surface with 0.68 ML Dy annealed for 30 minutes at the deposition

temperature of 600°C. The metal coverage is between those shown in Figures 4.2(b) and
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(c), and yet the topography is very different with almost no nanowires present. This

makes it clear that for Dy in this general coverage range, the morphology of the silicide

formed is a function of both metal coverage and annealing time, and that the nanowires

are a metastable phase and consumed by the post-annealing process. Islands 1 and 2 are

about 8 nm wide and 300 nm long, and islands 3 and 4 are about 25 nm wide. It is hard to

measure the heights of these islands since they are situated in trenches. But our

measurements still showed that all of the islands 1-4 have a minimum height of 0.97 nm

with respect to the bottom of the surrounding trenches.

 

Figure 4.8 STM image showing that only a few nanowires survive when continuing to

anneal a sample at 600°C for 30 min after deposition of 0.68 ML Dy, mostly large square

and elongated islands are formed. The image size is 400x400 nm.

4.2 Discussion

The nanowire formation has been explained by anisotropic lattice mismatch between

hexagonal RE disilicides and Si (001) surface [6, 7], which can be described with an

atomic model shown in Figure 4.9. The hexagonal Ale type structure is shown in (a). If
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Figure 4.9 (a) Hexagonal Ale type structure of Dy disilicide; (b) lattice matching

between the silicide (l T00) plane and Si (001) surface; (c) side view of Dy disilicide

growing on Si (001) substrate.

we match the (1 I00) onto the Si (100) surface lattice as shown in (b), for certain RE

silicides, a is well matched to the silicon substrate, but c is not. For example, for DySiz,

a=0.383nm and c=0.421nm which correspond to mismatches of -0.36% and 7.3%,

respectively[3]. Figure 4.9(c) shows the side View of the hexagonal DySi; on Si (001)

surface lattice seen from the [0001] direction. Here we make an assumption that the first

layer of Dy atoms are located in the center of the Si (1x1) unit cells, which reserve the

same positions as that of the 2x4 reconstructed Dy atoms, as suggested in the previous

50



chapter. If we continue to assume that the Dy atoms are 0.11 nm above the Si (001) plane

underneath so that these Dy atoms in the interface have almost the same environment as

they are in the bulk, providing a perfect epitaxial condition for the silicide to grow.

Essentially, this model is the same as the one proposed by Chen et a1. [6, 11]. The wire

grows to an arbitrary length in the direction of small mismatch (horizontally in the plane

of the page) and is limited in its ability to grow coherently with the substrate in the lateral

direction (perpendicular to the page).

The quantized height of 0.34 nm can be explained by the model shown in Figure

4.9(c). As seen from the side View, the silicide is comprised of one layer of metal atoms

and one bilayer of Si atoms alternatively along the vertical direction. The spacing

between each layer is 0.11 nm, and the height of one unit cell is 0.33 nm. The average

height of islands on nanowires (0.34 nm) is very close to this number, which suggests

that the layer height on top of the nanowires is just one silicide unit cell high.

The orientation relationship between hexagonal structure and Si (001 )substrate

shown in Figure 4.9 is consistent with that observed during RE silicide film growth, i.e.,

the hexagonal phase grows on Si (001) surface in two orientations, RESI2-X (1100) //Si

(001) with RESiz.x [0001]//Si[1T0]. and RESiz.x (1100) //Si (100) with RESIN [0001] //

Si [I TO] [39. 64, 80, 81], which are normal to each other, and equivalent in volume

fraction and crystalline quality due to the four-fold symmetry of the Si (001) substrate.

Our STM data add more details to this statement. On a single 2x1 reconstructed Si (001)

terrace, the nanowires run only in one specific direction, the long dimension [1120]

perpendicular to the Si dimer row direction[l T0], as seen in Figures 4.4 & 4.5. The

presence of the two perpendicular orientations of the hexagonal phases is caused by the
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fact that the Si dimer rows run in perpendicular directions on adjacent terraces. Although

the Si (001) substrate has four-fold symmetry, a Single terrace only has two-fold

symmetry regulated by the 2x1 reconstruction. The preferred orientation could result

from the chemical bonding between silicide and Si substrate, as discussed in references

[6, 11].

It has been determined that the hexagonal RE disilicides grown on Si (1 l 1) terminate

with a buckled Si bilayer instead of the graphite-like Si termination expected for a simple

truncation of the bulk silicide structure [69, 72]. The RE silicides on Si (111) generally

show p(1xl) reconstruction below 1 ML and J3 x J3 reconstruction above 1 ML [54, 55,

63, 69, 70]. Both of the 2D reconstructions result from a buckled Si top layer without

vacancies, but the J3 x J3 periodicity is a modulation of the p(1xl) periodicity caused

by the 3D vacancy ordering superstructure within the film[69, 72-78]. The same issue,

however, still remains open for the RE Silicides on Si (001) since no experimental data

and theoretical simulation have been done on this system. As shown in Figure 4.9(c), the

nanowires could be terminated by either by a Si atomic layer or a metal atomic layer.

Compared to Si (111), it would be natural to believe that the top layer of the RE silicides

on Si (001) has a Si bilayer as a termination Since it is exactly like the Si (001)

termination of bulk silicon, as in reference [12] which suggests that a 2x1 surface seen

on nanowires is terminated with Si dimers. The p(1x1) reconstruction Shown in Figure

4.6(a) would also be a proof for this statement. It would not be hard to construct a model

for the c(2x2) superstructure by removing some Si atoms from the top layer , Similar to

that proposed for the c(2x2) superstructure seen on larger Er silicide islands grown on Si

(001)[107]. It is also possible that these superstructures result from the 3D vacancy
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ordering within the nanowire, as discussed above for Si (1 l 1). The existence of the 3D

vacancy ordering has been observed for RE silicide films on Si (001) by TEM[64].

However, the holes appearing in the top layer of nanowire V, as shown in Figure 4.6(c),

could result from the Si vacancies in the surface, different from the vacancy free top

surface of RE silicides on Si (1 l 1).

It is well established that strain relaxation plays a very important role in

heteroepitaxial growth due to the mismatch between dissimilar materials[108-110]. For

large lattice mismatch systems (>2%), three dimensional island growth is favored over

the layer-by-layer growth mode[1 11, 112]. Theoretical simulation shows that the early

stages of binary epilayer growth on a solid surface may self-assemble into ordered

parallel stripes with identical width in nanoscale due to anisotropic surface stress [113,

114]. The bundled nanowires may resemble this behavior, but the width distributes in a

wide range. No ordering can be derived from the distribution of single nanowires,

probably resulting from the random nucleation of the nanowires.

AS discussed above, the Si atoms move from Si step edges or adjacent areas on the

same terrace to form the nanowires, which is consistent with the fact that the Si atoms are

the dominant diffusive species during the RE silicide growth on Si (111) [23, 115]. In the

second case, new steps will be formed and make the surface rough. But the nanowires

always grow on a flat terrace and never cross a Step, whose growth could be Stopped by

another perpendicular nanowire, or at step edges, as seen in Figures 4.2, 3, and 8. Figure

4.7(b) is a typical example of a nanowire that is stopped by one nanowire on one end and

at Si step edges on the other end. The nanowire could also stop in the middle of a terrace

due to shortage of metal atoms, as seen in Figures 4.2(b) and (c), where the only short
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nanowires that do not terminate at either a step or an intersecting nanowire are those

(circled) that are entirely framed by other nanowires. In this situation, the nanowire must

compete with the surroundings for metal atoms.

As seen in Figure 4.8, some 3D islands can be fairly elongated. However, we still

call them ‘islands’ since their widths lie well outside the range of width distribution

defined for ‘nanowires’ in Figure 4.4(a), and also, they have similar minimum height as

that of compact islands shown in Figures 4.3 and 4.9, much higher than that of the

nanowires. One example of the height measurement is shown in Figure 4.2 that the island

marked by the broken line is 0.96 nm, as indicated by the height profile in the inset.

The formation of the nanowires has been explained by the hexagonal Ale type

structure in this chapter and other references [6, 7, 11], and the restricted width is related

to the poor mismatch along 0 direction [7]. Evidently, we are going to encounter

difficulties to explain these compact and elongated islands with the same structure.

Considering the fact that the hexagonal phase usually coexists with orthorhombic or

tetragonal phase in the RE silicide films on Si (001), and their mismatches with the

silicon substrate are not nearly as anisotropic as for the hexagonal phase, it is natural to

propose that these rectangular and square shaped islands have orthorhombic or tetragonal

structure. This is consistent with the TEM observation that only the tetragonal phase is

seen in thicker films that were annealed for 30 minutes [61]. Similar 3D Er silicide

islands on Si (001) have also been assigned to the tetragonal phase [107], which are

definitely different from the Er disilicide nanowires discussed by Chen et a1. [6, 11].

How do these 3D islands compare with the rectangular islands at the nanowire

junctions seen in Figure 4.4? Close examination shows that the islands in Figure 4.4 have
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geometries that are still defined or restricted by the underlying or adjacent nanowire

structure. In this respect, these islands are considered as upper layers of nanowire layer

by layer growth. It is possible that the highest of these small islands are right at the

transition between nanowire and 3D island growth. Close examination of the nanowires,

islands at nanowire junctions, and the large 3D islands with high resolution diffraction

techniques will be necessary to understand the different crystal structures. However, at

this point in time, all that we can conclude is that true nanowires (corresponding to the

hexagonal silicide) have widths less than 6 nm and minimum height 0.5 nm, whereas 3D

islands have a minimum width of 8 nm, and a larger minimum height.

4.3 Conclusions

When Dy is deposited onto Si (001) surface at 600°C, a network of nanowires is

formed, and the width and density of the nanowires strongly depend on the deposited

coverage. These nanowires grow only on a flat terrace, running perpendicular to the Si

dimer rows. The nanowires coexist with a 2x4 and/or 2x7 reconstructed Si surface. The

top surface of the nanowires are reconstructed into p(1x1), c(2x2), and other

superstructures. 3D islands appear with increasing coverages and longer annealing

duration, which could have orthorhombic or tetragonal structure, different from the

hexagonal structure of the nanowires. The nanowire width is quantized in terms of as),

with a range from 2051 to 16615;. The nanowires grow layer-by-layer with a quantized step

height of one unit cell of the hexagonal Ale type structure.
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Chapter 5 The Si (001)(2x7)-Gd, Dy surfaces

As discussed in Chapter 3 and 4, deposition of Dy onto Si (001) leads to the

formation of a 2D reconstructed Si surface, nanowires and 3D islands. Growth of Gd on

Si (001) shows very similar behavior. For example, both metals can induce 2x4 and 2x7

reconstructions of the Si (001) substrate. In this chapter, a detailed study of these 2D

phases is presented. The structure of the 2x7 phase will be discussed in terms of what is

known about the 2x4. The similarities and differences between the reconstructions

induced by the two different metals will also be discussed.

5.1 Experimental observations

5.1.1 General observations

Deposition of RE metals (Dy, Gd in this study) leads to the formation of RE disilicide

nanowires on a reconstructed surface, which can be a 2x4 or 2x7 superstructure, or a

mixture of both. This latter case is shown in Figure 5.1(a) for Dy and (b) for Gd,

respectively. Morphological similarities can be seen for Dy and Gd with nanowires or

nanowire bundles coexisting with the reconstructed substrate.

Figure 5.2(a) is an empty states image of an area that is covered entirely with the 2x7

phase. Figure 5.2(b) is a low energy electron diffraction (LEED) pattern of the sample

shown in (a). The 7x periodicity is clearly discemable from the pattern. Streaks appear at

the half order positions, caused by anti-phase disorder[116]. Figure 5.2(c) is the fast

Fourier transform (FFT) of image (a), which matches with the LEED pattern very well.

The 2x7 reciprocal unit cell is marked by a white box, and the Si: 1x1 reciprocal unit cell

is marked by a black square box in both (b) and (c).
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A
Figure 5.1 STM images (50 nm x 50 nm) showing nanowires coexisting with 2x4 and

2x7 superstructures on a (a) 0.18 ML Dy deposited Si (001) surface, VT: -1.25 V, and

(b) 0.63 ML Gd deposited Si surface, VT: +0.6 V.

 
Figure 5 .2 (a) STM image (60 nm x 60 nm) showing a 2x7 reconstructed surface with

0.46 ML Gd deposited at 500°C, VT = +1.17 V. (b) LEED pattern from the sample shown

in (a). (c) FFT pattern of image (a). The black box and white box in (b) and (c) denote

Si: 1x1 and Gd: 2x7 reciprocal unit cells, respectively.
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Figure 5.3 Close ups (15 nm x 18 nm) of (a) Gd: 2x7 superstructure, VT: +1.17 V, and

(b) Dy: 2x7 and 2x4 mixtures, VT: +1.24 V. Image (a) is taken from the same sample as

Figure 5.2.

Figure 5.3(a) is a close up of the Gd22x7 superstructure, with a single-atomic-step

running across the image from the upper left comer to the lower right corner. Although

all the structure rotates by 90° at the step edge, we will denote the Si dimer row direction

on any given terrace as [1T0], and the Si dimerization direction as [110]. At this

particular sample bias of +1.17 V(empty states), the 2x7 superstructure appears as rows

of three maxima divided by a bright strip. A 2x7 unit cell is marked by a black box in the
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image, and the 2x7 periodicity can be easily measured by comparison to the bare Si

dimers marked along the step edge. If we define groups of three maxima as a subunit,

then each 2x7 unit cell has one subunit at each corner. Each unit cell also crosses one of

the bright strips. The subunits could be in line or shifted half a unit cell with respect to

the adjacent subunits along [110], as marked by the straight lines in the lower and upper

terraces in (a). This half unit cell shift appears very often, resulting in antiphase disorder

along the 2x direction which produces the streaks in the 2D diffraction pattern seen in

Figure 5.2 (b) and (c).

The 2x4 unit cell is also composed of a three maxima subunit plus a “missing Si

dimer” at similar bias, as discussed in Chapter 3. One can ask what the relationship is

between the three maxima subunits appearing in both 2x4 and 2x7 superstructures.

Figure 5.3(b) is an STM image for Dy taken at a bias of +1.24 V, showing that the same

three maxima subunits can form both 2x4 and 2x7 local superstructures, whose unit cells

are marked by black boxes in the image. The bright strip between two rows of subunits

combines them to form a row of 2x7 unit cells. Comparing the marked bright strips with

the maxima along the same row and with adjacent maxima rows in Figure 5.3(a) and (b),

it can be seen that the bright strip is two maxima wide, and has a trench one Si dimer

wide separating it from the adjacent three maxima subunits on both sides. Therefore, the

three maxima subunits have the same geometry for both 2x4 and 2x7 superstructures.

Also, it can be seen that all of the maxima within each subunit in (a) and (b) share the

same position as a Si dimer by comparing them to the bare Si dimers as marked.
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Figure 5.4 STM images (12 mm x 15 nm) showing 2x7 bias dependence in the empty

states (a)—(c) and in the filled states ((1) and (e). Relative shifts of the maxima in both the

subunit rows and the bright strips are marked near the straight lines in (b), (d) and (e).
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5.1.2 Bias dependence

Significant differences can be observed in the appearance of the 2x7 superstructure

shown in Figures 5.1-3 due to a strong bias dependence in the empty states. Generally,

three distinct types of appearance for the groups of three maxima can be differentiated.

Since the bias dependences of Gd: 2x7 and Dy: 2x7 are very similar, as evidenced by the

fact that the appearance of the 2x7 superstructure taken at similar bias shown in Figure

5.3(a) for Gd and (b) for Dy is actually identical, the best images are selected from both

metal reconstructions to show the bias dependence features. Figure 5.4(a) is an STM

image at +0.8 V taken from a Gd deposited sample, where the three maxima in the

subunit appear with similar intensity (regime II). In image (b) taken from a 0.2 ML Dy

deposited sample at +0.28 V, the center row of maxima are very strong, and the other two

rows are much less bright (regime 1). Image (c) is of the same area as image (a) taken at a

bias of +2.06 V, showing that the center row is totally invisible, but the other two rows

appear with significant intensity (regime III). The same regimes have been observed in

the Dy: 2x4 superstructure[13], which is not surprising to us since both 2x4 and 2x7

superstructures are composed of the same groups of three maxima as discussed above.

Another feature we can see from the three images is the intensity change in the bright

strips, especially in (b) where the strip breaks into a row of maxima of the same 2a5,-

(lab-F0384 nm) periodicity along Si [110] as the subunits.

Further observations show that each regime does not appear only at a specific bias,

but in a certain range. Additionally, the same regime in 2x4 and 2x7 superstructures

appears in similar ranges, as illustrated in Figure 5.5, in which the measurement biases

are separated into the three regimes. The measurements for Dy: 2x4 are numerous
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enough to assign a specific range for each regime, i.e., 0.08 ~ 1.0 V for regime I, 1.04 ~

1.39 V for regime II, and 1.4 ~ 3.01 V for regime 111 (an extension from 2.01 V to 3.01 V

is made to match with Dy: 2x7).The boundaries of the corresponding regime for Dy: 2x7

are shown as matching with Dy: 2x4 where data is absent. For Gd: 2x7, a certain range

can also be assigned to each regime, but the available data are not enough to determine

the exact boundary between regimes. However, one thing that is clear is the bias range of

regime ll of Gd: 2x7 overlaps with that of regime I of Dy: 2x7 or Dy: 2x4. This

difference is a reflection of the difference in the electronic structure between Gd and Dy.

 

  

IE II- III M Gd: 2x7

  

       

 

   

 

 

 

    

l I III Dy: 2x7

H:e e

I ll fllll Dy: 2x4

    I V I

0 0.4 0.8 1.2 116 2 2.4 2.8

Bias(V)

Figure 5.5 Bias voltage ranges for three different regimes in empty states imaging of the

subunits in the Gd:2x7, Dy:2x7 and Dy:2x4 structures. Bias voltages for the individual

measurements are shown.

The situation for the filled states is much simpler compared to the empty states.

Generally, the appearance of the 2x7 superstructure is the same in a bias range of -0.45 to

-3.26 V for both Dy and Gd, as shown in Figure 5.4(d). Only the center row of the three

subunit maxima is visible (marked (1)), and the bright strip breaks into a row of maxima
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(marked (2)) with a 2aSi periodicity along Si [110]. In some circumstances, the bright

strip separates into two maxima along Si[1T0], as seen in (6). Note that Figure 5.4(d)

and (e), and Figure 5.4(a) and (c) are STM images of the same area.

5.1.3 Atomic structure

As discussed for Figure 5.3, the three maxima subunits are the same for both 2x4 and

2x7 superstructures, and these maxima have the same registry with respect to the

underlying Si, that is, in the place of a removed Si dimer. The next question is to

determine the atomic configuration of the bright strip.

The structure of the bright strip can be extracted from the STM images shown in

Figure 5.4(b), (d) and (e), since the bright strips in these images break into maxima. First

thing we can see is that these maxima have the same periodicity as the three maxima

subunits, which is 2(15,- apart along Si [110]. If we draw straight lines parallel to Si [1 T0]

in these images, antiphase shift (note that 1/2 unit cell shift along 2x direction in the 2x7

superstructure is lag,- different) of the three maxima subunits can be observed in (d) and

(e). Moreover, we can see that the bright strip maxima are not in line with the subunit

maxima; they are about M: unit cell off both sides of the straight line. Since we know the

spacing between the straight lines is 2a3,-, hence, the shift between the maxima of strips

and subunits is 1/2 (15). Therefore, the strip maxima share the same atomic position in both

filled and empty states, which is V2 Si unit cell shift from the subunits along Si [110]. The

shift between maxima along the bright strip in different rows shown in (b) implies an

antiphase shift, similar to that of the three maxima subunits.
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Figure 5 .6 Diagram showing the atomic registry of the maxima in the 2x7 superstructure

with respect to the Si (001) substrate. The 2x7 unit cell is marked by a black box, and a

broken line is drawn to show the anti-phase shift of both the subunit maxima and bright

strip maxima.

Based on this information, a diagram of the atomic scale features in the 2x7

superstructure is shown in Figure 5 .6. The subunit maxima sit at the center of the 1x1

unit cells in the underlying layer, and the strip maxima sit in between two Si atoms,

which is shifted exactly 1/2 Si unit cell away from the atomic position of the subunit

maxima. The diagram also shows that the bright strips and the subunit rows actually have .

a gap between them. A 2x7 unit cell is marked, and the antiphase shift of both the

subunits and the strip maxima is shown in the figure. One row and column of Si dimers

are also shown to illustrate the registry of the 2x7 structure with the surrounding Si

surface.
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5.1.4 Coverage dependence

The occurrence of 2x4 and 2x7 phases are strongly coverage dependent in both Gd/Si

(001) and Dy/Si (001) systems, as shown in Figure 5.7. The percentage of the surface

covered by different phases is plotted against the nominal metal coverage. As seen in (a)

for Gd, the Si surface is firstly 2x4 reconstructed up to 0.2 ML. Subsequently, the 2x7

reconstruction starts to appear at the cost of decreasing the 2x4 coverage up to 0.33ML,

at which the surface is almost entirely 2x7 reconstructed. Starting from 0.36 ML, 3D

nanowires appear and occupy more area with increasing coverage up to 0.92 ML,

decreasing the area covered by both 2D reconstructions. The 2x7 reconstruction dies off

gradually, but the total percentage of surface covered by 2x4 reconstruction and 2x1

clean Si remains approximately constant after about 0.8 ML. This diagram implies that

the whole surface could be totally 2x7 reconstructed at a certain coverage between 0.33 ~

0.36 ML, which is also the coverage at which the nanowires start to nucleate.

Two methods have been used to grow Dy disilicide nanowires: depositing Dy onto a

Si surface at 600°C, with and without post deposition annealing. As we can see from

Figure 5.7(b) and (c), the nanowires start to appear at a much earlier coverage compared

to Gd for either preparation. Details of nanowire and 3D island growth are discussed in

the next chapter. What is clear is that the appearance of the Dy: 2x7 phase strongly

depends on the post—annealing. It is promoted by quenching the sample immediately after

the end of metal deposition at 600°C. There is no critical coverage at which the 2x7

covers the whole surface; nor is there a clear relationship between when the 2x7 phase

decreases, and the nanowires appear. Nevertheless, the Dy 2x7 phase seems to be

associated with coverages between 0.3 and 0.7 ML. A similar behavior is seen for the
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Figure 5.7 Coverage dependence of 2D and 3D phases appearing for (a) Gd grown on Si

at 600°C with post deposition annealing; and Dy on Si at 600°C without (b) and with (c)

post deposition annealing.
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Ho/Si (001) system where the 2x7 is seen to coexist with the 2x4 in a range of coverage

around 0.5 ML[1 17].

It is easiest to deduce a relationship between coverage dependence and the metal

content of the 2x7 phase for the case of Gd. If we make the same assumption that was

made for the Dy: 2x4 structure in Chapter 3, i.e., the number of metal atoms and empty

states maxima in the STM images are the same, then the metal density in the 2x4 phase is

3/8 20.375 ML, and the metal density in the 2x7 phase is 5/ 14 = 0.357 ML. Both of these

numbers are consistent with the behavior shown in Figure 5.7(a), at least up to 0.36 ML.

The agreement beyond this point depends on our assumption about the metal content of

the 3D nanowires. If we assume that there is only one layer of RE metal atoms inside the

nanowires, then they have an areal density of 1 ML, as implied by the RE disilicide bulk

structure[12]. Hence, a total metal coverage can be calculated based on the data given in

Figure 5.7, which is plotted versus the nominal coverage as shown in Figure 5.8 for all

three cases. The straight line in the figure is a reference line assuming an ideal match

between calculated coverage and nominal coverage. The three curves match with the

reference line very well in the beginning then start to deviate from it at a certain

coverage, about 0.5 ML for both Gd and Dy-cutoff curves, and 0.36 ML for Dy-annealed

curve. This deviation is caused by both second layer nanowire growth and 3D island

formation, which is discussed in the next chapter. Nevertheless, the agreement between

each curve and the reference line gives us a clue that the atom assignment to different

phases is reasonable. We can further test this conclusion by assuming that there are other

possibilities for the RE atom density assigned to the 2x7 superstructure, e.g., 2, 3, 4, 6, 7,

and 8 atoms per unit cell. The total coverage is recalculated according to each assignment
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Figure 5.8 The calculated coverage of the three cases shown in Figure 5.7 is plotted

against the nominal coverage.
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for the data in Figure 5.8 up to the coverage that starts to deviate from the reference line

significantly, resulting in a deviation from the nominal coverage at each data point. These

deviations are squared and summed up for each case and plotted in Figure 5.9. It can be

seen that the minimum error is 5/14 for Gd, 6/14 for Dy-cutoff, and 4/ 14 for Dy-

annealed. Allowing for experimental error, and the fact that the 2x7 superstructure should

be the same for all cases, 5/ 14 ML RE atoms is the best assignment for the 2x7

SUPEI‘SII‘UCIUI’C.

5.2 Discussion

The similarities in the appearance and bias dependence of the 2x7 reconstructions

formed by Gd and Dy suggest that they are actually the same superstructure. However,

the chemical identities of the metals still play a role, as suggested by the difference in the

details of bias dependence shown in Figure 5 .5, and the difference in the coverage

dependence of the 2x7 superstructure shown in Figure 5.7.

Similarities also exist in the 2x4 and 2x7 superstructures since they share the same

three maxima subunits and these maxima have exactly the same atomic position and bias

dependence. Considering the close relationship between 2x4 and 2x7 superstructures,

the evolution from 2x4 superstructure to 2x7 superstructure could be a result of

increasing strain in the 2x4 reconstructed areas, which means the appearance of bright

strips between the three maxima subunit rows can ease the strain along Si[1T0]. The

intensity of the three maxima within each subunit in the 2x7 superstructure are more

regular compared to the 2x4 superstructure, in which an alternation of atomic buckling

(LHL, HLH) along [1T0] is observed and explained by atomic buckling caused by strain
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[13]. The absence of this alternation in the 2x7 also suggests that the 2x7 superstructure

is less strained due to the formation of the bright strips.

The 2x7 reconstruction appears only after the 2x4 reconstruction covers a certain

percentage, about 50%. The 2x4 phase almost always coexists with areas of clean

surface. The 2x7 phase appears only when the 2x4 phase is also present. In cases where

areas of 2x7, 2x4 and clean Si are present, the areas of clean surface are bordered by the

2x4 but not the 2x7. Also the 2x7 reconstruction dies off at higher coverage because of

the decrease in the 2D reconstructed areas due to the consumption of metal atoms by

nanowires or 3D islands. The behavior of the 2x7 phase is consistent with it being

associated with more metal on the surface than the 2x4 phase. This seems to be

inconsistent with the fact that the areal density of metal in the 2x7 phase is slightly less

than that for the 2x4 phase. However, the total amount of metal accommodated in the

2x7 phase is generally higher than that in the 2x4 phase since the percentage of the

surface covered in the 2x7 phase, when it is present, is usually higher than the percentage

covered by the 2x4.

A specific atomic structure for the 2x7 phase is not being proposed here. However,

any model must be consistent with the registry of atomic scale features shown in Figure

5.6. While it is highly suggestive that the number of empty states maxima and metal

atoms is the same, it is not possible to state that the maxima correspond to metal atoms.

In fact it is possible that the metal atoms occupy sub surface positions and that the surface

is terminated by Si atoms, as has been suggested for the surfaces of RE silicides grown

on both Si (111) and Si (001)[107, 118].
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Furthermore, the metal content of the 2x4 and the 2x7 phases may not be exactly the

same for different RE metals. The 2x4 phase appears to be the same for Gd and Dy. In

addition, the Yb22x4 structure also has three atoms per unit cell[119]. On the other hand,

the Hoz2x4 structure appears to have only 1.5 metal atoms per unit cell[l 17]. More

analysis by other analytical techniques will be necessary to solve this structure in these

RE metal / Si (001) systems.

5.3 Conclusions

Detailed examination of the 2x7 reconstruction of the Si (001) surface induced by Gd

and Dy shows that this phase appears to be the same for both metals, and is similar to the

2x7 phase induced by Ho[117]. Furthermore, the 2x7 structure contains subunits whose

appearance and bias dependence in STM images is the same as the 2x4 superstructure

induced by Gd, Dy, and several other RE metals. The registration of the maxima seen in

the STM images with respect to the surrounding Si substrate has been determined for

both the 2x4 and the 2x7 phases. Coverage dependent measurements show that the metal

content of the 2x4 and the 2x7 phases is 3/8 and 5/ 14 ML, respectively. Any model for

the atomic structure of the 2x7 phase will be constrained by the STM images and the

measured metal content. Aside from the structural similarity of the Dy and the Gd

induced phases, there are some differences between the two metals, particularly with

respect to the coverage dependent growth behavior.
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Chapter 6 A comparison of Dy and Gd silicide nanowire growth

In this chapter, more data on Gd silicide growth is presented, and the behavior of the

two metals is compared. In particular, some insight into the differences between the two

metals is obtained by comparing the Gd data with Dy growth for a wider range of

conditions than what has been previously discussed in Chapter 4. This chapter also

includes data on a particular variant of nanowire growth: growth of parallel arrays of Dy

and Gd nanowires on single-domain, vicinal Si (001) surfaces. Experimental results show

that the growth temperature, annealing duration, metal coverage and metal varieties are

important factors for RE silicide growth.

6.1 Growth on normal Si (001)

6.1.1 General observations

Generally, three types of structures can be formed when depositing RE metals onto Si

(001) substrates at elevated temperature -- nanowires, 3D islands, and 2D reconstructions.

All of these structures can coexist together on the same surface, as shown in Figure 6.1.

This sample was prepared by depositing 0.4 ML Dy on Si (001) substrate at 600°C with 5

min post deposition annealing (PDA). As seen in the figure, long islands (nanowires or

nanowire bundles) run in two perpendicular directions, with compact rectangular 3D

islands lying at the nanowire junctions. Additionally, second layer growth can be

observed clearly on top of both the nanowires and the 3D islands. There are two types of

3D islands can be seen, one with a flat surface and one with a wavy surface. Although it

is not apparent in this rendering, the substrate is not bare Si, but is reconstructed by the

RE metal. The 2D reconstructions, usually 2x4 and 2x7 for Dy and Gd, have been
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discussed in Chapter 3 and 5. The nanowire and the 3D island growth of both Dy and Gd

disilicides show strong coverage dependence. The Dy silicide 3D island is very sensitive

to the annealing duration, as will see from the comparative experiments with and without

PDA.

 
Figure 6.1 Topography of Si (001) surface with 0.4 ML Dy deposited, showing

coexistence of nanowires and 3D islands, and second layer growth.

6.1.2 Gd silicide nanowire growth

When depositing Gd onto Si (001) surface at 600°C with 5-10 min PDA, only 2D

reconstructions (2x4 and/or 2x7) are formed up to about 0.33 ML. The Si surface is

almost entirely 2x7 reconstructed at 0.3 ML mixed with small areas of 2x4

reconstruction and 2x1 clean Si. When an additional 0.06 ML Gd is deposited onto this

sample, nanowires appear, as shown in Figure 6.2(a), implying the existence of a critical

coverage for nanowire nucleation between 0.3 ML and 0.36 ML. The surface in (a) is

fairly rough due to the existence of a large number of Si steps. It is clear that each
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Figure 6.2 (a)-(c) (350 nm x 350 nm) and (d) (300 nm x 300 nm) are STM images which

show coverage dependent topography of the Gd/Si (001) surface. (e) (60 nm x 60 nm) is

a closer View of the area enclosed in the white box in (b). (f) (75 nm x 75 nm) is a closer

view of the white box in (d).
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nanowire grows on a flat terrace, 90° rotated from those on adjacent terraces. It is worthy

to note that the nanowires can cross a step, an example of which is marked by an arrow in

the image. This is not observed when depositing metal in one evaporation onto a clean

sample. We believe this occurs due to extended annealing that occurs during evaporation

calibration when adding additional metal onto an old sample. Similar phenomenon has

been observed when annealing a room temperature (RT) Dy deposited sample up to

600°C, as will be discussed later on.

Surfaces with more Gd deposition are shown in Figure 6.2(b) at 0.63 ML, (c) at 0.86

ML, and (d) at 1.9 ML. At this image magnification, only the overall surface morphology

is visible. As coverage increases in (b) and (c), the nanowires become denser and wider,

with additional layer growth on top. The wide nanowires are actually nanowire bundles,

consisting of parallel nanowires separated by narrow trenches, as seen in (e), which is a

closer view of the area enclosed in the white box shown in (b). Gd silicide nanowires are

more often observed as nanowire bundles compared to Dy silicide nanowires. At the

highest coverage shown in (d), 3D islands are formed. The wide wires are still nanowire

bundles, as shown in (f) which is a closer view of the area enclosed in the white box in

(d), in which 3D islands with flat top and wavy surface can also be observed.

The nanowire widths are measured as multiples of the Si periodicity as,- = 0.384 nm,

as we have done for Dy nanowires in Chapter 3. A minimum nanowire width of 2 a5;

(0.77nm) is found, which is the same as that for Dy nanowire. The width distribution of

Gd silicide nanowires, ranging between 2a5,- and 505,‘ as shown in Figure 6.3, is much

narrower than that of Dy nanowires. which ranges between 2615) andl6agi. Nanowire
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bundles can consist of a large number of single nanowires, and the total width of the

bundle can be as much as 100 nm.
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Figure 6.3 Width distribution of single Gd silicide nanowires in bundle.

6.1.3 Dy silicide nanowire growth

When using the same method to prepare Dy silicide nanowires, i.e., deposition with

PDA, nanowires start to appear at a coverage as early as 0.1 ML, with significant 3D

island formation above 0.3 ML. Figure 6.1 is a good example showing coexistence of

nanowires and 3D islands at 0.4 ML. More details of growth with PDA have been

discussed in Chapter 4. The growth of 3D islands is not desirable from the viewpoint of

optimizing nanowire growth. We noticed in our experiments that the number of islands

decrease with shorter annealing duration, implying the growth of 3D islands might be

suppressed by shortening the annealing duration. Therefore, we tried another method to

grow Dy silicide nanowires, shortening the annealing duration to zero by cutting off the

heating current immediately after deposition, which we call post deposition quenching

(PDQ). Figure 6.4(a)-(c) show the nanowire growth with increasing coverage with PDQ.

No 3D islands are formed at a coverage as high as 0.53 ML in (b), and only a small

76



number of islands can be found at the junctions of nanowires at a coverage 0.72 ML in

(c). One other significant difference from FDA growth is that most of the nanowires

formed under 0.5 ML are single nanowires, as seen in (a). A small number of nanowire

bundles with slight additional layer growth can be seen in (d) at 0.53 ML, which is a

closer view of the area inside the square box in (b).

 
Figure 6.4 (a)-(c) are STM images (all 350 nmx350 nm) showing coverage dependent

topography of the Dy/Si (001) surface prepared by PDQ. (d) (75 nmx75 nm) is a closer

view of the area enclosed in the square box in (b).
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6.1.4 30 islands

As discussed above, the growth of 3D islands can be suppressed by PDQ, at least at

lower coverage. On the other hand, what happens if we increase the post deposition

annealing duration? Figure 6.5 (a) shows a sample prepared by depositing 0.6 ML Dy

onto Si surface with 10 min post annealing. Both nanowires and 3D islands can be

observed as expected. If we continue to anneal this sample at 600°C for 1 hour, most of

the nanowires disappear and large 3D islands appear as shown in (b), implying that for

Dy, long annealing duration promotes 3D island growth. The 3D islands can grow

downward below the Si surface, e.g., island (1), or above the Si surface, e.g., island (2).

The inset is the height profile of island (1) along the broken line, showing the island is

situated completely in the trench, which is caused by consumption of Si atoms during

formation of the island.

 

Figure 6.5 Topography of (a) 0.6 ML Dy deposited sample prepared by 10 min PDA,

image size is 200 nmx200 nm, and (b) the same sample shown in (a) which was annealed

another 1 hour, image size is 350 nmx350 nm. The inset in (b) is the height profile of

island (1) along the broken line.
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Figure 6.6 (a) 3D rendering of wavy island (2) shown in Figure 6.5(b). (b) The height

profile of the wavy island along the broken line in (a). (c) Wavy island formed by

deposition of 0.92 ML Gd.
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Again, there are two types of islands can be seen, one with a flat top, e.g., island (1).

and one with a wavy surface, e.g., island (2), which is consistent with the islands shown

in Figure 6.1. A 3D rendering of the wavy island (2) is shown in Figure 6.6(a), and the

surface undulates sinusoidally, as shown by the height profile in Figure 6.6(b). Wavy

surfaces have also been observed in Gd silicide islands at high coverage. One example is

shown in Figure 6.6(c). The wave length, the amplitude of the undulation, and the island

height measured from Si surface for a number of islands are listed in Table 6.1. It shows

that the undulation amplitude is very close for all of the wavy islands, on average 0.13

nm. The wavelength varies, but no obvious relationship can be established between the

wave length and the island height. Note that the amplitude and wavelength are not bias

dependent

Table 6.1 Measured amplitude, wavelength and height of wavy islands.

 

 

 

 

 

 

     

amplitude wavelength island height

(nm) (nm) (nm)

0.10 5.93 1.23

. 0.14 6.24 1.05

Dys‘z 0.13 6.92 1.42

0.15 7.16 1.50

GdSi-3 0.13 5.58 1.07
 

Both of the flat top islands and wavy islands can grow into elongated shapes that look

like wires. The 3D rendering in Figure 6.6(a) shows that the members (ii) and (iii) are

wavy, and elongated in a direction perpendicular to the undulation direction. This is

different from member (i) and the Gd island in Figure 6.6(c), which are both elongated

parallel to the undulation direction but have much smaller lengths than (ii) and (iii). A

general conclusion about a correlation between island elongation and undulation direction

cannot be given due to the limited number of observations of these wavy islands.
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We draw a distinction between these “elongated islands” and nanowires based on the

fact that they are much wider; the width of these islands is in the range of 8 ~ 17 nm for

Dy silicide, much larger than the width defined for nanowires, 0.8 ~ 6 nm for single Dy

silicide nanowires, and 0.8 ~ 2 nm for single Gd silicide nanowires. These elongated

islands can grow fairly long. The longest island we observed is 280 nm long, comparable

to nanowires. These elongated islands coexist with even larger square or rectangular 3D

islands whose widths are in the range of 20-30 nm.

6.1.5 Height quantization

Both the nanowires and the islands exhibit layer-by-layer growth, which is evident

from Figure 6.1, 2 and 5. As we have done for Dy nanowires discussed in section 4.1.2,

the height of Gd nanowires were measured with respect to the substrate surface, giving us

a minimum height ranging between 0.48 nm and 0.50 nm, with an average of 0.49 nm.

This height range is smaller than that of Dy nanowires, which range between 0.48 nm and

0.56 nm in both filled and empty states, with an average of 0.52 nm, as mentioned in

Chapter 4. However, both averages are comparable. The height of 3D islands is hard to

measure since they can grow on top of the nanowires (Figure 6.2(f)), or in a trench

(Figure 6.5(b)). Generally, 3D islands have heights above 1 nm. A consistent minimum

height cannot be found for the 3D islands, as shown in Table 6.1, which could be a clue

that these 3D islands are different phase from nanowires.

Once again, it is useful to measure the height of additional layers with respect to the

top surface of adjacent or underlying nanowires or islands in order to minimize the

effects of different surface structure. It was mentioned in Chapter 4 that the height of

additional layers on Dy silicide nanowires is actually quantized in increments of 0.35 nm.

81



The additional layers on top of wavy islands are also quantized in the same thickness, but

that of flat islands have a quantum height of 0.66 nm, and another possible value larger

than 0.84 nm. Similarly, the additional layers grown atop Gd silicide nanowires also have

an average height of 0.35 nm. We do not have enough data for Gd silicide islands since

they grow so infrequently.

6.1.6 Coverage dependence

The appearance of each phase is strongly related to the metal coverage under different

growth conditions, as shown in Figure 6.7, which has more data above 1 ML compared to

Figure 5.7. The diagrams in the figure are plotted with the percentage of the surface

covered by different phases versus the nominal coverage, where 3D phases include both

nanowires and 3D islands. All the samples in (a) were prepared by depositing Gd onto

600°C heated Si substrates with 5 to 10 min PDA. And all the samples shown in (b) and

(c) were prepared by depositing Dy onto Si surface of 600°C with PDA and PDQ,

respectively. These diagrams show that the area covered by 3D phases increases with

increasing coverage before 1 ML, but stop increasing after 1 ML and even drops,

although it increases at the highest coverage measured in (c). A specific minimum

coverage for Gd silicide nanowire growth can be seen in (a), between 0.33 ML and 0.36

ML, which might correspond to the saturation coverage of 2x7 superstructure mentioned

in the previous chapter. But such a critical coverage can not be seen for Dy from the

available data as illustrated in (b) and (c), and the 3D phases start to appear at a much

earlier coverage compared to Gd in (a).
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Figure 6.7 Coverage dependence of 2D and 3D phases appearing for (a) Gd grown on Si

at 600°C with PDA; and Dy on Si at 600°C with (b) PDQ and (0) FDA.
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Again, the total coverage can be calculated based on the same assumption made in the

previous chapter, i.e., the metal density in Dy: 2x4 structure is 0.375 ML, and that in the

2x7 phase is 0.357 ML, and 1 ML in the nanowires of minimum height. The calculated

results are plotted versus the nominal coverage as shown in Figure 6.8 for all three cases.

The straight line in the figure is a reference line assuming an ideal match between

calculated coverage and nominal coverage. The three curves match with the reference

line very well in the beginning then start to deviate from it at a certain coverage, between

0.36 and 0.5 ML for all three curves. This deviation is caused by both second layer

nanowire growth and 3D island formation, as shown in Figure 6.2 and 4.
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Figure 6.8 The calculated coverage of the three cases shown in Figure 6.7 is plotted

versus the nominal coverage.

For Dy coverage less than 0.5 ML (Figure 6.4(a)), only single nanowires are formed.

At 0.53 ML (Figure 6.4(b)). second layer growth and nanowire bundles start to appear. At
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0.72 ML (Figure 6.4(c)), the nanowires are highly bundled with some population of

second layer nanowire growth and 3D islands formed at the nanowire junctions. Since the

second layer nanowires and 3D islands contain more metal atoms than one layer of

nanowires, certain amount of metal atoms will be miscounted during calculation based on

the assumption of 1 ML metal atoms in the nanowires.

The same conclusion can be obtained by observing the coverage dependence of Gd

silicide growth shown in Figure 6.2. Generally, the Gd disilicide nanowires are more

likely to appear as nanowire bundles, as shown in Figure 6.2(b)-(d). At 0.63 ML, second

layer growth can be seen. At 0.86 ML in (c), the nanowires are highly bundled and

second layer growth getting more and more populated, and 3D island growth can be seen

in (d).

The coverage dependence of Dy silicide growth prepared with FDA has been

discussed in Chapter 4. As shown in Figure 6.8, the Dy-PDA curve deviates from the

reference line at about 0.36 ML, much earlier than that of Gd, and Dy-PDQ, which is

caused by the early formation of 3D islands and second layer growth, as shown in Figure

6.1 at 0.4 ML with PDA. When the coverage is well above 1 ML, generally large 3D

islands are formed no matter what condition is used. The irregular shape of the Dy-anneal

curve might be a result of annealing duration since it is different from sample to sample

in the range of2 to 10 min.

Nevertheless, the degree of agreement between nominal and calculated coverages up

to 0.5 ML shows that the assignment of metal density to the different phases is

reasonable, as was discussed in Chapter 5.
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Figure 6.9 STM images (180 nmx180 nm) showing coverage dependent topography of

the Gd/Si (001) surface grown at 500°C with (a) 0.46 ML Gd deposited, taken at VT:

+0.44 V; and (b) 0.54 ML Gd deposited, taken at VT: +1.12 V. (c) is a high resolution

image (40 nmx40 nm, VT: —0.67 V) of the 2D reconstruction appeared in (b). (d) is an

STM image (180 nmx180 nm) of the same sample shown in (b) which was annealed at

600°C, taken at VT: +1.35 V.

6.1. 7 Growth behaviour at 500 ‘C

Figure 6.9 shows the growth behavior of Gd deposited onto Si (001) surface at

500°C. It can be seen that only 2x7 reconstruction is formed without nanowires at a

coverage of 0.46 ML in (a), and nanowires start to appear at a coverage of 0.54 ML in
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(b). Obviously, the 2D reconstruction in (b) is different from the 2x7 reconstruction in

(a). As shown in (c), which is a high resolution image of the 2D reconstruction in (b), part

of the area is still 2x7 reconstructed as marked, but the other areas are covered by an

unknown structure. When the sample shown in (b) is annealed at 600°C, nanowires

appear and the 2x7 reconstruction is recovered, as shown in (d). It is possible that the

unknown structure is 2x7 with an excess of metal, and that this excess is able to form

nanowires during the 600°C annealing.

The deposition of Dy at 500°C shows similar behavior. No nanowires are formed at

0.38 ML but 2x7 reconstruction, and large number of short nanowires are observed at

0.66 ML. Both samples were prepared without PDA. When annealed the sample in (a)

was annealed at 600°C for 20 min, nanowire-like structures appear on a completely 2x1

reconstructed Si surface. Therefore, a conclusion here is that the metal atoms are more

likely to be accommodated in a 2D reconstruction rather than in nanowires at lower

growth temperature.

Preinesberger et a1. [4] show one image of 1 A Dy (= 0.47 ML) on Si (001) grown at

500°C. They described the growth mode as "close-packed Dy silicide wires", but the

image looks very similar to Figure 6.9(a) which is a 2x7 reconstructed surface, not wires.

6.1.8 Room temperature growth with PDA

When depositing 0.16 ML Dy onto Si surface at room temperature, then annealing it

at 600°C for 10 min, a black line is observed, as shown in Figure 6.10(a) in the filled

states, and this line becomes bright in the empty states in (b). Figure 6.10(d) shows a

“wire” across a step in the empty states, but it disappear in the filled states in (c).

Apparently, the long nanowire-like features shown in Figure 6.10 are totally different
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from the nanowires discussed elsewhere. Similar “black lines” have been observed after

annealing a sample with nanowires, which could be traces of nanowires removed by

annealing. Some other features could be described as nanowires that are buried so that

their top surface is roughly level with the substrate. In any case, the growth behavior for

RT deposited and post annealed samples is different than that seen for samples growth at

elevated temperature, particularly in the initial stages of nanowire nucleation.

+1.08 V 
Figure 6.10 (a) and (b) (size: 60 nmx70 nm), and (c) and (d) (size: 45 nmx45 nm) are two

pairs of dual bias images of a sample prepared by depositing 0.16 ML Dy onto Si at room

temperature then annealing at 600°C.
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6.1.9 Higher temperature growth

Preliminary experiments have been done on growth of Gd silicide at higher

temperature than 600°C. As we discussed, nanowires can be formed at 600°C when the

coverage is above 0.357 ML. When we increase the growth temperature to 650°C, only

2x7 reconstruction without nanowires is seen at 0.45 ML for Gd. When depositing 0.4

ML Gd at 700°C, the Si surface is slightly 2x4 reconstructed, leaving most of the surface

2x1 reconstructed. Similarly, when depositing Dy at 700°C, no nanowires are formed at

0.48 ML. All of the nanowires are removed when the 0.78 ML sample with nanowires

grown at 600°C is annealed at 700°C. In both cases for Dy, the 2x1 reconstructed clean

Si surface is recovered with small area 2x4 reconstructed. Therefore, nanowires and

islands cannot survive at 700°C for both Gd and Dy silicides. Furthermore, the apparent

metal coverage on the surface is much less at either 650°C or 700°C than at 600°C,

implying that deposited metal is lost from the surface, either by re-evaporation or

diffusion into the substrate.

6.2 Growth on vicinal Si (001)

For practical applications of these nanowires, it is of paramount importance to control

where and how they grow. In particular, one proposed molecular electronics architecture

has two perpendicular, planar nanowire arrays at two vertical levels and have switching

molecules at nanowire junctions[120]. In order for RE silicide nanowires to be used as a

component in this structure, growth of an array of parallel nanowires has to be realized.

In the context of previous observations of nanowire growth on normal Si (001) substrates,

the network structure composed of nanowires running in two perpendicular directions has
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to be eliminated and the growth of secondary phases such as the 3D islands has to be

suppressed.

 

Figure 6.11 Scanning tunneling microscope (STM) images showing (a) a clean vicinal Si

(001) surface with 4° miscut (l9 nmxl9 nm), and (b) the vicinal surface after deposition

of Dy at 600 °C with 10 min postannealing (300 nmx300 nm).

The most straightforward approach to grow a parallel array of nanowires is to use a

vicinal Si (001) substrate, as shown in Figure 6.11(a). This particular substrate is tilted 4°

off towards Si [1 T0] , resulting in a double height step spacing of 39A: 10as,-. All the

steps are perpendicular to the Si dimer row direction, and all Si dimers are parallel to the

step edge. This image shows a typical area of the surface with less than 5% minority

dimer orientation, due to local splitting of the double height steps. Since nanowires grow

perpendicular to the Si dimer row direction on the substrate, they would grow parallel to

the step edges on the vicinal surface. Figure 6.1 1(b) shows the result of Dy deposition on

the single domain Si (001) surface under typical growth conditions used for growth on

flat substrates, i.e. deposition at a substrate temperature of 600°C, and several minutes of

PDA at the same temperature. Dy silicide growth has disrupted the step distribution on

the surface, and as a result, there are short nanowires running in both directions as well as
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a significant population of rectangular silicide islands. This is clearly not the way to

prepare a single domain nanowire array.

We have tried two different approaches to form parallel nanowire arrays on single

domain vicinal Si (001). The first is to vary the growth kinetics, and the second is to

optimize the choice of RE metal. In either case, the central issue is to minimize the

growth of the large 3D islands, whose larger volume in comparison to nanowires implies

a greater local consumption of silicon on the substrate, which in turn greatly affects the

i
1

step distribution on the surface. This is clearly happening in the case of the 4° miscut

vicinal surface in Figure 6.11(b).

For Dy, it is possible to greatly reduce the relative proportion of 3D islands to

nanowires by cutting off the substrate heating current immediately at the point at which

the metal deposition ends (i.e., PDQ, or without PDA), as discussed sections 6.1.3 and

6.1.4. It is clear that without PDA, the density of nanowires is higher and there are

virtually no rectangular islands on the surface, whereas annealing time increases the

relative density of 3D islands versus nanowires. This behavior suggests that the

nanowires are in fact a metastable phase.

With this in mind, Dy growth experiments were repeated on vicinal surfaces, without

PDA. A typical result is shown in Figure 6.12(a). The number of rectangular islands is

 

greatly reduced, and furthermore most of the deposited Dy has formed into parallel

nanowires whose length is limited only by step wandering, or misorientation between the

step edge directions and the [1 T0] direction. When annealing this sample for another 30

min, nanowires disappear, and 3D islands appear. the same as what we discussed for
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growth on normal Si substrates. Besides rectangular islands, a fairly long elongated island

forms running from the upper right to lower left as seen in (b).

 

Figure 6.12 (a) STM image (800 nmx800 nm) showing parallel nanowires formed on a

0.38 ML Dy deposited vicinal Si (001) surface without PDA. A small number of 3D

islands still can be seen. After annealing this sample 30 min, the topography is shown in

(b) of image size 420 nmx420 nm. 3D islands of various shapes appeared, and only a

small number of nanowires survived.

 

Figure 6.13 STM images showing a parallel nanowire covered surface free of islands

formed by depositing 0.77 ML Gd on a vicinal Si (001) substrate (300 nmx300 nm). The

sample was prepared with 5 min PDA.
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Another approach to improving nanowire growth is the judicious choice of metal.

Since these nanowires arise due to an anisotropy in lattice mismatch between the silicide

and the substrate, and in particular since there is a good match between the silicide and

the silicon along the long dimension of the nanowire, one possible criterion for choice of

metal would be the best possible match between the a dimension of the hexagonal

silicide. and the lattice constant (as,- = 3.84A) of the Si (001) surface along < 1T0 >

directions. For example, Dy has a mismatch of -0.23% in this direction, and in general,

nanowire formation is seen for metals with less than 1.2% mismatch [7]. Y would appear

to be an even better choice with 0.0% mismatch. However, we have found that Y

nanowire growth can be problematic due to growth of 3D islands that are not suppressed

by quenching.

A more objective figure of merit for growth is a high ratio of nanowires to 3D islands.

We have obtained the best results for Gd which has +0.96% mismatch along a. Figure

6.2(b) shows 0.63 ML of Gd grown on flat Si (001), with PDA. These are similar growth

conditions as the Dy surface shown in Figure 6.5(a). There are only well-ordered bundles

of nanowires on the surface, with no islands seen even at the nanowire junctions. Gd

nanowire growth on the vicinal surface is shown in Figure 6.13. In this case, the surface

was grown under very similar conditions as on the flat surface, i.e. with 5 minutes PDA.

The surface is covered in parallel nanowires, and 3D island growth is absent, just as on

the flat surface.
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6.3 Discussion

6.3.1 Effects ofannealing and growth temperature

Annealing duration plays a very important role in the growth of Dy silicide growth.

Longer annealing duration promotes 3D island growth. With PDA, the 3D islands can

appear as early as 0.3 ML, but appear after 0.5 ML with PDQ. Further annealing drives

metal atoms to leave nanowires and form large 3D islands. Annealing can also affect the

nanowire bundling. Similar to island growth, the nanowires start to bundle at about 0.3

ML with PDA, but are still in single at 0.5 ML with PDQ. Additionally, annealing can

affect the growth of 2D phases, for example, the 2x7 reconstruction appears in a very

narrow range with PDA.

The effect of annealing on Gd silicide growth does not appear to be as strong as on

Dy silicide growth. The Gd nanowires are very stable upon annealing without

transforming into islands, and the island growth depends mainly on coverage.

Unfortunately, we have not done comparable experiments on Gd silicide growth with

PDQ and with longer time annealing.

The growth temperature is also an important factor during RE silicide growth. At low

temperature like 500°C, the nanowires start to appear at higher coverage compared to

600°C, more metal atoms enter the 2D phases. But at higher temperature than 600°C, the

surface starts to lose metal atoms due to re-evaporation or diffusion, and it seems that

silicides do not survive extended annealing at 700°C.

6.3.2 Multiphase coexistence and atomic model

The effect of annealing duration on the growth of nanowires and islands could result

from the competition between tetragonal/orthorhombic and hexagonal phases, which has
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been observed for thick films (>20 nm) of Gd silicide on Si substrates by Molnar et al.

[67, 68, 121]. The hexagonal phase has lower activation energy of formation than the

orthorhombic phase, but the difference is very small, and the ratio of two phases strongly

depends on the annealing temperature, annealing duration and thickness. This is relevant

to submonolayer growth of RE silicides on Si (001) if we assign hexagonal structure to

nanowires and orthorhombic/tetragonal structure to 3D islands as has been done for the

case of Dy silicide in Chapter 4.

The three types of structures are closely related. When growing on Si (001), the

hexagonal structure has two orientations, RESI2-x ( l l00)//Si (100) with RESiz.x [0001]

//Si[01l] and RESiz.X (1100) //Si (100) with RESI2-x [0001] // Si[OTT] [39, 64, 80, 81],

and the orthorhombic and tetragonal structures have the same orientation (note that the

orthorhombic Gd812 type structure is only a deformation of the tetragonal ThSiz type

structure), RESi2_x (001) //Si (001) with [100]//Si[ll0] [57, 61, 82]. Based on this

information, atomic models can be built for the growth of hexagonal and tetragonal

phases, as shown in Figure 6.14, in which (b) and (c) are the side views of the first and

second layer nanowire growth and 3D island growth, respectively. 14(b) is a revised

version of the model shown in Figure 4.9. It can be seen that at the interface between

silicide and Si substrate in both models, the metal atoms occupy a position essentially the

same as that in the bulk silicide of both structures.

The two silicide structures in (b) and (c) can be described as different arrangements of

the same building unit block: a parallelepiped with eight silicon atoms as apexes, and a

rare earth atom at the center [33], which is shown in (a) and marked by a rectangular box

in both models. These unit blocks are stacked along the [001] direction in the tetragonal
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Figure 6.14 Side views of (b) hexagonal and (c) tetragonal RE silicides grown on Si (001)

substrate, both of which can be built from the unit block shown in (a).

and orthorhombic structures, and along the [1T00] direction in the hexagonal structure.

All of the blocks in (b) are in the same vertical plane, translated half unit block between

each other in the hexagonal structure. While in (c), the layers (2) and (3) are in the same
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vertical plane and reserve the same relationship between blocks as that in the hexagonal

structure, but layers (1) and (4) are in another vertical plane, translated half unit block

into the paper with respect to layers (2) and (3), as marked by different shades. In

addition, the largest face of the building element is square in the tetragonal structure, and

rectangular in the orthorhombic and hexagonal ones. The lattice parameters of the

tetragonal and hexagonal structures are related, azbz (a;,,.,,.+c;,,._,—)/2 and (‘22 fig,“ [39].

The first rationale for the assignment of 3D islands to the tetragonal or orthorhombic

phase is their compact rectangular shapes. Experiments have also shown that for the

similar Er/Si (001) system where both nanowires and 3D islands are seen, the crystal

structure of the islands is tetragonal [107]. Even though it has not been proved by any

experimental techniques that Gd or Dy nanowires are of hexagonal A1132 type structure,

the anisotropic lattice mismatch to Si (001) surface explains well the nanowire formation

mechanism [6, 7, 14]. Furthermore, the hexagonal structure can also explain the 0.35 nm

height quantum of Dy silicide nanowires, which is the unit cell height (0.332 nm) along

[1T00] [14], as shown in (b). Similarly, the quantum height (0.35nm) for Gd silicide

nanowires also agrees with this model, in which the unit cell height of Gd disilicide is

0.336 nm. Following this line of reasoning, the quantum height 0.66 nm of flat 3D islands

can be explained by the tetragonal ThSiz model, which is the total height (0.62 nm) of

layers 3 and 4 in (c), including two layers of metal atoms inside.

Notice that in both models the top surface is shown as terminated with a Si bilayer,

similar to the Si (001) termination of bulk silicon. This is analogy to the fact that RE

silicides grown on Si (111) terminate with a buckled Si bilayer [69, 72]. If this is the case,

the first layer of nanowires should consist of one layer of metal atoms (as discussed in
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Section 3.4), and one Si bi-layer as a termination, as shown in (b). The apparent height of

the nanowires of minimum height, 0.52 nm for Dy, and 0.49 nm for Gd, is larger than the

measured quantum height of 0.35 nm. This is possibly caused by the different electronic

states of the top surface of the nanowire, and the substrate which can be either clean Si

(001 )2x1, or either the 2x4 or the 2x7 reconstructions.

Note that the first layer of tetragonal phase in the 3D islands is drawn including two

layers of metal atoms in (c) for convenience. The thickness may vary in the real situation

as suggested by the measurements that no unique number can be found for the minimum

height for the 3D islands. However, it is worthy to note that the distinction between the

hexagonal and the other two silicide phases only arises when there is more than one layer

of metal atoms present.

6.3.3 Lattice mismatch and strain relaxation

Apparently, the competition between nanowires and islands, or between the

hexagonal phase and the tetragonal/orthorhombic phases, is a function of annealing

duration and metal coverage, as well as the metal species since the coexistence of

nanowires and islands is easier to realize for Dy silicides compared to Gd silicides. The

hexagonal Gd silicide nanowires are more stable than Dy silicide nanowires, but islands

 

do appear for Gd silicides at higher coverage and with longer annealing duration.

Essentially, the competition is controlled by the ease of epitaxial growth of each

phase. As we know, lattice mismatch and chemical bonding at the interface are two

factors to determine the realization of a heteroepitaxial system [108, 109, 122]. Due to

the existence of lattice mismatch, a pair of superlattices with similar translational

symmetry across the interface can be defined instead of a common superlattice (or
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coincidence lattice) [108, 122]. The mismatch between the two superlattices and the unit

cell area of the superlattices are two parameters that characterize the lattice match [88].

For RE silicide/Si (001) systems, the disilicides of different structures can form almost

the same interface, implying similar chemical bonding configuration, as shown in Figure

6.11. Therefore, the lattice mismatch would be crucial for the epitaxial growth. As shown

in Table 1.6, comparing the hexagonal to either the orthorhombic or the tetragonal

silicide phases, a large uniaxial strain in the former can be redistributed over two axes in

the latter. Unit cell area is a measure by which one can assess the effect of biaxial strain

on epitaxial growth [88, 123]. We can use the ratio of the unit cell area of the tetragonal

phase to the hexagonal phase as a measure of strain, and the percentage deviation from

1.0 as an areal mismatch (AM), where AM(tet/hex)=(areatct/areahcx-l). Then AM(tet/hex)

is 40% higher for Gd than Dy. Similarly, AM(orth/hex) is 50% higher for Gd than Dy. In

both cases, this would support the tendency for Gd to be less likely to form non-

hexagonal phases than Dy. If we consider the case of Er, AM(tet/hex) is very small which

is consistent with the fact that small coverages of Er form at least as many 3D islands

(tet) as nanowires (hex). In any case, the mismatch in unit cell area correctly predicts

trends in the different behavior of different RE metals, even if it cannot be used to predict

the details of the growth behavior for a particular system.

The presence of elongated 3D islands could also be related to strain relaxation.

Firstly, we believe that these elongated islands are different from the nanowires in that

they usually appear after annealing and are much wider and higher than nanowires. These

islands could result from a shape transformation proposed by Tersoff and Tromp [124],

where compact, symmetric islands are favored below a critical island size, while
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elongated islands with high aspect ratios are the preferred shape for large islands. Thus

the shape transformations taking place as a result of the system relaxing its strain may

provide a convenient way of producing quasi—one-dimensional quantum-wire structures,

without the necessity of an anisotropic lattice mismatch.

Sinusoidal undulated 3D islands could be of orthorhombic or hexagonal structure

since a one dimensional undulation is more like to be related to anisotropic strain

relaxation, and the measured quantized height 0.35 nm is the same as that of the

nanowires, but different from that of the flat 3D islands. Similar phenomenon has been

found in film growth and explained by variations in elastic strain energy and surface

energy of the film related to lattice mismatch [110, 125-127].

Therefore, many phenomena apparent in the growth of RE silicides on Si (001) can

be related to effect of strain relaxation. Based on the STM results, we can do little more

than enumerate the different growth morphologies that can occur. The detailed

connection between strain and the growth behavior, as well as the assignment of

nanowires and the 3D islands to different silicide phases, awaits confirmation from other

analytical techniques.

It is illuminating to draw an analogy to the extensive literature on the growth of Ge on

Si (001). This is a system that is in principle easier to understand than the RE silicide /Si

(001) system since the growth is pseudomorphic, with a mismatch (4%) that is similar to

that between tetragonal RE silicides and silicon [128, 129]. Nevertheless, the behavior of

this system is very complex, with three different forms of islands formed (hut clusters,

pyramids, and domes), and it is only after many years of effort that a basic understanding

of the growth in terms of strain relaxation has been achieved.
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6.4 Conclusions

The growth of Dy, Gd silicide nanostructures is a function of growth temperature,

annealing duration, and metal coverage. At temperatures lower than 600°C, metal

accommodation in 2D reconstructions is preferable, and at higher temperatures, metal is

lost from the surface. Longer annealing duration promotes the formation of 3D islands.

The proportions of 2D reconstructions, nanowires and 3D islands in the surface are also

related to metal coverage. The Gd is accommodated in 2D phases up to a critical

coverage, 0.357 ML, and then nanowires start to nucleate. 3D islands form for both Gd

and Dy at higher coverage. Gd grows nanowires without 3D islands over a wider range of

conditions than Dy. The differences in behavior between the metals can be correlated

with the areal mismatch of the surface lattice unit cells which is a measure of biaxial

strain. Both the nanowires and islands grow layer-by-layer with quantized step heights

which are consistent with the bulk RE silicide crystallographic structures by assigning

nanowires to the hexagonal phase, and 3D islands to the orthorhombic or tetragonal

phases. The RE silicide growth on the vicinal Si substrate shows similar kinetics as on the

normal Si substrate. In order to grow a single domain, parallel arrays of nanowires on the

vicinal surface, it is crucial to suppress the growth of 3D islands which are accompanied

by significant Si redistribution and step redistribution.
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Chapter 7 Future work

As discussed in the introduction, the idea of using anisotropic lattice mismatch

systems to produce nanowires was just realized two years ago, and it seems that RE

silicides/Si (001) are the only systems under study. Generally, people are more familiar

with biaxially lattice mismatched systems, and most of the knowledge comes from the

extensive and intensive studies of heteroepitaxial growth of semiconductor thin films and

quantum dots. Essentially, most of the phenomena during heteroepitaxial growth can be

related to strain relaxation in these systems, which originates from the biaxial lattice

mismatch. In this chapter, a brief review is given of the effect of lattice mismatch and

strain relaxation on epitaxy, and some possible nanowire forming systems are pointed

out. More research work is needed to better understand the strain related effects in the

growth of RE silicides, and to find other systems in which uniaxial strain results in the

formation of nanowires.

7.1 Epitaxy

Epitaxial growth is a key process in modern microelectronics technology and has

been studied extensively and intensely to pursue new classes of artificially structured

materials to produce novel devices [109, 130, 131].

The term epitaxy is derived from the Greek words epi (meaning "on") and taxis

(meaning "arrangement") [132]. The epitaxial growth refers to the deposition of a thin

layer of material onto the surface of a single crystal substrate in such a manner that the

layer is also a single crystal and has a fixed and predetermined crystal orientation with

respect to the substrate. If the material grown is the same as the substrate such as silicon
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on silicon, then it has the same crystal orientation as that of substrate. This type of

epitaxy growth is called homoepitaxy. If the materials are different, such as Ge on Si, this

is called heteroepitaxy. Obviously, the growth of silicides on silicon substrates belongs to

the second case.

It is generally accepted that the epitaxial growth proceeds by three growth modes at

thermodynamic equilibrium: layer-by-layer [Frank-van der Merwe (FM)], island

[Volmer-Weber (VW)], and layer-by-layer growth followed by 3D islands [Stranski-

Krastanov (8K)] growth modes [129, 130, 133, 134].

In the lattice matched systems, the growth mode is governed by the interface and

surface energies only. If the sum of the surface free energy of the epitaxial film and the

free energy of the film/substrate interface is smaller than the surface free energy of the

substrate, layer-by-layer mode occurs. The opposite case results in island growth mode.

In the intermediate case, Stranski—Krastanov mode occurs. The situation is further

complicated if lattice mismatch is present between film and substrate. Figure 7.5 is an

equilibrium phase diagram of a lattice-mismatched heteroepitaxial system [135], showing

that the FM mode only occurs at small lattice mismatch (up to 10%), but at large lattice

mismatch, SK mode and VW mode are favored. Transition from FM mode to SK mode

could happen at a certain thickness for a given mismatch due to the increasing strain

energy with thickness during growth.

In practice, epitaxial growth (or deposition) is a non-equilibrium process determined

by kinetic phenomena, growth morphologies will deviate more or less from the

thermodynamic picture [130, 134]. The growth mode strongly depends on the detailed

growth conditions, and also on the combination of film and substrate. For semiconductor
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heteroepitaxy, for example, GeSi/Si [136] and InGaAS/GaAs [137, 138], three

dimensional island growth is favored over the layer-by-layer growth mode when the

lattice mismatch is larger than 2% [111].
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Figure 7.1 Equilibrium phase diagram in function of the coverage H and misfit a. The

small panels on the top and the bottom illustrate the morphology of the surface.

7.2 Lattice Mismatch

As we can see, lattice mismatch plays a central role in determining the final overlayer

morphology. A brief discussion on lattice mismatch would be helpful in finding new

systems to form nanowires.
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Zur and McGill [88]suggested a criterion for lattice match in the heteroepitaxial

system that the interface translational symmetry could be compatible with the symmetry

on both sides of the interface within a given precision. A pair of superlattices with similar

translational symmetry across the interface can be defined instead of a common

superlattice (or coincidence lattice) [108, 122] due to the existence of mismatch. The

mismatch between the two superlattices and the unit cell area of these superlattices are

two parameters that characterize the lattice match. Following this criterion, a number of

ways can be defined to match the two lattices, but actual orientation will be determined

by the chemical bonding at the interface [109]. The simplest case for heteroepitaxy is that

the overlayer and substrate have similar matching lattices and similar lattice parameters

(mismatch <10%), then the matching between the two cubic lattices can be described in

Figure 7.2(a). In this case, the mismatch can be defined as f = (a0 — a, )/ as (note that this

is only one type of definition commonly in use). For high mismatch systems (>10%), a

coincidence lattice can be defined with lattice parameter na0 or mas , as shown in Figure

7.2(b), where m/ n is the closest integer ratio of a0 / ax. In this case, the mismatch is

defined as f = (nan - "160/ max [108, 122]. Sometimes, a rotation between the two

lattices is involved to match them together, as shown in Figure 7.2(c). Obviously, the

lattice matching between hexagonal RE disilicide (0110) and Si (001) substrate belong to

the first case. And that between cubic C3F2 (110) with Si (001) belong to the second case

since it has a 45% mismatch along one direction, which amounts to -4.64% if we use the

mismatch definition for coincidence lattice.
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Figure 7.2 Lattice matching in heteroepitaxial systems, where as denotes substrate lattice

parameter, and (:0 denotes the overlayer lattice parameter. The overlayer lattice is the

shaded area.

  
(a) Pseudomorphic growth (b) Semicoherent film

  
(c) Dislocated island ((1) Coherent island

Figure 7.3 Registry between overlayer and substrate.
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7.3 Strain relaxation

In the early stages of epitaxial growth, the overlayer will strain elastically to match

the substrate lattice coherently at the interface as a wetting layer, which is usually called

“pseudomorphic” growth [139], as shown in Figure 7.3(a). Up to a critical thickness,

strain built up during growth will be relieved by forming misfit dislocations in the

interface, resulting in a semicoherent film [108, 140, 141], as shown in (b), or by a

transition from the layer-by-layer growth mode to SK mode by forming islands on top of

the wetting layer [142]. The islands could be unstrained with dislocation at the interface

[143, 144], which is called ‘dislocated islands’, as shown in (c), or could be strained

elastically to keep in registry with wetting layer lattice, which is called ‘coherent islands’

[129, 134], as shown in (d). It is generally stated that the islands formed in the VW

system are incoherent or dislocated [143]. Only recently, it was reported that coherent

islands can be formed in Gd/Si (l l 1) system which proceed by VW growth mode [145].

Misfit dislocation is just one way for strain relaxation. The strain caused by lattice

mismatch can also be relieved by surface roughening and other defects resulting from the

interaction between misfit dislocation and surface roughening during heteroepitaxial

growth [110, 131, 146]. All of these mechanisms are closely related to the growth

modes, determining the final morphologies [111, 146]. For systems with small mismatch

(<2%), growth proceeds by layer-by-layer mode and ‘cross-hatch’ morphology usually

forms [111, 147]. For systems with larger mismatch, growth proceeds by coherent or

incoherent islanding (SK or VW mode), resulting in a series of strain-relief

morphologies[110]. Theory and experiments show that systems with tensile strain could

be more resistant to roughening [133, 148, 149].
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Strain-induced roughening can be problematic in the fabrication of coherently

strained device structures, but on the other hand, it is beneficial for the fabrication of

quantum dots [150], for example, GeSi quantum dots on Si (001) [128, 129, 151, 152]

and InGaAs quantum dots on GaAs [153, 154]. The quantum dots could form ordering

arrays spontaneously, called self-organization, driven by long-range elastic interaction

[129,134,155].

The formation of quantum dots generally involves two square lattices which are

highly mismatched biaxially, thus the growth is limited along the two matching

crystallographic axes, forming square-shaped islands. There are circumstances that the

symmetry is broken then islands grow into elongated shapes, forming wire-like structure.

For example, the formation of Ge ‘hut’ shaped islands on Si (001) is due to surface

energy anisotropy [128, 156], and the formation of InAs/InP (001) quantum wires results

from anisotropic stress relaxation [157]. In these two cases, the geometric symmetry is

still reserved. If the geometric symmetry is destroyed, anisotropic strain will result,

leading to the formation of nanowires. There are two ways to break the geometric

symmetry, using low symmetry substrate, such as Ge nanowires on Si (113) [158], and

using low symmetry overlayer, such as Can nanowires on Si (001) [159, 160].

Obviously, the formation of RE disilicide nanowires on Si (001) under investigation

belongs to the latter case.

7.4 Possible systems to form nanowires

Out of scientific curiosity and technological interest, it is desirable to seek if there are

other substrate/overlayer combinations that have anisotropic mismatch and might form
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nanowires of metals, insulators, and semiconductors. For nanowire forming RE

silicide/Si (001) systems, the mismatches range between —l.09% and 0.96% along the

good match direction, and between 6.5% and 8.6% along the poor match direction (-

4.58% for ScSi2/Si (001)). We can conclude here that a system might be used to form

nanowires if the mismatch between the two lattices fall in a similar range as the RE

silicide/Si (001) systems. One interesting system that would be a straightforward

extension of the present work is RE silicide/SiGe (001). As mentioned above, we can

manipulate the lattice parameters of SiGe alloy by changing the ratio between Si and Ge,

hence it is possible to make zero mismatch along the good match direction, but keep the

mismatch along the poor match direction still within the required range, for example,

GdSIQ/SIQJSGCOQS (0%, 7.61%), in which it is possible to manipulate the width and length

of the nanowires which are regulated by the according mismatch. This system can also be

used to manipulate the mismatch anisotropy to test the lattice mismatch model.

Our understanding on nanowire formation with systems of anisotropic superlattice

mismatch is very limited since we only have one example of Can /Si (001). The Can is

of face-centered cubic structure, having a lattice parameter 5.463A. Can matches onto Si

(001) surface with (3an (110) // Si (001) and (3an [110] parallel to one of the Si<110>

directions on Si surface, as shown in Figure 7.3(d). The mismatch is 0.6% along the

longitudinal direction, and -4.64% along the lateral direction of the nanowire. The Can

nanowire is about 5-10 nm wide, and typically 1pm long [159]. There are a number of

systems which have similar anisotropy as Can (110) // Si (001), as shown in Table 7.1,

which are possible to form nanowires. All of the metal silicides listed in the table belong

to the category of refractory metal (RM) silicides, as shown in Table 1.2.
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It is also possible to use lower symmetry substrates, such as Si (1 10) to form

nanowires. For example, if tetragonal GdSlg (001) can match onto the Si (110) surface

with GdSi; [100] // Si [001], then we have anisotropic mismatches of 0.68% along one

direction and 6.77% along the other direction. Therefore, nanowires could be formed

with this system.

7.5 Future work

7.5.1 Growth ofnanowires with other systems

As we can see, following the anisotropic lattice mismatch model, it is possible to find

new systems to form nanowires, such as the refractory metal (Nb, Ta, Mo and W)

silicides mentioned above, and other systems on lower symmetry substrates, such as

GdSiZ/Si (110). Although it is easy to form nanowires with RE/Si (001) systems, it is not

the best system due to their low thermal stability and high reactivity with oxygen. In

contrary, RM silicides are very stable against heating and oxygen [19]. Therefore, the

nanowires formed by RM silicides would be a good alternative to RE disilicide

nanowires. Although the transition metal silicides have been studied extensively, the

formation of nanowires is not observed possibly because attention has been concentrated

on continuous films, and the early stages of growth are not very fully studied. Similar to

RE/Si systems, RM/Si systems have rich phase diagrams with a variety of stoichiometries

(see Table 1.2). Growth conditions need to be manipulated to produce the correct phase

that might potentially form nanowires.
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7.5.2 Strain relaxation in RE silicide/Si (001) systems

As discussed above, strain relaxation plays an important role in heteroepitaxial

growth. Generally, the heteroepitaxy of GeSi alloy on Si has been studied as a model

system for strain relaxation due to its technological importance, simplicity, and the fact

that the lattice mismatch can be tuned by changing the ratio between Ge and Si in the

film [128, 129]. The growth of RE silicides on Si (001) would also be a good system for

studying strain effect on heteroepitaxial growth since they form the same crystal

structures and the lattice mismatch varies from metal to metal. Most interestingly, the

mismatch could be biaxial or uniaxial, depending on the detailed silicide structure, which

provides new insight into the heteroepitaxy. Unfortunately, this issue is left unstudied for

RESlg/Sl (001) system for several reasons. Firstly, additional complications have to be

considered due to the difference in chemical properties between different RE metals, such

as valency and chemical bonding, compared to Ge/Si system. Secondly, attention is

focused on improvement of surface morphology and properties of RESIz/SI interfaces.

And most probably, the RE silicides have not been widely used in the semiconductor

industry.

In our experiments, many interesting phenomena have been found in the early stages

of RE (Dy, Gd, and Er) silicide growth on Si (001), e.g., transformation between 2x4

and 2x7 superstructures, nanowire bundling, wavy islands, elongated islands, all of which

can be related to strain relaxation effect. More experimental and theoretical work need to

be done to understand these phenomena. A good understanding of these strain related

issues in the RE silicide/Si (001) systems will not only contribute to the growth of low

dimensional materials, but also contribute to the theory of heteroepitaxy.
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Another important issue is the difference in growth behavior of different RE metals,

which could be controlled by strain relaxation due to different lattice mismatch in

different systems. As an example, the SCSIz/Si (001) system is worthy to try since Sc

silicide has negative mismatch (tensile strained) along the poor mismatch direction

([1010] ). opposite to that of Dy and Gd silicides which are compressive strained on Si

(001). As we know, the relaxation of compressive and tensile strained systems is

different. Therefore, it would be interesting to see what differences we can observe in the

growth of Sc silicide on Si (001).

7.5.3 TEM work

In this thesis, we have made different plausibility arguments for the assignment of the

hexagonal silicide phase to nanowires, and tetragonal or orthorhombic phase to large 3D

islands. Transmission electron microscopy (TEM) is needed to examine these structures

individually to test these assignments. Convergent beam diffraction has to be used since

most of the structures are very small.

   .
.

“4'

a)

Figure 7.4 (a) Bright field image (1pmx0.9um) of a Dy/Si (001) sample at a metal

coverage of 3.4 ML. (b) The diffraction pattern from the same sample.

We have done a preliminary TEM study of the Dy/Si (001) surface. The sample was

prepared by gluing a Mo ring on the film side of 3.4 ML Dy deposited sample, then
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gluing the Mo ring to a sapphire and thinning the sample from back side to 10 pm by

mechanical polishing and ion milling. H-800 TEM was used for observation. Plan view

bright field TEM images of DySi” islands show diffraction/scattering contrast. The

morphology is the same as that seen by STM on the same sample, indicating that the

wires are stable after exposure to air. The lack of extra spots in the diffraction pattern

from the overlayer, along with the absence of Moire fringes in the images, indicate that

the islands are coherent with the substrate, at least in the direction along the long axis of

the elongated islands.

STM measurements shown in Chapter 4, Table 4.1 show that the top surface of

islands is relaxed to a certain degree with a dependence on thickness. The best

explanation would be that the islands grow coherently with the substrate at the interface,

but relaxed at the top, matching the model shown in Figure 7.3(c). Further experiments

with cross sectional TEM observation is also needed to characterize the interface

structure between islands (or nanowires) and Si substrate.
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