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Abstract The growth and coarsening dynamics of dys-

prosium silicide nanostructures are observed in real-time

using photoelectron emission microscopy. The annealing

of a thin Dy film to temperatures in the range of

700–1050 �C results in the formation of epitaxial rectan-

gular silicide islands and nanowires on Si(001) and trian-

gular and hexagonal silicide islands on Si(111). During

continuous annealing, individual islands are observed to

coarsen via Ostwald ripening at different rates as a con-

sequence of local variations in the size and relative location

of the surrounding islands on the surface. A subsequent

deposition of Dy onto the Si(001) surface at 1050 �C leads

to the growth of the preexisting islands and to the forma-

tion of silicide nanowires at temperatures above where

nanowire growth typically occurs. Immediately after the

deposition is terminated, the nanowires begin to decay

from the ends, apparently transferring atoms to the more

stable rectangular islands. On Si(111), a low continuous

flux of Dy at 1050 �C leads to the growth of kinked and

jagged island structures, which ultimately form into nearly

equilateral triangular shapes.

Introduction

Rare earth (RE) silicides have been studied extensively on

both Si(001) and (111) surfaces for potential use in

microelectronics applications. Initially, thin films of RE

metals were found to react with Si substrates at tempera-

tures in the range of 300–500 �C to form silicon-rich

compounds of the type RESi2-x (0 \ x \ 0.4) [1, 2].

Investigations into the electrical properties of these sili-

cides revealed Schottky barrier heights of *0.4 eV on

n-type Si and *0.7 eV on p-type Si, presenting the

materials as good candidates for device applications [3–5].

Furthermore, the epitaxial relationship of the hexagonal

AlB2 type structure of many of the RE silicides with

Si(111) was found to be [6]RESi2-x||[-1-12]Si and

(0001)RESi2-x||(111)Si, which results in a favorable lattice

match between the two materials and offers the opportunity

to grow high-quality epitaxial films [7–9].

Lately, interest in RE silicide epitaxy has shifted from the

isotropic epitaxial nature of the silicide films on Si(111) to

the anisotropic nature of the films on Si(001), as a result of

the discovery of a pseudo one-dimensional type of epitaxial

nanostructure [6, 10–15]. The growth of high aspect ratio,

wire-like nanostructures (nanowires) on Si(001) surfaces, is

reported to occur because of strain energy anisotropy

brought about by the anisotropic lattice mismatch between

the RE silicides and the silicon substrate [6, 16]. Specifi-

cally, the epitaxial relationship between the hexagonal form

of the silicides and the Si(001) surface is such that the [0001]

and ½1120� silicide axes are parallel to the h110i axes of the

substrate and ð1100Þ RESi2-x||(001)Si, which is different

than that with the (111) surface [8, 17, 18]. In the case of

dysprosium silicide, this results in a lattice mismatch with

Si(001) of -0.26 % in one direction and 7.29 % in the
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corresponding orthogonal direction [19, 20]. Therefore,

once a nanostructure is nucleated on the surface, growth in

the direction of small lattice mismatch does not significantly

increase the strain energy, but a significant increase in strain

occurs for growth in the direction of large mismatch [6, 21].

This leads to the formation of epitaxial nanowires that grow

to microns long in one direction but are only a few nano-

meters wide in the other. In addition, cross-sectional

HRTEM studies have shown that DyS2 nanowires contain

one or two layers of hexagonal silicide at the buried inter-

face and two to three surface layers with a faulted stacking

that are believed to provide stress relief during growth of the

NW islands [20].

The formation of the RE silicide nanowires represents

an interesting self-assembled surface phenomenon with the

potential to impact the microelectronics industry; however,

they appear to be a metastable structure which can only be

grown and sustained under certain conditions. The nano-

wires are typically formed via the deposition of sub-

monolayer amounts of RE metal at temperatures in the

range of 500–700 �C. The deposition of excess metal or

prolonged annealing at elevated temperatures results in the

destruction of the nanowires in favor of larger epitaxial

rectangular silicide islands [6, 10, 11, 16, 19, 20]. The

mechanisms responsible for the instability of the nanowires

are not fully understood. Moreover, the surface evolution

of the epitaxial rectangular islands, including stability and

coarsening dynamics at elevated temperatures, has not been

addressed.

Experimental observations of nanoscale structures usu-

ally involve the use of scanning probe techniques such as

scanning tunneling microscopy (STM) or atomic force

microscopy (AFM). These techniques are capable of high-

resolution imaging; however, measurements are usually

taken after nanostructure coarsening that has proceeded for

a fixed amount of time. In order to fully understand the

kinetic and energetic processes that govern the growth and

stability of epitaxial nanostructures, an in situ, real-time

microscopy technique must be employed.

This study focuses on the growth dynamics of dyspro-

sium silicide nanostructures on Si(001) and (111) surfaces at

elevated temperatures. We employ ultra violet photoelec-

tron emission microscopy (UV PEEM) for real-time, in situ

observation of the stability and shape evolution of the

nanostructures during coarsening. In particular, our results

establish that the coarsening of epitaxial DySi2-x islands is

strongly influenced by local variations in the size and rela-

tive location of the islands on the surface. Additionally, the

initiation of a Dy flux during annealing leads to the forma-

tion of new DySi2-x nanowires on Si(001) at temperatures

above where nanowire growth typically occurs and results in

the growth of nearly equilateral nanostructures on Si(111).

We find different cross-sectional shapes for the island and

nanowire structures on Si(001) and propose that the shape

evolution of the nanostructures is related to strain relaxation.

Furthermore, we monitor the decay process of individual

wires using real-time photoelectron emission microscopy

(PEEM). Direct observation combined with ex-situ AFM

measurements is used to analyze the wire growth dynam-

ics, their ordering, shape, and size. Surface ripening is

found to occur at the same time as wires and islands are

formed. We report on the decay of nanowires and their

dependence on their initial width.

Experimental

All measurements employed 9 9 9 mm2 sections of

Si(001) (p-type, 0.05–0.1 X-cm) and Si(111) (n-type,

0.05–0.1 X-cm) wafers. Prior to loading in UHV, the

substrates were cleaned by UV-ozone exposure and a wet

chemical etch using a solution of 10:1 hydrofluoric acid

diluted in de-ionized water. The substrates were then

immediately loaded into ultra high vacuum (UHV) through

a load lock and submitted to a thermal treatment at

*950 �C for 15 min. The experiments were performed in

a UV PEEM system (Elmitec) with a base pressure

\2 9 10-10 Torr. The UV light for the PEEM was gen-

erated by the tunable FEL at Duke University with a

photon energy range of 3.0–7.0 eV, a Coherent Innova 300

FreD Ar ion laser with a photon energy of *4.8 eV, or a

100 W Hg discharge lamp with an upper cutoff energy

near 5.1 eV. Details of the UV PEEM system have been

described previously [22].

The Dy metal was deposited from a four-pocket elec-

tron-beam evaporator at temperatures varying from 600 to

700 �C. Thin metal films of *1–2 nm in thickness were

deposited in situ onto the clean substrates at room tem-

perature. After Dy deposition, the samples were annealed

to 950–1050 �C to initiate the silicide island formation and

growth. The samples were heated in the PEEM system by

radiative heating from a tungsten filament in conjunction

with electron bombardment directed toward the backside of

the sample. The temperature was measured with a ther-

mocouple attached to the sample holder, and the sample

surface temperature was calibrated with an optical

pyrometer. A potential of -20000 V was applied between

the sample and the perforated anode which was *2–4 mm

from the sample surface.

The PEEM images were enhanced with a microchannel

plate and displayed on a phosphor screen. All of the images

were recorded with a DVC-1312-M-fw digital CCD cam-

era using an exposure time of 3 s. After the growth process,

the sample was cooled and removed. Subsequently, a sur-

face morphology analysis was performed using an Autop-

robe CP-R atomic force microscope (AFM) in contact
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mode, utilizing a Si cantilever with a spring constant of

1.6 N/m and a resonant frequency of 170 kHz.

Results

Prior to depositing the Dy film, the clean Si surface dis-

played a uniformly dark PEEM image at room temperature.

As dysprosium was deposited onto the surface, the PEEM

image brightened significantly, indicating increased elec-

tron emission from the sample due to the deposition of the

low work function metal onto the surface. Once the depo-

sition was terminated, the sample was slowly annealed, and

the emission intensity from the surface was observed to

decrease due to an intermixing of the Dy overlayer with the

underlying Si. Continued annealing to temperatures as high

as 1050 �C resulted in the decomposition of the silicide film

into 3D nanoscale islands followed by coarsening of the

surface nanostructures.

Figure 1 displays a sequence of PEEM images obtained

during the annealing of a Dy film which was deposited onto

Si(001) at room temperature. The bright white shapes in the

images are identified as the DySi2-x islands, and the dark

background is the exposed Si substrate. The contrast in the

PEEM images is attributed to a difference between the work

function of the DySi2-x islands and the photothreshold of

the Si substrate. The silicide islands are expected to have a

work function that is less than 4.5 eV [2, 23], and the bare Si

substrate has a photothreshold of *5.1 eV [24]. The photon

energy of the incident FEL light is tuned to 4.9 eV, which

allows for significant electron emission from the silicide

nanostructures and nearly undetectable emission from the

exposed Si substrate.

During annealing of the silicide island distribution dis-

played in Fig. 1, images of the surface were recorded every

five seconds for the duration of the experiment. As shown in

Fig. 1a, the initial DySi2-x island distribution is relatively

uniform with most islands being of similar size. As

annealing time progresses (Fig. 1b–d), the number of

islands on the surface decreases, and a few islands grow

larger than the rest. The larger islands develop a distinct

rectangular shape indicating they share an epitaxial rela-

tionship with the substrate. The areas immediately sur-

rounding the large islands become mostly devoid of smaller

nanostructures suggesting that island growth is progressing

via atom exchange through surface diffusion, a process often

termed as Ostwald ripening [25, 26]. We note that the sub-

strate signal is essentially uniform across each image.

Fig. 1 A sequence of PEEM

images showing a decrease in

DySi2-x island density on

Si(001) in conjunction with the

growth of a few islands during

annealing at 950–1050 �C.

Image a was obtained during

annealing the sample at 950 �C

for 80 s. Images b–d were

obtained 5, 275, and 560 s after

the sample temperature was

increased to 1050 �C,

respectively. The field of view

of each image is 10 lm. The

dark spots in the images are

defects in the PEEM

microchannel plate and are not

surface features
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Results have indicated that Dy adsorbed on the Si(100)

surface results in a decrease in the work function [27] which

could lead to a brighter PEEM image. The uniform substrate

signal for each image suggests that either the PEEM at this

wavelength is not sensitive to the change in work function

and/or that the Dy atoms are uniformly distributed across the

surface.

Figure 2 displays the change in the number of islands in

a 10-lm field of view with annealing time. As the sample

temperature reached 950 �C, there were *2000 islands in

a *78.5 lm2 area of the surface. Continued annealing at

950 �C for 300 s resulted in a reduction of the number of

islands to *1350. The sample temperature was then

increased to 1050 �C, and the island ripening rate increased

significantly; this increase is reflected as a sharp drop in the

number of islands on the surface as seen in the ‘‘transition’’

portion of the graph in Fig. 2. After the temperature was

stabilized at 1050 �C, the number of islands continues to

decrease at a decreasing rate for the remainder of the

annealing cycle.

The growth and shape evolution of the island labeled

number 1 in Fig. 1d is displayed in Fig. 3. In Fig. 3a the

island has been annealed at 950 �C for *80 s. The nano-

structure is compact with an elongated shape, measuring

184 nm long and 102 nm wide. After annealing at 950 �C

for a total of 300 s (Fig. 3b), the overall size of the island

has increased, with the length increasing by 75 nm and the

width increasing by 20 nm. The number of smaller sur-

rounding islands has decreased in conjunction with this

size increase, suggesting that they are decaying and sup-

plying material to the larger island to sustain its growth

(Ostwald ripening). Evaporation of the Dy also contributes

to the reduction of the island density. As the temperature is

increased to 1050 �C, the rate of island growth accelerates.

After annealing at 1050 �C for 185 s, the island length has

reached 496 nm, and the width is 223 nm (Fig. 3c). After

560 s at 1050 �C, all of the surrounding small compact

nanostructures have disappeared, and the island has

reached a length of 658 nm and a width of 263 nm

(Fig. 3d). Furthermore, larger islands in Fig. 3c and d show

a decrease in contrast when compared to smaller structures

in (a). This change may be partially due to a change of

crystal structure for the surface layer and/or a decrease in

work function due to electron confinement as the structure

height approaches the Fermi wavelength [28].

When we deposit just a few monolayers of Dy at

*700 �C, a very dense array of narrow nanowires are

formed (Fig. 4). They measure up to *0.5 lm in length and

*10 nm in width. The nucleation of these wires occurs too

rapidly to be observed with the PEEM. Their growth appears

to stop only when they intersect another wire. They have a

more uniform morphology and size distribution, while they

populate the entire surface. Immediately following the for-

mation of the new structures, the nanowires begin to decay

(Fig. 4b–f). When annealed at 750 �C, they decay more

rapidly than the wider wires. They shrink from the ends

before completely disappearing. Starting from Fig. 4c,

empty areas that were occupied by the nanowires appear on

the surface. Since additional nucleation is not observed

during the entire decay process, and no structure seems to

increase its size; evaporation seems to be an important

mechanism of nanowire decay. We note that diffusion of Dy

into the bulk is less likely to affect the size distribution. The

typical solid solubility limit of transition metals in Si is

between 10-7 and 10-9 at 1000 �C [29]. For RE metals such

as Er in Si, a solubility of 1 9 1016 cm-3 has been reported

Fig. 2 The variation in the number of DySi2-x islands during the

annealing process shown in Fig. 1

Fig. 3 A sequence of PEEM images showing the growth of the

DySi2-x island labeled number 1 in Fig. 1d. Images a, b were

obtained during annealing at 950 �C for 80 and 300 s, respectively.

Images c, d were obtained 185 and 560 s after the sample temperature

was increased to 1050 �C, respectively
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at 1300 �C [30], and an area concentration limit of

(2.0–5.0) 9 1011 cm-2 was found for ion implanted Si after

annealing to 900 �C [31]. These results suggest that less

than a monolayer of Dy could be accommodated in the bulk.

Figure 5a shows a PEEM scan of DySi2 nanowires array

formed after the deposition of few monolayers. Figure 5b

displays AFM images for typical nanowire and island

structures. The plain cleaned substrate was heated at 675 �C

before depositing Dy for *3 min. Nanowires are formed

after annealing at 675 �C for 3 min. The nanowires grow

along one of the two h110iSi orthogonal directions, with no

apparent preference for either orientation. This result is

likely related to the presence of multiple domains on the

surface. They exhibit high length-to-width ratios, and a line

profile of the wires (taken perpendicular to their long

direction) indicates sloped sides (Fig. 5c). They do not

appear to cross each other but end or start at the intersection

point. They measure up to *2.5 lm in length, with a width

between 60 and 80 nm and an average height of *4.0 nm.

Similar to the experiments on Si(001), DySi2-x islands

were grown on Si(111) by first depositing 1–2 nm of Dy

onto a clean substrate at room temperature. Following the

deposition, the sample was slowly annealed to 950 �C.

During the temperature increase, the emission from the

Fig. 4 A sequence of the decay of narrow wires (length up to 0.5 lm,

width *10 nm) formed after deposition of a few monolayers of Dy at

700 �C. The sample temperature was subsequently raised to 750 �C:

a nanowires array as formed, b after 60 s, c 132 s, d 192 s, e 246 s,

and f 288 s (FOV: 5 lm)
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surface was observed to decrease (signifying silicide for-

mation), and the film broke up into island structures. Once

950 �C was reached; the sample was annealed for 300 s,

and very little island coarsening was observed. Figure 6

displays a PEEM image of the sample after a quench to

room temperature following the 950 �C anneal. The sample

contains many islands that roughly resemble equilateral

triangles with sides ranging from 220 to 450 nm in length.

There are also other island structures, some of which have

faceted edges running in the same directions as the trian-

gles, and others that have less defined edges.

Following the temperature quench, the sample was re-

annealed to 1050 �C. Figure 7 focuses on a single large

faceted island and several nearby smaller islands during this

annealing process. Figure 7a, b displays the group of islands

after annealing at 1050 �C for 105 and 290 s, respectively.

When the temperature initially reached 1050 �C, the small

islands were all roughly triangular in shape. As the annealing

progressed for 105 s (Fig. 7a), the triangular islands began to

lose their shape and are reduced in size. After 290 s (Fig. 7b),

the small islands have almost completely disappeared, and

some of the kinks in the larger island have been filled in. This

suggests that as the smaller islands decay, Dy atoms detach

and diffuse across the surface to be incorporated into the

larger island. After annealing for a total of 300 s, a slow,

steady deposition of Dy was initiated.

The deposition of Dy at 1050 �C lasted for *15 min.

Figure 7c, d shows the growth of the large island as a result of

this deposition. After 270 s of deposition, two edges of the

island have become straight and kink-free (Fig. 7c). Continued

deposition for another 290 s resulted in the growth of the third

island edge leading to a nearly equilateral structure with the

average length of each side being *1000 nm. Interestingly,

significant growth of the small nearby island was not observed;

this suggests that the deposited Dy atoms were diffusing on the

surface and preferentially attaching to the larger island. No

new islands were nucleated during this process.

Discussion

The driving force for the formation of the island structures

in Fig. 1 is the equilibrium among the surface and interface

energies of the initially formed DySi2-x film and the silicon

substrate. Prior studies by Travlos et al. [32] have shown

that DySi2-x forms from a Dy film on silicon at tempera-

tures as low as 300 �C. As the DySi2-x film is annealed to

higher temperatures, sufficient thermal energy is supplied

to the system allowing the surface free energies of the film

Fig. 5 a A PEEM scan of

DySi2 nanowires array formed

after the deposition of few

monolayers at 675 �C, followed

by annealing at 675 �C for 3mn;

b Ambient AFM 1 9 1 lm2

viewgraph; c line scan over two

wires: triangular-shaped

nanowires are aligned in two

preferential directions. They

measured up to *2.5 lm in

length with a width of

60–80 nm and a height of

*4 nm

Fig. 6 A PEEM image acquired at room temperature showing the

distribution of DySi2-x islands on Si(111) after annealing at 950 �C

for 300 s. The field of view of the image is 10 lm. The dark spots in

the images are defects in the PEEM microchannel plate and are not

surface features
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and substrate to reach equilibrium with the free energy of

the interface between them. In general, the surface with the

highest energy will be minimized, which affects the mor-

phological characteristics of the system and determines

whether the film will wet the surface or form islands. In the

case of DySi2-x on Si(001), the result is the formation of

nanoscale silicide islands and wires [15, 32–37]. Other

effects, such as interface bonding, strain, and kinetics, will

also influence the formation and morphology of the islands

[15, 32]. In addition, mobility has been shown to be a

driving mechanism for the formation of highly elongated

islands [14], and the different crystal structures have been

associated with larger islands of compact or nanowire

morphology [34, 35].

Nanostructure Coarsening

As the initial island distribution in Fig. 1a is continuously

annealed at elevated temperatures, some of the nanostruc-

tures grow at the expense of others (Fig. 1b–d). The larger

islands in the distribution grow and many of the smaller

islands shrink and eventually disappear. This phenomenon,

known as Ostwald ripening, is described by the Gibbs–

Thompson (G–T) relation, [25, 26, 38]

Cr ¼ C1e2cX=rkT ; ð1Þ

where Cr is the adatom concentration at the perimeter of an

island, C1 is the equilibrium adatom concentration of an

island of infinite radius (r !1), c is the surface energy

per unit area of the island, X is the volume occupied by one

formula unit of silicide, k is the Boltzmann constant, and

T is the absolute temperature. The adatom concentration Cr

will vary with island dimensions. Large islands will have a

lower surrounding adatom concentration than smaller

islands; consequently an adatom concentration gradient

will develop between islands of different sizes. This con-

centration gradient drives the diffusion of adatoms from

small islands to large islands resulting in the island growth

shown in Fig. 1.

Interestingly, we observe that larger faceted islands in

Fig. 1d grow at different rates during annealing at 1050 �C.

Over the course of the annealing cycle shown in Fig. 1, the

growth of the three numbered larger islands is character-

ized by their lengthening and change in length-to-width

ratio, l/w. Island 1 lengthens by 70 % and l/w changes from

2.1 to 2.5, island 2 lengthens by 33 % and l/w increases

from 2.6 to 3.1, and island 3 lengthens by 47 % and l/

w changes only from 1.7 to 1.6.

The elongation of the islands is possibly due to several

effects. A model proposed by Jesson et al. [39] suggests

that island elongation is due to a kinetic instability leading

to facet growth. In this model, the growth of the end facets

is faster than the edge facets due to strain energy consid-

erations. Therefore, any residual strain energy in the

DySi2-x islands could lead to an increase in island length.

Alternatively, Fitting et al. [40] proposed that strain

relaxation may drive the elongation of the islands. Their

model suggests that the misfit structure of an island will

define its shape, and the island will grow longer along the

dislocation direction. Kastner and Voigtlander [41] have

Fig. 7 A sequence of PEEM images showing the growth of a DySi2-x

island on Si(111) during annealing at 1050 �C. Images a, b were

obtained after annealing at 1050 �C for 105 s and 290 s, respectively.

Images c, d were obtained during the deposition of Dy metal at 1050 �C

for 270 and 560 s, respectively

1818 J Mater Sci (2014) 49:1812–1823

123



employed the energy barrier to explain the island elonga-

tion: as a faceted island grows, the adatoms which attach to

the edges of the islands will diffuse to the ends because the

energy barrier for the nucleation of a new atomic layer on a

facet is larger at the edges. Shinde et al. [15] explain the

orientation of disilicide nanowires on Si(001) as a result of

a preference for adatoms to form atomic chains perpen-

dicular to Si dimer rows on the clean Si(001) surface, and

these atomic chains are precursors to nanowires.

The exact mechanism responsible for the island elon-

gation remains unclear; however, the differences in the

overall island growth rates may be attributed to variations

in the island distributions that surround each of the growing

nanostructures. The adatoms that sustain the growth of the

larger islands during coarsening originate from the smaller

surrounding nanostructures, so the size and location of the

surrounding structures will significantly affect the evolu-

tion of the larger growing islands [25, 26].

To investigate these variations, an ensemble of islands

was observed during Oswald ripening. The larger nano-

structures grow larger, and the smaller nanostructures shrink

away and disappear. However, for islands with areas

between 0.005 and 0.01 lm2, it appears that they have an

equal chance to grow or to decay. Figure 8 shows three

different islands at the center of a *1.5 lm radius area of

the surface: island 1 is in Fig. 8a, island 2 in Fig. 8b, and

island 3 in Fig. 8c. The sizes of the largest nearby nano-

structures are indicated in the images. Figure 8a shows

island 1 surrounded by many islands of moderate size;

however, none are larger than it. Therefore, island 1 grows

via Ostwald ripening at the expense of the surrounding

structures. Similarly, island 2, shown in Fig. 8b, is the

largest structure in its immediate vicinity. It grows initially

and remains relatively stable throughout the remainder of

the annealing cycle (the slight reduction in size may be due

to evaporation). Interestingly, island 1 reaches a much larger

final size than island 2. This can be attributed to the fact that

island 1 is surrounded by a higher density of larger nano-

structures compared to island 2, which would provide more

adatoms to sustain its growth. Finally, island 3 is close to

two islands (both to its left, the 0.142 and 0.154 islands) that

are significantly larger than it. Thus, island 3 decays at the

expense of the larger islands. From these observations, it is

apparent that island size and location play a major role in

determining the evolution of the island distribution.

The growth rates for islands 1 (initially 0.0080 lm2), 2

(initially 0.0080 lm2), and 3 (initially 0.0081 lm2) are

plotted in Fig. 9. Although these islands are initially sim-

ilar in size, island 1 grows significantly, island 2 grows

initially then shrinks slightly but remains stable, and island

3 decays and disappears rather quickly. Since the density of

nanostructures in the immediate vicinity of each of these

islands is similar, the difference in their observed

coarsening behavior must be understood by considering the

size of the surrounding nanostructures. A similar study by

Bartelt et al. [42] reported on the ripening of two dimen-

sional silicon islands on Si(001).

The cross-sectional profile of the nanowires suggests that

strain plays a dominant role in determining the shape of the

nanostructures. In a system such as DySi2-x/Si(001) where

a significant lattice mismatch exists between the silicide

nanostructures and the underlying substrate, dislocation-

induced strain relaxation will strongly influence the shape

evolution of the structures. Initially, for a growing nano-

structure, an increase in height will contribute to strain

relaxation because the strain energy density decreases from

the island/substrate interface to the island peak [39, 43].

Thus, the nanostructure will grow by increasing its vertical

aspect ratio resulting in the formation of an overall trian-

gular cross-section. The nanowires shown in Fig. 5 exhibit

sloped sides which could reflect this effect. As the nano-

structure continues to increase in volume, it will eventually

grow beyond a critical thickness where it can no longer

accommodate the increasing elastic strain energy and a

misfit dislocation will form to relieve the elastic energy of

the island [44]. The introduction of the dislocation leads to

the lateral expansion of the nanostructure. This process of

dislocation nucleation and lateral expansion lowers of the

vertical aspect ratio of the island, leading to a flattening of

the island’s top surface. The PEEM images in Fig. 3 indi-

cate that the largest islands tend to have flat surfaces.

Similar shape change effects have been observed for erbium

silicide nanostructures on Si(001) [16] and for nanoscale

TiSi2 islands on Si(111) [44, 45].

Decay of DySi2-x nanowires on Si(001)

The nucleation of the nanowires shown in Fig. 4 occurs too

rapidly to be observed with the PEEM. Their growth

appears to stop only when they intersect another wire. They

have a more uniform morphology and size distribution,

while they populate the entire surface. Under continuous

annealing, they shrink from the ends before completely

disappearing. Since additional nucleation is not observed

during the entire decay process and no structure seems to

increase its size, evaporation seems to be an important

mechanism of nanowire decay.

One nanowire was chosen and measured during the

entire decay process to have a hint on the decay mecha-

nism. Its length is plotted as a function of time in Fig. 10.

Its decay is almost linear with time. When the nanowire

size reaches about 20 % of its initial size, an abrupt tran-

sition in decay rate was observed.

DySi2 nanowires appear to grow and decay in length,

while the width stays constant. They aggregate adatoms

preferentially from the ends rather than from their straight
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edges. Further diffusion of the dysprosium around the edges

and through the bulk increases the width of the nanowires.

The extrinsic stress (due to the change in temperature) and

the intrinsic stress (due to molar volume evolution or

relaxation) combine to give the nanowires their final shape.

When the Dy flux stops, a ripening process takes place

due to coarsening kinetics as annealing proceeds. The

excess Dy deposition over a few monolayers gives rise to

thick and sparse nanowires. We suggest that because a

greater amount of Dy is available on the surface, Dy can

diffuse with less energetics cost to join a nanowire. Such an

easier transport will allow the DySi2 to coarsen into fewer

and larger nanowires. Further annealing during this het-

eroepitaxial growth induces the instability of the surfaces,

which is caused by the competition between the strain

energy and the surface energy of the system. The origin of

the instability can be related to the reduction of the total

free energy of the epitaxial system.

Fig. 8 Initial PEEM images of

three different islands on a

Si(001) surface; each at the

center of a *1.5 lm radius area

of the surface. Island 1 is in (a),

island 2 in (b), and island 3 in

(c). The size of other large

nanostructures is indicated in

the images with different

distributions of nearby islands

grown on a Si(001) surface. For

each central island the change in

area with time is presented in

Fig. 9

Fig. 9 Growth rates during annealing at *1000 �C for islands 1

(initially 0.0080 lm2), 2 (initially 0.0080 lm2), and 3 (initially

0.0081 lm2) from Fig. 8

Fig. 10 The initial decay seems to be linear with time. An abrupt

transition in the decay rate is observed when this nanowire reaches

about 20 % of its initial size
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The nanowire ends have a larger adatom concentration

than surrounding structures and have, therefore, a con-

centration gradient that causes adatoms to evolve to larger

structures with low adatom concentration. As the nanowire

end radius decreases, its adatom concentration increases,

increasing similarly the nanowire decay rate [46]. This

causes narrow nanowires to decay faster than wide nano-

wires. Also, similar to their growth, nanowires decay

preferentially from the ends.

By studying the time dependence of the average island

area during ripening, Bartelt et al. [42] showed that the

linear increase or decrease is consistent with detachment-

limited kinetics. The linear decay shown in Fig. 10 would

suggest that the attachment/detachment-limited kinetics is

the dominant decay mechanism for these nanowires [47].

Furthermore, the decay rate apparently decreases signifi-

cantly at some point. Kodambaka et al. have also observed

an abrupt decrease in island decay rates, irrespective of

temperature of adatom islands with areas less than a certain

critical value. They attribute the size-dependent island

decay behavior, which is consistent with detachment-lim-

ited kinetics, to anisotropic attachment and detachment

barriers [48].

Hexagonal DySi2-x on Si(111)

Hexagonal DySi2-x is the only phase of the silicide that is

reported to form on Si(111) [7, 37, 49, 50]. The epitaxial

relationship of hexagonal DySi2-x with Si(111) is [10-10]

RESi2-x||[-1-12]Si and (0001)RESi2-x||(111)Si, and the

DySi2-x lattice constants a = b = 3.83 Å correspond to a

mismatch of -0.26 % in directions parallel with the sub-

strate surface. Therefore, the lattice mismatch for this

system is isotropic with an equally small amount of strain

in each direction [7, 37]. Although high-quality epitaxial

dysprosium silicide films have been reported on Si(111), a

minimization of the film’s surface and interface energies

during the high temperature anneal to 950–1050 �C drives

the island formation [25, 26]. Furthermore, the isotropic

nature of the system along with the three-fold symmetry of

the Si(111) substrate results in the triangular shaped islands

that are observed in Figs. 6 and 7 [51].

As shown in Fig. 7a, b, as the sample is annealed at

1050 �C many of the small islands disappear, and the larger

islands grow. This is due to the same process of Ostwald

ripening that occurs between the nanostructures on Si(001).

Moreover, during the deposition of Dy at 1050 �C, only the

large island grows from the incident flux (Fig. 7c, d). The

size of the smaller nearby island does not change. This can

be attributed to the G–T relation which implies that there is

a lower adatom concentration at the perimeter of the large

island compared to that of the small island. Thus, a

concentration gradient exists between the two islands that

drive the diffusing adatoms toward the larger island. In

addition, because the Dy deposition rate is low, no new

nanostructures are detected during this deposition as there

were during the deposition displayed in Fig. 4. The low

incident flux of Dy allows the atoms sufficient time to

diffuse on the surface and attach to preexisting nano-

structures before forming critical nuclei with other diffus-

ing adatoms.

An interesting aspect of the growth of the large island in

Fig. 7 is that the overall extent of the island does not

increase significantly during its growth. Instead, each side

of the island grows until all of the kinks are filled in, and a

nearly equilateral structure is formed (Fig. 7d). In Fig. 7c,

two sides of the island have become completely straight

and kink-free after 270 s of Dy deposition. After an addi-

tional 290 s of deposition the third side has completely

grown out. The incoming Dy flux covers the entire sample

surface, so atoms are being deposited near all sides of the

island. Despite this, during the time between Fig. 7c and d

only one side (the kinked side) of the island grows. This

suggests that there is significant adatom diffusion around

and/or through the island to the kinked edge. The kinked

edge of the island may have an increased surface and

interface energy with respect to the kink-free edges. The

minimization of this energy may be what drives the ada-

toms to preferentially diffuse and attach to this portion of

the island.

Summary

The growth and coarsening dynamics of DySi2-x nano-

structures on Si(001) and (111) were investigated using

in situ, real-time UV PEEM. The deposition of Dy at room

temperature followed by annealing to 950–1050 �C resul-

ted in the formation of rectangular silicide nanostructures

on Si(001) and triangular silicide nanostructures on

Si(111). The nanostructures were observed to grow during

continuous annealing via the Ostwald ripening coarsening

mechanism, and different growth rates of the individual

islands were attributed to local variations in the size and

relative location of the surrounding islands on the surface.

An abrupt deposition of Dy onto Si(001) at 1050 �C

resulted in the growth of the preexisting islands as well as

the formation of new island and nanowire structures.

Immediately following the deposition, the wires began to

decay in favor of the larger, more stable rectangular

islands. AFM images indicated that the nanowires have a

triangular cross-section, while the rectangular islands have

a flat-topped trapezoidal cross-section, and the shape evo-

lution of the nanostructures is related to strain relaxation. A

low continuous flux of Dy onto Si(111) at 1050 �C leads
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kinks in the larger islands to fill in, resulting in straight-

edged, nearly equilateral triangular islands.
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