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Influence of strain, surface diffusion and Ostwald ripening on the evolution
of nanostructures for erbium on Si „001…

Lena Fitting, M. C. Zeman, W.-C. Yang, and R. J. Nemanicha)

Department of Physics, North Carolina State University, Raleigh, North Carolina 27695-8202

~Received 23 July 2002; accepted 8 January 2003!

This study explores the evolution of nanoscale islands and wire structures during deposition and
surface ripening. Ultraviolet photoelectron emission microscopy has been employed to study the
real time growth process of individual erbium silicide nanostructures on Si~001! surfaces at
temperatures up to 1050 °C. During the initial island formation process compact islands form and
some undergo a shape transition to elongated islands oriented along the^110& directions of the Si
substrate. The initial island formation is driven by the surface and interface energies of the silicide/
Si structure. The widths of the growing islands remain essentially constant while the lengths
increase. The observed elongated islands are;150 nm wide, which is larger than the width of prior
reported erbium silicide nanowire structures. We propose that the;150 nm elongated islands are
partially relaxed, possibly through the formation of misfit dislocations. The results indicate a
temperature regime where island growth is mainly governed by surface diffusion of the deposited Er
adatoms and a higher temperature regime where Ostwald ripening contributes to the island
morphology. © 2003 American Institute of Physics.@DOI: 10.1063/1.1557787#

I. INTRODUCTION

As the dimensions of micro- and optoelectronic devices
continue to shrink and the number of devices increases, new
approaches for device structures and fabrication have been
considered. An alternative approach to conventional lithog-
raphy techniques is the spontaneous self-assembly of nanos-
cale structures during epitaxial growth.1–3

It has been shown that strained layers are unstable
against shape changes such as the formation of islands.4

These shape changes constitute a major mechanism for strain
relaxation. Tersoffet al.5 derived an expression for the en-
ergy of dislocation-free strained islands. The authors showed
that stained islands, as they increase in size, may undergo a
shape transition to elongated islands, which allows a better
relaxation of the island’s stress. Hence, in heteroepitaxy self-
assembled quasi-one-dimensional quantum wires can form.
In the case of anisotropic stress, the islands grow perpendicu-
lar to the direction of maximum stress, i.e., in the direction of
minimum lattice mismatch, which minimizes the strain
energy.5

Several studies have shown that rare earth metal silicide
nanowires can be grown by metal deposition on silicon.2,3 In
this study we investigate the system of erbium deposited on
Si~001! surfaces. ErSi2 layers grow on Si~001! with hexago-
nal or tetragonal crystalline structures, depending on the
method of deposition, the substrate temperature, and their
stoichiometry.6,7

The tetragonal phase of ErSi2 has a ThSi2 type structure
with lattice parametersa5b53.96 Å andc513.26 Å. On
Si~001! the tetragonal phase of ErSi2 grows with @001#ErSi2
and @010#ErSi2

parallel to the ^110&Si axes and with
(100)ErSi2

//(001)Si .
6,7 Hence the lattice mismatch between

tetragonal ErSi2 and Si along thê110& axes is 3%.
ErSi2 with a hexagonal AlB2 type structure grows with

the @0001# and one of thê11-20& axes parallel to thê110&
axes of the Si substrate. The lattice mismatch along
@11-20#ErSi2

//@110#Siand @0001#ErSi2
//@110#Si is 21.22%

and 16.3%, respectively.3 During ErSi2 growth on Si~001!,
the lattice mismatch strain increases faster along the direc-
tion of larger mismatch, i.e., along the@0001#ErSi2

direction.
To minimize the strain energy, the crystals grow preferen-
tially in the @11-20#ErSi2

direction, resulting in nanoscale
wires aligned along the two equivalent^110&Si directions.
Prior work has shown ErSi2 wires with hexagonal crystalline
structures of the order of 5 nm in width, 1 nm in height, and
with varying length up to 500 nm.2

However, experimental data of these nanowires usually
involves scanning probe measurements after the growth has
proceeded for a fixed time. In order to understand the growth
mechanism, it is necessary to study the evolution of indi-
vidual islands and groups of islands usingin situ real-time
microscopy techniques.

In this study we employ real-time photoelectron emis-
sion microscopy~PEEM! measurements to monitor the evo-
lution of the surface and individual islands duringin situ
erbium deposition and annealing. In particular, we observe
the transition from compact islands into wire structures and
their growth during deposition of Er adatoms. We find a tem-
perature regime where the island growth is mainly governed
by surface diffusion of the deposited species and a regime
where coarsening processes also contribute to the growth
morphology.

II. EXPERIMENTAL PROCEDURE

The nanostructures are grownin situ by Er deposition on
silicon in ultrahigh vacuum~UHV!. The Si~001! substratesa!Electronic mail: robert_nemanich@ncsu.edu
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were cleaned by UV-ozone exposure and a wet chemical
clean using a 10:1 hydrofluoric acid solution diluted in
deionized water. Afterex situcleaning, the wafers were in-
troduced into the UHV system through a load lock and sub-
mitted to a thermal treatment at 900 °C for 10 min. Auger
electron spectroscopy~AES! and low energy electron diffrac-
tion ~LEED! were used to confirm that the preparation tech-
nique was sufficient. LEED showed a sharp (231) recon-
struction of the Si~001! surface, and AES showed less than
1% carbon and 2% oxygen on the cleaned surface. The ex-
periments were carried out using an UHV PEEM system
~Elmitech! with a base pressure,2310210 Torr. Two sepa-
rate UV sources were employed to excite the photoemission.
A 100 W-Hg discharge lamp with an upper cutoff energy
near 4.9 eV was used for most experiments. The tunable UV
free electron laser~UV-FEL! at the Duke University Free
Electron Laser Laboratory allowed us to use photons in the
3–7 eV energy range and thus to maximize the sample con-
trast. We obtained a contrast maximum at 4.9 eV, which is
close to the photon cutoff energy of the Hg lamp. Details of
the UV-FEL PEEM system have been described previously.8

Erbium was deposited from anin situ electron-beam
evaporator at substrate temperatures ranging from room tem-
perature to 800 °C. After deposition, the samples were an-
nealed at temperatures up to 1050 °C. The real-time surface
evolution was observed within situ PEEM. The images dis-
played with a microchannel plate and a phosphor screen are
monitored with a charge coupled device camera and stored
digitally with an image processor. For the data presented
here, 16 successive images were integrated.

III. RESULTS AND DISCUSSION

A. Initial island formation

Figure 1 shows a sequence of PEEM images obtained
during the annealing process after the deposition of a 10–20
Å thick Er layer at 800 °C. The ErSi2 islands are identified as
the bright spots in the images while the Si surface appears as
the darker region. The PEEM image contrast is due to the
difference in the photothreshold of ErSi2 ~4.8 eV!9 and Si.
For Si~111!, the photothreshold is approximately 5.15 eV10

which we assume is close to the value for the Si~001! sur-
face.

Prior studies of the growth of erbium silicide films on
Si~001! by Travlos et al.6 have shown that ErSi2 forms at
temperatures as low as 450 °C. Here, we deposited Er at a
substrate temperature of 750 °C; thus we anticipate that Er
reacts with the Si substrate to form erbium silicide. Starting
with an erbium silicide covered surface, compact islands
form at temperatures below 800 °C. The initial island forma-

tion is most likely driven by the surface and interface ener-
gies of the silicide/Si structure. During the annealing process
the ErSi2 diffuses on the surface, and the islands form due to
surface energies and coalescence of nearby islands.

We also observed specific islands that undergo a shape
transition from compact to elongated morphology. Figure 2
shows the evolution of the dimensions of an individual island
~from Fig. 1! during the early stage growth after the erbium
deposition. The island grows only in one direction, i.e., the
length increases while the width in the perpendicular direc-
tion remains essentially constant. This observation is in
agreement with the model by Tersoff and Tromp5 for shape
transition of strained epitaxial islands. However, we could
not monitor the evolution of the length and the width around
the transition point. Following the model of Tersoff and
Tromp, we anticipate that compact erbium silicide epitaxial
islands should grow up to a critical sizeea0. At this size the
shape transition occurs, and further growth results in a reduc-
tion of the width to the optimal sizea0 and an increase of the
length.5 Thus beyond the critical size the epitaxial erbium
silicide islands elongate, and during the later stage growth
the width remains essentially constant. However, nonepi-
taxial islands do not elongate but grow in all directions. Dur-
ing the annealing process the nanostructures grow, resulting
in a surface covered with compact islands and elongated is-
land structures.

FIG. 1. Sequential PEEM images of
the evolution of a 10–20 Å Er layer
deposited at 750 °C during annealing
at 800 °C for~a! 23 min, ~b! 31 min,
~c! 37 min, and~d! 45 min, respec-
tively.

FIG. 2. Evolution of the dimensions of an individual wire during the an-
nealing process in Fig. 1. The length increases while the width remains
essentially constant.
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B. Surface evolution during deposition

Following the initial annealing, we investigated the sur-
face evolution during continuous Er deposition on the island
formed surface. The Er deposition was initiated at a low rate
with the sample at 800 °C. The nucleation of additional is-
lands was not observed. Instead, existing islands grew
through absorption of Er adatoms~supplied from the Er flux!
and reaction with Si from the surface. This indicates that the
Er adatoms diffuse rapidly on the surface, and have a low
probability of forming critical nuclei.

During the continuous deposition of Er on the surface,
the length of the erbium silicide wires increases, while the
width does not change significantly. Given the randomness
of diffusion, it is reasonable to presume that Er adatoms
diffuse not only to the ends of the wires, but also to the
edges. Thus, either the Er adatoms do not attach to the edges
but only the ends of the wire, or after the attachment at the
edges they diffuse rapidly to the ends, resulting in the further
elongation of the wire. Given the large chemical energy of
forming the silicide, it seems most likely that the Er atoms
collect on the islands edges and then rapidly diffuse to the
ends where growth is preferred due to the strain energy con-
siderations.

At this point we have only considered the diffusion of
the Er atoms. Our assumption is that there is always a source
or sink of Si, which is supplied through reaction with the
substrate or from Si adatoms supplied from nearby step
edges.

With the Er source off, the surface remained unchanged
during annealing at 800 °C. Under these conditions, we did
not observe coarsening processes, i.e., Ostwald ripening and
coalescence, within a time range of 30 min. Thus, at tem-
peratures around 800 °C the later stage island growth is gov-
erned by incorporation of the deposited Er adatoms through
rapid diffusion.

After all processing in the PEEM, the surfaces were ex-
amined using an atomic force microscope~AFM!, and the
wire dimensions measured. Figure 3 shows an elongated is-
land with an aspect ratio of 30:1~length: 4.84mm and width:
0.16 mm! aligned along the@110# direction of the Si sub-
strate. After 60 min of continuous Er deposition the elon-

gated islands were 2–5.5mm long, 140–180 nm wide, and
13–17 nm high. Note that the width of all observed elon-
gated islands were of the order of 150 nm, which is much
larger than the prior reported widths of about 5 mm for hex-
agonal ErSi2 nanowires. However, our elongated islands
have some similarities with the Er silicide islands recently
reported by Chenet al.11 In their study, they produced a
rather dense pattern of wires by deposition of;4 nm of Er at
room temperature and annealing to 700 °C. Their islands
were found to exhibit the tetragonal structure and were
aligned along thê110& directions of the Si. At this time we
have not established whether our ErSi2 island are of the te-
tragonal phase with a 3% mismatch or the hexagonal phase
with a 21.22% and16.3% mismatch between ErSi2 and Si
in the ^110&Si directions, respectively.

Brongersmaet al.12 reported observation of the shape
transition of CoSi2 islands on Si~001!. Their results were
analyzed based on the theoretical model of Tersoff and
Tromp5 for a shape transition during the growth of strained
islands. The lattice mismatch of CoSi2 on Si~001! is ;1.2%,
hence, the epitaxial islands are strained. The model of Ter-
soff and Tromp balances the surface and interface energies
due to the island formation with the energy change due to
island relaxation obtained by elastic distortion. As described
in Ref. 5, minimization of the island energy per unit volume
with respect to the width and the length of the island yields
an optimal size,a0, which is given by

a05efheG/ch,

where h is the islands height,f5e23/2cotu, and u is the
islands contact angle. For fixedu and h, the critical size is
determined by the ratio of surface energy and island strain
energy ~G/ch!. The constantc depends on the island bulk
stress, the Poisson ratio, and the shear modulus of the sub-
strate. If the surface energyG dominates, then the critical
size becomes large. However, if the island strain energy is
increased relative to the surface energy, then the minimum
energy is obtained with smaller islands. Hence an increase in
the substrate–island strain results in a reduction of the opti-
mal sizea0 of the elongated epitaxial islands.

Following this model, Brongersmaet al.12 measured an
optimal size,a0, of 68 nm for their CoSi2 islands on Si~001!
by fitting the theoretical model to their experimental results.
The lattice mismatch for ErSi2 islands on Si~001! is ;3% for
the tetragonal phase and21.22% and16.3% for the hex-
agonal phase. Hence the lattice mismatch strain energy for
ErSi2 island is expected to be larger than for CoSi2 islands
on Si~001!. Assuming that the surface and the interface en-
ergies for CoSi2 and ErSi2 island formation are comparable,
thena0 should be smaller for ErSi2 and the elongated islands
are expected to be narrower. However, the width of 150 nm
observed for our elongated islands indicates that the strain
term,ch, is smaller than expected based on comparison with
CoSi2.

We propose that erbium silicide islands grown at 800 °C
are partially relaxed through the formation of dislocations or
other relaxation mechanisms such as trench formation.13 The
relaxation leads to a reduction of the strain energy, and there-
fore, to an increase of the optimal size,a0. The ErSi2 wires

FIG. 3. PEEM image of a nanowire~length: 4.84mm; width: 0.16mm!
aligned along the@110# direction after 60 min of continuous Er deposition
~field of view: 5.88mm!.
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are all of similar width indicating similar strain relaxation.
Hence this size represents the optimal tradeoff between sur-
face energy and the strain due to the partially relaxed inter-
face. It is likely that the CoSi2 islands observed by Brong-
ersmaet al.12 are also partially relaxed.

Our results suggest that there are different energy
minima depending on the degree of strain relaxation. For
wires that are fully strained the width of the equilibrium
shape decreases to its minimum, i.e., the wires become very
narrow. This corresponds well with the observations of Chen
et al.,2 which show ErSi2 wires with widths of;5 nm. Strain
relaxing dislocations were not observed in the scanning tun-
neling microscopy images of these wires, however, different
strain mechanisms may be more effective for the different
sized wires.

C. Surface evolution at higher temperature

To explore the dynamics with enhanced surface diffu-
sion, a similar experiment was performed where an;2 nm
thick Er film was annealed at 1050 °C. As the annealing time
increased, the average size of the islands increased while the
number of islands decreased. Figure 4 shows a large island
growing larger and smaller islands disappearing during the
annealing process. This is characteristic of Ostwald ripening
where larger islands grow at the expense of smaller islands.
In the ripening process atoms detach from small islands, dif-
fuse through the adatom sea surrounding the islands, and
attach to larger islands. The growth behavior of an individual
island depends on the chemical potential of the surrounding
adatom sea, the chemical potential of the atoms in the island,
and the barrier for detachment and attachment. If the ex-
change between the adatom sea and the island edge is suffi-
ciently rapid, then the net flow of adatoms towards or away
from the island is determined by diffusion in the chemical
potential gradient of the adatom sea. On the other hand, if the

detachment and attachment is slow in comparison to diffu-
sion, then the adatom detachment/attachment is the rate-
limiting step for coarsening. This case is realized if there is
an additional activation barrierEdet that the detaching atoms
have to overcome. Figure 5 is a schematic diagram of the
energy barriers near an island step edge. In the diffusion
limited regime the activation energy isEa'Ediff 1 ; whereas
in the attachment/detachment limited regime the activation
energy isEa'Edet1Ef .14 Here,Ediff 1 is the adatom surface
diffusion barrier on the substrate,Ef the adatom formation
energy, and Edet the barrier for adatom detachment/
attachment.

Lifshitz and Sloyozov15 first considered Ostwald ripen-
ing of three-dimensional~3D! clusters in a 3D environment
for the diffusion limited regime. Wagner16 extended the
theory to include the case that the transfer of adatoms be-
tween the cluster and the environment is the limiting process.
Further studies by Wynblattet al.17 and others18 applied the
theory to 2D and 3D clusters on surfaces. In all cases, the
ripening processes can be described by the relation:A}tn,
whereA is the island area andt is the time. The exponentn
is 2/3 for diffusion-limited ripening and 1 if the ripening is
detachment/attachment limited.16–19Figure 6 shows the evo-
lution of the squared island area from Fig. 4 during the rip-
ening process. As a best fit, we obtained an exponent of
1.2960.07 which indicates that diffusion is not the rate lim-
iting mechanism for this system. The ripening of ErSi2 nano-

FIG. 4. Sequential PEEM images of
erbium silicide island growth during
annealing at 1050 °C for~a! 5 min, ~b!
14 min, ~c! 16 min, and~d! 18 min,
respectively.

FIG. 5. Simplified diagram of surface activation barriers near an island step
edge.Ediff 1/2 are the diffusion barriers on the substrate and on the island,
respectively.Ef is the adatom formation energy, andEdet is the attachment/
detachment barrier.

FIG. 6. Time dependence of the island area~A! in Fig. 4 during ripening at
1050 °C. The linear fit yields log~A!}1.3 log~t! which indicates an
attachment/detachment limited growth mechanism.
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structures grown on Si~001! is mainly limited by
detachment/attachment of adatoms from island edges, and
controlled by the barrierEf1Edet. The deviation of the ex-
ponent from the value 1 for attachment/detachment limited
ripening implies that other mechanisms such as evaporation
could play an important role. Note that this result is based on
the investigation of a single island, and further measurements
are necessary to more accurately define the dynamics.

At 800 °C Ostwald ripening was not observed which in-
dicates that the detachment of adatoms is very slow at this
temperature. However, when erbium adatoms are deposited
they only have to overcome the surface diffusion barrier.
Thus the deposited adatoms diffuse on the surface and ErSi2

nanostructures grow. In contrast, at 1050 °C coarsening pro-
cesses were observed. The small islands disappear due to
ripening, and the relatively large rectangular islands remain
on the surface. We propose that the formation of these rect-
angular islands at 1050 °C is due to a further reduction of the
strain energy. At elevated temperatures the strain relaxation,
for example, through the generation of misfit dislocations, is
promoted.20,21 For instance, at 1050 °C the density of dislo-
cations in the erbium silicide islands would increase leading
to further relaxation of the strained islands. The surface en-
ergy dominates, and the tendency to elongate is reduced.
Additional experiments including transmission electron mi-
croscopy measurements are necessary to reinforce this point.

IV. CONCLUSIONS

We have utilized real-time PEEM to observe the evolu-
tion of erbium silicide nanostructures on Si~001! during
high-temperature annealing and deposition of Er. By moni-
toring individual islands during the annealing process, we
observed the growth of elongated islands with time. During
Er deposition the length of these elongated islands increases
while the width remains constant. The width of our observed
erbium silicide elongated island was measured to be;150
nm, which is much larger than the prior reported nano is-
lands with a width of;5 nm. We propose that the;150 nm
elongated islands are partially relaxed, possibly through the
formation of misfit dislocations. The strain relaxation results
in an increase of the width of the wire. We suggest that the
width will depend on the strain relaxation at the interface
with narrower structures at more highly strained interfaces
and wider structures at more completely relaxed interfaces.
At temperatures of;800 °C the island growth is governed

by surface diffusion of the deposited Er adatoms, and Ost-
wald ripening processes do not contribute to the evolution of
the island morphology. Increasing the annealing temperature
to 1050 °C, Ostwald ripening and coalescence of islands con-
tributes to the evolution of the surface morphology. The re-
sults presented here demonstrate that control of interface
strain and kinetic effects can lead to engineered island struc-
tures.
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