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Experimental evidence of a self-assembly process was obtained where high-temperature O2 annealing
s1025 °Cd induced a surface reorganization in CeO2 deposited onR-cut sapphire substrates. Based on obser-
vation using atomic force microscopy and transmission electron microscopy, when the CeO2 film was thin
s,10 nmd, a highly ordered phase was formed as large three-dimensional islands of CeO2 with sapphire
surface exposed. When the CeO2 film thickness exceeded a critical values,10 nmd, an atomically-flat surface
was formed by the reorganization. An energetics model based on these results was developed in which the
formation energy of the island was calculated based on the observed facet configuration, taking into account
the surface and interface energies, elastic strain, and short-range energy of edges. The energy minimization
calculation showed that the calculated lateral and vertical dimensions agreed well with the observed shape of
the islands. Based on the experimental evidence and these energy minimization calculations, we demonstrated
that increasing the film thickness induces the important phase transition from large islands to an atomically-flat
surface.
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I. INTRODUCTION

CeO2 thin films have been extensively investigated be-
cause of their relatively high electrical conductivity,1 chemi-
cal stability,2 transmission in the visible and infrared
regions,3,4 and efficiency for absorbing ultraviolet(UV)
radiation.5,6 Besides, CeO2 is a key component in the catalyst
used for eliminating contaminants in automobile exhaust
gases.7,8 It has also been proven that CeO2 can act as an
excellent buffer layer for high-Tc superconducting thin
films.9 The fabrication and study of nanostructured CeO2
thin films has been of interest due to new phenomena arising
from the reduction in their dimensions. A phenomenon
involving nanostructures is the quantum confinement
effect.10,11 This effect, which has been well investigated for
semiconductors, occurs when the crystal size approaches na-
nometer dimensions, and results in a shift in the absorption
edge to higher energy, namely, increase in band gap energy.
Lithographic techniques are now widely used to reduce lat-
eral dimensions, the present resolution of far-UV lithography
reaches,100 nm. Nevertheless, quantum confined struc-
tures require lateral dimensions of 50 nm or less. Self-
assembly, where ordered nanostructures are formed sponta-
neously on a crystal surface, is a low-cost, alternative
method to produce nanostructures of very high structural
quality.12,13

In addition, the crystal growth on a lattice-mismatched
substrate often proceeds via formation of 3D islands14–19 on
a bare substrate surface for Volmer-Weber(VW) growth or
on a wetted surface forcoherent(dislocation-free) Stranski-
Krastanov(SK) growth. Elastic strain can also cause sponta-
neous formation of 2D island domain structures,20–25 whose
properties(such as domain size and topology) are well un-
derstood. Tersoff and Tromp theoretically showed that for 3D
islands, a shape transition occurs as the islands increase in
size.26 Below a critical size, islands have a compact, sym-
metric shape, whereas above this size, they adopt a long thin

shape, which allows better elastic relaxation of the island’s
stress.

The growth mechanism of semiconductor thin films has
been extensively investigated. However, studies on the
growth of CeO2 on sapphire substrate have been limited in
number.5–7,9,13 Here, CeO2 thin films were first grown on

R-cut sapphirefAl2O3s11̄02dg substrates and then annealed
at high temperatures. The experimental methods enabled us
to obtain experimental evidence of surface reorganization of
CeO2 film on a sapphire substrate. Then, we used atomic
force microscopy(AFM) and transmission electron micros-
copy (TEM) to observe the morphology and the microstruc-
ture of the nanostructured thin films, revealing phase transi-
tion from large 3D islands to an atomically-flat surface when
the film thickness was increased. Finally, based on these ob-
servations, we developed an energetics model for the island
formation. This energetics model well explains the shape of
the islands and the phase transition.

II. EXPERIMENT

The CeO2 thin films were first grown on Al2O3s11̄02d
substrates by pulsed laser deposition utilizing a KrF excimer
laser source(248 nm wavelength, Lambda Physik COMPex
205) operated at 300 mJ.13,27 The base pressure was on the
order of 10−7 Torr and the oxygen pressure during the laser
deposition was set at 300 mTorr. The distance between the
target and substrate was about 55 mm. All CeO2 films were
prepared at a laser repetition rate of 1 Hz and a substrate
temperature of 780 °C. After deposition the samples were
annealedin situ in 400 Torr O2 at 430 °C for 1 hour and
then cooled to room temperature. The growth conditions de-
scribed above are the typical conditions for oxide thin
films.13 The resulting thin CeO2 films, called as-grown
samples, were further annealedex situat 1025 °C(Ref. 28)
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in an O2 flow for 1 hour and then cooled to room
temperature.

Structural properties of the films were measured by using
a thin film x-ray diffractometer(ATX-G, Rigaku Co.).
ATX-G has additional goniometer axes so that it can conduct
in-plane diffraction scans, as well as out-of-plane, or conven-
tional 2u /v scans. In in-plane diffraction measurements, the
sample and the detector rotate around the sample normal by
f and 2ux, respectively. The outgoing angle of the x ray to
the surface is equal to the glancing angles,0.3°d, so that the
diffraction plane is embedded in the surface plane. This is
so-called the “in-plane diffraction.”29,30 X-ray diffraction
(XRD) results showed that both the as-grown and high-
temperatures1025 °Cd annealed CeO2 films were(001) tex-
tured with a high grade of in-plane orientation of

CeO2f100g iAl2O3f112̄0g and CeO2f010g iAl2O3f1̄101g, and
that the crystalline quality of the film was improved by high-
temperature O2 annealing.13 Due to the high lattice perfec-
tion and smooth surfaces of the thin CeO2 films, Laue oscil-
lations appeared for both the as-grown and the annealed
films. The nominal thicknesst of the as-grown and the mean
height h of the 3D islands of the annealed CeO2 was then
determined based on the adjacent satellite peaks from the
Laue oscillations.31 In this study, the nominal thickness of
the CeO2 thin films ranged from 1.0 nm to 40.0 nm.

The morphology of the nanostructured surfaces of the
films was then observed by AFM(Nanoscope III developed
by Digital Instruments, Inc.). AFM images were recorded by
using the tapping mode under an ambient atmosphere, at
room temperature. The selected films were further observed
in detail by TEM(Model JEM-2000EX) operated at 200 kV.
Specimens for cross-sectional TEM were vertically cut along

Al2O3f022̄1g (i.e., [110] of CeO2) and prepared by standard
techniques including Ar ion milling.

III. RESULTS AND DISCUSSION

A. Observed microstructure of the nanostructured thin films

Figure 1 shows AFM images and corresponding cross-
sectional profiles of four representative CeO2 films (samples
A, B, C, and D) of different thickness before and after the
high-temperature O2 annealing. The sapphire substrate sur-
face was fully covered by the as-grown CeO2 thin films for
all the nominal thicknesses used in this studys.1.0 nmd.
The as-grown CeO2 films showed small, round-shaped, and
coalesced islands[Figs. 1(a), 1(c), 1(e), and 1(g)]. Line scan
profiles showed that the root-mean-square(rms) surface
roughness of the as-grown CeO2 surfaces was about 0.55,
1.16, 1.52, and 1.65 nm for samples A, B, C, and D, respec-
tively. After the high temperatures1025 °Cd O2 annealing,
the surface of the thin CeO2 films (,10 nm, e.g.,
1.6-nm-thick sample A[Fig. 1(b)], 4.5-nm-thick sample B
[Fig. 1(d)], and 8.4-nm-thick sample C[Fig. 1(f)]) showed a
highly ordered phase. The phase was formed by 3D ordered
islands of CeO2 that were isolated or connected in groups.
For sample Ast=1.6 nmd, most of the 3D islands of CeO2
were nearly isotropic(square) in shape and isolated with the
dimensions of 11–23 nm wide and 15–27 nm long, and

10±4 nm high[see Fig. 1(b)]. The islands were randomly
distributed at the surface but were all oriented along the
CeO2f110g iAl2O3f022̄1g and CeO2f11̄0g iAl2O3f202̄1̄g in-
plane directions. The cross-sectional profiles(from AFM im-
ages at smaller scales) drawn perpendicular to the edges of
the islands, along the directions CeO2f110g and CeO2f11̄0g
revealed a well-defined angle with respect to the film plane:
,54.74°(see also the TEM data in the next paragraph). The
edge facets determined from these cross sections correspond
to crystallographic planes(111), s1̄1̄1d, s1̄11d, ands11̄1d, re-
spectively, and the top facet is(001). With increase int (e.g.,
4.5-nm-thick sample B), some of the isolated 3D islands
started to be coalesced into large anisotropic(rectangular)
islands, while most of the 3D islands of CeO2 were still
isolated with the dimensions of 40–100 nm wide, up to
400 nm long and 15±5 nm high[see Fig. 1(d)]. With further
increase int (e.g., 8.4-nm-thick sample C), most of the iso-
lated 3D islands were coalesced into large rectangular islands
and were connected in groups. The dimensions of the large
3D islands of CeO2 for sample C were 60–120 nm wide, up
to 1000 nm long and 20±5 nm high[see Fig. 1(f)]. The for-
mation of the 3D ordered island phase did not occur for the
CeO2 films thicker than 10 nm. We therefore define “case I”
as the formation of the large 3D ordered islands for the thin
CeO2 films with nominal thickness less than 10 nm, and de-
fine “case II” for the reorganization of the CeO2 thin films
with nominal thickness greater than 10 nm as below. When
the CeO2 thickness exceeded 10 nm(e.g., 12.4-nm-thick
sample D), the self-assembly process induced by the O2 an-
nealing resulted in an atomically-flat surface that was clearly
evident in the AFM images[Fig. 1(h)] as atomically-flat
terraces and atomic steps. The rms surface roughness of
the annealed CeO2 surfaces was only about 0.15 nm for
sample D.

Among the annealed CeO2 films, we have chosen to
evaluate the microstructure of sample B and sample D in
detail because they were representative for case I and case II,
respectively. The cross-sectional TEM images of large 3D
islands(sample B) and an atomically-flat CeO2 layer(sample
D) are shown in Fig. 2. As can be seen clearly in Fig. 2(a),
the islands formed in an isolated way and the sapphire sur-
face was exposed due to the absence of any coverage outside
the islands. TEM observations of the island formation also
showed that the large 3D islands were coherent(dislocation-
free). The strain contrast around the islands in Fig. 2(a) sug-
gested that the local strain relaxation in the islands could
result in elastic deformation of the substrate. This deforma-
tion lowers the energy of the island, at the cost of additional
strain in the substrate. As demonstrated clearly in Fig. 2(a),
the edge sides of the islands were beveled at a fixed angle of
54.74° to the sapphire substrate, indicating that the facets
formed at the edge sides are corresponding to CeO2(111),
which has the lowest surface energy.32,33 From the other
cross-sectional TEM images(data not shown), the observed
dimensions of the islands were 40–400 nm long and about
11.5±3.0 nm high. The observed height of the islands was
well consistent with the XRD observation,31 while a little bit
smaller than that by AFM. We prefer to believe the TEM and
XRD data rather than the AFM data, since structures mea-
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sured by AFM could appear to be larger than what they are,
due to the tip convolution effects. Also, the true heights of
islands of samples A and C should be determined by XRD
observation31 and were about 8.5±2.5 and 16.0±3.0, respec-
tively.

When the CeO2 film exceeds 10 nm(e.g., 12.4-nm-thick
sample D), a flat morphology was formed[Fig. 2(b)]. In
addition, relief of the misfit strain in sample D could proceed
by formation of misfit dislocations.34 Figure 2(b) clearly
shows that the dislocations originated at the CeO2-Al2O3
interface and extended all the way up to the surface. Table I
summarizes the measured lattice constants of the annealed
CeO2 thin films of various nominal thicknesses. The lattice
distortion was defined asei =sdi −d0d /d0, where di si
=x,y,zd is the measuredhkl spacing andd0 s=0.54124 nmd
is the lattice parameter of cubic CeO2 bulk. For samples A,
B, and C (case I), the lateral misfit strain inside the CeO2
films mainly relaxed by the formation of the 3D island phase.
Besides, the lattice distortion in case I decreased with in-

crease of the nominal thickness of the CeO2 films, i.e., the
mean height of the 3D islands. The flat film(12.4-nm-thick
sample D, case II) was found to contain less misfit strain

(completely relaxed along Al2O3f1̄101g) with smaller lattice
distortion (see Table I). With further increase int (e.g.,
20.5-nm-thick sample E and 36.6-nm-thick sample F, case
II ), the lattice distortion varied slightly and the remained
strain energy was accumulated inside the flat CeO2 thin
films. Considering the large lattice mismatch between CeO2

and R-cut Al2O3 (3.7% along f1̄101g and 12.1% along

f112̄0g of sapphire, respectively, at room temperature), the
small lattice distortion in case II(,0.5%, see Table I)
strongly suggests that the misfit strain between the film and
substrate mostly relaxed by the introduction of dislocations.

High annealing temperature is necessary to provide
enough thermal energy for the formation of the exposed sap-
phire surface and for the adatoms to assemble into 3D is-
lands. The CeO2 islands formed by the high temperature

FIG. 1. AFM images and corresponding profiles of a 1.6-nm-thick CeO2 film grown onR-cut sapphire(sample A) (a) before and(b) after
high-temperature O2 annealing at 1025 °C, a 4.5-nm-thick CeO2 film (sample B) (c) before and(d) after the O2 annealing, a 8.4-nm-thick
CeO2 film (sample C) (e) before and(f) after the O2 annealing, and a 12.4-nm-thick CeO2 film (sample D) (g) before and(h) after the O2

annealing. The long arrows are parallel to the CeO2 [110] direction.
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s1025 °Cd annealing on the Al2O3s11̄02d surface displayed
reproducible shapes, aspect ratios, and orientation[Figs.
1(b), 1(d), 1(f), and 2(a)].35 With increase of the nominal
thicknessstd of the CeO2 thin films, the volume of each 3D
island increases and the number density decreases. These
results are analyzed quantitatively in Table II. For samples
with small nominal thickness(e.g., 1.6-nm-thick sample A),
islands displayed regular square or rectangular shapes and
well-defined facets[see, e.g., Fig. 1(b)]. With increase int
(but ,10 nm, e.g., 4.5-nm-thick sample B and 8.4-nm-thick
sample C), most of islands presented more complex and ir-
regular shapes, which can be found from the AFM images
[see, e.g., Figs. 1(d) and 1(f)]. Indeed, these islands are the

result of the coalescence of several smaller islands. The
probability to observe this type of islands as well as the total
coverage of the exposed sapphire surface increased with in-
crease of the nominal thickness of the CeO2 films.

Such 3D islands underwent a phase transition when the
film thickness was increased. Below a critical thickness of
10 nm, islands were 3D and adopted an elongated shape,
which allows better elastic relaxation of the island’s stress.
Above this critical thickness, a uniform phase of an
atomically-flat thin layer was formed. As the island growth
proceeded close to equilibrium due to the high temperature
annealing, the morphology of the islands should be governed
by the minimization of its total energy. To explain the phase
transition and the shape of the islands obtained after the high
temperature annealing, we developed an energetics model
described in the next section.

B. Description of the energetics model

From AFM and TEM observations(Fig. 1 and Fig. 2), the
typical shape of the self-assembled islands obtained by the
high temperature O2 annealing can be modeled. For simplic-
ity, in the model we assumed the island to be rectangular in
shape, with half-widtha (width at the half maximum height),
half-length b, and heighth, in the x, y, and z directions,
respectively[see Figs. 3(a) and 3(b)]. The edge sides were
beveled at an angle ofu to the substrate[see Figs. 3(c) and
3(d)]. Figures 3(c) and 3(d) show schematics of the assumed
surface reorganization for cases I and II, respectively. Al-
though the actual surface of the as-grown CeO2 films was not
uniformly flat (actually it showed a rough coverage with a
rms surface roughness up to 1.65 nm; see Fig. 1), for sim-
plicity, the CeO2 thin film before the reorganization was as-
sumed to have a flat surface, as illustrated by the dashed
rectangles in Figs. 3(c) and 3(d). For case I, the reorganized
CeO2 surface was assumed discontinuous and the substrate

TABLE I. Lattice constantdi (the pseudomorphic azimuths of CeO2f100g, [010] and[001] were defined

as parallel to Al2O3f112̄0g, f1̄101g andf11̄02g, respectively; note that the lattice constants ofR-cut sapphire

substrate are 0.476 nm, 0.521 nm, and 0.347 nm alongf112̄0g, f1̄101g, and f11̄02g, respectively) of the
annealed CeO2 films of various nominal thicknesst, and calculated lattice distortionei. [Lattice distortion
defined asei =sdi −d0d /d0, wheredi si =x,y,zd is the measuredhkl spacing andd0 s=0.54124 nmd is the
lattice parameter of cubic CeO2 bulk.] The six representative samples are classified by the two different
phases, case I and case II, respectively. All films were deposited by PLD using the same deposition param-
eters(laser energy of 300 mJ, laser repetition rate of 1 Hz, substrate temperature of 780 °C, and O2 pressure
of 300 mTorr) andex situannealed at 1025 °C in an O2 flow for 1 h and cooled to room temperature.

Sample
t

(nm) Phase
dx/ex

(nm/%)
dy/ey

(nm/%)
dz/ez

(nm/%)

A 1.6 I 0.53787/−0.62 0.53730/−0.73 0.54062/−0.11

B 4.5 0.53979/−0.27 0.53803/−0.59 0.54029/−0.18

C 8.4 0.54019/−0.19 0.53906/−0.40 0.54047/−0.14

D 12.4 II 0.53931/−0.36 0.54140/0.03 0.53943/−0.33

E 20.5 0.53963/−0.30 0.53987/−0.25 0.53923/−0.37

F 36.6 0.53912/−0.39 0.53871/−0.47 0.53927/−0.36

FIG. 2. Cross-sectional TEM images of(a) large 3D islands
(4.5-nm-thick sample B) and (b) an atomically-flat CeO2 layer
(12.4-nm-thick sample D). Note that the strain contrast around the
islands is clearly evident in(a), the bevel angle is 54.74° showing
that the edge-side facet is CeO2 (111); and the arrows in(b) indicate
the representative dislocations.
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surface as bare Al2O3s11̄02d [Fig. 3(c)]. For case II, the for-
mation of the islands(if any) was assumed to occur on top of
the CeO2 layer (partially relaxed by the dislocations) and the
appropriate reference was not the bare sapphire surface but
CeO2s001d [Fig. 3(d)]. Accordingly, in our model, we do not
consider more general possible shape for the CeO2 island,
but only (001) and (111) facets su=54.74°d. Although in
general an actual island might have a more complex shape
than these facets, including edge rounding at high tempera-
tures, the shape assumed here is sufficient to capture the
important features such as size and aspect ratios.

We take the sapphire substrate as our energy reference,
plus a reservoir of CeO2 strained to match sapphire in thex
andy directions, and free to relax in thez direction. Then the
energy change of the formation of an isolated island due to
the surface reorganization can then be written as

E = Es + Ee + Eel, s1d

whereEs is the extra surface and interface energy,Ee is the
short-range energy of edges,36 and Eel is the energy change
due to elastic relaxation.

First we consider the elastic relaxation energy, the third
term in Eq. (1), Eel. Due to the lattice mismatch between

CeO2 andR-cut Al2O3 (3.7% alongf1̄101g and 12.1% along

f112̄0g of sapphire, respectively, at room temperature; and
4.1% and 12.4%, respectively, at 1025 °C), epitaxial layers
of CeO2 on sapphire are highly strained. Prior to relaxation,
the 2D stresses at the surface generate a force, which elasti-
cally distorts the substrate. This distortion lowers the energy
of the island, at the cost of additional strain in the substrate
[see, e.g., Fig. 2(a)].26,37 Actually, the lattice mismatch be-
tween the island and the substrate introduces an elastic-force
monopolef [see, e.g., the illustration in Fig. 3(a)] along the
island periphery21,24,25proportional to the misfit strains. Ear-
lier studies of strained islands relied on numerical finite-
element calculations, taking the height effect into
account.38,39An explicit approximation for the elastic relax-
ation energy was derived by Tersoff and Tromp,26 yielding
good understanding of island behavior. Based on their
derivation26 and considering an anisotropic solid, the elastic
relaxation energy of island formation can be written as

Eel = − Lh2Fb lnS a

fh
D + a lnS b

fh
DG , s2d

whereL= f2s1−nd /pm, m is the shear modulus,n is Pois-
son’s ratio, andf=e−3/2 cotu is the parameter related to the
microscopic cutoff length and the geometry of the island
edges. For case I(heteroepitaxial), f =ssa+sbd /2 represents
the elastic force monopole along the island periphery in-
duced by the lattice mismatch between the island and sub-
strate[see Fig. 3(a)].24 For case II(homoepitaxial), f =ssa

−sbd /2 represents the elastic force monopole induced by the
surface stress anisotropy[see Fig. 3(b)].21,25Here,sa andsb
are thexx andyy components of the 2D island stress tensor
of CeO2 biaxially strained in an anisotropic way to the Al2O3
x andy lattice constants. We neglect the variation ofs as the
island relaxes in thez direction, i.e., the variation ofs as the
function of the island heighth, a higher-order effect.

The short-range energy of island edges,Ee, which is al-
ways positive, was not taken into account in the study
by Tersoff and Tromp.26 However, Shchukin36,37 and
Marchenko40 showed that for a lattice-mismatched system
with edge-side facets, bothEe and Eel should be taken into
account. Marchenko40 showed thatEe, the short-range con-
tribution from the island edges, can be incorporated into the
total relaxation energyEel by introducing a renormalizedf.
The termsEe+Eel can then be represented by the following
particularly simple form whenEe is expressed in terms ofb
andb is incorporated insideQ:

Ee + Eel = − Lh2Fb lnS a

Qh
D + a lnS b

Qh
DG , s3d

whereQ=eb−3/2 cotu. The parameterb can be fitted by the
numerical simulations. The best overall fit to our experimen-
tal data was withb=3.3 (see next paragraph).

Equation(3) is an excellent approximation forEe+Eel if
a@h and b@h, and can be rearranged into a generic com-
pact form:

Ee + Eel = LDh2FSc −
1

c
Dln c − Sc +

1

c
Dln

D

Qh
G , s4d

where D=Îab is the effective diameter of the island, and
c2=b/a is the lateral aspect ratio of the island. The first term

TABLE II. Average characteristics of the islands obtained by the high-temperature O2 annealing, for the

nominal thicknesst=1.6 nm, 4.5 nm, and 8.4 nm. The mean lateral dimensionsā and b̄ were determined

through a statistical analysis of about 50 islands of the AFM images. The mean heighth̄ was determined by
the XRD and TEM observations. The standard deviation(except few very elongated islands) is given in
brackets. The number densityd of the islands is determined by counting the number of the isolated 3D
islands permm2. Islands, which have the complex and irregular shapes and are totally connected, are
regarded as one island for the number density estimation.

t ā b̄ h̄ d Coverage Aspect ratios

Sample (nm) (nm) (nm) (nm) s/mm2d (%) b/a h/a

A 1.6 16.5(5) 19.5(5) 8.5(2.5) 720 25 1.20(0.20) 0.49(0.12)

B 4.5 70(30) 160(120) 11.5(3.0) 40 35 2.46(1.46) 0.18(0.05)

C 8.4 90(30) 320(200) 16.0(3.0) 20 48 3.76(2.76) 0.18(0.05)
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is positive(note that this term vanishes for a square island of
c=1), and the second term is always negative.

C. Formation of the 3D islands (case I)

Based on our energetics model, the formation of coherent
3D islands(case I) on the bare sapphire substrate is due to
the surface reorganization of the as-grown CeO2 film via the
high-temperature O2 annealing[see Fig. 3(c)]. The nominal
thicknesst of the as-grown CeO2 film is a given constant.
Omitting theh2 terms corresponding to the corners, the extra
surface and interface energy of the island formation can be
written as

Es = g1Sh

t
− 1Dab− G1sa + bdh, s5d

where g1=us−ui −ut and G1=ut cotu+us cotu−ui cotu
−2ue cscu. Before the island formation,t søhd is the nomi-
nal thickness of the CeO2 slab[illustrated by the dashed lines
in Fig. 3(c)], which has the same volume as the island. Here,
us, ut, and ue, are the surface energy(per unit area) of the
substrate and of the island’s top and edge-side facets, respec-
tively, andui is the island-substrate interface energy. Consid-
ering that the as-grown CeO2 thin films were pseudomorphic
as determined by XRD(Ref. 13) and the fact that the forma-
tion of the exposed sapphire surface requires sufficient high
annealing temperature, CeO2 is thought to be able to easily
wet the sapphire surface. The interface energyui is therefore
not expected to play a major role with respect to the surface
energiess.1.5 J/m2d, although it is expected to be positive.
In the model, we assumed that the surface energies and the
contact angles for both the edge-side facetsa and b are
equivalent. Equation(5) is an excellent approximation if the
strained CeO2 is pseudocubic. The first term is the change in
Es for flat surfaces. The second term is the “creation energy”
of the island edge sides.

In our model, we used the surface energies per unit area
computed in Refs. 32 and 33, as shown in Table III. The four
lowest surface energies for CeO2 are(111), (110), (100), and

(211). In case I, contribution from the exposed Al2O3s11̄02d
should also be considered. The fracture surface energy of the
sapphireR-plane isUs11̄02d=6.0 J/m2.41 Taking the relaxed
data from Table III for the different surfaces of CeO2 and
assuming that the island-substrate interface energyui plays
an insignificant role, theng1.0 andG1.0. For CeO2 ma-
terials, the creation energy of the island edge sides[the sec-
ond term in Eq.(5)] is negativewhen the edge-side facet is
considered(111) and the top facet is considered(001).

For a dilute system of islands of sparse distribution, the
elastic interaction between islands via the strained substrate
might be insignificant. Then, combining Eqs.(4) and(5), the
formation energyE of the island can be written as

E = g1Sh

t
− 1DD2 − G1Sc +

1

c
DDh

+ LDh2FSc −
1

c
Dln c − Sc +

1

c
Dln

D

Qh
G . s6d

FIG. 3. Schematic views of the assumed shape of 3D islands
grown on sapphire substrate.c=arctansb/ad defines the aspect ratio
of the island.(a) Case I(heteroepitaxial). f =ssa+sbd /2 represents
the elastic force monopole along the island periphery induced by
the lattice mismatch between the island and substrate.(b) Case II
(homoepitaxial). Dashed lines indicate alternating stress domains
arising from surface stress anisotropy.f =ssa−sbd /2 represents the
elastic force monopole induced by the surface stress anisotropy.
Note that the force monopole on the twoa sides points in a direc-
tion opposite to the force monopole in case I, shown in(a). 2D
views of (c) formation of coherent 3D islands on bare sapphire
substrate(case I) and (d) formation of 3D islands on top of the
atomically-flat CeO2 layer (case II), showing cross section inxz
plane, and illustrating the definition of half-widtha, heighth, and
contact angleu. The dashed rectangles represent the as-grown CeO2

volumes before the surface reorganization.

TABLE III. Surface energies of CeO2 surfaces.(Data of the
unrelaxed and relaxed surface energies of CeO2 are from Refs. 32
and 33.)

Surface

EnergysJ/m2d

Unrelaxed Relaxed

(111) 1.737 1.537

(110) 3.590 2.451

(100) 6.453 3.251

(211) 7.638 2.674
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First we consider the shape instability. Figure 4 illustrates
the strain-induced shape instability. The parameter for the
lateral aspect ratio of an island is defined asc=arctansb/ad
[see Fig. 3(a)]. In our model, we selectedc instead of the
aspect ratiob/a as the parameter for island shape, because
the total energy of the islandE is symmetric aboutc=45°. A
small island sD,Dcd always adopts a isotropic(square)
shape. As the island size exceeds a critical sizeDc, the iso-
tropic shape becomes unstable and strain induces a sponta-
neous shape instability: the island adopts an rectangular
shape elongated in either of the two orthogonal directions
with two degenerate energy minima atcm=45° ±Dc. Dc,
and hence the lateralb/a of the elongated islands, increases
with increasing island diametersDd. The critical sizeDc is
defined by the condition

Ud2E

dc2U
c=45°

= 0,

thus yielding

Dc = e2Qh expS−
G1

Lh
D . s7d

For a given sizeD=aDc, E can be written as

E = Ec + LDh2FSc −
1

c
Dln c − Sc +

1

c
Ds2 + ln adG . s8d

The first term,Ec=D2sh/ t−1dg1, is independent ofc. In Fig.
4(a), the calculated formation energyE−Ec of an island is
shown as a function ofc for different island sizes(different
D). In Fig. 4(b), the calculated critical sizeDc is shown as a
function ofh. These calculations illustrate the strain-induced
shape instability and were clearly verified by experimental
observation[Figs. 1(b), 1(d), and 1(f)]. The existence of the
spontaneous shape instability originates from the competi-
tion between the strain relaxation energyL and the surface
energyG1.

24 It is especially obvious in the limit conditions.
WhenG1/Lh!1, i.e., the island stress dominates, the strain
relaxation energy shifts the critical sizeDc to a larger value,
and thus drives the island toward an isotropic(square) shape.
If the surface energy dominatessG1/Lh@1d, the isotropic
surface energy shifts the critical sizeDc to a smaller value
and drives the island toward an anisotropic(rectangular)
shape. Although in this studyG1 is considered equivalent for
both the edge-side facetsa and b, such a strain-induced
shape instability has been demonstrated theoretically by Liet
al.24 for the strained islands with either the isotropic or an-
isotropic surface(facet) energies.

Next we consider the equilibrium height of the islands.
We limit our discussion to only the reorganization of a static
film (no deposition) at the thermodynamic limit. The sponta-
neous formation of large 3D islands occurs randomly. The
islands might contain CeO2 materials of different volumes
with various dimensions. In Fig. 5, the calculatedEshd
+g1D

2 is shown as a function ofh with (a) c=1 and t
=4.5 nm and(b) c=2 andt=8.4 nm for variousD. The cal-
culation shows that ifD exceeds a threshold value[Dm
,101 nm for(a) c=1 andt=4.5 nm,Dm,302.5 nm for(b)
c=2 andt=8.4 nm], the energy increases monotonically with
h, and the formation of the island will not occur. ForD,Dm,
however,Eshd has a well-defined minimum athe, the equi-
librium height of the island at whichdE/dh=0. At smallD
[,60 nm for (a) c=1 andt=4.5 nm,,210 nm for(b) c=2
and t=8.4 nm], he increases with increasingD, whereas at
largerD, he decreases with increasingD. The estimatedhe is
up to 11.0 nm for(a) c=1 andt=4.5 nm and up to 16.2 nm
for (b) c=2 andt=8.4 nm, respectively, which is fairly con-
sistent with experimental observations[see, e.g., Fig. 2(a)
and Table II].

Next we consider the size selection of the islands. In Fig.
6, calculatedEsDd is shown as a function ofD with c=2.5,
h=10 nm(a), 15 nm(b), and 20 nm(c) for varioust. The t
was selected to start from 1.24 nm in Fig. 6(a) [2.7 nm in
Fig. 6(b) and 4.05 nm in Fig. 6(c)], because fort,1.24 nm

FIG. 4. (a) Formation energy, relative toEc, of an isolated island
as a function of anglec=arctansb/ad for different island sizesD,
demonstrating the strain-induced shape instability. Islands with
D,Dc adopt an isotropic(square) shape, while those withD.Dc

adopt an elongated anisotropic(rectangular) shape.(b) The calcu-
lated critical sizeDcf=e2Qh exps−G1/Lhdg as a function ofh. For
the calculation,b=3.3 andL=G1/26 nm−1.
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s2.7 nm/4.05 nmd, EsDd increases monotonically with size,
and the formation of the island will not occur. The calcula-
tion shows that at very smallD (,2 nm for h=10 nm,
,8 nm for h=15 nm, and,17 nm forh=20 nm), EsDd in-
creases with increasingD. The island can be stable above a
critical nucleus size,Dn, at whichdE/dD=0, and an increase
in D is accompanied by a decrease inE. At largeD, E again
increases due to theD2-dependence of the surface energy
term. At intermediateD, E has a well-defined minimum at a
stable island sizeDs, at whichdE/dD=0. The stable island
sizeDs can be proportionally controlled by varyingt. As t is
increased,Ds increases, diverging ast approachesh [i.e., the
first term(D2 term) in Eq. (6) vanishes]. The curves in Fig. 6
show that stable islands are not necessarily energetically fa-
vorable. If t, ,1.58 nms3.44 nm/5.12 nmd, E is still posi-
tive, and the islands are metastable and thus may adopt an
anisotropic shape[or even an isotropic shapesc=1d] with

height less than 10 nms15 nm/20 nmd. This was confirmed
by our experimental results[see, e.g., Figs. 1(b), 1(d), and
1(f) and Table II]. Because spontaneously formed islands
might contain different volumes of CeO2, as discussed in the
preceding paragraph, islands with volumeV,Ds

2h could not
reachDs described in Fig. 6 but could reach a minimumE
with size less thanDs, whereas islands withV.Dc

2h might

FIG. 5. Formation energy, relative to −g1D
2, of an isolated is-

land as a function of heighth for several island sizesD. The lateral
aspect ratio of the island and the nominal thickness of the as-grown
CeO2 film were assumed to be(a) c=1 and t=4.5 nm and(b) c
=2 and t=8.4 nm, respectively. For the fitting,b=3.3, g1=G1/8,
andL=G1/26 nm−1.

FIG. 6. Formation energy,E, of an isolated island as a function
of island sizeD for several thicknessest. The lateral aspect ratio of
the island was assumed to bec=2.5. Island heighth was fixed at
10 nm (a), 15 nm (b) and 20 nm(c), respectively. For the fitting,
b=3.3, g1=G1/8 andL=G1/26 nm−1.
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adopt an anisotropic shape withc.2.5 due to the shape
instability. Despite all this, the relation betweenDs and t is
qualitatively consistent with AFM observation[Figs. 1(b),
1(d), and 1(f) and Table II].

Two effects on island growth involvetc (the critical value
of t, above which no island forms). First, whenD exceeds a
critical sizeDc, the island becomes anisotropic. For an an-
isotropic island, the last term in Eq.(6) dominates, and the
energy minimization requires maximizingc, thus favoring a
large Ds. Second, groups of islands are not necessarily iso-
lated from each other. Not only isolated isotropic islands, but
also groups of anisotropic islands near equilibrium have vari-
ousD, as shown in Figs. 1(d) and 1(f). With increase int, the
islands become closer to each other and the island-island
interaction(via the strained substrate) becomes significant.
Because the interaction between islands is repulsive,36,42 the
configuration with isolated islands has a higher energy than
the uniform phase(flat surface without formation of 3D is-
lands), which makes the 3D island phase unstable. On the
other hand, the competition between strain energy buildup
and strain relief due to dislocation nucleation also leads to a
concept of the equilibrium critical thickness, at which the
energy of the strained epitaxial state is equal to that of a state
containing a single misfit dislocation.34 Due to the shape
instability, the repulsive island-island interaction and the in-
troduction of dislocations,tc is about 10 nm(according to the
experimental data), less than the analytical value, which is
the equilibrium height he (e.g., 16.0 ±3.0 nm whent
=8.4 nm). When t. tc, a phase transition from the 3D
ordered islands(case I) to an atomically-flat thin layer(case
II ) takes place. In the following, we present the argument
that the atomically-flat surface is energetically favorable for
case II.

D. Formation of the atomically-flat surface (case II)

Based on our energetics model, the island formation of
case II(if any) is due to the surface reorganization in the top
layer of the as-grown CeO2 film [see the schematic drawing
in Fig. 3(d)]. In case II, the sapphire substrate is not exposed
any more and we just take the sapphire substrate plus the
partially relaxed CeO2 base layer(by the introduction of dis-
locations) as the energy reference. In this case,ut=us and
ui =0, and thusg2=0 andG2=2sut cotu−uecscud. Taking the
relaxed data from Table III for the different surfaces into the
expression ofG2, then G2.0. Thus,Es for case II can be
written as

Es = − G2sa + bdh. s9d

In case II, we do not fix the total volumesV=D2hd of the
island in the model, but instead considerE/V, which can be
written as

E

V
= − G2Sc +

1

c
D 1

D
+ L

h

D
FSc −

1

c
Dln c − Sc +

1

c
Dln

D

Qh
G .

s10d

Following the method by Tersoff and Tromp,26 we con-
sider the equilibrium shape by minimizing the energy with

respect toc and D, keepingh fixed. The minimization of
E/V with respect toc andD leads toc=1 andD=D0, where

D0 = eQh expS−
G2

Lh
D . s11d

With decreasingh, the equilibrium island sizeD0 de-
creases much faster(exponentially) thanh (linearly). In other
words, even ifh varies, the change inh is slow compared
with the change in lateral dimensionD. Thus, the validity of
Eq. (11) is self-consistent with the assumption of fixedh. As
shown in Eq.(11), the minimal-energy island size isD0
=eQhe−G2/Lh. At this D0,

U ]E/V

]h
U

D=D0

=
2G2

Dh
. 0. s12d

The energy minimization requires minimizingh! Thus, at the
thermodynamic limit, the islands should always “shrink” un-
til each island vanishes, resulting in an atomically-flat sur-
face.

In fact, all the values for the surface(facet) energies dras-
tically depend on the accumulated strain energy in a way
which is rather difficult to predict. The surface energy of the
island’s top,ut, and the surface energy of the island’s edge
facet, ue, and thereforeG2 are actuallyt- and h-dependent,
i.e., G2st ,hd=2fuest ,hdcscu−utst ,hdcot ug. Considering this
h-dependence ofG2 (evenL) and the assumption of the con-
stanth in deriving the equilibrium island sizeD0, the expres-
sion of the partial differential]sE/Vd /]h [see Eq.(12)] is not
very accurate. Nevertheless, the qualitative conclusion drawn
from Eq. (12), i.e., the formation of the atomically-flat sur-
face, is well consistent with the experimental observations
[see, e.g., Fig. 1(h) and Fig. 2(b)].

The key conclusions for both case I and case II depend
significantly on the sign ofg1, G1 and G2, which is quite
unique for CeO2. For example, in CeO2 material, the creation
energy of the island edge sides[the second term in Eq.(6)
and the first term in Eq.(10)] is negative when the edge-side
facet is(111) and the top facet is(001). Despite such depen-
dence, the analytical expression for the short-range and re-
laxation energy, such as Eq.(3), can help identify fundamen-
tal regimes of behavior for strained-layer reorganizations.
Although several approximations were made in deriving Eq.
(3), including the neglect of the “corner” terms and the varia-
tion of stress tensors as the island relaxes in thez direction,
which requiresD@h,26 and the incorporation ofEe into Eel
by renormalizingQ analogous to Marchinko,40 the result
gives an accurate picture of surface reorganization of
strained CeO2 islands on sapphire via the high-temperature
O2 annealing. Thus, the key conclusions here do not depend
on the approximations underlying Eq.(3). An exact calcula-
tion, if possible, would only shift the equilibrium dimensions
(Ds, he in case I) of the islands and the critical thicknesstc at
which the phase transition occurs.

IV. SUMMARY

Epitaxial CeO2 thin films were fabricated by pulsed laser
deposition onR-cut sapphire substrates. Experimental evi-
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dence of a self-assembly process was obtained where high-
temperatureO2 annealings1025 °Cd induced a surface reor-
ganization in the as-grown CeO2 films. When the CeO2 film
exceeded a critical thicknesss,10 nmd, an atomically-flat
surface was preferred. When the CeO2 film was thin
s,10 nmd, the formation of large 3D ordered islands of
CeO2 proceeded, leaving most of the substrate surface ex-
posed. The self-assembled CeO2 islands were found to be
faceted by perfect crystallographic planes of(111) and(001).
Therefore, under these conditions, the self-assembly process
is thought to proceed close to equilibrium. An energetics
model was proposed based on these observed facet configu-
rations. The formation energy of an island was calculated,
taking into account surface and interface energies, elastic
strain, and short-range energy of edges. The energy minimi-

zation calculation showed that the calculated lateral and ver-
tical dimensions of an island are well consistent with the
equilibrium shape of the islands observed by AFM and TEM.
In conclusion, increasing the film thickness induces the im-
portant phase transition from large islands to an atomically-
flat surface.
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