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Self-assembled growth of Ce® nanostructures on sapphire

J. C. Nie* H. Yamasaki, and Y. Mawatari
Energy Technology Research Institute, National Institute of Advanced Industrial Science and Technology (AIST),
1-1-1 Umezono, Tsukuba, Ibaraki 305-8568, Japan
(Received 15 March 2004; revised manuscript received 3 August 2004; published 16 NovembBer 2004

Experimental evidence of a self-assembly process was obtained where high-temperammee@ling
(1025 °Q induced a surface reorganization in Ce@@®posited orR-cut sapphire substrates. Based on obser-
vation using atomic force microscopy and transmission electron microscopy, when thefibe@as thin
(<10 nm), a highly ordered phase was formed as large three-dimensional islands ¢f v@#Osapphire
surface exposed. When the Cefdm thickness exceeded a critical val(re 10 nm), 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 shape, which allows better elastic relaxation of the island’s

CeO, thin films have been extensively investigated be-Str€ss. _ . o
cause of their relatively high electrical conductivitghemi- The growth mechanism of semiconductor thin films has
cal stability? transmission in the visible and infrared been extensively investigated. However, studies on the
regions3* and efficiency for absorbing ultravioletUV) growth of CeQ on sapphire substrate have been limited in
radiation®® Besides, CeQis a key component in the catalyst humber~"213 Here, CeQ thin films were first grown on
used for eliminating contaminants in automobile exhausR-cut sapphird Al,04(1102)] substrates and then annealed
gases:® It has also been proven that Cg@an act as an  at high temperatures. The experimental methods enabled us
excellent buffer layer for higf superconducting thin to obtain experimental evidence of surface reorganization of
films® The fabrication and study of nanostructured GeO CeO, film on a sapphire substrate. Then, we used atomic
thin films has been of interest due to new phenomena ariSinﬁ)rce microscop)(AFM) and transmission electron micros-
from the reduction in their dimensions. A phenomenoncopy(TEM) to observe the morpho|ogy and the microstruc-
involving  nanostructures is the quantum confinementyre of the nanostructured thin films, revealing phase transi-
effect:%!! This effect, which has been well investigated for tion from large 3D islands to an atomically-flat surface when
semiconductors, occurs when the crystal size approaches n@gre film thickness was increased. Finally, based on these ob-
nometer dimensions, and results in a shift in the absorptioBervations, we developed an energetics model for the island

edge to higher energy, namely, increase in band gap energrmation. This energetics model well explains the shape of
Lithographic techniques are now widely used to reduce latthe islands and the phase transition.

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- Il. EXPERIMENT
assembly, where ordered nanostructures are formed sponta- _
neously on a crystal surface, is a low-cost, alternative The CeQ thin films were first grown on AlD3(1102)
method to produce nanostructures of very high structurasubstrates by pulsed laser deposition utilizing a KrF excimer
quality1213 laser sourc&248 nm wavelength, Lambda Physik COMPex
In addition, the crystal growth on a lattice-mismatched205) operated at 300 mi¥:?” The base pressure was on the
substrate often proceeds via formation of 3D islafdSon  order of 107 Torr and the oxygen pressure during the laser
a bare substrate surface for Volmer-Welp€¥V) growth or  deposition was set at 300 mTorr. The distance between the
on a wetted surface fazoherent(dislocation-freg¢ Stranski-  target and substrate was about 55 mm. All Géibns were
Krastanov(SK) growth. Elastic strain can also cause spontafprepared at a laser repetition rate of 1 Hz and a substrate
neous formation of 2D island domain structufés®whose temperature of 780 °C. After deposition the samples were
properties(such as domain size and topolggre well un-  annealedn situ in 400 Torr G at 430 °C for 1 hour and
derstood. Tersoff and Tromp theoretically showed that for 30then cooled to room temperature. The growth conditions de-
islands, a shape transition occurs as the islands increase soribed above are the typical conditions for oxide thin
size?® Below a critical size, islands have a compact, sym-films.!® The resulting thin Ce® films, called as-grown
metric shape, whereas above this size, they adopt a long thsamples, were further annealed situat 1025 °C(Ref. 28
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in an G flow for 1 hour and then cooled to room 10+4 nm high[see Fig. 1b)]. The islands were randomly

temperature. distributed at the surface but were all oriented along the
Structural properties of the films were measured by usingCeQ,[110]IIAl ,050221] and CeQ[110]IIAl,042021] in-

a thin film x-ray diffractometer(ATX-G, Rigaku Co).  plane directions. The cross-sectional profifeem AFM im-

ATX-G has additional goniometer axes so that it can conduchges at smaller scaledrawn perpendicular to the edges of

in-plane diffraction scans, as well as out-of-plane, or conveng,e islands, along the directions C40L0] and CeQ[lﬂ)]

tional 26/ w scans. In in-plane diffraction measurements, theeyealed a well-defined angle with respect to the film plane:
sample and the detector rotate around the sample normal bys, 74°(see also the TEM data in the next paragpafie

¢ and 2,, respectively. The outgoing angle of the x ray 10 edge facets determined from these cross sections correspond

the surface is equ_al to the glanc_mg ang@te0.3°), so that thg to crystallographic planed11), (111), (111), and(111), re-
diffraction plane is embedded in th9e3osurface plane. This igpectively, and the top facet €01). With increase irt (e.g.,
so-called the ‘in-plane diffractior?®*® X-ray diffraction 4’5 nm-thick sample B some of the isolated 3D islands
(XRD) results showed that both the as-grown and highstarted to be coalesced into large anisotropectangular
temperaturg¢1025 °Q annealed Ceffilms were(001) tex-  jsjands, while most of the 3D islands of Ce@ere still
tured with a high grade of in-plane orientation of jsolated with the dimensions of 40—100 nm wide, up to
CeOQ,[100]11Al,04[1120] and CeQ[010]IIAl,O41101], and 400 nm long and 15+5 nm higisee Fig. 1d)]. With further
that the crystalline quality of the film was improved by high- increase irt (e.g., 8.4-nm-thick sample)Cmost of the iso-
temperature @ annealing'® Due to the high lattice perfec- lated 3D islands were coalesced into large rectangular islands
tion and smooth surfaces of the thin Cefdms, Laue oscil- and were connected in groups. The dimensions of the large
lations appeared for both the as-grown and the annealedP islands of Ce@for sample C were 60—120 nm wide, up
films. The nominal thicknessof the as-grown and the mean to 1000 nm long and 20+5 nm hidsee Fig. 1f)]. The for-
heighth of the 3D islands of the annealed Ce@as then mation of the 3D ordered island phase did not occur for the
determined based on the adjacent satellite peaks from tHeeQ, films thicker than 10 nm. We therefore define “case I”
Laue oscillations! In this study, the nominal thickness of as the formation of the large 3D ordered islands for the thin
the CeQ thin films ranged from 1.0 nm to 40.0 nm. CeG; films with nominal thickness less than 10 nm, and de-
The morphology of the nanostructured surfaces of thdine “case II” for the reorganization of the Cethin films
films was then observed by AFNanoscope Il developed Wwith nominal thickness greater than 10 nm as below. When
by Digital Instruments, Ing. AFM images were recorded by the CeQ thickness exceeded 10 nie.g., 12.4-nm-thick
using the tapping mode under an ambient atmosphere, &ample D, the self-assembly process induced by thead-
room temperature. The selected films were further observedealing resulted in an atomically-flat surface that was clearly
in detail by TEM(Model JEM-2000EX operated at 200 kV. evident in the AFM imagegFig. 1(h)] as atomically-flat
Specimens for cross-sectional TEM were vertically cut alongerraces and atomic steps. The rms surface roughness of

AI203[OZEL] (i.e.,[110] of CeO,) and prepared by standard the annealed CeQsurfaces was only about 0.15 nm for

techniques including Ar ion milling. sample D. )
g ¢ g Among the annealed CeCfilms, we have chosen to

evaluate the microstructure of sample B and sample D in

. RESULTS AND DISCUSSION detail because they were representative for case | and case II,
respectively. The cross-sectional TEM images of large 3D
islands(sample B and an atomically-flat CeQayer(sample

Figure 1 shows AFM images and corresponding crossp) are shown in Fig. 2. As can be seen clearly in Fig)2
sectional profiles of four representative Gefdms (samples  the islands formed in an isolated way and the sapphire sur-
A, B, C, and D of different thickness before and after the face was exposed due to the absence of any coverage outside
high-temperature ©annealing. The sapphire substrate sur-the islands. TEM observations of the island formation also
face was fully covered by the as-grown Cetin films for  showed that the large 3D islands were cohetdigiocation-
all the nominal thicknesses used in this studyl.0 nm.  free). The strain contrast around the islands in Fi@) ug-
The as-grown Ce®films showed small, round-shaped, and gested that the local strain relaxation in the islands could
coalesced islandg-igs. ¥a), 1(c), 1(e), and Xg)]. Line scan  result in elastic deformation of the substrate. This deforma-
profiles showed that the root-mean-squdrens) surface tion lowers the energy of the island, at the cost of additional
roughness of the as-grown Cg®urfaces was about 0.55, strain in the substrate. As demonstrated clearly in Fig), 2
1.16, 1.52, and 1.65 nm for samples A, B, C, and D, respeche edge sides of the islands were beveled at a fixed angle of
tively. After the high temperatur€l025 °Q O, annealing, 54.74° to the sapphire substrate, indicating that the facets
the surface of the thin CeOfilms (<10 nm, e.g., formed at the edge sides are corresponding to SCEKD),
1.6-nm-thick sample AFig. 1(b)], 4.5-nm-thick sample B which has the lowest surface enefgy® From the other
[Fig. 1(d)], and 8.4-nm-thick sample {Fig. 1(f)]) showed a cross-sectional TEM imagedslata not showy the observed
highly ordered phase. The phase was formed by 3D orderedimensions of the islands were 40—400 nm long and about
islands of Ce@ that were isolated or connected in groups.11.5+3.0 nm high. The observed height of the islands was
For sample A(t=1.6 nm), most of the 3D islands of CeO well consistent with the XRD observatidhwhile a little bit
were nearly isotropi¢squarg in shape and isolated with the smaller than that by AFM. We prefer to believe the TEM and
dimensions of 11-23 nm wide and 15-27 nm long, andXRD data rather than the AFM data, since structures mea-

A. Observed microstructure of the nanostructured thin films
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FIG. 1. AFM images and corresponding profiles of a 1.6-nm-thick £fé@ grown onR-cut sapphir¢sample A (a) before andb) after
high-temperature @annealing at 1025 °C, a 4.5-nm-thick Cefim (sample B (c) before andd) after the Q annealing, a 8.4-nm-thick
CeG; film (sample Q (e) before andf) after the Q annealing, and a 12.4-nm-thick Ce@m (sample D (g) before andh) after the Q
annealing. The long arrows are parallel to the GEC10] direction.

sured by AFM could appear to be larger than what they arecrease of the nominal thickness of the Gdims, i.e., the
due to the tip convolution effects. Also, the true heights ofmean height of the 3D islands. The flat filfh2.4-nm-thick
islands of samples A and C should be determined by XRDsample D, case )lwas found to contain less misfit strain

o_bslervatioﬁ1 and were about 8.5+2.5 and 16.0+3.0, respeCicompletely relaxed along Q(D3[T101]) with smaller lattice
tively. distortion (see Table ). With further increase int (e.g.,

Sar\:]vr::n[;hz %g?mr; eﬁ(gliedsv\}gsngﬁﬁe'h:liz'4'2r(]gith|'r?k 20.5-nm-thick sample E and 36.6-nm-thick sample F, case
b ’ P 9y 9 X I, the lattice distortion varied slightly and the remained

addition, relief of the misfit strain in sample D could proceedstrain energy was accumulated inside the flat Cafin

by formation of misfit dislocation¥* Figure 2b) clearly . 27 A .
shows that the dislocations originated at the Ge&,0, films. Considering the large lattice mismatch between £eO

interface and extended all the way up to the surface. Table@"d R-cut Al,O; (3.7% along[1101] and 12.1% along
summarizes the measured lattice constants of the annealgtil20] of sapphire, respectively, at room temperafuibe
CeG, thin films of various nominal thicknesses. The lattice small lattice distortion in case 1{<0.5%, see Table)l
distortion was defined ase=(d,—dy)/dy, where d; i strongly suggests that the misfit strain between the film and
=X,Y,2) is the measuretkl spacing andl, (=0.54124 nm  substrate mostly relaxed by the introduction of dislocations.
is the lattice parameter of cubic Ce®ulk. For samples A, High annealing temperature is necessary to provide
B, and C(case }, the lateral misfit strain inside the CeO enough thermal energy for the formation of the exposed sap-
films mainly relaxed by the formation of the 3D island phase.phire surface and for the adatoms to assemble into 3D is-
Besides, the lattice distortion in case | decreased with inlands. The Ce@islands formed by the high temperature
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0 =54.74° result of the coalescence of several smaller islands. The
A 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 Geiins.

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.

(@ 50 nm

(b 7 7 50 nm

FIG. 2. Cross-sectional TEM images ¢d) large 3D islands
(4.5-nm-thick sample Band (b) an atomically-flat Ce@ layer
(12.4-nm-thick sample P Note that the strain contrast around the
islands is clearly evident ifa), the bevel angle is 54.74° showing
that the edge-side facet is Ce(11); and the arrows itib) indicate
the representative dislocations.

B. Description of the energetics model

From AFM and TEM observationg-ig. 1 and Fig. 2 the
typical shape of the self-assembled islands obtained by the
high temperature ©annealing can be modeled. For simplic-
_ ity, in the model we assumed the island to be rectangular in
(1025 °Q annealing on the AD5(1102) surface displayed shape, with half-widtta (width at the half maximum height
reproducible shapes, aspect ratios, and orientafieigs.  half-length b, and heighth, in the x, y, and z directions,
1(b), 1(d), 1(f), and 2a)].>> With increase of the nominal respectively[see Figs. @) and 3b)]. The edge sides were
thickness(t) of the CeQ thin films, the volume of each 3D beveled at an angle af to the substrat¢see Figs. &) and
island increases and the number density decreases. The3(@)]. Figures 8c) and 3d) show schematics of the assumed
results are analyzed quantitatively in Table 1l. For samplesurface reorganization for cases | and I, respectively. Al-
with small nominal thicknesge.g., 1.6-nm-thick sample)A  though the actual surface of the as-grown G&lins was not
islands displayed regular square or rectangular shapes amdiformly flat (actually it showed a rough coverage with a
well-defined facetgsee, e.g., Fig. (b)]. With increase it rms surface roughness up to 1.65 nm; see Fjgfdr sim-

(but <10 nm, e.g., 4.5-nm-thick sample B and 8.4-nm-thickplicity, the CeQ thin film before the reorganization was as-
sample @, most of islands presented more complex and ir-sumed to have a flat surface, as illustrated by the dashed
regular shapes, which can be found from the AFM imagesectangles in Figs.(8) and 3d). For case |, the reorganized
[see, e.g., Figs.(d) and Xf)]. Indeed, these islands are the CeO, surface was assumed discontinuous and the substrate

TABLE I. Lattice constant; (the pseudomorphic azimuths of Cg@00], [010] and[001] were defined
as parallel to AJO5[1120], [1101] and[1102], respectively; _note t_hat the lattice constantRRefut sapphire

substrate are 0.476 nm, 0.521 nm, and 0.347 nm aJdaig0], [1101], and[1102], respectively of the
annealed Ce®films of various nominal thickness and calculated lattice distortiog. [Lattice distortion

defined ase=(d,—dg)/dy, whered, (i=x,y,z) is the measuredhkl spacing anddy (=0.54124 nm is the

lattice parameter of cubic CeMulk.] The six representative samples are classified by the two different
phases, case | and case I, 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 ° G, @edsdre

of 300 mTorp andex situannealed at 1025 °C in an,@low for 1 h and cooled to room temperature.

t dy/ ey, dy/e, d,/e,
Sample (nm) Phase (nm/%) (Nm/%) (nm/%)
A 1.6 | 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 1] 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
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TABLE II. Average characteristics of the islands obtained by the high-temperatuami@aling, for the
nominal thicknesg=1.6 nm, 4.5 nm, and 8.4 nm. The mean lateral dimensﬁasgb were determined

through a statistical analysis of about 50 islands of the AFM images. The mean heigistdetermined by

the XRD and TEM observations. The standard deviatiexcept few very elongated islands given in
brackets. The number density of the islands is determined by counting the number of the isolated 3D
islands perum?. Islands, which have the complex and irregular shapes and are totally connected, are
regarded as one island for the number density estimation.

t a b h d Coverage Aspect ratios
Sample (nm)  (nm) (nm) (nm) (/um2) (%) b/a h/a
A 1.6 16.55) 19.55) 8.52.5) 720 25 1.200.20 0.490.12
B 45  7Q30) 1601200 11.53.0) 40 35 2.461.46 0.180.05
C 8.4  9G30) 3202000 16.03.0) 20 48 3.762.76  0.180.05

surface as bare AD;(1102) [Fig. 3(c)]. For case I, the for- A2 a o
mation of the islandg&f any) was assumed to occur on top of Eei=— AN {b In( ¢h) " aIn( q’;h)] ' @
the CeQ layer (partially relaxed by the dislocatiopand the 2 . . .
appropriate reference was not the bare sapphire surface b{ffere A=f (1_”)/7?‘3‘/'2 p is the shear modulus; is Pois-
Ce0,(001) [Fig. Ad)]. Accordingly, in our model, we do not so_n’s ratio, andp=e*'<cot 4 is the parameter related to the
consider more general possible shape for the Cistand, ~ Microscopic cutoff length _an(_JI the geometry of the island
but only (001) and (111) facets (§=54.749). Although in  €dges. For case(heteroepitaxial f=(o,+0y)/2 represents
general an actual island might have a more complex shagd€ €lastic force monopole along the island periphery in-
than these facets, including edge rounding at high temper&uced by the Iatt|ce2:n|smatch between the island and sub-
tures, the shape assumed here is sufficient to capture tfdate[see Fig. 8]~ For case li(homoepitaxig), f=(o,
important features such as size and aspect ratios. —0p)/2 represent; the elastic 'force monopole induced by the
We take the sapphire substrate as our energy referencedrface stress anisotropgee Fig. 8)].>4?°Here, o, anday,
plus a reservoir of Cestrained to match sapphire in the ~are thexx andyy components of the 2D island stress tensor
andy directions, and free to relax in ttzdirection. Then the Of CeQ; biaxially strained in an anisotropic way to the,8%
energy change of the formation of an isolated island due t¢ @andy lattice constants. We neglect the variatiorvods the

the surface reorganization can then be written as island relaxes in the direction, i.e., the variation aof as the
function of the island height, a higher-order effect.
E=E +E,+E, (1) The short-range energy of island edgEs, which is al-

ways positive, was not taken into account in the study

whereE, is the extra surface and interface enefyjs the Py Tersoff and Tromg® However, Shchukif?*’ and
short-range energy of edg&sand E,, is the energy change Marchenkd® showed that for a lattice-mismatched system
due to elastic relaxation. € with edge-side facets, both, and E; should be taken into

First we consider the elastic relaxation energy, the thirdd¢count. Marchenk8 showed tha,, the short-range con-
term in Eq.(1), Ey. Due to the lattice mismatch between tribution from the island edges, can be incorporated into the

— total relaxation energ¥, by introducing a renormalized.
_ 0, 0, €
CeQ, andR-cut Al,O; (3.7% alond 1101] and 12.1% along The termsEg+Eg can then be represented by the following

[1120] of sapphire, respectively, at room temperature; andharticularly simple form whel, is expressed in terms ¢
4.1% and 12.4%, respectively, at 1025); €pitaxial layers and 3 is incorporated insid®:
of CeQ, on sapphire are highly strained. Prior to relaxation, b
the 2D stresses at the surface generate a force, which elasti- - 2 ( a ) ( )

. I ) Ec+Eq=-Ah%|binl — ] +aln| — ||, 3
cally distorts the substrate. This distortion lowers the energy e’ el { Oh ®h @
of the island, at the cost of additional strain in the substrate here® =532 cot 0. The parametes can be fitted by the

[see, e.g., Fig. @)].2637 Actually, the lattice mismatch be- W el simulati The best I fit ;
tween the island and the substrate introduces an elastic-for{g!mercal simulations. the best overall fit to our experimen-
al data was with3=3.3 (see next paragraph

monopolef [see, e.g., the illustration in Fig(8] along the Equation(3) is an excellent approximation fd.+E, i

island peripher§*2425proportional to the misfit strains. Ear- ~h andb>h. and b d int :
lier studies of strained islands relied on numerical finite-2 an » and can be rearranged Into a generic com-

element calculations, taking the height effect into pact form:

account®3° An explicit approximation for the elastic relax- 1 1\ D

ation energy was derived by Tersoff and Trofipjielding Ee+ EeFADhZ{(C— —)In c- (C+ —)In@] (4)
good understanding of island behavior. Based on their o ¢ ¢

derivatiorf® and considering an anisotropic solid, the elasticwhere D=Vab is the effective diameter of the island, and
relaxation energy of island formation can be written as c’=b/a s the lateral aspect ratio of the island. The first term
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/ \ TABLE Ill. Surface energies of CeQsurfaces.(Data of the
// \ unrelaxed and relaxed surface energies of £af@ from Refs. 32
h and 33)

/ \
/. // 4 /j/f % \
Vs AN \ Energy(J/n)

f L W \ f Surface Unrelaxed Relaxed
@) (i (11y 1.737 1.537
(110 3.590 2.451
(100 6.453 3.251
(213 7.638 2.674
h
ES:’yl ;_1 ab—Fl(a+ b)h, (5)

where vy;=us—u;—u, and I';=u;cotf+ugcoth-u; cotd

—2u, csch. Before the island formatior,(<h) is the nomi-

nal thickness of the CelabJillustrated by the dashed lines

in Fig. 3(c)], which has the same volume as the island. Here,
Us, Ui, andu,, are the surface energper unit area of the
substrate and of the island’s top and edge-side facets, respec-
tively, anduy; is the island-substrate interface energy. Consid-

—a — ering that the as-grown Cehin films were pseudomorphic
h AN as determined by XRDRef. 13 and the fact that the forma-
6 " ‘ tion of the exposed sapphire surface requires sufficient high
CeO, annealing temperature, Ce®@ thought to be able to easily
(d) AL,O wet the sapphire surface. The interface energg therefore

not expected to play a major role with respect to the surface
FIG. 3. Schematic views of the assumed shape of 3D islandenergieq>1.5 J/n?), although it is expected to be positive.
grown on sapphire substraig=arctarib/a) defines the aspect ratio | the model, we assumed that the surface energies and the
of the island.(a) Case I(heteroepitaxigl f=(o,+0,)/2 represents  gntact angles for both the edge-side facetand b are
the elastic force monopole along the island periphery induced b3équiva|ent. Equatiols) is an excellent approximation if the
the lattice mismatch between the island and substtajeCase Il ¢iqined CeQis pseudocubic. The first term is the change in

ising f ; : isot o2 s th ! *E, for flat surfaces. The second term is thuzeation energy
arising trrom surface stress aniso rOIﬁ‘}.(O'a Op represents the of the island edge sides.

elastic force monopole induced by the surface stress anisotropy. In our model, we used the surface energies per unit area

Note that the fi | the tacsid ints i direc- . .
o"e that the Torce Manopole on "e BAEICes points in a cirec computed in Refs. 32 and 33, as shown in Table IIl. The four

tion opposite to the force monopole in case |, shown@n 2D .
views of (c) formation of coherent 3D islands on bare sapphireloweSt surface energies for Ce@re(111), (110), (100)£1nd

substrate(case ) and (d) formation of 3D islands on top of the (211). In case I, contribution from the exposed,@k(1102)
atomically-flat CeQ layer (case 1), showing cross section inz ~ should also be considered. The fracture surface energy of the
plane, and illustrating the definition of half-widty heighth, and  sapphireR-plane isU;195=6.0 J/n%.4* Taking the relaxed
contact anglé. The dashed rectangles represent the as-grown, CeQqata from Table Il for the different surfaces of Ce@nd
volumes before the surface reorganization. assuming that the island-substrate interface energlays

an insignificant role, ther, >0 andI';>0. For CeQ ma-
is positive(note that this term vanishes for a square island oterials, the creation energy of the island edge sjdes sec-

c=1), and the second term is always negative. ond term in Eq(5)] is negativewhen the edge-side facet is
considered111) and the top facet is consideré@0l).
C. Formation of the 3D islands (case ) For adilute system of islands of sparse distribution, the

elastic interaction between islands via the strained substrate

B_ased on our energetics model, thg formation of_ cohere%ight be insignificant. Then, combining Eqd) and(5), the
3D islands(case ) on the bare sapphire substrate is due toformation energyE of the island can be written as
the surface reorganization of the as-grown G&tn via the

high-temperature ©annealing[see Fig. &)]. The nominal _ 5 1

thicknesst of the as-grown Ce®film is a given constant. E=n o 1)b°-Tylc+ c Dh

Omitting theh? terms corresponding to the corners, the extra

surface and interface energy of the island formation can be +ADh2[<c— })In o <c+ })mﬂ]_ ©)
written as C c/ Oh
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el
dy? y=45° ’
thus yielding

r
D.=€’0h exp(— A_Pl1>

For a given sizdb=aD_, E can be written as

()

E:EC+ADh2[<c—%>In c—<c+%>(2+lna)] (8)

The first termE,=D?(h/t—1)y,, is independent of. In Fig.
4(a), the calculated formation enerdy-E; of an island is
shown as a function of for different island sizesgdifferent
D). In Fig. 4b), the calculated critical sizB, is shown as a
function of h. These calculations illustrate the strain-induced
shape instability and were clearly verified by experimental
observationfFigs. ib), 1(d), and 1f)]. The existence of the
spontaneous shape instability originates from the competi-
tion between the strain relaxation energyand the surface
energyl';.2% It is especially obvious in the limit conditions.
WhenTI';/Ah<1, i.e., the island stress dominates, the strain
relaxation energy shifts the critical siz® to a larger value,
and thus drives the island toward an isotroguarg shape.
If the surface energy dominaté¥,/Ah>1), the isotropic
surface energy shifts the critical siz® to a smaller value
and drives the island toward an anisotroprectangular
shape. Although in this studly; is considered equivalent for
both the edge-side facet and b, such a strain-induced
shape instability has been demonstrated theoretically ley Li
al.?* for the strained islands with either the isotropic or an-
isotropic surfacdface energies.

Next we consider the equilibrium height of the islands.
We limit our discussion to only the reorganization of a static

FIG. 4. () Formation energy, relative t;, of an isolated island  film (no depositioy at the thermodynamic limit. The sponta-
as a function of angle/=arctarib/a) for different island size®,  neous formation of large 3D islands occurs randomly. The
demonstrating the strain-induced shape instability. Islands withislands might contain CeOmaterials of different volumes
D <D, adopt an isotropi¢squarg shape, while those witb>D.  with various dimensions. In Fig. 5, the calculat&dh)
adopt an elongated anisotrogiectangular shape.(b) The calcu- +y,D? is shown as a function oh with (a) c=1 andt
lated critical sizeD[=e?®h exp(-I';/Ah)] as a function oh. For ~ _ 5 andb) c=2 andt=8.4 nm for variouD. The cal-
the calculation $=3.3 andA=T',/26 nnT™. culation shows that ifD exceeds a threshold valy®,,

~101 nm for(a) c=1 andt=4.5 nm,D,~302.5 nm for(b)
) ) ) . , ) c=2 andt=8.4 nni, the energy increases monotonically with

First we consider the shape instability. Figure 4 |IIustratesn' and the formation of the island will not occur. FBK D,
the strain-induced shape instability. The parameter for th?lowever,E(h) has a well-defined minimum 4t,, the equi-
lateral aspect ratio of an island is definedyasarctarib/a) librium height of the island at whicllE/dh=0. At smallD
[see Fig. 83)]. In our model, we selecteg¢ instead of the [<60 nm for(a) c=1 andt=4.5 nm,<210 nm for(b) c=2
aspect ratido/a as the parameter for island shape, becausendt=8.4 nni, h, increases with increasing, whereas at
the total energy of the islariel is symmetric abou#y=45°. A |argerD, h, decreases with increasitity The estimatedh, is
small island (D<D.) always adopts a isotropi¢squar¢  up to 11.0 nm fora) c=1 andt=4.5 nm and up to 16.2 nm
shape. As the island size exceeds a critical Sizethe iso-  for (b) c=2 andt=8.4 nm, respectively, which is fairly con-
tropic shape becomes unstable and strain induces a spontastent with experimental observatiofsee, e.g., Fig. (@)
neous shape instability: the island adopts an rectanguland Table I].
shape elongated in either of the two orthogonal directions Next we consider the size selection of the islands. In Fig.
with two degenerate energy minima #t,=45°+A«. Ay, 6, calculatedE(D) is shown as a function dd with c=2.5,
and hence the laterél/a of the elongated islands, increasesh=10 nm(a), 15 nm(b), and 20 nm(c) for varioust. Thet
with increasing island diametgD). The critical sizeD. is ~ was selected to start from 1.24 nm in Figap[2.7 nm in
defined by the condition Fig. 6b) and 4.05 nm in Fig. @)], because fot<1.24 nm
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FIG. 5. Formation energy, relative toyfD?, of an isolated is- _ 1 1
land as a function of heiglit for several island sizeB. The lateral - 60007 ]
aspect ratio of the island and the nominal thickness of the as-grown & -8000+ .
CeG, film were assumed to be) c=1 andt=4.5 nm and(b) c §-1°000'- i
=2 andt=8.4 nm, respectively. For the fittingg=3.3, y,=I'1/8, 12000 ] ]
andA=I";/26 nnt. ] ]
1] 20nm |
(2.7 nm/4.05 nmy E(D) increases monotonically with size, -16000 1 t=\20nm,Ds—>oo c=25 7
and the formation of the island will not occur. The calcula- 6 e a0 a0 w0 1000
tion shows that at very smalD (<2 nm for h=10 nm, .
() Island Size D (nm)

<8 nm forh=15 nm, and<17 nm forh=20 nm), E(D) in-
creases with increasing. The island can be stable above a  FIG. 6. Formation energ{, of an isolated island as a function
critical nucleus sizeD,, at whichdE/dD=0, and an increase of island sizeD for several thicknesses The lateral aspect ratio of
in D is accompanied by a decreasebnAt largeD, E again  the island was assumed to be2.5. Island heighh was fixed at
increases due to thB>-dependence of the surface energy10 nm(a), 15 nm(b) and 20 nm(c), respectively. For the fitting,
term. At intermediatd®, E has a well-defined minimum at a B8=3.3, y,=I'1/8 andA=T,/26 nni™.

stable island siz®,, at whichdE/dD=0. The stable island

sizeDg can be proportionally controlled by varyirigAstis  height less than 10 nrfl5 nm/20 nn. This was confirmed
increasedDyg increases, diverging dsapproaches [i.e., the by our experimental resultsee, e.g., Figs. (), 1(d), and
first term(D? term) in Eq. (6) vanishek The curves in Fig. 6 1(f) and Table I]. Because spontaneously formed islands
show that stable islands are not necessarily energetically fanight contain different volumes of CeQas discussed in the
vorable. Ift< ~1.58 nm(3.44 nm/5.12 nm E is still posi-  preceding paragraph, islands with voluivie: DZh could not
tive, and the islands are metastable and thus may adopt aeachDg described in Fig. 6 but could reach a minimun
anisotropic shap¢or even an isotropic shap@e=1)] with  with size less thaD,, whereas islands with/> Dgh might
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adopt an anisotropic shape witti>2.5 due to the shape respect toc and D, keepingh fixed. The minimization of
instability. Despite all this, the relation betweBq andtis  E/V with respect tac andD leads toc=1 andD =D, where
qualitatively consistent with AFM observatidirigs. Ib),

1(d), and 1f) and Table . Do e0h exp<_ &)_ a1
Two effects on island growth involvig (the critical value A

of t, above which no island formsFirst, whenD exceeds a With decreasingh, the equilibrium island sizéd, de-

gg{fgl iilT;aDr;’:i tr‘!ﬁelSlir;dte??nc?r?qgiﬁaryi(r)r:irr?gtlgé F;):] da?hgn'creases much fastéexponentially thanh (linearly). In other
P ' ) ' words, even ifh varies, the change ih is slow compared

energy minimization requires_ maximizing thus favoring a  with the change in lateral dimensidh Thus, the validity of
large Ds. Second, groups of islands are not necessarily isoz 4. (11) is self-consistent with the assumption of fixedAs

lated from each o_ther. N_ot_only isolated |so'_[r_op_|c islands, bu_ hown in Eq.(11), the minimal-energy island size B,
also groups of anisotropic islands near equilibrium have vari-

— 'o/Ah i
ousD, as shown in Figs.(@) and Xf). With increase ir, the =e0he” 2 At this Dy,
islands become closer to each other and the island-island JEIV 2r,
interaction(via the strained substrgtéecomes significant. “h | = Dh > 0. 12
Because the interaction between islands is repuféitéthe p=p
configuration with isolated islands has a higher energy tharrhe energy minimization requires minimizimg Thus, at the
the uniform phaséflat surface without formation of 3D is- thermodynamic limit, the islands should alwayshtink’ un-

landg, which makes the 3D island phase unstable. On theil each island vanishes, resulting in an atomically-flat sur-
other hand, the competition between strain energy buildupace.

and strain relief due to dislocation nucleation also leads to a |n fact, all the values for the surfa¢tace) energies dras-
concept of the equilibrium critical thickness, at which thetically depend on the accumulated strain energy in a way
energy of the strained epitaxial state is equal to that of a stat@hich is rather difficult to predict. The surface energy of the
containing a single misfit dislocaticfi.Due to the shape island's top,u, and the surface energy of the island’s edge
instability, the repulsive island-island interaction and the in-facet, u,, and thereford, are actuallyt- and h-dependent,
troduction of dislocationg, is about 10 nngaccording to the  j.e., I',(t,h)=2[ug(t,h)csa-u(t,h)cot §]. Considering this
experimental data less than the analytical value, which is h-dependence df, (evenA) and the assumption of the con-
the equilibrium heighth, (e.g., 16.0 £3.0 nm whert  stanth in deriving the equilibrium island sizB,, the expres-
=8.4nm. When t>t,, a phase transition from the 3D sjon of the partial differentiad(E/V)/oh [see Eq(12)] is not
ordered islandgcase ) to an atomically-flat thin layefcase  yery accurate. Nevertheless, the qualitative conclusion drawn
Il) takes place. In the following, we present the argumentom Eq.(12), i.e., the formation of the atomically-flat sur-
that the atomically-flat surface is energetically favorable forface, is well consistent with the experimental observations
case Il. [see, e.g., Fig.(h) and Fig. 2b)].

The key conclusions for both case | and case Il depend
significantly on the sign ofy;, I'y and I',, which is quite
unique for CeQ. For example, in Ce©material, the creation

Based on our energetics model, the island formation otnergy of the island edge sidfthe second term in Eq6)
case lI(if any) is due to the surface reorganization in the topand the first term in Eq10)] is negative when the edge-side
layer of the as-grown Ce{ilm [see the schematic drawing facet is(111) and the top facet i€001). Despite such depen-
in Fig. d)]. In case I, the sapphire substrate is not exposedience, the analytical expression for the short-range and re-
any more and we just take the sapphire substrate plus thaxation energy, such as E@), can help identify fundamen-
partially relaxed Ce@base laye(by the introduction of dis-  tal regimes of behavior for strained-layer reorganizations.
locationg as the energy reference. In this casgsus and  Although several approximations were made in deriving Eq.
u;=0, and thusy,=0 andI',=2(u, cot §—ucsd). Taking the  (3), including the neglect of the “corner” terms and the varia-
relaxed data from Table IlI for the different surfaces into thetion of stress tensar as the island relaxes in thzedirection,
expression ofl’,, thenI',>0. Thus,Eg for case Il can be which requiresD> h,?® and the incorporation oE, into Eg,
written as by renormalizing® analogous to Marchink® the result

E.=-T,(a+bh ) gives an accurate picture of surface reorganization of
s 2 ' strained Ce® islands on sapphire via the high-temperature

In case Il, we do not fix the total volun{®=D>2h) of the O, annealing. Thus, the key conclusions here do not depend

island in the model, but instead consid&fV, which can be on the approximations underlying E@). An exact calcula-

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

written as tion, if possible, would only shift the equilibrium dimensions
(Dg, he in case ) of the islands and the critical thicknegsat
E :—Fz(c+1>l +AD <c—}>lnc— <c+l)ln D . which the phase transition occurs.
Vv c/D D c c/ Oh
(10) IV. SUMMARY
Following the method by Tersoff and Trompwe con- Epitaxial CeQ thin films were fabricated by pulsed laser

sider the equilibrium shape by minimizing the energy with deposition onR-cut sapphire substrates. Experimental evi-
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dence of a self-assembly process was obtained where highation calculation showed that the calculated lateral and ver-
temperaturéD, annealing(1025 °Q induced a surface reor- tical dimensions of an island are well consistent with the
ganization in the as-grown Ce@ilms. When the Ce®film equilibrium shape of the islands observed by AFM and TEM.
exceeded a critical thicknegs-10 nm), an atomically-flat In conclusion, increasing the film thickness induces the im-
surface was preferred. When the Ge@m was thin  portant phase transition from large islands to an atomically-
(<10 nm), the formation of large 3D ordered islands of flat surface.
CeG, proceeded, leaving most of the substrate surface ex-

posed. The self-assembled CefSlands were found to be

faceted by perfect crystallographic planeg1ifl) and(001).

Therefore, under these conditions, the self-assembly process J.C.N. is grateful to Professor TromBM, USA) for

is thought to proceed close to equilibrium. An energeticsstimulating discussion of the manuscript. This work has been
model was proposed based on these observed facet configtarried out as a part of the Super-ACE ProjéR&D of
rations. The formation energy of an island was calculatedFundamental Technologies for Superconducting AC Power
taking into account surface and interface energies, elastiEquipment of the Ministry of Economy, Trade and Industry
strain, and short-range energy of edges. The energy minim{MET]I).
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