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Self-organized structures in CoCr0,4(001) thin films: Tunable growth from pyramidal clusters
to a {111 fully faceted surface
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Self-organized pyramidal structurésuadratic or hut-cluster typef ferrimagnetic spinel CoG0, (CCO)
are grown by deposition from vapor phase on Mg2J(001) substrates. The surfaces of the structures,
forming an angleé® =~ 50-55° with the(001) surface, are identified as the spifl1l} facets, so the pyramids
can be considered as true three-dimensional objects. Important characteristics of the structures can be tuned by
varying the deposition time and/or growth temperature. It allows one to obtain isqEt&dpyramids self-
ordered in arrays alon¢l10 directions or fully{111} faceted surfaces. The size and size distribution of the
objects can be controlled by varying the fabrication conditions: the observed bimodal distribution obtained at
low temperatures transforms into a single-modal one in films grown at high temperature. Moreover, the
equilibrium shape of CCO islands is pyramidal for any object size, which is key for the controlled fabrication
of nano-objects. The driving forces for the obsery&dl}; faceted objects and surfaces, bimodal size distri-
butions and long range order are discussed. We end by discussitidigfsgmilarities of the growth of the
spinel CCO structures with that of the widely studied of silicon-germanium semiconductor dots and underlin-
ing prospects for new functionalities of self-ordered growth of complex oxides.
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INTRODUCTION We will show that under appropriate conditions, the growth
] ] . of CCO on MgALO,(00)) presents a self-ordered pattern of
Self-organized growth of nanometric objects on surface$, ramids and hut clusters havifg1Z facets. It will be
has attracted much attention in the last decade due 10 itgenonstrated that the object number and size distribution
interest in nanoscience promising new technological applicasp4racteristics can be tuned by varying the growth time
tions. Such potential is well recognized in the field of semi-;4/0r the growth temperature. The driving forces for the

conductors, and the self—orsganized growth of these material§yserved shape, size distributions, and long-range order will
is being studied intensely® The usefulness of nanostruc- also be discussed.

tures relies on the ability to obtain narrow size distributions
of islands of similar shape. Indeed, well-defined distributions

have been found in some semiconducting systems, although EXPERIMENT
quite commonly multimodal size distributions with differ-
ently shaped islands are observed. The growth gB&L, CCO films were deposited on single crystalline Mg@J

(SiGe alloys on S{001) by a Stranski-Krastanow mecha- (MAO) substrates by rf magnetron sputtering. MAO and
nism has received particular attentibd. The three- CCO are isostructural, although there is an important lattice
dimensional3D) growth gives rise to pyramids and hut clus- mismatch (~3%) between both materials. All the films
ters with base dimensions of a few tens of nanometers andere prepared at the same pressure of 0.25 Torr
having {105 facets. These facets are at only an angle of25%0,—75%Ar, and different substrate temperatures
11.3° from the surface plane, and therefore the correspondn the 600—800° C range, and with deposition times between
ing aspect ratio is rather low. The formation of these strucl0 and 400 min. X-ray diffraction characterizattén
tures is understood as due to the partial relief of the elastindicated that the films are epitaxial, with a
energy of the coherently strained film matefidllt is also  [100]CoCr0O,(001)/[100]MgAl,0,(001) epitaxial relation-
well known that above a critical size there is a shape transiship, and fully relaxed. A sample corresponding to 15-min
tion to multifaceted domes® The domes have a lower deposition time was smooth and thick enough to present in-
chemical potential due to the more efficient elastic energyerference peaks in x-ray reflectometry measurement. From
relief of these structures, and therefore their faster growthhe data of reflected intensity,a growth rate of about
results in bimodal size distributiofs? 1.7 nm/min was deduced. We note, however. the difficulty to
In spite of the renewed interest in oxides in science andlefine a thickness accurately because of the important rough-
technology, self-ordered growth of oxides has yet to be exness associated with the pyramidal growth to be described
plored much. In this paper we shall report on the growth ofbelow. Therefore, when comparing films, it is more reliable
3D islands of CoGO, (CCO). CCO is a ferrimagnetic insu- to use the deposition time as a label for the thickness. Mag-
lating oxide with a spinel structure, with a Curie temperaturenetic measuremerifsshowed that the films are ferrimagnetic
of about 100 K that has recently received some attention fowith a Curie temperature o100 K, in good agreement
its use as a template for the growth of epitaxial thin films ofwith the corresponding measurement performed on the poly-
ferrites as well as a barrier in magnetic tunnel junctihs.  crystalline sputtering target. The film morphology was inves-
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FIG. 1. (Color online Morphology of a film deposited at 600°C
during 200 min(a) SEM 45° view;(b) SEM 0° view after applying
a derivative filter. A few lines along thid10] and[1-10] directions
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up to about 1 micrometer and having a very well-defined
shape with square or rectangular base, i.e., pyramids or huts.
The well-defined shape strongly suggests the island surfaces
to be crystalline facets. In addition to having such particular
individual shape, the islands show a collective order: they
are perfectly oriented along tR&10 crystal directions, and
they are usually around Am apart. Moreover, as indicated
by the solid lines in Fig. (b), the objects appear to be pref-
erentially positioned along certain well-defingdi10] and
[1-1Q] directions. Closer inspection of the SEM image also
shows the presence of a collection of smaller islands
(100-200 nm having the same shape as the large ones.
More precise information on the island morphology and
height values was obtained from AFM scans. Figute) 1
shows an AFM imagé3D view) corresponding to the same
sample. The height of the square-based pyramids and hut
clusters is up to 400 nm. Even more noticeable than such
large values is that the lateral surfaces of the islands form an
angle® = 50-55° with the substrate plane. The dispersion in
the measured angles is due to the convolution of the film
topography and the AFM tip. Also, the finite size of the AFM
tip explains that some islands have a shape that is not per-
fectly symmetric. Within the experimental error of the AFM
measurement, the lateral surfaces are likely td1del} fac-

ets, which form an angl®=54.7° with the(001) plane. It

has to be remarked that the lar@evalue implies that the
aspect ratio of the islands is very high and thus they are true
3D objects. The observation of 3D objects with a micromet-
ric size and well-defined shape and facets is definitely un-
usual in thin film deposition processes. The AFM image also
emphasizes the existence of smaller islands, 10—100 nm
high and 70-200-nm base dimension, as already observed in
the SEM pictures.

In order to explore the morphology evolution with the
deposition conditions, four samples were prepared at the
same substrate temperatf90°C and with 50, 100, 200,
and 400 min of sputtering time. In Fig. 2 the corresponding
SEM images(45° views and derivatives of 0° viewsre
shown. It can be noted that the film of lower nominal thick-
ness(50 min) present§Fig. 2(a)—left] a structure similar to
that described in Fig. 1600°C and 200 min although the
size of the islands is smaller. The biggest islands at 50 min
have dimensions above 200 nm. In spite of the small size,
their faceted morphology and pyramidal shapaeadratic or
hut type is clearly resolved in the derivative imad€ig.
2(a)—right]. Moreover, in Figs. &) a collection of smaller

are drawn guides to the eye to illustrate that there is a preferentigr—nanometric—islands, having dimensions around 100 nm,

positioning of pyramids along som@&10 directions;(c) AFM 3D
view.

tigated by scanning electron microscogEM) and by
atomic force microscopyAFM) working in tapping mode.

RESULTS
We first show a SEM imagg-ig. 1(a)] of the surface of a

are also visible. We note that all objects dfiel1} faceted
irrespectively of size.

Comparing the evolution of the film’s morphologFigs.
2(a)—2(d)], we observe that the size of the larger islands in-
creases with the deposition time, while a family of islands
with dimensions around 200 nm is found in all the samples.
These trends were confirmed by a quantitative analysis of the
evolution of the dimensions of the objects. It was performed
by measuring the length and widtlong and short axis of the
island base, respectivglpf around 150 islands from each

film deposited during 200 min at 600°C. The most obvious,sample and fitting Gaussian functions to the histograms. In
striking, feature is the presence of islands with dimensiongig. 3, panela) shows the histogram of the 400-min sample
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tively], corresponding to the sample prepared at 750°C are
plotted. The quantitative analydisee Fig. 8e)] of these im-
ages has been performed as indicated above. The influence of
the temperature is evidenced by the comparison between
these histograms and that of the sample grown at 600°C
[panel(a)]. Interestingly, it can be also appreciated in Fig. 4
that the degree of coverage of the film surface with CCO
pyramids becomes higher when raising the deposition tem-
perature. In fact, as evidenced by the 45° SEM view in the
inset of Fig. 4c), corresponding to the sample prepared at
700° C, most of the islands are in contact, and so they form
a {111 fully faceted surface. The same morphology is evi-
denced in the sample prepared at 750°C.

We have also prepared films at high temperatit® ° O
during longer and shorter sputtering times to investigate the
formation and evolution of thgl11} fully faceted surface. In
an earlier stag€100-min sputtering timethe surface is not
yet fully faceted, but there is a well-ordered structure of
small islands that have similar sizgsig. 5a)]. Note that
although the coverage is nearly 100%, most of the islands
remain isolated. With additional incorporation of material
this surface becomdd 11} fully faceted, as was observed in
the sample prepared during 200-min sputtering tifRey.
4(d)]. Interestingly, after a very long growth time of 400 min
the morphology is very similar: the surface rema{id 1}
fully faceted [Fig. 5b)]. This implies that the{111} fully
faceted CCO surface constitutes a highly stable system. Such
stability makes this structured surface easy and reproducible
to fabricate, contrary to self-organized semiconductor sur-
faces.

FIG. 2. Scanning electron microscopy imagd&° view) of
films deposited at 600°C duringg) 50 min; (b) 100 min; (c) DISCUSSION

200 min; and(d) 400 min. At the right of each image are lower ) o )
magnification images, 0° view and after applying a derivative filter, We have observed that the CCO objects maintain their

of the same images. well-defined pyramidal shape during growth, having sizes
ranging from a few tens of nanometers up to above 1 micron.
and the two fitted Gaussian functions. In pargd) the  This finding contrasts with the behavior found in other sys-
maxima of the distributions are indicated by points, whereagems, such as SiGe? where a shape transition to multifac-
the bars correspond to the full width at half maximum of theeted domes takes place at much smaller island sizes. It has to
Gaussian functions corresponding to each family. This plobe noted that the surface energy in spinels is strongly
clearly shows that the bimodal size distribution deveIops‘;amisotropicl,4 with the {111} planes having the minimal en-
progressively, i.e., the difference of the size of the two islandergy. In fact, the calculations of Mishra and Thorfasdi-
families increases with deposition timehereas for the thin- cate that the surface energy of tfel1} planes is around 5
ner films the maxima of length distribution are at about 200times lower than that of 100} surfaces, and close to 10
and 100 nm, they grow up to 1000 and 300 nm, respectivelyimes lower than that of th€110} planes. Such extreme
for the thicker ones Note also that increasing the sputtering difference explains the shape of the CCO crystallites, since
time causes the distributions to become notably broader. the total energy, which depends on the total area and the
We turn now to the dependence of the film morphologysurface energy, can be minimized with the formation of the
on the growth temperature. Figure 4 shows SEM images oow surface-energy structures. According to the Wulff con-
films prepared during the same sputtering tif®@0 min but  struction, the equilibrium shape of a crystal with such ex-
at different substrate temperatures from 600 to 750°C. Viireme anisotropy is &l11}; faceted octahedron. In agreement
sual inspection of these images immediately reveals that, iwith the theoretical prediction'$,the spinel octahedral shape
the explored temperature range, the size of the islands is commonly seen in single crystals. The CCO crystallites
reduced progressively as the deposition temperature irreported here are not free, as they have grown on a substrate,
creases. Even more, when the deposition temperature risemd thus the Wulff construction can only be rigorously ap-
not only is the size of the objects reduced to around 200 nrrplied if the adhesion energy is includ&dt’ However, the
but also the size distribution becomes notably narrower andnisotropy in the surface energy is so extreme that we have
the bimodal distribution is no longer observable. In Fig. 3 thealso been able to grow pyramidal CCO objects on rocksalt
histograms of length and of widfipanels(b) and(c), respec- MgO substrate$® The objects on this substrate are bigger
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than on MAO for the same deposition time, but the samealimensions. The stability of the CCO objects was conclu-
{111} faceted pyramidal shape is observed. In contrast tsively demonstrated by an additional experiment: a film de-
CCO, in Si the{111} planes are of minimum energ§but  posited during 100 min at 600° C was cut in two pieces; one
the difference with the surface energy of th¢0Bil) plane is  of those was afterwards annealed during 120 min. The SEM
only around 10% and does not compensate an increase in tisages did not reveal appreciable differences between the
total area. The growth of SiGe pyramids is due to a Stranskias-prepared filnjFig. 6(@)] and the annealed origig. 6b)].
Krastanow mechanism, in which a reduction of the elastic A second issue to be addressed is if the distribution of
energy is the driving force to overcome the higher area of th¢111} huts and pyramids grows directly on the b&0®1)-
surface. Unfortunately, when the SiGe pyramidal objects inMAO substrate, i.e., a Volmer-Weber type growth, or if there
crease in size the energy relief is more efficient with a highers an underlying thin layer of001)-CCO before the growth
aspect ratio, which is possible with the introduction of newof {111} objects becomes energetically favorable. Consider-
facets?® The shape transition from pyramids to domes makesng the hypothesis of an initial growth of an underlying CCO
the controlled fabrication of single shaped SiGe dots diffi-
cult. In the case of the CCO objects, such a drawback doe
not exist since minimization of the surface energy is the driv-
ing force. :

A microscopic explanation of the formation of CCO ob- ’
jects having a narrow size distribution and spatial order, a:’ ’
observed here, is more subtle. The first issue is to establish "
the objects are stable against coarsening. We note that whi K —
islands are in contact, they remajtill} faceted, i.e., no
other facets are introduced at the contact zone. This is
consequence of the anisotropy of the surface energy. We alg
note that the spatial distribution of the family of smaller
islands is not affected by the presence of the big islands, i.e
there is not a zone denuded of small islands around the big
ger ones. This indicates that small islands, dlstl} faceted,
have to be very stable and hence a migration of their atoms |
not expected. In fact, SEM imag@Big. 6(@)] show islands a
few tens of nanometers base dimensions which are very FIG. 4. Scanning electron microscopy imag@$ view) of films
close(separations lower than 30 nm are well resopedthe  deposited during 200 min &) 600°C;(b) 650°C;(c) 700°C; and
big ones, i.e., those with hundreds of nanometers of basgl) 750°C. The inset irfc) is a 45° view.
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FIG. 6. Scanning electron microscopy imag@s view) of a

FIG. 5. Scanning electron microscopy imagés°® view) of ) . . .
' . o . ; . film deposited during 100 min at 600°@) as-prepared, anth)
films deposited at 750°C durin@) 100 min and(b) 400 min. after being annealed during 120 min at 600°C and 250 mTorr

film, we note that in the 50-min sample the islands are much25% Q,—75%Ab.
smaller [Fig. 2(@)] than those observed in samples with a

higher deposition time, and apparently the total volume oib'mOdal size d|str|bu_t|ons despite beifftl 1} faceted during

the islands does not scale with deposition time. Thereforedll the stages of their growth. We note that the samples are
we believe that growth proceeds in two stages: a first onddlly _relaxed (as deduced from x-ray diffractometry
corresponding to the formation of a homogeneous film, and J1€asurements™) and we hypothesize that in an early
second one corresponding to the spectacular growth of sonfiOWth stage the plastig.e., via dislocationsrelaxation of
islands, whereas the growth rate of the underlying homoget-&;:"lt Ifs(l?r;die\:'\'gisn Ti?r?slm?e!tr?/gfogjr.in-;hltieaﬁlsr?]rg?g\?vrt]hm&[i)s“es
?Oecg)]ﬁ m?igchotnisne?ou?r?élyegﬁsri?:gessocr)fe \glfgv\\;tﬁnﬁge;elga?;jocated and elastically strained islands coexisted. This coex-

. ) o stence may provide a driving force to originate the CCO
thinner films at the low temperatuf600°G. The morphol- island size bimodal distribution, as the coexistence could

ogy of the film grown during 10 mif} granular-like, is ef-  igqer the spectacular growth of a part of the islands, since
fectively homogeneous and very similar to that of the surfacgne “chemical potential of the dislocated objects has to be

not covered by pyramidal objects in films with longer depo-|ower than that of the still elastically strained. In fact, a simi-
sition times. The possibility of a Volmer-Weber growth |ar scenario was used to account for the spectacular growth
seems to be unlikely as pyramidal objects should have nuclexf some SiGe domes at high coverage as related to their
ated directly on the substrate, and therefore should be olplastic deformatiors:* We also note that the island size dis-
servable in every stage of growth. However, the structuregibution is single-modal and narrower in films prepared at
reported here are well visible only after a thickness aroundhe highest deposition temperatures. This behavior is consis-
20 nm?!23 Further studies of the earlier stages are necessary tent with the hypothesis of nonsimultaneous initial relax-
discern the growth mechanism of the homogeneous, budtion, since the energy barriers for the nucleation and propa-
granular-like, underlying film. gation of dislocations should be more easily overcome at
Next, we should address the question of the origin of thehigh temperature. Indeed, the simultaneous island growth
bimodal size distribution. In semiconductors, as previouslythat is expected at high temperature explains the smaller size
mentioned, the bimodal distributions are explained as due tof the structures.
phase transitions associated with the shape evolution from Finally, our films display a long-range ordering of the
pyramids to domes. In contrast, the CCO structures preseiglands. To understand the cause of this we have to distin-
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guish between the orientational and the positional order. Thexplain the observed size distributions and long-range order.
faceted morphology of the islands produces the clear orier@ur findings illustrate that the growth of complex oxides can
tational order, since thgl11} facets intersect thgd01) sub-  promote a variety of self-organized morphologies not neces-
strate plane in thg110 directions. The positional order, sarily predictable from the widely investigated growth of
mostly also along110 crystal directions, is defined by the semiconductors and, perhaps, leading to a more reproducible
position of the apex of the pyramid or the top edge of the huaind simpler fabrication process. Even more, the combination
clusters, but also by the position of the edges of the basesf the rich physical properties of complex oxides and the
This order, not as apparent as the orientational, is emphaeng-range ordering of nano/micro single-faceted objects
sized in Fig. 1b) by inclusion of solid lines to guide the eye. might lead to other functionalities.
An elastic interaction through the substrate was sugg€sted Interestingly enough, since submission of this manuscript,
to explain the formation of two-dimensional arrays of semi-Zheng et al?? have reported the fabrication of arrays
conductor islands. A similar interaction, before CCO relax-of ferrimagnetic CoFg, nanopillars—having a spinel
ation, could be invoked as the driving force to originate thestructure—embedded in a ferroelectric BaJi@atrix by a
observed long-range positional order. However, this mechaself-assembly technique and displaying a remarkable cou-
nism seems unlikely as the CCO structures are far aparpling of magnetic and ferroelectric properties not observed in
More work is required to address the origin of the long-rangeordinary multilayer structures. To what extent the growth of
spatial order, with particular attention to the substrate surpyramidal CCO objects reported here could be viewed as a
face. particular stage of growth of the Cof®, nanopillars re-

In summary, a self-organized structure of isolated pyraimains to be elucidated.
mids and hut clusters witfi111} facets develops ii001)-
oriented epitaxial CCO films. In contrast with semiconductor
dots, these objects are true three-dimensional and do not un-
dergo a shape transition. It has been proved that, varying the Financial support by the CICYT of the Spanish Govern-
deposition conditions, the size of the objects can be tunednent (Projects MAT2002-04551-C03-01 and MAT2003-
and that a{111} fully faceted surface can be obtained. We 4161) is acknowledged. This research has been supported by
have shown that the anisotropy of the surface energy im Marie Curie Fellowship of the European Community pro-
spinels is the driving force for the growth of tH&#11 fac- gram Human Potential under Contract Number HPMT-CT-
eted objects, and we have proposed possible mechanisms2600-00106.
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