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We achieved parallel nanoscale patterning of ferroelectric complex oxides by pulsed laser deposition
through a nanostencili.e., through a pattern of apertures in a thin free-standing memprane
Ordered arrays of nanostructured barium titan@&TiO;) were obtained onto different substrates

in a single deposition step, at room temperature, replicating accurately the aperture patterns in the
stencil membrane. After a postdeposition annealing treatment, x-ray diffraction pattern showed a
nanocrystalline BaTi@structure close to the perovskite cubic phase with grains 30—35 nm in size.
Their local ferroelectric properties were detected using piezoresponse force microscap95©
American Institute of Physic§DOI: 10.1063/1.1923764

Miniaturization of electronic devices, for instance, the A first set of experiments was conducted with stencil
nanoscale design of memories, sensors and actuators, risasks made of silicon nitride nanosieves with circular holes,
prompting the development of surface patterning techniquegabricated by a combination of laser interference lithography
Exploring methods to prepare and integrate complex funcand silicon micromachining’ Hexagonal arrays of pores
tional materials in the standard silicon-based technologydown to 300 nm in diametgwere patterned and transferred
(e.g., ferroelectric materials for nonvolatile random accesénto free-standing low-stregsS-SiN) membranes, prepared
memorie$ and understanding the relationship between theibn single-crystalling100) silicon wafers. Finally, the wafers
functional properties and their structure and size is also awere diced into square pieces 0k% mn¥ (stencil’s dimen-
important area of focubAttempts to create alternative, high- sion). Figure 1a) displays a scanning electron micrograph
resolution, and low-cost patterning processes, comparable ifetail from a LS-SiN nanosieve with pores of 300 nm in
precision with photolithography, have led to several “uncon-diameter and a 1.am pitch®°
ventional” approaches® Among others, focused ion beam The miniature shadow masks were mechanically at-
patterning, electron-beam direct writing, or nanoimprint li- tached and temporarily fixed onto the subsffatnd the
thography have been investigated and proposed as higlssembly substrate stencil was mounted in a pulsed laser
resolution top-down techniques to pattern electroceramigeposition (PLD) chamber, in front of a rotating target.
materials’ The common drawback of these and of traditionalBaTiO,, an oxide with perovskite crystal structure used in
top-down approaches is the need for a resist or polymer pracapacitors and piezoelectric devices, was chosen as material
cess and hence, numerous chemical, thermal, and etching pe tested* A KrE excimer laser (\=248 nm, pulse
associated steps. Thus, the ability to fabricate arrays of fungjuration=14 ns was employed for ablation with an inci-
tional structures with controlled size and shape, on a subdence angle of the laser beam on the target of 45° and laser
strate of choice, using a minimal number of processing stepsjuence set at 2 J/ctiDeposition was carried out in vacuum
remains an important challenge in nanotechnofogy. at 5X 107> mbar at room temperature, with a laser repetition

Recently proposed as a flexible method to control thgate of 5 Hz.
parallel patterning of nanostructures, the nanostenciling ap-  The films were investigated by atomic force microscopy

proach offers high versatility in combining various func- (AFM), scanning electron microscog$EM) and x-ray dif-
tional materials and different substrates by reducing the num-

ber of processing operations with respect to resist-based
lithography? However, to date, deposition through a nanos- (a)
tencil has been reported only for simple me 134 The :
miniature shadow masks used are reusable, and protectiv
coatings have been tested to increase their lifetine.
The central issue addressed in this letter is the study of
nanostructuring and patterning of complex functional mate-
rials (such as perovskite ferroelectric oxidlé® We report
here on nanostructure patterning of barium titarfiB&TiO5)
on silicon and strontium titanate SrT{@100 obtained via
nanostenciling. FIG. 1. (8 SEM image of a LS-SiN nanosieve with 300 nm diameter pores
and 1.6um pitch (b) Tapping mode AFM imageheight of as-deposited
BaTiO; dots on Si100) by PLD at room temperature through the periodic
dElectronic mail: rosei@emt.inrs.ca arrays of apertures made in the LS-SiN membrane.
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FIG. 3. AFM and PFM investigation of individual BaTiGstructures on a
Nb-doped 100-oriented SrTiOsubstrate(a) topography,(b) ferroelectric
domain structure before switchin¢g) switching piezoresponse hysteresis
loop, and(d) ferroelectric domain structure after switching.

The continuous films and the patterned samples were
analyzed by XRD at grazing-angle incidendev=1°)
[X-Pert Pro (PANalytica) Diffractometel. Experimental
data (not shown here obtained for the patterned ordered
structures and for the surrounding film area show the pres-
ence of a polycrystalline phase very similar to the perovskite

_ ~ cubic phase with grains 30—35 nm in siaesing the Scher-
FIG. 2. (@ 5x5 um? contact mode AFM topography image of BaTEiO

structures on $100) after annealing at 650 °C for 1 h in,Glow. (b) SEM r.er formUIa'. It is k'f‘o""f‘ that p0|ycry3ta”me BaTIchln
micrograph detail of an individual BaTiGstructure. films with fine grain size(below 100 nm could exhibit

weaker ferroelectric properties than larger grained films/
ceramics or bulk single crysta"ié.However, using long inte-

fraction (XRD) after annealing at temperatures in the rangegration times for the lock-in amplifier, we recorded piezo-
650-900 °C. AFM and piezoresponse force microscopyelectric hysteresis loops from individual structures, as shown
(PFM) measurementsé were performed using a commercial in Fig. 3. The ferroelectric domain structure of the BaJiO
atomic force microscope (DI-EnviroScope, Veeco nanostructures was probed by PFM. Figu(e ®resents the
Instruments >3 AFM topographical image of BaTiQpatterned on a Nb-

Rapid fabrication of ordered nanostructures of BagliO doped (100) SrTiO; substrate together with the piezore-
structures was achieved in a single deposition %"te,tsing a sponse domain image simultaneously recorfieid. 3b)].
first batch of stencils with circular holes, ordered hexagonalThe bright regions reveal that the dots predominantly have a
arrays of dot-like structures were grown over the whole sievespontaneous polarization oriented downward. The PFM sig-
areas (1 mm in length< 100 um in width). Figure 1b)  nal was very weak, which is attributed to the reduced tet-
shows the topographgheighy of the well-ordered structures ragonality of the BaTi@ unit cell caused by the fine grain
observed by AFM in tapping mode. The as-depositedsize of the nanostructurgs-30 nm). However, the piezore-
BaTiO; nanostructures grown on(&D0) have a dome shape sponse hysteresis lodfig. 3(c)] reveals that the spontane-
with a height(h) of 50 nm and a widtiw) of 400 nm[full ous polarization of the dots can still be switcHeétdg. 3(d)]
width at half maximun’(FWHM)].25 and that the nanostructures retain ferroelectricity. This effect

A postdeposition annealing treatment, at temperatures giroves that not only the chemical composition and the crystal
650 °C, 800 °C, and 900 °C for 1 h in,Glow, was used to  structure but also the functionality of the complex oxide
crystallize the structures. After annealing, the aspect of th@anostructures deposited through the nanostencils are con-
dots changed from an amorphous dome shape to an agglorserved and that, in this case, ferroelectricity in BaJ &lll
eration of crystallites for each dot. The annealed samplesxists even at this small grain size. These results demonstrate
were investigated by AFM using different cantilevers/tipsthe power of the nanostenciling approach to investigate the
both in contact and in tapping mode. A% um? AFM to-  growth and properties of nanostructured complex materials,
pographic image(contact modg of the annealed BaTi© and to study possible size effects on their functional proper-
structures on the Gi00) substrate is presented in FigaR  ties. Within the frame of the present investigation, a detailed
The tail-like shapes of the features in the AFM micrographstudy of the effect of the annealing temperatﬁ‘?md of the
might be caused by a slight off-axis geometry of the PLDeffects of the size on the well-defined BaTi@attern of
target with respect to the stencil/substrate. The SEM micronanostructures obtained by nanostenciling on different sub-
graph detail shown in Fig.(B) illustrates the BaTi@struc-  strates is currently under way. This will lead to the optimi-

ture’s shape evolution after annealiftg. zation of the whole deposition and patterning process of the
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complex perovskite BaTig) yielding the parameters needed “G. M. Kim, M. A. F. van den Boogaart, and J. Brugger, Microelectron.
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I_n summary, PLD of complex m.aterlals through a NaNoS- gonk “and D. N. Reinhoudt, Nano Letd, 841 (2004,

tencil is demonstrated, offering a simple method to fabricate« voegindeweij, E. A. Speets, J. A. J. Steen, J. Brugger, and D. H. A,

well-ordered structures from complex functional materials Blank, Appl. Phys. A: Mater. Sci. Procesg9, 743 (2004).

(e.g., BaTiQ) under high-vacuum or ultrahigh vacuum con- l‘L"M'._ Kolbel, R. W. Tjerkstra, G. M. Kim, J. Brugger, C. J. M. van Rijn, W.
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tures below 900 °C yields a polycrystalline phase with very - E: Lines and A. M. GlassPrinciples and Applications of Ferroelec-

. . L. . . trics and Related MateriaJgClarendon, Oxford, 1937

fine g_ralns Yer)_’ S'm'lar to the cubic phase of BaliGerro- Nanostencil samples were provided by Aquamarijn Microfiltration, B. V.,

electric switching in these nanostructures was shown by Netherlands.

PFM, prompting a more detailed structural analysis. SeveralfA second batch of stencild x 1 in?, with 65 perforated LS-SiN mem-

issues remain to be investigated, such as the large-scale unibranes, 200 nm thigkwas used in a further set of experiments giving the

formity of the deposited nanostructures across the Substratéjoss'b'“ty of testing the deposition process through features with various

. . . . . integrated sizessnm and um rangeg and shapes. Deep ultraviolet-
and the dependence of their functional properties with size. microelectromechanical system stencils were fabricated at EPFL-
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