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Dip-pen nanolithography with magnetic Fe  ,0O3 nanocrystals
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Dip-pen nanolithography has been employed to obtain magnetic nanopatternsFe;
nanocrystals on mica and silicon substrates. The chemical and magnetic nature of the patterns have
been characterized employing low-energy electron microscopy, x-ray photoemission electron
microscopy, and magnetic force microscopy measuremen)0@ American Institute of Physics

[DOI: 10.1063/1.1766399

Dip-pen nanolithographyfDPN), an atomic force mi- tated and redispersed readily in water. Redispersibility is cru-
croscopy(AFM)-based lithographic technique, developed bycial for a colloidal sol to be used as an ink in DPN experi-
Mirkin and co-workers, is emerging as a preferred method ments. The transmission electron microsc@pizM) image
to create patterns of nanoscopic dimensions. The method eksee Fig. 1a)], revealed the nanocrystals to be of an average
ploits the water meniscus formed between a slowly scannindiameter of 11 nm and a log-normal diameter distribution
AFM tip and a substrate to transfer the species on the tip t¢see inset in Fig. ®)]. The nanocrystals in the powder form
the substrate by diffusion. Initial studies employed gold—thiolwere superparamagnetic at room temperature, exhibiting
interaction to create robust patterns, with the dimensions béiysteresis at low temperaturgsee Fig. 1b)]. The observed
ing determined by the preset scan arde use of bifunc- squareness ratio of 0.42 is close to that expe¢@eb) for
tional thiols as inks permits tethering of colloids, proteins,randomly oriented single domain magnetic particles with
and other macromolecules at specific regions on a givenniaxial anisotropy?
surface’ Ali et al? have reported a DPN-based procedure to  DPN experiments were carried out under ambient condi-
deposit small volumes of an Au sol on a substrate, which orions (humidity ~35% —45% by employing a Digital Instru-
evaporation of the solvent leads to circular nanocrystal patments Multimode head attached to a Nanoscope-IV control-
terns. Garneet al” have suggested methods to obtain linearler. Contact mode imaging was carried out in both normal
patterns of Au nanocrystals on Au substrates. DPN patterningnd lateral force modes. StandardN8j cantilevers were
of Au and Pd nanocrystals has been accomplished on diffecoated withy-Fe05; nanocrystals by immersing them in a
ent substrates starting from hydros?)IsMagnetic barium  dispersion for 5—10 min followed by drying. Freshly cleaved
hexaferrite nanostructures have been patterned by coating theica and silicon were used as substrates with and without
AFM cantilever tip with a precursor followed by its deposi- the native SiQ layer(the latter by treating with a solution of
tion on silicon substrates and heatih@ased on DPN ex- aqueous HJ: Deposition of the nanocrystals was achieved
periments on organic dyes, Su and Drﬁ\s'dggest that weak by scanning an area in the contact mode with scan speeds of
interactions between the substrate and the molecular ink suf~1 um s for a period of 30 min. Subsequently, imaging
fice to form DPN patterns. In spite of the progress made wittwas carried out using the same cantilever and scanning a
DPN, there is a clear need to develop better inks for differentarger area with higher scan rates10 um s™3).
surfaces and fully characterize the nanopatterns by appropri- The AFM images in Fig. 2 clearly show that patterns of
ate spectroscopic and microscopic todls. y-F&,04 nanocrystals can be fabricated satisfactorily on dif-

We have sought to pattern nanoparticlesyefe,0O; by  ferent substrates. In each case, high aspect ratio lines, corre-
the DPN method on different substrates. It may be interestingponding to the desired scan area are obtained with sharp
to recall that hematite has been traditionally employed as adges. For example, scanning an area of 9000 nm by 230 nm
dye, the prehistoric cave paintings of Lascaux, being a wellduring deposition produced a pattern of dimensions 9010 nm
known example. Since-Fe,0; is magnetic, the nanopat- by 226 nm[Fig. 2a), central ling. Typical linewidths are in
terns also lend themselves to a magnetic force microscopthe range of 140—200 nm with lengths extending tout®0.
(MFM) study. In this letter, we report DPN with-F&,0; It is gratifying that there is no sign of lateral diffusion of the
nanoparticles wherein MFM as well as low-energy electronink in any of the cases. These patterns are therefore distinct
microscopy(LEEM) and x-ray photoemission electron mi- from water droplets that are deposited from undippedtips.
croscopy(XPEEM) (Ref. 10 have been employed to inde- The water droplets evaporate readily and exhibit noncontinu-
pendently characterize the patterns. ous structures with diffuse boundaries. The surface plot

Citrate-cappedy-Fe,0O3; nanocrystals were prepared by shown in Fig. 2b) confirms the observations made in Fig.
wet-chemical means, by modifying the procedure of Ngo an@(a). We also see corrugations along the edges corresponding
Pileni** The preparation yields a sol, which can be precipi-to the particle size. The individual particles are not visible in
the patterns, possibly due to the blunt nature of the cantilever
author to whom correspondence should be addressed; electronic maifoated with the nanocrystals and also due to the mild contact
cnrrao@jncasr.ac.in forces employed. The observed height of around 10 nm re-

0003-6951/2004/84(26)/5341/3/$20.00 5341 © 2004 American Institute of Physics

Downloaded 31 Mar 2011 to 203.90.91.225. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.1766399

5342 Appl. Phys. Lett., Vol. 84, No. 26, 28 June 2004 Gundiah et al.

08406 b
lon (b)
-0.6 ‘//}
044
3 0 3
> 1 FIG. 1. Citrate-capped y-Fe,0;
0.0 nanocrystals:(a) TEM image along
’ with a histogram showing the distribu-

tion in particle size(in the inset and
(b) hysteresis loop at 2 KH=4T).

04+ The inset shows the hysteresis loop in
the full range of the magnetic field.

-0.8 +

T T T T T LN NRELNE B A M
-0.6 -04 -02 00 0.2 04 06
H(T)

veals that the patterns are made of a single layer oBeamllne at the synchrotron radiation facility Elettra in
y-F&,05 nanocrystals. It is noteworthy that similar lines are Trieste'® Electron-beam-based techniques are ideal for such
obtained on Si with and without the native oxide layer, al- studies® in that they have a lateral resolution of 10 nm and
though the latter is not ideal for good imagifgee Figs. &)  atomic depth resolution. In LEEM, a low-energy electron
and 2d)]. beam is incident on the sample and the backscattered beam is

The magnetic behavior of the nanopatterns was probedsed for imaging in the dark or bright field. The image of
by magnetic cantilever tips, the magnetic nature of therig. 4b) was acquired in the mirror electron microscopy
v-Fe,05 nanocrystals being exploited to obtain MFM con- (MEM) mode wherein the sample potential is negative with
trast. In this method, a magnetic tip is scanned in the liftrespect to the filament so that the electrons are reflected by
mode* at variousz values, wherein the magnetic interaction the surface potential in front of the sample, causing minimal
emerges as a difference in the phase shift. Typical tappindamage to the nanocrystals. The contrast itself arises from
mode topography and MFM images are shown in Figa) 3 variation in the surface potential and topography. These stud-
and 3b). The tapping mode reveals rougher edges arisinges were carried out typically a few weeks after patterning of
from the nanocrystals. The change in the phase shift as funthe nanocrystals on Si surfaces with native oxide layers,
tion of the lift height is shown in Fig. 8), to show that the demonstrating thereby that the patterns are robust. The pat-
superparamagnetic nanocrystals in the pattern are susceptiliégns were located on the substrates by using suitable
to magnetization by the stray field emanating from the magmicron-sized markers. In Figs(& and 4b), we compare the
netic tip. The loss of contrast upon changing the lift height toLEEM image in the MEM mode along with the correspond-
10 nm is consistent with the rather weak magnetic nature oing AFM image obtained right after patterning. The LEEM
the nanocrystalgsee Fig. b)]. image corresponds exactly with the AFM image.

In order to characterize the DPN patterns by an indepen- We have ascertained the chemical nature of the species
dent method, we have employed the Nanospectroscoplyy imaging the nanopattern by an independent method, we
have recorded XPEEM images. The image in Fi@,) 4vas
obtained in x-ray absorption spectroscopy mode with a pho-
ton energy of 712 eV using secondary electrons for imaging
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FIG. 2. Contact AFM images of-Fe,0; nanocrystal patterns drawg) on FIG. 3. (a) Tapping mode AFM image of g-Fe,0; nanopattern(b) the
mica along with(b) its surface plot(c) on silicon with the native SiQlayer corresponding MFM image at a lift height of 5 nm agl plot of the phase
(arrows point to closely-drawn patteyrsnd (d) on etched silicon. shift vs the lift height.
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