DOI: 10.1002/adma.200601999

Nanoscale Deposition of Single-Molecule Magnets onto SiO,

Patterns**

By Ramsés V. Martinez, Fernando Garcia, Ricardo Garcia,* Eugenio Coronado,*
Alicia Forment-Aliaga, Francisco M. Romero,* and Sergio Tatay

New approaches to the fabrication of planar devices based
on materials by design are critical for the development of or-
ganic electronics.'™#  Conventional nanolithography tech-
niques[s] (top-down), as well as self-organization of functional
elements that take up proper positions and shapes and estab-
lish connections with other components (bottom-up) have
been applied.””] These approaches make use of specific inter-
actions between the components and the substrate, such as hy-
drophobicity/hydrophilicity, electrostatic forces, or protein
recognition. Several scanning-probe-based nanolithogra-
phies,[“)'lz] printing-based methods,!*! and parallel approach-
es based on the transfer of nanoparticles from a stampl are
also being pursued.

The discovery that magnetic hysteresis can also arise from
high-spin molecules with a significant magnetic anisotropy
has prompted interest in dodecanuclear manganese complex-
es of the general formula Mn12012(RCOO)12(H20)12.[l‘H7J
Potential applications of Mn;, single-molecule magnets
(SMMs) as bits for information storage or “gbits” for quan-
tum computation[lg] require methods for nanoscale-controlled
positioning and/or manipulation of those molecules. In the
search for suitable procedures to deposit SMMs onto different
substrates, physical laser-based techniques have been ap-
plied."! Other “nonchemical” strategies include patterning of
Mn,, aggregates by using stamp-assisted deposition. This
method provides size and distance control on multiple length
scales.””) SMM particles have also been obtained from poly-
carbonate thin films containing Mn;, complexes after expo-
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sure to organic solvent vapors.”!! Another approach relies on
the ligand-exchange reaction between a Mnj, species and a
carboxy-terminated self-assembled monolayer (SAM) depos-
ited on gold or silicon.”?! This strategy has afforded a self-or-
ganized assembly of SMMs with coherence domains of ap-
proximately 40 nm.®! A third approach is based on the
chemical functionalization of the peripheral ligands. In this
context, isolated Mn;, complexes containing sulfur-based end
groups have been grafted onto Au (111) surfaces.” Indirect
and direct patterning of these molecules by using the micro-
contact printing method has recently been reported.[zsl How-
ever, currently none of these methods allow the positioning of
one or just a few SMMs into a predetermined nanoscale re-
gion of the surface.

Our contribution to the implementation of positioning
SMMs onto different substrates is based on the electrostatic
interactions between a positively charged Mn;, derivative and
the surface of interest. With this aim, we have synthesized sev-
eral Mn;, complexes with appended cationic tetraalkylammo-
nium groups.”! Recently, well-isolated SMMs have been
obtained by depositing the polycationic compound
[Mn;,01,(bet);6(EtOH),]"** (denoted by Mn,bet, where bet
is betaine) onto a gold surface modified with a negatively
charged SAM.*") In this Communication, we report a process
for the transfer of SMMs from a macroscopic liquid solution
into a predetermined nanoscale region of a silicon surface.
This method allows the fabrication of nanostructures consist-
ing of Mnj,bet on a silicon oxide template while the rest of
the macroscopic surface remains free of molecules. Local oxi-
dation was used to fabricate silicon oxide nanopatterns, either
dots or stripes, over a Si (100) surface coated with a SAM.
Their width ranged from 30 to 500 nm whereas the length
could be modified from a few nanometers up to several mi-
crometers. Nanoscale direct assembly arose from a combina-
tion of three factors: i) the strength of the attractive electro-
static interactions between the molecules and the local oxides;
ii) the weak repulsive interaction between the molecules and
the unpatterned surface; and iii) the size of the nanopattern.

Local oxidation nanolithography (LON) allows the fabrica-
tion of templates as well as a variety of electronic, optical, and
mechanical nanoscale devices.'%?*>% It is based on the spatial
confinement of the oxidation reaction within a water menis-
cus formed between a nanometer-size protrusion, usually, al-
though not exclusively, the tip of an atomic force microscope,
and the sample surface.l*!!
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MATERIALS

The process followed to position individual Mnj,bet
molecules is presented schematically in Figure la—d. A clean
silicon surface was functionalized by using a SAM (Fig. 1a) of
3-aminopropyltriethoxysilane (APTES). In the next step, a re-

:,) :§:§N§N§N§N§N§
%z % g gzugzngzw :

Figure 1. Schematic procedure of the nanoscale positioning of SMMs.
a) Formation of an amino-terminated SAM on a Si (100) surface. b) Lo-
cal oxidation of a region of the surface. c) Deposition of a macroscopic
drop of a solution containing polycationic Mns,bet (dark disks). d) Rins-
ing removes the molecules from the unpatterned areas. Polycationic
Mn;,bet molecules are attached only to the nanopatterns.

gion of the surface was modified by local oxidation (Fig. 1b).
A 20 pL drop of a sonicated 1um Mny,bet solution in CH;CN
was deposited on the substrate (Fig. 1c). Deposition times
varied between 30 s and several minutes (see below). After
deposition, the substrate was rinsed in CH;CN for a few se-
conds and blown dry in N, (Fig. 1d).

Two parallel stripes nanofabricated by using LON are
shown in Figure 2a. Each stripe consisted of 40 parallel lines
25 nm apart. Each line was about 3.2 um long, 20 nm wide,
and protruded 3.5 nm from the substrate baseline. Each oxide
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Figure 2. Patterns fabricated by using LON before and after deposition
of SMM. a) An atomic force microscopy (AFM) image of two parallel
stripes. b) A cross section along the line shown in (a). c) A topographic
image of the pattern shown in (a) after the deposition of Mnj,bet. The
SMM particles appear as white dots in the image. d) A topographic im-
age of a local oxide dot 80 nm in diameter. €) The phase image reveals
the presence of 16 SMM particles forming a nanoscale ring around the
dot. The phase-shift image reveals the difference in mechanical proper-
ties between the molecules and the dot.

line was fabricated through the sequential application of a se-
ries of voltage pulses. Each voltage pulse (24 V, 10 ms) gener-
ated an oxide dot about 3 nm high (Fig. 2b) and 20-40 nm in
diameter.*!! The resulting size depended on the tip—surface
separation and meniscus size. Between pulses the tip was dis-
placed laterally 5 nm.

Figure 2c¢ shows the local oxide nanopatterns from Fig-
ure 2a coated with Mnj,bet. Novel topographic features
showing a disk-shaped morphology with an average height of
3.3 nm and an average width of 15 nm appear in the atomic
force microscopy (AFM) image. These values differ notably
from the molecular dimensions obtained from X-ray diffrac-
tion (XRD) data (1.6 nm x 2.2 nm), indicating the presence of
molecular aggregates. Given that tip convolution effects pro-
duced images of the particles with an apparent diameter 2-5
times larger than their real value, we can safely postulate that
the features contain a relatively small number of molecules
(around 20).

To show that template growth of SMMs did not depend on
the geometry of the nanopattern, we also patterned silicon ox-
ide dots and repeated the aforementioned deposition process.
Figure 2d shows an oxide dot of 80 nm diameter. Because dot
and particle heights were comparable, SMMs were concealed
by the topography. To distinguish substrate and nanopattern
topographic features from the SMM morphology, we also per-
formed dynamic force microscopy phase-contrast imaging.
The sensitivity of phase imaging to changes in energy dissipa-
tion processes’®” enabled us i) to map topography separately
from material properties and ii) to achieve compositional con-
trast at the nanoscale. The phase image revealed (Fig. 2¢) that
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16 particles (dark spots) were located preferentially around
the dot edges. This gave rise to the formation of a nanoscale
ring of SMMs. Previous reports have shown that rings of Mn;,
SMMs can form spontaneously around water droplets on
highly oriented pyrolytic graphite (HOPG) surfaces.> A sim-
ilar phenomenon, based on adhesion forces, could be opera-
tive in this case.

The surface coverage in the left pattern of Figure 2c was
ca. 300 particlespm™. Remarkably, there were no features
outside the patterned area. This observation also applied to
regions far from the patterned regions (from a distance of mi-
crometers to millimeters). We attribute the source of the pref-
erential interactions between Mn,bet and the local oxide
nanopatterns firstly to the attractive electrostatic interaction
of the molecules with the trapped charges generated during
the local oxidation process inside the oxide nanostructure,[34]
and secondly, to the expected repulsive interaction between
the amino-terminated monolayer and the positively charged
polycationic derivative. To verify these hypotheses we used
the neutral derivative Mn;,01,(CH3COO)4(H,0), (denoted
Mny;Ac) as a blank in two different experiments. First,
Mnj,Ac and Mny,bet were deposited separately on two bare
Si (100) substrates patterned with silica dots. After the sub-
strates had been rinsed, we observed that the affinity of
Mnjy,bet for the local oxide dots was higher. This supports the
fact that electrostatic interactions are important in the posi-
tioning process. In the second experiment, two APTES-modi-
fied Si (100) substrates patterned with silica dots were used to
deposit Mn;;Ac and Mny,bet separately. Interestingly,
Mn,Ac adhered both to the local oxide and the APTES-
modified substrate with no selectivity, whereas the polycation-
ic derivative was found almost exclusively in the patterned
areas. This can be easily understood in terms of a repulsive in-
teraction between the amino-terminated SAM and Mnj,bet,
both of them being positively charged. The absence of mole-
cules outside the patterned area emphasizes the extreme se-
lectivity of this deposition process.

Finally, the dependence of Mnj,bet attachment on the den-
sity of the trapped charges within the local oxide was studied.
For that purpose, we nanofabricated a rectangular stripe con-
sisting of two regions with different heights, 3 nm and 2 nm
from the bare substrate (right pattern of Fig. 2¢). The height
of the local oxide depends on the strength and duration of the
applied voltage. The trapped charges, either buried or at the
surface of the oxide, also depend on the total charge transfer
between the electrolyte and the substrate, or, in other words,
on the height of the oxide. After deposition and rinsing, the
particles deposited on the taller section outnumbered those
present in the short section by a factor of about six (in fact,
167:25). Furthermore, these experiments also indicated the
characteristic length scale of the weakly screened long-range
electrostatic forces generated by the trapped charges. By mea-
suring the closest distance from the molecules deposited on
the short section to the edge separating the two sections we
estimated a characteristic electrostatic-interaction length of
40-50 nm.
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The density of molecules deposited on a given nanopattern
depended, for a fixed concentration, on the deposition time.
Figure 3a and b show images of the same pattern after two
successive depositions of 1 and 1+ 1 min, respectively. After
each deposition, the sample was rinsed in the solvent for 15 s.

Figure 3. Time-dependent deposition studies. a) An AFM image of the
patterned surface after T min deposition time. b) After 2 min deposition
(1+1 min). c) A map of the local oxide stripe showing the molecules de-
posited after T min (labeled 1) and 2 min (labeled 2). d) AFM image of
the same pattern after 4 min deposition (1+1+1+1 min). The insets
show a magnified image of the uppermost region of the nanopattern
(scan size of 500 nm).

Figure 3a shows that there were 28 features after the first de-
position and Figure 3b shows that there were 60 after the sec-
ond. All the particles deposited in the first step remained after
the second deposition. To help visualize this observation, we
generated a map showing the position of the particles after
the first (1) and second (2) depositions. Several remarkable
observations can be derived from these images. First, the de-
position time is a parameter that controls the number of parti-
cles on the pattern. Second, as long as there is free space on
the pattern the particles tend to be placed separately. Fig-
ure 3d shows the pattern after a deposition time lasting 4 min
(1+1+1+1 min). Here the patterned surface showed a sur-
face coverage of 70%, close to saturation (see inset in
Fig. 3d). The packing of the molecules increased to an aver-
age separation of 35 nm (see inset). For long deposition times
we also observed a few SMMs located outside but quite close
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MATERIALS

to the patterned area (ca.200 nm); these Mn;,bet molecules
followed the contours of the patterned stripe.

To ensure that the integrity of the molecules was preserved
after deposition, bare and APTES-functionalized silicon wa-
fers were exposed to a 1 um Mny,bet solution for 10 min. The
resulting surfaces were then studied (See Supporting Informa-
tion) by using X-ray photoelectron spectroscopy (XPS) and
time-of-flight secondary ion mass spectrometry (ToF-SIMS;
see the Supporting Information for spectra). XPS provided
evidence for all the elements expected to be present in the
grafted layers with binding energies in good agreement with
the expected bonding states. C 1s and Mn 2p (Fig. 4) signals
compared well with the data obtained for a single crystal of
Mn,bet, whereas the O 1s spectrum was dominated by the
presence of a strong Si—O signal originating from the sub-

Intensity [a.u.]

630 635 640 645 650 655 660 665 670
Binding Energy [eV]

Figure 4. Core-level Mn 2p XPS spectra of Mnj,bet deposited onto bare
(triangles) and APTES-modified (squares) silicon substrates. The spec-
trum of a Mny,bet crystal is shown for comparison (circles).

strate. Analysis of the deposited molecules was also carried
out by using ToF-SIMS. Again, the data showed a good match
with the spectrum of a Mny,bet crystal. Several characteristic
fragments of the polycationic SMMs were detected in all the
samples (Table 1). The experimental data clearly indicated
that the integrity of the molecules was maintained after the
deposition process.

The above results emphasize the possibility of fabricating
molecule-based low-dimensional structures by merging bot-
tom-up (the electrostatic interaction between the molecules
and the trapped charges) and top-down approaches (the fabri-
cation of the local oxide patterns). These results are general
because they can be applied to both charged molecules and
noncharged (albeit polarizable) molecules. We applied this
process to the nanoscale positioning of very small nanoparti-
cles, in particular SMMs. The accuracy of the positioning is
dictated by the size of the lithography. The method could also
be applied to generate periodic arrays of SMMs. The present
process is scalable, allows multiple processing, and operates
with liquid solution. It opens a new avenue for manipulating
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Table 1. The characteristic peaks in the ToF-SIMS spectrum (positive
mode) of Mnj,bet.

m/z Peak assignment

55 Mn*

77 (HO),C~CH,~NH5*

91 (HO),C~CH,—NH,(CH3)*
103 HO,C-CH,-N(CH3),"
105 (HO),C—CH,—NH (CH3),"
107 Mn (H,0) (OH),"

115 Mn-0,CH-CH5*

117 0,C-CH,~N(CH3)5*

129 Mn-0,C-CH,-NH,*

141 Mn,O,"

191 (HO),Mn-0,C—CH,—-N(CH3),"

molecules with nanoscale accuracy in order to incorporate
them into technological processes.

Experimental

Mnj,Ac [35] and Mnj,bet [26¢] were synthesized according to pub-
lished procedures. Solvents used were of analytical grade. Chemicals
were purchased from Aldrich and used as received. Milli-Q grade
water was used. Silicon wafers (p-type Si (100) with a resistivity
10 Qecm<p<12 Qcm) were cleaned by using sonication in a H,O,/
NH,OH/H,O (1:1:2) mixture and rinsed with water (three times).
They were then dried under nitrogen. To prepare APTES monolayers,
the silicon wafer was immersed for 40 min at room temperature in a
1 mm ethanolic solution of APTES. Then it was rinsed with ethanol
and dried under nitrogen.

AFM experiments were carried out with an amplitude-modulation
atomic force microscope (Digital Instruments, Nano Scope III) oper-
ated in the low-amplitude mode (noncontact or attractive regime)
and with additional circuits to apply voltage pulses. Noncontact AFM
nanolithography was performed with doped n-type silicon cantilevers
(Nanosensors, Germany). The force constant k£ and resonance fre-
quency vy were about 42 N m~ and 320 kHz, respectively. The cantile-
ver was excited at its resonance frequency.

XPS measurements were performed at CACTI (University of Vigo)
in a VG Escalab 250 iXL ESCA instrument using monochromatic
Al Ka radiation (hv=1486.92 eV; h=Planck’s constant). Photoelec-
trons were collected from a takeoff angle of 90° relative to the sample
surface. Measurements were carried out in constant analyzer energy
(CAE) mode with a 100 eV pass energy for survey spectra and 20 eV
pass energy for high-resolution spectra. Charge referencing was per-
formed by setting the lower binding energy C 1s peak to 285.0 eV.

ToF-SIMS measurements were performed at CACTI (University
of Vigo) in a ToF-SIMS IV (Ion-Tof GmbH) surface analyzer at
107" mbar (1 mbar =100 Pa) equipped with a liquid Ga-ion source
operating at 25 keV in the low-current mode (0.5 pA). The Ga'-ion
beam was rastered over a 500 pm x 500 um surface and the total ion
dose for each analysis was 3 x 10 ionscm™.
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