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This paper demonstrates the use of microcontact printing (µCP) and capillary filling (CF)
to pattern the deposition of iron oxides on a surface with feature sizes of microns. Selective
wetting of both self-assembled monolayers (SAMs) of alkanethiolates on gold and alkylsi-
loxanes on Si/SiO2 formed by microcontact printing limited the deposition of the iron oxides
to the hydrophilic areas on the surfaces; thereby, the chemical functionality of the hydrophilic
SAM had only a minor influence on the wetting behavior and the deposition. The iron oxides
were deposited either as magnetite particles from colloidal solution, by precipitation of the
oxide from previously deposited drops of water containing an iron(III) salt, or by ferrite
plating. The size of the metal oxide patterns was limited to the size of the areas that could
be patterned using µCP. Capillary filling using a colloidal solution of magnetite could also
be used to fabricate continuous, interconnected structures of magnetite. The magnetic
properties of the deposited iron oxides were characterized by magnetic force measurement
(MFM) and by measurement of the magnetization. The magnetite particles deposited in
these experiments showed superparamagnetic behavior; they were too small individually
to support a permanent magnetization.

Introduction

This paper describes the use of microcontact printing
(µCP)1-3 and capillary filling (CF)4 to control and direct
the deposition of metal oxides on various substrates at
the micron scale. Microcontact printing (µCP)1-3 is a
broadly applicable technique for derivatizing surfaces:
patterns having dimensions less than 0.5 µm can be
routinely generated on metals such as gold,1-3 silver,5,6
or copper6,7 and on Si/SiO2

8-10 by forming self-assembled
monolayers (SAMs) using an elastomeric stamp inked
with a substance that reacts with the surface. In the
case of gold surfaces, alkanethiols are used.1-3 The
autophobicity of the resulting SAMs controls the edge
resolution of the patterns.11 Using different ω-termi-
nated thiols, it is possible to define areas having well-
controlled properties on the surface and to accomplish,
for example, the selective wetting of designed areas of
the surface. Aqueous solutions,12-15 hydrophobic liq-

uids,16,17 polymers,18 or soluble biological material19-22

can thus be patterned onto solid substrates. Selective
wetting can also be used to induce the geometrically
defined plating of a conductive polymer.23 Capillary
filling (CF)4 is an alternative technique for patterning,
well suited for the formation of continuous, intercon-
nected features. CF uses an elastomeric stamp with a
relief structure. When this stamp is placed on a solid
support, a network of capillaries is formed at the
interface. A drop of a suitable liquid, placed at one end
of the stamp, spontaneously fills the open channels by
capillary forces; CF allows the formation of well-defined
arrays of polymers, hydrogels, liquid crystals, proteins,
or inorganic salts.4
In the present work, we demonstrate the use of µCP

and CF for the patterning of different substrates with
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metal oxides. Iron oxides were chosen as model com-
pounds. We have used four strategies for the deposition
of the iron oxides. First, we used selective wetting for
the deposition of magnetite from a colloidal solution on
a SAM that had previously been patterned into hydro-
phobic and hydrophilic areas. Second, we used the same
methodology to deposit aqueous drops of an iron(III) salt
onto a patterned surface and precipitated the oxide onto
the surface from these drops by changing the pH in the
droplets. Third, we used CF to build continuous struc-
tures of metal oxides. Fourth, we used electroless ferrite
plating to build metal oxide structures on a patterned
surface.24-29 In contrast to the other three techniques,
ferrite plating, in principle, allows the metal oxide film
to be grown progressively to a desired value of thickness.
The magnetic properties of the deposited iron oxides
were investigated by magnetic force microscopy (MFM)
and by the characterization of their magnetic behavior.

Experimental Section
General Techniques. All chemicals were reagent grade

and used as received, with the exception of hexadecanethiol,
which was distilled before use. Hexadecanethiol (HDT),
2-aminoethanethiol hydrochloride (AET, HSCH2CH2NH3Cl),
dithiothreitol (DTT, HSCH2CH(OH)CH(OH)CH2SH), potas-
sium thioacetate (PTA, CH3COSK), 3-mercaptopropionic acid
(MPA, HSCH2CH2COOH), 2-mercaptoethanesulfonic acid so-
dium salt (MES, HSCH2CH2SO3Na), and octadecyltrichlorosi-
lane (OTS, C18H37SiCl3) were obtained from Aldrich. Gold
(99.999%) and titanium (99.99%) were obtained fromMaterials
Research Corp.
Stamps were prepared as described previously1 from poly-

(dimethylsiloxane) (PDMS: Sylgard 184, Dow Corning). Sili-
con substrates were n-type semiconductor grade silicon 〈100〉
wafers (2 in. diameter) from Silicon Sense Inc. They were
cleaned just before use by dissolving the SiO2 layer using a
30 s dip in a 5 M HF + 1 M NH4F aqueous solution, followed
by reoxidation of the silicon surface with a 30 min treatment
with "piranha solution" (7:3 v/v mixture of concentrated H2-
SO4 and 30% H2O2). CAUTION: Piranha solution reacts
violently with many organic materials and should be handled
with extreme care. Glass slides (microslides, VWR Scientific
Inc.) were cleaned directly with the piranha solution. The
substrates were then thoroughly rinsed with deionized water
and dried under nitrogen.
Gold films were formed by e-beam evaporation of ≈2 nm of

titanium (adhesion promoter) and≈20 nm of gold onto a silicon
wafer.
Synthesis of the Colloidal Suspensions of Magnetite.

The stabilization of particles of metal or metal oxides,30,31
including magnetically active particles (either hematite, Fe2O3,
or magnetite, Fe3O4) can be successfully achieved in aqueous
solutions32-34 or in a polymer.35-38 The procedure we followed
generated surfactant-free colloidal suspensions in water of both

positively and negatively charged particles stabilized by
repulsive double-layer interactions. The colloidal suspensions
of magnetite were prepared as described before.32 Typically,
a mixture of 40 mL of 1 M FeCl3 and 10 mL of 2 M FeCl2 in 2
M HCl was poured into a well-stirred ammonia solution (500
mL of 0.7 M NH4OH). The black precipitate, which formed
instantaneously, was separated by centrifugation. For the
preparation of a stable suspension of anionic particles, the
precipitate was stirred for 30 min with a concentrated solution
(1 M) of tetramethylammonium hydroxide using aspirator
vacuum to remove excess ammonia. After centrifugation, the
final black solid was suspended in the minimum amount (15-
20 mL) of pure water. This suspension (which we will call
Mag- in the following text) was stable for several weeks,
although shaking was necessary to resuspend settled particles.
For the preparation of a stable suspension of cationic particles,
the black precipitate was washed for 15 min with 3 M HClO4,
separated by centrifugation, and then resuspended in the
minimum amount of pure water. This suspension (which we
will call Mag+) could be stored only for a few days because
the iron oxide slowly dissolved in the acidic medium. Exami-
nation of the particles of Mag+ and Mag- by TEM indicated
they were similar in size and composition. The relative
average surface charge of Mag+ and Mag- was reported
between 0.02 and 0.03 electron/iron.32 The size of the particles
was between 5 and 12 nm; electron diffraction proved that the
particles were magnetite (Fe3O4, JCPDC File No. 19-629) in
both cases. Both suspensions behaved as ferrofluids in the
presence of a magnetic field. No difference was observed
between the behavior of these suspensions and a commercial
ferrofluid (EMG 705, Ferrofluidics, Nashua, NH) in a magnetic
field.
Patterning with Magnetic Materials via Selective

Wetting. Figure 1 outlines the general procedure we used
for patterning with magnetic materials based on selective
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Figure 1. General procedure for using µCP to pattern gold
films with colloidal magnetite (Fe3O4). The gold sample was
first patterned with hexadecanethiol by µCP and then dipped
into a solution of a hydrophilic thiol (e.g., 2-aminoethanethiol
hydrochloride, dithiothreitol, potassium thioacetate, mercap-
topropionic acid, or 2-mercaptoethanesulfonic acid sodium salt)
to derivatize the remaining areas of bare gold. The sample was
then immersed in the colloidal suspension of magnetite for 15
s, before drying either in air or at 60 °C for 12 h or in vacuum
at 200 °C for 2 h.
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wetting of the substrate surface. The surface of the substrates
were derivatized using µCP.
Patterning Magnetite by Ferrite Plating in Aqueous

Solution. The deposition of magnetite on patterned sub-
strates from aqueous solution has been performed according
to the procedure of Abe et al.27 The substrate was mounted
in a flow-through cell (Figure 2). Typically, a 10 mM solution
of FeCl2 (degassed under vacuum, buffered at pH 7 with 65
mMNH4OAc, 70 °C, under N2) and a 30 mM solution of sodium
nitrite (degassed under vacuum, 70 °C, under N2) were allowed
to flow over the surface of the substrate. The two solutions
were supplied in a ratio of FeCl2 to NaNO2 of 10:1 (v/v). The
substrates were either gold films patterned with a hydrophobic
and a hydrophilic thiol or gold films selectively etched to give
access to the supporting silicon wafer. The continuous flow
of reactants was maintained for 10-30 min, and the samples
were then thoroughly rinsed with water and dried under a
flow of nitrogen.
Instrumentation. Scanning electron microscopy (SEM)

was carried out using a JEOL JSM-6400 instrument. Atomic
force microscopy (AFM) used a Topometrix TMX 2010 scanning
probe microscope. The images were obtained using a canti-
lever made from silicon nitride in constant contact with the
surface. Data were collected in the forward part of the scan.
Transmission electron microscopy (TEM) of the colloidal
suspensions of magnetite were obtained on a Phillips EM 420
microscope.
Magnetic force microscopy (MFM) images were obtained on

a Nanoscope III (Digital Instruments, Santa Barbara, CA)
scanning probe system with a Multimode TM system micro-
scope. The probes were single-crystal silicon cantilevers (225
µm) with pyramidal tips coated with a Co-Cr alloy (MESP
tips available from DI). Magnetization curves were measured
using a superconducting quantum interference device mag-
netometer (SQUID) from Cryogenic Ltd.

Results and Discussion

Micron-Scale Patterned Magnetic Thin Films
Can Be Obtained from Colloidal Suspensions of
Magnetite by Selective Wetting. The deposition of
the magnetite particles on the substrate was accom-
plished according to the procedure outlined in Figure

1. The substrate was a thin film of gold supported on
a titanium-primed silicon wafer. The pattern was
transferred from the elastomeric stamp (PDMS) onto
the gold surface via selective deposition of hexade-
canethiol (HDT). The stamp was inked with a 10-3 M
solution of HDT in ethanol and then left in contact with
the gold surface for 15 s. The stamp was removed and
the sample was dipped for 30 s into an ethanolic solution
of the hydrophilic thiol in order to create the hydrophilic
areas that could be wetted by the aqueous colloidal
suspension of magnetite. After rinsing with ethanol and
drying under a flow of nitrogen, the sample was dipped
into a suspension of either positively (Mag+) or nega-
tively (Mag-) charged colloidal magnetite particles for
15 s and then pulled from the suspension. The water
was allowed to evaporate from the patterned surface by
drying in open air, in an oven at 60 °C overnight, or at
200 °C in vacuum for 2 h.
Figure 3A,B shows the results obtained after dipping

a gold substrate patterned with hexadecanethiol (HDT)
and 2-mercaptoethanesulfonic acid sodium salt (MES)
into the two types of magnetic suspensions. These
colloidal suspensions generated almost flat regions of
magnetite; the films filled the hydrophilic areas almost
completely. Some shrinkage (≈30% in area with respect
to the area covered by the colloidal solution after the
dewetting) occurred upon drying at 200 °C for 2 h, and
the square shape was sometimes lost. The average area
of the dried magnetite films was ≈60% of the area of
the original hydrophilic area;39 their thickness was
between 50 and 100 nm (Figure 3D). Micron-scale dots
could easily be achieved using the cationic colloidal
suspension Mag+. In contrast, the suspension Mag-

did not always wet the hydrophilic areas when they
were smaller than ≈4 µm2. We hypothesize that this
discrepancy between the two colloidal suspensions
resulted from the higher viscosity of our anionic suspen-
sion, which prevented clean, selective dewetting of the
hydrophilic areas when the gold film supporting the
patterned SAM was pulled from the suspension.
Composition of the Hydrophilic SAM Influences

but Does Not Govern the Wetting of the Mono-
layer with the Magnetic Precursor. Five different
hydrophilic thiols were tested as substrates to promote
the wetting of the monolayer with the precursor of the
magnetic solid. All were short-chain thiols, in order to
avoid any replacement of the hexadecanethiol during
the formation of the hydrophilic areas.40 Our set of
hydrophilic thiols was selected in order to assess the
role of ionic, protic and polar interactions. We used a
cationic thiol (2-aminoethanethiol hydrochloride, AET),
an anionic thiol (2-mercaptoethanesulfonic acid sodium
salt, MES), an ionizable thiol (3-mercaptopropionic acid,
MPA), a neutral protic thiol (dithiothreitol, DTT), and
a neutral polar thiol (potassium thioacetate, PTA).
Figure 4 shows that suspensions of both Mag+ and
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Figure 2. Experimental setup for the deposition of magnetite
from solution. The patterned substrate was mounted in a flow-
through cell; the cell is shown in side view (A), and in top view
(without coverglass) (B). The aqueous solution of FeCl2 and
NaNO2 (kept at 70 ˚C and under nitrogen) were supplied using
two peristaltic pumps; they were mixed just before they
reached the substrate. The whole cell was immersed in a water
bath to keep the temperature at 70 ˚C.
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Mag- deposited successfully on each of these hydro-
philic thiols except on MPA (not shown), which gave
only partially, poorly defined depositions on the hydro-
philic areas. Although the deposition was more efficient
on the charged thiols than on the neutral ones, even
DTT gave significant deposition. These results suggest
that the deposition was mainly governed by the selective
wetting of the hydrophilic areas; long-range double-layer
electrostatic interactions between particles and surface
groups of the monolayer had only a limited influence.
The primary interaction that occurred during the depo-
sition was probably between the hydrophilic heads of
the short-chain thiols and water rather than directly
between the charged magnetite particles and the polar
head groups of the hydrophilic thiolates. Direct interac-
tions may have occurred later, during drying or heating.
This inference is strengthened by the apparent absence
of specific electrostatic interactions between the colloidal
particles and the thiols. Mag- and Mag+ behaved in
almost the same way regardless of the structure of the
hydrophilic monolayer: Mag+ always filled the entire
hydrophilic area and gave a very low shrinkage upon
drying; Mag- exhibited large shrinkage upon drying
and gave rise to round shapes or square shapes with
round corners. The loss in shape of the deposited areas
also demonstrates the weakness of the particle/surface
interactions: the particles were confined within the
aqueous droplets, followed their symmetrical shrinkage
upon drying until the concentration of the suspension

was high enough for their precipitation and settlement,
regardless of the nature of the hydrophilic SAM. The
shape thus results from the behavior of the entire
deposited droplet on the corresponding SAM, rather
than from direct electrostatic interactions between the
SAM and the particles.
Micron-Scale Magnetic Areas Can Be Obtained

via Precipitation of Iron Salts. Aqueous solutions
of iron(III) salts have already been used to generate
magnetic materials regions on a substrate, although on
fairly large dimensions (10-50 µm).14 We have suc-
cessfully applied a similar procedure to produce pat-
terned areas as small as 0.5 µm in width. A gold film,
patterned with hydrophobic and hydrophilic areas using
µCP was immersed in a solution containing the iron salt
and then slowly pulled out of it. To get a precipitation
of the iron salt, we placed the selectively wetted sample
for 15 min in an ammonia atmosphere. Water was
removed by slow drying in the open air, by rapid drying
in vacuum at 200 °C for 2 h, or by heating the sample
at 60 °C overnight. The deposited material prepared
in this way is likely to be iron hydroxide (Fe(OH)3), iron
oxyhydroxide (R-FeOOH) or, when heated to higher
temperatures, paramagnetic hematite R-Fe2O3.41 The
exact mineral formed is sensitive to solution conditions.

(41) Bailar, J. C., Emeleus, H. J., Nyholm, R., Trotman-Dickenson,
A. F., Eds. Comprehensive Inorganic Chemistry; Pergamnon Press:
New York, 1975; pp 1040-1041.

Figure 3. SEM pictures of magnetite dots on a sample patterned with hexadecanethiol and 2-mercaptoethanesulfonic acid sodium
salt. The magnetite dots were obtained by selective wetting of the hydrophilic areas of the sample (A) with a suspension ofMag+

and (B) with a suspension of Mag-. (C) AFM topography image recorded on a sample patterned with hexadecanethiol and
2-mercaptoethanesulfonic acid sodium salt with Mag+; (D) height profile of the sample shown in (C).

Patterning with Magnetic Materials at the Micron Scale Chem. Mater., Vol. 8, No. 6, 1996 1319



Since we have not determined the exact phase composi-
tion of the precipitates, we will refer to them simply as
“iron oxyhydroxides” in the following text.
Figure 5 shows examples of the patterned areas

generated by this technique. Upon heating, some
shrinkage of the initially deposited material occurred,
consistent with the evaporation of excess water from the
rapidly precipitated iron hydroxide. We used saturated
aqueous solutions of Fe(NO3)3 as the fluid phase. Figure
5A,B shows that an homogeneous, lenslike depositions
was obtained with an almost perfect selectivity for the
hydrophilic regions of the substrate. Figure 5D gives
the height profile measured by AFM on the dots
prepared from Fe(NO3)3. The average thickness of these
dots was about three times higher than that observed
with Mag+ or Mag-. The SEM and AFM pictures
confirm that the deposition of each rounded dot filled
about one-fourth of the entire hydrophilic area defined
by the patterning. Upon drying, the iron oxyhydroxides
dots derived from Fe(NO3)3 kept their shape by decreas-
ing the area of contact with the hydrophilic SAM.
Direct Deposition on Silicon Dioxide Is Possible

but Is Less Effective Than on Gold. To study the
high-temperature behavior of the patterned oxides, it
was necessary to pattern surfaces other than gold (for
example the silicon dioxide layer on silicon). We have

used µCP to generate isolated areas of silicon dioxide
in a gold substrate by using hydrophobic, patterned
SAMs as a resist for etching the gold. This procedure
has been described previously and can lead to either flat
or hollow regions of silicon dioxide, separated from each
other by areas of gold covered by a hydrophobic thi-
ol.2,3,42

Figure 6A shows the iron oxyhydroxides deposited on
squares of silicon dioxide by treatment of an aqueous
solution of Fe(NO3)3 with ammonia. Each area of silicon
dioxide (in black on the picture) bears one piece of iron
oxyhydroxides, which exhibits no specific shape or
position within the boundaries of the hydrophilic region
of SiO2. On the same substrate, the colloidal suspen-
sions of magnetite Mag+ and Mag- gave rise to very
poorly defined depositions in the regions of silicon
dioxide. Using the same method, we could also achieve
selective deposition of iron oxyhydroxides on silicon
dioxide surfaces without any previous coverage with
gold. A silicon dioxide surface was patterned by µCP
with octadecyltrichlorosilane.8,9 The unstamped, hy-
drophilic regions of the silicon dioxide were selectively
wetted with a Fe(NO3)3 solution. We applied the same
technique to direct the deposition of the iron oxyhy-
droxides into the holes of patterned silicon surface
(Figure 6B). After etching an array of holes with the
shape of an inverted pyramid into the Si/SiO2 sur-
face,2,3,42 we covered the flat upper parts of the sample
with an octadecylsilane monolayer8,9 by µCP with a flat
PDMS stamp. The iron oxyhydroxides particles were
precipitated by the treatment with ammonia of the
droplets of aqueous solutions of Fe(NO3)3 that had been
deposited into the holes by selective wetting. The
sample was dried at 200 °C for 2 h. Figure 6B shows
that each pyramidal hole contains its own irregular
patch (or patches) of iron oxyhydroxides.
Continuous, Interconnected Features of Mag-

netic Materials Can Be Fabricated by Capillary
Filling. Although selective wetting could easily be
applied to the formation of continuous features (Figure
7), the results (at least for patterns with small widths)
were not as good as for closed domains. The main
reason for that difference was clearly the shrinkage that
occurred on drying of the wet pattern derived from the
selective wetting. When the hydrophilic area was small
enough, the shrinkage broke the continuity of the iron
oxide pattern.
Capillary filling (CF) is an alternative technique that

often works well in the formation of continuous features.
Figure 8 shows a continuous star pattern built with
Mag- on a glass substrate. The elastomeric stamp with
the star pattern was placed on the substrate. Im-
mediately after a drop of Mag- was placed at one end
of the stamp, the open channels filled spontaneously by
capillary action; approximately 15 min was required to
fill capillaries 1 cm long. The picture shows only a
small, selected area of the substrate. The uniformity
of the results was poor. Even with larger patterns (50
µm wide lines, for example), not all channels were
entirely filled by the suspension. Often, the colloidal
suspension reached the end of the channels by traveling
along the edges of the polymeric channels; this pattern
of filling left the bulk of the channels empty. This effect,
in principle, would allow us to fabricate small “wires”

(42) Kim, E.; Kumar, A.; Whitesides, G. M. J. Electrochem. Soc.
1995, 142, 628.

Figure 4. SEM pictures of the magnetite dots deposited from
Mag+ andMag- on four different hydrophilic SAMs. The type
of magnetic suspension (Mag+ or Mag-) is given in the top
row. The name of the hydrophilic thiol is given in the left
column (AET, 2-aminoethanethiol hydrochloride; MES, 2-mer-
captoethanesulfonic acid sodium salt; PTA, potassium thioac-
etate; DTT, dithiothreitol).
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of magnetite but was not developed here for that
purpose. Although these results do not represent a
technique that can be used reproducibly, they do provide
evidence that this technique can work, if it is correctly
applied.
Continuous Micron-Scale Magnetic Areas Can

Be Obtained by Selective Deposition of Magnetite
from Aqueous Solution. Magnetite and ferrites can
be successfully deposited from solutions of iron(II) salts
at low temperatures (<90 °C) by electroless or chemical
ferrite plating.24-29 In contrast to the electro ferrite-
plating, the chemical ferrite plating uses oxidizing
reagents rather than an anodic current and can be
applied to deposit spinel films of various compositions
on conducting and nonconducting substrates.25 Good
adhesion of the deposited ferrite film is achieved on
hydroxylated surfaces such as glass, metal oxides, or
plasma-treated polymers but not on hydrophobic sur-
faces.25 We have applied this process to the selective
deposition of magnetite on substrates that had been
previously patterned by µCP.
Gold films were derivatized by stamping with hexa-

decanethiol (HDT) and then filling the remaining bare
gold areas with dithiothreitol (DTT). We chose DTT
because it offers to the plating solution a hydroxyl-
terminated surface similar to that of silicon dioxide. An
aqueous solution of FeCl2 was continuously pumped
over the patterned substrate surface (Figure 2). The

oxidizing reagent, an aqueous solution of sodium nitrite,
was added to the FeCl2 solution just before it reached
the substrate. A continuous flow of the two reactants
was maintained for 10-30 min. The sample was then
thoroughly rinsed with water and dried under a flow of
nitrogen. Figure 9A shows the result of the selective
deposition of magnetite on patterned surfaces. The
adhesion of the ferrite film was high on the areas
derivatized with DTT, we presume because covalent
bonds formed between the oxygen atoms of the DTT
molecules and the iron atoms coming from the solu-
tion.25 By contrast, the HDT derivatized areas were
resistant to deposition. Micron-scale deposition (e.g.,
1-µm2 squares or 1.5-µm-wide lines) could easily be
produced. This technique is particularly efficient for
preparing continuous features (which are difficult to
build using the wetting technique described in the
previous paragraph) because no dewetting of the hy-
drophilic areas is necessary: the magnetite thin film is
grown progressively from the solution upon partial
oxidation of the iron(II) salt.
The electroless plating of ferrite is also efficient on

silicon dioxide regions made by selective etching of a
gold film deposited on silicon.2,3,42 Figure 9B,C shows
SEM pictures of magnetite deposited on a pattern of
silicon dioxide surrounded by a gold film covered by an
hydrophobic SAM. The deposition of the magnetite
showed a high selectivity for the hydrophilic silicon

Figure 5. SEM pictures of iron oxyhydroxides dots obtained on a patterned sample by selective wetting of the hydrophilic areas
with Fe(NO3)3 and precipitating the iron oxyhydroxides with ammonia vapor. The substrates were patterned (A) with
hexadecanethiol and 1-aminoethanethiol hydrochloride (AET), and (B) with hexadecanethiol and potassium thioacetate (PTA).
(C) AFM topography image recorded on a sample patterned with Fe(NO3)3 on AET; (D) height profile of the sample shown in (C).
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dioxide. The thickness of the ferrite film, evaluated
from the SEM pictures, was ≈400 nm.
A Magnetic Field Applied during the Drying

Step Had No Effect on the Shape of the Deposited
Dots. Since the colloidal suspensionsMag+ andMag-

behaved as ferrofluids, we attempted to modify the
shapes of the deposited magnetite dots by applying a
constant magnetic field of 0.2 T, perpendicular to the
substrate, during the deposition process. The sample
(only Mag- on AET was tested) was placed under the
magnetic field just after deposition and left to dry in
air. No significant effect of the magnetic field was
observed.
The Micron-Scale Magnetite Dots Can Be Read

by Magnetic Force Microscopy (MFM). To assess
the magnetic patterning of the surface, the samples
have been studied by MFM.43,44 Imaging was done in
two passes across each raster scan line. On the first
pass, the topography was recorded using the “tapping
mode”.45 On the second pass, the tip was raised to a
selected height (typically 20-25 nm) above the surface

and followed the topography previously recorded on the
sample; resonance shifts of the cantilever oscillations
(caused by the gradient in the magnetic force on the tip)
were then recorded.46 This procedure made it possible
to obtain purely magnetic information on the second
pass. Figure 10 shows representative images of the

(43) Babcock, K.; Dugas, M.; Manalis, S.; Elings, V.Magnetic Force
Microscopy: Recent Advances and Applications; in Demczyk, B. G.,
Garfunkel, E., Clemens, B. M., Williams, E. D., Cuomo, J. J., Eds.;
Materials Research Society: Pittsburgh, PA; pp 311-322.

(44) Gruetter, P. Applications of Magnetic Force Microscopy; in
Guentherodt, H. J., Anselmetti, D., Meyer, E., Eds.; Kluwer Academic
Publisher: Dordrecht; pp 447-470.

(45) In the “tapping mode”, the cantilever is oscillated with a high
amplitude (≈20 nm) near its resonance frequency and moved toward
the surface of the sample until it begins to tap the surface; the
topography is obtained directly by measuring the voltage required at
the Z piezo to keep the amplitude of the oscillation of the cantilever
constant.

(46) The Nanoscope III uses an ac method for magnetic force
detection which tracks shifts in the resonance properties (amplitude
and phase) of an oscillating cantilever. The resonance frequency is
decreased when the magnetic interaction is attractive and increased
when it is repulsive. We used the phase detection mode at a constant
driving frequency. Resonance shifts give rise to phase shifts which give
an image of the magnetic force gradients.

Figure 6. (A) SEM picture of the iron oxyhydroxides depos-
ited on silicon dioxide after selective etching of gold on a
patterned gold film and selective wetting of the silicon dioxide
areas with Fe(NO3)3. (B) SEM picture of the iron oxyhydroxides
deposited in pits of silicon dioxide etched in Si; the Fe(NO3)3
solution selectively wetted the SiO2 surface of these pits. The
top, flat regions had been protected and rendered hydrophobic
by a monolayer of octadecylsiloxane.

Figure 7. SEM pictures of continuous features of magnetite
made by the selective deposition of Mag+ on AET areas. The
hydrophobic/hydrophilic pattern of HDT and AET on gold was
made by µCP. (A) “Star” pattern; the lines between the stars
are continuous, as shown in the blowup (B). (C) Lines of
magnetite (0.3 µm wide) obtained after drying. The width of
the hydrophilic area of AET that was originally wetted by
Mag+ was about 0.9 µm; the evaporation of water during the
drying process resulted in a shrinkage of the line width to
about 0.3 µm.

1322 Chem. Mater., Vol. 8, No. 6, 1996 Palacin et al.



topography (A) and the phase shift (B) of a sample
patterned with Mag- on AET, recorded with the same
magnetic tip. The comparison of the two pictures shows
that the pattern imaged in the “topography” mode
coincides well with the one imaged in the “phase shift”
mode. Regions with deposited Mag- show a smaller
phase than the uncovered areas; this observation indi-
cates that the deposited material is magnetically active
and interacts attractively with the magnetized tip. The
size of the pattern covered with Mag- appeared to be
slightly larger (less than 100 nm in each dimension) in
the “phase shift” image than the size detected in the
“topography” mode. There are two possible reasons for
this discrepancy: First, magnetic forces can be detected
over a slightly wider range (in distance) than the van
der Waals forces responsible for the topographic image,
and second, there might be a small drift of the image
between the two passes. Images obtained after mag-
netization of the sample with a magnetic field (15kG)
perpendicular to the surface looked comparable to those
obtained before the magnetization, except for an in-
crease in the phase shift. No magnetic domains have
been seen so far.
We also used the sample shown in Figure 10 (Mag-

on AET) to record magnetization curves and to measure
the variation of the magnetization with temperature.
Figure 11 shows the magnetization curve obtained at
300 K when the magnetic field was cycled between -2
and 2 T. The magnetic field was oriented in the plane
of the sample. The magnetization was reversible with
a small hysteresis of about 100 G at low field that
probably arose from the biggest particles of magnetite.
The presence of a small hysteresis shows that the
deposited material can not be paramagnetic and con-
firms the result from the MFM measurements that
there are no large magnetic domains.
Figure 12 presents the variation of the magnetization

of the sample with temperature in a permanent mag-
netic field (150 G, with the field axis oriented in the
plane of the sample). In the zero field cooling experi-
ment (ZFC), the sample was initially cooled from 300
to 5 K without any applied magnetic field. It was then
warmed while applying a 150-G magnetic field, and its
magnetization was recorded. In the field cooling experi-
ment (FC), the sample was both cooled and warmed
while applying the 150-G magnetic field. The magnetite
dots are made of small ferromagnetic particles, which

have a single-domain structure. When one of these
particles is magnetized along an easy direction, it
remains that way because of the energy of anisotropy.
This energy is proportional to the volume of the particle.
If this volume is small, thermal fluctuations can be
strong enough to flip the direction of magnetization.
This is a superparamagnetic behavior. For a given field,
the difference between the FC and the ZFC curves gives
for each temperature the amount of particles whose
energy of anisotropy is higher than the thermal energy.
From these curves, we estimate a minimum particle size
of 2.5 nm in diameter.47,48 This figure is compatible

(47) Neel, L. Ann. Geophys. 1949, 5, 99.
(48) Neel, L. Philos. Mag. Suppl. 1955, 4, 191.

Figure 8. SEM picture of a “star” pattern of magnetite on
silicon dioxide fabricated by capillary filling with Mag-. The
background surface appears partially covered. Almost all the
fine lines between the stars are continuous.

Figure 9. SEM pictures of magnetite patterns obtained by
selective electroless deposition of magnetite (A) on the hydro-
philic areas of a patterned SAM fabricated using hexade-
canethiol and dithiothreitol, and (B, C) on areas of silicon
dioxide prepared by selective etching of a patterned gold film.
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with our TEM observations on the colloidal suspensions
(particle size between 5 and 12 nm). The slow decrease
of the ZFC-FC curves and the hysteresis curve at room
temperature implies a broad distribution of the size of
the particles. This latter result indicates that some
aggregation of smaller particles occurred during drying
or annealing.

Conclusion

This paper demonstrates that microcontact printing
(µCP) and capillary filling (CF) can be used to direct
the deposition of metal oxides in patterns on a surface
with feature sizes of microns. Selective wetting of a
surface previously patterned by µCP allowed control of
the deposition of iron oxides. Patterning of the sub-
strate with the iron oxides was done either by deposition
of magnetite from colloidal solution or by precipitation
of the oxide from previously deposited drops of water
containing iron(III) salt. The composition of the hydro-
philic SAM had only a minor influence on the deposition
of the iron oxides. The size of the metal oxide patterns
was limited by the size of the patches that could be made

with the µCP technique (about 0.5 µm); increases in the
resolution of µCP will lead to decreases in the size of
the areas of patterned iron oxides. Selective wetting of
patterned substrate surfaces was also used for the direct
deposition of iron oxides from solution by ferrite plating.
Whereas the first two methods are well suited to deposit
metal oxides in small, closed areas, ferrite platingssuch
as capillary fillingsalso allowed the deposition of con-
tinuous, interconnected structures of iron oxide.
Although there are still difficulties in an accurate and

reproducible control of the shape, the thickness, and the
roughness of the deposited magnetic material, our
results clearly show that µCP and CF offer a convenient,
experimentally simple, low-cost way for the fabrication
of inorganic structures on the (sub)micron scale. Some
deficiencies observed in the patterns clearly arise from
difficulties in the processing. Improvements of the
patterning can be expected from automatization of the
stamping process, protection of the sample from any
vibrations during the drying process, or the exclusion

Figure 10. Magnetic force microscopy images of a sample patterned withMag- on AET. (A) Topography of the sample recorded
with a magnetized tip. (B) Phase shifts of the cantilever oscillation recorded by following the previously recorded topography
with the magnetic tip.

Figure 11. Magnetization curves recorded at room temper-
ature on a sample patterned with Mag- on AET, measured
parallel to the film plane. The field was first decreased and
then increased. The magnetization has not been normalized
to the exact amount of magnetic material in the sample.

Figure 12. Dependence of the magnetization of a sample
patterned withMag- on AET on temperature. (Field cooling,
FC: A magnetic field of 150 G was applied during the cooling
and warming of the sample. (Zero field cooling, ZFC: The
sample was cooled in the absence of a magnetic field and then
warmed with an applied magnetic field of 150 G. The rate of
cooling and warming was ca. 25 K/h. Each curve describes only
the magnetization recorded when warming the sample.
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of dust during the patterning process. Other deficien-
cies, particularly the shrinkage of the deposited area
upon drying, result from a lack of specific interactions
between the particles and the SAM; any deposition
process governed by selective wetting of the SAM rather
than by specific interactions between the surface and
the material that should be deposited will have similar
limitations in the edge resolution.
The magnetic properties of the deposited iron oxides

were studied by magnetic force microscopy and by
magnetic measurements. The magnetite particles that
had been deposited in these experiments were too small
to support a permanent magnetization, and showed
superparamagnetic behavior. Annealing at high tem-
perature and/or using bigger particles of ferrite would
be necessary to produce ferromagnetic behavior in the
deposited dots. A decrease in the size of the dots of the
deposited magnetite to about 100 nm together with a

significant improvement in the crystallinity of the
particles would be necessary to prepare single magnetic
domains that are a basic requirement for using each dot
as a single bit in a memory device.
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