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ABSTRACT: Atomic force microscopy is shown to be an excellent lithographic
technique to directly deposit nanoparticles on graphene by capillary transport
without any previous functionalization of neither the nanoparticles nor the
graphene surface while preserving its integrity and conductivity properties.
Moreover this technique allows for (sub)micrometric control on the positioning
thanks to a new three-step protocol that has been designed with this aim. With
this methodology the exact target coordinates are registered by scanning the tip
over the predetermined area previous to its coating with the ink and deposition.
As a proof-of-concept, this strategy has successfully allowed the controlled
deposition of few nanoparticles on 1 um?” preselected sites of a graphene surface

with high accuracy.

1. INTRODUCTION

Since its discovery in 2004," graphene has raised much
attention due to its interesting electrical, optical, thermal, and
mechanical properties.”™ Graphene exhibits a high Young’s
modulus and fracture strength with potential applications in
reinforced composites.® Its high thermal/chemical stability and
large specific surface area are also of interest in catalysis and
sensors,’ whereas the interesting transport phenomena and
high optical transmittance are of great relevance in photonics
and optoelectronics,® as well as in electronics and spin-
tronics.”~"* Most of these applications require the development
of graphene-based hybrid systems in order to enable versatile
and tailor-made properties with performances far beyond those
of the individual materials."> Although the accurate incorpo-
ration of different families of organic and/or inorganic materials
without modifying the graphene intrinsic structure and
properties is a delicate step, to date, this challenge has been
addressed by means of either in situ syntheses'* '® or self-
assembly processes,'’'® which permitted the functionalization
of graphene with a wide variety of materials, such as organic
compounds, polymers, inorganic nanoparticles (NPs), and
other molecular-based materials.” For instance, Bendiab et al.
grafted by drop casting deposition a rare-earth-based bis-
(phthalocyaninato) complex tailored with pyrenyl groups that
favor the z—r stacking with the graphene surface.'’ Au
nanostructures deposited on graphene by thermal evaporation
or by a combination of electron beam, metallic film deposition,
and lift-off processes have also been shown to enhance surface
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enhanced Raman spectroscopy (SERS)' and Raman re-
sponses,”” respectively. In addition, the optical and electrical
properties of graphene can also be tailored by the site-specific
patterning of Au NPs decorated with cinnamate moieties
covalently cross-linked by UV irradiation.”' Although these
studies were successful on structuring materials on graphene
with control on feature thickness and size, the ability to
accurately control the positioning of these structures on
preselected sites of a graphene surface by a mild method still
remains a challenge. If successful, this will open new
perspectives mainly for device and sensing applications, where
objects need to be placed with high precision onto well-defined
sensing regions of the device.”?

In this article, we demonstrate that direct-write atomic force
microscopy (AFM) lithography represents an excellent
approach to this aim. In a typical experiment a probe tip is
coated with a solution containing the NPs (commonly referred
to as ink solution) and used as a carrier system to deposit it on
a graphene surface, as done in the so-called dip-pen
nanolithography (DPN) technique.* >* The ink is delivered
in direct contact with the unmodified graphene surface, while
ensuring that the integrity of graphene is preserved. To
demonstrate the viability of this approach we have selected
cobalt nanoparticles (Co-NPs) uniform in size and morphol-
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ogy,”® whose deposition has become a challenge since most
methodolo%ies so far used with this aim need high temperature
treatments.”” The mild processing conditions (lack of electric
irradiation), ease of use, and accessibility are also strong
potential advantages of this AFM-based approach. Even the
positioning capabilities of this technique have previously been
exploited to fabricate electrical contacts on single graphene
flakes,*® it has never been used for the direct deposition of NPs
on graphene.

2. EXPERIMENTAL SECTION

2.1. Materials. Cobalt carbonyl [Co,(CO)s, moistened with 5—
10% hexane], trioctylphosphine oxide (TOPO, 99%), oleic acid
(99%), hexane anhydrous (95%), toluene anhydrous (99.8%), and 1,2-
dichlorobenzene anhydrous (0-DCB, 99%) were purchased from
Sigma-Aldrich and used as received without further purification.
Synthesis of NPs was carried out under Ar-atmosphere conditions
using the standard Schlenk line setup. Single pen (SP) tips are
commercial silicon nitride Type A single pen (Nanolnk, Inc., Chicago,
IL) with a spring constant of ~0.1 N m™. Noncontact high-resonance
frequency (NCH) tips are PPP-NCH silicon point probes with a
spring constant of ~42 N m™" and resonant frequency of ~330 kHz,
purchased from Nanosensors.

2.2. Preparation of the Ink Solution. The ink solution used for
these experiments consisted in a colloidal solution of monodispersed
oleic acid-stabilized Co-NPs (2 X 10'® NPs mL, ~40 mg mL™") of a
mean size of 7.6 = 1.0 nm diameter prepared following a previous
procedure.”® Briefly, TOPO (0.1 g) and oleic acid (0.2 mL) were
degassed in argon in a flask for 20 min. Then, 15 mL of 0-DCB was
introduced into the flask under an argon atmosphere. The solution was
heated to the reflux temperature of 0o-DCB (182 °C) and 0.54 g of
Co,(CO); diluted in 3 mL of 0-DCB was quickly injected into the
mixture. The reaction continued for another 10 min, and then the
black colloidal solution was extracted using an airtight syringe and
stored in a glass vial under argon. NP morphology and size distribution
was determined by transmission electron microscopy (TEM) analysis
on samples prepared by dropping the NP solution onto a carbon-
coated TEM grid. The solvent was allowed to evaporate under air and
the mean size was verified by TEM (Figure 1). The typical epsilon
(cubic) crystal anisotropy (&-Co-NPs) together with absence of
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Figure 1. Morphological analysis (TEM) of a monolayer of oleic acid-
coated Co-NPs with a hexagonal packing. The inset shows the mean
size distribution of Co-NP measured from TEM images.
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oxidation was confirmed by X-ray diffraction spectroscopy (XRD). For
further deposition experiments, the as-synthesized Co-NPs (2 mL)
were washed by precipitation with anhydrous methanol (2 mL)
followed by redispersion into a solution of either hexane, toluene, or o-
DCB (20 mL) containing 0.08% (w/w) oleic acid. The solutions were
stored under inert conditions and were stable before the deposition
experiments.

2.3. Preparation of the Target Substrates. Silicon bearing
native oxide layer (Si/SiO,) substrates were prepared by initially
cutting silicon wafers into 0.5 X 0.5 cm? pieces. Then, each Si/SiO,
substrate was washed in an ultrasonic bath for 10 min in acetonitrile,
ethanol, and Milli-Q water and dried by blowing nitrogen gas. Highly
ordered pyrolytic graphite (HOPG) surfaces were purchased from SPI
suppliers. HOPG was cleaved with adhesive tape to obtain fresh thin
film samples. Carbon-coated TEM grids, carbon type-B, 200 mesh
copper grids were purchased from Ted Pella, Inc. Graphene flakes
were obtained by the mechanical exfoliation method from natural
graphite (NGS GmbH, Germany). Thin flakes were optically located
with respect to prepatterned alignment markers on top of p-doped
Silicon wafer coated with 300 nm of oxide (SiO,). The effective
number of layers was checked by micro-Raman spectroscopy. Raman
measurements were performed using a Jobin-Yvon LabRam
spectrometer with a He—Ne laser at 632.8 nm wavelength. The
incident power was ~20 mW. Metal contacts (Ti/Pt 10/100 nm) on
the graphene sheets have been obtained by electron beam lithography
(EBL), electron-beam evaporation, and lift-off. The underlying doped
wafer was contacted from the bottom and used as the backgate. The
patterning of the flakes in cross-like geometry was performed by means
of EBL. The uncovered parts of the sample were removed by a S0 W
oxygen plasma. Electrical measurements were performed by using the
lock-in technique with an applied ac current (51 nA at 33.77 Hz) in a
liquid-He cryostat with a base temperature 2 K and equipped with a
superconducting magnet with a field as high as 7 T.

2.4. AFM Lithography Experiments: Tip Functionalization
and Deposition Procedure. Tips were coated with the ink solution
containing the NPs via the scanning coating method as follows.*>*°
The process is schematically depicted in Figure 2a. First, a drop of the
Co-NP-based ink solution was deposited by drop casting onto an
auxiliary Si/SiO, substrate and the solution was left to partially
evaporate for a given time until it remained a very thin liquid film at
the edge of the droplet. Then, the tip was approached to the surface
until it touched the film. Once in contact, it was scanned over a S X S
um? area at 1 Hz, while keeping the tip dipped into the ink film. In the
case of the SP tips, it was necessary to reduce the excess of ink (Co-
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Figure 2. (a) Schematic illustration of the scanning coating method for
the functionalization of the AFM tip with the ink solution and
subsequent deposition of the solution onto a surface in the form of the
desired pattern. FE-SEM image of a SP tip loaded with the ink solution
[Co-NPs (2 x 10" NPs mL™) in 0-DCB with an excess of oleic acid
(0.08% w/w)] viewed (b) from above and (c) at 45° tilt angle.
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NP-based solution) on the tip. This was achieved by bringing the
freshly coated SP-tip in contact with a Si/SiO, substrate and creating
spots with an average diameter of several micrometers, which quickly
decreased in size. After having deposited a few micrometer-sized spots,
it is possible to start writing uniform dots in a very controllable
manner. Conversely, this step was not necessary for NCH tips due to
their initial low ink loading.

All of the experiments using an SP tip were performed with an
Nscriptor DPN System (Nanolnk, Inc., Chicago, IL). Environmental
conditions of ~50% relative humidity and room temperature were
kept constant during all DPN patterning processes with an integrated
environmental chamber as part of the Nscriptor DPN System. All of
the experiments involving NCH tips were performed with an Agilent
5500 AFM/SPM microscope (formerly Molecular Imaging PicoPlus
AFM). A multipurpose closed loop X—Y scanner with an X-Y
nanopositioning stage (NPXY100E from nPoint) and a scan range up
to 100 X 100 pum* was used for the deposition of Co-NPs under
controlled environmental conditions (~ 50% relative humidity and
room temperature).

2.5. Characterization Methods. TEM analysis of NPs size
distribution was performed on a JEOL1010 transmission electron
microscope at an accelerating voltage of 80 kV. Digital images were
analyzed with the Image] software and a custom macro performing
smoothing (3 X 3 or 5 X S median filter), manual global threshold,
and automatic particle analysis provided by the ImageJ. The macro can
be downloaded from http://code.google.com/p/psa-macro. TEM
images of NPs deposited with a tip were taken with a JEOL JEM-
2100 microscope (JEOL LTD, Tokio, Japan). XRD data were
collected on a PANalytical XPert diffractometer using a Co Ka
radiation source (4 = 1.789 A). In a typical experiment, the 20
diffraction (Bragg) angles were measured by scanning the goniometer
from 25° to 60° at a speed of 0.021° s™". The samples were prepared
by precipitating as-synthesized Co-NPs (2 mL) in the presence of
methanol and dried under argon before smearing onto (510) silicon
wafers (3° off axis) for XRD analysis. Dynamic noncontact mode AFM
images of NP depositions were recorded on an Agilent 5500 AFM/
SPM microscope using NCH tips. AFM image processing and
rendering was done with Gwyddion data analysis software.

3. RESULTS AND DISCUSSION

3.1. Nanoparticle Structuration on Bare Si/SiO,. Co-
NPs of 7.6 + 1.0 nm in diameter stabilized with an oleic acid
capping layer were selected as model nanometric system for
their deposition.** A morphological TEM image of a hexagonal
packed monolayer of such oleic acid-coated Co-NPs together
with their corresponding mean size distribution is shown in
Figure 1.

In a typical experiment, the Co-NPs were dispersed in
organic media at 2 X 10"® NPs mL™" and the solution used as
base ink for the deposition experiments on bare Si/SiO,
substrates by using single pen (SP) tips. These are AFM tips
with a symmetric pyramidal shape and low aspect ratio specially
designed with a recessed area surrounding the tip base that
provides a higher ink material loading, and therefore, a long
stable writing performance. Initially, SP tips were coated with
the ink solution via the scanning coating method schematically
depicted in Figure 2a (see the Experimental Section for details),
which ensured an efficient loading of the ink on the tip as
verified using field-emission scanning electron microscopy (FE-
SEM; Figure 2b,c).

Once the tips were coated, the transference of the material in
the form of dot patterns occurred through the delivery of less
than femtoliter droplets of the ink while controlling the tip—
substrate contact time. In this methodology, the solvent plays
an important role and should fulfill specific requirements to
ensure that the ink is appropriate for the deposition process.

Specifically, the ink should exhibit (I) a proper viscosity to
ensure not only an homogeneous coating on the tip but also a
controlled transference of the material, (II) a high boiling point
to maintain the liquid state over the whole writing process, and
(II1) a proper solvent—surface wettability balance. While a very
polar solvent will spread over the polar Si/SiO, surface making
any structuration difficult, the use of nonpolar solvents will
induce the formation of droplets with very high contact angles
thus hampering the transfer of the material. In this work, we
have faced this challenge by the examination of three different
organic solvents (hexane, toluene, and o-dichlorobenzene) of
varying boiling points and low polarities that ensure a good
contact angle with the Si/SiO, surface (a constant relative
humidity and temperature of 50% and 23 °C, respectively, was
used in all the cases to allow for a proper comparison). Initially,
the use of hexane as solvent significantly hampered the
deposition process due to its highly volatile character (bp 69
°C), since it rapidly evaporated during the tip coating step. By
contrast, the use of toluene (bp 110 °C) partially slowed down
the drying rate of the ink solution, allowing an appropriate
coating of the tip and the subsequent deposition of NPs in the
form of arrays (Figure 3a). However, after fabrication of few
arrays, the ink solution unavoidably dried on the tip surface
leading to the deposition of broken solid pieces on the surface
during the writing process. Finally, the use of o-dichloroben-
zene (0-DCB) in the ink solution was shown to be the most
convenient solvent, allowing the obtaining of well-defined
arrays made of repeated structures with control on their
morphology and size down to 500 nm. The topographic profile
of a representative array, shown in Figure 3b, evidenced the
high uniformity reached over an entire array made of 100
repeated dots. The height of the structures was 12 + 1 nm,
which is in good agreement with that expected for a monolayer
of Co-NPs.

Part of the success with 0-DCB comes from its high boiling
point (bp 180 °C) that increases the total drying time of the
ink, favoring a stable transference of the NPs to the substrate
over an extended period of time. Additionally, oleic acid
molecules, either coating the NP surface and freely dispersed in
the solution (0.08% w/w), also contributed to maintain the ink
in a liquid state for extended times and to increase the viscosity
of the ink solution.>"** The effective transference of NPs under
these experimental conditions was confirmed with a control
experiment where two different inks were used to make arrays:
one consisting of an 0-DCB solution free of NPs but with a
0.08% w/w oleic acid that emulates the concentration present
in the original ink and a second one with the same conditions
but containing NPs. Both inks were used under exactly the
same experimental conditions to generate similar arrays on Si/
SiO,, and the obtained structures were compared by AFM
analysis. Whereas the average height of the arrays made with
the NP-based ink was 10 + 1 nm, the array fabricated with the
NP-free ink solution was 3 #+ 1 nm in height for dots of similar
diameter (559 = 29 nm and 473 + S1 nm, respectively, Figure
3¢,d). The decrease in height of the pattern was clearly related
to the absence of NPs in the last case, while the background
height was attributed to the presence of remaining oleic acid
molecules from the ink solution.

3.2. Nanoparticle Deposition on Single-Layer Gra-
phene. The optimized experimental conditions described
above were used first for the deposition of a NPs-free ink on
single-layer graphene as well as on the surrounding exposed
areas of the supporting Si/SiO, substrate to check the
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Figure 3. Fabrication of arrays on Si/SiO, substrates: (left) 3-D AFM
topography image and (right) height profile along the white dashed
line in the corresponding image. The specifications for each particular
case are (a) ink composition: Co-NPs (2 X 10" NPs mL™") in toluene
with an excess of oleic acid (0.08% w/w), array of 10 X 10 dots
separated by 2 ym, dot diameter 1.01 + 0.10 ym and height 11 + 1
nm; (b) ink composition: Co-NPs (2 X 10'S NPs mL™") in 0-DCB
with an excess of oleic acid (0.08% w/w), array of 10 X 10 dots
separated by 4 ym, dot diameter 981 + 47 nm and height 12 + 1 nm;
(c) ink composition: Co-NPs (2 X 10" NPs mL™") in 0-DCB with an
excess of oleic acid (0.08% w/w), array of 7 X S dots separated by 1
um, dot diameter SS9 + 29 nm and height 10 + 1 nm; (d) ink
composition: NP-free solution of 0-DCB with an excess of oleic acid
(0.08% w/w), array of S X 4 dots separated by 1.5 ym, dot diameter
473 + S1 nm and height 3 + 1 nm.

wettability of our ink. As can be seen in Figure 4, the average
dot diameter of the structures generated on Si/SiO, was about
~530 nm whereas those obtained on graphene oscillate around
~675 nm. Even though the wetting capacity of the ink on the
graphene surface is slightly higher than on the Si/SiO,
according to the larger diameter of the resulting dots, the
writing capabilities of the ink turn out to be similar for both
cases. Since dots were generated in a consecutive manner,
possible effects of depletion of the ink were neglected. These
results indicate that the graphene flake is strongly influenced by
the underneath polar Si/SiO, layer. To illustrate this effect, a

Figure 4. AFM topography images of arrays fabricated on top of three
different surfaces, single-layer graphene, Si/SiO, and HOPG, by using
an NP-free ink solution consisted of 0-DCB and oleic acid (0.08% w/
w). (a) Well-defined arrays were generated on top of graphene single-
layer graphene and Si/SiO, surface. (b) 3-D topography of a section of
the array shown in image b. (c) Height profile along the white dashed
line in the image b. (d) Droplets deposited on HOPG merge to form a
thin film (<3 nm in height). Inset shows an optical image during the
deposition process.

comparative experiment was designed in which the NP-free ink
solution was used for the fabrication of arrays on hydrophobic
highly ordered pyrolytic graphite (HOPG). The fabrication of
patterns on the HOPG surface resulted in a nonconsistent
deposition where the droplets tended to spread out almost
completely over the whole surface merging into a thin film of
less than 3 nm in height (Figure 4d). The behavior of the
droplets can be understood by considering the high affinity of
the 0-DCB to the nonpolar carbon surface.

The presence of such residual thin film is not expected to
disturb the effectiveness of the device. For instance, Chen et al.
recently reported the fabrication of a highly sensitive and
selective field-effect transistor (FET) biosensor using thermally
reduced gra;)hene sheets decorated with gold NPs-antibody
conjugates.”” Under these circumstances, the presence of target
proteins induces significant changes on the electrical character-
istics of the device detected by the graphene even though the
NPs are separated by a capping layer. Another example where
the presence of such a layer has been shown to not interfere are
fluorescent graphene-based sensors, since it can act as a
superquencher with a long-range nanoscale energy transfer
property of dyes and QDs. For instance, these types of systems
have already been shown to be useful platforms for the sensitive
and selective detection of DNA and proteins based on a signal-
on fluorescent strategy.** In fact, several strategies developed to
prepare graphene/metal hybrids take advantage of such
“molecular stabilizers” not only because of the better wetting
capabilities of the “ink” but especially to ensure a proper
stability of the NPs while avoiding any reaction with the
graphene. For instance, one of the most popular strategies, the
aqueous-phase route, includes the use of capping molecules
such as dodecyl sulfate (SDS) as both surfactant and/or
reducing agent for the particle formation.>® Other method-
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ologies, such as that described by El-Shall’s group, involve a
facile and scalable chemical reduction method assisted by
micrg)éwave irradiation in a mixture of oleylamine and oleic
acid.

Once the optimal affinity between the ink and the single-
layer graphene supported on Si/SiO, was demonstrated, similar
conditions were used for the deposition of Co-NPs as
consistent arrays onto the graphene layers. A representative
example for the formation of such arrays is shown in Figure S.

(a)

T
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Figure 5. Array containing the Co-NPs generated on graphene and Si/
SiO, surfaces. Ink composition: Co-NPs (2 X 10" NPs mL™") in o-
DCB with an excess of oleic acid (0.08% w/w). (a) 3-D AFM
topography image and (b) height profile along the white dashed line in

the image.

The average dot diameters were 1.35 pm and 0.82 ym on
graphene and Si/SiO,, respectively, confirming the different
wetting capacities of the ink on both surfaces. In addition, the
height of the dots considerably increased compared to the NP-
free counterpart with an average value of 9 + 1 nm on
graphene, in good agreement with the height values expected
for a monolayer of NPs.

Another important fact to demonstrate the feasibility of our
approach is to verify the integrity of the graphene layer upon
deposition. A first confirmation for this is the absence of any
evident damaging of graphene after the deposition process by
AFM characterization (Figure 4). However, this observation
was better proved on successive experiments by combining
Raman and electronic transport investigations. In this sense,
Raman spectroscopy emerges as a powerful tool to capture
graphene electronic structure and thus is uniquely able to
reflect changes in graphene after manipulation.”” Figure 6a
shows Raman spectra taken for a single-layer graphene sample
before and after the deposition of NPs. The two main
characteristic bands of graphene, the G band at ~1580 cm™
and the 2D band at ~2700 cm™’, which are commonly used in
the determination of graphene layer thickness, are well visible
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Figure 6. (a) Raman spectra taken before (black) and after (red)
deposition of Co-NP arrays on a single-layer graphene. Optical image
of an elongated graphene layer decorated with contacts in a
longitudinal geometry viewed (b) before and (c) after the deposition
of a high-density Co-NP array made of repeated dots separated by 1
um (blue colored area). (d) Surface resistivity (4 wires measurements)
vs backgate voltage of the device shown in image b and c
Measurements before (red) and after (black) NPs deposition show
the characteristic resistance peak in graphene at the Dirac point. In the
inset it is possible to see the temperature dependence of the device
resistance at backgate voltage of 0 V.

on the Raman spectrum. The only slight shift of the G band
points out to a char§e doping effect of graphene due to the
presence of Co-NPs.”® The absence of the D band at ~1340
cm™!, typically associated to disorder, indicates that the
integrity of graphene was preserved after the deposition step.
Finally, the integrity of graphene was also checked by repeating
the deposition process on an elongated graphene layer
decorated with contacts in a longitudinal geometry (resistance
mode) (Figure 6b,c). Electronic transport measurements were
then used to characterize the effective functionalities of
graphene devices after the fabrication of arrays (Figure 6d).

dx.doi.org/10.1021/1a3023419 | Langmuir 2012, 28, 12400—12409
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Reproducibility in the resistance vs backgate voltage curve
measured at T = 2 K before and after deposition, showing a
mobility of 4 = 2000 cm?® V™! 57!, evidenced that as expected
from AFM and Raman investigations graphene properties were
not altered after the deposition of the NPs.

3.3. Nanoparticle Assembly. Further insights into the
assembly of the Co-NPs within the fabricated dots were
obtained by fabricating new arrays on carbon-coated trans-
mission electron microscopy (TEM) grids, which represents a
real challenge in nanopatterning nowadays. Such arrays allowed
us for the simultaneous morphological characterization of the
deposits by complementary AFM and TEM techniques (see
Figure 7). TEM characterization allows Co-NPs to be identified

(e) s (f)

NP islands
T30 Single NPs Em l l l Single NP
20 l 1 E20 1
S0 510
L] ®
T o4 I o+
00 05 10 00 05 10 15
Section [um] Section [um]

Figure 7. Co-NPs arrays fabricated on carbon-coated TEM grids. (a
and b) TEM and AFM topography images of a series of repeated dots.
(c and d) TEM and AFM topography images of a section of a dot
feature from the array. Height profile in images e and f respectively
corresponds to the white and red dashed line in image d. The presence
of single NPs and NP islands are indicated with black arrows in images
e and f as well as some examples of these structures are indicated with
red and black circles respectively in image c.

at the single-particle level due to the high contrast given by the
metallic character of the NPs while correlated AFM topography
can provide direct information about the topographical profile
of the motives. As shown in Figure 7a,c, TEM revealed the
presence of NPs as (sub)monolayers inside each dot-like
feature that confirmed the effective transference of the ink from
the coated tip to the carbon surface.”® Within the dots, NPs
appeared arranged into hexagonal ordered assemblies (island-
like assemblies), as previously observed for a macroscopically
deposited sample (see Figure 1), or isolated particles
preferentially at the edge of the dots (Figure 7c) due to the
coffee-stain phenomenon that induces droplets to dry in the
form of ring-like patterns.*’

The topographic profile of exactly the same dots than those
studied by TEM was obtained by means of AFM character-
ization. The study of at least 20 selected motifs associated with

isolated particles, such as the ones marked with a red circle in
Figure 7c, confirmed an average height of 9 + 1 nm (Figure
7e/f). As expected, this value is in good agreement with the size
of a single Co-NP. Surprisingly, TEM images of the island-like
assemblies, such as the ones marked with a black circle in
Figure 7c, revealed a topographic profile for the (sub)-
monolayers up to 30 nm in height (Figure 7ef). This
observation suggests specifically for this case an unexpected
accumulation of remaining oleic acid molecules during the
evaporation process by comparison with those previously
observed for Si/SiO, and graphene that could be tentatively
attributed also to coffee-stain phenomena.

3.4. Localized Positioning. Finally, the feasibility of using
an AFM tip for the delivery of NPs was combined with its
inherent nanoscale positioning capability to tackle the challenge
to dispense them on site-specific graphene structures with
(sub)micrometric control. For this, a novel three-step
deposition methodology, which is schematically depicted in
Figure 8, was initially planned. The first step involves the
coating of a tip with the ink solution on an auxiliary Si/SiO,
substrate by the scanning coating method. Second, the freshly
coated tip is positioned in the vicinity of the target area and
scanned in noncontact dynamic mode to find a mark that serves
as a reference point. Then, the coordinates of the target area
with respect the reference point are extracted from an AFM
topography image of the graphene previously obtained using an
uncoated tip. Finally, the ink loaded tip is positioned on these
exact coordinates and brought into contact to the surface to
transfer the ink material on top of the target region. Let us note
that the two last steps of the process should be performed
under feedback control to guarantee the positioning of the tip
during the experiment.

This strategy requires the tip to accomplish two main
requirements: (I) it should be appropriate for obtaining a high
resolution image of the cross area while preventing any damage
of graphene and (II) it should be able to appropriately deliver
the NPs by matching the size of the generated structure to the
dimensions of the motive. Both conditions are met in the AFM
probes named noncontact high-resonance frequency (NCH)
tips. Due to its high stiffness constant they are designed to work
on noncontact dynamic mode favoring the mapping process
without producing any damage to the graphene layer. On the
contrary, these tips are not specially designed for long writing
purposes, as the previously described SP tips, due to their
asymmetric pyramidal shape that diminishes the width of the
meniscus formed at the tip/surface contact and the lack of a
recessed area surrounding the tip base that provides a higher
ink material loading (see the Experimental Section for details).
However, despite this limitation, NCH tips could be loaded
with enough ink to ensure the delivery of a few (sub)-
micrometric in-size droplets of the ink in a very reproducible
manner by using the scanning coating functionalization
method. In addition, it is also important to confirm that good
transfer can be done at very low forces to prevent graphene
surface damage. To demonstrate this, a series of four dots were
generated on Si/SiO, with the same NCH tip under different
tip—substrate contact forces (see Figure 9b). As an example, an
AFM topography image of a series of four consecutive dots
generated at contact force of ~40 nN are shown in Figure 9.

To evaluate the feasibility of the strategy, the alignment
procedure and deposition parameters were initially investigated
on a lithographically cross-shaped mark 16 X 16 um? in size
created on Si/SiO, substrates. The objective was to specifically
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Figure 8. Schematic illustration of a strategy developed for the site-
specific deposition of Co-NPs on a cross-shaped patterned graphene
flake with a target area of 1 X 1 um? (a) An uncoated tip is coated by
scanning coating method into a droplet located on an auxiliary Si/SiO,
surface. (b) The coated tip is positioned in the vicinity of the graphene
cross and scanned in noncontact dynamic mode to find a reference
point. (c) The graphene cross coordinates with respect the reference
point are calculated from an AFM image previously obtained with an
uncoated tip. The coated tip is positioned on the target coordinates
and the Co-NPs are deposited on the graphene cross.

(b)
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Figure 9. FE-SEM image of a NCH tip loaded with the ink solution
[Co-NPs (2 x 10" NPs mL™) in 0-DCB with an excess of oleic acid
(0.08% w/w)]. (b) Evolution of the dot diameter according to the ink
depletion of a coated NCH tip. The represented series of four dots on
Si/Si0, were generated with the same tip but under different tip—
substrate contact forces. Inset shows an AFM topography image of a
series of four consecutive dots generated at contact force of ~40 nN.

deposit the NPs with (sub)micrometric control at the four
imaginary points marked with red circles on the AFM image
shown in Figure 10a. For this, first the NCH tip was coated on

Figure 10. AFM topography images of site-specific deposition
experiments performed following the strategy depicted in Figure 8.
(a) Cross-shaped position labels lithographically generated on Si/SiO,
on which imaginary red circles indicate four regions preselected to
localize the deposition of NPs inside. (b) Topography image generated
with the coated tip to find the reference point used to calculate the
coordinates of the areas on which the deposition should take place
(red circles indicated in image a). (c and d) Two examples of crosses
after the deposition of Co-NPs on the preselected positions.

an auxiliary Si/SiO, substrate by the scanning coating.
Afterward, the freshly coated tip is positioned in the cross-
shaped mark and scanned in noncontact dynamic mode to
obtain the coordinates of reference point (Figure 10b). In this
sense, a clean topographic image can be obtained still with a
freshly coated tip by keeping the amplitude modulation mode
in true attractive regime, with real noncontact working mode.
From here, the tip is moved to the four selected deposition
areas, whose coordinates with respect the cross-section are
previously recorded, and brought into contact to the surface to
transfer the ink material at a contact force of ~10 nN during 10
s. Figure 10c,d shows AFM images of two different crosses in
which structures matching the four targeted areas surrounding
the cross marks were generated in this way. The dots obtained
in both examples exhibit an ellipsoidal shape with average axis
of 575 X 1.27 ym” and 1.02 X 1.28 um? as well as heights that
oscillate around 47 and 35 nm, respectively. However, even
though the fabricated dots were successfully localized on the
desired positions of the surface, it is important to stress the
poor quality of the depositions, which typically were irregular-
shaped and nonreproducible from experiment to experiment.
Indeed, the intermittent contact of the tip during the mapping
of the reference points is likely to modify somehow the ink
coating giving to a nonhomogeneous transference of the ink
from the tip to the surface. Moreover, the scanned area became
contaminated by a small amount of ink material as well as
nondesired depositions were also observed over the surface due
to the movement of the tip to the different positions (see
Figure 10c,d).

To prevent transfer of material from the tip to the substrate
during imaging process, it is critical to work in a real attractive
regime during dynamic AFM imaging. This is critical to achieve
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while scanning over a graphene substrate due to the high
aflinity of the ink solvent with the graphene. To overcome this
threat, a three-step methodology schematically depicted in
Figure 11 was investigated. First, an uncoated tip is used to

(a)

Figure 11. Schematic illustration of the three-step methodology
developed for the site-specific deposition of Co-NPs on a cross-shaped
patterned graphene flake with a target area of 1 X 1 ym” (a) An
uncoated tip is used to obtain a map of the sensor in noncontact
dynamic mode and register the coordinates of the target area. (b) The
same tip is coated by scanning coating method into a droplet located
in the vicinity of the cross. (c) The coated tip is positioned on the
registered coordinates and the Co-NPs are deposited on the graphene
cross.

obtain an image of the target region, registering the exact
coordinates of the cross area of the graphene. In a second step,
the tip is moved to a nearby droplet of the ink solution that
contains the NPs and then gently coated by scanning in contact
mode while dipping the tip into the droplet (scanning coating
method). Thereafter, the tip is lifted and moved back exactly to
the recorded coordinates corresponding to the target area for
the NP deposition by gentle approaching the tip to the
substrate and adjusting both tip—substrate contact force and
time of contact in order to ensure the transference of the
material without damaging the graphene as well as adjust the
dot size to the cross.

With this challenge on mind, deposition right at the center of
a cross-shaped patterned graphene flake with a target area of 1
X 1 pum?* was faced as a proof-of-concept. One of the most
crucial issues in this methodology is to guarantee the
positioning of the tip with (sub)micrometric resolution. For
this reason, the three steps of the process must be strictly
developed under strict feedback control, reason why the X-Y
navigation of the tip is restricted to the scan range, which in our
specific case is 100 X 100 um* (see the Experimental Section
for details). To ensure this restriction, first a ~ 20 ym in-
diameter droplet of the ink solution, which serves as ink-well
for the functionalization of the NCH tip, is deposited into the
100 X 100 um* scanning area nearby the graphene cross by
approaching a SP tip functionalized with the ink solution by
optically monitoring. Then, the uncoated NCH tip is first used
to obtain the exact coordinates of the cross area of the
graphene. Afterward, it is moved to the nearby droplet of the
NPs-ink solution and then gently coated by scanning in contact
mode a § X § um? scan area at 1 line:s™ while dipping the tip
into the droplet. Finally, the tip is lifted and moved back exactly
to the recorded coordinates corresponding to the target 1 X 1
um® cross-shaped patterned graphene flake to perform the
deposition by gentle approaching the tip to the substrate with a
force of less than 10 nN during 10 s.

AFM characterization of the 1 X 1 ym* graphene cross area
after integration of Co-NPs confirmed the high accuracy
achieved in the deposition experiment (Figure 12). The
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Figure 12. AFM topography image of the cross-shaped patterned
graphene flake (cross area of 1 X 1 ym?) (a) before and (b) after the
site-specific deposition of Co-NPs. (c and d) Height profile along the
white dashed line in image a and b, respectively.

deposited dot exhibits a diameter of ~0.8 ym with a basal
background that can be up to 6 nm associated to solid residuals
mainly coming from the oleic acid. In addition, different peaks
with heights between 10 nm and 14 nm and average diameters
of 100 nm to 185 nm were also observed and associated to the
presence of Co-NPs assemblies (Figure 12b,d). A tentative
estimation of the number of particles deposited on the cross
area from the size (width and height) of the deposit results in
approximately 100 Co-NPs. Moreover, the successful deposi-
tion over the target area was reinforced by the lack of
undesirable depositions during the coated tip movement as
confirmed by AFM measurements over larger areas.
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4. CONCLUSION

In summary, AFM has been shown to be an excellent
lithographic technique to directly positioning NPs on top of
graphene by capillary transport without causing any damage.
Though the work has been focused on Co-NPs, our experience
with DPN aim us to expect this approach to be of universal use
for many other nanostructures.””*'~* The deposition takes
place without previous functionalization of neither the NPs nor
the graphene surface, and with the NPs forming a (sub)-
monolayer inside the deposited dots. In addition, the
experiments have been used to extract valuable basic
information on (I) the hydrophilic character of a single-layer
graphene supported on Si/SiO, by comparison with HOPG
and (II) solvent and surfactant (oleic acid) influence on the tip-
assisted delivery of an ink as a fixed pattern.

Moreover, accurate control for the positioning of the Co-NPs
on preselected sites of a graphene surface has been achieved by
evolution of this methodology to a three-step protocol
consisting on (I) localization of the target region, (II)
functionalization of the tip, and (III) deposition of the desired
material, always working under strict feedback conditions. As a
proof-of-concept integration of the NPs on a 1 X 1 um’
graphene patterned cross is achieved. These results open new
venues for the fabrication of not only hybrid graphene devices
but any other device that requires a controlled positioning
within nanostructures.
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