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Fabrication of molecular nanopatterns at aluminium
oxide surfaces by nanoshaving of self-assembled
monolayers of alkylphosphonates

Osama El Zubir, Iain Barlow, Graham J. Leggett* and Nicholas H. Williams*

Nanoshaving, by tracing an atomic forcemicroscope probe across a surface at elevated load, has been used

to fabricate nanostructures in self-assembled monolayers of alkylphosphonates adsorbed at aluminium

oxide surfaces. The simple process is implemented under ambient conditions. Because of the strong

bond between the alkylphosphonates and the oxide surface, loads in excess of 400 nN are required to

pattern the monolayer. Following patterning of octadecylphosphonate SAMs, adsorption of aminobutyl

phosphonate yielded features as small as 39 nm. Shaving of monolayers of aryl azide-terminated

alkylphosphonates, followed by attachment of polyethylene glycol to unmodified regions in a

photochemical coupling reaction, yielded 102 nm trenches into which NeutrAvidin coated, dye-labelled,

polymer nanospheres could be deposited, yielding bright fluorescence with little evidence of non-

specific adsorption to other regions of the surface. Structures formed in alkylphosphonate films by

nanoshaving were used to etch structures into the underlying metal. Because of the isotropic nature of

the etch process, and the large grain size, some broadening was observed, but features 25–35 nm deep

and 180 nm wide were fabricated.
Introduction

Scanning probe microscopy (SPM) techniques have been widely
employed to fabricate nanostructures at metal and semi-
conductor surfaces. Not only do local probe techniques offer
very high resolution, but they are compatible with a wide range
of environments.1,2 Self-assembled monolayers (SAMs)3–7 have
proved to be ideal resist materials for such fabricationmethods,
and a combination of SAMs and scanning probe lithography
has proved to be a very fruitful means to fabricate molecular
nanostructures. A wide variety of methods has been developed
that can be grouped loosely into two categories. First, localised
chemical modication can be achieved by constructive nano-
lithography and near-eld optical methods. In constructive
nanolithography,8,9 an atomic force microscope (AFM) probe at
a potential difference relative to the sample is used to initiate
localized oxidation, facilitating subsequent functionalisation in
a wide variety of ways to yield surface chemical patterns and
metal nanostructures.9–11 In scanning near-eld photolithog-
raphy (SNP),12,13 a near-eld optical probe is used to cause a
localized photochemical modication,12 the initiation of a
specic photochemical reaction14 or the removal of a photo-
cleavable protecting group.15,16 Patterned SAMs formed by SNP
may be used as templates for the formation of molecular
ffield, Brook Hill, Sheffield S3 7HF, UK.
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and biomolecular nanostructures14,17–19 and fabrication over
macroscopic areas using parallel near-eld probe arrays has
recently been reported.20

Second, physical deposition and removal of material may be
used to sculpt molecular surfaces at the nanoscale. In dip-pen
nanolithography (DPN)21,22 an AFM probe is “inked” with a
solution of an adsorbate, and used to deposit patterns onto a
substrate. A wide variety of “inks” have been used,23–26 and the
method has been parallelised27,28 with arrays containing as
many as 55 000 pens being reported.29 An alternate approach is
the physical removal of material. Nanoshaving and nano-
graing were rst demonstrated by Liu and co-workers, and rely
upon the use of an AFM probe to remove material from a fully-
formed monolayer.30–33 In nanoshaving, an SPM tip is used to
scratch a surface either mechanically or electrochemically. In
nanograing, the process is carried out under a solution of an
appropriate adsorbate and displacement of molecules by an
AFM tip is followed rapidly by the adsorption of new adsor-
bates.30 Mechanical displacement of SAMs by an AFM probe is a
simple, inexpensive technique that appears to be a promising
approach to the fabrication of a diversity of materials including
biomolecules34–37 and polymer brushes.36,38

The most signicant limitation on nanoshaving is the
mechanical nature of the process – it must be feasible to remove
adsorbate molecules from the SAM (resist) without substantially
damaging the underlying substrate. For alkylthiolates, molec-
ular displacement occurs at loads that are too small to yield
Nanoscale, 2013, 5, 11125–11131 | 11125
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signicant damage to the underlying substrate. For oxide
surfaces, however, where adsorbates may be more strongly
bound, the situation is less clear. The focus of the present work
is the fabrication of nanostructures in SAMs of alkyl- and aryl-
phosphonates assembled on aluminium oxide. With the
exception of silicon dioxide, there has been little work on the
nanopatterning of SAMs on oxide surfaces, despite their tech-
nological importance. However, phosphonates assemble to
form dense, highly ordered SAMs on aluminium oxide (and,
indeed, on the oxides of titanium and niobium) that exhibit
excellent ambient stability and very low numbers of gauche
defects.39–47 Because of the importance of alumina in many
applications (for example, it has excellent dielectric properties),
the availability of simple, inexpensive routes to the fabrication
of molecular nanostructures on aluminium oxide surfaces
would be attractive. Previously, Liakos48 et al. and Torun et al.49

reported the modication monolayers of alkylphosphonates on
alumina single crystal surfaces by nanoshaving/nanograing.
In the former case, small changes in height were reported, with
no subsequent functionalization of the surface, while in the
latter, the alkylphosphonate was replaced by a similar but
slightly longer adsorbate. A signicant feature of these
papers was the use of single crystals, which have very limited
technological applications. Here we report studies of the use of
nanoshaving to pattern SAMs of phosphonates on poly-
crystalline lms, suitable for use in many technological appli-
cations. Such lms exhibit a comparatively large grain size,
which is expected to have a strong inuence on lithographic
processing. However, we nevertheless demonstrate a minimum
feature size of 39 nm, over an order of magnitude smaller than
demonstrated by Torun et al., and demonstrate the subsequent
elaboration of patterns by functionalization with contrasting
adsorbates, wet etching and proteins. In particular we provide
the rst example of a protein nanoline on alumina, with a
linewidth of 102 nm.
Fig. 1 (a) P2p and (b) C1s regions of the XPS spectra of n-octadecylphosphonic
acid monolayer on aluminium oxide.
Experimental

Glassmicroscope slides were coated with 10 nmof chromium and
30 nm of aluminium by thermal evaporation under a pressure of
1.0� 10�6 mbar at a rate of <1 nm s�1. The samples were exposed
to the ambient environment for 40 min to allow formation of a
native oxide lm. The aluminium-coated glass slides were
immersed in 5 mmol dm�3 solutions of n-octadecylphosphonic
acid (ODPA) in ethanol for at least 12 h to form self-assembled
monolayers. Otherwise, aluminium-coated glass slides were
immersed in 5 mmol dm�3 solutions of [11-(4-azido-benzoyla-
mino)-undecyl]-phosphonic acid in ethanol for at least 12 h to
form self-assembled monolayers. The synthesis of [11-(4-azido-
benzoylamino)-undecyl]-phosphonic acid has been described
elsewhere.50 These SAMs were coupled to methoxypolyethylene
glycol amine (PEG-NH2, Fluka) by exposure of the sample to a
UV-laser (Kimmon model IK3202R-D, HeCd) at 325 nm and a
power of 12 mW for 6 min in the presence of a solution of PEG-
NH2 in ethanol (0.1 mol dm�3).

Samples were rinsed in ethanol and dried under owing
nitrogen. SAMs of ODPA were characterized by contact angle
11126 | Nanoscale, 2013, 5, 11125–11131
measurement using a Rame-Hart model 100-00-230 contact
angle goniometer and a drop size of about 2 mL.

X-ray photoelectron spectroscopy (XPS) was performed using
a Kratos Axis Ultra spectrometer (Kratos Analytical, Manchester,
UK), equipped with a monochromatized Al Ka X-ray source. The
XPS spectra were analysed by the CasaXPS program (Casa,
http://www.casaxps.com, UK).

Atomic force microscopy (AFM) was used for SAM charac-
terization and modication under ambient conditions. A
Digital Instruments Multimode Nanoscope IIIa (Digital Instru-
ments, Cambridge, U.K.) and Veeco diCaliber were employed.
Silicon nitride (Si3N4) cantilevers (Veeco; spring constant ca.
0.1 N m�1) were used in contact mode to image SAMs. Stiff
silicon tapping-mode cantilevers (Veeco MPP-11100-W; spring
constant between 20 and 50 Nm�1) were used to scratch sample
surfaces. The dimensions of the Si probes were: height 15–
20 mm; radius of curvature 10 and 12 nm; front angle 15 � 2�;
the rear angle 25 � 2�; side angle 17.5 � 2�.
Results and discussion
Characterisation of SAMs

SAMs formed by the adsorption of n-octadecylphosphonic acid
(ODPA) on aluminium oxide yielded advancing water contact
angles of between 106� and 116�, consistent with previously
published data,51 conrming the formation of close-packed
lms. XPS P2p and C1s spectra (Fig. 1) were also consistent with
previous reports. The P2p region was tted with two compo-
nents. The component at 133.3 eV is attributed to the phos-
phonate group,52 and the one at 138.6 eV may be attributed to
the presence of phosphorus at a higher oxidation level, likely
phosphate.51 Fig. 1(b) shows the high resolution spectrum of the
C1s region. The C1s peak was tted with two components. The
main component at 285 eV is attributed to an aliphatic carbon
chain and indicates the ODPA monolayer is bonded to the Al2O3
This journal is ª The Royal Society of Chemistry 2013
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surface. The source of the small peak at 285.7 eV is not clear, but
it may be arise from the bond between the C atom and the P
atom53 and/or from trace amounts of contamination. The XPS
spectra of P2p and C1s are similar to those reported
previously.51,54

The feasibility of patterning alkylphosphonate SAMs by
nanoshaving was examined. Because of the very strong bond
known to exist between the alkylphosphonate and the oxide
surface, it was necessary to employ substantial loads. Lines were
traced across the samples using silicon (Tapping Mode) probes
with large force constants (20 to 50 N m�1). The samples were
then immersed in a solution of an adsorbate with a contrasting
terminal group, and subsequently imaged in contact mode
using friction force microscopy (FFM).55,56 FFM yields contrast
differences for regions of the surface with different surface free
energies;57–60 it was hypothesized that removal of a hydrophobic
alkylphosphonate, and its replacement by an adsorbate with a
polar tail group, would yield a local increase in the surface free
energy and hence an increase in the friction force.

Nanoshaving was carried out with the probe operating in air.
It was found that damage began to be observed at loads greater
than 50 nN, but while adsorbates were displaced from the
surface, lines fabricated at loads smaller than 400 nN were
generally discontinuous, suggesting incomplete removal of
material from the surface. In addition to the expected stability
of the SAM, resulting from the strong interaction between the
phosphonate and the oxide, the high roughness of aluminium
oxide made patterning difficult at low loads. Fig. 2(a) and (b)
show FFM images of structures formed in an ODPA on
aluminium oxide surface by nanoshaving under a load of
Fig. 2 FFM images of structures fabricated by scratching in SAMs of ODPA on
aluminium oxide at load forces (a and b) 630 nN and (d) 1.16 mN and subsequent
immersion of the sample in 1 mM solutions of 4-aminobutylphosphonic acid
(a and d) and 16-phosphono-hexadecanoic acid (b). (c) shows an AFM topo-
graphical image of the area shown in (b).

This journal is ª The Royal Society of Chemistry 2013
630 nN. In Fig. 2(a) the sample was immersed in a 1 mM
aqueous solution of 4-aminobutylphosphonic acid for 20 min,
and in Fig. 2(b), the sample was immersed in a 1mM solution of
16-phosphono-hexadecanoic acid in ethanol for 30 min. In both
cases, the polar tail group of the second adsorbate gave clear
contrast with the surrounding, low surface energy regions
functionalized by ODPA in FFM images. Topographical images
of nanolines exhibited no contrast, conrming that nano-
shaving removed only the adsorbate, without damaging the
substrate (for example, Fig. 2(c), which shows the same region
imaged by FFM in Fig. 2(b)). However, it was found that clear,
fully continuous lines were only observed for features formed
using larger loads in the lithographic step, in excess of 1 mN
(Fig. 2(d)). At lower loads it is possible that partial removal of
the adsorbates occurs, in a process similar to that reported
recently by Lee et al.61 An alternate explanation is provided by
Liu and Salmeron who reported that lateral displacement of
strongly boundmolecules can be reversible;62 at lower loads, the
adsorbates may be displaced laterally, causing disruption of
monolayer order, without being completely removed from the
shaved region. For thiol monolayers this process is reversible
over a range of loads, between 20 and 200 nN. However, when
the load is increased to more than 400 nN, adsorbates were
removed from the SAM.

In Fig. 2(d), nanoshaving was carried out at a load force of ca.
1.16 mN. This was sufficient to remove adsorbate molecules
completely. The samples were immersed in a solution of polar
4-aminobutylphosphonic acid, giving rise to an increase in the
surface free energy in regions where the hydrophobic ODPA had
been replaced, and hence an increase in the friction force and
bright contrast in the FFM image.

Nanoshaving is different from wear: in nanoshaving, the
AFM tip makes a single sweep across the surface at a load force
higher than the threshold for displacement of adsorbates, while
wear is, in contrast, a process involving a reciprocating contact
with the AFM tip and may occur at load forces less than this
Fig. 3 AFM topographical images of nanostructures formed by nanoshaving
SAMs of ODPA under a load force of 1 mN followed by immersion in a 1 mM
solution of 4-aminobutylphosphonic acid.

Nanoscale, 2013, 5, 11125–11131 | 11127
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Fig. 4 (a) Schematic diagram showing the fabrication process. Selective removal
of the azide by nanoshaving is followed by adsorption of aminobutylphosphonic
acid into the exposed areas, photochemical coupling of PEG-NH2 and then
adsorption of NeutrAvidin particles. (b) 3.5 � 3.5 mm2 AFM topographical image
of a single line in the resulting specimen, prior to adsorption of NeutrAvidin. (c)
40 � 40 mm2 confocal fluorescence microscopy image of nanopattern after
adsorption of NeutrAvidin.
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View Article Online
threshold. Therefore the load is the main factor for control of
the tip–surface interaction in nanoshaving.

Fig. 3 shows AFM topographical images of nanostructures
that were created by nanoshaving, under a load of 1 mN and
ambient conditions, followed by immersion in an aqueous
1 mM solution of 4-aminobutylphosphonic acid for 20 min.
Fig. 3(a) shows a lateral projection of a 4 � 4 mm2 region and
demonstrates the formation of a series of parallel trenches.
These trenches are narrow, with well-dened edges as is clearly
apparent in Fig. 3(b), which shows two trenches at higher
magnication. The line section in Fig. 3(c) shows the scale of
one of these trenches. The full width at half maximum (FWHM)
is 39 nm, and the depth is between 6 and 9 nm. These trenches
appeared only aer exposure of the sample to the aqueous
solution of 4-aminobutylphosphonic acid, and they are attrib-
uted to etching of the aluminium oxide by the aqueous solution
following displacement of the ODPA. While alkylphosphonate
SAMs exhibit extremely high chemical stability under most
conditions, they are susceptible to degradation under aqueous
conditions and the aqueous solution of adsorbate is also able to
etch the aluminium oxide lm to some extent, yielding the
topographical contrast shown in Fig. 3.

Theoretically, the minimum width of trench is expected to be
close to the tip diameter (ca. 20–25 nm).63 Nevertheless, in prac-
tice the line widths were typically larger than the tip diameter
(hence the FWHM of 39 nm in Fig. 3).64 The shape of the tip is a
signicant factor determining pattern resolution, as the width of
the patterned featuremay be affectedmore by the shape of the tip
than by the tip–surface contact size.64 Tip wear is also an
important problem. The extent of wear during the shaving
process was found to depend on the shape of the tip. To mini-
mise problems due to tip wear, tips were replaced regularly.

The feasibility of using nanoshaving to form biological
nanopatterns was examined. A SAM of [11-(4-azido-benzoyla-
mino)-undecyl]-phosphonic acid was formed on the aluminium
oxide surface. The aryl azide tail group will react with a primary
amine under exposure to UV light leading to coupling of the
amine to the surface. Selective removal of the photoactive azide
by nanoshaving will enable regions to be dened that are free of
the azide and which are thus not derivatised in the subsequent
amine attachment step.

In order to pattern proteins, it is necessary to control non-
specic adsorption, because proteins are adhesive molecules
that bind strongly to many surfaces. The most widely used
strategies for the control of non-specic adsorption rely
upon the use of poly(ethylene glycol) and its derivatives. Oli-
go(ethylene glycol) functionalized SAMs have been found to
exhibit exceptional resistance to protein adsorption. In the
present study, PEG molecules with amine linkers were selected
for photocoupling to the azide surface (see schematic diagram
in Fig. 4(a)). Nanoshaving, with a load of 1.5 mN and a scan rate
1 mm s�1, was rst used to remove azides selectively from
regions of the surface. Aer nanoshaving, the sample was
immersed in an aqueous solution of 4-aminobutyl phosphonic
acid for 20 min leading to re-functionalisation of the exposed
oxide surface. The PEG-NH2, in ethanolic solution, was then
coupled to the azide in a photochemical process that involved
11128 | Nanoscale, 2013, 5, 11125–11131
exposure of the whole sample to UV light (l ¼ 325 nm) while
immersed under the amine solution inside a quartz cell. Finally,
the sample was immersed in a solution of 40 nm diameter
NeutrAvidin-coated dye-loaded polymer nanoparticles in PBS
buffer solution for 40 min, leading to adsorption of the Neu-
trAvidin particles on any regions not protected by coupling of
the protein-resistant PEG-NH2. While this adsorbate consists
of polymer nanospheres, they are coated with a monolayer of
adsorbed protein and previous work indicates that they exhibit
similar adhesive characteristics to proteins while offering
brighter uorescence than labelled proteins from the dye-
loaded core. They are thus a more demanding test for resistance
to non-specic adsorption.

Fig. 4(b) shows a nanoline prior to nanoparticle adsorption.
The line section shows a FWHM of 102 nm, and a depth of ca.
10 nm. As noted above, the depth of the feature results not from
the shaving process, but from a small amount of dissolution of
the aluminium oxide during the adsorption of 4-aminobutyl
phosphonic acid, and also the thickness of the PEG derivative.
This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 15 � 15 mm2 AFM topographical image and line section analysis of
nanostructures formed by etching aluminium through nanoshaved SAMs of
ODPA as the resist.
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Fig. 4(c) shows a confocal uorescence microscopy image of the
same sample aer adsorption of NeutrAvidin. The contrast
between the nanolines and the surrounding surface is very
good, indicating that there has been extensive adsorption of
NeutrAvidin onto the lines, and that there is little adsorption of
Neutravidin onto the surrounding surface, indicating that the
PEG-functionalisation process was effective at inhibiting non-
specic adsorption of protein.

The feasibility of using nanoshaved SAMs as resists for wet
etching of aluminium was explored. An ODPA monolayer was
used as the resist. Nanoshaving was carried out using a load of
600 nN and a scratching rate of 2 mm s�1. Aer modication, the
sample was immersed in an aqueous solution of sodium
hydroxide (0.4 mol dm�3) for 30 s.65 The aluminium surface was
etched by sodium hydroxide in the scratched regions to create
trenches 25–35 nm in depth and ca. 180 nm FWHM. The widths
of the features were greater than the widths of the lines formed
by the nanoshaving process, probably because the etch process
is isotropic, leading to lateral erosion of Al as well as an increase
in the depth of the feature. However, the features in Fig. 5 are
sharp and well resolved.
Conclusions

SAMs of n-octadecylphosphonic acid on aluminium oxide
surface have been patterned by nanoshaving under a load force
between 400 nN and 1 mN and ambient conditions. Immersion
of the samples in a solution of a second adsorbate leads to the
functionalisation of the shaved regions with the second adsor-
bate yielding a chemical pattern. Protein-coated polymer
nanoparticles have been immobilised on patterned SAMs on
This journal is ª The Royal Society of Chemistry 2013
Al2O3 by nanoshaving a monolayer of [11-(4-azido-benzoyla-
mino)-undecyl]-phosphonic acid and coupling the terminal
azides of the remaining adsorbates to protein-resistant PEG-
NH2. Using nanopatterned SAMs as a resist for etching by a
solution of aqueous base leads to the transfer of patterns into
the underlying metal lm. Structures as narrow as 39 nm were
fabricated under optimum conditions, suggesting that this
approach is a promising one for modication of oxide surfaces.
We believe that the capacity to chemically functionalize surfaces
with varied terminal groups on the nanometre scale by this
technique could be useful to development nanoelectronic
devices, sensor technology and biological sciences.
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