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Cientificas (CSIC) C/S or Juana Inés de la Cruz, 3 28049 Madrid, Spain

1. Introduction

Scanning probe microscopy (SPM), in particular atomic force microscopy
(AFM), is a key tool in nanoscience and nanotechnology because of its
ability to image at sub-10 nm resolution a wide variety of surfaces ranging
from biomolecules to integrated circuits.'”” Furthermore, the performance
of the instrument is not compromised by the surrounding medium. High
resolution images are achieved in air, liquid or vacuum. A force micro-
scope can be easily transformed into a modification tool by varying the
relevant tip-surface interaction. This process has given rise to a large vari-
ety of atomic and nanometer-scale modification approaches.®' Those
approaches involve the interaction of a sharp probe with a local region of
the sample surface and the variation of one or several parameters.
Mechanical, thermal, electrostatic and chemical interactions, or some com-
binations among them, are exploited to modify molecules, nanostructures
or surfaces with probe microscopes (Fig. 1). In the process, a variety of
functional nanoscale patterns, data storage applications and nanomechani-
cal and nanoelectronic devices have been developed.”!!!?

The scanning probe microscopy modification and manipulation
approaches range from the sophisticated control of attractive van der
Waals forces to move atoms' to the use of the AFM tip as a knife to
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Fig. 1: Scheme of some of the mechanisms involved in tip-based nanofabrication.

scratch surfaces;'*"® from the selective oxidation of a metallic surface to
create thin insulating barriers!® to the fabrication of quantum devices by
modifying the electron gas density;'” from the thermo-plastic deformation
of polymers for three-dimensional patterning'® to the fabrication of tem-
plates to build molecular architectures."

This chapter is devoted to introducing some of the AFM methods based
on the control of a chemical reaction to modify and/or pattern surfaces
with nanoscale accuracy. The small size of the AFM tip’s apex is often
used to confine a variety of chemical reactions and/or physical processes.
In some cases, the AFM probe acts as a carrier of molecules that, upon
mechanical contact with the surface, will be transferred to the sample
surface to form new chemical bonds. In other cases, an electric field is the
driving force that promotes the field-induced evaporation of atoms from
the tip. Other processes are mediated by the presence of a liquid meniscus
which provides both the chemical species and the spatial confinement for
a chemical reaction to occur. Finally, in some cases a hot tip facilitates the
breaking of chemical bonds on certain polymer surfaces.
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The relationship between AFM and nanochemistry was initially moti-
vated and strengthened by nanopattering and nanofabrication applica-
tions. However, some recent examples, such as the exploration of new
ways to decompose carbon dioxide, expand this relationship to other
contexts.”

2. Field-induced Chemistry

Unusual chemical reactions have been observed in the presence of very
high electric fields ~10-50 V/nm with field ion microscopes.*'*> Those
fields are of the same order of those inside atoms and molecules.
Consequently, they are strong enough to induce the rearrangement of
molecular orbitals leading to new chemical reactions. This has led to the
existence of a field-induced chemistry. A force microscope interface
offers a precise control and manipulation of high electric fields by chang-
ing the tip-surface separation and/or the voltage (Fig. 2). In contrast to
field-ion microscopy that operates in ultra-high vacuum, the AFM experi-
ments can be performed in ambient or liquid environments, which
increases the number of available chemical species. Remarkably, high
electric fields can be achieved in AFM by applying moderate voltages.

The electric field between two flat conducting surfaces separated by a
distance D can be estimated as F'=V/D. The presence of a sharp probe
introduces a correction factor to the above expression. For a hyperboloidal
tip, the field at the tip’s apex is***

Fig. 2: Electric field between an AFM tip of radius R and a flat surface separated by a
distance D. A radial distribution is assumed.
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where V' is the applied voltage and R is the probe radius. K=2 and
K =3 are some values representative of many AFM experiments. In a
force microscope interface the field can be easily determined and varied
by either modifying the tip-surface distance or the voltage. Since the tip-
surface separation is in the nanometer or sub-nanometer range, very high
fields (1-30 V/nm) can be generated in the presence of tens of volts. In the
presence of a gas, liquid, or solid material, those fields could be used to
promote the evaporation of atoms from the tip, the breaking of chemical
bonds in the molecules of the surrounding environment or the formation
of new products. The control and manipulation of electric fields at the
nanoscale is the basis of the relationship between field-induced chemistry
and nanofabrication.

3. Carbon Dioxide Dissociation

Carbon dioxide is quantitatively the most important anthropogenic green-
house gas. Its estimated atmospheric lifetime is about 100 years. Carbon
dioxide is very stable because of its high enthalpy of formation ~ —4.1 eV
(=394 kJ/mol). The high electric fields that can be generated in an AFM
interface could be used to investigate new methods to decompose carbon
dioxide and transform it into a solid material. In this respect, Garcia et al.
have demonstrated a method to capture and transform carbon dioxide gas
into a solid material by applying voltage pulses to an AFM interface in a
carbon dioxide atmosphere.”>* The process requires the application of
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Fig. 3: Scheme of the electric field-induced dissociation of carbon dioxide molecules
and subsequent generation of a carbonaceous pattern with an AFM probe.

low-to-moderate voltages ~10-40 V (Fig. 3). Interestingly, the activation
of carbon dioxide by electric fields, which was first demonstrated with a
force microscopy interface, could be up-scaled and generalized by using
stamps patterned with billions of nanoscale asperities.

The transformation of CO, in the presence of an electric field can be
separated into three major steps. The first step is the capture of the mole-
cules into the gap region between the two electrodes. The second step is
the activation of the molecules and the third step corresponds to the fabri-
cation of a carbonaceous compound. The first step is a field-induced dif-
fusion process.?® The electric field polarizes the carbon dioxide and the
resulting dipole moment interacts with the field. The potential energy of a
CO, molecule under the influence of the field F can be approximated by

1

U=U, - Ean (4)



Scanning Probe Microscopy for Energy Research Downloaded from www.worldscientific.com

by WSPC on 05/22/13. For personal use only.

534 R Garcia, M Chiesa & Y K Ryu

where a =2.93-107* C*m’J™" is the static polarizability of CO, and U, is
its free energy in the absence of the field.>” Thus, in a non-uniform field,
the molecule will experience a polarization force towards the conductive
surfaces. The presence of high electric fields (0.1-30 V/nm) in the inter-
face will trap the CO, between the conductive surfaces, and thus increase
the gas density. We can estimate the change of pressure, p, between the
electrodes as:

p=po exp(AU/kgT) (5

where p is the pressure at zero field. For a field of 10 V/nm, we obtain
AU =92 meV which in turns gives p=36p (T =298 K). The increase of
pressure implies a higher collision rate between the gas molecules.

Quantum chemical calculations show that the field modifies the poten-
tial energy surface of dissociation into CO+O and shifts the energy of the
molecular orbitals which leads to carbon dioxide splitting.”> The field
shifts the energy of the molecular orbitals and modifies the dipole
moment. As the field increases, the molecular dipole moment builds up
and different local charges form on the atoms. The carbon atom becomes
more positive, while the charge difference between the two oxygen atoms
increases. Also the two bond lengths become asymmetric (0.122 nm vs.
0.113 nm at 30 V/nm). The field also greatly affects the lowest unoccupied
molecular orbital (LUMO), which becomes nearly degenerate with the
highest occupied molecular orbital (HOMO) at 40 V/nm. At high
fields, the HOMO becomes located outside the molecule, beyond OlI.
Closing the HOMO-LUMO gap promotes the detachment of the oxygen
atom and the formation of two fragments. Calculations, at fields higher
than 40 V/nm, show that the molecule spontaneously breaks down into
CO+0. Concomitantly, the field affects a sigma molecular orbital, which
becomes located on a CO fragment until it closely resembles the HOMO
of carbon monoxide. Under these conditions, the products are charged and
can easily react to form a solid, carbonaceous material, as it was con-
firmed by X-ray photoelectron spectroscopy (XPS).%

Scanning probe microscopes have also been used to investigate other
types of carbon dioxide processes such as the photocatalytic dissociation
of CO, on titanium dioxide surfaces.”**” These contributions show that the
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process implies the adsorption of CO, molecules at oxygen vacancy
defects of a TiO, (110) surface followed by the injection of one electron
into the molecule, which has a barrier of 1.7 eV. The reorganization of the
molecule leads to the dissociation of one C-O bond, with the oxygen atom
healing the vacancy and the release of CO, with around 20-30% reabsorp-
tion at the Ti* site.

The high electric field in the proximity of the tip’s apex has also been
used to induce the evaporation’**' and/or ionization of a variety of materi-
als.’>% The experiments involving ionization®*** have two steps: First, the
molecules are ionized and ejected from a tip that is biased negatively
(-6 V to —10 V); second, the ejected molecules are electrostatically
attached to an attractive surface. The patterning can be switched on and
off by applying a negative bias or by turning it back to zero, respectively.
On the other hand, the dimensions of the patterns can be controlled by
modulating the tip bias and the scanning speed. This method has been
applied to deposit different kinds of organic materials, such as fullerenes,
naphthalene or polymers, and inorganic materials such as gold on differ-
ent substrates: HOPG (highly oriented pyrolytic graphite), graphite, ITO
(indium tin oxide), or gold.

4. AFM Oxidation

AFM oxidation, also known as tip-based oxidation, nano-oxidation or
local oxidation nanolithography, provides a remarkable example of the
relationship between electric fields, nanochemistry and probe micros-
copy.” AFM oxidation is based on the spatial confinement of an anodic
oxidation between the tip and the sample surface. In air, the oxidation
process is mediated by the formation of a nanoscale water bridge (Fig. 4).
The bridge acts as a nanoscale electrochemical cell. The tip is biased
negatively (cathode) with respect to the sample surface (anode). AFM
oxidation can be either performed with the tip in contact with the sample
surface or in a non-contact mode.* In the latter case, the formation of a
water bridge requires the application of a voltage. The non-contact AFM
oxides are smaller and show higher aspect ratios under similar experimen-
tal conditions. Another advantage of the dynamic mode is that the tip suf-
fers less wear and its lifetime is increased. This is an important point to
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2H*+2e- — H,

M+nH,0 — MO, +2nH*+2ne-

Fig. 4: Scheme of AFM oxidation highlighting the role of the water meniscus in the
redox reactions at the tip-sample interface.

address pattern reproducibility. Tip-based oxidation started with the
experiments performed with a scanning tunneling microscope (STM) by
Dagata and co-workers.* However, the STM is rarely used today for local
oxidation purposes because of the difficulties associated with its operation
on poorly conductive surfaces.

In AFM oxidation, the electric field plays three roles: First, it induces
the formation of a water bridge; second, it generates the oxyanions needed
for the oxidation by decomposing water molecules; third, it drives the
oxyanions to the sample interface and facilitates the oxidation process.

On silicon surfaces, the local oxidation process generates ultra-small
silicon oxide nanostructures with a minimum lateral size of about 12 nm
and a height that ranges from 1 nm to tens of nm depending on the oxida-
tion conditions.**** The height and the width of the oxide depend linearly
on the voltage. The height 4 also shows a power law dependence with the
pulse time ¢ of the type

h~bt’ (6)

where  is in the 0.1-0.3 range for Si(100) surfaces. Voltage pulse ampli-
tudes and durations are, respectively, in the 10-30 V and 0.005-1 s
ranges.

The role of the water meniscus is two-fold. It acts as a nanoscale elec-
trochemical cell that provides the oxyanions thanks to which the reaction
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takes place. In addition, it confines the reaction laterally, i.e., the size of
the meniscus determines the resolution of the features obtained by this
technique. During the redox process, the tip acts as the cathode, generat-
ing hydrogen:

2H"(aq) +2e” —> H, (7)

The anodic reaction occurs at the surface of the semiconductor or
metallic substrate as following:

M +nH,0 — MO, + 2nH* + 2ne- ®)

The local oxidation process is accompanied by an extremely small fara-
daic current.’” The current reflects the flux of O~ and OH™ ions between
the tip and the surface. This current can be monitored in situ during the
oxidation process. The current flow shows a quick increase upon liquid
bridge formation (and tip approach). Then it begins to decrease while the
oxide is being built. In the latter stage the current values are in the pico
and sub-picoampere range.

The growth of nanostructures in AFM oxidation is space-charge-lim-
ited due to the liberation of ions during oxidation.*®#*#! Dagata et al. sug-
gested that for long oxidation times the residual trapped space charge is
dominated by H,O" ions.* However, for short pulse times, which are typi-
cally used in nanofabrication, Chiesa and Garcia observed that the resid-
ual space charge is negative, probably due to unreacted OH™ ions.*> The
residual space charge might have a considerable lifetime.** The existence
of a negative charge within the oxides has been exploited to use the local
oxides as templates for the organization of positively charged molecules,
such as single-molecule magnets* and ferritin."

The main parameters that control the local oxidation lithography pro-
cess are the applied voltage (from a few volts to 20-30 V), the relative
humidity (20%—-80%), the duration of the process (10 us—10 s), the tip-
sample distance (2 nm—5 nm) and the scan speed (0.5 um/s—mm/s). The
presence of defects that are created during the growth of the oxide will
also affect the final size of the patterns.

AFM oxidation has been used to fabricate a variety of nanoscale pat-
terns and nanomechanical or nanolectronic devices. Figure 5 shows the
steps to build some molecular architectures by combining AFM oxidation
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Fig. 5: Scheme of the main steps followed to obtain a ferritin pattern on a silicon surface
by combining bottom-up electrostatic interactions and AFM oxidation. [Reprinted with
permission from Ref. 19. Copyright © 2010 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim.]

and self-assembling methods. First, the silicon surface is functionalized
with an octadecyltrichlorosilane (OTS) monolayer. This replaces the OH~
groups that dominate the native silicon surfaces in air with a methyl-ter-
minated neutral surface. Then, a region of the functionalized surface is
locally oxidized. The oxidation process removes the OTS monolayer. The
sample is immersed in an aminopropyltriethoxysilane (APTES) solution
until an APTES monolayer is deposited on the patterned region. The last
step involves the deposition of the proteins. An example of the above pro-
cess is the deposition of single molecules of ferritin on silicon surfaces
with an accuracy similar to the size of the molecules (~10 nm)."” The AFM
images of the nanostripes before and after the deposition of ferritin mol-
ecules are shown in Fig. 6. There is a total absence of ferritin molecules
outside the patterned stripes. This result underlines the strong selectivity
of the patterning process.

Sophisticated nanolectronic devices such as silicon nanowire (SINW)
transistors and circuits have been fabricated by AFM oxidation nano-
lithography.'>44¢ In this application, AFM oxidation generates a narrow
oxide mask on top of the active layer of a silicon-on-insulator substrate.
The unmasked silicon layer is then removed by using wet or dry etching.
The local oxide protects the underneath silicon from the etching. This
leaves a single-crystalline silicon nanowire (SiNW) with a top width that
matches the width of the oxide mask. SINWs with a channel width of
4 nm have been fabricated.'? These types of nanoelectronic transistors
have been used to develop very sensitive biomolecular sensors.*
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Fig. 6: (a) Silicon oxide nanostripes fabricated by AFM oxidation. (b) Selective deposi-
tion of ferritin molecules on the AFM oxidation pattern. [Reprinted with permission from
Ref. 19. Copyright © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.]

Silicon and titanium are the most used materials to perform local oxida-
tion experiments; nonetheless, local oxidation has been extended to other
interesting materials such as SiC*” or graphene.*® Xie et al. reported that
the oxide grown on SiC was at least four times thicker than the one grown
on Si under the same growth conditions. They attributed this result to an
anisotropic diffusion of OH™ ions along polar and nonpolar directions in
SiC during the process of oxidation.*” Rolandi et al. applied AFM local
oxidation to fabricate 35-nm-wide MoO, lines on an ultrathin molybde-
num film deposited on a p-doped Si(100) substrate.*” The MoO, patterns
were etched away by simply dipping the sample in water with a high
selectivity without affecting the Mo metal film.* The gaps left after the
first wet etching served as masks patterns to fabricate Ti nanowires.

S. AFM Oxidation and Constructive Nanolithography

Selective oxidation of self-assembled monolayers (SAMs) has also been
accomplished by AFM oxidation.*>* Two regimes can be distinguished
when AFM oxidation is performed on surfaces functionalized with SAMs.
For small and short voltage pulses (<8 V, ~1 ms) the oxidation is confined
to the functionalized organic monolayer. Higher and longer voltage pulses
cause the degradation of the initial monolayer and the anodization of the
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underlying Si substrate.” The method has been applied to generate ring-
like structures that have a core made of silicon oxide and a rim made of
the SAM molecules.*?

Sagiv and collaborators applied the AFM oxidation of SAMs to build
molecular architectures.’>>>" They also explored some strategies to
upscale the AFM fabrication process by using stamps.”>’ First, they
showed how an electrically biased tip could oxidize an OTS monolayer on
a Si substrate. This modification step served as a template to deposit other
organic layers. This method was called “constructive nanolithography”
because of its additive character. Furthermore, the process does not imply
changes of the underneath Si surface (see above). The technique was also
applied to pattern mm? areas by replacing the AFM tip with a TEM grid
which served as a conductive stamp.*® They called this process “construc-
tive microlithography”. A variation of constructive microlithography has
been applied to generate metallic micro/nano patterns.”” First, a stamp
made of a silver film deposited on an OTS/Si substrate is put in contact
with a target surface. The target surface is made of an OTS monolayer on
Si. This surface was previously patterned by AFM oxidation lithography.
Then, by biasing the stamp positively with respect to the target, the silver
ions are transferred selectively on the chemically activated -COOH termi-
nals of the electrooxidized OTS (OTSeo). In this process, the adsorbed
water layer acts as an electrolyte. The scheme of the fabrication process
and the resulting pattern are described in Fig. 7. This method combines
bottom-up and top-down nanofabrication processes and has the potential
to generate complex interfaces.

6. Chemistry Beyond Water Bridges

We have described some of the properties of nanoscale water menisci to
confine the lateral extension of the anodic oxidation. The availability of
water molecules in air environments made the use of water bridges the
obvious choice to explore nanochemistry with AFM. However, the AFM
can be used to form and manipulate nanometer-size liquid bridges of polar
and non-polar organic solvents such as ethyl alcohol, hexadecane, octane
and 1-octene with a dynamic force microscope.*-*! Tello and Garcia
observed that the growth rate of the patterns increased significantly when
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Fig. 7: Parallel contact electrochemical patterning and transfer (CEP-CET) process
scheme. (a) The stamp (A) consists in an Ag layer deposited on a OTS @Si substrate. (b) A
pattern is defined on the target substrate (B) by AFM oxidization. (c) Material is transferred
from the stamp (A) to the target (B) when they are brought into contact. Typical parameters
of the process are 3 V, 2 min, 100 N and RH 100%. (d) Final pattern: Ag has been deposited
only on the chemically active OTSeo. An AFM phase image of one of the nanostructures
fabricated by this method is shown. [Adapted from Ref. 57. Copyright © 2012 Berson ef al.]

the process was performed in ethyl alcohol.’® Initially, they attributed this
enhancement to a decrease of the charged defects created during the oxi-
dation process.’® However, further experiments showed that the generated
structures were not removed by exposition to HF vapors. This result ques-
tioned the silicon oxide nature of the fabricated structures. XPS spectros-
copy measurements showed the presence of carbon sp? bonds which was
attributed either to the formation of graphite or to the polymerization of
carbon chains.” Consequently, the chemical composition of the liquid
bridge does affect the composition of the fabricated nanostructures.
Experiments performed in the presence of octane vapors also showed a
faster growth rate with values of b and y (see Eq. 6) higher than those
found with water bridges.®' Those values suggested a non-electrochemical
process where the formation of nanostructures is a two-step process, con-
densation of the octane molecules in the vicinity of the AFM tip followed
by the polymerization of the hydrocarbon chains induced by the strong
electric field. Spectroscopy measurements enabled to propose that the
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organic deposits are made by the polymerization and cross-linking of the
CH,-(CH,)-CH, molecules.”> This process was field-induced by the
extremely high electrical field present at the interface, which has a mean
value of about 10 V/nm, with peaks of up to 25 V/nm.

However, the process is not general. For example, Kinser ez al.*' found
that when they performed local oxidation on a H-passivated Si(111) sur-
face with both the tip and the substrate immersed in hexadecane, the
organic solvent environment did not affect the growth kinetics nor the
chemical nature of the patterned structures. On the other hand, Suez
et al.®® made further studies of scanning probe lithography in hexadecane,
observing that while field-induced oxidation performed on a hydrophilic
silicon surface yielded silicon oxide features, patterning on a hexamethyl-
disilazane (HMDS) hydrophobic surface gave rise to carbonaceous
structures. Similarly, experiments performed with I1-octene showed
kinetic parameters comparable to those obtained in water. Those values
indicate an electrochemical process similar to field-induced oxidation.
This conclusion was supported by the fact that the structures generated in
1-octene were readily etched by HF vapors, a property of silicon oxides.®

7. Deposition of Semiconductors

By immersing the AFM tip in a liquid cell filled with an organometallic
compound, Rolandi and collaborators showed that it was possible to
deposit a carbon-free semiconductor material onto a substrate with a con-
trolled shape.*% They used diphenylgermane to fabricate germanium
nanostructures.”® The experiments were performed by applying low-to-
moderate voltages in the range of 0-20 V (the sample is biased positively)
which generate high electric fields of about 10° V/m. The electric field
fragments the diphenyl molecule into benzenes, which are dissolved in the
liquid, and ionic germanium that is reduced on the surface forming ger-
manium features. The germanium structures are not contaminated by any
carbonaceous species. The versatility of this method has been further
demonstrated with the use of diphenylsilane to create complex Si, Ge and
SiGe nanostructures® in both serial (AFM) and parallel (stamp) patterning
approaches (Fig. 8).
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Fig. 8: (a) Serial direct-write of Si and Ge from an organic precursor. The Ge PacMan
was written at +12 V (sample) and 1 um s, the Ge eyeball was written at +11 V (sample)
and 1 pm s7!, the Si pellet on the left was written at +12 V (sample) and 5 um s7'. (b)
Parallel direct write by using a gold-coated polydimethylsiloxane (PDMS) stamp.
[Reprinted with permission from Ref. 64. Copyright © 2011 American Chemical Society.]

8. Thermal-Induced Nanoscale Chemistry

A heated tip has been used to induce mechanical and/or chemical trans-
formations on polymeric molecules.®*’® This method is very reproducible
and reliable for patterning purposes. Depending on the chemical composi-
tion of the polymer (resist), the combination of a hot tip with a mechanical
force produces either physical or chemical transformations in the resist
which give rise to the formation of a hole in the polymer layer. The width
and depth of the nanostructures depend on the tip’s temperature, loading
force and chemical composition of the polymer. The first experiments
were performed by heating the tip with a laser pulse.® Those experiments
generated patterns with features of 100-300 nm in width and 10 nm in
depth. The alignment of the laser on the tip slowed down the patterning
process which prompted the introduction of a Joule heating process by
using a piezoresistive Si cantilever.®® Piezoresistive cantilevers enable a
higher degree of integration by using several of them in parallel. A paral-
lel-writing prototype called “Millipede”, based on 32x32 probe arrays
(1024 cantilevers) was proposed in 1999.% The cantilevers are scanned
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in the x and y directions simultaneously for writing/reading processes.
They also share the same z-feedback control. Each cantilever-tip of the
array only writes and reads within its storage field. However, most of the
heating power (about 80%) is lost through transfer from the cantilevers to
the chip body. As a consequence, the tip has to be heated up to 400°C. For
reading, the temperature is reduced to 350°C, in order to avoid degrada-
tion of the written patterns.

High density memories can be fabricated by thermomechanical nano-
lithography.”-"° The temperature and the loading force applied by an AFM
tip are controlled to locally soften and create indentations on a polymer
surface, which represent a logical “0” or “1”. The same tip can be used as
a tool to write the bits and the sensor to read them. Figure 9 shows the
operation of the thermal cantilevers for data writing. By using a
1-um-thick, 70-um-long, two-legged Si cantilevers, 40 nm bits with a
120 nm pitch were obtained on poly(methyl methacrylate) (PMMA).?
Data storage densities of 840 Gb/in?> have been achieved with the
“Millipede” method.® Higher densities of 4 Tb/in* have been achieved by
using a single tip.”

One of the problems of the patterns fabricated on films made of linear
polymers is that they are very prone to wear out during the reading stage.

N
N\t N\

(a) (b)

Fig. 9: Principle of thermochemical nanolithography. (a) If no voltage is applied, the tip
lays 300 nm above the sample surface. (b) By applying for a few microseconds the
voltages V, and V., which control the writing temperature and the electrostatic force,
respectively, a pixel in the programmed bitmap is written on a molecular glass surface.
[Reprinted with permission from Ref. 18. Copyright © 2010 American Association for the
Advancement of Science.]
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This could be solved by using cross-linked polymers which are more
wear-resistant. However, the cross-linking process requires materials of
higher glass transition temperature (Tg), which makes the thermal pattern-
ing more difficult. This has lead to the use of different materials such as
Diels-Adler polymers,”" unzip polymers’ or molecular glasses.'®” For
example, Diels-Adler polymers can be reversibly switched from a cross-
linked state at low temperature to easily deformable dissociated fragments
at high temperature.”!

Basu er al.™ applied a hot tip to cross-link locally the photoresist
AZ5214E. The process transformed the resist as in a negative tone lithog-
raphy fashion with a resolution comparable to the film thickness. Another
example of nanoscale thermochemistry was the formation of carboxylic-
terminated patterns on a block copolymer film for subsequent bioconjuga-
tion.”” Sub-15 nm resolution was achieved in the thermoconversion of a
hydrophobic polymer into a hydrophilic one.” A locally heated AFM tip
has been recently used to locally desorb material from a glassy organic
resist with a 15 nm half pitch; multistage processing allowed fabricating
3D structures which could be transferred to silicon by reactive ion
etching.!® Figure 10 shows the nanoscale replica of the Swiss mountain
Matterhorn fabricated with this technique.

Thermochemical nanolithography has been performed on materials
for (opto)electronics. An example is the fabrication of 28-nm-wide

20nm

Fig. 10: Replica of the Matterhorn written into a molecular glass (3D data source: geo-
data © swisstopo) by AFM thermal removal of resist. The structure was written using 120
steps of layer-by-layer removal. [Reprinted with permission from Ref. 18. Copyright ©
2010 American Association for the Advancement of Science.]
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photoluminescent patterns of poly(phenylene vinylene) (PPV), by ther-
moconversion of its precursor poly(p-xylene tetrahydrothiophenium
chloride) (PXT) by means of a heated Wollaston wire mounted on an
AFM tip.”” Another example is the fabrication of high mobility 12-nm-
wide nanoribbons by local thermoreduction of oxidized epitaxial gra-
phene films.”

9. Nanomachining and Mechanochemical Patterning

The most direct approach to modify a surface with an AFM tip is by
applying a mechanical force to break atomic bonds and remove material
from the surface.'*'> However, this method has a poor pattern definition
due to the tip’s degradation and wear. The tip wear could be minimized by
performing the experiments on materials more compliant than the tip. By
nanoscratching a film of the conducting polymer mixture PEDOT:PSS
(poly(3.,4-ethylenedioxythiophene) poly(styrenesulfonate)), Li et al. were
able to fabricate a pentacene field-effect transistor with a channel length
of 50 nm.” However, spin-coated polymer films usually suffer from the
pile-up of the removed material on the rims of the scratches. The pile-up
implies a loss in pattern definition. This problem has been addressed by
using polymer brushes.®

The application of nanomachining to alkylthiol self-assembled mon-
olayers on gold has opened new patterning applications.®!*> By controlling
the applied force, it is possible to break the thiol-gold bond and selectively
remove the SAM, and if the patterning is performed in the presence of
another alkylthiol with a higher concentration and affinity, this molecule
can replace the one removed by the tip. This approach could be called
mechanochemical patterning and has two steps. The first step is called
nanoshaving and the second nanografting. Recent applications include the
immobilization of proteins on selected sites,*! the fabrication of patterns
of alternatingly charged thiols which could be resolved by measuring their
surface potential,® or the positioning of single thiolated DNA molecules.®
Obermair et al. proposed an electro-chemical version of the technique,
where the AFM tip selectively removes a passivation layer and metals are
electrochemically deposited from an electrolytic solution on the exposed
areas of a gold electrode.®
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10. Dip-pen Nanolithography

Aggregates of octadecanethiol were deposited onto mica after contact
between tip and surface.® Those results opened the way to develop an AFM
nanolithography based on the controlled transfer of molecules from the tip
to a predefined location on the sample surface. This method was called
“dip-pen nanolithography” by Mirkin and co-workers.®* In this approach
the molecules previously inked in the AFM tip are delivered to the surface
via a liquid meniscus. Some of the first experiments were demonstrated by
patterning alkanethiol self-assembled monolayers onto gold surfaces.
Lately, the method has been extended to other molecules and systems that
do not need the presence of sulphur-gold bonds. Arrays of cantilevers are
now available to develop high-throughput parallel processes.® Recently, it
has been shown that by varying the ink concentration and the dot size it is
possible to control the number of deposited ferritin molecules.”® One limita-
tion of dip-pen nanolithography is the need to reconfigure the process
depending on the substrate. Chen et al. showed that by using vapor-based
coatings with adequate functional groups it was possible to deposit mole-
cules with the same process on a large variety of substrates.”!

An interesting electrochemical variation of dip-pen patterning is the
proposal by Liu and collaborators.”** In this case, metal salts are dis-
solved in the water meniscus formed between the tip and the substrate.
When the appropriate bias is applied to the tip, the metal ions are reduced
into metals and deposited on the surface. As in local oxidation lithogra-
phy, the applied voltage and the relative humidity are two key factors in
the fabrication process. This method has been utilized to modify locally a
gallium nitride nanowire with a KOH-coated tip, obtaining a gallium
nitride/gallium oxide heterostructure.”

11. Scanning Tunneling Microscopy and Nanochemistry

The scanning tunneling microscope (STM) was pivotal to discover the local
anodic oxidation process on silicon surfaces.*® This instrument has also
been used to perform a variety of local chemical experiments with some
patterning potential. For example, a monohydride layer on a silicon or ger-
manium surface can act as a positive resist to perform STM lithography.
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The tip is biased negatively with respect to the substrate and scanned locally
over a delimited area of the passivated surface. If the electron energy
exceeds the Si-H or the Ge-H bond strength, the hydrogen molecules are
desorbed from the surface, thus leaving a pattern of clean Si or Ge.***> The
exposed areas can selectively undergo chemical modifications such as
doping. By combining this method with epitaxial growth and electron beam
lithography, Scappucci et al. fabricated phosphorous-doped Ge nanowires
of 5 nm width.” Another example of STM applications in nanochemistry is
the site-selective removal or exchange of self-assembled monolayers with a
STM tip.”**® Frequently, the modification of SAMs with a STM tip is car-
ried out with the aim of using the locally modified areas as nanotemplates
or nanomasks previous to further patterning steps of a standard lithographic
process. Gorman and co-workers have applied the above protocol to
remove small areas of a dodecanethiol monolayer coated on gold, platinum
and palladium substrates and to fill the empty sites with a different type of
thiols.””?® The results showed that the bias required to desorb the first thiol
layer and to replace it with the other SAM did depend on the underlying
metal. This dependence was traced back to the different SAM-metal bind-
ing energies: palladium (3.1 V) less than gold (3.4 V) less than platinum
(3.55 V). In all the three cases it was possible to obtain lines with lateral
resolutions within the range of 10-15 nm.

Local electrochemistry has been applied to form metallic nanoclusters
on metallic surfaces.”'°! First, a metal such as copper is deposited on
the STM tip by maintaining it at slightly negative values with respect to a
Cu/Cu?*" reference electrode. Then the Cu-coated tip is approached to a
gold surface to form a metallic neck. In the next step, the tip is retracted
until the metallic neck is broken. This leads to the formation of a small
metal cluster a few atomic layers thick. Depending on the applied voltage
between tip and sample, tip-induced copper deposition, tip-induced cop-
per dissolution or just surface imaging can occur.

12. Patterning Throughput

The serial character of force microscopy usually implies relatively slow
processing times and consequently a low throughput for nanopatterning
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applications. Improving throughput is addressed by two alternative
approaches, the development of high speed AFM methods and the use
of parallel arrays of cantilevers. Vicary and Miles developed a high-
speed scan stage made of a quartz crystal tuning fork of 20 kHz as the
fast-scan axis and a 15 Hz piezoelectric actuator perpendicular to it
controlling the slow-scan direction. This high speed AFM has been
applied to perform local oxidation patterns with 50 nm features at
patterning speeds in the 1-10 cm/s range.'**!” The use of some of the
higher modes of the cantilever has also enabled fast thermomechanical
patterning with a single tip.!%

Some of the processes described above such as thermomechanical pat-
terning,*-* local oxidation,’*>!% Jocal electrochemistry or dip-pen nano-
lithography® are compatible with either the use of parallel arrays of
cantilevers or with the use of stamps'®' that have predefined motives
on them."'"''3 Tn particular the use of stamps represents an attractive
approach to extend some of the properties found on AFM patterning to
the millimeter scale.

13. Conclusions and Outlook

This chapter presents an overview of force microscopy-based nanopat-
terning methods where the formation of the nanostructures is mediated by
a local chemical reaction. In particular we have discussed several pro-
cesses such as AFM oxidation, field-induced chemical reactions, mecha-
nochemical and thermomechanical patterning. In those methods the AFM
has a dual role, first as a patterning tool and second as an instrument to
control and study chemical reactions at the nanoscale. The technical
requirements to transform an AFM to perform local chemical modifica-
tions are minimal so it will not be unlikely to find new applications in
nanochemistry and nanofabrication.

Tip nanolithographies based on the spatial confinement of chemical
reactions offer a relatively easy approach for the academic researcher to
investigate chemical processes at the nanoscale and to fabricate sophisti-
cated nanometer-scale devices. Some of the above applications are
expected to experience a strong expansion in the near future.
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