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Ionic Liquid-Mediated Scanning Probe Electro-Oxidative
Lithography as a Novel Tool for Engineering Functional
Oxide Micro- and Nano-Architectures

Zixuan Li, Jerzy T. Sadowski, Andrei Dolocan, and Filippo Mangolini*

Functional oxides have extensively been investigated as a promising class of
materials in a broad range of innovative applications. Harnessing the novel
properties of functional oxides in micro- to nano-scale applications hinges on
establishing advanced fabrication and manufacturing techniques able to
synthesize these materials in an accurate and reliable manner. Oxidative
scanning probe lithography (o-SPL), an atomic force microscopy (AFM)
technique based on anodic oxidation at the water meniscus formed at the
tip/substrate contact, not only combines the advantages of both “top-down”
and “bottom-up” fabrication approaches, but also offers the possibility of
fabricating oxide nanomaterials with high patterning accuracy. While the use
of self-assembled monolayers (SAMs) broadened the application of o-SPL,
significant challenges have emerged owing to the relatively limited number of
SAM/solid surface combinations that can be employed for o-SPL, which
constrains the ability to control the chemistry and structure of oxides formed
by o-SPL. In this work, a new o-SPL technique that utilizes room-temperature
ionic liquids (RTILs) as the functionalizing material to mediate the
electrochemistry at AFM tip/substrate contacts is reported. The results show
that the new IL-mediated o-SPL (IL-o-SPL) approach allows sub-100 nm oxide
features to be patterned on a model solid surface, namely steel, with an
initiation voltage as low as −2 V. Moreover, this approach enables high
tunability of both the chemical state and morphology of the patterned iron
oxide structures. Owing to the high chemical compatibility of ILs, which
derives from the possibility of synthesizing ILs able to adsorb on a wide
variety of solid surfaces, IL-o-SPL can be extended to other material surfaces
and provide the opportunity to accurately tailor the chemistry, morphology,
and electronic properties within nanoscale domains, thus opening new
pathways to the development of novel micro- and nano-architectures for
advanced integrated devices.
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1. Introduction

Functional oxide materials have been gain-
ing increasing interest over the last few
decades for their unique and highly tun-
able physico-chemical properties.[1–3 ] The
ability of these materials to exhibit a
wide range of properties originates from
the strong dependence of their electronic
band structure on the oxides’ structure
and chemistry.[4,5 ] Even more importantly,
functional oxides are usually categorized
as having strongly correlated magnetic and
electronic states, which make them com-
pletely different from materials whose prop-
erties can be described using free electron
models.[6–9 ] Given the possibility of con-
trolling the electronic and magnetic prop-
erties by modifying the structure, chem-
istry, and subsequent phase transitions
of functional oxides, these materials have
emerged as candidates for the design and
development of integrated devices.[7,6,10–11 ]

The progressive optimization and
advancement of micro- to nano-scale
manufacturing and fabrication methods
offer new possibilities for the technological
exploitation of functional oxides, while
also allowing for the identification of
fundamentally new properties and func-
tionalities originating from the confined
dimension of nanomaterials.[12–16 ] As an
example, iron oxides, mostly considered
as a class of widely available, inexpensive,
and benign oxide materials, have attracted
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considerable attention in catalysis,[17–19 ] sensing,[20–23 ] material
separation,[24–26 ] and magnetic data storage[27–29 ] when used in
various nanostructured forms. To control the structure and,
hence, the physico-chemical properties of functional oxides, in-
tricate procedures have been developed to synthesize nanos-
tructures and assemble them into complex architectures.[1,30–32 ]

While the preparation of these materials has heavily relied on
solution-based chemical methods,[33–35 ] harnessing their novel
properties in new functional devices requires the integration of
oxide nanomaterials into architectures of greater complexity. This
is generally accomplished by two assembly methods, i.e., the top-
down and bottom-up approaches. The combination of these two
approaches can enable the assembly of small functional build-
ing blocks into larger arrangements while patterning the struc-
ture into predefined positions.[36,37 ] However, using these com-
bined methods to fabricate micro- to nano-structures with high
precision and site specificity is technically demanding, often re-
quiring multi-step procedures involving advanced lithographic
techniques and strictly controlled processing conditions. In all
these processing approaches, chemical compatibility and inter-
facial effects deriving from the coupling of chemically different
compounds pose significant challenges. Despite some success
in building complex nanoarchitecture,[38–40 ] the development of
nanopatterned functional oxide materials for next-generation ap-
plications hinges on establishing novel, cost- and time-effective
fabrication approaches.

Since the late 1980s, scanning probe lithography (SPL) has
emerged as a class of fabrication techniques that combines high
positional selectivity and great amenability regarding chemical
functionalization, while overcoming some of the limitations of
other advanced lithographic techniques. For example, many SPL
techniques can operate at room temperature and in atmospheric
environment and do not require the use of photoresists or wet
chemical etching processes.[41 ] The versatility of atomic force mi-
croscopy (AFM) enables a variety of approaches to modify sur-
faces and manipulate small-scale features based on the highly
confined AFM tip/substrate interactions.[42–46 ] Among them, ox-
idative SPL (o-SPL) has become a widely used technique for
micro- to nano-scale patterning and device fabrication in aca-
demic research, supporting not only single-step local oxidation
of materials, but also more complex procedures for its great com-
patibility with other lithographic techniques.[41 ]

O-SPL is based on the local anodic oxidation confined by the
nanoscale water meniscus formed at the AFM tip/substrate con-
tact, where the biased AFM tip acts as the cathode to initiate the
oxidation reaction at the counter surface (anode), while the water
meniscus provides the electrolytic environment for the electro-
chemical reaction. The oxidation process is described by two half-
cell reactions, one on the anode surface where the substrate ma-
terial (metals or semiconductors) becomes oxidized (Reaction I),
and the other one at the AFM tip where hydrogen evolution (Re-
action II) occurs:[47 ]

M + nH2O → MOn + 2nH+ + 2ne− (1)

2H+ (aq) + 2e− → H2 (2)

Since only the substrate material and water are involved in
the nano-cell reactions, this approach can theoretically be car-

ried out on bare surfaces. Nonetheless, it is practically challeng-
ing to maintain distance between the electrodes while stabilizing
the water meniscus at the tip/substrate contact. For this reason,
o-SPL on unfunctionalized surfaces is mostly limited to silicon-
based patterning.[48–50 ] The introduction of self-assembled mono-
layers (SAMs) on surfaces as resist layers is therefore considered
a major breakthrough as they can separate the anode and cath-
ode and stabilize the meniscus during patterning, hence provid-
ing better control and improving writing efficacy.[51,52 ] The ad-
dition of SAMs also allows for the application of o-SPL on a
wider range of materials, including III–V semiconductors and
several metals. Notably, this approach was successfully employed
for the formation of indium tin oxide.[53,54 ] While organofunc-
tional silanes, such as octadecyltrichlorosilane (OTS), are pre-
dominantly used to form SAMs for o-SPL, the selection of func-
tionalizing materials is still too limited to ensure the applicability
of this method to a broad range of semiconductors and metallic
materials. On the other hand, the high voltages required for pat-
terning on organosilane-functionalized surfaces pose additional
challenges to the oxide fabrication process. A literature survey in-
dicated that a minimum voltage of −5 V is generally needed for
oxidizing the underlying substrate, while in some cases it can be
up to −30 V.[41,47 ] Such large negative voltages can not only lead
to severe surface damage but also make it extremely difficult to
modulate oxidation through nano-cell electrochemical reactions
at the tip/substrate contact, especially for materials with several
oxidation states that require accurate tuning. New solutions for
surface functionalization in SAM-based o-SPL ought to address
these problems.

Among potential candidate functionalizing materials for o-
SPL, room-temperature ionic liquids (RTILs)[55 ] are particularly
attractive for several reasons. First, the ionic nature of RTILs en-
sures that they can adsorb on virtually all polar surfaces, includ-
ing most transition metals and metal oxides as well as various
semiconductors.[56–60 ] Second, RTILs can form well-defined elec-
trical double-layer (EDL) structures at electrified interfaces.[61 ]

These EDL structures can not only provide good interface sta-
bility at the electrode surface but also enables efficient transfer
of electrons and ions – a critical requisite for the electrochem-
ical reactions for o-SPL.[61 ] The unique ability of RTILs to form
dense EDLs together with their wide electrochemical windows[62 ]

have already resulted in significant interest in exploiting RTILs
as electrolytes for renewable energy storage devices.[61,63 ] RTILs
respond to electric fields by creating current through the trans-
lational motion of ions, while other motions, such as ion rota-
tion and vibration, contribute to the IL’s polarization.[62 ] These
attributes of RTILs can allow for more efficient electron transfer
for o-SPL than non-ionic SAMs, therefore reducing the thresh-
old voltage to initiate oxidation. Moreover, the high electrochem-
ical stability of RTILs not only ensures their durability as resist
materials in electrified environments, but also prevents the intro-
duction of unwanted contaminants in oxide materials from the
decomposition of the resist layer.

Here, we demonstrate, for the first time, an o-SPL approach
that uses an AFM tip to induce local oxidation on steel surfaces
functionalized with an RTIL, i.e., trihexyltetradecylphosphonium
bis(2-ethylhexyl)phosphate ([P6,6,6,14][DEHP], see Figure 1c). The
results show that IL-mediated o-SPL (IL-o-SPL) could achieve
patterning of sub-100 nm features, with an initiation voltage as
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Figure 1. a) Procedure for preparing [P6,6,6,14][DEHP]-functionalized steel substrates. b) AFM experimental setup for o-SPL on an IL-functionalized
surface. The electric loop connected with the AFM setup is shown with a voltage applied across the tip/substrate interface while the substrate is grounded.
c) Chemical structure of [P6,6,6,14][DEHP].

low as −2 V. The outcomes of surface analyses, including X-
ray photoemission electron microscopy (X-PEEM), time-of-flight
secondary ion mass spectrometry (ToF-SIMS), and AFM imag-
ing, reveal the dependence of oxide morphology and chemistry
on several experimental parameters, i.e., the applied voltage, rel-
ative humidity (RH), and atmospheric composition during the
oxidation process. In particular, the oxide layer morphology (thin
film/island mode growth) was found to be dependent on the cur-
rent density across the water bridge at the AFM tip/substrate con-
tact. Additionally, the Fe3+/Fe2+ ratio in the oxide layer could be
tuned by varying the tip voltage or O2 partial pressure in the en-
vironment. Further analyses by Kelvin probe force microscopy
(KPFM) and low energy electron microscopy (LEEM) indicated
that the surface polarization of IL-o-SPL oxide thin films differs
from the native oxide on steel as a result of multiple factors, in-
cluding the change in structural ordering of the SAM-substrate
complex. These findings can pave the way for creating micro-
to nano-scale domains with controlled morphological, chemical,
and electronic properties. Although this work mainly focuses on
the [P6,6,6,14][DEHP]-steel pair, the notion of using o-SPL on IL-
functionalized materials can be extended to numerous combina-
tions including many novel functional systems, leading to virtu-
ally endless possibilities for building oxide-based nanoarchitec-
tures and nanodevices.

2. Results and Discussion

2.1. Morphology of IL-o-SPL Oxides

IL-o-SPL experiments were carried out on [P6,6,6,14][DEHP]-
functionalized 52100 steel surfaces (see schematic of the prepa-
ration procedure of the substrate in Figure 1a. Note: while the
results presented below were obtained using steel as substrate

material, similar experiments were performed using silicon
wafers to demonstrate the applicability of IL-o-SPL to other sub-
strate materials, see Figure S1 in the Supporting Information).
The driving force for the electrochemical reaction in the nano-
cell (Figure 1b), i.e., the bias voltage applied to the conductive
AFM tip, was found to significantly impact the morphology and
surface chemistry of the oxide films formed as a result of the
contact-point oxidation at the [P6,6,6,14][DEHP]-functionalized sur-
face. The 5 × 5 µm2 topographic images displayed in Figure 2a
were acquired after growing oxide films in the central 2 × 2 µm2

area in ambient air (≈50% RH). The film morphology consid-
erably changed with the tip bias voltage: with a more negative
voltage, the film not only became drastically thicker (Figure 2b),
but also consisted of larger “islands” (Figure 2a) and exhibited
less defined boundaries. These changes are attributed to the ef-
fect of varying the current density across the tip/substrate con-
tact as well as electrowetting, both induced by changing applied
voltage. In fact, the increase in feature size with current den-
sity has been well documented in traditional electrochemical se-
tups where aqueous electrolytes are used.[64,65 ] Additionally, a
more negative applied voltage can lead to a decrease in contact
angle and an increase in the base area of the meniscus at the
tip/substrate contact as a result of electrowetting,[66 ] which in
turn can also affect the size of the surface nuclei forming dur-
ing the process. It has to be highlighted that no oxide films could
be grown under the same experimental conditions but in the ab-
sence of the IL surface functionalization (Figure S2, Supporting
Information).

It is also worth noting that the oxidation could be initiated at a
tip bias as low as −2 V, resulting in an average film thickness of
3.3 nm as shown in Figure 2b. As the tip voltage becomes more
negative, the film became thicker. At −5 V, the film thickness was
≈81 nm. Figure 2b also indicates an increase in roughness of the
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Figure 2. a) 5× 5 µm2 AFM topographic images of iron oxide thin films grown in the central 2× 2 µm2 area by IL-o-SPL. The substrate is a [P6,6,6,14][DEHP]-
functionalized ASTM 52100 steel surface. The tip bias was −3 V, −4 V, and −5 V (from left to right). All experiments were performed in an ambi-
ent environment (RH ≈50%). b) Dependence of oxide thickness on the applied voltage. The error bars reflect the film roughness as shown in (a).
c) Transmission electron microscopy (TEM) imaging on the cross-section at the oxide/steel interface, which is obtained from an oxide film formed at
−4 V. The blue dashed rectangle shown in the oxide area in (a) highlights the sampled area. The inset shows the electron diffraction pattern obtained in
the oxide area.

oxide film surface, demonstrated by the widening error bar as the
bias becomes more negative. This roughness change with bias
voltage is due to the different morphology of the grown oxide as
larger islands are formed at higher voltages (Figure 2a).

While the morphology of the oxide films was affected by the
bias voltage applied to the conducting AFM tip, their structure,
which was evaluated by TEM, did not change with the pattern-
ing conditions. Figure 2c displays a typical cross-sectional TEM
image of a film grown with a tip bias of −4 V. A well-defined,
sharp interface between the iron oxide and the underlying steel
substrate was observed. Compared to the steel layer where long-
range order is preserved, the atoms in the oxide layer are not orga-
nized in any ordered pattern. Further proof of a lack of extended
crystallinity is shown in the inset image where the nanobeam
electron diffraction pattern shows only a bright center and two
broad hazy concentric bands. The formation of a metastable
amorphous structure is the result of the non-equilibrium con-
ditions developing during the local oxidative process induced by
the tip-enhanced electric field.

2.2. Surface Chemistry of IL-o-SPL Oxides

The change in morphology of the patterned oxides resulted
in variations in the yield of fragments detected by ToF-SIMS.
Figure 3a displays a high-lateral-resolution ToF-SIMS chem-
ical depth profile of secondary FeO− ions acquired on a
[P6,6,6,14][DEHP]-functionalized steel surface where IL-o-SPL ex-
periments were performed at different tip voltages. The FeO−

yield is much higher on the patterned areas than on the as-
prepared surface, where a thin native oxide layer is present. This
is due to the increased oxide thickness as indicated by topo-
graphic AFM results (Figure 2). The ToF-SIMS chemical map in
Figure 3a also indicates a subtle change from homogeneous to
island-like lateral distribution as the tip bias was changed from
−3 V to −5 V, while the FeO− yield did not significantly change.
This can be attributed to the different morphology of the films,
since, as indicated by Figure 2a, a more negative the tip voltage
results in larger islands and rougher films.

A similar transition from laterally homogeneous thin film to
islands was observed when analyzing ToF-SIMS chemical maps
of other ions acquired on films formed at different voltages.
Figure 3b presents close-up views over the lateral (x-y plane) and
vertical (x-z plane) maps of FeO−, FeO2

−, and FeOH− obtained
upon analyzing IL-o-SPL films formed at −4 V and −5 V. The
in-plane (x-y) variation in the yield of molecular fragments was
matched by their vertical (x-z plane) yield distribution: a transi-
tion from continuous to striped distribution in ion yield was ob-
served upon changing the tip voltage from −4 V to −5 V. The ver-
tical (x-z plane) maps cover only a small fraction of the oxide film
thicknesses (over a few Angstroms). The decay of oxide species in
z-direction is due to depletion of Cs during data acquisition, as Cs
enhances the ionization probability of negative species including
those in Figure 3b.[67 ]

The changes in oxide film morphology were also substantiated
by SEM analyses. The SEM micrographs shown in Figure 3c indi-
cated that the oxide islands become larger as the voltage changed
from −4 V to −5 V. Additionally, pits could be detected in some
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Figure 3. a) High-lateral-resolution ToF-SIMS chemical depth profile of secondary FeO− ions acquired on [P6,6,6,14][DEHP]-functionalized steel over
which IL-o-SPL experiments were carried out with different tip biases. b) Lateral and vertical chemical distributions (specified by Cartesian coordinates
on the right) of FeO−, FeO2

−, and FeOH− secondary ions determined by ToF-SIMS high-resolution imaging of a [P6,6,6,14][DEHP]-functionalized steel
surface over which IL-o-SPL experiments were performed at −4 V and −5 V. The scale bar only refers to the lateral (x-y) dimensions. In vertical maps,
z is on the order of a few Angstroms. c) Scanning electron microscopy (SEM) images of IL-o-SPL oxide films fabricated by different tip biases. Pits
highlighted in the image on the right. All IL-o-SPL experiments were performed in an ambient environment (RH ≈50%).

locations of the films formed at −5 V (highlighted in Figure 3c,
right). This can be attributed to the tip’s high negative voltage,
which causes the oxidation of subsurface iron due to the un-
even surface conductivity. The resulting electron exchange in the
near-surface region inside the steel leads to a second cathodic re-
action on the steel surface, i.e., the reduction of oxygen in the
water meniscus and the formation of OH− – a process similar
to the mechanism that drives pitting corrosion.[68 ] Because of
the dissolution of iron and iron oxide in the pitted areas, por-
tions of the [P6,6,6,14][DEHP] SAM in those areas are desorbed.
Overall, while the combination of AFM, SEM, and ToF-SIMS
results reveal that all iron oxide films prepared in the present
work form at randomly located nucleation sites followed by film
growth, the transition from a thin-film morphology to an island
morphology as the tip bias was changed from −4 V to −5 V
provides evidence that the nucleation rate of the films strongly
depends on and, thus, can be controlled by the applied tip
voltage.

To further evaluate the surface chemistry of IL-o-SPL oxide
layers, X-PEEM analyses were performed at the X-PEEM/LEEM
endstation of the ESM (21-ID) beamline of the National Syn-
chrotron Light Source II at Brookhaven National Laboratory.
Figure 4a displays X-PEEM images of the oxide films acquired
at a photon energy of 706.8 eV. The contrast in the X-PEEM im-
ages corresponds to differences in secondary electron yield. More
specifically, a decrease in secondary electron yield was detected in
the oxidized areas relative to the as-prepared surface. The acqui-
sition of an X-PEEM image stack across a photon energy range
between 701.8 eV and 729.0 eV allowed for the extraction of X-ray
absorption near edge structure (XANES) spectra from regions of
interest (ROIs). Figure 4b displays the iron 2p (Fe 2p) XANES
spectra, which are the result of transitions of Fe 2p electrons to

higher unoccupied states. Specifically, due to spin-orbit splitting,
the L3 edge represents the transition of electrons from the 2p3/2
to the 3d orbital, whereas the L2 edge represents the transition
from the 2p1/2 to the 3d orbital.[69 ] Further energy split can be
seen in the 2p3/2-to-3d transitions as indicated by the doublet
present at the L3 edge. Due to the octahedral symmetry, which
is the predominant coordination for Fe in FeO and Fe2O3,[70 ] the
transition peak (1) at ≈706.6 eV represents the t2g orbit and the
peak (2) at ≈708.0 eV represents the eg orbit.[69 ] This Fe 3d or-
bit splitting originates from ligand field effects in the presence of
Fe-centered octahedral complexes characterized by the hybridiza-
tion of Fe 3d-O 2p orbitals, which gives rise to distinct lineshapes
differentiating the iron oxidation states (Fe3+ and Fe2+).[69,71,72 ]

Typically, the L3 edge of FeO features a single t2g peak, while the
L3 edge of Fe2O3 has a well-defined doublet with a prominent eg
peak and a much weaker t2g peak (reference spectra shown in
Figure S3 in the Supporting Information).[73–75 ] Therefore, the
relative contents of Fe3+ and Fe2+ of the IL-o-SPL oxide films can
be estimated by performing linear combination fitting (LCF) us-
ing normalized reference spectra of FeO and Fe2O3. Figure 4c–
f show the fitting results of the L3 edge of a [P6,6,6,14][DEHP]-
functionalized native oxide (IL-NO) area and oxide films formed
by IL-o-SPL at −3 V, −4 V, and −5 V. The weighted percentage
of the Fe2O3 spectrum increases as the applied tip voltage used
in the IL-o-SPL process becomes more negative. The quantitative
results of the LCF displayed in Figure 4g indicate that in IL-NO,
the Fe3+ content is ≈ 0.49, while in the IL-o-SPL oxide films, the
Fe3+ content is higher and increases as the tip voltage becomes
more negative, with the highest at ≈ 0.71 at −5 V. This depen-
dence of the iron oxidation state on the tip bias suggests that a
higher voltage difference at the tip/substrate contact favors the
oxidation of Fe to Fe3+ valence state.
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Figure 4. X-PEEM surface chemical characterization of IL-o-SPL iron oxide thin films generated using different tip biases on a [P6,6,6,14][DEHP]-
functionalized steel surface in ambient air. a) X-PEEM images of iron oxide thin films acquired at a photon energy of 706.8 eV. b) Fe 2p XANES spectra
extracted from ROIs, namely surface regions in which iron oxide layers were synthesized at different tip biases as well as the IL-NO area. The transition
peaks labeled as (1) and (2) (dashed grey lines) represent split energy levels (t2g and eg) within the Fe 3d orbitals, respectively. c) Fe L3 XANES spectra
extracted from the IL-NO area and from IL-o-SPL oxide films formed at d) −3 V, e) −4 V, and f) −5 V tip bias voltage, fitted using reference Fe2O3 and
FeO spectra.[75 ] g) Ratio of the content of Fe3+ to the total content of Fe obtained from the fitting results displayed in (c–f) as a function of tip voltage
applied during the IL-o-SPL process. h) Schematic of the nano-cell contact where a meniscus is formed at the AFM tip/substrate interface with an applied
voltage, and a [P6,6,6,14][DEHP] SAM mediates the contact.

Altogether, the XANES results demonstrate the possibility of
accurately tuning the iron oxidation state on a small scale by
controlling the nano-cell electrochemical reaction. In addition to
Fe(II) and Fe(III) oxides, the ToF-SIMS results in Figure 3b also
indicate the presence of iron oxyhydroxide (FeOOH), whose for-
mation can provide insights into the role of ionized water during
the electrolytic process. As the AFM probe is negatively biased,
H+ ions in the water meniscus are attracted toward the AFM tip
and the hydrogen evolution reaction (Reaction II in the Introduc-
tion) occurs, while OH− ions are drawn toward the water/IL inter-
face (Figure 4h). Some of these OH− contribute to the formation
of FeOOH as a product of the IL-o-SPL process. However, the
presence of FeOOH in the near-surface region has a minimal
effect on the Fe 2p XANES spectra, as demonstrated by previ-
ous studies.[76,77 ] Notably, ToF-SIMS analyses provided evidence
that only a small amount of FeOOH (relative to the amounts of
FeO and Fe2O3) was generated since the yield of FeOH− frag-
ments from the IL-o-SPL film region relative to the IL-NO back-
ground (Figure 3b) was significantly lower than the ones of FeO
and Fe2O3. However, the formation of FeOOH is enhanced at a
more negative tip voltage, as indicated by the higher contrast in

the ToF-SIMS maps of the FeOH− fragments acquired on the ox-
idized film generated at −5 V relative to the contrast of the same
species in the maps collected on the films formed at −4 V.

2.3. Surface Potential of IL-o-SPL Oxides

To evaluate the surface potential of the oxide layers generated by
IL-o-SPL, KPFM measurements were carried out together with
LEEM analyses performed at the same X-PEEM/LEEM endsta-
tion as the X-PEEM experiments. Figure 5a shows the AFM
topographic image of an oxide film formed with a tip bias of
−4 V, while Figure 5b displays the corresponding surface po-
tential map. The latter reveals that the surface potential in the
IL-o-SPL oxide area is lower than the one of IL-NO by approxi-
matively 0.1 V. Figure 5c highlights this finding by overlapping
the line profiles of the surface potential and topography extracted
from the blue dashed line in Figure 5b. LEEM measurements
were also performed to corroborate the KPFM results. Figure 5d
displays a LEEM image acquired at an electron energy of 4.1 eV
on an air-oxidized steel surface functionalized by [P6,6,6,14][DEHP]
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Figure 5. a) AFM topographic and b) KPFM surface potential images of iron oxide layers fabricated by IL-o-SPL at−4 V on [P6,6,6,14][DEHP]-functionalized
steel surface in ambient air. c) Line profiles of topography and surface potential from the blue dashed line in the KPFM potential map in (b). d) LEEM
image of iron oxide layers generated at different tip voltages (image acquired at 4.1 V start voltage). e) Intensity-start voltage LEEM curves extracted
from ROIs. The inset spectra highlight the MEM-LEEM transition stage for surface potential comparison. f) Schematics of the proposed adsorption
configurations of [P6,6,6,14][DEHP] SAM on native oxide/polished steel surface (upper) and IL-o-SPL iron oxide film (lower).

on which three IL-o-SPL experiments were performed at differ-
ent tip bias voltages. As the LEEM images were collected while
progressively changing the effective kinetic energy of the elec-
trons impinging on the surface (referred to as “start voltage”),
the intensity of the reflected/backscattered electrons reaching the
detector at a certain start voltage could be extracted from differ-
ent ROIs. Figure 5e displays the intensity of the back-reflected
electrons as a function of the start voltage from both the IL-
NO area and IL-o-SPL oxide films (usually referred to as I–V
curves). At low start voltage values, the electron intensity is high
as almost all electrons are reflected by the high surface elec-
tric field barrier before they can reach the sample surface – a
condition usually referred to as the mirror electron microscopy
(MEM) mode. As the start voltage increases, the electric field bar-
rier becomes lower, and above a certain start voltage, the elec-
trons have enough energy to reach the sample surface before
they get backscattered (a condition usually referred to as LEEM
mode), which results in a sudden drop in electron reflectivity.
The transition from total electron reflection to electron backscat-
tering, which leads to an inflection point in the I–V curve, is
known as the MEM-to-LEEM transition.[78 ] An increase in sur-
face potential of a material together with an upward surface po-
larization leads to a shift of the inflection point in I–V mea-
surements toward lower start voltages.[79 ] The I–V curves ex-
tracted from ROIs and displayed in Figure 5e indicate a higher
surface potential in the IL-NO region as the inflection point is
detected at a lower start voltage compared to those measured
on IL-o-SPL films. This finding is consistent with the KPFM
results. Notably, no significant difference could be observed in
the I–V curves extracted from IL-o-SPL films, which suggests
almost identical surface potentials regardless of the tip voltage
used for the IL-o-SPL process. It has to be highlighted that the
difference in start voltage of the inflection points for the I–V

curves extracted on IL-NO and the patterned areas is ≈100 mV
(see inset in Figure 5e), which is close to the KPFM result in
Figure 5c.

Several factors should be considered to rationalize the change
in surface potential of the IL-o-SPL films from the one of the
as prepared steel surface (IL-NO). First, the orientation of the
adsorbed [P6,6,6,14][DEHP] IL and the degree of structural order
of the SAM-substrate complex play an important part in con-
trolling the surface polarization, as previously demonstrated by
the authors.[80 ] This potential difference can thus originate from
the loss of long-range order within the IL-o-SPL films shown in
Figure 5f, as the adsorption configuration of SAMs is known to be
closely related to the substrate crystallinity.[81,82 ] The two different
scenarios are illustrated in Figure 2c: in the case of IL-o-SPL iron
oxide films, the formation of an amorphous underlying structure
disrupts the adsorption of [P6,6,6,14][DEHP] on steel, leading to a
disoriented SAM. On the other hand, the SAM on a polished steel
surface resembles a well-ordered “brush-like” structure as a re-
sult of the low surface roughness as well as the crystalline sub-
surface structure.[80,83 ] This highly ordered SAM-substrate com-
plex exhibits higher surface polarization compared to the disori-
ented SAMs on the amorphous IL-o-SPL oxide films, which ac-
counts for the distinction in surface potential between the two
areas as shown by KPFM and LEEM. Regarding the chemistry of
the SAMs, P 2p XANES spectra of the IL-o-SPL films of differ-
ent tip voltages and the IL-NO region do not exhibit significant
differences in peak shape or position (Figure S4, Supporting In-
formation), thus indicating that the adsorbed IL maintains the
same chemical structure after the IL-o-SPL process. This find-
ing is consistent with the fact that the maximum applied voltage
(−5 V) in this study is within the reported electrochemical (EC)
stability window of [P6,6,6,14][DEHP].[84 ] In addition to the struc-
tural order of the SAM, the difference in oxide thickness between
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Figure 6. Atmosphere-controlled IL-o-SPL on [P6,6,6,14][DEHP]-functionalized steel surface. a) AFM topographic images of iron oxide films generated at
−4 V in ambient air (left, high O2 partial pressure) and N2 (right, low O2 partial pressure) environment. b) Fe 2p XANES spectra acquired on IL-o-SPL
oxide films synthesized in air and N2, together with the spectrum acquired on IL-NO. The two grey dashed lines highlight the t2g and eg peaks in the L3
edge. The inset shows the X-PEEM image of an IL-o-SPL oxide film synthesized in N2 collected at 706.8 eV photon energy. c) Fe L3 XANES spectrum of
an IL-o-SPL oxide film synthesized at −4 V in N2, fitted by reference FeO and Fe2O3 spectra.[75 ] d) Fraction of iron in oxidation state +3 computed from
the LCF fitting results of IL-NO and IL-o-SPL films formed in different environments. e) LEEM reflectivity spectra extracted from several ROIs. The inset
spectra highlight the MEM-to-LEEM transition for surface potential comparison. The inset shows the LEEM image of an iron oxide layer generated at
−4 V in N2, taken at a 4.1 V start voltage.

the IL-o-SPL films and IL-NO potentially contributes to their dif-
ference in surface polarization measured by KPFM and LEEM.
The acquisition of LEEM data also allowed for identifying lateral
variations in surface potential. Figure 5d shows that the homo-
geneity in surface potential decreases with the AFM tip voltage
during the IL-o-SPL process, as a higher roughness of the pat-
terned surface can lead to a corrugated surface potential profile.

2.4. Atmosphere-Control Growth of IL-o-SPL Oxides

Since o-SPL relies on the electrochemical reaction within the
water meniscus formed at the point of contact between the
AFM tip and the IL-functionalized steel surface, the influence
of the meniscus size on the oxide island formation was inves-
tigated by performing RH-controlled IL-o-SPL experiments. In
Figure 6a, the AFM topographic image of an IL-o-SPL iron oxide
layer formed in N2 (≈16% RH, low O2 partial pressure) was com-
pared to the one fabricated at the same bias, but in an ambient en-
vironment (≈50% RH, high O2 partial pressure). Even though the
water meniscus size decreases with the RH, the dimensions of
the oxide islands formed on steel surface did not decrease when
the IL-o-SPL process was performed in N2. Notably, in the case of
the experiments performed in N2, the oxide islands exhibited an
enhanced non-uniformity in the distribution of their dimensions
and some islands had a much larger size than those formed in
air. The formation of larger islands with a smaller meniscus and
hence a smaller wetted area suggests that current density across

the tip/substrate contact dictates the feature size, while the effect
of electrowetting is secondary.

The X-PEEM characterization of the IL-o-SPL oxide film grown
in N2 provided evidence that performing the lithographic process
in an environment with reduced oxygen and water partial pres-
sure reduces the fraction of Fe in a higher oxidation state (Fe3+)
relative to the fraction present in the films formed in air, thus sug-
gesting that the oxidation state can be tuned by controlling the en-
vironment in which the IL-o-SPL process is carried out. Figure 6b
compares the Fe 2p XANES spectrum obtained from X-PEEM
measurements performed on an IL-o-SPL oxide film synthesized
in N2 with the spectrum acquired on a film grown under the same
conditions, but in air, as well as the one on IL-NO. The spectrum
of the oxide layer formed in N2 shows almost equal intensities of
the t2g and eg peaks, which is similar to the ratio computed in the
L3 band of the IL-NO spectrum. The fitting results in Figure 6c
indicate that the corresponding fraction of iron in oxidation state
+3 (Fe3+/ ∑Fe) is 0.48, which is close to the one in the IL-NO
area and much lower than the one of an IL-o-SPL oxide film syn-
thesized in air (Figure 6d). While the oxygen and water partial
pressure decrease simultaneously in an N2 environment, their
relative impacts on the oxidation of iron in the IL-o-SPL process
must be considered. Previous studies on the surface oxidation of
iron and iron-based alloys have shown that for both thermally-
or electrochemically-grown oxides, the Fe3+/ ∑Fe ratio increases
with the O2 partial pressure.[85–88 ] On the other hand, the pres-
ence of water has been shown to influence the rate of oxidation
and corrosion in iron or iron-containing alloys, but a reduction
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Figure 7. a) Single island formed by IL-o-SPL at −3 V on [P6,6,6,14][DEHP]-functionalized steel surface in an ambient environment. The scan size was set
at 50 × 50 nm2 with 256 × 256 pixels. The scan speed was 0.5 µm s−1. Inset: line profile of height from the blue dashed line over a single island in the
topographic image. b) Nanopatterned logo of the Texas Longhorns athletic team on [P6,6,6,14][DEHP]-functionalized steel surface with a tip bias of −4 V
and a scan speed of 50 nm s−1.

in water partial pressure has not been linked to any significant
change in Fe3+/∑Fe ratio in the oxidized surface layers.[89–91 ]

Thus, the difference in Fe oxidation state detected by X-PEEM
in the patterned oxide layers generated in atmosphere-control
IL-o-SPL experiments is predominantly induced by variations in
oxygen partial pressure. This finding sheds new light on the pro-
cesses occurring during o-SPL on functionalized surfaces. Typ-
ically, metal oxidation by o-SPL without surface functionaliza-
tion was described by the half-cell Reaction I (see Introduction),
where only water is involved. The fact that Fe3+/∑Fe varies with
O2 partial pressure indicates the involvement of gaseous oxy-
gen during iron oxidation in IL-o-SPL. In particular, oxygen (O2)
molecules in the environment can result in additional cathodic
and anodic reactions, namely O2 + 4H+ + 4e− → 2H2O at the
cathode and 4Fe2+ + O2 + 4H2O → 2Fe2O3 + 8H+ at the an-
ode. The latter accounts for the increased concentration of iron
in oxidation state +3 at a high O2 partial pressure, as detected by
X-PEEM.

LEEM measurements were performed to evaluate the depen-
dence of the surface polarization of the IL-o-SPL iron oxide layers
on the environment in which the lithographic process was per-
formed. Figure 6e displays the LEEM I–V curves of oxide films
synthesized in different atmospheric environments as well as in
the IL-NO area. While a shift of ≈100 mV in MEM-LEEM transi-
tion point was detected between the I–V curves acquired on IL-
NO and IL-o-SPL oxide films, the lack of any energy difference
between the inflection points in the I–V curves obtained on the
IL-o-SPL oxide films formed in air and N2 indicates that these
layers have similar surface potentials and that the surface polar-
ization of IL-o-SPL films is independent of the oxide chemistry
(Fe3+/Fe2+ ratio) and surface morphology (e.g., roughness and
island size).

Overall, the outcomes of the experiments performed under dif-
ferent environmental conditions indicate that the water menis-
cus at the AFM tip/substrate contact provides the electrolytic
nano-cell for the anodic oxidation to occur in a small area of
the steel surface. The dimensions of the oxide islands are influ-
enced by the size of the water meniscus, which strongly affects
the current density across the tip/substrate contact. Notably, the
localization of the electric field lines in the small water menis-
cus created at low RH can lead to the formation of highly non-
uniform patterns (Figure 6a). Finally, the characterization of the

chemistry of the patterned areas revealed that the presence of oxy-
gen molecules significantly influences the distribution of the ox-
idation state of iron. This result paves the way for performing
IL-o-SPL under strictly controlled environmental conditions (not
achievable with the experimental apparatus used in this study)
for accurately tailoring the valence state of relevant elements in
patterned layers.

2.5. IL-o-SPL for Nanolithography

To demonstrate the ability of IL-o-SPL to create complex nanos-
tructures with good spatial resolution, two patterning experi-
ments were performed on [P6,6,6,14][DEHP]-functionalized steel
surfaces. In the first experiment, a single island was produced at
a tip bias of −3 V (Figure 7a). The island has a width of ≈53 nm,
which confirms the possibility of creating sub-100 nm features
by IL-o-SPL.

In the second experiment, a complex nanoscale pattern was
created (Figure 7b). Notably, the IL-o-SPL pattern of the logo
of Texas Longhorns was generated in a single scan. This re-
sult highlights the facile patterning of oxide surface features ap-
proaching sub-100-nm dimension. However, further studies are
necessary to optimize the processing parameters and precisely
control feature size and shape. In fact, while the present work
provided evidence that the probe voltage and the environmen-
tal RH affect the dimensions of the patterned features, exten-
sive research is required to develop the knowledge necessary
for a) tailoring the transport properties of IL adlayers by tun-
ing the IL chemistry and structure, and b) varying the substrate
nanoscale roughness with the aim of achieving high-resolution
patterning.

3. Conclusions

In summary, we presented IL-o-SPL as a novel technique for pat-
terning micro- to nano-scale oxide features on solid surfaces. The
distinct IL-substrate interaction enables local oxidation at an ap-
plied bias voltage as low as −2 V with a simple surface function-
alization procedure. Surface analyses reveal that the morphology,
chemistry (e.g., fraction of iron in Fe3+ oxidation state), and sur-
face polarization of the IL-o-SPL oxide film can be effectively con-
trolled by tuning experimental conditions including the tip bias
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voltage and atmospheric oxygen percentage. In general, IL-o-SPL
brings forth several advantages compared to other lithographic
techniques. For example, the method can be implemented in
any standard AFMs as it operates in normal contact mode. In
addition, IL-o-SPL can not only be widely accessible for single-
probe patterning on a variety of systems but also be extended to
large-scale parallelization with the use of an array of AFM probes.
Moreover, the short patterning time of IL-o-SPL decreases the
probability of thermal or electronic drift in an AFM, thus result-
ing in good patterning accuracy. Among AFM-based lithographic
approaches in particular, IL-o-SPL allows for highly efficient and
precise patterning without the need for additional accessories
(e.g., special liquid cells or sample holders) thanks to the read-
ily formed IL EDL structure on most functional surfaces. The low
applied stress used in this study can largely reduce AFM tip wear,
thus increasing patterning fidelity at a high lateral resolution. Fi-
nally, the possibility of employing AFM tips with different radii
of curvature and substrates with different surface chemistry pro-
vides the IL-o-SPL technique with further patterning tunability
(including potentially achieving an even higher lateral resolution
than the one reported here) as these parameters affect the electric
field enhancement and the formation of the water meniscus. Fu-
ture investigations are required to shed light on the effects of the
AFM tip radius, surface roughness, and IL charge transport prop-
erty on the IL-o-SPL process. Overall, the capability of IL-o-SPL to
create micro- to nano-scale domains with well-controlled proper-
ties could open meaningful pathways to the development of new-
generation integrated devices, such as those based on the tunable
local physical properties of multiferroic and magnetoelectric ma-
terials.

4. Experimental Section
Sample Functionalization by [P6 ,6 ,6,14][DEHP]: [P6,6,6,14][DEHP] IL was

synthesized using the method detailed.[80 ] The specimens used for AFM
lithography were ASTM 52100-bearing steel (McMaster-Carr, USA). These
specimens were mechanically polished (typical RMS roughness measured
from a 5 × 5 µm2 area: 2.1 ± 0.4 nm) and stored in a desiccator for 3 days
prior to the experiment. In order to functionalize the 52100 steel substrate,
0.1 mL of [P6,6,6,14][DEHP] IL was dropcast on the polished and air-oxidized
steel surface and the sample covered by IL was placed in an ambient envi-
ronment for 2 h. The specimen was then rinsed with methanol to get rid of
the excessive IL and dried by N2, after which the [P6,6,6,14][DEHP] formed
a SAM on the steel surface ready for AFM treatments.

IL-o-SPL: Nanoscale patterning on the functionalized surface was
carried out using an MFP-3D Origin+ AFM (Oxford Instruments Asy-
lum Research, Santa Barbara, CA, USA). To ensure the oxidation of sur-
face materials in contact with a negatively-biased AFM probe, all func-
tionalized steel substrates were grounded during the patterning process.
Boron-doped diamond-coated conductive AFM probes (NW-CDT-FMR,
NanoWorld, Switzerland) were used for the direct-write patterning proce-
dure. In a typical patterning procedure, the AFM probe was scanned on the
substrate in contact mode with a normal load of 15 nN (the average nor-
mal spring constant of the cantilevers was 6.2 N m−1 according to Sader’s
calibration method[92 ]). A negative bias (−2 V to −5 V) was applied via
the conductive AFM probe during contact-mode scanning to initiate the
surface oxidation. For humidity control, the AFM scanning was performed
in both ambient air (≈50% RH) and N2 (≈16% RH). The patterning was
performed over a 2 × 2 µm2 area with a biased probe in one frame, with
a scan speed of 11 µm s−1 and 256 × 256 pixels, while for visualizing the
patterned area, a 5 × 5 µm2 area with the patterned site at the center was
captured in tapping mode without any applied bias on the probe. The scan

speed remained the same for patterning oxide squares of other sizes. The
mapping of surface electrostatic potential was obtained by KPFM. To con-
duct KPFM, the AFM was operated in tapping mode while scanning, us-
ing a Pt-coated probe (NSC 15/Pt, µmasch, Bulgaria). The nominal spring
constant and resonance frequency of the cantilever were 40 N m−1 and
325 kHz, respectively.

TEM Imaging: The extraction of a lamella from the patterned area for
TEM observation was carried out using a Scios 2 DualBeam focused ion
beam (FIB)/SEM system (ThermoFisher Scientific, MA, USA) with a Ga
ion source. A JEOL 2010F TEM (JEOL, Japan) was used for observing the
extracted cross-section and electron diffraction pattern. SEM images were
taken using an FEI Quanta 650 ESEM (FEI Company, OR, USA).

X-PEEM and LEEM: X-PEEM and LEEM measurements were per-
formed at the X-PEEM/LEEM endstation of the Electron Spectro-
Microscopy (ESM) beamline (21-ID) at the National Synchrotron Light
Source II (NSLS-II) located at Brookhaven National Laboratory. Both X-
PEEM and LEEM measurements were performed under base pressure of
< 3 × 10−10 Torr at room temperature. For X-PEEM, the incident X-ray
was linearly polarized, with the photon energy over the span of 701.8 eV
– 729.0 eV for Fe 2p (0.2 eV step size). The acquired XANES spectra were
then processed by Athena for pre-edge baseline subtraction and post-edge
normalization so that chemical variations between spectra can be identi-
fied. The FeO and 𝛼-Fe2O3 reference spectra used for fitting were previ-
ously reported.[74,75 ] The two reference spectra were processed the same
way as the measured XANES spectra before being scaled to the same in-
tegrated intensity, a normalization procedure reported to be less sensitive
to the spectral shape.[74 ] In LEEM measurements, the start voltage was
varied in the range of 0 V – 10 V to cover the LEEM-MEM transition with
a step size of 0.1 V.

ToF-SIMS: ToF-SIMS measurements were conducted using a
TOF.SIMS 5 (ION-TOF GmbH, 2010) instrument equipped with a pulsed
(20 ns) Bi+ analysis gun (30 keV ion energy, ≈3 pA measured sample
current) and a Cs+ sputtering gun (0.5 keV ion energy, ≈40 nA measured
sample current). The analysis ion gun was set in burst alignment (BA)
mode for both high-resolution mapping and depth profiling. For chemical
mapping and depth profiling over several IL-o-SPL patterned sites, a
Bi1+ source was used as the ion beam scanned over a 45 × 45 µm2

area, while for mapping and depth profiling over individual IL-o-SPL
films, a polyatomic Bi3+ source was used to scan over a 15 × 15 µm2

area enclosing the patterned site. These acquisitions were all carried
out in noninterlaced mode (i.e., sequential sputtering and analysis),
with Cs+ sputtering to obtain the depth profiles in negative polarity. The
mass resolution of the detected secondary ions was ≈6000 (m dm−1).
All measurements were performed under ultra-high vacuum conditions
(≈1.5 × 10−9 Torr).
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the author.
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Polym. Sci. 2022, 139, 52286.

[68] P. Pedeferri, Corrosion Science and Engineering (Eds.: L. Lazzari, M.
Pedeferri), Springer, Cham, 2018.

[69] P. A. van Aken, S. Lauterbach, Phys. Chem. Miner. 2003, 30, 469.
[70] W. C. Wang, S. Y. Chen, P. A. Glans, J. Guo, R. J. Chen, K. W. Fong, C.

L. Chen, A. Gloter, C. L. Chang, T. S. Chan, J. M. Chen, J. F. Lee, C. L.
Dong, Phys. Chem. Chem. Phys. 2013, 15, 14701.

[71] Sarveena, J. M. Vargas, D. K. Shukla, C. T. Meneses, P. Mendoza
Zélis, M. Singh, S. K. Sharma, Phys. Chem. Chem. Phys. 2016, 18,
9561.

[72] W. S. Chang, C.-S. Tu, P.-Y. Chen, C.-S. Chen, C.-Y. Lin, K.-C. Feng, Y.
L. Hsieh, Y. H. Huang, J. Alloys Compd. 2017, 710, 670.

[73] P. S. Miedema, F. M. F. de Groot, J. Electron Spectros. Relat. Phenom.
2013, 187, 32.

[74] T. J. Regan, H. Ohldag, C. Stamm, F. Nolting, J. Lüning, J. Stöhr, R. L.
White, Phys. Rev. B 2001, 64, 214422.

[75] S. W. Han, J. S. Kang, S. S. Lee, G. Kim, S. J. Kim, C. S. Kim, J. Y. Kim,
H. J. Shin, K. H. Kim, J. I. Jeong, B. G. Park, J. H. Park, B. I. Min, J.
Phys. Conden. Matter 2006, 18, 7413.

[76] B. P. von der Heyden, A. N. Roychoudhury, T. Tyliszczak, S. C. B.
Myneni, Am. Mineral. 2017, 102, 674.

[77] S.-Y. Chen, A. Gloter, A. Zobelli, L. Wang, C.-H. Chen, C. Colliex, Phys.
Rev. B 2009, 79, 104103.

[78] N. Barrett, J. E. Rault, J. L. Wang, C. Mathieu, A. Locatelli, T. O.
Mentes, M. A. Niño, S. Fusil, M. Bibes, A. Barthélémy, D. Sando, W.
Ren, S. Prosandeev, L. Bellaiche, B. Vilquin, A. Petraru, I. P. Krug, C.
M. Schneider, J. Appl. Phys. 2013, 113, 187217.

[79] G. F. Nataf, P. Grysan, M. Guennou, J. Kreisel, D. Martinotti, C. L.
Rountree, C. Mathieu, N. Barrett, Sci. Rep. 2016, 6, 33098.

[80] Z. Li, A. Dolocan, O. Morales-Collazo, J. T. Sadowski, H. Celio, R.
Chrostowski, J. F. Brennecke, F. Mangolini, Adv. Mater. Interfaces
2020, 7, 2000426.

[81] M. J. Brukman, G. Oncins, T. D. Dunbar, L. D. Boardman, R. W.
Carpick, Langmuir 2006, 22, 3988.

[82] P. Thissen, M. Valtiner, G. Grundmeier, Langmuir 2010, 26, 156.
[83] Z. Li, O. Morales-Collazo, R. Chrostowski, J. F. Brennecke, F.

Mangolini, RSC Adv. 2022, 12, 413.
[84] F. Gatti, T. Amann, A. Kailer, N. Baltes, J. Rühe, P. Gumbsch, Sci. Rep.

2020, 10, 17634.
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