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Abstract: Recent progress on atomic force microscopy (AFM) lithography on
perovskite oxides, including doped SrTiO; single crystalline substrates and
artificial perovskite manganite films, are reviewed systematically. SrTiOs
is the commercial substrate extensively used for epitaxially growing perovskite
oxide films and also a popular film material for fabricating functionalised
devices. Perovskite manganite films are very promising candidate materials for
spintronic devices and magnetic sensors. By combining AFM lithography and
other techniques, such as film deposition, photo lithography, and wet etching
etc., multifunctional nanodevices/nanostructures composed of perovskite
oxides can be created.
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1 Introduction
In the past two decades, nanoscience and nanotechnology have been the worldwide

hottest research fields [1,2]. Currently, more and more researchers are just attempting to
generate and understand the functionalities of nanostructured materials and surfaces

Copyright © 2009 Inderscience Enterprises Ltd.
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based on well-controllable growth of nanomaterials and also so-called top-down
lithography techniques, such as photo lithography, e-beam lithography, ion beam
lithography, nano imprint, dip-pen, and scanning probe lithography etc. In the progress of
constructing and understanding nanostructured materials and surfaces, scanning probe
microscope (SPM) has played and also is playing very significant roles. Since Binnig and
Rohrer invented scanning tunnelling microscope (STM) in 1981 [3], SPM families
including atomic force microscope (AFM), magnetic force microscope (MFM),
electrostatic force microscope (EFM) etc., have been used as powerful ‘eyes’ to reveal
the microscopic world, and also used as ‘hands’ to control and manipulate the
microscopic world. For example, by means of SPM, four processes can be used
to construct nanostructures or fabricate nanostructured surfaces. As shown in Figure 1(a)
atomic/molecule/cluster/particle manipulation [4-6]: electrostatic, chemical, or
mechanical forces between the tip and samples allow a selective removal of individual
atomic/molecule/cluster/particle from the surface and subsequent redeposition elsewhere
with an atomic-level precision, which makes an SPM tip capable to manufacture
nanostructures by direct manipulation of nanoparticles, clusters, molecules, or even
single atoms; Figure 1(b) mechanical and thermomechanical patterning: an SPM probe
tip can be used as a mechanical tool to create pits, lines, or craters in a soft resist layer.
The resist patterns can then be transferred into the substrate through a direct etching or a
lift-off process [7-9]; Figure 1(c) local electron exposure: the concentrated high electric
field under a biased probe tip enables the field emission of electron from the tip.
If a sample is coated with a thin resist, the emitted electrons can traverse the resist.
The resist pattern can then be transferred into substrate by using a selective chemical
etching or dry etching; and Figure 1(d) local oxidation (anodic oxidation) or chemical
reaction: A voltage bias between a sharp tip and a sample generates an intense electric
field in the vicinity of the tip. The intense electric field can ionise water molecules in the
air or absorbed on the surface, and create negatively charged oxygen ions. These oxygen
ions can react with the sample (usually for metal or semiconductor samples) to form an
oxide film.

Figure 1 Four SPM-based processes available for nanolithography, (a) atomic/molecule/
cluster/particle manipulation; (b) mechanical and thermomechanical patterning;
(c) local electron exposure; and (d) local oxidation (anodic oxidation) or local chemical
reaction (see online version for colours)
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In 1990, Dagata et al. [10] oxidised hydrogen-passivated silicon surfaces using STM.
The oxide feature can be used as an etching mask or an insulating barrier.
Since then, this method based on the local oxidation or chemical reaction was named
SPM lithography (sometimes anodic oxidation as well), which became a highly
promising method for nanolithography and fabricating nanodevices. There are five
advantages of SPM lithography.

1 Maskless lithography: No mask is needed for SPM lithography which makes this
method especially suitable for self-assembled materials. As for the other lithography
methods, a pre-designed mask is required. However, one is usually not able to
control the growth of a self-assembled sample according to the pre-designed mask.
By means of SPM lithography, we can perform nanolithography anywhere we want.

2 Multi-functional: As aforementioned, not only local oxidation or chemical reaction
can be used, but also Figure 1(a) atomic/molecule/cluster/particle manipulation,
Figure 1(b) mechanical and thermomechanical patterning, Figure 1(c) local electron
exposure can be utilised to construct nanostructures in the same time based on the
SPM tip.

3 High resolution: The best resolution of SPM lithography reported
was about 10 nm [11].

4 Detectable in real-time and in situ: The topography of written patterns can be
observed in situ after SPM lithography.

5  Chemical reactions driven by SPM tips, one can create new matters (oxides) on
sample surfaces anywhere desired without any thermal process.

SPM lithography has been used for metals such as Ti [12], Cr [13], Nb [14],
Al etc. [15-17], some semiconductors, including single crystalline and amorphous
silicon [18-27]. Notably, SPM lithography has been gradually used in perovskite oxides,
such as high-T¢ superconductors [28-35], doped SrTiO; [36-38], perovskite manganites
[39—43]. The mechanism of SPM lithography in oxides is more complicated, and can not
be simply attributed to an electrochemical oxidation induced by intense electric field
or current between the sample surface and the SPM tip as occurs on metal and
semiconductor surfaces. Though the underlying physical process and mechanism of SPM
lithography on oxides remain unclear, SPM lithography has become a very powerful
tool for fabricating multifunctional nanostructures or devices and investigating the related
mesoscopic physics especially in the strongly related electronic systems. As is well
known, perovskite oxides have been dubbed an ‘inorganic chameleon’ and been
considered as excellent candidate materials for fabricating multifunctional nanodevices
due to their rich physical properties such as ferroelectricity, ferromagnetism (colossal
magnetoresistive manganites), superconductivity, and semiconductivity. Undoubtedly,
employing SPM lithography in perovskite oxides is very important especially for the
realm of nanodevices.
In this review, we will focus on the progress on AFM lithography in

a  perovskite oxides, including on SrTiOj; single crystalline substrates which are the
most widely used substrates for epitaxially growing perovskite oxide films

b  perovskite manganite films which are promising candidate materials for sensor and
spintronic devices.
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2 Creation and control of AFM lithography patterns

2.1 AFM lithography on SrTiOj; single crystalline substrates

SrTiO; is one type of very important insulating material for fabricating devices and
also a popular single crystalline substrate widely used for epitaxially growing perovskite
oxide films. In order to fabricate nanostructures with perovskite oxides, one approach
is to prepare nanostructured substrates, then grow oxide films or nano-clusters/
nano-particles on the pre-patterned substrates. Therefore, the fabrication of
nanostructured SrTiO; single crystalline substrates is very important for fabricating
multifunctional nanodevices based on perovskite oxides.

AFM lithography can not be performed directly on SrTiO; single crystalline
substrates because a voltage bias between the sample surface and the AFM tip is not
able to be easily applied due to the high resistivity of SrTiO;. However, in the doped
SrTiO; single crystals or films, for example, in Nb-doped SrTiO; (doping Nb at Ti-sites)
single crystalline substrates or SrTiO; 5 (oxygen vacancy doped) films, AFM lithography
has been realised successfully. It is known that for AFM lithography processes in metals
and semiconductors, a positive sample bias is necessary, and no pattern can be obtained
under a negative sample bias. Similarly, for the doped SrTiO; substrates, nanopatterns
can be written well by AFM lithography under a positive sample bias, but not under a
negative sample bias.

Figure 2(a) shows, as an example, a topology of patterned Nb-SrTiO; (001)
[Sr(Tip99Nbg;)O;] surface. AFM (JEOL JSPM-4200) mounted with Pt-coated tip
was used to perform AFM lithography on Nb-SrTiO; single crystalline substrates.
A 5x5x0.5mm’ Nb-SrTiO; substrate was fixed on a copper sample stage by a
conductive paste. The AFM tip was grounded. The AFM lithography was performed
by tapping mode. After the AFM lithography, topologies were observed by AFM in situ
with a tapping mode. The height of the patterns on Nb-SrTiO;(001) surface decreases
with decreasing sample bias. Patterns with a width below 100 nm have been obtained.
Under a negative sample bias, no patterns were obtained up to —10V. As shown in
Figure 2(b), under the positive sample bias, there exists a threshold voltage (~2V),
below which no patterns appear. When the sample bias is higher than +5V, the height
tends to saturate. The saturation heights are dependent on the surface index, the patterns
on (111) surface are higher than those on (001) surface fabricated under a same
sample bias. In addition, the sizes of AFM lithography patterns are very sensitive to the
external environment, such as humidity etc.

Figure 2 (a) AFM lithography patterns on single crystalline Nb-SrTiO; (001) substrate,
the patterns were written under a sample bias of 5, 4, 3, 2V, respectively,
as marked in the image and (b) sample bias dependence of the line height
on Nb-SrTiO; (001) and (111) substrates (see online version for colours)
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2.2 AFM lithography on perovskite manganite films

Perovskite manganites have attracted increasing interest over the last several years
due to their fascinating physical properties, such as colossal magnetoresistance effects,
metal-insulator transition, electron phase separation [44—51] and ~100% spin polarisation
[52] etc. For example, lightly doped La, \Ba,MnO; films exhibit room-temperature
ferromagnetism even in an ultrathin film of 50A. As a result, lightly doped
La, \Ba,MnO; film is considered as one of promising candidate materials for the
realisation of room-temperature spintronic devices [53]. Undoubtedly, employing AFM
lithography in perovskite manganite films is considerably important for both fabricating
single nanosized spintronic devices and investigating the relevant mesoscopic physics
in the strongly related electron systems.

We have investigated AFM lithography in perovskite manganite LaggBag,MnO;
(LBMO) thin films with the aim to extend AFM lithography into perovskite manganites.
It was found that controllable nano-sized patterns could be obtained with an excellent
reproducibility under a negative sample bias rather than a positive one. This is completely
different from doped SrTiO;, where AFM lithography can be performed only under a
positive sample bias, though SrTiO; and manganites are of a similar perovskite structure.
The size of AFM lithography patterns could be well controlled by both the sample bias
and the selection of tips.

LBMO films with a thickness 100 A were deposited on SrTiO; (100) single crystal
substrates by laser molecular beam epitaxy in an O, atmosphere with a pressure of 0.1 Pa.
The substrate temperature was 730°C. The deposition rate was about 6.3 A/min. All the
fabricated films were annealed in sifu with the growth conditions for 20 min and post
annealed in 1 atm oxygen at 850°C for 10 h in order to avoid any oxygen deficiency.
The film structure was confirmed by X-ray diffraction. All deposited films indicated
atomically flat surfaces. Before AFM lithography, LBMO films were patterned into
10 um-wide patterns by optical lithography and Ar-ion beam milling. AFM (JEOL
JSPM-4200 and DI nanoman) mounted by conductive tips (Si cantilever coated by Pt,
Cr-Co alloy, or W,C) was used to perform AFM lithography with a contact mode in air.
During AFM lithography, the tip scanning speed was 500 nm/s with the feedback on.
After the AFM lithography and sequent wet etching, topologies were observed with
tapping or contact modes.

At first, we performed AFM lithography on atomically flat LBMO surfaces under
a positive sample bias as performed on doped SrTiO; substrates. Under completely
same conditions, different surface structures appeared after AFM lithography processes,
nano-gaps, trenches, mounds and grooves, and nanoparticles appeared alternately
on LBMO films, as shown in Figure 3. Usually, the patterns were sub-micron-sized
and lack of controllability and repeatability. It seemed very difficult to control the
size and shape of the pattern though various positive sample biases were tried under
various conditions.

However, when a negative sample bias was applied, nano-patterns were obtained with
an excellent controllability and reproducibility. As a representative, Figure 4(a) shows the
topography of a LBMO film patterned with a Pt-coated tip under various negative sample
biases. The size of AFM lithography patterns could be well controlled by the sample bias
and the selection of tips. Above a threshold voltage, the height of the pattern increased
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with increasing sample bias linearly at first, then saturated at ~8, ~5, and ~4 nm for the
tip coated by Pt, Cr-Co, and W,C, respectively [as shown in Figure 4(c)]. The threshold
voltage and saturation height were dependent on the type of the tip. The threshold voltage
was about —4V for W,C-coated tip, and about —3V for Pt-coated tip. The width of AFM
lithography patterns also increased linearly with sample bias, and no saturation was
observed up to a sample bias of —12V. Comparing Figure 4(c) and (d), one can find when
the sample bias was above a saturation value, the increase of sample bias only made
AFM lithography patterns increasing in width, but not in height. Compared to the sample
bias and the selection of tips, reference voltage (which determines the distance or force
between tip and sample surface) and tip scanning speed during AFM lithography
were not important parameters for controlling the pattern height and width. The small line
width and the interval in between two written lines of less than 50 nm by W,C or Pt tip
have been obtained.

Figure 3 Topography of LaggBay,MnOj; films after AFM lithography under a positive sample
bias of +8V. AFM lithography was uncontrollable under the positive sample biases
(see online version for colours)
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Figure 4 Topology of La;gBa;>,MnOj; thin film patterned by AFM lithography with a Pt-coated
tip under various negative sample biases (a); cross section (b); tip bias dependence
of the height (c) and width (d) of AFM lithography patterns; tip bias is reversed
to sample bias. Copyright 2005, IOP (see online version for colours)
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The sizes of AFM lithography patterns on LBMO films are dependent on the film quality.
The height and width of patterns are larger on as-grown films than on annealed films
in oxygen atmosphere. Moreover, when the film is very thin, the height of the AFM
lithography pattern can be saturated even under a small sample bias.

3 Control of physical properties within nanoscale

By means of AFM lithography, we can fabricate nanopatterns, but also can manipulate
the physical properties, such as mechanical, magnetic, electrical and even other physical
properties within nanosized region anywhere desired.

Figure 5(a) and (b) show the AFM and FFM (friction force microscope) images
of non-patterned LBMO surfaces. Terraced surfaces with the step height of one unit cell
size (~0.4 nm) can be seen in Figure 5(a) and no obvious differences in FFM image.
As shown in Figure 5(c), five lines were written, by contact mode, on LBMO film surface
with a W,C-coated tip under a sample bias of —8V. It can be clearly observed in
Figure 5(d) that these AFM lithography patterns under a negative sample bias were
of smaller friction forces compared to the non-patterned region. Because the normal
loading force was kept constant during the whole observing process, one can conclude
that the friction coefficient of the patterned region was smaller than that of non-patterned
regions. In other words, by AFM lithography, we can make some region more lubricous
even within tens nanometers.

Figure 5 AFM [(a) and (c)] and FFM [(b) and (d)] images of non-patterned LaygBag,MnO; film
surfaces [(a) and (b)] and patterned with W,C-coated tip under a sample bias of -8V
[(c) and (d)]. Copyright 2005, IOP (see online version for colours)

Figure 6(a) shows a planar double-gate field-effect transistor (FET) structure fabricated
under a sample bias of —12V. The current-voltage (I-V) characteristics between electrode
Source (S) and Drain (D), and between electrode S and Gate (G) were measured in the
voltage range from —1 to +1V, respectively. As shown in Figure 6(b), under a voltage
of 1V, the current was 1.7 x 10 A between electrode S and D, and 5.5 x 10° A
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between electrode S and G, respectively. It is suggested that the patterned region was
transformed into an insulating barrier, and the resistivity of the patterned region was
2 orders of magnitude higher than that of the non-patterned region.

Figure 6 (a) AFM image of an FET-like structure fabricated by AFM lithography under a sample
bias of —12V on Laj gBa, ,MnO; films patterned by optical lithography and ion beam
shower and (b) I-V curves measured between S-D and S-G, the inset of Figure 6(b)
is the amplified figure for S-G measurement (see online version for colours)
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In addition, the ferromagnetism has been changed into paramagnetism within tens
nanometre scale by AFM lithography in Fe;O,4 thin films at room temperature [54].
It is also expected that the magnetism of the patterned region would also be modified
by AFM lithography on the LBMO films as well based on the analogy of AFM
lithography in Fe;O, thin film.

4 High etching selection of the AFM lithography patterns

Though the nanolines fabricated by AFM lithography on LBMO films are more
insulating compared to the non-patterned region, the resistivity of the patterned lines
is still not high enough for fabricating FET structures. As shown in the inset of
Figure 6(b), the leakage current is too big for an FET. Fortunately, the size-controllable
patterns obtained under negative sample biases can be easily removed with a very high
etching selectivity by a few seconds dip in diluted HCI solution, and be transformed into
nano-sized grooves or vacuum gaps. As shown in Figure 7(a), two lines were written
with Pt-coated tip under a sample bias of —10V and -8V, respectively, on LBMO film.
The patterned sample was dipped in 10% HCI for 15s. AFM lithography patterns
were transferred into grooves [Figure 7(c)] with very sharp edges. The depth and width
of such grooves were proportional to the height and width of the pre-existing lines
[see Figure 7(b) and (d)]. In other words, the width and depth of grooves can be well
controlled by the negative sample bias during AFM lithography. When the thickness
of LBMO films is less then 20 nm, the etched nano-groove can penetrate the LBMO film
and form a nanosized vacuum gap. Hirooka et al. [43] has achieved a LBMO nano-bridge
with a width of less than 30 nm in between two vacuum gaps by combining AFM
lithography and subsequent wet etching.
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Figure 7 Topologies of patterned LaygBag,MnO; surface before (a) and after (c) wet etching.
(b) and (d) show the cross sections of (a) and (c). Copyright 2004, AIP (see online
version for colours)
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The resistance, as a function of temperature, of a LBMO channel with a 200 nm
width [see Figure 8(b)] was measured by means of physical property measurement
system (PPMS) under various magnetic fields. As shown in Figure 8(c) and (d),
a metal-insulator transition appeared at ~320 K and a magnetoresistance peak appeared
at ~300 K, which was basically consistent with that of non-patterned LBMO films [53].
In the low temperature range, a positive magnetoresistance appeared, which could be
related to the domain wall effects of the sub-micro-sized channel. Therefore, except
for the effects caused by the reduction of the channel size, AFM lithography and
sequent wet etching did not destroy the physical properties of LBMO thin films,
such as room-temperature ferromagnetism, metal-insulator transition, and colossal
magnetoresistive effects. This point is very important for fabrication of nanodevices
by combining AFM lithography and etching techniques.

Figure 8 Topologies of patterned Lay gBa;,MnO; surface (with Pt-coated tip under a sample
bias of —10V) before (a) and after (b) wet etching. (c) and (d) show the resistance
and magnetoresistance of the Lag gBa,,MnO; channel as a function of the temperature
measured under various magnetic fields. The magnetoresistance (MR) was defined
as MR = [R(H)-R(0)]/R(0) x 100%, where R(0) and R(H) are the resistance at absence
and presence of a magnetic field. Copyright 2005, IOP (see online version for colours)
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5 Relaxation behaviours of the AFM lithography patterns

Nanopatterns written by AFM lithography on perovskite oxide surfaces exhibit relaxation
behaviours after patterning. For example, as shown in Figure 9(a), by tapping mode,
three lines were written on the atomically flat Sr(Ti,Nb)O; (100) surface with a Pt-coated
tip under a sample bias of +4V, +6V, and +8V, respectively (from left to right).
The obtained lines by AFM lithography became smaller with time, and almost
disappeared completely after 40 min except for several ‘poles’ remained. After enough
long time (440 min), the entire surface relaxed to an atomically flat surface except
for several ‘poles’ on some special spots [see Figure 9(d)]. Figure 9(¢) and its inset show
the time evolution of line height on Sr(Ti,Nb)O; (100) and (111) surfaces. Though there
is an obvious difference between the initial line heights, the patterns on both Sr(Ti,Nb)O,
(100) and (111) surfaces show basically consistent relaxation behaviours, the line height
decreasing exponentially with time.

Figure 9 (a)—(d): Topography of patterned Sr(Ti,Nb)O; (100) surfaces as a function of time
after patterning; the scanning scale is 5 X 5 um; (e) Time dependence of line height
on Sr(Ti,Nb)O; (100) and (111) surfaces, the inset shows the relationship between
the line height and In(time). Copyright 2004, AIP (see online version for colours)
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As shown in the inset of Figure 10, by contact mode, three lines were written on
Sr(Ti,Nb)O; (100) surface with a W,C-coated tip under a sample bias of +10V.
I-V characteristics for the non-patterned and patterned regions (spot A and O in the inset
of Figure 10) were measured by AFM mounted with W,C-coated tip with a contact
mode in situ. The current flowed through the substrate from up to down. As shown
in Figure 10, the non-patterned region showed an insulative behaviour due to Schottky
potential between the metal tip and the semiconductor sample. The patterned region
is more insulating than the non-patterned one. For example, under a sample bias of +3V,
the resistance of the patterned region (~10'"' Q) is three orders of magnitude larger than
that of the non-patterned region (~10° Q). With elongating the time after patterning,
the diffusion potential voltage, at which point the current started to increase dramatically,
reduced, and the resistance of the patterned region decreases under a same voltage.
Moreover, [-V curves approached gradually to that of the non-patterned region.



AFM lithography and fabrication of multifunctional nanostructures 1077

Consistent to the relaxation behaviours shown in Figure 9(a)—(d), the evolution of I-V
characteristics also indicates the written patterns were not stable, and the height of the
insulating pattern decreased with time.

Figure 10 The evolution of I-V characteristics of the patterned region on Sr(Ti,Nb)Os (100)
surface (the spot O shown in the inset) with time; the orange dotted line shows
the I-V characteristics of the non-patterned region (Spot A shown in the inset).
Copyright 2004, AIP (see online version for colours)
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Similar to the observations in Nb-doped SrTiO; single crystal substrates, a slow
relaxation behaviour of the AFM lithography patterns also appeared in the LBMO films.
After laying the sample patterned by AFM lithography in air for a long time (for example
15 hours), the patterned lines became obscure, and the resistivity became smaller than
measured immediately after AFM lithography [40].

The relaxation behaviour of the written patterns is obviously disadvantageous
for constructing nano-devices by means of AFM lithography. Because the insulating
materials created by AFM lithography can be used directly as a barrier, or be removed
by wet etching to obtain a vacuum gap. The relaxation will limit the lifetime of the
barrier or require a prompt wet etching after AFM lithography (within several minutes),
which is a serious obstacle for applying this technique, especially in use of single crystal
substrates due to the fast relaxation thereof. Fortunately, these remained ‘poles’
(as shown in Figure 9(a)—(d)) suggest the patterns were stable at some special places.
It might be defects that stabilised the patterns. In order to verify this hypothesis,
we bombarded the Sr(Ti,Nb)O; (100) surface by Ar ions with 100V accelerating voltage
to create more surface defects. After that, AFM lithography was performed on the
Ar-bombarded Sr(Ti,Nb)O; surface, and the stability of the created patterns was
investigated. As shown in Figure 11(e)—(g), the patterns on the Ar-bombarded surface
showed relaxation behaviour at first, and then stabilised with a height of several
nanometers. What we should emphasise is, as shown in Figure 11(d), by comparing the
‘poles’ on the non-Ar-bombarded surface, the whole ‘line’ patterns on the Ar-bombarded
surface showed very similar relaxation behaviours, even having an almost same
final height (about 7 nm for that under the sample bias of +6V). Furthermore,
much slower relaxation behaviours of nanopatterns created by AFM lithography were
also observed in SrTiOs; and LBMO films, in which more defects are expected
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compared to the single crystal sample. These results also support that it was surface
defects which depressed the relaxation and stabilised the written patterns.

Figure 11 Topography of patterned (a)—(c) Sr(Ti,Nb)O; (100) surface and (e-g): Sr(Ti,Nb)Os
(100) surface bombarded by Ar ions as a function of time after patterning; the scanning
scale is 5 x 5 um; (d) Time dependence of the heights of ‘line’ patterns
on Ar-bombarded Sr(Ti,Nb)O; (100) surface (blue solid line), comparing with that of
‘line’ patterns (black broken line) and ‘pole’ (red broken line) on non-Ar-bombarded
Sr(Ti,Nb)O; (100) surface. Copyright 2004, AIP (see online version for colours)
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6 Possible mechanisms of AFM lithography in perovskite oxides

In metals and non-oxide semiconductors, the mechanism of AFM lithography has been
supposed as an anodic oxidation induced by the intensive electric field in between
AFM tip and the sample surface. It is proposed that AFM lithography causes an
electrochemical reaction by scanning a biased probe close to the sample surface.
Due to the ambient humidity in air, a water meniscus is formed between the probe
and the sample surface. The intense electric field can ionise the water molecules on the
surface, and create negatively charged oxygen ions. These oxygen ions can react with
the sample (usually for metal or semiconductor samples) to form an oxide film. In order
to assist this type of reaction, electrons should flow from tip to surface. Therefore,
AFM lithography could be conducted only in positive sample biases over the threshold
voltage on metal and Si surfaces.

As for AFM lithography in perovskite oxides, only anodic oxidation is obviously
unable to be completely responsible for the underlying physical process. Compared
to the oxygen-deficient SrTiO;; films, oxygen vacancies are not very serious in
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Sr(Ti,Nb)O; single crystalline substrates. However, AFM lithography can be well
performed on Sr(Ti,Nb)Oj; single crystalline substrates. It seems that oxygen vacancies
are not indispensable for AFM lithography in perovskite oxides. As a result, anodic
oxidation should not the main physical process of AFM lithography in perovskite oxides.
Except for the possible electrochemical oxidation of surface, chemical transport
processes (for example, electromigration or field-induced diffusion [6,55]) might occur
due to the intensive electric field in between the AFM tip and sample surface, which can
explain the large volume expansion and the observed relaxation behaviours of the
patterned region. The considerable relaxation of the patterns can be attributed to
recovering from a poorly dense SrTiO; to initial state via chemical transport within
nanoscale. Defects at surface prevent ion migration so that lines formed by AFM
lithography remain steadily on the Ar-bombarded surface and ‘poles’ remain at the defect
sites on untreated single crystal surfaces, respectively.

The polarisation dependence (positive or negative sample biases) of AFM lithography
seems not to be related to the type of carrier. In p-doped WSe, [56], which is the same
type of carrier (holes as carriers) as LBMO, AFM lithography patterns can be obtained
only under a positive sample bias, however, the surface of WSe, was severely destroyed
under a negative sample bias. Similar to the explanation for the AFM lithography in
WSe,, AFM lithography process under a positive sample bias on LBMO surfaces can be
understood well based on field-induced electrochemical reaction and direct mechanical
tip-sample abrasion. The FFM images indicated that different matters were created under
different sample biases. Under a positive sample bias, field-induced electrochemical
reaction created large patterns which indicated a larger friction force coefficient,
part of the newly created patterns was removed by sequent mechanical abrasion.
Under a negative sample bias, field-induced electrochemical reaction seems to more
ambient. The newly created patterns were of a smaller friction force coefficient
[see Figure (5)]. No significant mechanical abrasion occurred, as a result, controllable
and reproducible patterns were obtained.

Based on the analysis aforementioned, the underlying physical process of the
AFM lithography in perovskite oxides should be very complicated, probably not
only one, but also several physical processes were involved, including electrochemical
reaction, chemical transportation (such as electromigration or field-induced diffusion),
and mechanical abrasion etc. Of course, in order to work out the exact mechanisms,
more efforts are needed.

7 Applications of AFM lithography in perovskite oxides

Though the underlying physical mechanism of AFM lithography in oxide materials
remains unclear so far, AFM lithography has been considered as a very powerful
technique for fabricating nanostructures of functional oxides. Followings are some
typical examples.

Pellegrino et al. [36] applied AFM lithography to semiconducting oxygen deficient
SrTiOs ¢ thin films grown on LaAlO; substrates. In comparison with the as-grown film,
the patterned regions present different electrical and structural properties, which can be
exploited to realise submicrometer circuits. A prototype of a SrTiO; s-based side gate
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FET was fabricated by AFM lithography and subsequent wet etching. The FET showed
a 4% modulation of the channel resistivity with a gate voltage of 40V.

Yanagisawa et al. [42] applied AFM lithography in phase-separated manganite
(La,Pr,Ca)MnO; films and fabricated manganite channel with various width. They
examined the magnetoresistance behaviours of channel structures with different channel
widths. The 500 nm channel showed an extremely sharp transition from a charge ordered
insulator to a ferromagnetic metal at low temperature and some resistivity steps appeared
with increasing magnetic field. Such extremely sharp insulator-metal transition can be
understood based on that the channel width approaches the size of charge ordered cluster
and the melting of one charge-ordered cluster under the applied magnetic field created
a jump in the resistivity.

Kim et al. [57] employed AFM lithography and hydrothermal epitaxy processes
to resolve issues related to aligning ferroelectric micro- and nano-sized cell arrays
through a bottom-up approach. Nb-doped SrTiO; (100) surface was transformed in two
dimensions by applying bias using a conductive AFM tip. The locally transformed areas
were etched out with an acidic solution. It was found that the PbTiO; crystal nucleated
and grew on the artificially aligned grooves preferentially during a hydrothermal epitaxial
process. The self-patterned PbTiO; cell had excellent piezoresponse hysteresis with
ferroelectric properties suitable for the fabrication of micro- and nano-sized ferroelectric
devices.

In general, besides metals, Si, doped SrTiO; films and single crystals, perovskite
manganite films, AFM lithography have been wused in Fe;O, and high-T¢
superconductors. It is expected that the technique should be available for other functional
oxide materials if only the resistance is relatively low that the voltage bias can be applied
in between the sample surface and AFM tips. In other words, more application margin
remains so far.

8 Fabrication of nanostructures by combining AFM lithography
and other etching techniques

Figure 12 shows, as an example, a process for fabricating a planar double-gate FET
structure on LBMO films by combining AFM lithography, optical lithography, wet
etching and so on. First, (a) atomically flat LBMO films were grown on SrTiO; (100)
single crystalline substrates by pulsed laser deposition (PLD) or laser-MBE systems
[53,58]; (b) metal electrodes were deposited on the LBMO film by sputtering with
a metal mask; (c—d) LBMO films were patterned into crossed patterns with a width
of 10 um in the desired region by optical lithography and Ar-ion beam milling. (¢) AFM
lithography performed on the remained LBMO films by means of AFM (JEOL
JSPM-4200 or DI nanoman) mounted by conductive tips; (f) after AFM lithography,
a rapid wet etching by diluted HCI solution to transform AFM lithography patterns
into nanosized vacuum gaps. By means of such a process, some functional nanostructures
could be fabricated simply, however, with a very high resolution.
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Figure 12 AFM lithography procedure for fabricating nanostructures/nanodevices on perovskite
oxides. (a) growth of manganite films by pulsed laser deposition (PLD), (b) deposition
of metal electrodes by sputtering with a mask; (c) and (d) optical lithography and ion
beam shower to remove the surplus manganite films; (¢) AFM lithography on the
remained manganite films and (f) wet etching to transform the AFM lithography
patterns into nanogaps (see online version for colours)

Depositing lon beam STO LBMO
CBMO T electrodes etching ]
: v Anndnn
—> —'s Simkdwi,
dnndun
T H
Photo- ._(c) .
Sputiering Fipel i e

LBMO nano-gap DI nanoman LBMO STO

9 Conclusion and outlook

By means of AFM lithography, nano-patterns with a resolution of tens of nanometres
and an excellent controllability and reproducibility have been realised in multifunctional
perovskite oxides, including the doped SrTiO; single crystalline substrates, which are
widely used for growing perovskite oxide films, and perovskite manganite films,
which are very promising candidate materials for spintronic devices. The fabricated
patterns indicate obvious relaxation behaviours. Introducing defects, for example, Ar-ion
irradiations, was found to be a very effective strategy to make AFM lithography patterns
stable. The physical properties, such as mechanical, electrical, and magnetic properties,
can be modulated well within a nano-sized region by means of AFM lithography.
AFM lithography patterns are of very high etching selectivity, and can be transformed
into nano-sized vacuum gaps simply by a rapid wet etching. Importantly, AFM
lithography and sequent wet etching do not destroy the important physical properties,
such as room-temperature ferromagnetism, colossal magnetoresistive effects, and
metal-insulator transition etc., of the perovskite oxides. It is expected that various
multifunctional nanodevices, such as spin-field effect transistor [59] and the
ferromagnetic single electron transistor, will be fabricated with the multifunctional
perovskite oxides by combining optical lithography, AFM lithography, wet etching etc.

Due to the feature of AFM, currently, AFM lithography is not of a high output.
However, with the development of multi-tip AFM [60,61] and high-speed AFM
[62,63], the low output will be overcome. In addition, AFM lithography is performed
usually in air and is very sensitive to the external environment, such as humidity.
Pellegrino et al. [38] improved AFM lithography by controlling electrical current
between the sample surfaces and the AFM tip instead of controlling the sample bias and
realised AFM lithography that is much less sensitive to the external environment.
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