Research Repository UCD

Title

Investigation of AFM-based machining of ferroelectric thin films at the nanoscale

Authors(s)

Zhang, Fengyuan, Edwards, David, Deng, Xiong, Kilpatrick, J. |., Rodriguez, Brian J., et al.

Publication date

2020-01-17

Publication information

Zhang, Fengyuan, David Edwards, Xiong Deng, J. I. Kilpatrick, Brian J. Rodriguez, and et al.
“Investigation of AFM-Based Machining of Ferroelectric Thin Films at the Nanoscale.” American
Intitute of Physics, January 17, 2020. https://doi.org/10.1063/1.5133018.

Publisher

American Institute of Physics

Item record/more
information

http://hdl.handle.net/10197/11992

Publisher's statement

This article may be downloaded for personal use only. Any other use requires prior permission of
the author and AIP Publishing. This article appeared in Zhang, F., Edwards, D., Deng, X., Wang,
Y., Kilpatrick, J.I., Bassiri-Gharb, n. Kumar, A. Chen, D., Gao, X. and Rodriguez, B.J.
Investigation of AFM-based machining of ferroelectric thin films at the nanoscale. Journal of
Applied Physics 127 (3), Article Number: 034103, and may be found at
https://doi.org/10.1063/1.5133018.

Publisher's version (DOI)

10.1063/1.5133018

Downloaded 2026-05-01 23:37:22

The UCD community has made this article openly available. Please share how this access

benefits you. Your story matters! (@ucd_oa)

© Some rights reserved. For more information



https://twitter.com/intent/tweet?via=ucd_oa&text=Investigation+of+AFM-based+machining+...&url=http%3A%2F%2Fhdl.handle.net%2F10197%2F11992

Journal of
Applied Physics

ARTICLE scitation.org/journalljap

Investigation of AFM-based machining of
ferroelectric thin films at the nanoscale

Cite as: J. Appl. Phys. 127, 034103 (2020); doi: 10.1063/1.5133018
Submitted: 22 October 2019 - Accepted: 17 December 2019 -

Published Online: 17 January 2020

©

Export Citation

®

View Online CrossMark

Fengyuan Zhang,'*?’ {2 David Edwards,'**’
Nazanin Bassiri-Gharb,*” (©/ Amit Kumar,®

Xiong Deng,’ Yadong Wang,® Jason I. Kilpatrick,'?
Deyang Chen,*

1.2,b)

Xingsen Gao,” () and Brian J. Rodriguez

AFFILIATIONS

'School of Physics, University College Dublin, Belfield, Dublin D04 VIWS, Ireland
2Conway Institute of Biomolecular and Biomedical Research, University College Dublin, Belfield, Dublin DO4 VIWS, Ireland
*Institute for Advanced Materials, South China Academy of Advanced Optoelectronics, Guangzhou 510006,

People’'s Republic of China

“School of Materials Science and Engineering, Georgia Institute of Technology, Atlanta, Georgia 30332-0405, USA
SGeorge W. Woodruff School of Mechanical Engineering, Georgia Institute of Technology, Atlanta, Georgia 30332-0405, USA
SCentre for Nanostructured Media, School of Mathematics and Physics, Queen’s University Belfast, Belfast BT7 INN,

United Kingdom

2contributions: Fengyuan Zhang and David Edwards contributed equally to this work.

PE-mail: brian.rodriguez@ucd.ie

ABSTRACT

Atomic force microscopy (AFM) has been utilized for nanomechanical machining of various materials including polymers, metals, and
semiconductors. Despite being important candidate materials for a wide range of applications including data storage and actuators,
ferroelectric materials have rarely been machined via AFM. AFM-based machining of ferroelectric nanostructures offers advantages over
established techniques, such as bottom-up approaches and focused ion beam milling, in select cases where low damage and low-cost
modification of already-fabricated thin films are required. Through a systematic investigation of a broad range of AFM parameters, we
demonstrate that AFM-based machining provides a low-cost option to rapidly modify local regions of the film, as well as fabricate a range
of different nanostructures, including a nanocapacitor array with individually addressable ferroelectric elements.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5133018

I. INTRODUCTION

Physical modification of functional materials at the nanoscale is
essential for numerous nanotechnology-based applications, as well as
fundamental investigations into their functional behavior." One of
the approaches to achieve this end is atomic force microscopy
(AFM)-based machining, where a force is applied via a sufficiently
stiff AFM probe to mechanically remove materials locally from the
sample.”™ Also referred to as mechanical scanning probe lithogra-
phy or nanomechanical machining, this technique has been utilized
in a number of recent studies to, e.g., fabricate complex arrays of
3D nanodots on polycarbonate samples’ and nanochannels of
varying depth in silicon,” reproduce photographs on a polished alu-
minum disk” and form single photon emitters via nanoindentations
on a polymer film.® The analysis of AFM-based machining behavior

has been utilized to characterize the hardness of materials in
nanoscale sclerometry measurements,” and AFM-based machining
has also been used to precisely remove materials from regions of
the sample surface in tomography investigations.'””"> Given the
simplicity of this approach, one would expect that it could be
adapted to ferroic materials, which find extensive applications
in data storage, and, in particular, to ferroelectric oxides where
there is strong interest in both the fabrication of nanostructures'*
and volumetric investigations.'”~'” Despite this promising capabil-
ity, few AFM-based machining studies have been applied to
ferroelectrics' ™" (i.e., materials possessing a spontaneous polariza-
tion that is reversible under an applied electric field). One notable
exception is the recent work by Steffes et al,'® where volumetric
imaging of ferroelectric domains in a BiFeO; thin film was
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achieved through sequential nanometric removal of layers of the
film with a large (~11.4uN) loading force, while monitoring the
domain structure via piezoresponse force microscopy (PFM).

The electric-field switchable polarization of ferroelectrics along
with large piezoelectric response, nanoscale conductive anomalies,
and above bandgap photovoltaic behavior enables a range of potential
applications relevant to data storage, nanoelectronics, and sensors.” ">
With the continuing miniaturization of electronic devices, numerous
studies have focused on the fabrication of ferroelectric nanostructures
s0 as to minimize the size of the switchable ferroelectric elements.”
The effects of mechanical boundary conditions such as epitaxial
strain, substrate clamping, and localized stress have been shown to
have a pronounced effect on the properties of a number of ferroelec-
tric materials.”*">" As such, studies have also involved the fabrication
of ferroelectric nanostructures as a means to alter the mechanical
boundary conditions imposed on the ferroelectric material and
provide further physical insight into different ferroelectric phenomena
mediated through the release of mechanical constraints.”****” Such
nanostructures have conventionally been fabricated through a range
of bottom-up (mask-assisted pulsed laser deposition,”’ block copoly-
mer self—assembly”) and top-down [focused ion beam (FIB),** elec-
tron beam writing,”” and AFM tip-assisted crystallization™*] techniques.
In ferroelectric samples, tomography investigations have typically
been achieved by carefully polishing relaxor ferroelectric ceramic
samples,“ ° repeated surface chemical etching of bulk Pb(Zr,Ti)05,*°
or via nondestructive confocal Raman microscopy of both periodi-
cally poled as well as more complex dendritic electrically-induced
domains in LiNbO;.””>** In this context, AFM-based machining pro-
vides an alternative low-cost option to both fabricate nanostructures
as well as undertake tomographic functional investigations, while
avoiding problems related to ion-injection from FIB,” mask limita-
tions (where the nanostructure is limited by the shape and dimen-
sions of the mask) with mask-assisted bottom-up approaches'* and
low resolution (~1 um) of confocal Raman microscopy.18 The AFM
setup also enables data to be collected in situ during the machining
process, thereby providing insight into the mechanical as well as
functional properties, such as the conductivity of the material."® In
order to exploit these advantages, the technique must be able to reli-
ably machine a broad range of depths into the ferroelectric sample
and also be able to fabricate reproducible nanostructures with small
(<100 nm) lateral dimensions for high-density applications. The
sensitivity and precision of AFM enables a range of parameters
such as loading force, tip velocity, scan angle, etc. to be varied; all of
which can be used to control the machining process, as has been
observed on a range of different materials.”’~** However, the effect
of these parameters on a ferroelectric thin film is largely unknown.
In particular, the effect of loading forces exceeding 20 uN, where
larger depths (10s of nm) of materials can be removed in a single
pass of the AFM tip, has not been investigated. In examining the
effect of these parameters, the capability and limitations of the tech-
nique to fabricate ferroelectric nanostructures need to be explored.

In this work, we systematically investigate the effect of AFM
parameters on the machining behavior of an epitaxially-strained thin
film of BiFeOs;, a lead-free ferroelectric where the epitaxial constraint
gives rise to coexistence of different phases. Such films are prime
candidates for magnetoelectric, piezoelectric, and nanoelectronic
devices."’”™* Here, the conditions required to thin local regions of
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such a mixed phase BiFeO; film to a range of depths are theoreti-
cally predicted and experimentally demonstrated. These conditions
could be utilized for the fabrication of complex 3D nanostructures,
measurements of certain properties as a function of thickness, or in
some cases alterations of ferroelectric properties due to local changes
in the film thickness.'™*® A framework is established to determine
the optimum conditions required to fabricate nanostructures with
the smallest lateral dimensions possible in the film. Finally, the possi-
bility of fabricating a range of different nanostructures is explored.

Il. MATERIALS AND METHODS

In this work, ~50 nm thick epitaxial BiFeOs/Cag¢;Cep 33MnO3/
LaAlO; and BiFeO;/LaSrMnO3/LaAlO; films were used. Both films
were fabricated by pulsed laser deposition with a KrF excimer laser
(=248 nm). The laser fluence and repetition rate were fixed at
0.63 J/cm® and 8 Hz, respectively. The target to substrate distance
was set at 5.5cm, while the films were deposited in an ambient
oxygen pressure of 15Pa and a deposition temperature of
680-700°C. Cr-Au electrodes ~70 um in diameter comprising
5nm of Cr and 2nm of Au were evaporated onto the BiFeOs/
Cay6,Cep33MnO; film through a shadow mask using an electron
beam evaporator (DE400, DE Technology, USA) at a rate of 0.4 Als
in vacuum. Electrodes comprising 5 nm of Cr and 0.5 nm of Au
were evaporated onto the BiFeO3/LaSrMnOj; film. Data are shown
for the BiFeO3/Cag ;Cep 33MnO; film unless otherwise specified.

Diamond AFM probes (NM-RC and NM-TC, Adama
Innovations Ltd., Ireland) with a spring constant, k, of 130.57 N/m
and 117.07 N/m, respectively (as calibrated via the Sader method),”’
were used in a contact mode for all machining operations. It should
be noted that the spring constant calibration can have an uncertainty
of up to £10%."° The deflection sensitivity of both cantilevers was
determined by carrying out a 10 x 10 array of force distance curves,
post-machining, on a thick diamond film, providing values of
46.6+0.1nm/V for the NM-TC tip and 44.1 £0.1 nm/V for the
NM-RC tip. To extract mechanical properties and fabricate nano-
structures, the NM-RC probes were used, which have a nominal tip
radius of 10 + 5 nm. NM-TC probes were used for the thinning experi-
ments and have a larger nominal radius of 25+ 10 nm. Both probe
types have a ~90° opening angle. The residual pileup of materials due
to machining operations was subsequently removed by imaging of the
region with a small, nondestructive loading force (~1uN) using the
same diamond probe (demonstrated in Fig. S1 of the supplementary
material). Before and after each machining experiment, the profiles of
the diamond probes were evaluated by blind tip reconstruction, after
scanning a tip characterization grating (TGT101, MikroMasch,
Germany) in amplitude modulation mode, as shown in Fig. S2 of the
supplementary material.*>*" Although the diamond probes are also
capable of imaging the resulting machined features (see Fig. S1 of the
supplementary material), sharp Si probes (PPP-NCHR, Nanosensors,
Switzerland) were used in amplitude modulation mode to obtain all of
the topography images shown in this work to minimize any artefacts
due to machined residue on the tip or the oblique opening angle of
the diamond probes. Conductive Ptlrs coated Si probes (PPP-EFM,
Nanosensors, Switzerland) were used to acquire contact-mode piezor-
esponse and conductivity images. All experiments were carried out
using a commercial AFM (Cypher, Asylum Research, USA). It should
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be noted that the inclination angle between the cantilever and
sample is ~11°, while the sample typically had a tilt of ~1°-2° with
respect to the cantilever, as determined from unflattened images. For
each experiment, the cantilever was loaded into the cantilever holder
such that it aligned with the 0° axis, as determined optically, with an
estimated uncertainty of +1°. Vertical PFM (VPEM) images and local
hysteresis loops were obtained using the built-in Dual AC Resonance
Tracking (DART) mode, with a 1 V¢ imaging bias, centered around
a contact resonance frequency of ~330 kHz.™

Ill. RESULTS AND DISCUSSION
A. AFM-based machining for material thinning

A key aspect of AFM-based machining involves material removal
to thin local regions of the sample. As mentioned previously, this
would have direct implications toward the fabrication of 3D nano-
structures, tomography related applications, and/or probing novel fer-
roelectric phenomena. For optimal thinning to be realized, the ability
to reliably predict depths and achieve a desired smoothness of the

(a) (b)

Loading Force (uUN)
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machined surface is required. Here, 500 nm x 500 nm regions are
machined by scanning the NM-TC tip from top to bottom with a
large loading force over a number of closely spaced (10, 30, and
60 nm) adjacent lines. The machining was carried out via single pass
lines (i.e., lines were drawn manually in the lithography mode so no
retrace was carried out) to compare the results to the nanochannel
depth prediction model described by Geng et al.”* The removal depth
and resulting roughness (root mean squared, r7ms) were examined as a
function of varying applied loading force, separation between adjacent
machined lines, and tip velocity.

Figure 1(a) shows the AFM topography image of a region of
the film after the application of varying loading forces using three dif-
ferent separation distances between adjacent lines. This was carried
out at a constant velocity of 0.25um/s, which was selected based
on preliminary testing. The mixed phase BiFeO; film consists of a
rhombohedral-like R phase, which comprises the banded needlelike
structures, within a tetragonal-like T phase matrix. Due to a combina-
tion of the tip size and a possible softening of material adjacent to the
machined regions (which is then removed during the machining of
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subsequent lines), the resulting machined boxes have rectangular
dimensions of approximately 1000 x 500 nm. At a glance, it can be
seen that the largest line-separations and lowest loading forces result
in no material removal. The machining depth increases with loading
force and decreases with line-separation. The average depth and
roughness of each machined box (analyzed over a constant area per
box) is shown quantitatively in Figs. 1(c) and 1(e), respectively. The
depth was obtained by first aligning (via MATLAB) the topography
images before and after machining, such that the difference in height
on the unmachined regions of the before and after images was mini-
mized. The average height of an array of 25 x 25 pixels within the
machined squares was then subtracted from the average height of an
array of pixels over the same region before it was machined so as to
account for the initial variations in height due to the mixed phase
topography. The scans before and after machining were taken with
the same pixel density (512 x 512 pixels over 100 um?), such that the
sample area over which the change in depth is measured is the same.
The depth and standard deviation values are plotted in Figs. 1(c) and
1(d). For the largest line-separation of 60 nm, which is slightly larger
than the measured NM-TC tip radius of ~40 nm (see Fig. S2 of the
supplementary material), machining does not occur until 82uN is
applied. In contrast, for the lowest line-separation of 10 nm, machin-
ing occurs for loading forces > 49 uN. The machined depth at 99 uN
load also increases dramatically from 17+2nm for 60nm line-
separation, to 45+ 6nm for 10 nm line-separation, highlighting the
strong effect of varying line-separation with the increased overlap
between adjacent machined lines at low separations effectively
enabling repeated machining over the same regions and an increased
depth.”” The shallowest machined depth of 0.9+03nm was
obtained with a 49 uN load at a 10 nm line-separation. This is similar
to the gradual (<1 nm) removal of materials observed in a number of
previous works.'”'>'® In the aforementioned studies, such gradual
removal was initiated, in some cases, after repeated scanning with a
relatively smaller (~11uN) loading force. Hence, it is feasible that
repeated scanning with the parameters where no machining was
observed may lead to comparable behavior, i.e., removal of materials
in a manner similar to that associated with the ploughing regime,
where plastic deformation begins to occur.*”* As expected, the larger
forces used here enabled a more rapid removal of materials.
Additionally, a 3 x 6 grid of 500 x 500 nm regions was machined
at a constant line-separation of 10 nm, while varying the tip velocity
and applied loading force. The topography of these machined regions is
shown in Fig. 1(b), while the measured depth and roughness are shown
in Figs. 1(d) and 1(f), respectively. Little variation in the depth or
roughness is observed with different tip velocities, except at larger
loading forces (>58 uN), where a slight increase in the depth is observed
at the two slower tip velocities within the errors. At the largest force
and slowest tip velocity, the depth obtained was 56 + 3 nm, exceeding
the film thickness and resulting in the partial removal of the bottom
electrode. When machining to depths approaching the film thickness, it
is difficult to determine whether or not the bottom electrode has been
partially machined; however, assuming the bottom electrode has a
similar or lower yield stress compared to the BiFeO; film (as both
materials are perovskite films), it is likely that some of the bottom elec-
trode was removed as well. Some deviation in depth between the
squares machined by identical parameters in the machining experiment
is evident, as shown in Figs. 1(c) and 1(d). More specifically, the
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physical removal of material begins at a lower loading force in the
experiment using a varying velocity, in comparison to the experiment
using a constant velocity. This deviation highlights additional uncer-
tainty at low loading forces that could occur due to variations in the tip
contact area across the surface, mechanically-induced phase transforma-
tions,”” machined pileup at the tip apex, and a reduction in the tip-
sample friction, which is known to occur at low machining depths."’
Meanwhile, the machined depths at larger loading forces are more con-
sistent between experiments. Such behavior is analogous to FIB milling,
where additional considerations are required in some cases when
milling to nanoscale depths, as opposed to microscale depths.”””

In analyzing the roughness more closely—as a function of line-
separation and loading force in Fig. 1(e), and tip velocity and force in
Fig. 1(f)—the clearest trend is the increase in roughness with depth.
For instance, at the lowest machined depths (0.9 + 0.3 nm), the mea-
sured roughness (0.8 nm) is similar to the average roughness mea-
sured across various 500 x 500 nm regions of the as-grown sample
(0.8+0.2nm), as indicated by the baseline in Figs. 1(e) and 1(f).
While at increased depths, the roughness reaches much higher values
of 3-8nm. The dispersion in roughness values despite identical
machining parameters being used in some cases [e.g, 66 uN at
0.25um/s and 10 nm line-separation in Figs. 1(e) and 1(f)] further
highlights the aforementioned deviation in machining behavior,
which could also be related to factors such as redeposition of
machined residues. Although the roughness values at varying separa-
tions appear similar, the increased depth at 10 nm line spacing
alludes to that particular separation enabling the deepest and
smoothest machining. Additionally, it may be possible to machine
large depths, via application of larger loading forces, and reduce the
roughness via subsequent scans with lower (~ 40-60uN) forces in a
“cut and polish” type of approach. Meanwhile, no clear variation in
roughness is observed with varying tip velocities as has been observed
in AFM-based machining studies on other materials.”®

Experimental data were compared to predictions made from
the model used by Geng et al.”” This model was chosen as it
accounts for line-separation and does not require precise values of
Young’s modulus, which is known to exhibit substantial variations
in mixed phase BiFeOs, both spatially across the film (between the
R and T phases) and with a range of different values quoted in the
literature.”” > The model approximates the machining process as a
hard abrasive particle sliding over a softer sample. The loading
force (Fy) is given as the product of the yield stress, o,, multiplied
by the horizontally projected area of interface Ap

Fy = 0,Ar, (1)

where Ar is dependent on the line-separation A, as well as the
effective tip radius R at the machined depth h. As shown in
Fig. S2(f) of the supplementary material, the tip used here can be
approximated by a truncated cone with a tip half-angle (a,) of
54 +1° with a flat circular apex with a radius of 39.5+0.5 nm.
Hence, A7 can be approximated as follows:””

/

_ARIZ

R/

1 1 R
Ar =3 (2R — A/ (2R — A)A + 5 arccos
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where R’ is described in terms of , the tip radius Ry and cg,,,
R = (h — Ry(1 — sin ana))tan e + Ry €OS Qlgha. (3)

Using the value for oy of 71.1 +15.9 GPa, as estimated from
AFM nanoindentation experiments (Fig. S3 of the supplementary
material), the predicted machined depth / can be determined using
the above equation. These are shown as dashed lines in Figs. 1(c)
and 1(d). The large uncertainties propagate from the uncertainty in
oy. The estimated depths tend to compare well at larger loading
forces but deviate at lower loading forces. This may be due to the
model not accounting for factors such as elastic recovery, friction,
surface roughness, structural phase transitions, and the influence of
the machined pileup material. Such observations are similar to
those previously obtained on metals,”” where larger machined
depths (>50 nm) were predicted more accurately than smaller ones.

The ability to control the machined depth in thin films enables
the study of the variation in properties as a function of depth, as well
as fabricating 3D nanostructures. As a basic example of the former, a
conductive AFM (cAFM) scan (Fig. S4 of the supplementary
material) demonstrates that current increases for machined depths
of > 50 nm, indicating that the tip has machined through the insulat-
ing ferroelectric film to the conductive bottom electrode below. Such
observations can provide an indication of the film thickness, with an
average estimated thickness of 48 + 1 nm.

(a)

20 nm
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B. AFM-based machining for nanostructure fabrication

In exploring the potential of AFM-based machining for nano-
structure fabrication, a crucial aspect involves the determination of
the sharpest possible feature (i.e., maximum depth and minimum
width) that can be reliably fabricated with the AFM tip. Nominally,
this would depend on parameters related to the profile of the tip
(such as the half-angle and tip radius) as well as the film thickness.
For instance, the BiFeO; film is ~50 nm thick, while the recon-
structed profile of the NM-RC tip (used for the remaining experi-
ments in this work) can be modeled by a rounded cone with a
radius of 2.5 nm and a half-angle of 43°. From this, the diameter of
the tip at 50 nm from the apex is ~105nm in diameter, and so
could ideally enable features to be machined through the thickness
of the film that are slightly greater than ~105nm in width, or
features that have a depth of 5nm and width of ~25 nm, with the
tip being effectively utilized as a nanoscale diamond scribe. To
determine if these depth vs. width relationships hold true, we inves-
tigated the effect of different AFM parameters on the machined
depth and width of single lines.

The effect of machining angle, a,,,, (i.e., the direction of the tip
relative to the sample) on machined depth and width was examined
by machining a series of circles encompassing the effect of all pos-
sible angles. To exclude external effects such as the crystallization
direction of the film and the tip-sample azimuthal angle, the
sample was physically rotated counterclockwise to 4 different
angles (0°, 32°, 62°, and 90°). Figure 2(a) shows the topography

(b)
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FIG. 2. The effect of machining angle. (a) Topography of a 12 x 12 um region of the BiFeOs film after machining four circles that are 2.5 um in diameter using a loading
force of 70 uN at 0.5 um/s. The sample was rotated to 0° (top left), 32° (top right), 62° (bottom left), and 90° (bottom right) for the four circles, so as to isolate machining
angle-related effects. The inset image in (a) shows the cantilever (white arrow) angle with respect to the sample (gray background) which corresponds to each circle. The
red arrows show the machining direction and position where the machining angle is 0°. a, is defined as the angle between the long axis of the cantilever and the tip
motion direction as schematized in Fig. S5 of the supplementary material. (b) The machined depth, machined o, (half-angle of the machined line), and the lateral

deflection of tip vs a, for different sample rotation angles.
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after machining the circles at these four rotated angles at a constant
force of 70uN with a 0.5um/s tip velocity. These force and tip
velocity values were chosen based on preliminary measurements
resulting in significant machined depths without exceeding the
thickness of the thin film. The red arrow in each circle represents
the tip location and machining direction at 0° (i.e., when the
machining angle is parallel to the long axis of the cantilever). The
value of the machined depth and half-angle of the machined line,
oy, (indicative of width and sharpness), at each a,, was then
determined by cross-section analysis across the machined lines
(schematized in Fig. S5 of the supplementary material). Each of the
four machined circles shows similar variations in machined depth
and ayp, with @, as shown in Fig. 2(b), thereby excluding nonma-
chining angle-related effects.

Another advantage of using AFM in these studies is that data
can be acquired in situ during machining. The lateral deflection
signal, proportional to the force across the short axis of the cantile-
ver, is shown in Fig. 2(b) (reset to O prior to each machining). The
machined depth is minimized when ¢, corresponds to ~30° and
~210° at similar values of «,, where the lateral deflection shows
local maxima or minima. Although o, also shows local minima at
these a,,,, as the machined depth is at a minimum, these angles are a
suboptimal choice for achieving the sharpest possible machined
features. Meanwhile, ¢,, shows a strong variation with different
machining angles; for instance, oy, is smaller for a range of a,,
values at ~0°-50° and ~180°-220°, when approximately parallel to
the cantilever long axis, compared to at a,,, ~ 90° and ~270°, which
is perpendicular to the long axis of the cantilever. This variation can
be explained by the fact that the calculated spring constant parallel
to the cantilever long axis is almost twice that of the spring constant
parallel to the short axis (see the supplementary material).”” This
observation is also evident in lateral deflections shown in Fig. 2(b),
as the signal measured when machining roughly parallel to the canti-
lever long axis is closer to zero compared to other machining angles.
An increased lateral deflection and torsion of the cantilever, in turn
results in a larger oy, and a wider machined trench due to the geom-
etry of the tip-sample contact. For example, if the tip rotates ~10°
around the short axis when a,, ~90° we can assume that the tip
would only rotate ~5° around the long axis when a,, ~0°, as it is
known (from above) that the cantilever is almost twice as stiff along
the latter direction. From studying the reconstructed tip, this addi-
tional ~5° tilt would result in a ~15% increase in a contact area at a
15nm depth. The influence of the cantilever lateral deflection or
torsion on the resulting depth and width has also been suggested in
previous AFM-based machining studies on other materials, where
the torsion is caused by a combination of friction and the resistance
of the material to deformation during the machining process.”” Such
an effect could be obviated by utilizing a stiffer cantilever. Although
the lateral deflection reaches zero at ~10°-20°, this could be due to
the increased machined depth which occurs at 0° in turn resulting
in increased torsion. Further study of the machined depth and o, of
straight lines at varying machining angles can be found in Fig. S5 of
the supplementary material. We conclude that a machining angle of
0° can be used to machine the sharpest possible features.

In order to fabricate nanoscale structures using an AFM tip, it
is also essential to study the effect of different loading forces and
tip velocities on the depth and width [defined as schematized in
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Fig. S5(b) of the supplementary material] of a single machined
line. Figure 3(a) shows a series of straight lines machined with dif-
ferent tip velocities from 0.125 to 2um/s from left to right and
with different loading forces from 17 to 86 uN from top to bottom.
All lines were machined at a,, = 0° as it was previously established
to give the sharpest machining. At each loading force, the tip
velocity was observed to have little effect on the depth of the
machined lines, which is similar to what has been observed on
other materials."” Machining began for tip velocities <2um/s at
17 uN, and the machined depth increased significantly with the
increasing force (~0.085nm/uN). The machined depths were also
predicted using the nanomechanical model used by Geng et al.””
for machining single lines, where

1
Ar = EE(R() €OS Cha + (B — Rg + Ry sin oty ) tan o 2. (4)

The NM-RC tip was modeled as a rounded cone with an ay,
of 47° and an R, of 2.5 nm, as shown in Fig. S2 of the supplementary
material. Repeatability is also evident here, e.g., at a loading force of
~69 uN and a tip velocity of 0.5 um/s, the machined depth (~24 nm)
agrees with the corresponding machined depth in Fig. 2. oy, was
observed to decrease with increasing loading force. This demon-
strates that oy, is larger for the shallowest machined lines, likely due
to the larger half-angle of the tip itself close to the apex. However,
based on the dispersion in the data and the size of the error bars, it
is unclear if oy, stabilizes or continues to decrease at higher loading
forces. The width of the machined lines appears to increase linearly
with loading force up until ~43 uN, after which the rate of increase
slows. The width also appears to be affected by tip velocity. For
instance, at larger loading forces, faster tip velocities result in features
that are up to ~40 nm wider than at slower velocities. It should be
noted that when carrying out the experiment, the lines were
machined in the order from the slowest to the fastest velocities, and
so these results may be influenced by an accumulation of machined
materials on the tip. Moreover, when carrying out part of the experi-
ment in a reverse order, as shown in Fig. S6 of the supplementary
material, the variation appears more random, highlighting that veloc-
ity likely has a more subtle effect on the machining behavior.
Meanwhile, the relatively large width and oy,, of the machined lines
compared to the reconstructed profile of the tip could be attributed
to the lateral tilt of the tip with the global 11 + 2° inclination angle
between the cantilever and sample, along with additional tilt during
machining caused by lateral torsion or buckling of the cantilever.
For example, if we account for this global inclination angle along
with an additional, say ~10° tilt during machining, the contact
area estimated from the reconstructed tip at a machined depth
of ~15nm increases by ~45%, compared to a tip without any tilt.
An additional factor contributing to the increased machined width
could be the effect of mechanically induced phase transformations.

With the effects of different AFM parameters on the depth
and width of machined features in this ferroelectric film deter-
mined, we proceed to fabricate nanostructures with the smallest
lateral features enabled by this method. Here, simple square nanois-
lands were fabricated by machining two parallel lines at a,,=0°
separated by a defined distance that defines the lateral dimensions
of the island. Subsequently, the sample was rotated by 90° and two
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more parallel lines, separated by the same defined distance were
machined at a,, =0° to create a single nanoisland. From Fig. 3, it
was observed that a 17 uN loading force at 0.125 um/s gave rise to a
machined depth just below 5 nm and a width of ~70 nm. Using the
above parameters, a 90 x 90 nm nanoisland was machined, as
shown in Fig. 4(a). The lines were machined longer than 90 nm, so
as to accommodate for any microscope drift and guarantee overlap
of the orthogonal lines. Line profiles corresponding to the vertical
(red) and horizontal (blue) lines in the topography image are
shown in Figs. 4(a)(ii) and 4(a)(iii), respectively. The blue horizon-
tal line profiles across the first pair of lines machined show a depth
of ~5nm, as expected. However, for the second pair of lines
machined (red vertical lines), the machined depth increased to
~10nm despite the observation from Fig. 2 that rotating the
sample had little effect on the machined depth. This increase in the
machined depth with the same loading force could be caused by
softening of the surrounding region after the first pair of lines were
machined, as has been observed in other materials.”’ It could also
be due to a jolting effect of the tip as it crosses orthogonally
over the previously machined line; this effect is evident when
monitoring the lateral deflection of the cantilever (Fig. S7 of the
supplementary material), where a decrease in the lateral deflection
is observed after crossing over the first previously machined line,
which coincides with a subsequent increase in the machined depth.
As evidenced by the line profiles, the top surface of the fabricated

10 20 30 40 50 60 70 80 90 100

Force (uUN)

island is at the same height as the surrounding surface height, with
the black lines highlighting the lateral dimensions of the island.

To increase the machined depth, a 52uN loading force at
0.125 um/s was chosen with an expected depth of ~20nm and a
width of ~100 nm (see Fig. 3). Using these parameters, a second
nanoisland with 120 nm line-separation was fabricated [Fig. S8(a)
of the supplementary material]. Similar to the smaller nanoisland,
the line profiles again show that the first pair of lines machined
(blue) have a depth of ~15nm, while the second pair of lines
machined (red) are >25nm deep. In this case, the width of the
machined line does not increase as rapidly between depths of
15 and 25nm, cf. 5 and 10 nm; this is likely similar to the effect
discussed in Fig. 3, where ay,, was found to be larger for shallower
machined lines.

The ferroelectric properties of these nanoislands were then
examined. Figures 4(b)(i) and 4(a)(ii) show the DART VPFM
amplitude and phase hysteresis loops acquired on the 90 nm island
[see Fig. S8(b) of the supplementary material for the 120 nm nano-
island]. In both cases, full phase reversal is achieved, which is
accompanied by a minimum in amplitude, as typically observed for
ferroelectrics.”” Compared to loops acquired on the as-grown film
(Fig. S7 of the supplementary material), a slight increase in the
coercive field at a negative bias from the tip (opposite to the initial
polarization direction of the film) is observed. Similar increases in
coercive fields have been observed on nanoislands machined by
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FIG. 4. Characterization of a 90 nm nanoisland. (a) (i) Topography and line pro-
files corresponding to the (i) blue and (i) red lines. (b) (i) VPFM amplitude and
(ii) phase loop on the island. (c) VPFM phase image (i) before and (ii) after the
acquisition of the hysteresis loop, showing the reversal of the measured phase
from pointing down to up. (i) VPFM amplitude after the loop acquisition
showing a minimum in amplitude around the switched domain corresponding to
the induced domain wall.

other methods on ferroelectric thin films and have been attributed
to defects at the sidewalls of the islands causing increased
pinning.”’ In order to further demonstrate the ferroelectricity of
the nanoislands, DART VPEM images before and after loop acqui-
sition are shown from the 90 and 120 nm nanoislands in Fig. 4(c)
and Fig. S8(c) of the supplementary material, respectively. In both
cases, the initial VPFM phase images [Fig. 4(c)(i)] show a uniform
polarization pointing down toward the substrate. As the hysteresis
loops were completed following the application of negative bias
values, the resulting VPFM phase shows a reversal of polarization
orientation pointing up toward the surface. The switched points
were found to be stable over time and are accompanied by a
minimum in the VPFM amplitude [Fig. 4(c)(iii)] at the domain
walls. It should be noted that as the machined depth is less than
the thickness of the film, switching may not be totally confined to
the island as it is still connected to the surrounding film in the
region adjacent to the bottom electrode. Nevertheless, the
machined trench does appear to limit the propagation of domains
from the island to the surrounding film (with one small needle
domain propagating to the left of the switched location in the
120nm island), as evidenced by the shape of the switched
domain, which more strongly resembles the shape of the island
itself. Another point of interest is that an increase in VPFM
amplitude is observed around the periphery of the machined sec-
tions. Although possibly caused by topographic cross talk, such
enhancement has also been observed in PFM studies of other fer-
roelectric samples that have been subjected to plastic indentation
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and has been attributed to the effect of residual tensile strain or
increased dislocation activity around the indents.”*"*°

The dimensions of the nanoislands fabricated in this study
highlight the limitations of AFM-based machining in fabricating
ultrahigh-density nanostructures. For instance, the minimum
lateral dimensions of 90 and 120 nm at depths of 5 and 20 nm are
larger than the diameter of the reconstructed tip shown in Fig. S2
of the supplementary material of ~25 and ~65 nm at those depths.
This difference is likely due to the previously mentioned factors,
which result in a widening of the machined lines, including the
lateral tilt of the tip during machining. However, despite
AFM-based machining comparing unfavorably with bottom-up
techniques, which have previously achieved sub-10 nm islands on
ultrathin (<2nm) films,”" further improvements could easily be
made using stiffer cantilevers, with a higher-aspect ratio tip on
thinner films. Machining on a thinner film would reduce pileup
and more easily enable machining through the thickness of films,
in turn resulting in nanostructures that are isolated from the rest of
the film. Indeed, a region of the film could potentially be thinned
via machining before nanostructure fabrication. A higher-aspect
ratio tip would reduce the limitation imposed by the shape of the
tip, albeit such a change could come at the cost of lowering the stiff-
ness. While a stiffer cantilever would feasibly result in reduced lateral
torsion and deflection, which in turn may enable the widths of the
machined features to be closer to the dimensions of the tip itself.
This may also reduce the effect of o, on the machining behavior, in
turn enabling high-density nanostructures to be fabricated without
the need to physically rotate the sample and restricted only by the
tip velocities used here (up to 2 um/s). Although different tips would
give rise to different machining behavior, the ascribed approach pro-
vides a useful tool to characterize machining behavior and optimize
the fabrication of nanostructures. Such a process could be further
streamlined via machine-learning approaches.””~"

Furthermore, AFM-based machining can be readily used to
fabricate a range of nanostructures and arrays. For example, more
complex patterns can be fabricated, as demonstrated in Fig. 5(a)
where a harp shape (the University College Dublin logo) has been
machined by the tip on the BiFeO;/Caj¢;Cep;33MnO; film. A
nanoarray consisting of islands 100 x 100 nm in size, fabricated on
the BiFeO;/LaSrMnO; film, is also shown in Fig. 5(b). The array
was achieved through the same methods as described for Fig. 4,
except with longer parallel lines, machined periodically over a
larger area. Such arrays could feasibly be fabricated over the entire
range of the AFM scanner (e.g., 30-100um, depending on the
microscope used) and scaled-up even further through parallel pro-
cessing, e.g., millipedelike schemes with arrays of stiff cantilevers.”"

In addition to machining the bare surface of a ferroelectric
film, AFM-based machining can also be carried out on deposited
top-electrodes in order to fabricate a range of electrode structures.
Here, a 5nm film of Cr, followed by 2nm of Au was evaporated
onto a region of a mixed phase BiFeOj; film. Cr was chosen as an
electrode due to its low value of ductility and high brittleness,””
enabling pileup from machining to be easily cleared, while having a
top layer of Au is a commonly used technique to improve the elec-
trical contact between the tip and the film via the electrode.
Machining on thicker Au films was also attempted, however, the
high ductility of Au led to persistent difficulties in removing
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FIG. 5. Examples of nanostructures fabricated by AFM-based machining.
Topography of (a) the University College Dublin harp logo machined on the
BiFeO,/Cay 67Ceg.33Mn0; film and (b) a 100 nm nanoisland array machined on
the BiFeO4/LaSrMnO; film. (c) Topography of a machined nanocapacitor array
and the corresponding (d) VPFM phase after selectively switching elements with
—10V from the tip into a checkerboard pattern. (e) VPFM phase after applying
+10V to reverse the elements back to their initial state.

the pileup from machining. The electrode was chosen to be thin
(total thickness 7 nm) so as to enable smaller electrode structures
to be easily machined.

Prior to fabricating a nanoarray on the BiFeO;-Cr-Au film, a
similar procedure to that shown in Fig. 3 for the bare surface was
carried out, as shown in Fig. S9 of the supplementary material. The
topography of the fabricated nanocapacitor array is shown in
Fig. 5(c). In this case, only the top electrodes are isolated while
the bottom Cag ¢;Cey33MnO; electrode is shared. We describe the
resulting nanoarray as a nanocapacitor array, consistent with the
terminology used to describe similar structures.”””* It can be seen
that the top electrodes on some of the islands have delaminated,
possibly due to poor adhesion. However, most of the nanocapacitor
array remained intact. As demonstrated in Figs. 5(d) and 5(e), the
elements are individually addressable and can be reversibly
switched. Through an application of a negative bias (exceeding the
coercive voltage) from the tip to selective elements in a checker-
board pattern, the polarization switches from pointing down, to
pointing up, as indicated by the purple color in the VPFM phase
image in Fig. 5(d). With the subsequent application of an above-
coercive positive bias from the tip, these elements can then be
reversed back to their initial state, as shown in Fig. 5(e).

IV. CONCLUSIONS

The capabilities and limitations of AFM-based machining of
ferroelectric thin films have been systematically explored on epitaxi-
ally strained BiFeO;. Machining using a broad range of loading
forces, separation between adjacent lines, and tip velocities was
found to locally thin regions of the film in a single pass to a range
of depths by as little as subnanometers and as much as through the
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thickness of the film, into the underlying bottom electrode. Hence,
the technique can be used to remove entire layers of materials and
determine film thickness (in conjunction with cAFM), as well as
remove multiple layers of different materials. The results were
found to compare favorably to a nanochannel depth prediction
model at larger loading forces, with larger deviations at lower
forces. A process was also established to obtain nanostructures with
the smallest possible lateral dimensions in the film. This involved
analyzing the effect of different scanning angles, where it was
found that scanning parallel to the cantilever long axis gave rise to
the sharpest (i.e., deepest and narrowest) features. Examining the
effect of different loading velocities and forces revealed that tip
velocities had a minimal effect, while having a clean tip apex
resulted in sharper features at each force and depth. From this, we
were able to fabricate individually addressable ferroelectric nano-
structures that were at least 5nm and 20 nm deep, with respective
widths of 90 nm and 120 nm. While the lateral dimensions of the
islands were larger than the minimum size achievable based on the
profile of the tip (~25 and ~65nm at those depths), further
improvements could be achieved with a stiffer, higher-aspect ratio
tip. The possibility of fabricating a broad range of nanostructures
was also demonstrated and machining could also be achieved on
films with Cr-Au electrodes, enabling a proof-of-concept demon-
stration of a ferroelectric nanocapacitor array.

SUPPLEMENTARY MATERIAL

See the supplementary material for Figs. S1-S9 along with the
relevant text.
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Removal of Residual Pile-up

(a)

264 nm

0nm

Fig. S1. Demonstration of pile-up removal after machining. (a) Amplitude modulation mode image after
machining the array of squares shown in Figure 2b of the main text. (b) Contact mode image at a normal imaging
force (< 0.5 uN) immediately afterwards during the cleaning pass. Such a loading force is well below the ~ 10 pN
required for machining with the same tip. (c) Amplitude modulation mode image over a larger area after the
cleaning image had finished, demonstrating how the machined residue was moved to the perimeter of the cleaning
image. All images were obtained with the same diamond tip used for machining.

Determining the Tip Shape

To determine and monitor the shape of the diamond tips used for machining, amplitude modulation
mode images of a tip characterization grating (TGT101, MikroMasch, Germany) were obtained before
and after each machining experiment. The blind reconstruction technique! implemented in Gwyddion,?
was then used to reconstruct the tip shape. 3D images of both the NM-RC and NM-TC tip apexes are
shown in Figures S2(a) and S2(c), respectively, in their “initial” states before the machining
experiments were carried out. The cross-sectional areas (A) of both of the reconstructed tips were then
calculated as a function depth (distance from the tip apex) and converted into an effective radius R,
where



The effective radius of both tips in their “initial” and “final” states after all machining experiments are
shown in Figures S2(e) and S2(f). It should be noted that some preliminary machining experiments
were carried out using these tips prior to the definition of the “initial” state, SO as to wear down the apex
of the tip slightly down to a more “stable” regime and ensure increased repeatability of the machining
behavior. As evident, a relatively small amount of tip degradation occurred over the entire course of the
machining experiments shown in this work, with the effective radius of the NM-RC tip increasing by
~10% and the NM-TC tip increasing by ~3%. The radius of the most accurate approximation for each
tip is also shown by the dashed lines in Figures S2(e) and S2(f). The NM-RC tip was used for the bulk
of the machining experiments in the main text (from Figure 2 onwards in the main text).
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Fig. S2. Tip reconstructions at various stages. (a) 3D image of the NM-RC tip before and (b) after it was used for
the machining experiments shown in the main text. (¢c) Reconstructed 3D image of the NM-TC tip apex before
and (d) after it was used for the machining experiments shown in the main text. It can be noted that the x axis is
parallel to the cantilever long axis, while the y axis is parallel to the cantilever short axis. The effective radius of
the reconstructed (e) NM-RC tip (f) and NM-TC tip as a function of depth from the apex. The radius of the tip is
plotted both before (black) and after (red) all machining operations were carried out. A model of the tip shape is
also shown by the dashed lines. For the NM-RC tip, the tip was best modelled by a rounded, conical tip witha 2.5
nm radius and 43¢ tip half angle initially, and a 3 nm radius and a 52° tip half angle after machining. For the NM-
TC tip, the tip was best modelled by a truncated cone with 39 nm radius and 53° tip half angle initially, and a 40
nm radius and a 55° tip half angle after machining.



Extracting Mechanical Properties

To provide insight into and predict machining behavior in the BiFeOs film, extraction of the mechanical
properties of the film is of particular use. For instance, the yield stress for plastic indentation can help
predict loading forces required to begin machining the film. These mechanical properties can be
obtained at the nanoscale using the same AFM tips for nanoindentation. Figure 3(a) shows an initial
topography image of a region of the film showing a mixture of dark needle-like structures comprising
the rhombohedral-like R phase, interspersed within a raised matrix comprising the tetragonal-like T
phase typical of mixed phase BiFeOs.® An array of nanoindentations was then carried out, with the
maximum applied load varied along the vertical axis, and probe velocity varied along the horizontal
axis. For each nanoindentation, the maximum loading force was set as a trigger event upon which a
change in tip direction would occur. In the resulting topography image in Figure 3(b), a number of
additional R phase needles were observed nucleated around the regions where nanoindentations were
carried out. Such an observation is consistent with observations of T to R phase transformations under
sufficient loads (several hundred nN) in literature.*®> Meanwhile, plastic indentation appears to occur at
30 uN and above. The indentations show an oval-like shape, due to tip translation under loading. Such
an effect can result in artefacts in nanoindentation data which may be corrected by applying a
compensating x-piezo motion® (not done as part of this work).

Two example nanoindentation measurements, highlighted in Figure 3(b) by the red and green circles,
are shown in Figures 3(c) and 3(d), respectively. As evident in the extension curves, a number of rapid
changes in behavior occur at larger forces. Even for the force curves where no plastic indentation in
observed, a substantial increase in the gradient begins above ~ 8 uN. This is likely an effect of the
mechanically-induced transition from T- to R-phase transition as evident by the increased R phase
population after the force curves were obtained. It should be noted, however, that as this transition is
reversible under an electric field,” it does not signify the onset of plastic deformation. At larger forces
meanwhile, additional changes occur in the form of pop-in events due to plastic deformation above 20
uN (as indicated in Figure 3(d)). Due to the ascribed behavior and resulting possible artefacts in the
nanoindentation curves, the curves were considered to be not suitable for fitting with models in order
to extract a Young’s modulus value. Previous studies on mixed phase BiFeOs; have reported values
varying from 10 — 70 GPa.>8
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Fig. S3. Nanoindentation of mixed phase BiFeOs. Topography (a) before and (b) after nanoindentation at varying
maximum load and velocity. Nanoindentation profiles from the points highlighted by the (c) red and (d) green
circle.

The yield force for plastic indentation was identified from the curves and the contact area estimated
from a reconstructed profile of the tip. The force at which plastic indentation occurs is evident by the
sudden decrease in the force indentation gradient above ~ 30 uN. From each of the force indentation
curves acquired, the average yield force (Fy) was found to be 33.2 &+ 3.3 uN and occurs at an average
indentation of 8.6 £ 0.9 nm. The relatively small uncertainties (~ 10%) despite the spatial variation in
initial mixed phase population and resulting levels of tip translation, indicates that these factors have a
sufficiently minimal effect on Fy. From the reconstructed tip profile before the indentation measurement
was carried out, the tip area A is 481 + 65 nm? at 8.6 + 0.9 nm from the tip apex with the uncertainty
propagating from the variation in the depth at which F, occurs. Approximating the yield stress (ay) from
the relation, oy = Fy/A results in an estimated yield stress of 71.1 £ 15.9 GPa. Comparing the extracted
value of gy to those obtained on other ferroelectric materials, the 6, measured here is significantly larger
than those obtained via microindentation experiments.® The likely overestimation observed here may
be due to the indentation geometries, with the sharper probe and contact radius used here giving rise to
a different concentration of stress fields compared to microindentation experiments.'® However, as a
similar tip geometry is used for subsequent machining experiments carried out in this work, the
extracted value should provide an appropriate approximation for predicting the subsequent machining
behavior, as observed in the agreement with experimental data at higher loads.



Determining Film Thickness
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Fig. S4. Determining film thickness. (a) Topography and (b) corresponding cAFM image of the machined squares
shown in Figure 1b of the main text. The cAFM was obtained using a 1 V bias to the bottom electrode, with a 500
MQ resistor in series. The line profiles from the blue lines are shown in (c). Evident that the current increases
sharply at a depth close to 50 nm, as indicated by the grey dashed lines. From a study of a range of different line
profiles across various regions of the image the film thickness was estimated as 48 + 1 nm. The dark line within
thinned regions is attributed to an extra line pass in lithography mode.

Lateral Cantilever Spring Constants

From a study by J. E. Sader,*! the spring constants parallel to the cantilever long (k«) and short (ky) axis,
respectively, are given as:

1 kekZy .

¥ h2kZy — kykg ¥ h?

where h is the distance from the midplane of the cantilever (13 um used here) and the tip apex. k;
describes the normal spring constant, k., and ks describe two of the longitudinal spring constants, while
k, describes the torsional spring constant. The spring constants are dependent on cantilever length
(136.5 um used here), thickness (4 um), and width (38.8 um), as well as the Young’s modulus (800
GPa) and Poisson’s ratio (0.2) of the cantilever.'



Effect of Varying Machining Angle
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Fig. S5. (a) Topography after machining single lines at varying scan angles. The red arrow runs parallel to the
cantilever long axis while the white arrow indicates the direction of tip motion. am Was defined as the angle
between these two arrows. (b) Plots of depth, an, and width as a function of machining angle. Again, the sharpest
(deepest with lowest half angle) line is machined around where am = 0°. The depth, ans and width are determined
by the average line profile across the machined scratch. The inset image in (b) shows an example of the line profile
across the dashed red box in (a).



Role of Tip Velocity on Machining Behavior
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Fig. S6. The effect of tip velocity and loading force at a constant machining angle (lines machined in order from
fastest to slowest velocities (in reverse order of Figure 3)). (a) The topography of a 5 x 5 um region of the film
after machining a series of lines that are 1 um in length. (b) Machined depth, (c) half angle and (d) width as
analyzed from () as a function of loading force for different tip velocities. As evident, when carrying out the
experiment in reverse order to Figure 3 in the main text, the slowest tip velocity no longer gives rise to the deepest
and narrowest depths. The scale bar is 1 pm.

Studying the Machined Nanoislands

(a) (c)
515 —_
& 506
oL 1 = A
2,5 8504
o =5
g g
| [0) |

(b) -1° -5 0 5 10 © 0‘27
> S
2 50 g6~ 00— =
© (3] 3
£ 0 2 e

U - 90°

- 10 0 50 100 150 200

Voltage V) Position (nm)

Fig. S7. Measured VPFM (a) amplitude and (b) phase hysteresis loops on the as-grown regions of the film. (c)
Lateral deflection of the cantilever during machining of the first pair machined lines (am = 0°) and second pair of
machined lines (om = 90°) with 90 nm separation. At am = 0°, the lateral deflection is relatively constant, while at
am = 90° it takes a sudden dip after crossing over the previously machined lines.
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Fig. S8. (a) (i) Topography after fabricating a 120 nm nanoisland with line profiles corresponding to the (ii) red
and (iii) blue lines. (b) (i) VPFM amplitude and (ii) phase loop on the island. (c) VPFM phase image (i) before
and (ii) after acquisition of the hysteresis loop, showing reversal of the measured phase from pointing down to
up. (iii) VPFM amplitude after loop acquisition showing a minimum in amplitude around the switched domain
corresponding to the induced domain wall.

Investigation of AFM-based Machining on a Top Electrode

An array of lines was machined on a Cr-Au coated BiFeOs film with am = 0° at varying loading forces
and scan speeds as shown in the resulting AFM topography image in Figure S9(a). The BiFeOs-Cr-Au
film shown here has an electrode with 5 nm of Cr followed by 0.5 nm Au and is different to the one
shown in the main text. The measured line depths and widths are then plotted in Figures S9(b) and
S9(c), respectively. In contrast to the more linear increase in depth at lower forces (< 25 pN) on the
bare surface, a more gradual increase in depth is observed on the electrode up until a threshold of 22.5
KN, where a depth close to 5 nm is reached. Beyond this threshold, the depth increases more rapidly.
This behavior could be due to the difference in mechanical properties between Cr and BiFeOs, where
Cr has a yield stress of 430 MPa, which is much softer than the 71.1 GPa estimated here for BiFeOs.
Meanwhile, the behavior of the width with varying loading forces is similar to that observed on the bare
film. A nanocapacitor array was also fabricated on the BiFeOs-Cr-Au film described above and is shown
in Figure S9(d), where a series of lines were machined by scanning an array with 20 uN at 1 pm/s with
a 150 nm line separation. This electrode showed better adhesion to the BiFeOs surface compared to that
shown in the main text, possibly due to the surface being cleaner before metal deposition. However, the
underlying BiFeOs film suffered problems relating to dielectric breakdown near the coercive field and
was grown with a LaSrMnO3 bottom electrode as opposed to the film in the main text which possesses
a Cao.67Ce0.33MnO3 bottom electrode.
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Fig. S9. Fabrication of a nanocapacitor array. (a) Topography after scanning an array of single lines with varying
loading forces and tip velocities. The measured (b) depth and (c) width of the machined lines. Topography of a
nanocapacitor array with the corresponding line profile along the (e) y axis (in blue) and (f) x axis in red showing
that the tip has machined through the thickness of the top electrode, creating individual capacitor elements.
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