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ABSTRACT

The ever-increasing complexity in the structure and design of functional materials systems and devices necessitates new imaging approaches
with 3D characterization capabilities and nanoscale resolution. This Perspective provides a brief review of the tomographic atomic force
microscopy technique and its recent applications in the 3D nanocharacterization of energy and electronic materials including hybrid perov-
skites, CdTe, and ferroelectric BiFeOs, and filamentary resistive memories as model systems. We also propose several challenges and oppor-
tunities for further developing and applying this emerging approach for investigating fundamental and applied phenomena in a broader

scope of functional materials.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0040984

First introduced by Binning, Quate, and Gerber in 1986," atomic
force microscopy (AFM) was a ground-breaking invention in the his-
tory of nanoscience and nanotechnology. AFM can provide images of
surface features truly down to the atomic-scale, with vertical resolution
in the picometers and lateral resolution typically ranging from ang-
stroms to tens of nanometers depending on the surface and imaging
conditions.'  Following the introduction of AFM, along with scan-
ning tunneling microscopy, near-field scanning optical microscopy, as
well as other variations on these prototypical approaches, the develop-
ment of a broad scanning probe microscopy (SPM) community
opened a new window into the nanoscale phenomena.”'* Today,
SPM has become increasingly routine and commercially available in
numerous fields of research, including the foundational work of imag-
ing and manipulating single molecules or cells'”’ and individual
atoms,”"" characterizing nanowires and nanotubes,"” ' studying two-
dimensional materials,"""” and monitoring materials in situ”!

As illustrated in the schematic of Fig. 1(a), the most common
AFM implements rastering a fine tip across the sample surface, while
maintaining a constant force (“DC” or “contact” mode), force gradient
(“AC” or “Tapping”™ mode), or resonant frequency (“FM”). The tip
is located near the end of a cantilever, and forces are nearly always
detected by a laser beam reflected from the cantilever." ' Until now,
numerous previous reviews have given comprehensive discussions on

the basic science and applications of various AFM and SPM techni-
ques.” '* Unsurprisingly, however, most of the highest-resolution
AFM studies implement noncontact or other gentle interactions
between the probe and sample in order to minimize force and friction
during scanning and, thereby, limit damage or contamination of the
sample and AFM tip."”* In this work, we instead focus our discussion
on tomographic atomic force microscopy (T-AFM), which counterin-
tuitively implements contact-mode AFM with relatively high loads, at
least periodically, in order to purposefully mill the surface using the
tip. Combined with property mapping, T-AFM can site-selectively
reveal originally subsurface features and even enables nanoscale
tomography of materials properties. Following a brief introduction to
the specific surface-property imaging modes implemented herein, this
Perspective article then primarily focuses on state-of-the-art applica-
tions of T-AFM for volumetric nanoscale analyses and revealing 3D
structure—property relationships, as demonstrated with fundamentally
and technologically important materials systems including hybrid per-
ovskites, CdTe, BiFeOs, and electronic interconnects. At the end of
this Perspective, we also summarize the opportunities and major chal-
lenges for extending the current application of T-AFM on highly crys-
talline and rigid materials to a broader scope, such as soft matter,
nonconventional nanostructures (conductive domain walls and vorti-
ces), and 2D van der Waals layered materials.
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FIG. 1. (a)—(c) Schematic setups for AFM, C-AFM, pc-AFM, and PFM, with exam-
ple images of surface characterizations of energy and electronic materials, including
[panel (b) from left to right]: C-AFM image of ferroelectric domain wall conductivity
of BiFeOs, reproduced with permission from Ma et al., Nat. Nanotechnol. 13, 947
(2018).”° Copyright 2018 Springer Nature. pc-AFM mapping of photocurrent of the
hybrid perovskite solar cell, reproduced with permission from Kutes et al., Nano
Lett. 16, 3434 (2016).”' Copyright 2016 American Chemical Society and [panel (c)
from left to right] PFM image of ferroelectric domain orientation of a strontium bis-
muth tantalate (SBT) thin film, reproduced with permission from Gruverman et al.,
J. Mater. Sci. 41, 107 (2016).° Copyright 2016 Springer Nature and PFM image of
ferroelectric domain contrast for a MAPbI; thin film, re?rinted with permission from
Kutes et al, J. Phys. Chem. Lett. 5, 3335 (2014).”" Copyright 2014 American
Chemical Society. The lower panel in (d) shows the extension of these approaches
into the third dimension, i.e., T-AFM, with example results such as the 3D and co-
located short-circuit photocurrent and open circuit potential through operating a
CdTe thin film solar cell (lower left), reprinted with permission from Atamanuk et al.,
Beilstein J. Nanotechnol. 9, 18029 (2018).” Copyright 2018 Authors, licensed
under a Creative Commons Attribution license. 3D ferroelectric domains of BiFeO5
nanopillars within a magnetic CoFe,O, matrix in an epitaxial BiFeO;-CoFe,0,
nanocomposite thin film (lower right) and 3D photocurrent distribution in a polycrys-
talline MAPDl; thin film (bottom).

The schematic of two representative contact-mode-based prop-
erty mapping techniques that are frequently used for imaging energy
and electronic materials is shown in Figs. 1(b) and 1(c). For instance,
equipped with a conductive ultrasharp tip and an inline current
detection circuit, conductive atomic force microscopy (C-AFM)**
[Fig. 1(b)] is an essential tool for nanoscale mapping of local electrical
properties. This includes DC current and I-V characteristics” *~ with
effective contact areas as small as 1 nm>’**" The extension of C-AFM
to photoconductive AFM (pc-AFM), via in situ sample illumination
(usually obliquely or through a transparent substrate), also enables
photoresponse studies relevant to solar cells, photodetectors, and
LEDs. Examples include 2D semiconductors'” and heterostructures™
and traditional and new photovoltaics including silicon,” polymer/
fullerene,” hybrid perovski'[es,m’33 CdTe,” and GaN nanowire solar
cells.”

Distinct from conductive and photoconductive AFM, which
mostly leverage the AFM probe as a moveable top electrode for DC or

PERSPECTIVE scitation.org/journal/apl

AC measurements, piezoresponse force microscopy (PFM) instead
typically interrogates the local nanomechanical response to electric
fields via the converse piezoelectric effect, Fig. 1(c). In particular, when
implementing AC fields and lock-in or related technologies, pm scale
amplitudes and strong phase contrast (180° for oppositely oriented
ferroelectric domains) are routinely achieved.”””*’ With the further
development of dual AC resonance tracking PEM,*' high speed
PFM,*>* and band excitation PFM techniques,’i/1 PFM has become an
essential tool for locally identifying and manipulating the polarization
status of both traditional and emerging piezoelectric and ferroelectric
materials such as hybrid perovskites”"”** and two-dimensional fer-
roelectrics.”” By combining the local DC voltage polarizing via a con-
ductive tip with serial high speed PFM imaging, ferroelectric domain
switching movies with nanoscale spatial and down to 10 ns time reso-
lution can be achieved, which enables direct observations of the origin
and dynamics of domains switching of epitaxial Pb(Zr,Ti)O5"" and
BiFeO;.”' Additionally, AFM-probe-based ferroelectric-domain-pat-
terning'” has essentially provided a scientific playground for configur-
ing the local polarization status of the ferroelectric gate dielectrics for
multifunctional 2D optoelectronic'” and nanoelectronic devices.'*””

By combining these nanoscale property-sensing AFM modes
with AFM-tip-based milling, a trench is practically created during
T-AFM, followed by repeated milling and planarizing of the specimen
via serial or continuous in situ nanomachining. With this unconven-
tional and progressive procedure, T-AFM can, therefore, provide data
about previously buried features underneath the as-received sample
surface and ultimately yield fully 3D tomograms™’ ™ as demonstrated
in Fig. 1(d) for energy and electronic materials. The spatial resolution
of T-AFM is typically from 1 to 20 nm in the thickness direction, with
similar dimensions laterally, over areas spanning 1-100 um?, through-
out depths from several micrometers to a few nanometers. It is also
generally compatible with commercial AFM systems, presuming either
built-in or customized functional mapping capabilities, which often
leverage tip or sample voltage control and/or other external stimuli
(illumination, magnetic field, acoustics, etc.). The best examples thus
far have focused on photoconductivities in solar cells (tomographic
pc-AFM),”**>*" conduction pathways in electronic materials and
interconnects  (tomographic C-AFM),” %% and  ferroelectric
domain studies (tomographic PFM).”**’ T-AFM is particularly prom-
ising for studying complex microstructures including superlattices,
multiple phases, polycrystalline grains, and sub-granular effects such
as domain walls or stacking faults.

Aside from C-AFM, pc-AFM, and PFM, there are numerous
additional AFM variations for investigating functional materials such
as magnetic force microscopy,”’ Kelvin probe force microscopy,”
atomic force acoustic microscopy,” and scanning impedance micros-
copy,” which are effective for studying magnetic domains,” electro-
static surface potentials,”” nanomechanical properties,” and local
conductivity, respectively.(’7 Each of these methods, and others, is
compatible with tomographic AFM concepts as well. Regardless of the
specific imaging method and contrast provided, there is a clear value
of nanoscale volumetric property mapping with T-AFM, especially
with the increasing miniaturization and microstructural complexity
for functional devices.”” *’ In addition to the T-AFM approach, it is
important to note that nano-x-ray computed tomography, and serial
focused ion beam (FIB) sectioning along with SEM-based imaging,
can provide complementary microstructural data with equivalent 3D
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FIG. 2. (a) Schematic of tomographic pc-AFM measurement of a MAPbI; hybrid perovskite thin film. (b) and (c) 3D perspectives of the volumetric photocurrent digitally
segmented into the conductive GB networks (b) and individual grains (c). (d) Topography of the as-received polycrystalline MAPbI3, with dashed and dotted oval overlays
highlighting morphologically indistinguishable GBs that T-AFM reveals to be unique. (e) Cross-sectional tomogram (xz plane) where schematically indicated in (b) and also
corresponding to the blue dashed line in (d). Overlays in (e) identify Type | GBs, some visible at the surface (blue ovals) and others diverging subsurface (white ovals). (f)
Cross-sectional tomogram (yz plane) where indicated in (c), and along green dotted line in (d), where the dashed oval now highlights a typical Type Il GB. (g) and (h) Charge
transfer models depicting photogenerated charge transfer for highly conductive Type | (g) and conductively benign Type Il (h) GBs. Reproduced with permission from Song
et al., Nat. Commun. 11(1), 3308 (2020).>* Copyright 2020 Authors, licensed under a Creative Commons Attribution (CC BY) license.

resolution as T-AFM. There are already several examples of high pre-
cision nanofabrication®*®” and 3D detection and composition profil-
ing’” based on combining these techniques with conventional AFM.
However, truly nanoscale x-ray-based tomography can be prohibi-
tively expensive as it practically requires beam-line facilities, and FIB is
known to possibly induce property-inhibiting side effects’” due to ion
implantation,”' subsurface amorphization,” undesired surface topog-
raphies,”’ and other mechanisms.”” Power or wavelength modulated
thermal or optical excitation, respectively, can also provide some
insight about subsurface features,” ’® while transmission electron
microscopy cross sections are now routinely employed for 2D snap-
shots,”””? but neither approach fully maps properties in all three
dimensions. Furthermore, earlier tomography works under other
terms, such as nanotomography’’ and SPM tomography,”” have dem-
onstrated volumetric imaging in thermoplastic polymers based on
alternating between topography mapping and conventional material
removal procedures such as repeating wet or plasma etching followed
by SPM imaging’” and ultramicrotome abrasion.”’ Although these
methods are more cumbersome than simply using the conductive
diamond tip as a scalpel to perform well-controlled material removal
during continuous scans as in the T-AFM and AFM tomography or
scalpel SPM™*** described herein, they may be more applicable espe-
cially to soft matter.

The most recent example of T-AFM is with hybrid perovskites,
summarized in Fig. 2, which displays the first 3D photocurrent distri-
bution throughout a methylammonium lead iodide (CH;NH;Pbl; or

MAPbDI;) thin film.”* Ever since their first introduction as a promising
light absorber for solar cells in 2009, hybrid perovskites have
attracted enormous attention due to their unique organic-inorganic
hybrid structures, superior optoelectronic properties, and low-cost
manufacturability.” In just over one decade, hybrid perovskite solar
cells have achieved a record certified power conversion efficiency of
25.2%, already surpassing that of polycrystalline silicon solar cells,
which represent the culmination of five decades of extensive research
and development and a commercial installation base contributing
hundreds of terrawatts to the world’s energy supply.””** Tandem cells
combining distinct layers of monocrystalline silicon and a hybrid
perovskite thin film are even more promising, with a just announced
29.15% efficiency.”” The MAPbI; films in these and other hybrid-
perovskite-based optoelectronic architectures are nearly always poly-
crystalline, with grain sizes ranging from 100 nm to a few micrometers.
They, therefore, comprise very high densities of grain boundaries
(GBs) compared to most other high-performance photovoltaics,”
obviating the need for fully characterizing the effects of such GBs on
photogenerated carriers.”” At present, most experimental approaches
for studying photovoltaic performance at GBs are limited to surface
sensitivities. This may be one of the critical reasons for the ongoing
debate and contrasting evidence about whether GBs in hybrid perov-
skite solar cells are detrimental, benign, or beneficial.*”**

Figure 2(a) outlines the tomographic pc-AFM with a MAPbI;
thin film grown on fluorine-doped tin oxide (FTO) glass, incorporat-
ing in situ illumination to facilitate photoconductivity studies as a
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FIG. 3. (a) Schematic view of the tomographic pc-AFM measurement of short-circuit photocurrent or open voltage of CdTe solar cells. (b) Short-circuit photocurrent tomography
of the CdTe polycrystalline thin film solar cell. (c) Charge transport in cadmium chloride treated CdTe at 0.7 V tip bias, near open-circuit condition. (d) First 3D reconstruction of
a nanoscale conductive filament in a resistive memory device via tomographic C-AFM. (e) PFM piezoresponse superimposed onto surface topography of a 160 nm epitaxial
BiFeO; thin film for three discrete steps during a T-AFM measurement. (f) Topographically reconstructed 3D thickness-resolved piezoresponse from a subregion of (e). (a)—(c)
Reproduced withsg)ermission from Luria et al., Nat. Energy 1, 16150 (2016).” Copyright 2016 Springer Nature. (d) Reproduced with permission from Celano et al., Nano Lett.

14, 2401 (2014).

Copyright 2014 American Chemical Society. (e) and (f) Reproduced with permission from Steffes et al., Proc. Natl. Acad. Sci. U. S. A. 116, 2413 (2019).”°

Copyright 2019 Authors, licensed under a Creative Commons Aftribution-NonCommercial-NoDerivatives license 4.0 (CC BY-NC-ND).

function of microstructural features in 3D. The full tomogram, which
is reconstructed from ~7.6 x 10° data points and reveals originally
subsurface contrast, is here digitally segmented into clearly enhanced
3D photocurrent networks along GBs [Fig. 2(b)] and grain-dependent
photocurrents in Fig. 2(c). By thoroughly analyzing the photoconduc-
tion along the GBs, two distinct types of GBs, which are morphologi-
cally indistinguishable at the original film surface, were identified in
Fig. 2(d). Type I GBs are predominant, exhibiting enhanced photocon-
ductivities due to higher calculated effective mobilities [Fig. 2(e)]. Type
II GBs are also occasionally present, though they are almost “invisible”
compared to the photocurrent contrast in adjacent grains [Fig. 2()].
Mechanisms for charge transport along or across these type I and II
GBs are depicted in Figs. 2(g) and 2(h) and suggest that future
manufacturing control of the proportions of such interfaces could be
beneficial for optimizing normal- and laterally configured devices,
respectively. Such insight into conduction pathways for hybrid perov-
skites, which oftentimes are referred to as “soft” crystals””* or even
“polar-liquid-like,”” are particularly challenging due to the easily
damaged microstructure and properties during conventional electron
or ion beam-based investigations.”’ This first T-AFM study on the
promising hybrid perovskite materials system thus provides a unique
perspective for identifying and ultimately optimizing 3D structure-
property correlations in hybrid perovskite devices.

The applications of tomographic AFM to other inorganic systems
are depicted in Fig. 3, including cadmium telluride (CdTe) solar cells,””
resistive memory devices,”>*"? and BiFeO; epitaxial thin films and
nanocomposites.”””’ For instance, standard pc-AFM measurements
on the top surface of a CdTe solar cell reveal spatially dependent short
circuit currents and open circuit voltages akin to measurements on
polycrystalline silicon cells. However, tomographic pc-AFM [Fig. 3(a)]
of short-circuit photocurrents displays something different—that
interconnected planar defects [inter- and intra-granular bands in Fig.
3(b)] are acting as preferred conduction pathways for holes.

Conversely, imaging near open circuit voltage conditions in Fig. 3(c)
shows that grain boundaries provide spatially and energetically segre-
gated conduction pathways for electrons.”” This is contrary to the
widely recognized detrimental role of grain boundaries as well as pla-
nar defects in polycrystalline thin-film solar cells, instead suggesting
that interconnected planar defects and grain boundaries are highly
beneficial for CdTe solar cells.” In one of the first demonstrations of a
tomographic AFM approach, studying a resistive memory with C-
AFM, Celano et al. identified nanoscale conductive filaments [Fig.
3(d)]. Along with similar reports on electronic interconnects, these 3D
AFM approaches were proved to be valuable for investigating other-
wise experimentally elusive phenomena, again due to the challenges of
nanoscale volumetric property mapping.””’ Another high resolution
study published thus far implemented tomographic PFM to map fer-
roelectric domains repeatedly throughout the depth of an epitaxial
BiFeO; thin film [Fig. 3(e)]. Voxels finer than 315 nm? were achieved,
with a depth resolution of just 0.97 nm confirmed by the abrupt loss of
PEM contrast upon reaching the nonferroelectric underlying electrode
and substrate [Fig. 3(f)]. Again, the 3D tomograms clearly uncover
what is hidden beneath the surface—a 40° tilt of the ferroelectric
domain walls from the [100] pseudocubic crystal axis of BiFeOs. Some
domain walls also converge or diverge beneath the surface, akin to
similar observations for grain boundaries in solar cells such as with
MAPDI; in Figs. 2(e) and 2(f).

In addition to volumetric insights, the T-AFM approach can pro-
vide several further benefits, specifically for delicate and controllable
nanomilling or nanopolishing, as is demonstrated in Fig. 4.
Programmable shapes such as a thickness gradient can be prepared for
further study via AFM tip-based milling of, e.g,, a wedge configuration
[Fig. 4(a)]. Clearly, this process is not strictly damage free, and cer-
tainly not non- or minimally invasive as is usually the unwritten rule
of SPM based studies. For some materials systems, though, any dam-
age is isolated to the excavated material, which is then continually
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FIG. 4. (a) Schematic of T-AFM nanomilling of BiFeO5 forming a nanowedge region
with BiFeO3 and SrRuOj; and stripe-type contrast in BiFeO; represents ferroelectric
domains. (b) and (c) Cross-sectional TEM image of BiFeOj; following T-AFM nano-
milling showing unperturbed crystal structure. (d) AFM topography of the nano-
wedge region produced by T-AFM nanomilling. (e) and (f) Map of the coercive
voltage V; at varying thickness on a wedge region of the BiFeOj film, with numeri-
cal fitting of the coercive field with respect to the BiFeOs thin film thickness. (g)-(j)
pc-AFM images superimposed with surface topography of MAPDbI; thin film before
(9) and (h) and after (i) and (j) T-AFM nanomachining. (a)—(f) Reproduced with per-
mission from Steffes et al., Proc. Natl. Acad. Sci. U. S. A. 116, 2413 (2019).”°
Copyright 2019 Authors, licensed under a Creative Commons Attribution-
NonCommercial-NoDerivatives license 4.0 (CC BY-NC-ND). (g)-(i) Reproduced
with permission from Song et al., Nat. Commun. 11(1), 3308 (2020).>* Copyright
2020 Authors, licensed under a Creative Commons Attribution (CC BY) license.

swept away by the rastering probe, while the underlying crystal struc-
ture and properties remain unperturbed. For example, in follow-up
cross-sectional TEM studies in Figs. 4(b) and 4(c), BiFeO; beneath the
polished surface does not exhibit dislocations and as shown here for
BiFeO; atomic columns remain even down to a milled film thickness
of less than 7 nm [Fig. 4(c)].” This conveniently facilitates investiga-
tions of size or thickness-dependent properties, emergent properties,
and/or isolation of otherwise interconnected features—all in a single
field of view instead of from multiple specimens that ideally but in
reality are seldom free of inadvertent fluctuations in structure and
composition.”””” For instance, a thickness gradient in BiFeO; [Fig.
4(d)] enables high resolution mapping of the coercive bias over the
range of 1-60nm of ferroelectric thin film, which uniquely provides
high fidelity statistics on the coercive field for polarization vs thickness
[Figs. 4(e) and 4(f)]. This study conclusively and somewhat surpris-
ingly proves that domain switching obeys Kay-Dunn scaling. Finally,
simple planarization can itself be highly beneficial, for instance, to
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diminish surface roughness in order to eliminate topography or
surface-facet induced artifacts.””””° For instance, for the hybrid
perovskite thin film, T-AFM based nanopolishing diminished the as-
grown surface roughness over an order of magnitude to less than 2 nm
root mean square roughness [Figs. 4(g) and 4(h)]. This reveals a clear
inversion in photoconduction at GBs, from apparently diminished for
the as-provided rough surface to absolutely enhanced for the
smoothed material [Figs. 4(i) and 4(j)]. With removal down to unit-
cell-thick layers already demonstrated,”” T-AFM and the AFM-tip
based nanomilling that it leverages are, therefore, promising for a wide
range of investigations into devices that exhibit three-dimensional
architectures and/or sensitivities.

Tomographic AFM and the related nanomachining approach so
far have been focused on investigating highly crystalline and relatively
rigid materials (e.g., perovskite thin films, functional nanocomposites,
complex oxides, and superlattices). There are still numerous exciting
areas for future explorations with T-AFM. For instance, volumetric
property mapping of soft matter, photogenerated carrier transfer
inside fully assembled perovskite and organic solar cells, volumetric
mapping of mechanical properties of biomaterials, thinning and nano-
patterning of 2D layered semiconductors and multiferroics, and 3D
high-resolution imaging of emergent nonconventional nanostructures
such as conductive ferroelectric domain walls** and vortices.”

For these possible further applications of T-AFM, there are still
significant challenges need to be resolved. For soft materials, such as
amorphous or partially crystallized polymer, conducting high fidelity
AFM imaging with controllable materials removal and no significant
altering of the remaining sample is still an open question calling for
more future work. Until now, some encouraging results have been
reported on polyvinylidene fluoride (PVDF)-based ferroelectric poly-
mer. For example, mechanical-force-induced ferroelectric polarization
switching™ and surface mechanical-annealing-controlled local piezor-
esponse enhancement' "’ have been demonstrated via high-load AFM
local probing and PFM scans on soft PVDF films. These results make
it promising for the T-AFM approach to “dig deeper” with soft materi-
als, especially with electroactive or photoactive polymers to explore the
depth-dependent properties (piezoresponse, ferroelectricity, domain
walls, and photoresponse). So far, volumetric mapping of these prop-
erties with electron-beam based techniques is still challenging due to
the possible fast decay of polymer under focused high energy beams.
Although 2D high-resolution nanomechanical property mapping of
metal and soft biomaterials has been demonstrated with atomic force
acoustic microscopy,” developing a feasible material removal proce-
dure during imaging in acoustic mode and in situ conversion of the
AFM signal to actual mechanical constants are critical to achieve 3D
volumetric imaging of mechanical properties. For emergent noncon-
ventional nanostructures such as conductive ferroelectric domain walls
and vortices, the actual lateral feature scales [e.g., down to around
3nm for the ferroelectric domain wall of Pb(Zr,Ti)O;'"" and around
6nm for vortices in SrTiOs/PbTiO; superlattices'’”] are imposing
great challenge for T-AFM, as these values are approaching the limit
of the SPM imaging resolution and the current T-AFM voxel size.” "’
In this sense, an optimized T-AFM approach with much higher spatial
resolution could be the first step toward resolving this challenge.
Furthermore, angstrom-level, “smart” nanomachining with optimal
fully 3D precision by an active feedback procedure'” can be used to
achieve room temperature nanopatterning of electroactive or
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photoactive polymers, which could be an unique alternative to the
conventional optical/electron-beam lithography or nanoimprint
lithography approach at elevated temperatures.'** Additionally, for 2D
van der Waals layered materials, although only AFM-tip-controlled
twisting and sliding of 2D boron nitride'”” and AFM-assisted thermal
nanolithography of low-dimensional nanoelectronics'*”'"” have been
demonstrated so far, programmable T-AFM nanomachining may be
useful to ultimately achieve lithography-free and thinning and
machining of 2D layers locally with a rastering AFM tip, rather than
using traditional mechanical exfoliation or high energy pulse laser
thinning methods.'””

In summary, tomographic AFM approaches have proven to be
unique and promising tools for 3D correlations between structure and
materials properties. With in situ and in operando compatibility and
the entire family of AFM-based measurement modalities available,
there are numerous potential applications of this powerful technique.
In particular, when complemented by electron and ion beam studies,
diffraction measurements, and/or optical interrogation, T-AFM is cer-
tain to yield new perspectives into fundamental properties of 3D struc-
tured materials and their optimized applications.
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