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The ever-increasing complexity of semiconductor devices requires innovative three-
dimensional materials characterization techniques for confined volumes. Multiple
atomic force microscopy (AFM)-based methodologies, using a slice-and-measure
approach have been proposed to meet this demand. They consist of scanning AFM
probes that erode locally the sample’s material at a relatively high load while sensing with
the secondary AFM channel, thus accessing in-depth information compared to the
standard surface-limited analysis. Nonetheless, the rapid tip apex wear caused by the
high forces involved, and the debris accumulation at the tip apex and inside/around the
scan area, have been identified as major limitations to the accuracy and repeatability of the
existing tomographic AFM sensing methods. Here we explore the use of oil as a suitable
medium to overcome some of the issues such as the scan debris accumulation and the
removal variability when working in air. We show how the use of oil preserves the
tomographic operation while improving the efficiency in material removal for large
depth sensing at a reduced debris accumulation. This is reported by comparing the
results between air and oil environments, where the removal rate, depth accuracy, and tip-
contamination are benchmarked. Finally, we provide the first demonstration of electrical
AFM sensing using scanning spreading resistance microscopy (SSRM) in oil.
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INTRODUCTION

With over 30 years of development, scanning probe microscopy (SPM) has now become an
important workhorse for the characterization of devices and materials in the semiconductor
industry (Orji et al., 2018). SPM represents a set of techniques capable of measuring a wide
variety of physical and electrical parameters at the nm-scale, thus finding a broad application space in
process control and failure analysis of the increasingly complex microelectronic devices. The
pervasive introduction of three-dimensional (3D) semiconductor architectures has motivated the
SPM community to explore tomographic sensing schemes for the analysis of confined volumes.
These include the alternation of SPM with ion beammilling, micro blades, and wet chemical etching
in combination with atomic force microscopy (AFM) sensing (Mochalov et al., 2017; Magerle, 2000;
Spampinato et al., 2020). However, the inherent 2D nature of the SPM sensing mechanism, based on
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probes directly scanning the specimen surface, poses multiple
challenges to the development of a full tomographic SPM
sensing method. One popular implementation of
tomographic SPM is based on the use of nanoscale abrasive
wear for the sub-nm material removal with contact-mode AFM,
whereby the probe is scanned at a relatively high pressure
(typically 2-3 orders of magnitudes higher than the
conventional topographic analysis conditions) to obtain the
controlled milling of the surface. This concept has been
explored and demonstrated by Xu et al. (2002) who reported
on the use of a slice-and-measure approach to alternate cycles of
electrical measurements and material removal scans, typically
applying GPa pressures at the tip-sample junction, to determine
the depth carrier profile of InP-based structures. Later, the same
approach has been applied to carbon nanotube-based
interconnects by Schulze et al. who successfully extracted a
nanotomogram using scanning spreading resistance
microscopy (SSRM) (Schulze et al., 2012). For ultra-scaled
volumes application, Celano et al. (2014) demonstrated the
high potential of SPM nanotomography for filament
observation in various types of resistive switching memories
using conducting AFM (C-AFM) (Celano et al., 2016; Celano
et al., 2017) and refined the methodology to obtain a high
control of the removal process (Celano et al., 2018). Recently,
various groups have embraced the methodology and extended it
with alternative AFM techniques, including photoconductive
AFM (pc-AFM) and piezo-response force microscopy (PFM)
(Luria et al., 2016; Steffes et al., 2019; Song et al., 2021), among
others. At present, this approach is often referred to as
tomographic AFM (T-AFM) or scalpel SPM and has been
used to visualize tomographic information in confined
volumes in a wide range of devices and bulk materials (Song
et al., 2021).

Clearly, for this class of techniques, the use of nanoscale
abrasive wear for the sub-nm material removal is key to
enable accurate and precise tomographic sensing. Therefore,
the physics of atomic attrition in sliding single asperities
contacts must be addressed to increase the accuracy,
repeatability, and resolution of the existing methodology
(Chen et al., 2019; Chen et al., 2020).

An overlooked aspect of scalpel SPM is the heavy debris
formation and the deposition of this material around the tip
apex and in the scan area (Koinkar and Bhushan, 1997; Bhushan
and Sundararajan, 1998). As the high-pressure scan is performed,
the etched particles pile up, coalesce, and eventually reattach to the
surface (Mao et al., 2009). This is directly affecting the measurement
quality and repeatability, contributing to the tip wear, and limiting
themaximum3D scan depth (Buckwell et al., 2019). Finally, this can
cause multiple reliability issues on the material removal and
predictability of tip-induced removal rates, representing some of
the main reasons for the limited usability of scalpel SPM.

Here, we explore scalpel SPM performed in an oil
environment as a possible solution to overcome the issues
of scan debris accumulation while preserving the precise
removal rate capability, and electrical AFM modes
functionality. It is well known from the macroscopic
(Claudin et al., 2010; Lawal et al., 2012; Sharma and Sidhu,
2014) and nanoscopic (Malshe et al., 2005) machining world
that cutting fluids such as oils can significantly improve the
cutting tool lifetime and flush away debris from the cutting
area. Commonly used cutting fluids include oils, oil-water
emulsions, aerosols, gels, and gases. In this work, our choice
was centered around oils since, first, scalpel SPM is mostly
applied for electrical measurements and hence requires an
electrically insulating fluid, then, as both the probe and the
sample can be constituted of many different metals, the fluid

GRAPHICAL ABSTRACT | SEM images of the tips and AFM images of the craters obtained after scanning in air (left) and in oil (right). The debris are efficiently
removed from the tip and the crater edges in the oil environment.
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should circumvent oxidation and corrosion, as such oil (e.g.,
as opposed to water) can be considered an ideal medium
for that.

To the authors’ knowledge, oil has not yet been investigated
in detail for nanoscopic material removal in scalpel SPM but it
has been used in combination with SPM for different
purposes. For example, Marti et al. (1987) first proved that
AFM can be performed in liquid environments by scanning on
a graphite surface covered with paraffin oil. Later, Kelvin
Probe Force Microscopy (KPFM) was performed on solid-
liquid interfaces (Collins et al., 2014; Collins et al., 2015) and
Frequency Modulation-AFM in liquids (Fukuma et al., 2005;
Kobayashi et al., 2010). In parallel, the size, shape, and
interaction of micron- and nano-sized oil droplets have
been studied by different authors (Tabor et al., 2011a;
Tabor et al., 2011b; Sánchez et al., 2011; Munz and Mills,
2014; Feng et al., 2019). Here, we report on the use of oil in
scalpel SPM demonstrating net improvements 1), in the
efficiency of material removal for large depth sensing and
2), for the removal of debris during the measurement, thus

improving the sensing accuracy. And 3), we show
functionality of electrical AFM modes working in oil,
including the first demonstration of SSRM in oil. The
paper explains the method, highlights the main
performance improvements, and reports the first results of
scalpel SPM measurements in oil.

MATERIALS AND METHODS

Atomic Force Microscopy
All AFM measurements in air and oil are performed using a
Dimension Icon PT from Bruker. The material removal step
consists of the scanning of a silicon substrate in contact mode at a
high force (GPa pressures range).

The probes used for the removal in the present work are
boron-doped diamond probes, developed in-house (Hantschel
et al., 2009) with a spring constant of 27 N/m, having a
nominal length, width, and thickness of 225, 50, and 5 μm,
respectively. Diamond probes are key to enable AFM-tip-

FIGURE 1 | (A) Optical microscopy of the main steps to perform scalpel SPM in an oil environment. (B) AFM image of the crater obtained after 2 high-pressure
scans in air and (C) in oilusing the same probe tip. Two-dimensional AFM profiles, acquired along the axes labeled “Section” in Fig.1 (A) and (B), are shown in (D) and (E),
respectively for the removal in air and oil; note the comparable removal rates obtained in both cases, even though the load force is decreased by a factor of 2 in oil (from
ca. 1.2 µN in air to 0.6 µN in oil).
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based milling, as they present a sufficient hardness to scratch
away the materials commonly used in semiconductor
processing (e.g., Si, SiGe, oxides, nitrides, and metals), as
previously demonstrated.

The second step is the examination of the thus-created craters,
allowing to assess the debris formation, by scanning over a larger
area around the scalpel region. To increase the lateral resolution
of this stage, these measurements are made using the Peak Force
mode (Xu et al., 2018) with HQ:NSC18/AL BS probes. The results
also demonstrate the ability of PF-AFM to provide accurate
topography measurements inside an oil droplet.

Scanning Spreading Resistance
Microscopy
SSRM measurements were performed using a Bruker Icon-PT
system equipped with an SSRM application module in a glovebox
under argon atmosphere. The sharp diamond probe is scanned at
high force over the biased sample while the 2D resistance and the
topography map are recorded.

X-Ray Photoelectron Spectrometry
The measurements were carried out in angle integrated mode
using a QUANTES instrument from Physical Electronics at an
exit angle of 45°. A 100 microns X-ray spot and a
monochromatized photon beam of 1486.6 eV were used.

Scanning Electron Microscopy
SEM images of the probe tips after scanning in air and oil were
acquired using a Thermo Fisher Scientific Apreo System.

RESULTS AND DISCUSSION

Figure 1A shows the procedure followed in this work to perform
scalpel SPM in oil. The oil is collected by engaging the tip into a larger
droplet deposited close to a corner of the sample, acting as a reservoir,
beforemoving to a fresh scan area. The oil remaining on the tip apex is
enough to guarantee the presence of oil at the tip-sample junction
while minimizing possible interference of the oil with the AFM laser
reflection from the cantilever that can be induced by the presence of a
large droplet (e.g., Figure 1A, oil pick-up step). Here, we select castor
bean oil, presenting a higher viscosity compared to the usual inorganic
mineral oil and therefore less prone to evaporation from the tip.

A qualitative comparison of measurements acquired with the
same tip in air and oil is provided in Figures 1B,C, respectively.
First, in the attempt to compare the impact of the scanning
environment on the formation and accumulation of debris, we
selected tip-sample load forces that induce a similar material
removal rate from the surface as visible by the AFM images and
section profiles (Figures 1B–E). A crater with a depth of ca.
10 nm is visible in both images (Figures 1B,C) with a clear
accumulation of debris in case of air scanning and limited debris

FIGURE 2 | (A) Comparison of the removal rates as a function of the applied force for the two environments. SEM images of the tips after scanning in air (B) and oil
(C); Individual section profiles lines from AFM are used for the evaluation of the roughness in the craters for air (D) and oil (E).
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visible in case of scanning in oil. As reported elsewhere, during
tomographic AFM debris accumulates around the tip apex and at
the crater edges when milling in air (Figure 1B), with a high risk
to fall back into the scanned area and impact the quality of the
images (Celano et al., 2018; Buckwell et al., 2019). On the
contrary, this effect is strongly reduced in oil where the crater
edges are sharp and the number of cutting particles is strongly
reduced (Figure 1C). Si debris is carried away into the
surrounding liquid, avoiding the piling-up at the end of the
scan lines and on the tip.

Importantly, beyond the suppression of debris formation, we
observe an increased removal rate when scanning in oil as
compared to air. In the case of Figure 1, for example, the load
force needed to reach depths of approximately 10 nm (see Figures
1D,E), could be reduced by a factor of 2 in oil as compared to air (2
scans at 1.2 µN in air against 2 scans at 0.6 µN in oil). We
consistently observe this effect over repeated scans and multiple
tips thus confirming that the tip-induced removal is affected by the
scanning environment with a proportionality factor that depends
on the probe tip but can be estimated in a 2-to-4 times removal rate
increase in oil compared to air. This is illustrated in
Supplementary Figure S1 (supporting information), where
craters of similar depth were obtained in air and in oil with the
same probe, but with the load force and number of scans both
reduced by a factor of 4 in oil as compared to air.

A quantitative representation of the reduction of the applied
force needed to reach a specific removal rate in oil compared to
air is also illustrated in Figure 2A, where measurements acquired
in both environments and with the same tip allow the direct
comparison of the removal rates, as a function of the load force.
For each load, the area was scanned 5 times, before measuring the

crater depth. The removal rates were then averaged over the 5
scans. In the current dataset, the applied force could be reduced
from 1.8 µN in air to 1.3 µN in oil to reach a fixed removal rate of
∼20 nm/scan. At 1.8 µN, the removal rate is increased by a factor
of up to ca.1.4 observed in oil compared to air.

Higher removal rates at constant load allow enhancing the
machining capability, which might be relevant for applications
where depth information over a micron or more is crucial, such as
material de-layering in failure analysis of integrated circuits or
precise machining.

To explain the enhancement in materials removal in oil, we
assume that the absence of debris on the surface and the tip apex
facilitates a more efficient ploughing action since the tip is
scratching a “fresh” area at each scan.

Furthermore, we hypothesize that the presence of oil could
favor mechanochemical reactions, and eventually increase the
interaction forces between the probe tip and the etched substrate.
Other groups reported on such reactions (Milne et al., 2019; Xiao
et al., 2019) (e.g., the removal of surface terminal species) that
locally modify the surface at the interface between the tip and the
sample and affect the material removal rate.

A third explanation involves the potential capillary forces taking
place at the tip-droplet interface, thus increasing the removal rate at
fixed load force when working in oil. In other words, the presence
of oil could increase the effective load force applied on the surface,
while keeping the measured cantilever deflection constant.

On the other hand, it would be equally important to guarantee
a high control of material removal while decreasing the tip-
sample load force, thereby increasing the removal accuracy.
While this report does not quantitatively address this aspect,
our first experimental data suggest that working in oil does not

FIGURE 3 | SSRM resistance maps (A and C) and the corresponding profiles (B and D), acquired on calibration staircase structures in air (upper row) and in oil
(lower row), for three different scan line densities. Averaged SSRM profile lines are extracted for comparison in air (B) and oil (D).
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limit a nm-precise material removal that was previously obtained
when working in air (Celano et al., 2018).

Interestingly, the impact of oil is also expressed through a net
reduction of the residues sticking to the tip after the material
removal. This is reported in Figure 2 where we display SEM
images of the tips after scanning in air (b) and oil (c). The
corresponding craters are shown in Supplementary Figure S2,
where SEM images were acquired in air and AFM images in oil.
Again, in air (Supplementary Figure S2A), a significant quantity
of debris accumulates in the machined area, while it was washed
away by the oil (Supplementary Figure S2B).

Concerning how the oil modifies the interactions between the
tip and the sample, Figures 2D,E suggest that the roughness is
not affected since similar profiles are found in both environments.
Note that to perform the analysis of the surface quality with the
highest possible resolution, we have used a fresh high aspect-ratio
probe tip in peak force tapping mode.

In parallel, XPS analyses were conducted on Si samples (described
in Supplementary Table S1) to look for possible alterations in the
surface chemistry. The surface composition of the bare reference Si
substrates was compared to Si dipped into hydrogen fluoride (HF),
so that the native oxide is removed, then exposed to air or oil for
6 days. The oil was subsequently cleaned off in propanol prior to
ultra-high vacuum (UHV). No significant difference in the long-
term oxidation behavior can be observed between the sample
immersed in oil and in ambient air, indicating that the oil has no
negative -or positive-impact on the overall surface oxidation. In a
similar test, 10 s vs. 6 days, a slightly lower SiOx/Si ratio for the oil-
immersed sample can be observed. This might indicate that the
initial oxidation is somewhat slowed down in the presence of oil. The
XPS results are summarized in Supplementary Figure S3.

Finally, in the last section, we assess the feasibility of one common
electrical-AFM method, namely scanning spreading resistance
microscopy (SSRM), in oil. Figure 3 shows the comparison
between SSRM images (Figures 3A,C) and profiles averaged over
a 1 µm-wide cross-section (Figures 3B,D) obtained on a standard
p-type Si calibration structure commonly used for SSRM calibration
(Clarysse et al., 1998). The scan line density, i.e., the number of lines
within the scanned area, was increased from256 to 1008 pixels during
3 scans. The measurements were performed with the same boron-
doped diamond probe and at the same force of ca. 3.6 µN.

Interestingly, both environments yield good quality SSRM
measurements as visible from the clear appearance of all doping
levels contained in the calibration structure. These results
constitute, to our knowledge, the first feasibility study of SSRM
measurements in oil. Note, to minimize any tip-induced variation
in the study, we have performed the measurement using the same
probe tip. For information purposes, the noise levels, considered
only on this dataset, and therefore only consistent for this
particular tip, are comparable in both environments. However,
more statistics are needed to draw general conclusions. Upcoming
work should support these encouraging preliminary results. Our
hypothesis is that the lack of fast surface reoxidation can be a
possible source of noise reduction by reducing the overall tip-
sample contact resistance, allowing to obtain a higher sensitivity to
the spreading resistance term (β-Sn phase), leading to higher lateral
and depth resolutions.

The use of oil could allow decreasing the load force applied on the
tip while the higher removal rate would limit damage accumulation.

CONCLUSION

In summary, we studied the role of single asperity tip contacts
operating in oil and at high-pressure scan conditions for
application in scalpel SPM. Our work demonstrates, for the first
time, the feasibility of electrical AFM modes such as SSRM, in an
oil environment. Beyond this we observe performance
improvements that can be summarized in four points:

- The quantity of scanning debris at the crater edges and
sticking to the probe tip is dramatically reduced, thus
improving the sensing accuracy in the area of interest.

- The material removal rate capability, and therefore the
maximum 3D scan depth of scalpel SPM is extended.
Removal rates up to twenty times higher were recorded in
oil compared to results obtained in the air with the same tip.

- The feasibility of scanning spreading resistance microscopy
in oil, with comparable (or improved) noise as in air, was
demonstrated for the first time.

Given the increasing interest in scalpel-based three-
dimensional scanning probe microscopy, we believe that the
use of oil is going to be more and more applied to 3D SPM
analyses, on a wide range of hard materials, relevant for the
semiconductor industry, such as silicon, oxides, and metals.
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