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A great number of chemical and mechanical phenomena, ranging
from catalysis to friction, are dictated by the atomic-scale structure and properties
of material surfaces. Yet, the principal tools utilized to characterize surfaces at the
atomic level rely on strict environmental conditions such as ultrahigh vacaum and
low temperature. Results obtained under such well-controlled, pristine conditions
bear little relevance to the great majority of processes and applications that often
occur under ambient conditions. Here, we report true atomic-resolution surface
imaging via conductive atomic force microscopy (C-AFM) under ambient

True Atomic-Resolution
Surface Imaging

Conductive Atomic Force
Microscopy under
Ambient Conditions

conditions, performed at high scanning speeds. Our approach delivers atomic-

resolution maps on a variety of material surfaces that comprise defects including single atomic vacancies. We hypothesize that
atomic resolution can be enabled by either a confined, electrically conductive pathway or an individual, atomically sharp
asperity at the tip—sample contact. Using our method, we report the capability of in situ charge state manipulation of defects
on MoS$, and the observation of an exotic electronic effect: room-temperature charge ordering in a thin transitionmetal carbide
(TMC) crystal (i.e., an MXene), @-Mo,C. Our findings demonstrate that C-AFM can be utilized as a powerful tool for atomic-
resolution imaging and manipulation of surface structure and electronics under ambient conditions, with wide-ranging

applicability.

atomic force microscopy, atomic-resolution imaging, charge ordering, defects, MXenes, two-dimensional materials

tomic-resolution imaging provides crucial information

about the structure and physical properties of material

surfaces, with implications for a multitude of fields in
science and technology.P3 Despite this fact, direct, real-space
atomic-resolution images of surfaces could not be recorded
before the invention of the scanning tunneling microscope
(STM) in 1982," a feat that culminated in the awarding of the
Nobel Prize in Physics in less than four years. The
development of the atomic force microscope (AFM) in 1986
overcame the limitation of STM to conductive samples,” and
reports of apparent atomic-resolution imaging soon fol-
lowed.”” It was, however, quickly discovered that such results
can best be described as lattice resolution, as true atomic-
resolution imaging requires the imaging of individual atomic
defects such as single vacancies, which were conspicuously
missing in these early works. The physical limitation that led to
this failure to achieve true atomic resolution with AFM was
attributed to the repulsive contact formed between the probe
tip and the sample surface during contact mode operation. This
leads to contact areas that are at least several atoms wide,
resulting in an averaging of force interactions across this rather
blunt interface and, consequently, the inability to image
individual atomic vacancies.”” On the other hand, nearly a
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decade after the invention of the AFM, a method named
noncontact atomic force microscopy (NC-AFM) was intro-
duced by Giessibl and then Morita’s group, with which atomic-
resolution imaging can be achieved on a wide range of sample
surfaces by means of detecting short-range interaction forces
between the sharp probe tip and the sample surface.'”"’

A critical limitation associated with both STM and NC-AFM
is that they typically cannot be performed under ambient
conditions for atomic-resolution imaging. Exceptions include
certain reports of atomic-resolution STM imaging under
ambient conditions.'”"> It should also be noted that great
progress has been made in recording true atomic-resolution
images of a wide variety of surfaces under a liquid
environment, without restrictions of sample conductivity.' ™"
Finally, there has been one isolated report of true atomic-
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Figure 1. Demonstration of true atomic-resolution imaging under ambient conditions via C-AFM. (A) Schematic showing the C-AFM setup,
along with the discrepancy between the physical and electrical contact formed between the tip and the sample, as one of the possible
explanations that can enable atomic-resolution imaging. (B) Atomic model of the HOPG (0001) surface with red and blue spheres
representing two types of carbon atoms, and the gray spheres representing carbon atoms in the layer below. (C) Atomic model of the MoS,
(001) surface. (D) Current image obtained on HOPG showing three types of atomic sites characterized by low, high, and intermediate
current (see the corresponding green, pink, and blue circles, respectively). The simultaneously recorded topography map (height range: 0—
3.1 A) is shown in the inset, exhibiting no atomic-scale features. (E) Current image obtained on MoS, showing well-defined protrusions
separated by ~3.2 A. The simultaneously obtained topography map, with a stripe-like pattern, is shown in the inset (height range: 0—6.8 A).
(F) Current image obtained on MoS, showing multiple atomic-scale defects. The simultaneously obtained topography map is shown in the
inset, with no trace of the defects (height range: 0—3.4 A). (G) Current image obtained on MoS, exhibiting three types of atomic sites
characterized by low, high, and intermediate current (see the corresponding green, purple, and pink circles, respectively). This image clearly
captures a single atomic defect, as indicated by the white arrow. The corresponding topography map is shown in the inset (height range: 0—
5.4 A). All images were obtained with an applied normal load of 0.0 nN and at a scanning frequency of 15.62 Hz. Bias voltages: (D) 0.04 V;

(E) 0.1 V; (F) 1.8V; (G) —1.2 V.

e . . . .16
resolution imaging via NC-AFM on a calcite surface in air,

despite multiple attempts at imaging other surfaces.'” On the
other hand, in general, when they are exposed to ambient
conditions, surfaces are covered with a layer of contaminants
adsorbed from the environment, resulting in an insurmount-
able barrier to the precise detection of tunneling currents and
interaction forces. In order to suppress the adsorption of
contaminants and achieve atomic-resolution imaging, STM
and NC-AFM are typically performed under ultrahigh-vacuum
(UHV) conditions. However, adsorption/contamination in
realistic environments can lead to important changes in
chemical, mechanical, and electronic surface characteristics,
which can have critical implications for functionality.'®"’
Moreover, processes observed under the ideal yet unrealistic
UHV environment bear little relevance for technological
applications such as heterogeneous catalysis, which often
takes place at elevated pressures. This leads to longstanding
critical issues in surface science such as the pressure gap.”

RESULTS AND DISCUSSION

A scanning probe microcopy (SPM) method that could
potentially overcome the restriction of atomic-resolution STM
and NC-AFM to UHV is conductive atomic force microscopy
(C-AFM), whereby a conductive probe tip scans the sample
surface in contact mode under the application of an electrical
bias voltage, and the current flowing between the two is
recorded as a function of lateral position in the form of images.
Motivated by recent work that demonstrated atomic-resolution
imaging on a small number of samples under controlled
environmental conditions induced by a dry nitrogen
atrnosphere,m’22 we performed high-speed C-AFM imaging

experiments under ambient conditions (Figure 1A) on a
variety of material surfaces. Our results demonstrate that true
atomic-resolution imaging can be achieved via C-AFM under
ambient conditions, proven by the imaging of single atomic
vacancies, among other defects. Going beyond imaging, we
additionally report in situ manipulation of defect charge states
on MoS,, as well as the observation of room-temperature
change ordering on an MXene, with signatures of rotational
symmetry breaking with respect to the underlying atomic
lattice.

Initial measurements were first performed on the (0001)
surface of highly oriented pyrolytic graphite (HOPG), a
prototypical benchmark sample (see Figure 1B for the atomic
model of the surface). The results are summarized by the
current map in Figure 1D, where we are able to detect three
types of atomic sites on the HOPG crystal characterized by
low, high, and moderate current, separated by ~1.4 A. This
observation is in strong contrast to previous works in the
literature that predominantly feature lattice resolution, where-
by only one type of atomic site, with a periodicity of ~2.5 A, is
imaged as bright.*>** In our case, the reproducible imaging of
three atomic sites separated by ~1.4 A (which corresponds to
the interatomic distance of 1.42 A between carbon atoms that
is expected on an HOPG (0001) surface) demonstrates that
we are indeed able to resolve all carbon atoms on the HOPG
surface, as well as the hollow sites that exist at the center of the
hexagons formed by them.

Despite the promising result above, the key signature of true
atomic-resolution imaging remains as the capability of
identifying single atomic defects such as individual vacancies.
We therefore turned our attention to MoS,, a two-dimensional
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Figure 2. Imaging of different types of defects on MoS, (001) under ambient conditions via C-AFM. (A) Current image featuring dark,
concentrated defects (blue arrow) as well as diffuse, large-area bright (pink and white arrows) and dark (green arrow) defects. (B) Enlarged
current image on the diffuse defects in (A). (C) Current image exhibiting a faint, atomic-scale dark defect (pink circle) and a regular, atomic-
scale dark defect (blue circle). (D) Current image showing an extended defect, with a central, bright region (enhanced conductivity)
surrounded by a dark region (attenuated conductivity). All images were obtained with an applied normal load of 0.0 nN and at a scanning
frequency of 15.62 Hz. Bias voltages: (A) 1.8 V; (B) 1.8 V; (C) 0.7 V; (D) 0.9 V.

(2D) semiconductor from the family of transitionmetal
dichalcogenides (TMDs), which is (i) of significant electronic
relevance™ and (ii) expected to feature a higher density of
defects than HOPG (see Figure 1C for an atomic model). A
current map obtained on MoS, is shown in Figure 1E, together
with the simultaneously recorded topography map in the inset.
There are distinct differences between the two channels: while
we observe clearly resolved, individual protrusions (separated
by ~3.2 A, the distance between individual S as well as Mo
atoms on MoS,) in the current map, the topography map
comprises vaguely resolved stripes of 0.2—0.6 A in height. The
observation of a much sharper contrast in the current channel
in comparison with the topographic one indicates that the
mechanism that results in high resolution in the current map is
fundamentally different from that responsible for atomic-scale
stick—slip patterns in the topography image.”> On the other
hand, the absence of any defects in the current map precludes
us from claiming true atomic-resolution capabilities. As such, in
order to demonstrate the key benchmark for the capability of
true atomic-resolution imaging, another current map recorded
on MoS, is shown in Figure 1F, where a cluster of multiple
atomic-scale defects is imaged, in the form of missing bright
spots. On the other hand, the corresponding topography map
does not show the defects, proving that the averaging of
interaction forces across the blunt tip—sample interface indeed
precludes the imaging of atomic-scale defects in the top-
ography channel. Taking one step further, another current map
on MoS, is shown in Figure 1G, where we are able to
demonstrate ultimate spatial resolution under ambient
conditions. In particular, three types of atomic sites (see the
green, purple, and pink circles in Figure 1G) with the expected
periodicity of ~3.2 A that feature low, high, and intermediate
current are simultaneously resolved. More importantly, we can
clearly identify a single atomic defect in our image, manifesting
as a missing “bright spot” that is indicated by the white arrow.

This latter observation unequivocally proves that we are able to
achieve true atomic-resolution imaging via the method of C-
AFM under ambient conditions. Comparing our results to
what has been achieved on MoS, via STM under UHV
conditions, we tentatively assign the single atomic defect in our
image to an S vacancy, due to the rather isolated effect it has
on the local conductivity, in contrast to electronic effects
extending over several nanometers expected for Mo vacancies
and various dopants.”**’

With our method, we are also able to image defects other
than single atomic vacancies on MoS,, as summarized in Figure
2. In particular, Figure 2A shows an atomically resolved large-
scale (23.75 X 23.75 nm*) current image on MoS, that exhibits
concentrated dark defects (indicated by the blue arrow) as well
as diffuse, large-area bright (indicated by pink and white
arrows) and dark defects (indicated by the green arrow) that
extend over a few nanometers. The contrast seen in such
current maps can be associated with localized variations in the
density of states (DOS) and/or charged regions.”"”*** This
image additionally demonstrates that we are routinely able to
image areas of several 100 nm? with atomic resolution, a feat
that is challenging to perform with methods such as NC-AFM.
An enlargement on the type of defects indicated by the blue
arrow in Figure 2A reveals multiple atomic vacancies (similar
to the case in Figure 1F). Figure 2B shows an enlarged image
on the diffuse defects in Figure 2A. The uninterrupted
continuation of the lattice structure over these extended
defects indicates that their physical origin likely lies in the
subsurface region: e.g., in the form of subsurface Mo vacancies
or substitutionals.”” We also observe individual faint dark
spots, as highlighted by the pink dashed circle in Figure 2C, in
contrast to regular dark spots highlighted by the blue dashed
circle. Due to the fact that these defects are concentrated to
single atomic sites but provide a relatively weaker contrast in
current, we attribute them to subsurface S vacancies,’”*®
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Figure 3. Atomic-resolution imaging on different material surfaces under ambient conditions via C-AFM. (A) Current image recorded on
WSe,, a 2D TMD semiconductor, showing a diffuse bright defect overlaid on a continuous atomic lattice. (B) Current image recorded on Au
(111), a metal. (C) Current image recorded on PtSe,, a 2D semimetal, showing several atomic-scale defects (white arrows) and frequent
contrast changes. All images were obtained with an applied normal load of 0.0 nN and at a scanning frequency of 15.62 Hz. Bias voltages:

(A) -1.8 V; (B) 0.01 V; (C) —0.14 V.
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Figure 4. Electronic manipulation of a defect on MoS, via C-AFM under ambient conditions. (A) Large-scale current image showing two
defects. (B) Enlarged current image on the defect highlighted by the blue dashed square in (A). The defect features enhanced conductivity
compared to its surroundings. (C) I-V curves recorded on top of the defect location marked with the red dot in (B). (D) Current image of
area (A) after the I-V sweeps. (E) Current image capturing the same defect in (B) after the I-V sweeps. The defect now features a slightly
lower conductivity compared to its surroundings, with the uninterrupted atomic lattice overlaid on top of it. (F—I) Corresponding
topographic images for (A), (B), (D), and (E), respectively. All images were obtained with an applied normal load of 0.0 nN and at a
scanning speed 15.62 Hz. Bias voltages: (A) —1.0 V; (B) —1.3 V; (D) —0.8 V; (E) —0.8 V.

demonstrating that our approach can detect minute
disturbances in the atomic structure, even below the surface.
Finally, another extended type of defect is shown in Figure 2D
with a lateral span of ~6 nm. This defect features a bright
region surrounded by a dark region, corresponding to
enhanced and attenuated conductivities, respectively. These
may be caused by local charging due to defects in the
subsurface or generated during imaging due to local band
bending by Coulomb repulsion.”® It is crucial to note that all
defects observed here on MoS, were imaged earlier with STM,
under UHV conditions.”® Our results, which provide
comparable images, now prove that it is indeed possible to
conduct atomic-resolution studies of defects in a 2D
semiconductor such as MoS, simply by employing C-AFM
under ambient conditions (i) without operational and
instrumentational complications of STM/NC-AFM, (ii) with-
out loss of resolution, and (iii) with the ability to decouple
electronic and structural effects thanks to the separate
recording of the current and topography channels.

In order to explore whether our atomic-resolution imaging
capabilities are restricted to HOPG and MoS,, we performed
experiments on a number of different material surfaces, as
summarized in Figure 3 (for a verification of atomic
periodicities of the surfaces investigated here, please see Figure

S1). In particular, Figure 3A shows a current image recorded
on WSe, (001), exhibiting a diffuse bright defect superimposed
on a continuous atomic lattice. This image proves that our
methodology works on 2D TMD semiconductors other than
MoS,. Completely changing material classes, we performed C-
AFM experiments on the Au (111) surface, a prototypical,
close-packed metal surface of scientific importance.”” As shown
in Figure 3B, C-AFM can clearly resolve the atomic structure
of the Au (111) surface, extending its realm of applicability to
metals. PtSe,, a semimetal and a member of group 10 TMDs,*”
was also imaged. Specifically, Figure 3C shows a current image
recorded on PtSe, (001) where the atomic surface structure
together with several atomic-scale defects (indicated by white
arrows) can be resolved. Much like early NC-AFM images
recorded on Si (111)-7 x 7,' this image features frequent
changes in contrast that can be attributed to minute alterations
in the tip apex that occur during scanning: e.g., by transfer of
atoms or molecules to/from the sample surface.”’

Going beyond imaging, we also investigated the capability of
our method to electronically manipulate defects under ambient
conditions. In particular, Figure 4A shows a current image of
MoS, with two extended defects that exhibit higher
conductivity than their surroundings. Magnified images on
the defects allow their study with high spatial resolution
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Figure S. Observation of room-temperature charge ordering on an MXene via C-AFM. (A) Current image recorded on @-Mo,C, an MXene,
showing periodic modulation of charge, along with two defects. (B) The corresponding FT of the image shown in (A). The bright spots
highlighted by red circles represent the lattice structure of @-Mo,C with a periodicity of ~2.2 A, while the bright spots highlighted by green
circles represent the charge modulation with a periodicity of ~11.4 A. (C) Another current image recorded on a-Mo,C exhibiting charge
ordering. (D) The corresponding FT of the image shown in (C). The bright spots highlighted by red and green circles represent lattice
structure of a-Mo,C (periodicity ~2.2 A) and periodic modulation of charge (periodicity ~11.1 A), respectively. (E) Enlarged current image
of the area highlighted by the white dotted square in (C), showing an ordering of charge superimposed on the atomic surface lattice. All
images were obtained with an applied normal load of 0.0 nN and at a scanning frequency of 15.62 Hz. Bias voltages: (A) 0.1 V; (C) 1.3 V;

(E) 1.3 V.

(Figure 4B). By performing current vs voltage (I—V) sweeping
for multiple cycles (Figure 4C), we found an emerging peak in
the I—V curves at a bias voltage of about —1.7 V, which is first
attenuated and then re-emerges during the I-V cycles. This is
accompanied by a side peak appearing between —1.1 and —1.3
V. After the I-V sweeps, the high-conductivity region
associated with the defect disappears (see Figure 4D,E, to be
compared with Figure 4A,B). The possibility of surface
contamination can be ruled out, as roughness fluctuations
are not observed in the corresponding topography images
(Figures 4F—I). The negative differential resistance in Figure
4C, characterized by a decrease in current with increasing
voltage, may be related to localized surface charging/
discharging behavior. According to the passive sign con-
vention, more electrons may flow out of the defect location,
indicating a pre-existing negatively charged region. After I-V
sweeping, more positive charge will accumulate in the region to
compensate the nonuniform charge states, which may explain
the slightly lower current detected on the defect location after
the I—V sweeps (Figure 4E). These experiments demonstrate
that our method may provide a feasible strategy for localized
manipulation/elimination of electrical surface defects on 2D
materials under ambient conditions.

Following the demonstration of charge state manipulation of
defects on MoS,, we employed our methodology to explore
exotic electronic properties of an emerging materials class. In
particular, C-AFM measurements performed on thin crystals of
a-Mo,C, a prototypical member of MXenes,”” revealed a
periodic modulation (i.e., ordering) of charge, superimposed
on the atomic lattice structure of a-Mo,C (Figure SA), in an
area that includes two prominent defects. The corresponding
Fourier transform (FT) shown in Figure SB corroborates this
observation, whereby the bright spots highlighted by red circles
(with a periodicity of ~2.2 A) represent the atomic structure of
the a-Mo,C surface, and the bright spots highlighted by green
circles represent the periodic charge modulation with a
periodicity of ~11.4 A. Even more interestingly, the FT clearly
shows the broken rotational symmetry between these two
periodicities with an angular difference of ~13°. These results

are supported by additional measurements on the material
surface that show charge ordering (Figure SC,E), with the
corresponding FT again showing two periodicities correspond-
ing to the lattice structure (~2.2 A) and charge modulation
(~11.1 A), respectively, with an angular difference of ~12°
between the two (Figure SD). At this point, the question arises
whether the superimposed modulations observed in the
current maps can be caused by moiré patterns that involve
out-of-plane undulations of the material surface due to strain.”
Unlike STM, the C-AFM method delivers two separate
channels of data for the recording of topography and current,
and the absence of any structural features in topography maps
acquired simultaneously with the current data here (much like
the topography maps presented in the insets of Figure ID—G)
allows us to unambiguously assign the observed modulations in
the current images to electronic, not structural, origins. The
discovery of room-temperature charge ordering in a-Mo,C is
important not only from a fundamental point of view, as such
phenomena have been very rarely reported for other members
of the 2D materials family,”* but also from a technological
perspective, as it may lead to the possibility of exciting
electronic device applications (e.g., for current switching) for
MXenes.

Despite its potential, the C-AFM technique has traditionally
suffered from poor reproducibility. A key reason behind this
limitation is the wear of the conducting tip coating.”> For the
current study, we explored different types of commercially
available conductive tips, including PtSi, Ti/Ir, and doped-
diamond-coated conductive tips. We could only achieve lattice
resolution on an HOPG sample with PtSi tips (please see
Figure S2A). While we were able to achieve atomic resolution
with Ti/Ir tips (please see Figure S2B), the imaging was not
robust. Additionally, the longevity of both of these categories
of tips were poor, as metal-coated tips tend to wear/melt easily.
On the other hand, results achieved with doped-diamond-
coated conductive tips were highly reproducible in the sense
that we could routinely image surfaces of different materials
with true atomic resolution using the same tip. Similarly,
scanning repeatedly over the same defect resulted in consistent
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images, with the presence of some thermal drift (please see
Figure S3).

The fact that C-AFM is able to routinely achieve true atomic
resolution is unexpected, mainly because imaging is performed
under contact mode operation, whereby the physical area of
contact between the tip and the sample consists of multiple
atoms (Figure 1A). This should in principle lead to an
averaging effect and the inability to resolve atomic-scale
defects, as is the case for topographic imaging.*” We identify
two primary factors that result in true atomic-resolution
imaging capabilities for C-AFM under ambient conditions: (1)
an atomically sharp conductive pathway and (2) high-speed
imaging. The mechanism related to the first point can be
explained by acknowledging that AFM tips exposed to ambient
conditions are often covered by a poorly conducting layer of
atmospheric adsorbates and potentially a thin layer of oxide.*®
When the tip scans the sample surface under a light load and a
bias voltage, a small portion of the poorly conducting layer
may break down, resulting in a very small, electrically
conductive area (i.e., a very sharp electrical probe) that is
able to distinguish between individual atoms even though a
much larger portion of the tip is in physical contact with the
sample (as shown in Figure 1A).”” Alternatively, one of the
“nanoasperities” potentially present on the blunt apexes of our
diamond-coated tips can act as an atomically sharp conductive
tip. 5

By performing experiments with a wide range of imaging
parameters, we determined that scanning speed plays a crucial
role in achieving atomic resolution. In particular, Figures S4
and S5 showcase the effects of different scanning speeds on C-
AFM imaging under ambient conditions. Specifically, as one
can see in Figure S4, the spatial resolution gradually degrades
with decreasing scanning speed. Conversely, Figure S5 shows
that the resolution improves when the scanning speed is
ramped up, showing that the observed trends are not due to
irreversible modifications of the structure and/or chemistry of
the tip apex during imaging. In contrast to scanning speed, the
applied normal load did not seem to have an appreciable effect
on imaging quality (Figure S6).

The observation that we can only achieve true atomic
resolution at high scanning speeds (corresponding to ~100
nm/s and higher) points to a temporal mechanism that plays a
key role in maintaining the atomic sharpness of the electrical
contact. Specifically, the time spent by the AFM tip on a
particular location on the sample during high-speed scanning is
typically below 1 ms, which is in the relevant regime for
atomic-scale aging processes at nanoscale contacts.”” A similar
argument can be made for the formation of substantial water
menisci at the tip—sample contact."' By fast scanning,
substantial bluntening of the tip—sample contact via aging
effects is prevented, thus resulting in true atomic-resolution
capabilities for C-AFM under ambient conditions.

CONCLUSIONS

We demonstrated that C-AFM can achieve true atomic-
resolution imaging of a wide range of surfaces under ambient
conditions, in a robust and reliable fashion. Going beyond
imaging, we used the method to manipulate the charge state of
defects in a prototypical TMD. Finally, we used our
methodology to reveal an exotic electronic effect: charge
ordering at room temperature on an MXene. Our approach
overcomes many of the limitations associated with other SPM-
based atomic-resolution imaging techniques, as it can be

performed on top of a rudimentary lab bench, without the
need for complicated equipment and extensive training
required for UHV experiments. Perhaps more importantly,
the atomic-resolution results on surface structure and proper-
ties recorded under ambient conditions will be directly relevant
for technologically important applications in fields as wide as
catalysis and electronics.

METHODS

Sample Preparation. ZYB-quality HOPG samples were sourced
from Ted Pella and mechanically cleaved following the Scotch tape
method* prior to C-AFM imaging. As a substrate for the TMD
samples (MoS, WSe,, and PtSe, all sourced from 2D Semi-
conductors), we used Si/SiO, chips coated consecutively with a ~2
nm thick adhesion layer of Ti and an ~50 nm thick Au film. TMD
flakes were mechanically exfoliated on top of the Au-coated substrate
via the Scotch tape method. Finally, silver paint was applied on one
side, bridging the conductive specimen holder and the Au film on
which the TMD flakes are located. Ultraflat Au films deposited on
silicon chips sourced from Platypus Technologies were used for C-
AFM imaging. Silver paint was again applied on one side to bridge the
conductive specimen holder and the Au film. The @-Mo,C samples
were synthesized via chemical vapor deposition (CVD) by the group
of Goknur C. Buke at the TOBB University of Economics and
Technology. Details can be found in ref 43.

C-AFM Measurements. The C-AFM measurements were
performed using a commercial AFM (Asylum Research, Cypher
VRS) under ambient conditions (temperature, 22—23 °C; relative
humidity, 20—50%). Samples were inserted inside the AFM chamber
without any prior treatment for surface cleaning. Commercially
available, doped-diamond-coated conductive tips (NanoSensors,
CDT-CONTR, normal stiffness 0.6 + 0.1 N/m and Adama
Innovations, AD-2.8-SS, normal stiffness 1.3 + 0.1 N/m) were used
for imaging. Initially, imaging of large areas (e.g, 10 X 10 ym) was
performed without any bias to find regions of interest in the sample
surface. For atomic-resolution imaging, small areas such as 5§ X 5 nm
were scanned in contact mode with an applied bias. Imaging was
usually performed under only the adhesion (i.e., snap-in) force acting
between the tip and the sample, with no normal load applied in
addition. The magnitude of the snap-in force between the tip and
different samples was on the order of a few nanonewtons. A
representative force—distance curve is shown in Figure S7. The bias
voltage was always applied to the sample. The applied bias had to be
tuned during each session, to either initiate or keep imaging the
surface with atomic resolution. Potential reasons include (i) different
amounts of voltages required to break down different amounts of
contamination layers accumulated on different tip apexes, (ii)
different electrical conductivities and tip—sample junction states for
each sample, and (iii) dynamic changes occurring at the tip—sample
contact during imaging in the presence of contaminant molecules
under ambient conditions. An additional resistance of 10 MQ was
used in series occasionally to limit the current. The average
periodicities of the atomic features observed in the images were
calculated using the software Gwyddion by way of Fourier transform
(FT) and line profiles.
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