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Controlling the identity of the tip-terminating atom or molecule in
low-temperature atomic force microscopy has led to ground
breaking progress in surface chemistry and nanotechnology.
Lacking a comparative tip-performance assessment, a profound
standardization in such experiments is highly desirable. Here we
directly compare the imaging and force-spectroscopy capabilities
of four atomically defined tips, namely Cu-, Xe-, CO-, and
O-terminated Cu-tips (CuOx-tips). Using a nanostructured copper-
oxide surface as benchmark system, we found that Cu-tips react
with surface oxygen, while chemically inert Xe- and CO-tips allow
entering the repulsive force regime enabling increased resolution.
However, their high flexibility leads to imaging artifacts and their
strong passivation suppresses the chemical contrast. The higher
rigidity and selectively increased chemical reactivity of CuOx-tips
prevent tip-bending artifacts and generate a distinct chemical con-
trast. This result is particularly promising in view of future studies
on other metal—oxide surfaces.

Introduction

Functionalizing the probe tip of an atomic force microscope
(AFM) with inert probe particles, constitutes a milestone for
structural,"* mechanical,”® and chemical’ " investigations of
surfaces and adsorbates on the atomic scale. In particular, the
chemical passivation of the metallic tip apex is the key for
imaging at reduced tip-sample distances, where the short-
range Pauli-repulsion dominates the contrast, leading to a

“Physikalisches Institut, Westfiilische Wilhelms-Universitdt, 48149 Miinster,
Germany. E-mail: harry.moenig@uni-muenster.de

bCenter for Nanotechnology, 48149 Miinster, Germany

“Center for Quantum Joint Studies and Department of Physics, Tianjin University,
Tianjin, China. E-mail: zhixin. hu@tju.edu.cn

“Department of Physics and Beijing Key Laboratory of Optoelectronic Functional
Materials & Micro-Nano Devices, Renmin University of China, Beijing, China

“Center for Multiscale Theory and Computation, 48149 Miinster, Germany
tElectronic supplementary information (ESI) available. See DOI: 10.1039/
d1nr04080d

This journal is © The Royal Society of Chemistry 2021

7 ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

Benchmarking atomically defined AFM tips for
chemical-selective imagingf

Bertram Schulze Lammers,®® Damla Yesilpinar,>® Alexander Timmer,?
9 Saeed Amirjalayer,

ab.€ Harald Fuchs (22° and

drastically increased resolution.>"*™'°® Imaging at such close
distances is usually achieved in the noncontact (NC-) AFM
mode with a tuning-fork based cantilever in the qPlus con-
figuration."” This force sensor enables oscillation amplitudes
down to the sub-ngstrom regime where the atomic tip-
surface interaction is reflected in a frequency shift Af with
respect to its free resonance frequency.

The most common approaches to functionalize a metallic
tip apex are picking up a single CO molecule, a Xe atom or an
organic molecule, from the surface under study."*'*>' Despite
its tremendous success, a major limitation of this approach is
related to the weak coupling between the probe particles and
the metallic tip base. In fact, it leads to a dynamic bending of
the probe particles during surface scanning in the Pauli repul-
sion regime. This results in image distortions and a related
systematic over-estimation of bond lengths within organic
nano-structures.”**>* In addition, such tip flexibility is par-
ticularly problematic at sites with strongly varying tip-sample
potential (e.g. at intermolecular sites) where the dynamic
bending can lead to artificial contrast signatures.”>%>32°

In recent years, oxygen-terminated copper (CuOx-) tips
emerged as an  alternative = approach  for tip
functionalization.”*”*° Here, the oxygen atom is covalently
bound within a tetrahedral configuration to the copper base of
the tip. Consequently, CuOx-tips are considerably more rigid
as compared to the approaches involving the weakly attached
probe particles.®® While recent studies on various organic
molecules demonstrated that this significantly reduces the
mentioned artifacts, a direct comparison of different tips in
one benchmark experiment is pending. Moreover, given the
huge potential of tip functionalization approaches toward stan-
dardized scanning probe microscopy experiments, this meth-
odology should increasingly be exploited to inorganic sample
systems.%’32

In the present study we compared the performance of four
atomically defined probe-tip terminations (1) metallic Cu-, (2)
CO-, (3) Xe-, and (4) CuOx-tips. For our investigations we used
a partially oxidized Cu(110) surface exhibiting alternating
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Fig. 1 Atomic structure of a partially oxidized Cu(110) surface. (a)
Constant frequency-shift AFM image of two protruding p(2 x 1)O-Cu
(110)-reconstructed oxide stripes (orange) separated by bare Cu(110)
areas (blue). (b) Atomistic model of an oxide stripe with four added rows
corresponding to the area marked by the dashed box in (a). The green
crosses mark distinct atomic sites between the ARs.

stripes of bare Cu(110) and typical (2 x 1)O-reconstructed oxide
stripes on top®® as model system (Fig. 1). Due to the strongly
varying electrostatic potential on the alternating copper
(AR-Cu) and oxygen (AR-O) atoms in such added rows (ARs),
this surface provides an ideal structure to challenge the
imaging- and site-selective force-spectroscopy performance of
the compared tips. For each tip we performed height-depen-
dent imaging, complemented by a spectroscopic analysis of
the AFM contrast. Our results are supported by mechanistic
simulations® to examine the effect of tip flexibility. To gain
detailed knowledge on the influence of the tip-terminating
atom on chemical interaction within the tip-sample junction,
density functional theory (DFT) was applied.

Experimental

We used a low-temperature scanning probe microscopy (SPM)
system from Scienta Omicron (LT-STM/AFM). It was operated
under ultrahigh-vacuum conditions with a base pressure
below 5 x 10™"" mbar and cooled by a liquid-helium bath cryo-
stat to ~5 K. The experiments were performed with the
MATRIX SPM control system and with commercial qPlus force
sensors.'”** The sensor resonance frequencies f, were between
24 and 28 kHz with quality factors in a range of 10k-50k. This
set-up enables simultaneous STM and AFM data recording
with electro-chemically etched tungsten tips.

The AFM experiments were performed with an active con-
stant-amplitude feedback loop and if not otherwise stated, in
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constant-height mode. As a result, AFM contrast reflects fre-
quency shifts Af with respect to the resonance frequency f, of
the free oscillating qPlus sensor. The presented data sets were
acquired with three different force sensors. Their specific reso-
nance frequencies and the used scanning parameters are given
in the following: Cu-, and Xe-tip data (Fig. 2a and b): f; = 24.1
kHz, amplitude 1.0 A, scanning speed 3 nm s™'; CO-tip data
(Fig. 2¢): fy = 26.7 kHz, amplitude 0.8 A, scanning speed 4 nm
s™'; CuOx-tip results (Fig. 2d): f, = 26.7 kHz, amplitude 1.0 A,
scanning speed 5 nm s~ ', Overall, we did not observe a direct
correlation between these parameters and the noise level. Raw
image data are processed with a slight Gaussian filter
(Scanning Probe Image Processor, SPIP™5.1). Further experi-
mental and computational details are described in the ESI.}

Results and discussion
Height-dependent contrast analysis

The evolution of the AFM contrast for each tip at decreasing
tip-height AZ is shown in Fig. 2. Besides the surface structural
model below, we also show Af(Z)-spectra taken from the most
important sites for contrast analysis at the bottom. The pure
metallic Cu-tip allows imaging only in the attractive force
regime, where the added rows appear as dark vertical lines
(Fig. 2a). At the height with the most distinct contrast (AZ =
0.0 A), a slight atomic corrugation can be observed. Any
attempt to further reduce AZ always leads to sudden tip
changes, which we attribute to the high chemical reactivity
and related atomic relaxations within the tip-sample
junction.””*>?® The corresponding Af(Z)-spectra (Fig. 2a,
bottom) show a clear distinction between the added row
(AR-Cu/O) and the topographically lower sites in between
(inter AR). However, a chemical identification of the atoms
within the added rows is not possible.

The Cu-tip can be chemically passivated by picking up a
single xenon atom from the surface."®*® Such a Xe-tip allows
imaging at considerably smaller tip-sample distances where
the Pauli-repulsion dominates the contrast. This results in an
increasing frequency shift Af when the tip is moved closer to
the surface. As a consequence, the added rows in Fig. 2b are
strongly emphasized as bright continuous lines. By further
approaching the surface, the xenon atom starts tilting and the
metallic tip base increasingly contributes an attractive inter-
action. This behavior is particularly reflected in a sudden
decrease of the Af(Z)-spectra on the added rows at around AZ
~0.7 A (bottom panel Fig. 2b). The resulting dip-hump evol-
ution of the spectra is a typical feature of a strongly deflected
probe particle.’” As a result of this behavior, the contrast on
the added rows becomes less pronounced, which eventually
leads to a contrast inversion of added row and inter sites at AZ
<0.2 A. This is also represented in the corresponding Af(Z)-
spectra, where the crossing point indicates the contrast inver-
sion (yellow arrow in Fig. 2b).

Avery similar contrast evolution is obtained with a CO-func-
tionalized tip, including the contrast inversion (yellow arrow in

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 AFM contrast evolution on oxidized copper stripes. (a) Metallic Cu-tip; (b) Xe-tip; (c) CO-tip; (d) CuOx-tip. Data are recorded in constant-
height AFM mode shown for various tip—sample distances, displayed in steps of 0.2 A and aligned with corresponding structural models. The AZ-
scale is given in reference to the closest stable frame for each tip. The background-subtracted Af(Z)-spectra at the bottom provide further insight in
the contrast evolution where the locations of the spectra are indicated by color-coded crosses. The background spectra were taken on the bare Cu
(110) area and the yellow arrows mark the tip-height where a contrast inversion occurs.

Fig. 2¢). Due to the smaller size of CO as compared to Xe, the
contrast appears slightly clearer and indicates some atomic
corrugation.

To investigate whether the imaging properties can be
improved by using a stiffer tip, we performed the same experi-
ment with the CuOx-tip (Fig. 2d). Imaging an oxide stripe with
this tip shows a significantly different contrast evolution
(Fig. 2d). For tip heights AZ >0.4 A, the copper atoms within
the added rows (AR-Cu) are imaged as dark ellipsoid
depressions. In contrast, for tip heights below AZ ~1.0 A, the
oxygen atoms (AR-O) appear already as bright, localized repul-
sive features in-between the AR-Cu sites (along the [001]-direc-
tion). At AZ = 0.2 A also the surface copper atoms enter the
regime where repulsive forces dominate the contrast, ie. the
AR-Cu atoms increasingly appear as bright contrast features.
Please note that in this regime, potential tip asymmetries
would be emphasized in the contrast by the increasingly repul-
sive interaction (ESI Fig. S17).

The strongly differing contrast above the AR-Cu and AR-O
atoms is reflected in the clear separation of the corresponding
Af(Z)-spectra at AZ <1.5 A. On the AR-O site, a weak minimum
at AZ ~1 A is observed, whereas the AR-Cu site shows a dis-
tinctly more pronounced minimum at AZ =~0.6 A.
Furthermore, for small tip heights the spectra continuously

This journal is © The Royal Society of Chemistry 2021

approach positive frequency shifts without any dip-hump
characteristic (bottom panels Fig. 2d), unlike the spectra of the
deflecting Xe- and CO-tips.

The effect of tip flexibility on the contrast formation

To investigate how the probe particle deflection affects the
imaging performance in more detail, we performed contrast
simulations by using a numerical model introduced by Hapala
et al.*® Considering tip deflection based on horizontal and ver-
tical spring constants (k, and k), it mechanically describes the
tip apex as a combination of tip base and a suspended probe
particle (insets in ESI Fig. S2t). Focusing on the case of the
CO-tip, Fig. 3 compares simulated and experimental contrasts
together with corresponding Af(Z)-spectra. We find that the
simulations largely reproduce the most distinct contrast fea-
tures. In particular, this holds for the height-dependent con-
trast inversion at AZ ~0.4 A and the characteristic dip-hump
evolution of the Af(Z)-spectra. Hence, the pronounced tip
bending at AZ ~1.6 A and below, the flexibility of the CO mole-
cule dominates the contrast formation.?” It is evident that the
contrast inversion and the resulting spurious contrast at the
inter AR-sites are closely related to artificial contrast features
observed for flexible tips at locations with strongly varying tip—

Nanoscale, 2021,13,13617-13623 | 13619
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Fig. 3 Simulating contrast signatures due to tip flexibility. (a) Contrast
simulation based on the probe particle model?° using the electrostatic
potential of a DFT-based structural model of an oxide stripe.*®
Horizontal and vertical spring constants for the CO-tip are also derived
from DFT (k, = 1.7 N m™, k, = 3269 N m™, ESI Fig. S37). (b)
Corresponding simulated background-subtracted Af(Z)-spectra on
various atomic sites (see color-coded crosses in (a)). (c) Constant-height
AFM image recorded with a CO-tip as cut out from Fig. 2c for compari-
son with the simulation. (d) Experimental background-subtracted Af(Z)-
spectra recorded with the CO-tip. The simulation reproduces the con-
trast inversion and the related atomic corrugation at the inter-row sites
(pink arrows in (a) and (c)).

sample potential, e.g. at intermolecular sites in organic nano-
structures®>*® or at protruding topographical features.>*>"*®

Analyzing the atomic corrugation along the AR-direction
below the point of contrast inversion, the atomic-scale protru-
sions can clearly be assigned to the inter added row sites between
two AR-O atoms (pink arrows in Fig. 3). In a further step, we per-
formed such simulations also by assuming the parameters for a
Xe-tip where we obtained very similar results with excellent agree-
ment between simulations and experiment (ESI Fig. S2t). Please
note that CO- and the Xe-tips, both show the well-known contrast
sharpening effect for flexible tips”?° (ESI Fig. S2+).

Comparing all DFT-derived lateral spring constants to quan-
tify tip rigidity, the CuOx-tip is more than an order of magnitude
stiffer than the Xe- and CO-tips (ESI Fig. S37). As a result, the
simulations assuming the parameters for a CuOx-tip do not
show any indication of tip flexibility (ESI Fig. S2t). At the same
time, the simulated Af(Z)-spectra do not reproduce the differ-
ences in depth and shape of the spectral minima on the AR-Cu
and AR-O sites (ESI Fig. S2t). This is a consequence of the
applied model, which works excellently to catch the effects of
mechanical tip relaxations, but does not include the fundamen-
tal chemical interactions between the tip and the surface.*>

The effect of chemical interaction on the contrast formation

Since not all contrast features can be assigned to the tip flexi-
bility, we also focused on the chemical interaction between the
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Fig. 4 Force-distance analysis on specific atomic surface sites. The
curves represent the force interaction on the AR-Cu and AR-O sites for
the four tips: (a) Metallic Cu-tip; (b) Xe-tip; (c) CO-tip; (d) CuOx-tip. The
curves on top row are based on DFT-simulations and the experimental
forces on the bottom are converted by the Sader—Jarvis algorithm*° the
corresponding Af(Z)-spectra (facilitating comparability, without back-
ground subtraction). Theoretical and experimental spectra are roughly
aligned by shifting the experimental curves along the AZ-scale. The
black dashed line in frame (a) at Z ~3.8 A marks the lower experimental
limit for the Cu-tip where imaging becomes unstable, while the upper
limit for a distinct contrast is at Z ~3.5 A. For the Cu-, and Xe-tip the
atomic sites are not distinguishable. In frame (c) the CO-tip simulation
reveals a small range with a separated contrast around Z ~3.2 A. All
atoms of the surface were fixed during the simulation. The absolute
height Z is defined as the vertical distance between the initial position of
the tip-terminating atom and the center of AR-O atom.

tip and the surface atoms. The top row in Fig. 4 shows force-
distance simulations based on DFT calculations for the AR-Cu-
and AR-O sites for all tips. In the bottom row of Fig. 4, the
corresponding experimental force curves are shown. Here the
Z-scales are adjusted to the simulations by roughly aligning
the positions of the force minima.

We find an excellent qualitative agreement for the general
shapes of the force curves between simulation and experiment.
In particular, the characteristic dip-hump evolution®” and the
related pronounced tip deflection (ESI Fig. S4f1) is largely
reproduced (Fig. 4b and c). To compare chemical reactivity for

This journal is © The Royal Society of Chemistry 2021
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the different sites and tips, we consider the maximum attrac-
tion, ie. the depth of the force minimum. In fact, the DFT-
simulated and experimental force curves of the Xe- and CO-tip,
both exhibit only weakly pronounced minima, which confirms
the chemical passivation of these tips.'*'® Please note that
this is particularly emphasized in the simulations when the
van der Waals contribution is subtracted revealing almost no
chemical attraction (ESI Fig. S57).

The DFT-simulations for the Xe- and CO-tip in Fig. 4b and ¢
show that the height-dependent interactions on the AR-Cu-
and AR-O sites are very similar, which is in agreement with the
experimentally observed weak contrast for these tips. The
simulations for the Cu-tip show a pronounced separation for
the two atomic sites below Z ~3.5 A, however, as mentioned
above, this height regime is not accessible in the experiment
(dashed, vertical line in Fig. 4a). In contrast, both, the simu-
lated and experimental force spectra for the CuOx-tip show a
pronounced separation for the AR-Cu- and AR-O sites (Fig. 4d).
Here we observe significantly deeper minima especially on the
AR-Cu site, indicating a corresponding higher chemical reac-
tivity. Due to the higher stiffness of the CuOx-tip (ESI Fig. S37)
this regime is experimentally accessible, which allows to
obtain a distinct chemical contrast in this case. By subtracting
the van der Waals contribution from the simulated CuOx-tip
spectra the observed contrast features can be clearly assigned
to an increased chemical attraction between the CuOx-tip and
the AR-Cu site (ESI Fig. S57).

Conclusions

We compared the imaging and force-spectroscopy character-
istics of four frequently used, atomically defined AFM tips on a
partially oxidized Cu(110) surface. Investigating their perform-
ance in one specific experiment establishes direct comparabil-
ity of the results. We found that the high reactivity of the Cu-
tip leads to atomic relaxations within the tip-sample junction
already in the attractive force regime. This results in sudden
tip changes preventing to reach sufficient resolution for a
detailed analysis of the surface atomic structure (Fig. 5a). The
same experiment performed with the Xe- and CO-passivated
tips, allows entering the repulsive force regime. Although this
strongly emphasizes the ARs, the AFM contrast shows pro-
nounced image distortions due to the high flexibility of these
tips. Corresponding probe particle simulations show excellent
agreement with our experimental data allowing to conclude
that emerging contrast features at inter-atomic sites originate
from dynamic bending effects. In fact, these bending effects
and the suppressed chemical contrast hamper a clear distinc-
tion of the atomic sites within the oxide (Fig. 5b and ¢). In con-
trast, the CuOx-tip allows entering the repulsive force regime
where it shows strongly site-specific interactions and a shape
distinction (Fig. 5d), which facilitates the identification of
atomic sites in the images. In this regard our study supports
previous efforts to shift the focus of NC-AFM tip functionali-
zation from organic adsorbates to inorganic surface

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Comparing most distinct contrasts in the experiments for each
tip. (a) The Cu-tip allows imaging only in the attractive regime where the
ARs appear as dark lines. (b) The Xe-tip shows the contrast inversion of
five added rows for heights AZ from 0.4 A to 0.0 A. (c) For the CO-tip a
slightly more pronounced atomic corrugation around the point of con-
trast inversion and below (0.6 A to 0.2 A) is observed. (d) The CuOx-tip
reveals a remarkable shape distinction between the ellipsoid appearance
of AR-Cu atoms and the sharp features on the AR-O sites. This facilitates
a straight-forward atomic identification of AR-Cu and AR-O sites. The
aligned model of the (2 x 1)O-reconstruction is fading into the experi-
mental image. Color code of (2 x 1)O—-Cu(110) model corresponds to
Fig. 1b. Frame size of each image is 26 x 35 A.

systems.*"*> Here, CuOx-tips could be especially promising for

the characterization of metal-oxide surfaces and their catalyti-
cally active surface sites.”*™°
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