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COFI Characterization Force spectroscopy

The force between two atoms depends not only on their chemical species and distance, but also on the configuration of their chemical bonds to other

atoms. This strongly affects atomic force spectroscopy, in which the force between the tip of an atomic force microscope and a sample is measured as a

function of distance. We show that the short-range forces between tip and sample atoms depend strongly on the configuration of the tip, to the point of

preventing atom identification with a poorly defined tip. Our solution is to control the tip apex before using it for spectroscopy. We demonstrate a method

by which a CO molecule on Cu can be used to characterize the tip. In combination with gentle pokes, this can be used to engineer a specific tip apex. This (O

Front atom Identification (COFI) method allows us to use a well-defined tip to conduct force spectroscopy.
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on-Contact Atomic Force Microscopy
N (NC-AFM) has become an analytical

tool for surface chemistry.! One focus
of this development is the discrimination of
different atoms to the point of distinguish-
ing the same atomic species in different
local environments.? Sugimoto et al.® de-
monstrated that NC-AFM could identify
three atomic species (Si, Pb, and Sn) that
constituted the surface layer on a Si(111)
substrate by comparing relative short-range
forces. We show that the four unique ada-
tom types on the Si(111)-7 x 7 surface can
be clearly distinguished by their force pro-
files. However, the ratio between attractive
forces over different adatom species is
highly dependent upon the tip state. By
characterizing the tip with a CO molecule
adsorbed on a Cu surface, a method we
refer to as CO Front atom Identification
(COFI), we can perform force spectroscopy
with a well-defined tip apex.
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While the 7 x 7 reconstruction of the
Si(111) surface has a complex structure
(shown in Figure 1a), it is also ideally suited
for this investigation because the topmost
adatom layer contains four inequivalent
adatom types: the corner and center ada-
toms on the faulted and unfaulted half
of the unit cell (CoF, CeF, CeU, CoU). The
adatoms are also uniquely bound to their
neighboring atoms in the lower layer. We
can model the effect of this on force spec-
troscopy, as shown in Figure 1b, by using
the Stillinger—Weber potential® to describe
the interaction between tip and sample
atoms. In this framework, we would expect
a difference of approximately 50 pN be-
tween the different types of adatoms in
the attractive regime.

After the Si(111)-7 x 7 surface was atom-
ically resolved by NC-AFM,® differences in
imaging adatoms on faulted and unfaulted
halves with large amplitude NC-AFM were
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Figure 1. (a) DAS model of the Si(111)-7 x 7 surface. The top layer of the unit cell consists of 12 adatoms arranged in a faulted
(F) and an unfaulted (U) half. The inequivalent adatom sites are categorized in corner adatoms (CoF, CoU) surrounding the
corner hole (CH) and the center adatoms (CeF, CeU). (b) Calculated force spectra of a Si single-atom tip interacting with each
adatom species via a Stillinger—Weber potential* using atomic positions determined by ab initio calculations.”®

reported.° ® They all indicate that the interaction
strength over inequivalent adatoms sites varies due
to differences in electrostatic and chemical interaction.
A theoretical study of the interaction between a Si
tip and a Si(111)-5 x 5 surface was presented by Perez
et al.® In this work, the authors pointed out that, close
to the sample, only the variation of the chemical
bonding force is strong enough to achieve atomic
resolution. After the first spectroscopic measurements
on Si(111)-7 x 7 showing differences in chemical bond-
ing between different adatom sites, Lantz et al. re-
ported a weak contrast mechanism due to short-range
electrostatic interaction with an oxidized Silicon tip."°

The COFI technique, in which we use a Af image
taken at close tip—sample distance to evaluate the
angular orientation of the tip apex, came about from
experiments exploring subatomic features in NC-AFM
images. On Si(111)-7 x 7, the angular dependence of
bonding forces was initially observed with NC-AFM
between a Si tip with a Si adatom." "2 These subatomic
features were due to the directional dependence of the
covalent bonds between tip and surface atoms. In
ref 13, we showed how the angular bonding symmetry
of tungsten tips can be measured over a CO molecule
adsorbed on a Cu(111) substrate. The data could be de-
scribed by a semiempirical model assuming an attractive
component along the next-to-nearest-neighbor (001)
directions. In this model, the W atom is described as
multipole with an increased electron density pointing
in the eight nearest-neighbor (111) directions. Because
of its lone pair, the CO is not expected to evolve an
electronic overlap with W valence electrons to form a
covalent bond. Therefore, the interaction is assumed to
be electrostatic. We focused our analysis on three high-
symmetry orientations. The analysis of the data led to the
assignment that a W[001] tip has a single minimum in the
force signal, a W[011] tip has 2-fold symmetric minima,
and a W[111] tip exhibits 3-fold symmetric minima.

In this article, we use COFI to characterize the inter-
action between the Si(111)-7 x 7 adatoms and different
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W tips with defined angular bonding symmetries. Addi-
tionally, we performed high-precision force spectroscopy
with Si terminated tips. A clear difference is resolved in
the short-range force for all four inequivalent adatoms on
the Si(111)-7 x 7 surface. We also performed measure-
ments with tips prepared with standard methods, that
is, tips that were poked into the Si surface until atomic
resolution was obtained. We see differences in the
spectra depending on the tip state and the various
species of adatoms.

RESULTS AND DISCUSSION

A measurement cycle for the W tips consists of three
steps: the initial tip preparation and characterization
with COFI, the actual spectroscopic measurements on
Si(111)-7 x 7, and the final COFI. To perform the COFI,
we scanned the clean tungsten tip over a CO molecule
adsorbed on a Cu(111) sample showing the angular
bonding symmetry of the front atom. By a soft poking
event, the configuration of the apex was changed with-
out contaminating the apex with Cu atoms (details are
described in ref 13). Subsequently, the angular bond-
ing symmetry of the tip was again characterized over
the CO. This procedure was repeated until the desired
bonding symmetry was obtained. After the tip pre-
paration and characterization, the Cu(111) sample was
replaced by the Si(111)-7 x 7 sample and the spectro-
scopic measurements were performed. After the spectro-
scopic measurements, the tip was again characterized
over a CO molecule adsorbed on the Cu(111) sample.

In Figure 2, two measurement cycles are shown for
the W tips. Figure 2a,e shows Afimages of the bonding
symmetry of a W front atom over a CO molecule. The
COFl images reflect the bonding symmetry of a W[001]
tip in Figure 2a and a W[111] tip in Figure 2d before the
spectroscopic measurement on Si(111)-7 x 7.Figure 2b,e
shows the images of a CoF adatom on Si(111)-7 x 7 taken
with the W[001] and the W[111] tip. In Figure 2cf, the
COFI images of the same W[001] and W[111] tips
are shown after the measurement on Si(111)-7 x 7.
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Figure 2. Carbon-oxide-front-atom-identification of the
tungsten tips showing the angular bonding symmetry.
The left column displays Af images taken with the same
WI[100] tip (a) over a CO molecule prior measurement, (b)
over a CoF adatom on Si, and (c) over a CO molecule after
measurement. The right column (d—f) shows equivalent
images for a W[111] tip. All images are in the same scale
given in panel a.

In Figure 2¢, in the lower right corner a repulsive
circular area is visible. This is most likely due to a CO
molecule adsorbed to the side of the apex, as the
repulsive pattern corresponds to a CO/CO interaction.
The CO got there presumably by diffusion due to
the rise in temperature during sample transfer from
Cu to Si or by adsorption from the gas phase during
replacing the Cu sample by a Si sample. From the COFI
images before and after the spectroscopic measure-
ment, it is evident that the orientation and termination
of the W tip apex atoms have not changed during
sample transfer and measurement on the Si surface.
Thus, it is possible to exchange the sample and mea-
sure on a reactive surface such as Si(111)-7 x 7 without
contaminating the apex with the reactive Si atoms.

A comparison of Figure 2a with Figure 2d and
Figure 2b with Figure 2e leads to the conclusion that
the bonding mechanism between W and Si in the
observed tip—sample distance is qualitatively similar
to the interaction of W and CO on Cu. The image of the
CoF probed with the W[001] tip has one pronounced
minimum, whereas the image taken with the W[111]
tip exhibits three spread out minima at approximately
the 1:30, 4:30, and 9:00 o'clock position. However, there
is no distinct repulsive contribution in the case of Si, in
contrast to the interaction with the CO on Cu. If the
dangling bond would covalently bind to the W atom,
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we would expect one pronounced minimum for the
WI[111] tip and four spread minima for the W[001]
tip according to the bonding direction of W (see refs
14—16). While the force minima in Figure 2e are also
approximately in the 1:30, 4:30, and 9:00 o'clock posi-
tions, we note that the relative depths are different. For
CO/Cu (Figure 2d/f), the 4:30 o'clock position is deepest,
while for Si (Figure 2e), the 9 o'clock position is deepest.
This can be explained by a slightly different angle of the
sample mount. Also, the distance of the three minima is
larger in Figure 2d,f than in Figure 2e. We explain this by
the weak lateral stiffness of CO: it is easy to bend CO
laterally, as has been observed in previous studies.'>"’
See Supporting Information for more details.

Figure 3 shows Afimages of the Si(111)-7 x 7 unit
cell probed with four different tips, namely, the W[001]
tip in Figure 3a, the W[111] tip in Figure 3b, Si tip 1 in
Figure 3¢, and Si tip 2 in Figure 3d. The W tips discussed
above show the same footprint for all adatoms. The
bright spots in Figure 3a are a result of the influence of
the laterally attached CO molecule to the W[001] tip.
The minor influence of this attached CO is discussed in
the Supporting Information. The orientation of the Si
tips is a priori unknown. However, as the dangling
bonds of the adatoms are symmetric with respect to
the surface normal, the angular dependence must
originate from the orbital structure of the tip due to
the convolution of tip and sample states, similar to that
recently reported by Chiutu et al'® The adatoms
probed with Si tip 1 are symmetric with respect to
rotations around the surface normal. This footprint
could originate from a Si[111] tip with one dangling
bond pointing toward the Si(111)-7 x 7 surface. Si tip
2 has a more complex structure that is not aligned in a
high symmetry direction.

In all Afimages, a site dependent contrast over the
inequivalent adatoms is discernible that varies with tip
material and tip orientation. Figure 4 shows the short-
range force spectra F,(z) over the inequivalent adatom
sites for all four tips. (Af spectra are included in the
Supporting Information.) A branching into the inequi-
valent adatom sites occurs close to the surface from
100 to 0 pm. However, the run of the spectra and the
order in the absolute attractive force are not identical
for all tips.

Although the shape of the spectra above adatoms
differs significantly for the W[001] tip and the W[111]
tip, the according spectra coincide very well assuming
a shift in the closest approach of 20 pm for the W[111]
tip. The order in the absolute attractive force near the
closest approach is CoF > CeF > CeU > CoU. For the
WI[001] tip, the CoF is with almost —500 pN twice as
attractive as the group of CeF, CeU ,and CoU with —200
to —250 pN. These force values are in accordance with
the observation that no covalent bond has been
formed jet. For example, in ref 19, the authors found
that the covalent bond of a W[100] apex atom and a
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Figure 3. Afimages of the Si(111)-7 x 7 surface taken with four different tips at the closest approach: (a) W[001] tip, (b) W[111]
tip, (c) Sitip 1, and (d) Si tip 2. The images show the footprints of the tips and differences among the inequivalent adatom sites.
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Figure 4. (Coloronline) Short range force spectra over CoU, CeU, CeF, and CoF adatom for the W[100] tip (a), W[111]tip (b), the
Sitip 1(c) and the Sitip 2 (d). The spectra of the first 100 pm from closest approach (arbitrarily set to 0 pm) show the splitting in
the inequivalent adatom sites. The insets display the spectra from 100 pm onward splitting in the faulted and unfaulted halves
for the W tips and the Si tip 1. The error bars correspond to the standard deviation over equivalent adatom sites.

Si corner adatom sets in at tip—sample distance of
500—475 pm corresponding to a short-range force
of —400 to —700 pN (see Figure 2 in ref 19).

The attractive forces measured with the Si tips are
much stronger compared to the W tips. This is ex-
pected for the Si tips forming a covalent bond with the
Si(111)-7 x 7 adatoms. The order in the absolute attrac-
tive force for Sitip 1 is CoF ~ CeF > CeU > CoU. For Sitip 2,
the attractive forces over the inequivalent adatom sites
branch in two stages. From 100 to 20 pm, only the CoU
and CoF split up. In this regime, the order in the absolute
attractive force is given by CoF > CeF ~ CeU > CoU. Closer
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to the surface, from 20 to 0 pm, the order in the absolute
attractive force approaches CeF > CoF > CeU > CoU. Thus,
for the Si tips, the short-range forces are not similar
over the different adatoms, even though the maximum
attractive force is comparable for both tips. The insets
in Figure 4 show the short-range spectra in a range
from 100 to 450 pm. In this regime, the main contrast
difference in the image is between faulted and un-
faulted halves, which is observable for the W tips and Si
tip 1. With the Si tip 2, a clear distinction of the unit cell
halves is not possible in this range. It is noted that the
spectra do not extend to the local force minima, because
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entering this distance range endangers the integrity of
the tip, and would defeat the intended demand of the
experiments shown here: force spectroscopy using tips
that are characterized by COFI before and after taking the
spectra, using only those spectra where the tip did not
suffer any changes during acquiring the spectroscopy
curve.

It is noteworthy that the CoU followed by the CeU is
the least attractive adatom for all four tips. This does
not match, for example, the results of our Stillinger—
Weber model shown in Figure 1b, or the geometric
positions of the adatoms as measured by LEED* or
calculated by DFT.2" The z-position of the CoU is higher
than the z-position of the CeU, which would lead to a
stronger attraction in the range with a positive slope of
Fs. Also, a diminished van der Waals background near
the corner hole cannot account for the differences, as it
is shown in the Supporting Information. A simulation of
the van der Waals force over the Si(111)-7 x 7 surface
leads to a site-specific contrast in the order of a few
100 fN. We propose that the force contrast among the
four adatom types is due to variances in subsurface
bonding and possibly due to the differences in local
charge at the four adatom types.

METHODS

The experiments were performed in a commercial UHV low
temperature AFM/STM (Omicron LT-QPlus SPM, Omicron Nano-
Technology GmbH, D-65232 Taunusstein Germany) operating
at4.4Kin frequency modulation mode with a tuning fork sensor
in gPlus configuration.?> We used two sensors for the measure-
ments with a spring constant of k = 1800 N/m. The first sensor
was equipped with an etched W tip that was cleaned in situ by
field evaporation. The resonance frequency was f, = 26645.8 Hz
and the quality factor Q = 422670. The second sensor had a
resonance frequency of fy = 27045.2 Hz and a quality factor of
Q = 40353. The W tip of this sensor was also cleaned by field
evaporation. All measurements were done with an oscillation
amplitude of A =50 pm.

We used a boron p-doped silicon sample in (111) orientation
with a resistivity of 0.01—0.02 Q cm. The silicon sample was pre-
pared with the standard method of repeated cycles of flashing
and annealing. After preparation, the sample was directly
transferred into the microscope and kept at the measurement
temperature of 4.4 K.

When transferring from Si to Cu or back, we record a
maximum temperature of 20 K in the microscope head.

We took constant height Af images in a range of 500 pm in
10 pm steps starting close to the surface. The images were taken
at 0 V bias voltage to prevent the effects of the phantom
force.>?* The phantom force is an apparently repulsive force
that can obscure the chemical atomic contrast of an AFM image
when a tunneling current is present. For analysis, we smoothed
the constant height Af images with a Gaussian filter with a
spatial cutoff frequency of 20 nm~, thus, Af was measured at
an effective bandwidth of B = 1.28 Hz. The lateral drift was
compensated as described in ref 25. The Af-spectra were
extracted from the constant height Af images at the minimum
of each adatom sites. The data was averaged over forward and
backward scans and over equivalent adatom sites. The long-
range van der Waals (vdW) and electrostatic background was
measured over the corner hole and subtracted from the Af
spectra over the adatoms to obtain the short-range Af spectra.

WELKER ET AL.

CONCLUSIONS

We demonstrated the discrimination of all four
adatom sites on Si(111)-7 x 7 by high-precision force
spectroscopy with four different tip states. This extends
the possibility of chemical identification to the identi-
fication of different bonding sites of one atom species.
The differences between the inequivalent adatom
sites partly depend on the state of the tip and on the
tip material, but also on the local environment of the
adatom. In images that resolve the angular bonding
symmetry, it is important to take the position of the
spectra over the adatoms into account. Therefore, a
thorough understanding of the angular bonding sym-
metry of the front atom is necessary, as it can be
achieved by the COFl method presented in this Article.
Furthermore, this information is valuable for first-
principle calculations of the interaction in NC-AFM, as
assumptions about the apex orientation are not neces-
sary. We note that the use of precisely characterized tips
that are used to perform absolute force measurements
on well-defined surface atoms like the four different
adatoms in Si(111)-7 x 7 might enable a traceable
calibration of forces and force gradients at the atomic
scale, animportant issue for metrology on the nanoscale.

Finally, we determined the short-range force F, using the matrix
deconvolution method .22’
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