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ABSTRACT: Lateral resolution and accuracy in scanning probe
microscopies are limited by the nonideality of piezoelectric scanning
elements due to phenomena including nonlinearity, hysteresis, and
creep. By taking advantage of the well-established atomic-scale stick-slip
phenomenon in contact-mode atomic force microscopy, we have
developed a method for simultaneously indexing and measuring the
spacing of surface atomic lattices using only Fourier analysis of
unidirectional linescan data. The first step of the technique is to
calibrate the X-piezo response using the stick-slip behavior itself. This
permits lateral calibration to better than 1% error between 2.5 nm and 9
μm, without the use of calibration gratings. Lattice indexing and lattice
constant determination are demonstrated in this way on the NaCl(001)
crystal surface. After piezo calibration, lattice constant measurement on
a natural bulk MoS2(0001) surface is demonstrated with better than 0.2% error. This is used to measure nonuniform thermal
mismatch strain for chemical vapor deposition (CVD)-grown monolayer MoS2 as small as 0.5%. A spatial mapping technique for the
lattice spacing is developed and demonstrated, with absolute accuracy better than 0.2% and relative accuracy better than 0.1%, within
a map of 12.5 × 12.5 nm2 pixels using bulk highly oriented pyrolytic graphite (HOPG) and MoS2 as reference materials.

■ INTRODUCTION

The family of scanning probe microscopies (SPM), encom-
passing many modes of atomic force microscopy (AFM) as
well as scanning tunneling microscopy (STM), are an
important set of tools in modern research. As an area of
scanning probe research, atomic resolution of surface crystal
lattices has achieved broad success, for example, shedding light
on details of the surface reconstruction of free surfaces which
are relevant to catalysis and thin-film growth and properties.1−3

Likewise, atomically resolved SPM is ideal for the study of local
atomic defects, especially in thin-film systems.4−7 At the
extreme end of such systems are two-dimensional (2D)
materials like MoS2 and graphene which have experienced
explosive research interest in recent years. In such materials,
atomic-scale structures like point defects,8,9 nanobubbles/
wrinkles,10,11 and stacking geometry in the case of few-layer
films,12,13 can have profound effects on local and global
properties, and these structures and the resulting properties are
often studied with scanning probe techniques.
Despite their enormous success, scanning probe methods

have some inherent limitations. A significant one, particularly
in the case of AFM, is lateral resolution, which stems from
multiple sources. Lateral interactions with protrusions on the
sample cause a convolution of the sample image with that of
the AFM probe tip, which degrades the lateral resolution of

small sample features.14 Another source is from the scanning
hardware. Most typically, the raster motion required is
achieved with ceramic piezoelectric elements, often composed
of a sintered lead zirconate (PZT) powder, which can be
formulated to achieve a large piezoelectric coefficient, allowing
for substantial piezoelectric displacement with practical bias
voltages. The precision of such manipulators can be high,
especially for small scan sizes, enabling the acquisition of
atomically resolved images across spans of tens of nanometers
or larger. Nevertheless, several inherent characteristics of these
piezo ceramics limit lateral resolution. Such effects include
increasing nonlinearity of response with increasing scan size
and frequency due to piezo hysteresis and piezo creep.15−17

Some commercial systems correct for these issues by
implementing lateral position sensors and feedback control,
which can correct the piezo position to below a few
nanometers, but this can also degrade atomically resolved
imaging due to additional noise caused by feedback systems.18
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Due to these limits of scanning probe lateral resolution, one
aspect of the atomic structure has typically remained
inaccessible without recourse to other techniques: the variation
in bond lengths and the lattice constant due to, for example,
temperature changes or lattice mismatch with a bulk substrate.
Such lattice strain information can be determined at a local
level if the sample is amenable to the preparation required for
transmission electron microscopy or at a global level if the
sample bulk is large enough to be probed using X-ray
diffraction.19 Indirect techniques have also been developed,
e.g., the Raman measurement of the lattice strain of MoS2 and
graphene where benchmarking indicates substantial success.
Lateral resolution is limited to the μm scale due to the
diffraction limit in conventional (far field) Raman micros-
copy.20−22 Recently, a tip-enhanced Raman scheme has been
developed. The method uses especially prepared silver
nanowire-tipped probes with nanocubes of silver also mounted
to the nanowire to improve the efficiency of the nanoantenna
and therefore suppress background Raman excitation. This
technique can achieve nanoscale strain mapping for materials
where Raman spectral shifts can be correlated with strain
states.23 One additional scanning probe-based strain measure-
ment technique with nanoscale resolution has been developed
which maps relative strain via direct analysis of real-space
images, but this technique has only been demonstrated at near-
absolute zero temperatures.24 Strain information can be
important since lattice strain can have a significant effect on
overall material properties. The ability to measure local strains
can prove useful, given that, e.g., in the case of graphene,
nanostructuring can be combined with lattice strain to achieve
useful modulation of electronic and optical properties.25−27

This study demonstrates a straightforward technique, which
we will call linescan lattice microscopy (LLM), using an
unmodified commercial AFM and unmodified commercial
AFM tip/cantilever probes to measure the lattice constant and
orientation for materials. The method works when the tip
exhibits atomic-lattice stick-slip instabilities, which arise from
the atomic surface corrugation in contact-mode AFM imaging
and have been seen for a wide variety of materials.28 The
presence of such instabilities can be affected by the overall
sharpness of the AFM probe or even the arrangement of atoms
at the tip apex, which can cause the stick-slip instability to be
extinguished along some or all scanning directions relative to
the sample orientation.29,30 For materials that commonly
exhibit the lattice stick-slip instability (i.e., ordered materials
with uniform surfaces), switching to a new probe can often
solve issues resolving the stick-slip instability. As well, recent
results show that while polar anisotropy and left-right
asymmetry can occur depending on the atomic structure of
the tip, the overall periodicity can still remain the same, i.e., it
still reflects the periodicity of the lattice.30 Here, LLM is
introduced and first used to provide a highly accurate scanner
piezo calibration scheme valid across large length scales. The
degree of absolute accuracy achieved is demonstrated by
directly measuring the lattice constant of natural and CVD-
grown monolayer MoS2 and by demonstrating that lattice
strains in the CVD MoS2 as small as 0.5% can be reliably
measured.

■ RESULTS AND DISCUSSION
Figure 1a shows a fast Fourier transform (FFT) generated
from a lattice-resolved contact-mode image of the (0001)
surface of a bulk MoS2 crystal. The corresponding real-space

image is shown in Figure S1 of the Supporting Information
(SI). Figure 1b shows a fast Fourier transform (FFT)
generated from a single linescan in the same image, which
illustrates the features enabling LLM. Three peaks are apparent
in the spectrum (along with their expected reflections at
negative spatial frequencies), which correspond to the X-
components of the three peaks in the associated image FFT. It
is a common feature in image FFTs of atomic-lattice-resolved
contact-mode images that intensity from diffraction spots
extends along the slow scan axis, and it is this intensity that
results in the peaks along the X-axis linescan regardless of
which Y position is used. A mechanism involving slips from
individual atomic positions can be used to explain these
features.28,31 The authors of ref 28 demonstrated that while
scanning perpendicular to the cantilever axis, the tip apex can
be pinned at atomic positions along multiple atomic rows in
the cantilever axis position, leading to cantilever torsion that is
detected as a variation in the lateral force signal. What was not
appreciated about this phenomenon previously is that the slip
behavior, even if stochastic at the level of individual slips,
provides periodicity information about all close-packed atomic-
lattice directions perpendicular to the surface plane on a time-
averaged basis. Additionally, FFTs from atomic-lattice-resolved
images, which contain diffraction spots extending along the
slow scan direction, can also be found in the STM literature

Figure 1. (a) Image FFT of the lateral force channel of a 2D lattice-
resolved contact-mode AFM image of bulk MoS2 using an AD-I-0.5-
AS probe. The AFM scanning axes are identified and the diffraction
spots are circled with dotted lines. The X*-axis is the fast scanning
axis in the real-space image. (b) Single linescan (dashed horizontal
line in (a)) spanning the X*-axis of the same image. The linescan
shows that the intensity associated with all diffraction spots is present.
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where this slip mechanism is absent.32−35 The presence of
these features in some STM work suggests that the following
analysis could be amenable to other scanning probe
techniques.
The ability to simultaneously measure the surface periodicity

of all three close-packed planes on MoS2 provides a means to
measure the lattice constant and index the surface lattice of the
sample with only an individual linescan. If it is assumed that
the surface lattice is 6-fold symmetric, the reciprocal lattice
constant can be calculated as

a
X X X X2

3
1
2

1 2 2
2

* =
* + * * + *

(1)

where X1* and X2* are the two lowest frequency peak spatial
periodicities. Figure 2 illustrates relevant parameters and

geometry. Similar simple relations can be obtained for other
possible peak pairs. If the lattice parameter is known, the
reciprocal lattice orientation can be obtained from

X
ai
iθ =
*
* (2)

For 6-fold symmetric axes, an ambiguity remains due to a
mirror axis in the linescan direction. This can be resolved by
inspection of the real-space normal force channel of the same
linescan. As demonstrated in ref 28, the tip tends to slip along
the close-packed plane of atoms oriented closest to the
linescan direction, thereby sequentially increasing the buckling
force on the cantilever (buckling and torsional cantilever
deformations are illustrated in Figure S2c). When the tip slips
between these close-packed rows, there is a reduction in the
buckling force. With knowledge of the AFM coordinate system
and the approximate frequency with which these slips occur,
the direction of the change in normal force during slip
unambiguously resolves whether the associated diffraction spot
lies above or below the mirror axis. The lattice orientation
determined in this fashion will be more accurate than one
obtained from 2D imaging due to the lack of piezo creep along
the slow scan direction and can be obtained with less tip wear
since the acquisition of only a small number of linescans is
required.
Now we consider an approach in which individual linescans

were not analyzed, but rather time-resolved FFTs were

captured by the AFM software from normal and lateral force
channels. These were obtained from continuously scanning a
single line with triangle-wave excitation of the scanner piezos,
i.e., applying a triangle wave to the X-piezo with no Y-piezo
actuation, to improve the signal-to-noise ratio and simplify the
measurement. Because each analyzed force trace was long
enough temporally to span many periods of the triangle
excitation waveform, there are phase shifts in the stick-slip
signal every time the probe tip reverses direction which affect
the FFT of the force trace. These phase shifts cause the broad
FFT peak near a single stick-slip frequency to be broken up
into a comb structure. This is demonstrated in Figure 3 for the

case of spatially resolved data. The spacing of the spikes in the
comb structure is equal to the inverse of the linescan length (or
linescan duration for temporally resolved data). This spacing of
the spikes in the comb structure is also equal to the spacing of
the data points in the FFT of an individual linescan, so the
useful frequency resolution remains unchanged. In both cases,
longer linescan lengths not only correspond to the higher
useful frequency resolution of the stick-slip periodicity, but also
broadening of the peak or comb structure due to increasing
piezo hysteresis.

Scanner Piezo Calibration. The measurement discussed
above forms the basis for a new scanner piezo calibration
technique that can, in principle, be valid across any length
scale. Drift has minimal effect on the result since scanning
speeds can be very high relative to any plausible drift rate,
rendering the drift error negligible. In principle, drift errors can
also be corrected in this technique, see the SI for details. By
measuring the lattice constant in this fashion on a reference
sample (natural MoS2 in the following), accurate piezo
calibration constants can be determined for the length scale
of interest. For the data presented here, while scanning the
sample surface in a reciprocating pattern at frequencies
between 0.5 and 5 Hz, data was captured at a rate of 97.6
kHz, for 5.369 s, and an FFT performed. Twenty sequential
FFTs were averaged to generate the spectrum for analysis, and
the stick-slip frequencies chosen were those of maximum
intensity.
A calibration curve from an RHK350 AFM is presented in

Figure 4. The apparent lattice constant is plotted as a function
of the maximum voltage of the triangle-wave piezo excitation

Figure 2. Schematic representation of the measured quantities in the
2D reciprocal space for a hexagonal lattice such as graphite or MoS2.
A mirror symmetry exists for the measurement across the scan
direction axis.

Figure 3. FFTs from a 50 × 50 nm2, 1024 × 1024 pixel2 image
computed in two different ways: averaging FFTs from 1024 individual
scan lines (blue data) or combining all data into a single one-
dimensional (1D) line prior to FFT (red data). The data bracket a
single atomic stick-slip peak. An AD-I-0.5-AS AFM probe was used.
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(i.e., the lateral scan size). The data show the lattice constant
which is calculated for different scan sizes assuming a constant
piezo calibration value of 30.785 nm/V. This apparent lattice
constant can be used to correct the piezo calibration value at
each particular scan size to bring the apparent lattice constant
into an agreement with the literature value of 0.3161 nm for
MoS2. The decreasing apparent lattice constant with increasing
scan size could be well-fit by a quadratic trendline,36 which
allows for accurate calibration at any scan length between 2.5
nm and 9.2 μm. It can be seen from the error bars that the
dependence on scanning frequency between 0.5 and 5 Hz is
small. It can also be seen that an alternative calibration,
performed with a combination of image FFTs at small image
sizes and a calibration grating at large image sizes, provides a
much less precise calibration. Part of the success of this
calibration lies in the fact that there is no slow scan direction
(i.e., image formation with the “Y” piezo) where creep, sample
drift, and other effects limit the accuracy. In practice, of course,
most experiments involve forming images where these effects
will be present. Nevertheless, this calibration represents a large
improvement over popular existing methods without an
increase in experimental effort. One shortcoming of the
technique in contact-mode AFM is that this calibration only
applies to the X-piezo, so an equal sensitivity for the Y-piezo
must be assumed. In the case that lattice resolution can be
achieved while scanning parallel to the cantilever axis (stick-
slip contrast can be obtained in contact mode while scanning
in this direction,28 see Figure S2a,b), the other piezo sensitivity
may be calibrated independently with LLM.
In addition to hexagonal lattices such as MoS2 and graphite,

LLM was extended to cover the calculation of square lattices.
Measurements identical to those described for the calibration
above were performed on single-crystal NaCl(001) samples,
for which atomic-lattice resolution was obtained. Only two
stick-slip periodicities are available for calculation on this

surface, so the equation to calculate the reciprocal lattice
constant takes the simpler form

a X X1
2

2
2* = * + * (3)

For a linescan size of 100 nm and a scan frequency of 1 Hz,
using the calibration constant for that scan size determined
from Figure 4, the lattice constant for NaCl was measured to
be 0.3992 nm. It is typical for only one of the two ion types to
be resolved in scanning probe studies.37,38 In such a case, the
expected lattice constant is 0.3988 nm, in close agreement
(0.10%) with the value we measured. Further details of this
measurement are provided in the SI.

Measurement of Lattice Strain. To demonstrate the
utility of the method in single-point lattice strain measure-
ments, LLM was utilized to measure the in-plane strain at
several specific points on CVD-grown monolayer MoS2 on a
SiO2 substrate. Similar films have been shown to have an
average tensile lattice strain of 0.4−1%,22,39 due to the
mismatch in thermal expansion coefficient between the SiO2
and the MoS2 and the fact that the samples are grown above
700 °C. Due to the symmetry assumptions of LLM, measured
strain values assume that the strain is isotropic in the surface
plane, which may not generally be the case. Nevertheless,
Figure 5 shows the results of strain measurements at three

specific locations on the CVD MoS2 (images of the
surrounding topography and friction force response are
shown in the SI). The scan size, and hence the lateral
resolution, of these measurements was 50 nm (as compared to
1 μm for Raman40 and 2 μm for synchrotron-based X-ray
diffraction41). Measurements on bulk MoS2 were performed
before and after the CVD MoS2 measurements to confirm that
the piezo behavior did not drift during the measurement. The
average strain was found to be 0.83%. This value is within the
range of previous measurements.22,39,42

2D Lattice Constant Mapping. To evaluate whether
LLM can be extended to allow for 2D lattice constant
mapping, a more sophisticated analysis was developed. To

Figure 4. Calibration data for the AFM fast scan direction using an
AD-I-0.5-AS AFM probe. Data are used to calculate the apparent
lattice constant on a bulk MoS2 sample at a given maximum piezo
voltage during the scan. The piezo calibration constant used was
30.785 nm/V. Red data points are from calibration using a 2D image
FFT on bulk MoS2 for maximum scan piezo voltages <20 V (<500
nm) and using a TGZ1 calibration grating (NT-MDT, Moscow,
Russia) for the scans longer than 3 μm. Blue data points come from
using the linescan FFT technique discussed in the manuscript, also on
bulk MoS2. Error bars are the standard deviation of data obtained at a
sequence of scan frequencies (listed in the SI) between 0.5 and 5 Hz.
The solid line is a quadratic fit to the linescan calibration data.

Figure 5. Lattice constants measured on bulk and CVD-grown
monolayer MoS2 with an AD-I-0.5-AS AFM probe. Data are captured
by continuous scanning at 500 nm/s across a 50 nm scan length. Data
are shown in the order in which they were obtained. After 20 min of
scanning to stabilize the piezo trajectory, force data was obtained at
97.7 kHz for 5.369 s and an FFT was performed. Twenty sequential
FFTs were averaged within the AFM software to create a spectrum for
analysis. Error bars are the standard deviation of the lattice constant
calculated from at least five spectra. The calibration constant of the
microscope was adjusted to ensure that the first measurement on bulk
MoS2 was centered at the literature value 0.3161 nm.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.1c01019
Langmuir 2021, 37, 8261−8269

8264

https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c01019/suppl_file/la1c01019_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c01019/suppl_file/la1c01019_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c01019/suppl_file/la1c01019_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01019?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01019?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01019?fig=fig4&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c01019/suppl_file/la1c01019_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01019?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01019?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01019?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01019?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01019?fig=fig5&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c01019?rel=cite-as&ref=PDF&jav=VoR


validate the accuracy of the method, the measurement of the
spatially resolved lattice constant was performed on an HOPG
sample, for which the lattice constant at all locations is known
a priori, allowing for the determination of absolute error. The
method requires the acquisition of a high pixel-density 2D
image that is subsequently subdivided to measure the lattice
constant in individual subregions. Each subregion force image
was redimensioned into a single 1D trace, creating data
analogous to the time-resolved data acquisitions discussed
above. For the demonstration below, the overall image was 100
× 100 nm2, 2048 × 2048 pixel2. As alluded to earlier, when the
analyzed segment length is reduced, the spikes in the FFT
comb structure separate. This unacceptably degrades the
frequency resolution, and therefore the accuracy of the
measured lattice constant, if the frequency of the most intense
spike is used for the stick-slip frequency. To restore accuracy to
the measurement, we chose to fit the envelope of the comb
structure. By simulating a continuous sawtooth wave with
periodic phase shifts (see the SI), it was determined that the
appropriate fitting function for the FFT was

F f y A T f f( ) sinc ( )off 0= + | [ − ] | (4)

where F( f) is the spectral intensity, yoff is a y-offset to account
for the background intensity, A is the amplitude of the
envelope, T is the inverse of the segment length, which is
known, and f 0 is the stick-slip frequency of interest. An
identical functional form can be found in the pulsed wave radar
literature, where a rectangular pulse train signal bears some
similarities to the stick-slip signal here.43

To accomplish the fitting, a program was written in IgorPro
(v7, Wavemetrics, Portland, OR) that automatically extracts
the position and amplitude of each of the FFT spikes across a
specified range corresponding to each of the stick-slip
frequencies and fits them with the sinc equation given above.
This program also generated additional data points to improve
the fit by analyzing the same subregion, but with the order in
which the scan lines are stitched together reversed. Because
this changes the phase shift between subsequent scan lines, the
positions of the FFT spikes change. The IgorPro program is
included in the SI. An example of the fitting results is shown in
Figure 6a for an image of HOPG. The stick-slip frequency
shifts between subsequent subregions are due to piezo
hysteresis.
To convert the measurement into an accurate lattice

constant measurement, given the hysteresis in the piezo
trajectory, identical reference measurements on a bulk MoS2
sample were performed before and after the HOPG measure-
ment. Since the lattice constant of the bulk MoS2 is known, the
apparent lattice constant measured on the MoS2 for each of the
subregions could be used to correct the HOPG lattice
constants for piezo hysteresis. When this was done, the map
shown in Figure 6b could be generated, with a color scale
spanning 1% of the true lattice constant. From the map data
shown in Figure 6c, it is clear that the relative error between
subregions within the map was very small. The standard
deviation was 0.06%. To determine the absolute error that
could be expected from a lattice constant measurement such as
this, the entire procedure was repeated four times at four
different locations on the HOPG and eight different locations
on the MoS2 for the reference measurements. The standard
deviation of the absolute error (deviation from the HOPG
literature value of 0.2461 nm) for these measurements was
0.19%. This also demonstrates the insensitivity of the

measurement to relative sample orientation. Given the small
typical grain size of the grade ZYH HOPG, <1 μm, each of the
four measurements was almost certainly performed on a fresh
grain with a random orientation, yet in all cases, the average
calculated lattice constant was close to the literature value
within a very small standard deviation.

Sine Wave Excitations. While most AFM work is done
using triangle-wave piezo excitation to allow for image
formation, there are techniques such as lateral stiffness
measurement44−46 and circle scanning47,48 which require
knowledge of the absolute lateral displacement amplitude of
a high-frequency sine wave piezo excitation. Accurate knowl-
edge of this parameter is difficult to achieve, given the
dependence of piezo trajectories on scanning frequency and
excitation amplitude. To address this calibration difficulty,
LLM was extended to the case of sine piezo oscillations.

Figure 6. (a) Example fitting of the lateral force FFT to determine the
stick-slip frequency for three sequential subregions of a 100 × 100
nm2 image of HOPG using an ND-CTI AFM probe, which has been
subdivided into 8 × 8 equal regions. (b) Map of the lattice constants
determined for the HOPG image in (a). Each subregion is 12.5 nm
square. (c) Same data as in (b). The green envelope is the standard
deviation of the data. The red envelope is the absolute error of the
measurement determined by repeating the measurement four times.
The dotted line is at the true lattice constant for HOPG. The 0.5%
scale illustrates the typical units for lattice strain.
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Measurements were performed identically to the time-resolved
measurements discussed above, except with a sine wave
oscillation. Since the tip speed is not constant during the sine
oscillation, the FFT does not show discrete peaks correspond-
ing to the stick-slip frequency; however, near the maximum
speed of the waveform, the speed does not change rapidly,
which provides a recognizable peak in the FFT. If the stick-slip
frequency at the maximum speed during the oscillation can be
ascertained from the FFT, calculating the amplitude of the
piezo oscillation is straightforward (see the SI)

f

f
amplitude

2
FFT

osc lattπ ξ
=

(5)

where f FFT is the stick-slip frequency obtained from the FFT,
fosc is the oscillation frequency of the piezo excitation, and ξlatt
is the spatial frequency of the lattice in the scanning direction.
ξlatt must be determined from an image FFT or standard LLM
with a triangle-wave excitation.
Simulations of the force signal expected for a sinusoidal

oscillation above a periodic surface lattice were performed, and
the results Fourier transformed, shown in Figure 7a. The blue
line represents the true frequency of the stick-slip at the
maximum tip speed during oscillation. The slight under-
estimate (0.5−3.5% for amplitudes of 2−20 nm) of the true
stick-slip frequency will lead to a similar underestimate of the
oscillation amplitude. This error could be corrected by
performing simulations similar to Figure 7a for the
experimental parameters to determine a correction factor for
the experimental data. Figure 7b shows an FFT of an
experimental force trace during a sinusoidal oscillation of 23
nm amplitude and 50 Hz on natural MoS2. Aside from the
presence of multiple peaks ( f 2 and f 3) due to slips across each
of the close-packed directions, the FFT is qualitatively similar
to the simulated result. Figure 7c shows calibration curves
calculated using the above equation for oscillations at multiple
amplitudes and 5, 50, and 500 Hz. Over this frequency range,
the variation of the true oscillation amplitude is small. The
variation is a consequence of hysteresis in piezoelectric
actuators.49 By projecting linear fits back to zero excitation,
the amplitudes of sub-nm excitations can be accurately
calibrated, which is required for some oscillation techniques,
such as the lateral stiffness measurement.44

■ CONCLUSIONS
The set of techniques developed here present useful calibration
methods for open-loop scanning probe microscopes. In
particular, the ability to calibrate various length scales equally
well without substantial additional effort is particularly useful.
Multiple calibration gratings are typically used for this purpose,
and the limited variety of commercial gratings, particularly for
the sub-μm length scale, creates difficulty. Calibration by
taking FFTs of atomically resolved crystal lattice images can
only be performed on the tens of nm length scale before the
calibration becomes extremely time-consuming and data-
intensive, as well as increasing the likelihood of tip wear.
The lattice constant mapping technique discussed above

could prove useful for mapping strain on atomically resolved
lattices presuming that the lattice strains are predominantly
isotropic. In cases where strains are substantially nonisotropic,
the symmetry assumptions of LLM break down. For the spot
mapping of lattice strain on monolayer CVD MoS2, we
attribute our success to the fact that the tensile strain is

expected to be reasonably isotropic and that the measurement
sampled a 50 nm long region which averaged out local strain
orientations. A natural extension of LLM to strengthen the
strain mapping capability would be to perform scans in two
perpendicular directions over the same region sequentially.
This would allow for the construction of high-resolution 2D
FFTs for arbitrary crystalline lattices and thereby unambigu-
ously measure arbitrary local strain states. Scanning along the
axis of the cantilever beam is problematic in contact-mode
AFM due to the convolution of normal and buckling forces in
the normal force signal channel and satisfactory measurements
could not be achieved. No such limitation exists for noncontact
scanning probe techniques, however. Another strategy to
improve the technique would be to reduce the nonlinearity of
the piezo response. While we have outlined a workable strategy
to compensate for hysteresis, the signal-to-noise ratio of the
force signal is improved as piezo linearity, and therefore the
periodicity of the force signal, also improves. It is in fact
possible to essentially eliminate hysteresis by exciting the piezo

Figure 7. (a) FFT of simulated force trace generated from the listed
equation which simulates a 5 nm, 50 Hz sin oscillation on a material
with a lattice periodicity of 3 nm−1. (b) Experimental FFT of lateral
force trace on natural MoS2 using an HQ:CSC37/Al AFM probe
while oscillating tip at 50 Hz with an amplitude calculated to be 23
nm. f1 is identified on the basis of lattice symmetry. (c) Calibration
curves for the sine oscillation technique at 50 and 500 Hz.
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with a controlled quantity of electric charge rather than
controlling the excitation voltage.50,51

The feasibility of LLM, in general, relies on the precision
and long-time stability of the piezoelectric behavior of the
AFM scanner. In fact, the AFM utilized here has certain
features that make applying the technique more challenging.
Specifically, coarse positioning, retract, and approach oper-
ations are all implemented via an inertial drive system, which
requires scanner piezos to instantaneously cross their full range
of motion repeatedly at high frequency.52 Nevertheless, after
20 min of stabilization time before making measurements,
piezo trajectories were repeatable enough that high absolute
accuracy could be demonstrated for a variety of lattice constant
measurements. This implies that other microscope designs
could demonstrate even better performance, especially if piezos
can be dedicated to making these measurements alone and are
decoupled from other positioning operations.
This study demonstrates that individual linescans possess all

of the information necessary to index and measure the lattice
constant of crystalline surface lattices with a degree of accuracy
unprecedented in the scanning probe literature. This allows for
the fast (<2 min of data acquisition for each scan size)
calibration of piezo lateral displacements at arbitrary length
scales with high accuracy and no need for additional
instrumentation or specialized samples aside from widely
available reference samples such as HOPG, NaCl, or natural
MoS2. LLM was also demonstrated on the square lattice of
NaCl. LLM also allows for the accurate measurement of lattice
strain with a high lateral resolution, as was demonstrated in the
case of monolayer CVD MoS2. 2D mapping of the lattice
constant with absolute accuracy as high 0.2% was also
demonstrated on an HOPG reference sample. Finally, a
calibration technique for determining the displacement of
small sinusoidal oscillation down to the sub-nm length scale is
demonstrated, which can be useful to improve the accuracy of
oscillation-based measurements. In total, this provides the
ability to conveniently and accurately calibrate the lateral
motion of SPM systems, and to also map surface lattice strains
of samples, including but not limited to 2D materials, with high
accuracy and precision.

■ EXPERIMENTAL SECTION
All experiments discussed were performed in an RHK350 atomic
force microscope with an R9 controller (RHK Tech., Troy, MI). The
AFM was mounted in a vibration isolated environmental control
chamber. Flowing N2 from the boiloff of a liquid nitrogen dewar was
used to maintain <5% RH throughout the measurements. The AFM
was operated in contact mode using primarily diamond-coated AFM
probes (AD-I-0.5-AS, nominal normal spring constant (knorm) of 0.5
N/m, Adama Innovations, Dublin, Ireland; ND-CTI series, knorm =
0.46 N/m, Advanced Diamond Technologies, Romeoville, IL) for
maximum wear resistance, though the technique was demonstrated
with bare Si probes (HQ:CSC37/Al BS, knorm = 0.3 N/m,
NanoAndMore, Watsonville, CA) as well. The probe type used is
annotated in each figure caption. Contact-mode probes with normal
spring constants below 1 N/m provide the most reliable results
because a low torsional spring constant, which scales with the normal
spring constant, is necessary to ensure the existence of the mechanical
instability that leads to stick-slip tip motion.53 Sample materials
discussed include natural MoS2, NaCl single crystal, grade ZYH
HOPG (Structure Probe Inc., West Chester, PA), and CVD-grown
MoS2 on a SiO2 substrate. Measurements were performed via
reciprocating scanning at various sizes and frequencies at low loads
(<5 nN) while simultaneously capturing the normal and lateral force
traces at sampling rates high enough that atomic-scale periodicities

could be extracted from Fourier transforms of this data (i.e., atomic-
scale spatial frequencies were below the Nyqvist frequency of the
sampling rate). Adhesion forces of 2−10 nN ensured that the tip
stayed in contact at loads near 0 nN. Near-zero applied loads typically
provided the strongest stick-slip signal. Also, low loads minimize the
occurrence of double and triple slips which reduce the intensity of the
FFT peaks of interest,54,55 and, presumably, elastic distortions of the
sample lattice at high loads might negatively affect the accuracy of
LLM as well.
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