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ABSTRACT: Moiré superlattices in van der Waals heterostructures are gaining increasing
attention because they offer new opportunities to tailor and explore unique electronic
phenomena. Using a combination of lateral piezoresponse force microscopy (LPFM) and
scanning Kelvin probe microscopy (SKPM), we directly correlate ABAB and ABCA stacked
graphene with local surface potential. We find that the surface potential of the ABCA domains
is ~15 mV higher (smaller work function) than that of the ABAB domains. First-principles
calculations show that the different work functions between ABCA and ABAB domains arise
from the stacking-dependent electronic structure. Moreover, while the moiré superlattice
visualized by LPFM can change with time, imaging the surface potential distribution via SKPM
appears more stable, enabling the mapping of ABAB and ABCA domains without tip—sample
contact-induced effects. Our results provide a new means to visualize and probe local domain
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stacking in moiré superlattices along with its impact on electronic properties.

KEYWORDS: Moire superlattices, ABAB/ABCA stacked graphene, scanning Kelvin probe microscopy, local surface potential,
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B INTRODUCTION

Stacking regular two-dimensional lattices with a precise
orientation can give rise to a moiré pattern with a periodicity
larger than that of the constituent lattices." Constructing such
moiré superlattices using twisted van der Waals hetero-
structures has recently emerged as an effective approach to
engineer a range of fascinating properties such as unconven-
tional superconductivity and Mott-like insulators in magic-
angle bilayer graphene superlattices.” " This additional degree
of tunability emerges because the electronic properties of 2D
materials like graphene are highly sensitive to both the stacking
configuration and the layer number.”~” For example, a linear
dispersion relation between energy and momentum near the K
point of the Brillouin zone is observed in monolayer
graphene.g_10 However, in few-layer graphene, interlayer
hybridization of the bands is modulated by the moire
superlattice, resulting in modification of the band structure
depending on the stacking order.”'"'”* As an example, the
Bernal (ABAB) (Figure la) four-layer stacked graphene
exhibits two pairs of low-energy bands, whereas the
rhombohedral (ABCA) (Figure 1b) stacked four-layer
graphene has only one pair of low-energy flat bands.”'®
These distinctive band structures in turn are predicted to give
rise to different transport properties, and ABCA is expected to
host a range of correlated and topological states.'* Identifying
the local moiré pattern is thus important for both fundamental
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and applied studies of stacked van der Waals heterostructures;
however, doing so has traditionally been challenging.

Previously, researchers have reported using several micros-
copy methods to directly image the local moiré pattern,
including transmission electron microscopy (TEM)">'® and
scanning tunneling microscopy (STM)."”'® These methods
can atomically resolve the moiré patterns of two-dimensional
heterostructures with the local electronic structure informa-
tion, albeit at cryogenic temperatures, in ultrahigh vacuum, and
require specialized sample preparation. Near-field imaging can
also be used to visualize moiré pattern at high spatial
resolution,' ' although it is challenging for scattering-type
scanning near-field optical microscope (s-SNOM) to suppress
the background signal, which requires the higher order
demodulation technique.”” Recently, McGilly et al. employed
lateral piezoresponse force microscopy (LPFM)*' imaging of
moiré patterns in stacked bilayer graphene, which probes the
piezoelectric response in contact mode. LPFM is convenient
because it can be conducted in many commercial atomic force
microscopes at room temperature.
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Figure 1. Single-frequency and DART LPFM imaging of stacking domains in twisted double bilayer graphene: (a, b) crystal structure of Bernal
ABAB (a) and rhombohedral ABCA (b) stacked twisted double-bilayer graphene; (c) amplitude response of single-frequency LPFM, wherein the
top-third region has shorter moiré wavelengths; (d, e) DART LPFM responses of amplitude (d) and resonance frequency (e).

Figure 2. Correlating stacking configurations with surface potential using a combination of both LPFM and SKPM: (a) topography; (b, c) DART
LPFM responses of amplitude (b) and phase (c) measured at the same sample area; (d) corresponding surface potential showing that the concave
ABCA regions exhibit ~15 mV higher surface potential (smaller work function) than the convex ABAB domains.

In this Letter, we use a combination of both LPFM and First, we directly establish a correlation between the stacking
scanning Kelvin probe microscopy (SKPM)***’ to investigate orders and surface potential, showing alternating triangular
twisted double-bilayer graphene (TDBG) consisting of two ABAB and ABCA domains of different surface potential. Then,
layers of bilayer graphene that are twisted by a small angle. using both amplitude modulation (AM) and frequency
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Figure 3. Surface potential difference between ABAB and ABCA: (a) AM-SKPM image; (b) FM-SKPM image; (c) line profile of the surface
potential along the red line marked in (a); (d) line profile of the surface potential along the red line marked in (b).

modulation (FM) SKPM, we show that the surface potential of
ABCA is around 15 mV higher than ABAB stacking domains,
reflecting their underlying difference in electronic structure.
Finally, we observe that LPFM imaging conditions, which
require tip—sample contact, can induce slow changes of the
moiré superlattices that are likely due to the local mechanical
force and oscillating voltage exerted by the tip. In contrast, we
find that the moiré superlattices are stable under SKPM
conditions due to the noncontact mode. In agreement with the
SKPM measurements, density-functional theory (DFT)
calculations further demonstrate that the work function of
the tetralayer graphene system depends upon the interlayer
stacking order, which modifies the electronic structure of the
system.

B RESULTS AND DISCUSSION

We used the “tear and stack”**** technique to stack two sheets

of twisted Bernal stacked bilayer graphene with a small
angle.””**” This stacking can result in the formation of both
Bernal (ABAB) and rhombohedral (ABCA) stacking config-
urations, as shown in Figure la and Figure 1b. At a small twist
angle, the lattice energetically prefers to relax into triangular
domains with alternating domains of ABAB and ABCA as a
result of the atomic reconstruction.'®** Figure lc shows an
amplitude image from single-frequency LPFM that is
consistent with those reported by McGilly et al.”' Although
single-frequency LPFM can give reliable images on flat
surfaces, it can also be sensitive to artifacts, many of which
are associated with shifts in the contact resonance frequency
induced by the change in tip—sample contact stiffness leading
to common misinterpretations of single-frequency measure-
ments.*° Figure Sla, imaged at the same region of Figure lc,
shows such an example of topography crosstalk.

Accordingly, we also imaged the sample using dual-AC-
resonance-tracking (DART) mode LPFM.>"** DART mode
was developed to reduce crosstalk due to shifts in the contact
resonance frequency arising from variations in sample
mechanical properties or topography during the PFM
measurements.’”> While even DART-mode PFM can result
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in artifacts in some cases due to cantilever beam-induced field
effects,™ it is still generally viewed as more robust as compared
to single-frequency PFM modes. Figure 1d shows the resulting
DART LPEM amplitude image, measured at different area of
Figure 1lc, where the contact resonance frequency has been
successfully tracked during scanning with a resonance
frequency ranging from 634 kHz to 642 kHz (frequency is
shown in Figure le). Figure S1b shows DART LPFM
amplitude image measured at the same region of Figure 1d
and Figure le where DART failed to track the resonance
frequency (Figure Slc) and appears similar to Figure Sla. We
note that the two PFM amplitude images in Figure lc and
Figure 1d are very similar. This correspondence suggests that
the amplitude contrast observed in Figure Ic is reliable.

To characterize the moiré superlattices, we study the TDBG
using DART LPFM in ambient conditions. As shown in Figure
2a, there is no moiré superlattice observed in the topography.
Figure 2b and Figure 2c show the DART-mode LPFM
amplitude and phase images, respectively. Both the amplitude
(Figure 2b) and phase images (Figure 2c) show moiré
superlattices with separated domains and domain walls,
consistent with the expected atomic reconstruction.'®*®
According to previous reports, ABAB domains should have
lower energy compared with the ABCA domains, leading to
the bending of domain walls into ABCA domains, with the
resulting concave ABCA domains.'**® In Figure 2b, c¢ the
dashed white curves outline the ABAB and ABCA domains
where ABAB is convex while ABCA is concave. Additional
amplitude and phase images acquired at the second drive
frequency of the DART LPFM are shown in Figure S2a and
Figure S2b, agreeing well with the data shown in Figure 2b and
Figure 2c. Further, these amplitude responses in Figure 2b and
Figure S2a are quite close to each other. The resonance
frequency (Figure S2c) in the range of 638—641 kHz is
consistent with the frequency range of Figure le, suggesting
that DART LPFM results are reliable.

Because of the distinct differences in stacking symmetry
between ABAB and ABCA, these two superlattices can exhibit
distinct electronic properties. In order to explore possible
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Figure 4. Calculated DFT-LDA band structures for stacked graphene: (a) ABAB stacked graphene; (b) ABCA stacked graphene. The Brillouin-
zone path is along the '=K—M directions from left to right, and it is centered in K. The Kohn—Sham band energies are defined relative to the
vacuum level in both cases. From DFT-LDA, the Fermi levels (shown by gray dashed line) of ABAB and ABCA stacked graphene are —4.531 eV
and —4.515 eV, respectively. A Fermi—Dirac smearing of 25 meV is used for electron occupation.

differences in the electronic properties of the moiré super-
lattice, we turn to SKPM to measure the local surface potential.
Figure 2d shows the resulting surface potential image taken
using amplitude modulation mode (AM-SKPM). This image
shows that ABCA domains have higher surface potentials than
neighboring ABAB domains.

In order to confirm that the surface potential distribution is
governed by electronic properties rather than topographic or
elastic cross talk, we performed AM-SKPM with varying tip—
sample distances on the way through the scan to help rule out
topography crosstalk. Before the distance-dependent SKPM
measurements, we conducted DART PEM to visualize the
moiré superlattice structure (Figure S3a) and the correspond-
ing SKPM images with relative lower tip—sample distance of
around 26 nm (Figure S3b), showing the alternating ABAB
and ABCA domains of different surface potential, which agrees
with Figure 2d. Using these images as a reference, we found
that the acquired distance-dependent AM-SKPM, as shown in
Figure S3c, also shows alternating triangular patterns of
different surface potential consistent with Figure S3b, thereby
ruling out the possibility surface topography crosstalk. Thus,
we conclude that SKPM can be used to electronically
characterize moiré superlattices accurately in a noncontact
manner.

The SKPM image in Figure 2 shows a difference of ~15 mV
between ABAB and ABCA domains, with ABCA domains
exhibiting the higher surface potential (smaller work function).
The SKPM data in Figure 2 were taken with conventional AM-
SKPM. AM-SKPM is easily accessible, but because it is
sensitive to the electrostatic force between the tip and the
sample, it is generally viewed as having lower resolution and
accuracy compared to frequency modulation SKPM (FM-
SKPM), especially on surfaces with appreciable topography or
large/nonperiodic features.>* Thus, we also imaged the surface
potential of the moiré superlattices using FM-SKPM. Because
FM-SKPM derives its signal from the electrostatic force
gradient between the tip and sample, it better confines the
signal to the tip—sample junction region and should, in theory,
possess higher resolution and lead to more accurate measure-
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ments.”> Figure 3a shows the surface potential distribution
taken using AM-SKPM, while Figure 3b shows the surface
potential image taken using FM-SKPM. Figure 3c and Figure
3d show the corresponding surface potential line profiles taken
along the same red lines marked in Figure 3a and Figure 3b.
Figure 3 shows that whether imaged with AM-SKPM or FM-
SKPM, the very flat TDBG sample shows the same size feature,
same contrast, and same signal magnitudes, with the ABCA
domains being roughly 15 mV more positive (shallower work
function) than the ABAB domains. In this work, AM-SKPM
also shows comparable spatial resolution to FM-SKPM, likely
due to the extremely flat sample surfaces and the close tip—
sample distance, as has been reported.” Recently, Li et al.
reported that rhombohedral stacked ABC domain has a higher
surface potential than Bernal stacked ABA domain by around
10—20 mV using SKPM, which Li et al. concluded as
indicating that ABA has a higher work function than ABC in
trilayer graphene. This magnitude of the potential difference Li
et al. measured in trilayer graphene is indeed similar to the
magnitude of the potential difference we measure for TDBG.
Thus, the question is what is responsible for the surface
potential difference between ABAB and ABCA domains?

We note that electronic variations due to differences in
stacking orientation might be expected for multiple reasons.
We consider two hypotheses: (1) that the change results from
different symmetry breaking between the ABAB and ABCA
structures, resulting in a change in surface dipole; (2) that the
electronic structure differences due to different interlayer
hybridization produce an intrinsically lower work function for
ABCA graphene. In the first case, a different surface dipole
between the ABAB and ABCA domains would alter the
measured surface potential, and the experimentally measured
shallower work function of the ABCA graphene would suggest
a more positive dipole moment pointing out of the surface
normal in the ABCA stacking compared to ABAB stacking. In
the second case, the differences in stacking may affect the
surface potential through its effect on the electronic structure.
For example, the electron—hole symmetries of the band
structures in the ABAB and ABCA graphene can be broken
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differently,”® resulting in a difference in the Fermi energy. The
variation in the quantum confinement effects between the
ABAB and ABCA stacked graphene can also lead to different
electron spatial distribution for states near the Fermi level.

To explore these hypotheses in more detail, we performed
DFT calculations on ABAB and ABCA stacked graphene and
plot their Kohn—Sham band structures in Figure 4. These two
stacking arrangements exhibit distinct electronic band
structures where ABCA configurations have a higher Fermi
energy than that of the ABAB stacking configurations by ~16
meV, obtained using the local-density approximation (LDA)
(~21 meV using the generalized gradient approximation,
shown in Figure S4). This result is in good agreement with the
experimental observations and also shows a consistent trend
with previous experiments in trilayer graphene.”® The main
difference between Figure 4a and Figure 4b is that the bands in
the vicinity of the Fermi level are very dispersive in the ABAB
graphene, whereas the bands in the vicinity of the Fermi level
are almost flat in the ABCA graphene because these bands are
spatially localized to one sublattice of the top layer and one
sublattice of the bottom layer.”” As the bands in the vicinity of
the Fermi level are nonparabolic in ABAB and ABCA stacked
graphene, the density of states (DOS) near the Fermi level was
employed to compare the flatness of the bands, as shown in
Figure S5, where the DOS near the Fermi level in ABCA
stacking configuration is much larger than that in ABAB
stacking configuration. This result confirms the difference in
band structure in the two stacking arrangements.

Returning to the two proposed origins (surface dipoles and
electronic structures), our theory and calculations favor
hypothesis 2, an intrinsic and subtle difference in the electronic
structure. First, the ABAB and ABCA graphene both have
inversion symmetry in their structures. As a result, no intrinsic
electric polarization should be expected. (In our experiment,
although the different environment at the top and bottom
surface could result in a slightly broken inversion symmetry, we
do not expect a noticeable shift of Fermi level at room
temperature.) For hypothesis 2, we notice that the higher-
energy conduction bands and lower-energy valence bands are
not located symmetrically relative to the Fermi level, which
indicates electron—hole symmetry breaking in both ABAB and
ABCA cases. Further scrutiny reveals that in ABCA graphene,
the conduction band edge at K is closer to the Fermi level than
a corresponding valence band edge at K (labeled by red and
blue lines in Figure 4b). This trend is reversed in the ABAB
graphene, where the valence bands, rather than conduction
bands, are closer to the Fermi level at K (labeled by red and
blue lines in Figure 4a). Therefore, the electron—hole
symmetry breaking behaves differently in the ABAB and
ABCA graphene, which likely causes a change of the Fermi
energy. We thus conclude that the intrinsic differences in
electronic structures, rather than surface dipoles/symmetry
breaking, are responsible for the observed small difference in
work function between ABAB and ABCA domains.

Finally, we return to the question of image stability. During
repeated scanning of the surfaces with PEM, we often noticed
that the PFM images would exhibit apparent shifts in the
domain structure over periods of tens of minutes (Figure S6).
We attribute these shifts to the local mechanical force and
sinusoidal voltage exerted by the tip during PFM scanning or
alternatively to the local deposition of water and contam-
ination from the tip—sample contact that inevitably forms
when imaging in contact mode in an ambient environment. In
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contrast, SKPM is a noncontact method and appears not to
perturb the observed domain structure, even after repeated
scanning (Figure S7). Given these different time-dependent
behaviors, we propose that SKPM will provide advantages for
imaging work on moiré superlattices under many conditions.

B CONCLUSION

In summary, we use a combination of both LPFM and SKPM
to characterize moiré superlattices in twisted double bilayer
graphene and show that we can distinguish between the Bernal
ABAB and rhombohedral ABCA stacking configurations using
either method. Additionally, our results indicate that contact-
induced variations in moiré superlattices may occur in LPFM
and therefore convolve mechanical force effects with stacking
order. By correlating DART-mode LPFM with SKPM, we find
that the surface potential distribution is directly correlated with
the stacking order. The surface potential of ABCA domains is
higher (the work function is smaller) than that of the ABAB
domains by ~15 mV. DFT calculations including electron
correlation at the mean-field level are consistent with the
experimental result, indicating that ABCA has a smaller work
function. Our results provide a new route to visualize stacking-
induced surface potential distributions, as well as provide a
direct probe of the electronic consequences of local domain
stacking. All of this work was performed on the ungated
sample. However, since a perpendicular electric field can
induce a band gap in rhombohedral ABCA,*® and the ABCA
domain expands and becomes energetically more stable under
large gate voltage,”® we speculate that the surface potential
difference between ABCA and ABAB could also be tunable
with electric field and could become smaller under large gate
voltage.

B METHODS

Lateral Piezoelectric Force Microscopy and Scanning
Kelvin Probe Microscopy. An Asylum Research MPE-3D
atomic force microscopy was used for LPFM and SKPM
studies in ambient condition. FM-KPFM code is available
online and upon request.”” The ElectriMulti75-G conductive
probe is made of silicon with the tip and cantilever coated with
platinum, and the radius of the tip is less than 30 nm. The free
resonance frequency of the probe is ~70 kHz, and the spring
constant of the probe is ~2.8 N/m.

Sample Fabrication. The fabrication of TDBG sample
followed by a standard “tear and stack” technique. A
polycarbonate (PC) film on tip of polydimethylsiloxane
stamp was used to sequentially pick up hexagonal boron
nitride and then half of bilayer graphene, followed by the
second half of bilayer graphene with a small twist angle. This
structure was flipped over and placed on a Si/SiO, wafer.

First-Principles Calculations. Ab initio calculations were
performed using DFT within the LDA exchange—correlation
functional, implemented in the Quantum Espresso package.*’
Norm-conserving pseudopotentials were employed with a
plane-wave energy cutoff of 80 Ry. The structures were fully
relaxed until the force on each atom was <0.005 eV/A. The
calculated lattice constant is a = 2.45 A for both ABAB and
ABCA stacking configurations. The calculated interlayer
distance is d = 3.33 A for both ABAB and ABCA stacked
graphene. A 100 X 100 k-grid was used for Brillouin zone
sampling. A vacuum region of 15.0 A was used in the out-of-
plane direction to avoid interaction between periodic images.
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Results using the GGA function are included in the Supporting
Information.
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