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Nanoscale Conductivity Imaging of Correlated Electronic States
in WSe, /WS, Moiré Superlattices
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We report the nanoscale conductivity imaging of correlated electronic states in angle-aligned

WSe, /WS, heterostructures using microwave impedance microscopy. The noncontact microwave probe

allows us to observe the Mott insulating state with one hole per moiré unit cell that persists for temperatures

up to 150 K, consistent with other characterization techniques. In addition, we identify for the first time a

Mott insulating state at one electron per moiré unit cell. Appreciable inhomogeneity of the correlated states

is directly visualized in the heterobilayer region, indicative of local disorders in the moiré superlattice

potential or electrostatic doping. Our work provides important insights on 2D moiré systems down to the

microscopic level.
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The vertical stacking of two-dimensional (2D) materials
with similar lattice constants at small twist angles produces
long-wavelength moiré superlattices, which can substan-
tially modify the electronic structures of individual layers
[1-3]. As exemplified by the groundbreaking experiments
[4-6] and subsequent works [7—12], a plethora of exotic
behaviors such as Mott insulating states [4-9], super-
conductivity [5,7-9], magnetic phases [10-12], and quan-
tum anomalous Hall effect [12] have been reported on
twisted bilayer graphene near the magic angle and trilayer
graphene—boron nitride moiré superlattices. Moiré systems
composed of transition metal-dichalcogenide (TMD) het-
erostructures offer a complementary and equally important
material platform to investigate the rich many-body phe-
nomena [13]. Because of the strong spin-orbit coupling,
only twofold degeneracy remains in the TMD-based moiré
systems, giving rise to an ideal playground to simulate the
Mott-Hubbard physics in 2D triangular lattices [13—18]. To
date, evidence of charge ordering and correlated states at
partial moiré band fillings has been reported in both
homobilayer [16] and heterobilayer TMD superlattices
[17,18], with many other novel electronic states expected
to emerge [19].
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Despite the rapid progress in the research of TMD-based
correlated states, a critically missing element here is the
real-space visualization of a highly resistive electronic
phase in the moiré heterostructure and the study of its
spatial homogeneity. It should be noted that the small twist-
angle disorder, which has been recently mapped out in
graphene moiré systems [20], may not be crucial in TMD
heterostructures [16,21] due to the relatively large effective
mass [22,23]. Spatially resolved investigations, on the other
hand, may reveal local fluctuations of moiré potential or
electrostatic doping in the 2D sheet. Moreover, a notable
experimental challenge in the investigation of TMD moiré
superlattices lies in the large metal-semiconductor contact
resistances, especially at the low-density regime where
correlation effects manifest themselves. As a result, optical
measurements such as reflectance [17] and optically
detected resistance and capacitance (ODRC) [18] are
preferred over traditional transport techniques. However,
these studies [16—18] only demonstrated the existence of
correlated insulating states on the hole-doped side, leaving
the correlation physics on conduction bands unexplored.
A noncontact method that directly measures the electrical
conductivity on both electron- and hole-doped sides is

© 2020 American Physical Society
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(a) Schematic of the gated WSe, /WS, superlattice device structure. The thicknesses of top and bottom HBN are 11 and 16 nm,

respectively. (b) Optical microscopy image of the heterostructure device. The WSe,, WS, monolayer flakes, FLG contact, and top gate
are outlined in green, orange, white, and black, respectively. (c) Optical absorption spectrum in region II of the heterostructure in (b).
The three peaks indicated by dashed lines are due to splitting of the WSe, A exciton, which is indicative of intralayer moiré excitons in
the WSe, /WS, superlattice. (d) ODRC signals at two different ac excitation frequencies as a function of the top-gate voltage and filling
factors. The dashed line denotes the charge-neutral point (~ — 0.3 V) and the shaded areas correspond to the Mott insulator state at
n/ny = —1 and correlated insulating state at —1/3. The inset illustrates the Mott insulator state with one hole per moiré unit cell.

therefore desirable to understand the insulating nature of
Mott-like states in these materials. In this Letter, we report
the optical study and nanoscale conductivity imaging of
angle-aligned WSe, /WS, moiré heterobilayers by combin-
ing ODRC and microwave impedance microscopy (MIM)
on the same devices. At sufficiently low temperatures,
while the overall gate dependence of local conductivity in
the monolayer regions are described by the ambipolar field
effect, pronounced resistivity peaks on both electron and
hole sides are observed in the superlattice area at certain
moiré band fillings. The resistivity peak at one hole per
lattice site is consistent with the Mott insulator state
reported previously [17,18]. A resistivity peak at one
electron per lattice site, on the other hand, is reported
for the first time, which indicates that the Mott state is also
present in electron-doped WS,/WSe, moiré systems. In
addition, the microwave images show clear spatial inho-
mogeneity of the correlated states, presumably due to local
disorders in the moiré potential or electrostatic doping. Our
results provide important insights for improving the quality
of TMD moiré superlattices toward new discoveries in
these fascinating material systems.

The samples in our study are WSe, /WS, heterobilayers,
which are encapsulated by top and bottom hexagonal
boron nitride (HBN) dielectrics, as illustrated in Fig. 1(a).

Few-layer graphene (FLG) layers are used as the gate and
contact electrodes (see Supplemental Material for fabrica-
tion details [24]). The twist angle between the two mono-
layers is 8 ~ 60° (see Fig. S2 in Ref. [24]), resulting in a
moiré superlattice constant Ly, = a/+/& + (x/3 —0)> ~
8 nm, where 6 ~4% is the lattice mismatch between
monolayer WSe, (¢ = 0.328 nm) and WS, flakes. As seen
in the optical image in Fig. 1(b), half of the heterostructure
(region I) is covered by the top graphene layer, whereas
the other half (region II) is not. Significant inhomogeneity
due to trapped bubbles is observed in this heterostructure
device. The optical absorption spectrum on region II
[Fig. 1(c)] shows that the WSe, A exciton is split into
three peaks, indicative of the presence of the moiré
potential [31] (see more data in Fig. S3 in Ref. [24]).

To study the correlated electronic behavior in the sample,
we perform ODRC measurements at 3 K. A dc voltage
applied to the top gate (V) is used to tune the carrier
concentration in region I, and an ac voltage (AV) induces
charge redistribution between regions I and II. A probe laser
in resonance with the lowest-energy WSe, exciton peak is
used to measure charge flow in the sample [18] (see Fig. S4
of Supplemental Material for details [24]). Figure 1(d)
shows the measured ODRC signals as a function of V,, at
two excitation frequencies. Consistent with the previous
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(a) Schematic diagram of the TF MIM measurements on the WSe, /WS, heterobilayer device. The inset shows the SEM image

of the etched tungsten tip. (b) FEA simulated MIM signals as a function of the sheet conductance of the buried TMD layers. The inset
shows the same plot in the linear scale. (c) Measured room-temperature MIM signals on the WS, monolayer [orange star in (a)] as a
function of the back-gate voltage. The black dash-dotted line indicates the charge-neutral point for electrons at ~0.3 V, where the Fermi

level resides at the conduction band minimum (inset).

report [17,18], a prominent dip in the change of optical
contrast is observed at Vi, ~—1.37V, corresponding
to a filling factor n/ny = —1 or one hole per moiré unit
cell (n represents the charge concentration and ny =
1/[L3, sin(x/3)] ~ 1.8 x 10'? cm~2 is the density of one
charge per moiré unit cell). In addition to this Mott state, a
satellite dip also appears at factional filling n/ny = —1/3.

The nanoscale conductivity of the moiré superlattice
device is studied by microwave impedance microscopy
(MIM) [32], a versatile technique for imaging the spatial
uniformity of electrical properties in advanced materials
[33-36]. As shown in Fig. 2(a), a microwave signal
(~10 uW at 1 GHz) is delivered to a chemically etched
tungsten tip, which is mounted on a quartz tuning fork (TF)
for distance feedback [37-38]. The two MIM output
signals, proportional to the imaginary (MIM-Im) and real
(MIM-Re) parts of the tip-sample admittance, are demodu-
lated at the TF resonant frequency (~37 kHz). The spatial
resolution is on the order of 100 nm, which is comparable
to the tip diameter, as shown in the scanning electron
microscopy (SEM) image in Fig. 2(a). The MIM response
to the sheet conductance of a buried 2D layer can be
modeled by finite element analysis (FEA) [32]. Figure 2(b)
shows the simulated MIM result as a function of the 2D
conductance o of, e.g., the WS, monolayer in both semilog
(main plot) and linear (inset) scales. Note that the MIM-Im
signal increases monotonically with increasing o, whereas
MIM-Re peaks at 6 ~ 10~ S sq (see Fig. S5 for details in
Supplemental Material [24]). For comparison, the mea-
sured room-temperature MIM signals as a function of the
back-gate voltage (Vi) in the monolayer WS, region are
shown in Fig. 2(c). Below a threshold voltage of ~0.3 V,
MIM signals in both channels are negligible, indicating the
absence of mobile carriers when the Fermi level is inside
the semiconducting gap. For V, > 0.3 'V, the electrostatic
doping occurs, as evidenced by the increase of MIM
signals. The close resemblance between the simulated
[Fig. 2(b) inset] and measured [Fig. 2(c)] results suggests

that the device behaves as a regular back-gated field-effect
transistor (FET). For simplicity, we will in the following
only present the MIM-Im data because of its monotonic
relationship with respect to the local conductance.
A complete set of the MIM data are found in Fig. S6 in
Supplemental Material [24].

The cryogenic MIM experiment is carried out in a
helium-flow cryostat with a base temperature ~20 K.
Figure 3(a) displays the sample topography taken by the
TF feedback, where some surface impurities or air bubbles
are clearly visible. The simultaneously acquired MIM-Im
image at Vi,, =0 V and T = 24 K [Fig. 3(b)] shows that
only the contact and top-gate FLG regions are conductive.
Strikingly, while the individual TMD layers and the
heterostructure (HS) region are both highly insulating at
zero Vy,, they exhibit very different gate dependences.
As seen in the inset of Fig. 3(b), monolayer WSe, is
conductive at Vi,, = —2 V due to the electrostatic doping
of holes. The HS region, however, is strongly insulating.
Such an unusual behavior of the WSe,/WS, bilayer is
beyond the simple description of a back-gated FET and
worth further investigation.

Since the vertically stacked layers are relatively fragile
and could be easily damaged by repeated scans, we focus on
point measurements for systematic studies of the gate
dependence. Figure 3(c) shows the MIM-Im response on
three points (WS,, WSe,, and HS) indicated in Fig. 3(a)
when Vi, is swept from —2.7 to 2.7 V. The ambipolarlike
FET behavior is observed in both monolayers. We notice
that the WS, layer is much more difficult to turn on with hole
doping, similar to previous FET studies [39—42]. In the HS
region, on the other hand, two prominent drops of MIM-Im
signals appear at around Vy, ~ —2.1 V and +1.8 V. On the
hole-doped side, given the threshold voltage Vy, ~ —0.7 V
for injecting holes into the WSe, layer, the insulating state
corresponds to a filling factor n/ny = —1, i.e., one hole per
moiré unit cell. The results are also consistent with the
ODRC data [Fig. 1(d)] and previous investigations [17,18].
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(a) Topographic image of the WSe, /WS, device taken by the tuning-fork feedback. The WSe,, WS,, and top FLG regions are

labeled by green, orange, and black dashed lines, respectively. The green, orange, and red stars mark the locations where the MIM curves
in (c) are taken. (b) MIM-Im image at 7 = 24 K and Vi, = 0 V in the same area as (a). Inset: MIM-Im images in the blue dashed box in
(b) taken at V},, = —2 V. Scale bars in (a) and (b) are 2 ym. (c) MIM-Im signals at various locations and temperature. The two dash-
dotted lines denote the charge-neutral points, —0.7 V for holes in WSe, and +0.3 V for electrons in WS,. The shaded areas correspond
to the Mott insulating states at n/n, = £1. The data at 295K HS is scaled by 0.2 for compact visualization.

The difference in the voltage values is because the ODRC
measurements use the top gate with the top HBN thickness
of 11 nm and the MIM measurements use the bottom gate
with the bottom HBN thickness of 16 nm. Note that the MIM
imaging was performed at a higher temperature (24 K) than
the ODRC measurement (3 K). Therefore, the absence of the
weak —1/3 state [Fig. 1(d)], which develops at lower
temperatures than the Mott insulating states [17,18,43], in
the MIM data is most likely due to the thermal activation
effect.

The insulating state with electron doping, however, has
not been observed before. Since both WSe, and WS, are
turned on at Vy = 0.2-0.3 V, it is reasonable to assume
that gate-induced electrons are injected to the heterostruc-
ture region at the same threshold voltage. Similar to the
hole-doped side, the observed insulating state at Vi, ~
1.8 V corresponds to filling factor n/ny = +1, i.e., one
electron per moiré unit cell. Interestingly, while the two
monolayer regions display comparable MIM-Im signals in
the ambipolar FET curves, the overall MIM signal level on
the electron-doped side is considerably lower than that on
the hole-doped side, indicative of a large intrinsic resistance
of the former. Such a property may lead to large contact
resistance, which represents a big challenge for conven-
tional transport measurements to access the electron side of
WSe, /WS, moiré superlattices at low doping and low
temperatures. On the other hand, it is also possible that such
asymmetry between electron and hole doping is specific to

near-60° WSe, /WS, samples, as the phenomenon is not
observed in a recent MIM report [44] on a near-0° device.
Further experiments on twist-angle-dependent TMD moiré
devices are needed to examine this hypothesis. We empha-
size that the requirement of good Ohmic contacts is much
less stringent for the MIM measurements, which enables
the observation of Mott states on both electron and hole
sides. The Mott states persist up to ~150 K and eventually
vanish at 295 K. A rough estimate of the thermal activation
gap of the Mott state is thus 10-20 meV, consistent with the
earlier reports [17,18]. Similar results are observed on
another WSe, /WS, heterostructure device with near-0°
twist angle (see Fig. S7 in Supplemental Material [24]),
consistent with the previous investigations [17,21] that
correlated electron physics occurs in both 0° and 60° twist-
angle moiré superlattices. Note that the slightly different
stacking configurations in these two types of samples (see
Fig. S8 in Ref. [24]) might lead to a moderate difference in
local band reconstructions [45], awaiting systematic theo-
retical and experimental investigations on this topic.
Finally, we briefly discuss the spatial variation of the
Mott insulating state in the moiré superlattice. Figures 4(a)
and 4(b) show the close-up AFM and MIM-Im images near
the HS region at 7 = 24 K and V},, = —2 V. In addition to
the surface impurities visible from the topography, inho-
mogeneous local conductivity is clearly observed in the
MIM image. In Fig. 4(c), the MIM-Im signals when V, is
swept from —2.7 to 2.7 V are plotted for the three points
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(a) Topography and (b) MIM-Im images at Vy, = —2 V for a close-up view in the heterostructure region. (c) MIM-Im signals

at three different locations labeled in (b) as a function of the back-gate voltage. The positions of n/ny = £1 are indicated by arrows for
each curve. For line No. 3 where the n/ny = 1 state is not fully developed, the arrow denotes the location where the slope changes sign.

labeled in Fig. 4(b). The dips for n/n, = +1, although
present in all curves, differ significantly in their strengths
and positions with respect to Vy,. The electrical inhomo-
geneity is indicative of spatial disorder in the correlated
insulating state, which may be caused by strains, defects,
and density inhomogeneity from electrostatic gating. In
Fig. 4(c), the variation of AV, ~0.2 V where Mott states
are observed is mostly associated with local fluctuations of
the carrier density An ~ 0.24 x 10'?> cm™2. The large var-
iations in the strength and linewidth of the MIM dips of
n/ny = *1 also indicate the presence of strong fluctuation
in moiré potentials. Further theoretical and experimental
efforts are needed to quantify such effects. We emphasize
that, unlike the situation in graphene moiré systems,
correlated states in WSe, /WS, with large lattice mismatch
and small superlattice constant is less sensitive to twist-
angle disorders. The small angular misalignment would not
induce significant changes on the moiré periodicity and
local properties in this study. In fact, away from large
surface impurities and air bubbles, the moiré periodicity
is highly uniform in the mesoscopic length scale of
50-100 nm probed by the MIM, as indicated by our
scanning tunneling microscopy data [46]. Future improve-
ment on the sample uniformity, such as reducing surface
impurities in the 2D stack and better gating schemes, is thus
critical for in-depth understanding of correlation physics in
2D moiré superlattices.

In summary, we report the near-field microwave imaging
of correlated states in semiconducting TMD heterobilayer
moiré superlattices. The ability to probe local conductivity
in buried structures allows us to observe the Mott insulating
phases with both hole and electron doping at temperatures
up to 150 K. The nanoscale microwave images reveal
substantial spatial inhomogeneity in the correlated states.
Our work provides a guideline for improving the material
quality toward novel electronic states in 2D moiré systems.
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