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Baichang Li®?2, S. L. Moore ®", Song Liu?, Zhiying Wang?, S. E. Rossi', Ran Jing ®",
Jordan Fonseca ®°, Birui Yang', Yinming Shao®", Chun-Ying Huang®,

Taketo Handa®¥, Lin Xiong ®", Matthew Fu', Tsai-Chun Pan’, Dorri Halbertal ®",
Xinyi Xu?, Wenjun Zheng ®4, P. J. Schuck?, A. N. Pasupathy ®", C. R. Dean®,
Xiaoyang Zhu®, David H. Cobden ®°, Xiaodong Xu®°®, Mengkun Liu®?,

M. M. Fogler’, James C. Hone®2 & D. N. Basov®'

Ferroelectricity, a spontaneous and reversible electric polarization, is found in
certain classes of van der Waals (vdW) materials. The discovery of ferroelec-
tricity in twisted vdW layers provides new opportunities to engineer spatially
dependent electric and optical properties associated with the configuration of
moiré superlattice domains and the network of domain walls. Here, we employ
near-field infrared nano-imaging and nano-photocurrent measurements to
study ferroelectricity in minimally twisted WSe,. The ferroelectric domains are
visualized through the imaging of the plasmonic response in a graphene
monolayer adjacent to the moiré WSe, bilayers. Specifically, we find that the
ferroelectric polarization in moiré domains is imprinted on the plasmonic
response of the graphene. Complementary nano-photocurrent measurements
demonstrate that the optoelectronic properties of graphene are also modu-
lated by the proximal ferroelectric domains. Our approach represents an
alternative strategy for studying moiré ferroelectricity at native length scales
and opens promising prospects for (opto)electronic devices.

Moiré superlattices of two-dimensional van der Waals materials have
emerged as a capable platform to explore exotic electric and optical
properties that can be controlled by selecting building blocks for the
assembled atomic layers and manipulating the twist angles between
them'>. Moiré superlattices not only inherit characteristics of the
constituent layers but also exhibit new emergent phenomena. Among
these emergent effects, interfacial ferroelectricity was recently

discovered in marginally twisted hexagonal boron nitride (h-BN)*” and
transition metal dichalcogenides (TMDs)*™. In minimally twisted
bilayers, lattice reconstruction results in triangular domains with per-
iodically alternating AB and BA stacking registries”™. The
charge transfer between the two layers creates moiré patterns with
alternating out-of-plane polarization™". Moiré ferroelectricity in
twisted TMDs and h-BN has been confirmed by local Kelvin probe force
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microscopy (KPFM) imaging>'>" and by area-averaged transport
measurements®®,

Creating ferroelectricity by stacking vdW layers provides new
opportunities to engineer materials and control their optoelectronic
properties, as the ferroelectric polarization is expected to modulate
the doping of an adjacent material'® and tune photo-excited carrier
dynamics'®, among other effects. In transport experiments, modula-
tion of the doping of graphene is detected and employed as a sensor
for the ferroelectric polarizations®**°, However, in transport experi-
ments, the ferroelectrically induced doping density was inferred from
area-averaged analysis by assuming that the entire sample reveals a
uniform polarization under an applied electric field in a gatable
device®®. In practice, such devices may possess domains with the
opposite polarization even at high electric fields, as was recently
revealed by backscattering electron imaging® and KPFM’. This obser-
vation indicates that in stacked vdW devices, unlike conventional fer-
roelectric materials, aligning all the polarization in the same direction
may require substantial energy for bending and eventually merging all
the adjacent domain walls’**%, Therefore, in order to read out the
doping from the ferroelectric potential, it is imperative to measure the
carrier density in each moiré domain. Furthermore, novel optical and
optoelectronic properties in devices integrated with ferroelectric have
been investigated using far-field optical spectroscopy”2¢. These
measurements are diffraction-limited and thus cannot probe the rich
optical or optoelectronic properties at the underlying moiré domain
scale. Therefore, all existing results call for measurements capable of
spatially resolving ferroelectric domains. Piezoresponse force micro-
scopy (PFM) and KPFM can directly measure the domain structures of
ferroelectric via electromechanical surface deformation and electro-
static force, respectively. Whereas the ferroelectric domains can be
clearly visualized by PFM¥, PFM results directly reflect the piezo-
electric response, making it challenging to quantitatively evaluate
ferroelectric properties. Usually, KPFM can provide a quantitative
characterization of a ferroelectric by measuring the work function®’.
But KPFM has difficulty in quantitatively characterizing ferroelectric
devices that include multiple materials because disentangling the
electrostatic force from individual layers is a formidable task.

Here, we utilize near-field infrared nano-imaging and nano-
photocurrent to investigate the optical and optoelectronic proper-
ties of back-gated graphene encapsulated with a minimally twisted
bilayer of WSe, (t-WSe,) revealing ferroelectricity. We first demon-
strate that the plasmonic response of graphene is altered by the
proximate twisted ferroelectric domains. Notably, by investigating the
local plasmonic contrast in graphene residing underneath the ferro-
electric domains, we obtain a reading of the local ferroelectric polar-
ization. Moreover, we show that the proximity to the ferroelectric
bilayer breaks the inversion symmetry and modulates the Seebeck
coefficient of graphene, thereby allowing the generation of photo-
current. The nano-photocurrent mapping displays moiré patterns and
further confirms the notion of the local modulation of the carrier
density in graphene prompted by ferroelectric domains. These results
uncover alternative approaches to controlling the optoelectronic
response of graphene integrated with ferroelectric materials.

Results and discussion

Device structure and ferroelectric doping

We investigated a series of graphene/t-WSe, devices with the same
general architecture. These devices are based on back-gated graphene
structures, with graphene encapsulated by a minimally twisted bilayer
of WSe, on the top and h-BN at the bottom (Fig. 1a). The t-WSe, was
assembled from the same microcrystal of monolayer WSe,, which was
first cut into two halves by laser ablation and then assembled using a
dry stacking process without any intentional rotation®. The entire
stack benefits from a global back gate with the h-BN and 285-nm SiO,
together constituting the gate dielectric. The graphene layer has

several electrical contacts, enabling its electrostatic gating as well as
nano-photocurrent measurements> %,

The experimental concept is outlined in Fig. 1b. The ferroelectric
polarization in a given domain of t-WSe, gives rise to an electrical
potential near its surface’’*. This potential alters the local carrier
density and hence the local Fermi energy of an adjacent graphene
layer® (Fig. 1b). The ferroelectrically induced carrier density in gra-
phene had been demonstrated by putting graphene on an oxide fer-
roelectric material’*. In addition, recent electrical transport
measurements also indicated that graphene is doped by the adjacent
two-dimensional ferroelectrics®®. The resultant carrier density can be
quantified by interrogating the plasmonic response of graphene. In our
infrared nano-spectroscopy experiments, the plasmonic response is
manifest in two complementary observables: (i) the magnitude of the
near-field scattering signal®® and (ii) the periodic oscillating patterns
(fringes) arising from the propagating plasmon polaritons®*?. In
principle, both observables are governed by the carrier density in
graphene. In practice, for samples with moiré super-structures, all
domain boundaries are potentially capable of launching and reflecting
propagating plasmons®, leading to complex patterns that make it
difficult to extract the local carrier density. Therefore, we will primarily
focus on an analysis of the evolution of the near-field amplitude s(n,w)
in the following sections, where n is the carrier density and w is the
photon energy. To guarantee the accuracy of the local near-field
amplitude and the corresponding carrier density, we should ensure
that propagating/reflected plasmon polaritons do not contribute to
the scattering signals. An in-depth discussion of quantifying carrier
density based on nano-infrared studies of graphene can be found in
Supplementary Note 1.

Infrared nano-imaging of plasmonic response of t-WSe2/
graphene

A representative image of the scattering amplitude acquired with a
photon energy of 880 cm™ is shown in Fig. 1c. From this image, we can
clearly see moiré patterns. The moiré structures display nearly trian-
gular domains, which result from the lattice reconstruction*. The
period of the moiré patterns is inhomogeneous as the twist angle
between the WSe; layers varies over the field of view due to strain and
wrinkles. Indeed, across the wrinkles, the observed moiré periods
prominently change. Intriguingly, the nearest-neighbor domains
reveal clear contrast, while the next-nearest-neighbor domains show
almost the same near-field intensity. We performed measurements for
several devices, all of which consistently produced these moiré fea-
tures (Supplementary Note 2 and Supplementary Fig. 1 and 2).

Now we inquire into the origin of the observed contrast between
adjacent domains. For this purpose, we varied the carrier density in the
graphene layer in our back-gated devices. Representative images
acquired at various gate voltages are shown in Fig. 1d (a full set of
images is plotted in Supplementary Figs. 3 and 4). From these images
and the line profiles in Fig. 1le, we can see that the contrast between
moiré domains systematically evolves as a function of the carrier
density. Moreover, at high doping with V; — Ve 265V, the propa-
gating plasmon polaritons manifest as fringes of nano-infrared con-
trast and can be observed near the boundaries of large domains
(Supplementary Fig. 3g-i). At all of these back-gate doping regimes,
the contrast between the domains can be consistently observed. It has
been well established that plasmon of graphene can be tuned by car-
rier density, thus enabling the observation of propagating plasmon
polaritons®?*. Therefore, both the observed carrier density-
dependent contrast and the plasmonic fringes attest to the conclu-
sion that the ferroelectric polarization modulates the graphene plas-
mons and gives rise to moiré patterns in the nano-infrared images.

We stress that the contrast observed in Fig. 1 originates from the
plasmonic response of graphene rather than that of WSe,. The WSe,
layers are not doped by the back gate in our experiment as they are not
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Fig. 1| Moiré ferroelectricity investigated via near-field infrared nano-imaging.
a Schematics of the back-gated graphene device with a minimally twisted WSe,
bilayer (t-WSe,) on top. This structure is suitable for simultaneous near-field scat-
tering and nano-photocurrent experiments. b Top: side view illustration of device
structures. AB and BA stacking registries are formed in the R-stacked domains in
bilayer WSe,. The two distinct out-of-plane atomic alignments give rise to opposite
out-of-plane polarizations. Bottom: the Fermi energies £, and E, of graphene are
modulated by the alternating ferroelectric polarization of moiré domains in t-WSe,.
¢ Near-field scattering amplitude mapping of Device A carried out with photon
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energy w =880 cm™and V, — Vcyp =10V, where Vp is the moiré-averaged charge
neutrality point defined in the text, and V, is the back gate voltage. The image
clearly exhibits the moiré superlattices formed in the minimally twisted WSe,. The
near-triangular domains are formed due to the lattice relaxation. d Nano-infrared
images acquired for different gate voltages with excitation energy w =888 cm™.

e Line profile of the scattering amplitude, s, for selected back gate voltages
measured along the line indicated in Panel d. Green dashed lines denote the
positions of the domain walls. All data were acquired at T =300 K for Device A.

subjected to the electric field confined between graphene and the back
gate*’. The Drude response of WSe,, which potentially could originate
from extrinsic doping, does not extend to mid-IR frequencies because
of the relatively high effective mass of either electrons or holes in
WSe,*. (Supplementary Note 4 and Supplementary Figs. 7,8,9).

Mapping the local carrier density in ferroelectric moiré domains
In the previous section, we established that the ferroelectric potential
can dope proximal graphene and that the doping density can be
monitored by examining the local plasmonic response of graphene.
Now we proceed to extract the magnitude of the local domain-
dependent doping, which will provide nanoscale maps of the ferro-
electric polarization. In our structures, graphene is doped by both the
ferroelectric potential and the electrostatic gating of the back gate.
Naturally, the global back gate induces a spatially uniform carrier
density across the entire graphene microcrystal. On the other hand,
the alternating ferroelectric polarization in the AB and BA domains of
t-WSe; results in the modulation of the local carrier density, leading to
marked contrast between the neighboring domains (Fig. 1c, d and
Fig. 2c, d). We are in a position to disentangle the ferroelectric and
back gate contributions by examining the local variations of the plas-
monic response. Specifically, we will examine the back gate depen-
dence of the nano-IR contrast.

The near-field scattering amplitude, which reveals plasmon evo-
lution, was measured as a function of both spatial position and back
gate voltage. Representative data acquired for Device B are displayed
in Fig. 2. In the course of these measurements, the tip was repeatedly
scanned along the same line across three ferroelectric domains (blue
arrow line in the inset of Fig. 2c) while the back-gate voltage was

gradually swept from -70V to 70V; the scattering amplitude was
recorded, forming a 2D coordinate-voltage plot in Fig. 2a. To display
the near-field amplitude evolution more clearly, two line cuts extracted
from the centers of the AB and BA domains are plotted in Fig. 2b. The
non-monotonic evolution of the scattering amplitude is evident in the
data presented in Fig. 2a, b.

The data displayed in Fig. 2 show that the graphene in the AB and
BA domains reaches charge neutrality point (CNP) at distinct back gate
voltages, due to the presence of carriers from opposite ferroelectric
polarizations. For each domain, at the CNP, the near-field scattering
amplitude reaches a local maximum. With doping, the near-field
amplitude first decreases and then increases, forming a V-shaped
spectrum. Combining the electron and hole doping, a W-shaped
scattering amplitude profile is formed (Fig. 2b). This trend is further
confirmed by numerical simulations and analytical calculations (Sup-
plementary Note 3, Supplementary Fig. 6). The near-field amplitude
evolution can be understood by employing the Fresnel reflection
coefficient of p-polarized light, r,(w,q), which is a function of the
plasmon polariton energy, w, and momentum, g, and governs the near-
field amplitude. At low doping, Amp(r,(w,q)) decreases with doping,
and thus the near-field amplitude decreases. When the carrier density,
n, is further increased, the plasmon polariton momentum gradually
decreases and finally matches the tip momentum. Consequently,
Amp(r,(w,9)) surges tremendously, resulting in an upturn of the near-
field amplitude.

Around the CNP, the two scattering amplitude profiles acquired on
the AB and BA domains show a shift of AV, =12V (Fig. 2b). This shift
indicates that a corresponding doping from the back gate should be
supplied to one domain in order to compensate for the doping
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Fig. 2 | Visualizing and quantifying the plasmonic response of individual fer-
roelectric domains in t-WSe,. a The fourth harmonic of the near-field scattering
amplitude, s, plotted as a function of gate-voltage V, and measured for a line trace
that crosses three ferroelectric domains (see blue arrow line in Panel c). The
positions of the domain wall are indicated on the top by four solid lines.

b Representative results for the voltage-dependence of the scattering amplitude,
s4(V), probed within AB and BA domains. These two traces were extracted from
data in Panel a (dashed lines). The charge neutrality points (CNP) are distinct for the

Se=e———=3
S, Carrier density (10" cm2)

AB and BA domains. In the shaded regions, graphene is heavily doped and supports
propagating plasmon polaritons launched by the tip. ¢, d Images of the near-field
scattering amplitude, s,, acquired at V, = +20 V and V, = — 10 V, respectively. The
dashed lines mark the domain boundaries. These images reveal the contrast
reversal between AB/BA domains. e Carrier density mapping extracted from the
near-field amplitude s, as described in the text. All the data were acquired with
photon energy w=862cm™! and, for Device B, with a moiré-averaged CNP of
about —26 V.

difference from opposite ferroelectric polarizations. Based on the
device geometry, we could translate the voltage into the carrier density
difference between adjacent domains, which is 7.5 x 10 cm2. With the
moiré-averaged Fermi energy at charge neutrality, this doping density
shifts the Fermi energy (Fig. 1b), measured with respect to the Dirac
point in the two ferroelectric domains, by +71meV . This value is about
four times higher than the theoretically predicted 16 meV, based on a
linear screening model with a ferroelectric potential of 56 mV (Sup-
plementary Note 5)***%. The unexpected high doping implies that the
ferroelectric potential is not the sole mechanism responsible for gen-
erating the carrier density in graphene. The interfacial charge trapping
and defect states in WSe, or h-BN are potential mechanisms acting
concomitantly with the ferroelectric polarization (Supplementary
Notes 5 and 10). In our device, graphene is encapsulated by WSe, and
h-BN. Defect states in WSe, and h-BN could result in charge transfer
between WSe, (or h-BN) and graphene, a process governed by the Fermi
energy®. (Defects in h-BN and WSe, can be confirmed by optical mea-
surements in Supplementary Note 10 and Supplementary Fig. 17).
Therefore, the ferroelectrically tuned Fermi energy of graphene may
give rise to unequal charge transfer in the two neighboring domains. As
a result, charge transfer can enhance the graphene doping beyond the
ferroelectric potential (see Supplementary Note 5.5). The residuals at
the interface can also enhance the doping contrast by modifying
dielectric screening, but they play only a minor role (Supplementary
Note 9). We remark that the reported ferroelectric potentials/doping in
existing transport results is consistent with first-principle calculations;**
implicit in this latter analysis is a hypothetical assumption that the entire
device undergoes polarization switching. Our experiments suggest that
a quantitative analysis of ferroelectricity in moiré structures needs to
combine transport and nano-imaging experiments.

It is noteworthy that, except for the regime with propagating
plasmons (see the shaded areas in Fig. 2a and further discussion
in Supplementary Notes 7,8), the voltage shift between the two scat-
tering amplitude profiles stays constant (Fig. 2b). This invariable fer-
roelectrically induced doping contrast indicates a constant
ferroelectric polarization amplitude when graphene is doped. There-
fore, the ferroelectric polarization originating from charge transfer
between WSe; layers is robust and is immune from electron screening
of carriers in nearby graphene. From Fig. 2b, the relation between the

carrier density and the near-field amplitude is established. Then, the
scattering amplitude images allow us to map out the carrier density
induced by the ferroelectric polarization, as shown in Fig. 2e. All the
data in Fig. 2 demonstrate that plasmonic response reveals the ferro-
electric polarization and enables the quantification of the ferroelectric-
induced carrier density.

While the back gate voltage is being tuned, the near-field ampli-
tude contrast between AB and BA reverses three times, as shown by the
line profiles in Fig. 2b. The contract reversal can also be visualized by
comparing images acquired at various back gate voltages (Fig. 1d and
Fig. 2¢c, d). These contrast reversals originate from the non-monotonic
evolution of the plasmonic signal with doping rather than from
polarization switching. This non-monotonicity can also induce period
doubling (middle panel of Fig. 1d and Fig. 1e). In our structures, the
ferroelectric WSe, residing above the graphene is intentionally not
subjected to the electric field, excluding the possibility of polarization
switching.

Ferroelectrically engineered photo-thermoelectric effect

Now we use nano-photocurrent imaging to study how the moiré fer-
roelectricity of t-WSe, controls optoelectronic properties of graphene.
The photocurrent imaging modality is a readily available modality of
scattering-type scanning near-field optical microscope (s-SNOM)
experiments®*°***>, Nano-photocurrent imaging has been extensively
used to investigate domains and domain walls in twisted bilayer
graphene®***, The formation of photocurrent requires broken
inversion symmetry, which can be accomplished by introducing p-n or
n-n* junctions in the graphene layer. In our devices, the staggered
ferroelectric potential breaks the inversion symmetry, thereby allow-
ing photocurrent formation.

The nano-photocurrent mapping in Fig. 3a clearly shows that the
graphene/t-WSe, displays moiré patterns marked by prominent sign
flipping: red and blue colors denote positive and negative currents,
respectively. In addition to the moiré regions, the photocurrent flips
sign across wrinkles and terrace edges, as shown in Fig. 3b. Near all
boundaries and edges, the photocurrent amplitude exhibits a gradient.
This photocurrent gradient blurs moiré patterns, in contrast to the
much sharper appearance of domains and boundaries revealed by the
scattering amplitude images (Fig. 3c, d). Also, by comparing the
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Fig. 3 | Nanoscale photo-thermoelectric response of graphene modulated by
moiré ferroelectricity in proximal t-WSe,. a, b Images of the gate-controlled
photocurrent (/,,.) acquired at excitation energy w =880 cm™. The back gate vol-
tage is denoted above each image. ¢, d Images of the near-field scattering amplitude
s, simultaneously acquired with a and b, respectively. The scale bar in a also applies
to Panels b-d. The dashed lines in a and ¢ mark domain boundaries. e The photo-
current as a function of gate voltage, V, — Vyp, measured along the blue line in
Fig. 2c. f Line profiles of the photocurrent /. and of the scattering amplitude s, for
several back gate voltages. Data were collected at the location of the white arrow in
d. The photocurrent acquired at V, — V¢yp =5 V displays sign flipping. g The
Seebeck coefficient of graphene as a function of Fermi energy. h The Seebeck
coefficient forms a checkerboard pattern. Thus, a photocurrent can be formed.
Inset: The Seebeck coefficient profile, along the pink line, in graphene engineered

by adjacent ferroelectric AB and BA domains. A nonzero gradient of the Seebeck
coefficient is formed at the domain wall. i The photocurrent forms near the domain
boundary due to the Seebeck coefficient gradient (schematic). The neighboring
boundaries display sign flipping of the photocurrent, which originates from the
opposite signs of the Seebeck coefficient gradient. All the photocurrent data were
acquired by demodulation at the second harmonic of tip tapping frequency. Data in
(e) were acquired for Device B. All other data were acquired for Device A. For Device
A, we measured a series of photocurrent/nano-IR images, with a back gate voltage
step of 5 V. We collected a detailed series of images for this device, yet the back gate
dependence data are only fragmentary. Thus, we acquired this additional infor-
mation for Device B. The data presented for Device B take the form of a line scan,
with a fine back gate step size of 0.8 V. In order to present more comprehensive
photocurrent evolution data, data acquired on Device B are used in (e).

photocurrent image in Fig. 3a with that in Fig. 3b, we find that the
photocurrent nearly vanishes when the graphene Fermi energy is
tuned far away from the CNP. The doping dependence and the spatial
gradients suggest that the photocurrent arises from the photo-
thermoelectric effect (PTE)**8,

Now we elucidate how the PTE generates the photocurrent and
interpret the above photocurrent features. In our experiment, when
the tip is scanned over the devices, the tip-focused electric field
increases the electron temperature of graphene. As a result, local
thermoelectric current j is formed, j=oSVGST, where o is the DC con-
ductivity, S is the Seebeck coefficient, and 8T is the increased electron
temperature. The current collected by the contacts can be calculated
by invoking the Shockley-Ramo theorem*’, Ipc = [j - Vypd?r, where g is
an auxiliary field obtained by assigning potentials of 1 and O to con-
tacts. Taken together, the collected photocurrent is expressed as:

Dpe= /QGSVGT-V(/)er= / aQossrvw-dﬁf /QGSTV(/J~VSd2r @

The first term on the right-hand side of Eq. (1) denotes the pho-
tocurrent formed at the contact edges. When the tip is far away from
the contacts, farther than the cooling length, the local field underneath
the tip cannot heat the electrons at the contact (67 =0), resulting in
zero photocurrent. So the first term can be safely discarded when the
tip is far away from the contacts. Thus, the photocurrent is dominated
by the second term, showing that the photocurrent can be detected if a
device has a nonzero Seebeck coefficient gradient, VS, along the
auxiliary field.

The Seebeck coefficient of graphene depends on the Fermi energy
(Fig. 3g). As the Fermi energy is modulated in ferroelectric domains,
the Seebeck coefficient forms a triangular checkerboard pattern
(Fig. 3h). Therefore, a nonzero Seebeck coefficient gradient is formed
at the domain boundaries and results in photocurrent. Near the CNP,
the Seebeck coefficient gradient between AB and BA domains reaches
a maximum, and thus the maximum photocurrent forms (Fig. 3e).
When the doping is increased via a back gate, the Seebeck coefficient
contrast between AB and BA domains diminishes. As a result, photo-
current fades out at high doping (Fig. 3e).
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With the photocurrent mechanism in mind, we can gain a deeper
understanding of the spatial features of the photocurrent. When gra-
phene is locally heated, the heat spreads on a characteristic length
referred to as the cooling length, which is hundreds of nanometers
(Supplementary Note 11). Thus, as long as the distance between the tip
and the domain boundaries is shorter than the electron cooling length,
the electronic temperature of the domain boundaries will rise and the
photocurrent will be detected. When the tip gradually moves away
from the boundaries, 8T at the boundaries reduces. The resultant
photocurrent decays as a function of distance from the boundaries
(Fig. 3a, ). In addition, the neighboring domain walls possess Seebeck
coefficient gradients with opposite signs, which results in sign flipping
of the photocurrent (Fig. 3f, i). In contrast to infrared scattering
spectra, which originate from regions right underneath the tip, the
thermoelectric photocurrent is contributed to by regions determined
by the cooling length. As a result, whereas the observed photocurrent
patterns resemble those in scattering images (Fig. 3c, d), the photo-
current exhibits a more complicated texture with blurred moiré pat-
terns. All of these photocurrent features are well reproduced by
simulations (Supplementary Note 12).

Our analysis of the nano-photocurrent not only confirms that the
graphene Fermi energy is modulated by the proximal ferroelectric but
also provides a method for studying the ferroelectric-engineered
optoelectronic properties. We note that the inversion sym-
metry breaking of graphene, a prerequisite for photocurrent genera-
tion, is governed by the proximity effect. Thus, the inversion symmetry
of graphene can be controlled by switchable ferroelectricity. Notably,
the width of the p-n junction formed by ferroelectric doping is ~10 nm,
which is much narrower than the depletion region in conventional p-n
junctions and enables emerging applications, such as efficient energy
harvest” and miniaturized sensors for electric fields.

To summarize, the ferroelectric domains in minimally twisted
WSe, were visualized by examining the plasmonic response in the
proximal graphene monolayer. The analysis of the plasmonic data
allows us to infer ferroelectric polarization in t-WSe,. Complementary
nano-photocurrent measurements demonstrate that the moiré fer-
roelectricity can tune the optoelectronic properties of graphene.
Plasmonic sensing of ferroelectricity established through our experi-
ments is readily applicable to the analysis of other synthetic vdW
ferroelectrics™°%%, Integrating the graphene layer with a ferroelectric
allows us to explore how the ferroelectric tunes the properties of the
proximal materials, which is crucial for the application of ferroelectric
materials. We note that this proximal material is not limited to gra-
phene. Recent advances in the nano-spectroscopy/imaging of exci-
tonic effects in vdW materials®** set the stage for the analysis of the
impact of ferroelectricity on the excitonic resonance energy and
exciton diffusion”, and for photovoltaic applications®. Compared to
PFM and KPFM, which are surface-sensitive methods, s-SNOM is a
complementary method with the capability for tomographic
imaging’*. Therefore, a s-SNOM enables one to probe hidden inter-
faces in devices with top electrodes, for example. In the immediate
future, our demonstrated method can also be used to visualize the
evolution of ferroelectric domains under uniform electric fields in
practical devices. This unique capability is essential for understanding
the fundamental dynamics of polarization.

Methods

Device fabrication

Monolayer WSe, and few-layer h-BN were cleaved on 285-nm SiO,
substrates using the typical Scotch tape method. The thickness was
identified via optical microscopy and re-confirmed by Raman micro-
scopy (Renishaw Raman system) and the use of a Bruker atomic force
microscope (AFM). Monolayer WSe, was first cut into two halves using
a laser cauterization method and then underwent a dry stacking pro-
cess in which an h-BN/graphene stack was used to pick up the two

pieces of identical WSe, without any intentional rotation. The final
stack was flipped upside down to expose the WSe,/graphene upward
using a flipped chip method®. Finally, we used low-temperature, high-
vacuum annealing to remove the buried polypropylene carbonate
(PPC). The final device geometry was defined by electron-beam litho-
graphy and reactive ion etching (RIE, Oxford Plasmalab 100 ICP-RIE
instrument), followed by electron-beam evaporation (EBE) to deposit
Cr/Au =5/150 nm as the surface contacts. Piezoresponse force micro-
scopy (PFM) imaging was achieved with the Bruker atomic force
microscope.

Nano-infrared scattering experiments

The nano-infrared scattering experiments were performed using a
home-built scattering-type scanning near-field optical microscope (s-
SNOM) housed in an ultra-high vacuum chamber with a base pressure
of -7 x10 torr. The s-SNOM is based on a tapping-mode atomic force
microscope (AFM). The tapping frequency and amplitude of the AFM
are about 75 kHz (or 285 kHz) and 70 nm, respectively.

The s-SNOM works by scattering tightly focused light from a sharp
AFM tip. The spatial resolution of the s-SNOM is predominantly set by
the tip radius of curvature a (=20 nm in our experiment) and therefore
allows us to resolve optical and optoelectronic properties at a length
scale below that of the ferroelectric domains. First, the laser was
focused on a metalized AFM tip using a parabolic mirror. Then the
back-scattered light was registered. With this approach, we obtained
the genuine near-field signal at a resolution of ~20 nm. In addition to
the scattering signal, photocurrent was simultaneously recorded and
demodulated at high harmonics of the tip tapping frequency, yielding
nano-photocurrent.

The tapping amplitude is used as the z feedback. The tip excita-
tion phase is controlled by a phase lock loop. The AFM also has the
functions of a side-band Kelvin probe force microscope, and the
feedback bias voltage is applied onto the AFM tip to compensate for
the potential difference between the tip and the sample. This applied
bias can ensure that the tip vibration is not influenced by the ferro-
electric potential. Thus, the observed near-field contrast is the genuine
near-field scattering signal, which is generated purely from the sample
conductivity. During the near-field mapping, the z feedback, phase
lock loop, and Kelvin probe force microscope are turned on simulta-
neously. We note that for a tip with a resonance frequency of 285 kHz,
the large force constant of about 42 N/m makes it insensitive to the
potential difference between the sample and the tip, so no discernible
potential response is detected by the tip. Therefore, the KPFM function
is not required when using tips with a stiff cantilever.

The laser source is a tunable quantum cascade laser (QCL) from
Daylight Solutions. Photon energy of 860 ~ 920 cm™ was used to avoid
phonon resonances from substrate h-BN and SiO,. The laser beam was
focused onto the metallized AFM tip using a parabolic mirror with a 12-
mm focal length. The back-scattered light was registered by a mercury
cadmium telluride (MCT) detector and demodulated following a
pseudoheterodyne scheme. The signal was demodulated at the nth
harmonic of the tapping frequency, yielding background-free images.
To eliminate the far-field background, we chose n =3 and 4 in this work.

Nano-photocurrent experiments

The nano-photocurrent measurements were performed in a home-
built s-SNOM housed in an ultra-high vacuum chamber with a base
pressure of ~7x10™" torr. Unless otherwise stated, the laser source
was a tunable QCL from Daylight Solutions. The laser power was set to
be ~10 mW. The current was measured using a current amplifier with a
gain setting of 107 and corresponding bandwidth >1 MHz. In order to
isolate the photocurrent generated by the near fields underneath the
tip, the photocurrent was sent to a lock-in amplifier and demodulated
at the nth harmonic of the tip tapping frequency. In this work, n=2
was used.
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Data availability
The raw data in the current study are available from the corresponding
authors upon request.

Code availability
The code used for the analysis and simulations in the current study is
available from the corresponding authors on request.
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Supplementary notel: Two approaches to quantifying the carrier density in graphene with
s-SNOM

There are two approaches to quantifying the carrier density in graphene using s-SNOM data. One
is to extract the carrier density from the period of the propagating plasmon polariton'~, and another
is based on the near-filed amplitude or phase evolution®. Now we discuss these two approaches.
We note that the second approach is more suitable for samples with inhomogeneous doping, such
as the samples with moiré patterns in this work.

(1) Approach 1: to extract the carrier density of graphene from the plasmon polariton period

In two-dimensional electron systems, the plasmon can be excited by a photon with proper
momentum. With s-SNOM, whose tip can impart momentum, the plasmon excitations can be
measured. Once the tip momentum is in resonance with the plasmon polariton momentum, the
propagating plasmon polariton can be formed, manifesting in fringes in the real space s-SNOM
image. The plasmon polariton obeys the scaling law w, x q'/?n/*, where w,, is the plasmon
energy, q is the momentum, and n is the carrier density*. The momentum g can be read from the

plasmon propagating period A (q = 27”). Therefore, for a given photon energy, the carrier density

information can be extracted from the plasmon polariton period.

We note that for a device with multilayer materials, the scaling law would be modified by the
device structure and the dielectric functions of these materials. However, the resultant scaling law
can be readily obtained by solving the Fresnel reflection of p-polarized light (7, calculations).

It is also noteworthy that approach 1 is only suitable for the cases with homogenous carrier doping.
For a device with carrier density inhomogeneity, the boundaries of the electron/hole puddles can
launch and reflect the plasmon polariton, thereby forming complex plasmon propagating patterns.
The extracted plasmon period and the corresponding carrier density would be averaged ones.

(2) Approach 2: to extract the doping from near-field scattering amplitude or phase contrast

As discussed above, for a sample with moiré patterns, we cannot use the propagating plasmon
polariton to extract the carrier density in each domain. Now we should focus on the near-field
scattering amplitude or phase. In this work, the near-field amplitude was measured. For graphene,
the scattering amplitude is a function of carrier density. Therefore, we can first obtain the
relationship between the near-field amplitude and the carrier density, and then use this established
relationship to get the carrier density information.

In this work, we are interested in the doping difference between the graphene above AB and the
graphene BA ferroelectric domains. Thus, by comparing the near-field amplitude of graphene
above these two domains, an accurate carrier density can be extracted. To obtain the carrier density,
we need to know the charge density point of each domain and the geometric capacitance of the
device.

1. To get the charge density point (CNP):



We recorded the near-field amplitude, s,, on each type of domain when the backgate voltage, V;,

was swept. Namely, we obtained s, versus V; on two domains. The CNPs of the two types of
domains correspond to the peak positions of s,, in the s, versus V; curves. We denote the CNPs
of the AB and BA domains as V;_4p, and V;_g,, respectively.

2. To calculate the carrier density of each domain:

a) The carrier density of the AB domain at backgate voltage V; is ngp = g (Vg = Vy- AB), where C
is the geometric capacitance.;

b) The carrier density of the BA domain at backgate voltage V; is ng, = g (Vg —Vy-B A);

¢) The carrier density difference between the AB and BA domains is An = S(Vg_ a8 — Vg_ap).
This carrier density difference originates from ferroelectricity.

We emphasize that we should use the doping regimes without propagating/reflected plasmon
polariton to analyze the carrier density. In the plasmon resonance regime, the measured near-field
signal would be contributed to by the propagating plasmon polariton launched from nearby
domains. In this case, the near-field amplitude is not exclusively from the local domain, and a
carrier density error might arise.

Supplementary note 2: Device characterization

Device A

The structure of Device A is shown in Supplementary Figure 1. The contact configuration used
for the photocurrent is illustrated. Contact 1 is grounded, and contact 2 is connected to a
preamplifier for photocurrent measurements. Before the near-field experiments, the sample is
characterized by piezoresponse force microscopy (PFM).

Supplementary Figure 1| Device A a,b, Optical microscope image of device-A. The gold
contacts are numbered. Contact 1 is grounded. Contact 2 is connected to a preamplifier for
photocurrent measurements. The position of t-WSe,/graphene is marked by the dash lines. ¢, The



phase image of piezoresponse force microscopy (PFM) on the R-stacking WSe>/graphene device.
The triangular domains are observed.

Device B

400 um

Supplementary Figure 2| Device B a,b, Optical microscope image of Device-B. The gold
contacts are numbered. Contact “S” is grounded. Contact “D” is connected to a preamplifier for
photocurrent measurements. ¢, The amplitude image of piezoresponse force microscopy (PFM)
on the t-WSe»/graphene device. The domain boundaries are observed.



Supplementary note 3: Carrier density dependence of the scattering signal
3.1 Extended data on the near-field signal as a function of back-gate voltage

Here, we show the near-field scattering amplitude images acquired at various back gate voltages.

s,(©=888 cm)

| High
+20V +25V

Supplementary Figure 3| Near-field scattering amplitude images acquired at various back gate
voltages, V; — Venp. All the data were acquired on Device A.
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Supplementary Figure 4| High-resolution near-field scattering amplitude images acquired
at various back gate voltages for Device A. To make the contrast between domains clear, the
amplitude in each image is normalized to the maximum scattering in the view.



3.2 Analytical result of the near-field signal

Before using the light-rod model to numerically calculate the near-field signal, we first use the
simplified model to provide an intuitive analytical result on the near-field signal evolution.

The tip-sample coupling G is determined by the tip momentum weighting function w(k) and
momentum-dependent Fresnel reflection coefficient ;,. That is,

G~ [w(k)r,(k w)dk (1)

The sample has three layers: the WSe; bilayer on the top, graphene, and dielectric (h-BN, SO> on
Si) on the bottom. To simplify the calculation of 7;,, we assume that the bottom dielectric is thick
h-BN and only consider the energy range without phonon resonance from h-BN. Then, the
reflection structure is vacuum (labeled by 0)/WSe: of thickness ¢ (labelded by 1)/graphene on
thick h-BN (labeled by 2). The vacuum, WSe;, and h-BN permittivities are &y, & and &,,
respectively. For WSe; and h-BN, the in-plane and the out-of-plane permittivity are not the same,
50 €1, &, are effective permittivity, are denoted by & = [ej¢€;,, where j=1 or 2, &, g, are in-

plane and out-of-plane permittivity, respectively. The effective confinement factor is n = %
The momentum-dependent Fresnel reflection is,

(g, w) = 2 T @)
with

sg 55 4
—2 1,75
T2 = kztzk—ztlw “4)
2
Here k,; = [¢; (%) —q?,j=0, 1, 2, which correspond to vacuum, WSe», and h-BN.
In the quasi-electrostatic limit (k > g), forall j =0, 1, 2, we can make the approximation, k,; ~
iq.
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1) At the low doping level and the given excitation energy, the plasmon resonance momentum is
much larger than the tip momentum, 51« 1.
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1+ e~4mat 1+ e <nd
&+ & \ex + & &+ e \ey + &

(8)

The real permittivity decreases as the carrier density increases, as shown in Supplementary Figure
5. It should be noted that the peak in the real permittivity at 2w = u is smeared out by the
damping>®. At low temperatures, this peak could appear. So Re(1,(q, w)) decreases when the
Fermi energy is tuned away from the charge neutrality point, thus resulting in the decrease in the
near-field scattering amplitude.

2) However, when the carrier density is high enough, the plasmon momentum will shift towards
the tip momentum, eventually overlapping. Then the near-field amplitude will increase, as shown
in Supplementary Figure 6.
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Supplementary Figure 5| The optical conductivity and permittivity of graphene with a
photon energy of 860 cm™. Top: Conductivity of graphene with a photon energy of 860 cm™! as
a function of Fermi energy. The Drude response only considers the intraband transition, whereas
the random phase approximation (RPA) includes both the intraband and interband transitions.
Middle: The real permittivity of graphene as a function of Fermi energy. Bottom: The imaginary
permittivity of graphene as a function of Fermi energy. The relaxation rate used here is 100 cm™.

3.3 Numerical simulations of the near-field signal

The near-field signals are simulated using the light rod model®. With doping, the near-field
amplitude near w = 860 cm™? first decreases and then increases, which is consistent with the
experimental results. The Fresnel reflection coefficient is calculated using the transfer matrix
method. We find that the plasmonic resonance, which corresponds to a peak of Im(r,), gradually
shifts toward lower momentum with increasing doping. At a specific doping, the plasmon
momentum overlaps the momentum imparted by the tip.
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Supplementary Figure 6/ Numerically calculated near-field scattering signal. a,b, Near-field
scattering amplitude (a) and phase (b) as a function of photon energy and chemical potential. The
device geometry is the same as that of Device A, and the light rod model is used. ¢-f Fresnel
reflection coefficient at a series of chemical potentials. The photon energy w = 850 cm™1. The
blue dashed lines denote the near-field coupling weight function.
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Supplementary note 4: Plasmon excitation in R-stacking WSe: bilayers.

Supplementary Figure 7| Band alignment in the WSe:-graphene heterostructure. In our
experiment, the maximum Fermi energy of the graphene is less than 0.5 eV. Therefore, the back
gate doped carrier will enter in the graphene and cannot be transferred into the WSe,.

The WSe> is not doped by the back gate in our experimental back gate voltage range. This
conclusion is supported by the band alignment between the WSe> and graphene, as shown in
Supplementary Fig. 7. The energy difference between the graphene Dirac point and the WSe>
band edges is larger than 0.5 eV'’. In our experiments, the maximum graphene Fermi energy is
0.36 eV. Therefore, the graphene Fermi energy is in the bandgap of WSe,. The carriers from the
back gate can only enter into graphene. Therefore, the observed near-field signal is dominated by
the plasmonic excitation of graphene; the plasmonic excitation of WSe,, if it is unintentionally
doped, is negligible. This conclusion is confirmed by both simulations and control experiments
discussed below.

To compare the plasmonic excitations of graphene and WSe;, we first performed calculations of
their plasmonic dispersions. To this end, we assume that both graphene and each layer of WSe»
are doped with the same carrier density, which is 5 X 1012 ¢m™2. The parameters used to calculate
the optical conductivity are listed here: effective mass of WSez» m, = 0.5m,, damping rate of
WSe, carrier y = 200 cm™!, and damping rate of graphene carrier y =20 cm™1. In the
simulations, all the substrate layers are included, which are 58 nm h-BN/285 nm SiO»/Si. The
calculated plasmonic dispersions are shown in Supplementary Fig. 8. From the dispersions, we
can find that the plasmonic excitation of the WSe, bilayer exists below 500 cm™!, which is far
away from the photon energy used in our experiments (860~920 cm™). In contrast, strong
graphene plasmon modes appear in the energy regimes of our experiments. The extra models
around 800 cm™! and 1500 cm™! are from the phonon polaritons of thin h-BN substrate flakes'!.
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The different plasmonic behaviors of WSe> and graphene originate from their distinct energy
dispersions. For WSe;, the energy dispersion is parabolic, whereas the graphene shows linear
energy dispersion. As a result, they exhibit different Drude weight formulas and plasmon

2
dispersion. For WSe», the Drude weight is D = ”jn—n, whereas graphene’s Drude weight is D =

e?vpVnn
n
and vy is Fermi velocity'2.

, where n is carrier density, m is effective mass of carrier, f is reduced Planck constant,
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Supplementary Figure 8| Calculated dispersion of the plasmon polariton. The dispersions are
visualized using a false-color map of the imaginary part of the reflection coefficient of p-polarized
light (Im(r,)). The red dashed line indicates the momentum at which the tip can strongly couple
with the polaritons. Left panel: The dispersion of doped double-layer WSe>. Right panel: The
dispersion of doped double-layer WSe»/graphene. These two stacks are put on 58 nm h-BN/280
nm SiO». Graphene and each WSe layer are doped with a carrier density of 5 X 1012 cm™2,

To further verify that the observed moiré contrast originates from the ferroelectric modulated
plasmon response in graphene, we performed control experiments on a sample without graphene.
The sample structure is the same as that in Devices A and B, except for excluding a graphene
layer. The sample structure is shown in Supplementary Figure 9a. The back gate electrode is a
graphite layer, and the gating dielectric is a h-BN flake with a thickness of 40 nm. No noticeable
near-field amplitude evolution was observed in WSe> with carrier density doped up to 1.3 X
103 cm™?2 (Supplementary Fig. 9 d,e).
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Supplementary Figure 9| Plasmon response of R-stacking WSe: bilayer. a, Schematic of the
device structure. b, Optical micrograph of the device. ¢, Near-field amplitude images. The left
side is WSe, and the right side is a gold pad used to renormalize the near-field signal. The image
was acquired using a CO> laser with photon energy @=900 cm™'. d,e, Near-field amplitude signal
at various back gate voltages for gold and WSe>. To acquire the data, we first obtained a series of
near-field scattering amplitude images, like ¢, at various back gate voltages. Then, each data point
ind and e is obtained by averaging the signals in the areas delineated by squares in ¢. No noticeable
plasmonic response is observed. The root-mean-square-deviation is calculated by o =

\/% YN (s3n — 53)%, where N, s3,,, and 53 are number of pixels, near-field amplitude of each

pixel, and the mean value of near-field amplitude.
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Supplementary Note 5: Theory of ferroelectric doping

5.1 General Remarks

The electrical potential immediately above a 2D plane made of ‘ferroelectric’ moiré superlattices
can be well approximated by

_ 1 rinABdomain

¢r(r) = ¢o {—1 r in BA domain ©)
due to lattice relaxation, the domain walls are much thinner than the domain period. Away from
the 2D plane, this potential decays with a decay length on the order of the moiré period. The
periodic ferroelectric potential causes doping of graphene placed parallel to the plane of moiré
superlattices. The resulting local Fermi energy u(7) of graphene is determined by

ptor+olpwl =1y (10)
11 1 ~ - . . :
where ¢p(r) = [ dr . (Ir—r’l Jm) p(r") is the screening electrical potential due to the
1 u?

doped charge on graphene, p = =

242
T vph

and d is the distance of graphene to the gate.

Sign[u] is the local charge density, V; is the gate voltage,

In the simple case of a stripe moir¢ lattice, the potential has the analytical form:

. 2T
_ E SIHTX
¢r(x,z) = ¢ - ArcTan <—sinh2Tnh> (11)
where L is the strip period, and h is the distance away from the 2D plane. If the screener is a perfect
metal, the screening charge is

2T

2 sin( L x) cosh(zTnh

L sinhz(zT”x)+sin2 ZT"h)

p(x) = ¢o (12)

5.2 Estimations by single Fourier component

: dwsez = 1.3nm

— — v Ex = 159; €; = 7.8

hBN d; =60nm ¢, =6.90,¢, =3.48 s Graphene

Si0, d, =285nm €=3.9

Si d; = €=

Supplementary Figure 10| Schematics of the device.
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For the device in Supplementary Fig. 10, where the moiré ferroelectric is on top, the resulting

screening charge in graphene may be represented as a doping chemical potential satisfying:

e
o TH=Tr (13)
. EeffEL
ﬂ=ﬂ<—1+ /1+4f¢f>—> Jor Mor<y (14)
. €cffE
? CeffeL VeertfeL Py if pp > %

1_Rtoprottom

where € = is the effective 2D dielectric environment for graphene at wave
(1+Rtop)(1+Rbottom)
14+R . . . )
vector q and f = 2 bottom __ j5 a screening factor for the ferroelectric potential beneath
2+Rwsez+Rpottom

WSe; (Ref. 1%). The Riop (Rpottom) 18 the reflection coefficient for the electrostatic potential at the
top (bottom) side of the 2D graphene-ferroelectric system. Without any screening layers above

WSe,, given a moiré period of 340 nm, one has & = 2.8 meV, €q¢ = 3.1 and f = 0.51.

Therefore, ¢y ~ 56 meV >>% and the doping level is about /€qrfe ¢y ~ 16 meV .

(Adding a 20 nm water layer would boost the screening to €.¢ = 16 and f = 1.7, and the doping
level to \/€cef €,pf =~ 65 meV.)

From the experiment, we see that the voltage needed to cancel the doping in a domain is about

V' =6 V. Given the capacitance ci = 4me (% + %) of the device, this voltage corresponds to a
g z

doping density of n = 3.7 X 101! cm™2, considering the thickness d; = 60 nm and out-of-plane
dielectric €, = 3.48 for h-BN and the thickness d, = 285 nm and dielectric € = 3.9 for SiO,.
This density corresponds to a doping level of 71 meV. To explain such a large doping level, one

needs to assume that the ferroelectric potential is ¢y ~ 1.1 eV.

5.3 Effect of the water layer on ferroelectricity-induced doping

In addition, we also performed theoretical calculations to show the effects of potential
contaminations on ferroelectricity-induced doping. We took water as an example since water is a

prototype polar molecule.
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Supplementary Figure 11| Schematics of the devices with water.
In this section, we show the numerically exact doping levels computed from the linear screening
model. This approach is justified because ¢y > % such that the “quantum capacitance” of

graphene can be neglected.
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Supplementary Figure 12| The effect of water on ferroelectric-induced doping. Top: The
doping profile of graphene in the device in Supplementary Figure 11. The bare ferroelectric
potential is ¢¢ = 56 meV, the moiré period is L = 340 nm, and the thickness of the water layer is
0. Bottom: the horizontal line-cut of the top figure at y = 0, with three different thicknesses of the

water layer. Note that the experimentally obtained value of the doping is 71 meV.
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5.4 Numerical Results for the nonlinear screening problem

¢ (meV)
H (meV) === ferroelectric potential —— doping y
-60 -40 -20 0 20 40 60 _60-40-20 0 20 40 60

— 100

| . - -

* VAVAV.  VAVAVA YR TOTR Y

. . { \ H I‘I !

= 0.6 06 il . Py T /
. VAVAVA :. “AAZ A AA
- = ) ‘-—L"—L‘.———A 'l' I\‘ '.,' Ill "’
 VAVAVA - NVAVA -

4 .\t'A .‘A‘A —-100— ! 1

-04 -02 00 02 04 06 08 10 -04 -02 00 02 04 06 08 10 -0.2 0.0 0.2 0.4 0.6
X (um) X (urm) X (um)

-

p (meV)

Supplementary Figure 13| Numerical results with a grid of 30 X 30. Left: The ferroelectric
potential (about 66 meV) of twisted WSe;. The moiré period (length of a lattice vector) is 340 nm.
The distance between the graphene and the gate is 340 nm. The dielectric of the environment is

€ = 5. Middle: The Fermi energy of graphene on top of WSe.. Right: Line-cut of the middle panel
aty = 0.43 um.

5.5 Charge transfer due to in-gap states of WSe2

We assume there are some immobile electronic states, with a density of states D, at energies inside
the gap of WSe; such that there is charge transfer between WSe: and graphene. Experimentally,
bare WSe> is slightly n-doped. Therefore, there is probably electron transfer from WSe: to
graphene. These in-gap states have wavefunctions evenly distributed among the two WSe; layers,
and therefore they are unaffected by the ferroelectric potential. Since electrons in graphene
experience the ferroelectric potential, the charge transfer between graphene and WSe; will be

inhomogeneous, alternating across AB and BA domains. The resulting local doping level u in
graphene is:

sn(p) | én(w) b Roko)—me _ /s

H— Ug + C + D = Cq g (15)

where ¢y is the ferroelectric potential, p, is the chemical potential assuming no ferroelectric
1
Th2vE
411'22d and d are the geometric capacitance, and the distance between graphene and
the central plane of WSe;, respectively, n; is the charge density in graphene at zero gate voltage,
dy | dy\ . . .
and 1/C,; = i (6—1 + ?2) is the inverse of the capacitance between graphene and the back gate.
z

The charge transfer compensates for the ferroelectric potential in two ways: generating the

(u? — ud) is the density of transferred charge due to the ferroelectric

potential, dn =

potential, C =
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n(u)

. .6 . g .
electrostatic potential % and the chemical potential difference yu — pg + 5 The electrostatic

on(w)
c
layer and is much weaker than that generated by a charge modulation 6n(u) only on graphene.

Therefore, the same ferroelectric potential leads to a large doping level on graphene.

potential is generated by the local dipole density between the graphene layer and the WSe:

The solution is

1
u— o +< (W — pg) = ¢y, (16)

ot @r ife>» ¢
& _ 4 12 - f
“‘z( 1i\/1+s(“°+e“0+¢’f)> {—§+ £d; ife < ¢ 7

where £ = Th2vZ/ (47re2d + %)

Lhvp hvr 400 meV > ¢y, one has € > ¢f. This scenario

4e2 a4

If D is large, then considering that

seems to be consistent with the large alternate doping in the experiment.
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Supplementary Note 6: Electric field from ferroelectric domains

In this section, we discuss the electric field amplitude outside of the ferroelectric layers. Two cases
will be discussed in detail: the case is that the moiré period is small and there is no lattice relaxation
and the case is in which there is lattice relaxation, and the triangular AB and BA domains are
separated by dislocation networks.

Case 1: moiré period is small, and there is no lattice relaxation

The potential in this case has been well discussed by Zhao et al. '*. According to the Coulomb

theorem, the potential at (R, z) is generated by the charge p at (R', z"),

_ p(r(r")2") /
VR, z) = | pr il v LG (18)

, where r is the relative displacement of the atoms in the two TMD layers.

1

4
near z
gy (R—R")2+(z—2")2

Now we expand f = =0,

p(r(R ) ) 1 " f m ! !
V(R,z) = [——— pro Y 0= 7 dR'dz (19)
We define P™ (r(R")) = fAAZZ//ZZp(r(R’),z’)Z’ndZ’. Thus,
_ Eorary| PR o,
VR2) = [T SR Ear (20)

P™ (r(R") can be denoted using the parameters in the reciprocal space:

PM(r(R))
2807’1!

V(R,z) = e Glly® | G Lsgn(z)" (21)

where G = % (b 1s the period of the ferroelectric moiré period).

Since the polarization can be approximated as a sinusoidal function, only the leading term will
be kept:

Pt )(T(R)) —G|z|

V(R,z) = sgn(z) (22)

The electric field is

P(l)(r(R)) e—GlzI

E(R,z) = VV = sgn(—z) P~

(23)
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At the TMD surface, z < b. Thus,

2nPM(r(R))

E(R,z & b) = sgn(—z) NP

(24)

Case 2: The triangular AB and BA domains are separated by dislocation networks.

This is the case that we have studied in this work. In contrast to the special potential profile with
a sinusoidal form, the profile can be approximated by a square function. The step function can
still be represented as a sum of multiple sinusoidal waves.

o Psin((2n—-1)GR)

4
P(r(R)) = =y, 2l (25)
At the TMD surface, z < b. Thus
4 sin((2n — 1)GR) 2nPD(r(R))
— _ _1)2n-1
E(R,z LK b) nz sgn(—z)sgn(—1) o 22,6
n
4 @oo _q sin((2n-1)GR) 2mP
= 437 sgn(—z)sgn(~1yzn- ) I (26)
E,(R,z K b) — —
n asimum E,(R,z K b)(P = 2 pC/m,b=100 nm)
1 t 2P 10.2 mV/
7 V3beq .2 mV/nm
2 0 0
3 t 2nP 2.0 mV/
- -2.0 mV/nm
51 \/gbgo
4 0 0
5 t _2np 1.1 mV/
o .1 mV/nm
o \/§bgo
6 0 0
7 +2nh 0.8 mV/
—— -0.8 mV/nm
13w \/§bgo
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Supplementary Note 7: Regime with plasmon propagation

Here we analyze the regimes in which graphene is heavily doped by electrons and holes (shaded
areas in Fig. 2b). Upon increasing the carrier density, the momentum of dispersive plasmon mode
at a particular energy gradually decreases (from ~10/a to ~0.1/a, where a is the tip radius of
curvature), following the graphene plasmon scaling rule, w, /\/E « 3/n. Once the plasmon
momentum matches the tip momentum(~1/a), the plasmon mode can better couple to the tip and
produces stronger scattering amplitude'>. At the same time, this momentum match allows the tip
to launch or reflect propagating plasmon polaritons. Likewise, the sharp domain boundaries with
a width of ~10 nm can also reflect and launch plasmon polaritons'®. The constructive and
destructive interference of the plasmon results in complicated plasmon patterns, and therefore no
regular periodic fringes can be observed. Now the measured scattering amplitude is contributed to
by the electrical field of the plasmon polariton, besides the local optical conductivity.
Consequently, at high doping, the triangular domains become blurry in the scattering amplitude

images, as shown in Fig. 2c, and the back gate shift between the two profiles reduces (Fig. 2b).
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Supplementary Note 8: Photon energy dependence of the ferroelectric modulated
plasmonic response
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Supplementary Figure 14| Nanoscale optical response of ferroelectric doped graphene as a
function of electrostatic doping and excitation energy. a,b,c, The near-field scattering
amplitude as a function of gate-voltage V; — Vcyp, measured along a line trace that crosses several
domains (marked with the white line in d). d, Image of the near-field scattering amplitude s, at
excitation energy w=888 cm™! and Vy — Vene = 125 V. e, The evolution of the plasmonic response
as a function of global back gate voltage probed at various photon energies. The arrows in panels
a, b, and ¢ indicate where the line profiles are taken. As indicated by the arrow in e, the plasmonic
resonance shifts to higher carrier density with increasing photon energy. All data were acquired
on Device A.

In this section, we investigated the photon energy dependence of the ferroelectrically modulated
plasmonic response with representative results for Device-A plotted in Supplementary Fig.14a-c.
Under various photon energies, infrared spectral features are similar to those described above.
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First, the neighboring domains display scattering amplitude contrast, and this contrast reverses
when graphene doping is tuned via the back gate. Second, when graphene is being doped away
from CNP, the scattering amplitude first decreases to a minimum and then increases. This
increased scattering amplitude arises from the better coupling between the plasmon modes and the
tip. When the photon energies increase, this coupling occurs at higher carrier doping. To clearly
illustrate this dependence, we plot the extracted scattering amplitude line profiles in
Supplementary Figure 14e. This finding further confirms that the observed scattering amplitude
contrast originates from plasmon excitations as the graphene plasmon energy w,, and the carrier
density n obey the scaling rule, w, o V/n (Ref. *"!7!¥). In all these data, the near-field amplitude
across the domains shows a sinusoid-like profile rather than a step function profile. This spatial

feature can be attributed to the carrier density gradient and the gradual transition of near-field
amplitude across the domain walls (Supplementary note 9).

To probe the ferroelectric using plasmon response, in principle, the lasers from THz to the middle
infrared range can be used. We should select the optimal excitation frequency, based on the
plasmonic dispersion and the carrier density of the devices.
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Supplementary Note 9: Interpretation of the sinusoidal shape of the near-field profile
across domains

In this section, we simulate the near-field amplitude line profiles across domains. Here we assume
the domains have a one-dimensional periodic structure and the carrier density distribution across

the domains is a rectangular function.

For computational efficiency, we adopt a simplified 2D model using the previously proposed
simulation method'®. In this model, the tip is modeled as a prolate metallic spheroid with a length
of 600 nm and an apex radius of curvature of 30 nm. The tip oscillates harmonically above the
sample surface with oscillation amplitude A = 50 nm. That is, the distance between the tip apex
and sample surface is given by z = A(1 — cos(Qt)) + hy, where Q is the oscillation frequency

and hy = 1 nm is the minimal tip-sample distance.

A schematic of the device and the tip is shown in Supplementary Fig. 15. The sample stack consists
of a multiplayer structure, including a 1.4 nm TMD layer, a graphene, a 60 nm hBN, a 285 nm
SiO», and a Si substrate. At 861 cm™1, the TMD permittivity tensor is given by

12 0 0
( 0 12 0) . For anisotropic hBN, the permittivity tensor is
0 0 4
7.2 + 0.25i 0 0
0 7.2+ 0.25i 0 ). SiO2 has a permittivity of 4. Si has a permittivity of 11.7.
0 0 2+1

The graphene layer consists of alternating domains with periodicity A. The carrier density in the
lower doping domain is 1 X 1012 cm™2 while that in the higher doping domain is 1.75 X
102 cm™2. The conductivities of the graphene domains are calculated using the well-established

Kubo formula’®.

Now the tip position is given by (x, z), where x is the horizontal position. To compute the near-
field signal profile directly comparable to the experimental data, we numerically simulate the
dipole moment of the tip p(x,z(t)) by p(x,2(t)) = [ 0zdS = [(E - n)zdS, where o is the

surface charge density on the tip surface, E is the electric field, and n is the surface normal vector.

2T
Finally, the demodulated near-field signal is calculated as S,,(x) = | 03 p(x,z(t))e ™dt.
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Supplementary Figure 15| Schematic of the simulation setup.
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Here we investigate three situations, where A = 100 nm, 200 nm, and 300 nm. The simulated
near-field signal profiles are shown in Supplementary Fig. 16. We can see that for domains with
small sizes, the near-field profile is reminiscent of a sinusoidal function. When the domain size
increases, the near-field profile gradually evolves into a step function. In addition, by comparing
s and s,, we find that the near-field demodulated at a higher harmonic is closer to the step shape®.
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Supplementary Figure 16| Simulated near-field signal profiles as a function of x for three
domain sizes.
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Supplementary note 10: Quality of the layer interfaces and their effects on ferroelectricity-
induced doping

WSe, Raman
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Supplementary Figure 17| Raman spectrum of the ferroelectricity device. A 633 nm
excitation wavelength was used. The peaks are assigned as follows: WSe2 Raman mode: ~270 cm”
I Si Raman modes: 520 and 980 cm™'; h-BN Raman mode: 1380 cm™!; Photoluminescence from
h-BN defects (Xp,sn): ~700 nm (this broad photoluminescence peak buries the graphene G Raman
peak); graphene 2D Raman peak (2D): 2700 cm™; WSe> photoluminescence (Xwse2):760 nm;
graphene 2G Raman peak (2G): 3250 cm™'; WSe2 photoluminescence from defect (Xp,wse2): 820

nm; photoluminescence from Si (Si PL): 980 nm.

To confirm the quality of the stacked devices and check whether there is contamination between
the layers, we performed Raman spectrum measurements. As shown in Supplementary Fig. 17,
there is not any noticeable Raman signal from organic materials, such as acetone, methanol,
polycarbonate (PC), polypropylene (PPC), and polydimethylsiloxane (PDMS), which are used for
the sample fabrications. Water is also a possible residual between the stacked layers. However,

we did not observe a clear signature of the water Raman peaks.
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However, in the spectrum measurements, we observed photoluminescence from defect states of
h-BN and WSe,. The emission peak around 700 nm is from the defect states in h-BN (Ref. 21).

The emission peak around 835 nm originates from the defect excitons in WSe> (Ref. ?2).
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Supplementary note 11: Electron cooling length in photocurrent measurement

11.1 Electron cooling length

The photocurrent in graphene is dominated by the photo thermoelectric effect. A local current can
be formed once a temperature variation occurs at the region with a nonzero Seebeck coefficient
gradient, that is j = a6TVS. Assuming there is a local junction with an inhomogeneous Seebeck
coefficient and a local heating source, the photocurrent can be formed if the heating source can
increase the electron temperature on the local junction. To generate a nonzero photocurrent, the
maximum distance between the local junction and the local heating source (tip in our experiment)
is governed by a characteristic length referred to as the electron cooling length. Namely, the
cooling length is the scale over which the hot electron generated by the photoexcitation will

equilibrate with the substrate.

Assuming that the domains do not influence the thermal diffusion, then in this in-plane isotropic
scenario, the temperature profile is 6T X Ko (Xtip/lcoor), Where Ky is the zeroth order modified
Bessel function of the second kind, x;, is the distance between the tip and the boundary, and I.,,
is the cooling length?>. We examine the photocurrent near a long boundary. Phtocurrent
originating from the Seebeck gradient of the long boundary is simply proportional to the increase
in electron temperature 5T (Ref. ). By fitting the photocurrent profile, we find that the cooling
length is ~ 600 nm.

a b &
2wl N
5 = 08
_e- 05
Wrinkle S oe
\A 8_ 03
gr/R-WSe, - =~
%750 o5 10 15 20 25 30 35 40
Xtip (m) =

Supplementary Figure 18| Cooling length of the hot electrons. a, Photocurrent mapping of the
main text. The winkle in the graphene/R-stacking WSe> bilayer (gr/R-WSe,), the boundary
between the gr/WSe2 and gr/1L WSe> and the boundary between the gr/1L WSe> and graphene

are denoted by the black, green and red arrows, respectively. b, The line profile of the photocurrent
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near the wrinkle. The position is denoted by an orange line with an arrow in a. The data are fitted

by the blue line.

11.2 Photovoltaic effect in graphene photocurrent

Due to the ferroelectric polarization, a potential difference naturally develops across the domain
wall. However, the photocurrent from this potential can be ignored. In our nano-photocurrent
experiment, the decay length of photocurrent at the domain wall is hundreds of nanometers, which
is much larger than the potential junction width of ~10 nm. The photocurrent originating from the
potential at the domain wall is expected to show a fast spatial decay, with a scale of junction width.
Conversely, a much slower decay was observed in our nanometer-resolved photocurrent mapping.
Our nano-photocurrent results, in concert with previous far-field measurements, corroborate that
the photocurrent in graphene is dominated by photothermal effect. Therefore, it is absolutely

necessary to introduce the Seebeck effect.
11.3 Spatial scales in the photocurrent measurements

The laser with a wavelength of ~11 um is focused on the sample and tip using a parabolic mirror;
the laser spot diameter on the sample is ~30 um. It should be noted that this incident light is locally
enhanced by the sharp metallized tip. The nano-photocurrent, acquired by demodulation at the tip-
tapping frequency, is induced by the locally enhanced field at the apex of the tip. Therefore, to
analyze the nano-photocurrent, the more relevant spatial scale is the size of the locally enhanced
field, rather than the laser spot size. This local field is confined to ~ tens of nanometers underneath
the tip and is much smaller than the moiré period in this work, which is around hundreds of

nanometers.
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Supplementary note 12: Near-field photocurrent simulations
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Supplementary Figure 19| Photocurrent simulations with average Fermi energy at CNP. a,
b, The checkerboard patterns of the carrier density and the corresponding Seebeck coefficient,
respectively. ¢, The gradient of Seebeck coefficient in the y direction. d, The photocurrent
patterns. The two electrodes are denoted on the top and bottom. In the simulations, we assume

that the electrodes are away from the region of interest.

The photocurrent simulation results are consistent with the experimental results in the main text.
In the simulation, the auxiliary field is along the y direction. As a result, the domain walls parallel
to the y direction do not contribute to the photocurrent. Domains walls along the other two
directions possess the opposite gradient of the Seebeck coefficient (Supplementary Fig. 19¢), thus
forming photocurrent with signal flipping (Supplementary Fig. 19d). The photocurrent peaks at

the domain walls, as the Seebeck coefficient gradient reaches its maximum.
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To simulate the photocurrent generated by the ferroelectricity-induced charge carrier doping, we
implemented a finite element simulation using the Shockley-Ramo theorem?. At a high level, the
simulation works by first generating the relevant material parameters by using the local carrier
density across the sample. We then solve for the auxiliary field of the Shockley-Ramo formalism
and calculate the heating of the sample due to the tip at each point in the simulation. Finally, taking
all these elements together, we integrate over the whole sample for each point, yielding the

photocurrent at that position.

The simulation begins with a rectangular array representing the sample, which we populate with
the appropriate charge carrier density (+3.75 X 10*1cm™2) measured from our experiment in a
moiré pattern. We assume the carrier density goes as e_(%)z at the domain walls, where x is the
distance from the domain wall and 2L is the width of the domain wall. We then add an overall
constant to this 2D array corresponding to the charge carrier doping due to the back gate voltage,
the value of which is determined by the properties of the sample. From this 2D array of carrier
densities, we then calculate similar arrays containing the values for the conductivity of the doped
graphene and the gradient of the Seebeck coefficient. For the conductivity, we use the results of
Ref. 2% as well as the previously calculated carrier density; for the Seebeck Coefficient gradient,

we use the Mott Formula.

Next, we solve for the auxiliary field used in the Shockley-Ramo Formalism. The auxiliary field
solves the Laplace problem V - (6(¥)Vy) = 0, where o(¥) is the position dependent conductivity.
We place a conducting contact with a positive voltage at the top of the sample and a ground contact
at the bottom, representing these contacts as boundary conditions with values 1 and 0, respectively.
Finally, using MATLAB’s PDE solver, we find ¥ and more importantly, Vi) on the sample, which

is dominated by the gradient in the vertical direction.

Following the calculation of the auxiliary field, we are ready to begin considering individual pixels
of the sample to calculate the photocurrent. For each pixel, we take the position of that point as
that of the tip. We take the power delivered to the sample to be proportional to the conductivity-
dependent absorbance of the graphene. The temperature distribution across the sample is simulated
according to the procedure in Ref. *, and the resulting solution is the zeroth-order modified Bessel
function of the second kind scaled by a characteristic cooling length. Having calculated the

temperature distribution across the sample for every pixel, we then -calculate Ip, =
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— q 08TV - VSd?r for each pixel. Here, o is the conductivity, 8T is the difference between

electronic temperature and the equilibrium temperature, Vi is the gradient of the auxiliary field,

and VS is the gradient of the Seebeck Coefficient.
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