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2D ferroelectrics with robust polarization down to atomic thicknesses provide building blocks for functional
heterostructures. Experimental realization remains challenging because of the requirement of a layered
polar crystal. Here, we demonstrate a rational design approach to engineering 2D ferroelectrics from a non-
ferroelectric parent compound via employing van der Waals assembly. Parallel-stacked bilayer boron nitride
exhibits out-of-plane electric polarization that reverses depending on the stacking order. The polarization
switching is probed via the resistance of an adjacently stacked graphene sheet. Twisting the boron nitride
sheets by a small angle changes the dynamics of switching thanks to the formation of moiré ferroelectricity
with staggered polarization. The ferroelectricity persists to room temperature while keeping the high
mobility of graphene, paving the way for potential ultrathin nonvolatile memory applications.

Ferroelectric materials with an electric-field switchable po-
larization offer a wide range of technological applications,
such as nonvolatile memories, high-permittivity dielectrics,
electro-mechanical actuators, and pyroelectric sensors (I).
Thinning down vertical ferroelectrics is one of the essential
steps for the implementation of ferroelectric nonvolatile
memory as part of the quest for denser storage and lower
power consumption (I). Room-temperature ferroelectricity
down to atomic thicknesses was, however, difficult to access
because of the depolarization effect until the recent develop-
ment of three series of materials: epitaxial perovskites (2, 3),
HfO,-based ferroelectrics (4), and low-dimensional van der
Waals (vdW) ferroelectrics (5-13). Among them, 2D vdW fer-
roelectrics present unique opportunities to integrate high
mobility materials such as graphene into ferroelectric field-
effect transistors (FeFETs) while keeping their properties in-
tact thanks to the absence of dangling bonds (74). Their uni-
form atomic thickness also makes them ideal as ferroelectric
tunnel barriers for use in ferroelectric tunnel junctions (FTJ)
(15). Despite the potential importance for the application as
a ferroelectric memory, only a few examples of 2D vertical
ferroelectrics, CulnP,Ss, In,Ses, MoTe,, and WTe,, have been
discovered so far (9-13); the candidate materials have been
largely limited by the requirement of the polar space group
in the original layered bulk crystal.

The development of vdW assembly enabled the engineer-
ing of heterostructures with physical properties beyond the
sum of those of the individual layers (I6). For example, the
Dirac band structure of graphene is dramatically trans-
formed when it is aligned with hexagonal boron nitride (BN)
or stacked with another slightly rotated graphene sheet. The
modified band structures have led to the discovery of a vari-
ety of emergent phenomena related to electron correlations
and topology beyond expectations from the original band
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structure (I17-24). In this paper, we demonstrate that the vdW
stacking modifies not only the electronic band structure but
also the crystal symmetry, thereby enabling the design of fer-
roelectric materials out of non-ferroelectric parent com-
pounds. Here, we use boron nitride (BN) as an example, but
the same procedure can be applied to other bipartite honey-
comb 2D materials, such as 2H-type transition metal dichal-
cogenides (TMDs) (25). Bulk hexagonal BN (hBN) crystals
realize AA’ stacking, as displayed in Fig. 1A. This 180° rotated
natural stacking order restores the inversion symmetry bro-
ken in the monolayer. However, if two hBN monolayer sheets
are stacked without rotation (parallel stacking, P), it has been
theoretically (26, 27) and experimentally (28-31) shown that
polar AB or BA stacking orders (Fig. 1, B and C, respectively)
are formed. These configurations are local energy minima in
a parallel-stacked form and are realized as metastable crystal
structures (26, 27). In AB (BA) stacking, the B (N) atoms in
the upper layer sit above the N (B) atoms in the lower layer,
while the N (B) atoms in the upper layer lay above the empty
site at the center of the hexagon in the lower layer. The verti-
cal alignment of the 2p. orbitals of N and B distorts the or-
bital of N, creating an electric dipole moment (fig. S3). As a
result, AB and BA stacking will exhibit out-of-plane polariza-
tion in the opposite directions (25).

We demonstrate the polarization of AB-stacked bilayer
BN by vertical piezoelectric force microscopy (PFM). We fab-
ricated nearly 0° bilayer BN devices by using the “tear and
stack” method, where half of a monolayer BN flake is picked
up, and stacked on top of the remaining half (32, 33). In
twisted bilayer BN, lattice relaxation leads to the formation
of a moiré pattern consisting of AB and BA lattice networks
with topological defects (AA regions), as in the case of twisted
bilayer graphene and TMDs (Fig. 1D) (34-36). However, un-
like twisted bilayer graphene, the low crystalline symmetry of
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BN creates a unique moiré pattern with staggered polariza-
tion in the AB and BA domains (25). PFM measurements on
a small-angle twisted bilayer BN shows a triangular pattern
with finite contrast between the adjacent triangles (Fig. 1, E
and F), whereas no moiré pattern is observed in the topo-
graphic image (fig. S6). The different piezoresponse in AB
and BA domains evidences the opposite out-of-plane polari-
zations in these domains. In a larger area scan (figs. S7 and
S8), the periodicity of the triangular pattern varies at wrin-
kles and bubbles as the rotational angle changes. The trian-
gular contrast does not show up in the monolayer BN region,
confirming the interlayer interaction origin of the polariza-
tion (figs. S7 and S8). The stacking-order-dependent out-of-
plane polarization presents an interesting possibility that the
polarization can be switched by an in-plane interlayer shear
motion of one-third of the unit cell (25), which is distinct
from the switching mechanism of conventional ferroelectrics
@.

To study the change of the polarization under the electric
field, we fabricated dual gated vdW heterostructure devices
composed of metal top gate (Au/Cr)/hBN/graphene/0° paral-
lel stacked bilayer BN (P-BBN)/hBN/metal bottom gate
(PdAu) (e.g., device P1), as schematically shown in the inset
of Fig. 2A. 0°-stacking of P-BBN allows the entire region to be
a single domain of AB or BA-stacking without forming the
moiré pattern. Here the graphene sensitively detects the extra
charge carriers induced by the polarization of P-BBN. Figure
2A shows the resistance of the graphene sensor as a function
of top gate, V7 (for both forward and backward gate sweep
directions), which exhibits a typical maximum without hyste-
resis. In contrast, the forward and backward scans of the re-
sistance versus the bottom gate voltage, V5 (Fig. 2B) shows
hysteresis, exhibiting maxima at about 0.10 V/nm and 0.12
V/nm for the backward and forward scans, respectively. In
addition, we observe a resistance step at around 0.20 V/nm
in the forward scan, as displayed in the inset. As discussed
below, this bistability is attributed to the polarization switch-
ing of P-BBN by the applied electric field.

Dual-gate scanning allows independent control of the car-
rier density of graphene and the electric field across the P-
BBN, since the top gate primarily changes the former (figs.
S10 and S11) whereas the bottom gate changes both. In a
standard dual-gated graphene device, a measurement of the
resistance versus top and bottom gate voltages results in a
single diagonal feature, a maximum resistance ridge, corre-
sponding to the charge neutrality condition. The diagonal
feature stems from the fact that the induced carrier density
follows the equation n=ewen(Vs/dp+Vr/dr)/e, where eppy is the
dielectric constant of hBN, dp (dr) is the distance between
graphene and the bottom (top) gate electrode, and e is the
elemental charge. In contrast, two parallel-shifted diagonal
lines are observed in a dual-gate scan for our P-BBN device
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(Fig. 2C). The shift reflects an abrupt change in the induced
carrier density, Anp, caused by the switching of the electric
polarization of P-BBN: As the polarization switches from up
(BA stacking) to down (AB stacking) at V3/ds = —0.06 V/nm,
the total induced -carrier density changes from
EhBN(VB/dB+ VT/dT)/e+Anp to ShBN(VB/dB+VT/dT)/€ —Anp, leading
to the shift of the charge neutrality resistance peak. Similarly,
the forward scan of the bottom gate shows the polarization
switching from down to up at V3/dz = 0.16 V/nm (Fig. 2D).
Interestingly, the resistance measured using the lower volt-
age contacts exhibits an intermediate, two-peak behavior
during the switching (Fig. 2E). This indicates the coexistence
of micrometer-scale AB and BA domains and provides a hint
to the dynamics of polarization switching. Namely, the do-
main wall is pinned in the middle of the Hall bar at around
Vs/dp = 0.13 V/nm, followed by the depinning at around Vz/dg
= 0.16 V/nm.

To further investigate the ferroelectric properties of P-
BBN, we measure the carrier density ny of graphene extracted
from Hall resistance measurements (Fig. 2F). Hysteretic be-
havior with an abrupt jump of 7y is observed when sweeping
Vs, which is attributed to the ferroelectric switching. The sub-
traction of the forward and backward sweeps gives the mag-
nitude of 2Anp, which equals 3.0 x 10" cm~2 (Fig. 2G). This
value is consistent with 2Anp = 2.6 x 10" cm~2 estimated from
the horizontal shift of the charge neutrality resistance peak
in the dual-gate scan (Fig. 2, C to E). Anp allows us to calculate
the magnitude of the polarization of AB-stacked bilayer BN.
According to a simple model calculation (see fig. S14 for the
details), the two-dimensional polarization follows P.p =
eAnpdp; namely, the electric dipole moment between the bot-
tom gate and graphene is equal to the magnitude of the po-
larization of bilayer BN. Figure 2H shows our measurement
of 2Anp for four different devices studied in this work, which
indeed exhibit an inverse proportional behavior with respect
to dz. The magnitude of the polarization estimated from these
data points is Pop = 2.25 (0.37) x 107> C m™* (corresponding to
Psp = 0.68 uC cm™). This agrees well with the theoretically-
calculated magnitude of the polarization of AB-stacked bi-
layer BN from a Berry phase calculation, Pop meory = 2.08 x 10712
Cm™ (25, 37).

Having established the ferroelectric nature of P-BBN, we
next study how the moiré superlattice affects the ferroelectric
switching in a small-angle twisted bilayer BN. Here, owing to
the opposite polarization of AB and BA stacking regions (Fig.
1, D to F), each domain with staggered polarization is ex-
pected to expand or shrink, through domain wall motion,
when a vertical electric field is applied. Figure 3A shows the
dual-gate scan of the resistance of graphene for a 0.6° rota-
tion-angle twisted bilayer BN (device T1). It exhibits two par-
allel diagonal peaks, each corresponding to AB or BA
domains, similar to Fig. 2C. However, rather than an abrupt
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transition between the two lines, a gradual shift in weight
from one to the other takes place along the diagonal. Thus,
the magnitude of each peak gives the relative proportion of
AB and BA domain sizes, or the average polarization, as a
function of the applied electric field (fig. S17). The electric
field dependence of the polarization (Fig. 3B) highlights the
difference between the twisted and non-twisted devices.
First, the coercive field is much smaller for the twisted bilayer
BN than the non-twisted P-BBN. Secondly, the polarization
switching occurs gradually, in contrast to the sharp switching
of the non-twisted device. In a non-twisted device, a domain
wall moves over the device scale during the switching as dis-
cussed in Fig. 2, C to E, and is likely to be pinned by strong
pinning centers. In contrast, each domain wall in a twisted
device moves only by a moiré length scale and will experience
weaker pinning centers, leading to the small coercive field.
Besides, the different pinning strength of each domain wall
leads to the gradual switching. Thus, the global rotation of
the two layers modifies the dynamics of the ferroelectric
switching behavior.

Finally, we study the temperature dependence of the fer-
roelectricity in P-BBN. Interestingly, the polarization meas-
ured from Anp is almost independent of temperature (Fig. 4A
and fig. S22) up to room temperature. The nearly tempera-
ture-independent ferroelectric polarization presumably re-
flects the unique coupling between the out-of-plane
polarization and in-plane shear motion in P-BBN. The strong
intralayer covalent bonding inhibits the in-plane thermal vi-
bration of atoms, making the polarization insensitive to tem-
perature (38). Correspondingly, the ferroelectric hysteresis is
observable up to room temperature despite the temperature-
induced broadening of the resistance peak (Fig. 4B). Such
hysteretic behavior allows us to deterministically write the
polarization by a voltage pulse of only a few volts and read it
in a nonvolatile way, as shown in Fig. 4C. We also checked
the stability of the ferroelectric polarization by keeping the
sample at 0 V at room temperature for an extended period
after setting the polarization to up or down (Fig. 4D). The
resistance remains almost the same after at least a month
(the longest period measured); namely, P-BBN retains its po-
larization over a technologically-relevant time scale. Hence,
the present result points to the potential use of P-
BBN/graphene as a ferroelectric FET with ultrahigh mobility
of graphene of around 5 x 10* cm?V-'s! at room temperature
(figs. S19 to S21).

The designer approach for engineering vdW ferroelectrics
and moiré ferroelectrics demonstrated in this study can be
extended to other bipartite honeycomb 2D materials, such as
semiconducting 2H-type TMDs like MoS, and WSe,, metallic
and superconducting ones like NbS, and NbSe,, and Group
ITI chalcogenides like GaS, GaSe, and InSe (25). The inversion
symmetry breaking of these synthetic ferroelectrics will be
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coupled to the electronic band structures in a tunable man-
ner through polarization switching. In addition to interesting
physics resulting from the modification of the intrinsic prop-
erties of each material, such engineered ferroelectrics and
moiré systems may significantly expand the capabilities of 2D
materials for electronic, spintronic, and optical applications
(15, 39).
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Fig. 1. Polarization in AB-stacked bilayer boron nitride. (A) lllustration of the atomic arrangement
for AA' stacking, the bulk form of hexagonal boron nitride. Nitrogen and boron atoms are shown in
silver and green, respectively. (B and C) lllustration of the atomic arrangement for AB and BA
stacking. The vertical alignment of nitrogen and boron atoms distorts the 2p;, orbital of nitrogen (light
blue), creating an out-of-plane electric dipole. (D) Illustration of a small-angle twisted bilayer BN after
the atomic reconstruction. The reconstruction creates relatively large AB (green) and BA (yellow)
domains, with small AA regions (white) and domain walls in between (black). (E and F) Vertical PFM
phase and amplitude images of twisted bilayer BN. The scale bar is 100 nm. The contrast at the
domain wall, different from the AB and BA domain regions, likely originates from the flexoelectric
effect (36, 40).
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Fig. 2. Ferroelectric switching in parallel-stacked bilayer boron nitride. (A) Resistance R, of
graphene for device P1 as a function of V/dr, the top gate voltage Vr divided by the thickness of top
hBN dr. V+/dr is scanned in the backward (forward) direction starting from +0.36 V/nm (-0.36
V/nm) in the blue (red) curve. Note that we only show the relevant scan range around the resistance
peak in the figure. The inset on the left shows the schematic device structure. The inset on the right
shows an optical micrograph of the device. (B) Resistance Ry as a function of Vg/dg, the bottom gate
voltage Vg divided by the distance between graphene and bottom gate electrode dg. Vs/dg is scanned
in the backward (forward) direction starting from +0.42 V/nm (=0.42 V/nm) in the blue (red) curve.
The inset shows the enlarged plot around 0.20 V/nm. (C) Resistance R.y measured with the upper
voltage contacts of device P1 (as displayed in the inset on the lower left) as a function of Vg/ds and
Vi/dr. We repeatedly scanned V¢/dr (fast-scan, solid arrow) in the backward direction while
gradually changing Vs/ds (slow-scan, dotted arrow). Vg/dg is changed in the backward direction
starting from +0.42 V/nm. Note that we only show the relevant scan range in the figure. The insets
on the upper left and the lower right show the schematic domain configuration and the polarization
direction (red). (D) The same as (C) with Vs/ds changed in the forward direction starting from —-0.42
V/nm. (E) The same as (D) for the resistance Ry measured with the lower voltage contacts. The
inset on the right shows the line cuts at the fixed Vg/dg locations indicated by the red triangles. Each
curve is offset by 1.5 kQ for clarity. The inset on the left shows the schematic domain configuration
during the ferroelectric switching (fig. S15). (F) Hall carrier density ny measured as a function of
Vis/ds. Vs/dgis scanned in the backward (forward) direction starting from +0.42 V/nm (-0.42 V/nm)
in the blue (red) curve. The inset shows the Hall resistance Ry, as a function of Vg/dsunder B=0.5T.
(G) The difference of Hall carrier density in the backward and forward scan, nsf-n.f. (H) Twice the
induced carrier density by the polarization of P-BBN, 2Ane, plotted against dg for four devices studied
in this work. 2Anp of each device is shown with a different shape; square (P1), triangle (P2), inverse-
triangle (T1), and circle (T2). The filled symbols and hollow symbols represent 2Anp estimated from
the horizontal shift of the resistance peak and the Hall resistance, respectively. Note that two
markers of device T2 almost overlap with each other. The black curve is the theoretical curve
calculated from the polarization obtained from Berry phase calculation, Pzp,theory (25).
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Fig. 3. Ferroelectric switching in twisted bilayer boron nitride. (A) Resistance R, of device Tl as a
function of V/dg and V7/dr. The insets show the schematic illustration of the domain configurations.
We repeatedly scanned V¢/dr (fast-scan, solid arrow) while gradually changing Vs/dg (slow-scan,
dotted arrow). Vs/dg is changed in the backward direction starting from +0.42 V/nm. The size of the

domainis not to scale. (B) Spatial average of polarization of bilayer BN, (P) , estimated from the two-

peak fitting as a function of the applied electric field Vs/ds for a twisted device, T1 (solid lines) and a
non-twisted device, P1 (dotted lines). The blue and red curves are backward and forward scans,

respectively. (P) of device P1 is estimated by taking the average of the polarization measured with

the upper voltage contacts and the lower voltage contacts. We expect that small but finite AB (BA)
region remain, even at (P) :1(—1) , in a twisted device as depicted in the insets of (A), although it is

too small to be clearly detected with our resistance measurement scheme.
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Fig. 4. Room-temperature operation of ferroelectric field effect transistor. (A) Temperature
dependence of the magnitude of the polarization P for device P1. The inset shows a zoom-in of the
vertical axis. (B) Hysteresis of resistance at various temperatures. Vs/dg is scanned in the backward
(forward) direction starting from +0.42 V/nm (=0.42 V/nm) in the blue (red) curve. Each curve is
offset for clarity. The offset values are shown in dotted lines. (C) Resistance (red curve) after the
repeated application of a voltage pulse of Vg = +1.8 V and Vg = -1.2 V (black curve), which
corresponds to Vg/dg = +0.19 V/nm and Vg/ds = —=0.13 V/nm, respectively. The measurement is
performed at T = 300 K and V/dr = 0.07 V/nm. (D) Stability of polarization at room temperature.
Vr/dris scanned in the forward direction. The dotted green (purple) curve is measured at Vg =0V
right after applying Vs/ds = +0.31 V/nm (-0.26 V/nm) to induce polarization up (down). The solid
green curve is measured after applying Vg/dg = +0.31 V/nm to induce polarization up and then
leaving the device at Vg = 0 V at T = 300 K for 14 days. The solid purple curve is measured after
applying Ve/ds = —0.26 V/nm to induce polarization down and then leaving the device at V=0V at
T =300 K for 31 days. Each of the two curves almost exactly overlaps, showing the robustness of
polarization direction for a long period.
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