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A van der Waals interface that creates in-plane
polarization and a spontaneous photovoltaic effect
Takatoshi Akamatsu1*, Toshiya Ideue1*†, Ling Zhou2*, Yu Dong1, Sota Kitamura1, Mao Yoshii1,
Dongyang Yang3,4, Masaru Onga1, Yuji Nakagawa1, Kenji Watanabe5, Takashi Taniguchi6,
Joseph Laurienzo7, Junwei Huang2, Ziliang Ye3,4, Takahiro Morimoto1, Hongtao Yuan2, Yoshihiro Iwasa1,8

Van der Waals interfaces can be formed by layer stacking without regard to lattice constants or
symmetries of individual building blocks. We engineered the symmetry of a van der Waals interface of
tungsten selenide and black phosphorus and realized in-plane electronic polarization that led to the
emergence of a spontaneous photovoltaic effect. Spontaneous photocurrent was observed along the
polar direction and was absent in the direction perpendicular to it. The observed spontaneous
photocurrent was explained by a quantum-mechanical shift current that reflects the geometrical and
topological electronic nature of this emergent interface. The present results offer a simple guideline for
symmetry engineering that is applicable to a variety of van der Waals interfaces.

V
an derWaals (vdW) heterointerfaces serve
asmaterial platforms for generating exotic
physical properties and functionalities and
are readily fabricated with various mate-
rial combinations and stacking orders

(1–8). Although the symmetry of the vdW inter-
face can be tailored, the intentional breaking of
in-plane inversion symmetry and consequent
functionalities are unexplored. We report the
symmetry engineering of a vdWheterointerface
and an experimental observation of a sponta-
neous quantum-mechanical shift current as-
sociated with topological electronic nature
in this twisted-angle heterostructure. By stack-
ing crystals with different rotational symme-
tries with a particular angle and thus reducing
the interfacial symmetry, we designed a vdW
interface with an in-plane electronic polari-
zation. We observed the emergence of a con-
trollable spontaneous photovoltaic effect
(SPE)—photo-induced spontaneous current
in noncentrosymmetric crystals (9) without a
semiconductor p-n junction or bias voltage. In
our system, the SPE appeared along the polar
direction but was absent in the direction per-
pendicular to the polarization.

The SPE has attracted increasing interest
not only as a new principle of photovoltaic
devices but also for fundamental studies of
its inherent nature and intrinsic mechanism
associated with the energy band topology or
geometry such as Berry curvature (dipole) or
Berry connection (10–15). Investigations of
the SPE in bulk polar crystals, including oxide
materials (16–20), organic polar crystals (21),
and halide compounds (22–24), and also in in-
dividual vdW bulk crystals and flakes (25–28)
suggest that its emergence is closely related to
symmetry reduction that createspolar symmetry.

Characteristics of the SPE that we observed
were also well described and understood by
the polarity-induced geometrical shift current
mechanism at the vdW heterointerface with-
out commensurability.
We chose WSe2 and black phosphorus (BP)

as the building blocks of the interface be-
cause each compound has distinct rotational
and mirror symmetries. WSe2 has threefold
rotational symmetry and mirror planes exist
along the armchair direction, and BP has two-
fold rotational symmetry and sets of mirror
planes (the rotational axes and mirror planes
of each crystal are shown by the circled dots
and green lines, respectively, in Fig. 1A). How-
ever, the heterointerface of WSe2 and BP has
no rotational symmetry because the threefold
and twofold rotational symmetries are not
compatible, although mirror symmetry can
still remain if the mirror planes of both WSe2
and BP are parallel. For an interface with
only one mirror plane, electronic polarization
would appear along the direction parallel to
the mirror plane, and the resulting photocurrent
generation would be expected along the in-
plane polar direction.
In the WSe2/BP interface (Fig. 1B), a stripe

moiré pattern appears both along the polar-
ization direction (parallel to the mirror plane)
and vertical to the polarization direction
(perpendicular to the mirror plane), unlike
the hexagonal moiré patterns in twisted
graphene (7). This stripe pattern results from
the lattice mismatch between WSe2 and BP
and reflects both the trigonal symmetry of
WSe2 and the anisotropic potential of BP that
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Fig. 1. Symmetry and moiré pattern of the vdW interface WSe2/BP. (A) Schematic illustrations of
monolayer WSe2 (left), BP (middle), and a heterointerface of WSe2/BP (right). Green lines and circled dots
represent mirror planes and rotational axes, respectively. (B) Moiré patterns of the WSe2/BP heterointerface
for the case where the mirror planes of WSe2 and BP are parallel. The scale bar (black line) represents 5 nm.
(C and D) A schematic of the experiment (C) and I-V characteristic of the WSe2/BP device (D). The spontaneous
photocurrent is defined in Fig. 1D and has been measured in Figs. 2 and 3; more measurements are in the
supplementary materials. The circled “A” in (C) represents the electrical system for photocurrent measurement.
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induced the in-plane polarity at this interface.
Monolayer WSe2 transferred on BP with a
thickness of around40 to 50 nmwas illuminated
with a laser from the monolayer WSe2 side
(Fig. 1C; see supplementary materials for
details). The room-temperature current-voltage
(I-V) characteristic of the WSe2/BP interface
under dark conditions (black) or under linearly
polarized light (green) is shown in Fig. 1D. A
typical short circuit current under zero bias, or
spontaneous photocurrent, was observed after
laser illumination with a wavelength of 532 nm
and intensity of 1.44 mW but not under dark
conditions.
In Figure 2, we systematically studied the

spatial distribution of spontaneous photo-
current in monolayer WSe2 (Fig. 2, A, D, and
G), BP (Fig. 2, B, E, and H), and the WSe2/BP
interface (Fig. 2, C, F, and I). The photo-
current mapping images (Fig. 2, D to F) were
obtained by scanning the laser spot across the
devices shown in Fig. 2, A to C. The SPE in the
monolayerWSe2 (Fig. 2D) and BP device (Fig.
2E) was absent when the laser illuminated
the center of the devices. The generated photo-
current appeared only around the electrodes
in monolayer WSe2 and BP, which showed an
antisymmetric spatial profile and could be at-
tributed to the effect of the Schottky barriers,
photothermal effects, or both (10, 25, 26).
In the WSe2/BP stacking device, a photo-

current was observed even when the laser spots
were far from the electrodes (Fig. 2F). This ob-
servation of the SPE only in theWSe2/BP device
indicated that it originated from the changes
in the symmetry at the interface. The SPE ap-
peared at the interface in several measured
devices (devices 1 through 4; see supplemen-
tary materials). The SPE was also observed
around the electrodes with antisymmetric spa-
tial distribution, as shown in the position depen-
dence of the photocurrent along the lines in
Fig. 2C (Fig. 2I).
To clarify the intrinsic nature of the SPEat the

WSe2/BP interface, wemeasured the directional
dependence of the photocurrent response. We
fabricated the WSe2/BP interface so that the
mirror plane of WSe2 was parallel to that of
BP (device 2; Fig. 3A). The electrodes were
patterned to be either parallel (E1 and E2) or
perpendicular (E3 and E4) to the expected
polar direction, and spatial maps of the spon-
taneous photocurrent are shown in Fig. 3,
B and C, respectively. The SPE was observed
only for the measurement geometry with the
E1 and E2 electrodes; it was negligibly small
within the background noise level for the E3
and E4 electrodes. These results indicated that
the electronic polarization at the interface was
almost parallel to the E1 and E2 electrodes
(expected polar direction) and also excluded
the possibility of the SPE originating from
an extrinsic mechanism such as a randomly
formed p-n like potential [such as the Dember
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Fig. 2. Photovoltaic response in vdWcrystals and interfaces with different symmetry. (A to C) Device pictures
of monolayer WSe2 (A), BP (B), and heterointerfaces of WSe2/BP (device 1) (C). The scale bars (white lines)
represent 5 mm. Dashed lines in (A) and (C) indicate the edge of monolayer WSe2 flake, and “+” and “–” indicate the
definition of the sign of the generated photocurrent. The solid black lines ab in (A) to (C) indicate the positions
corresponding to the positions in (G) to (I). (D to F) Photocurrent mapping for monolayer WSe2 (D), BP (E), and
WSe2/BP (F) devices. Linearly polarized light of 532-nm wavelength was used. The SPE emerges at the center of the
WSe2/BP interface. (G to I) Position dependence of the photocurrent along the lines in (A) to (C).

Fig. 3. Characteristics of the SPE in the WSe2/BP interface. (A) Optical microscope image of the
WSe2/BP device (device 2). The scale bar (black line) represents 5 mm. (B and C) Photocurrent mapping for the
E1 and E2 electrodes (B) and the E3 and E4 electrodes (C). The SPE was observed along the E1 and
E2 electrode direction, whereas it is absent along the E3 and E4 electrode direction. (D) Laser power (P)
dependence of the photocurrent (I) for two different wavelengths of 632.8 nm (red circles) and 532 nm (green
circles). In the low-power region, I is proportional to P, whereas the plot shows I º P0.5 power dependence
in the high-power limit. On the other hand, photocurrent originating from the Schottky barrier at the electrodes
of the BP device (purple squares) shows the linear power dependence. (E) Photon energy dependence of
the photocurrent (device 2). (F) Polar plot of I represented by green dots as a function of the linear polarization
angle along the E1 and E2 electrodes for the WSe2/BP device (device 1). The inset shows the optical microscope
image of the measured device, and the green dot within it represents the position of the laser spot.
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effect (29)] or the anisotropy of BP. In the sup-
plementarymaterials, we also presentmeasure-
ments of photocurrent in twisted interfaces
and clarify that the direction or magnitude
of the photocurrent can be tuned by stack-
ing angle.
In Fig. 3D, we show the laser-power depen-

dence of the spontaneous photocurrent for two
different wavelengths. Both measurements
show the characteristic crossover from linear
to square-root dependence, an effect that could
not be explained by the photovoltaic effect with
Schottky barrier near the electrodes, which
normally shows the linear power dependence
(purple squares in Fig. 3D). Among other pos-
sible mechanisms for the SPE, the shift current
mechanism, a photovoltaic effect in inversion-
broken crystals that arises from the shift of the
electron wave packet upon photoexcitation, is
a plausible origin because it predicts such a
power dependence crossover caused by a satu-
ration of the carrier excitations (14).
To further understand the microscopic ori-

gin of the SPE, we studied the dependence
of the bulk photovoltaic effect in the WSe2/
BP interface (device 2; Fig. 3E) with photon
energy E with incident linear polarization
parallel to the armchair direction. The photo-
current had peaks around E of 1.65 and 2.05 eV
that seemed to correspond to the exciton peaks
of WSe2. This result indicated that exciton
resonance could enhance the bulk photo-

voltaic response as theoretically predicted
(30, 31). Although the effect of excitons on the
shift-current mechanism requires further in-
vestigation, these results implied that two-
dimensional materials, in which excitons are
stable and have a long lifetime, could enable a
large photovoltaic response. In a higher-energy
region (E > 2.1 eV), nonmonotonic changes
were also observed (Fig. 3E).
The polar diagram of the photocurrent as a

function of the linear polarization angle (Fig.
3F) showed no sign change when we rotated
the polarization direction and was anisotropic
along the armchair direction, which is the polar
direction of the interface. This result indicated
that the photocurrent was finite even if the
incident lightwas unpolarized. The photovoltaic
response is, in principle, allowed along the spe-
cific direction for the linearly polarized light in
noncentrosymmetric trigonal WSe2 (9), but dis-
tinct polarization angle dependence, including
the sign change, was expected and photocurrent
should vanish under unpolarized light in trig-
onal crystals. Thus, the present results cannot
be explained by the bulk photovoltaic effect
in trigonal crystals (in this case, the WSe2
monolayer).
We could explain the observed photon-energy

dependence in the high-energy region and po-
larization angle dependence with a shift current
model.Weusedaneffective tight-bindingmodel
of the WSe2/BP interface to calculate electronic

polarization (see supplementary materials) and
shift current as follows:We consider tight-binding
models of WSe2 and BP layers and introduce
effective coupling between the two layers. Spe-
cifically, the low-energy effective theory of the
WSe2/BP interface is described by theHamiltonian

HðkÞ ¼

HWSe2ðkÞ 0 VintðkÞ
0 HWSe2 ðk þ bBP;1Þ Vintðk þ bBP;1Þ

V †
intðkÞ V †

intðk þ bBP;1Þ HBPðkÞ

0
@

1
A

where HWSe2 and HBP are Hamiltonians for
WSe2 and BP, k is the momentum, Vint is the
interlayer coupling, and bBP;1∥ex is the prim-
itive reciprocal lattice vector of BP.
This Vint caused the band hybridization be-

tweenWSe2 and BP that led to the spontaneous
electronic polarization and the resultant shift
current, as discussed below (for details, see
supplementary materials). We considered the
Bloch bands of WSe2 and BP and hybridiza-
tion between them at the same momentum k
in the extended Brillouin zone (BZ) (Fig. 4, A
and B). Although the BZ of the interface was
not well defined because of the mismatch be-
tween the unit cells of WSe2 and BP (Fig. 4A),
we could still consider the Bloch bands ofWSe2
and BP and hybridization between them at the
same momentum k in the extended BZ.
Once the momenta k for the two layers in

the extended BZ picture were folded back into
their respective first BZs, coupling appeared
between Bloch states with different momenta
because the two layers have different reciprocal
vectors. Assuming that the interlayer coupling
decayed quickly as a function of the relative
position r, it was sufficient to keep only a few
Bloch states from each layer, which resulted in
the above Hamiltonian. This treatment led to
the band structure shown in Fig. 4B, where
bands from WSe2 and BP are hybridized with
each other (the weight of the bands is color
coded). Note that themomentumwas no longer
a good quantum number, and the band had a
weight (less than 1) at a particular momentum
k in general.
We used this model to calculate the gener-

ation of the shift current. The polarization of
photoexcited electron-hole pairs was quanti-
fied by the shift vector that was defined by the
difference of Berry connection between valence
and conduction bands (for details, see supple-
mentary materials). The shift vector was sub-
stantially enhanced by the interlayer coupling
between WSe2 and BP (inset of Fig. 4B), and
the shift current was enhanced by the hybrid-
ization of the WSe2 and BP bands, which can
be seen in the nonlinear conductivity calculated
from the formula for the shift current (Fig. 4C).
In the supplementary materials, we show the
detailed derivation of the couplingHamiltonian,
calculation of the shift current, and another
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Fig. 4. Tight-binding model of the WSe2/BP interface and its shift current. (A) BZs of WSe2 (blue) and
BP (red). (B) Energy dispersion of the tight-binding model of the WSe2/BP interface. Interlayer coupling
hybridizes the energy bands from WSe2 and BP. The weight of the bands is color coded, with blue and red for
WSe2 and BP, respectively. The inset shows a color plot of the magnitude of the shift vector around the
K point. (C) Nonlinear conductivity syyy and syxx from the shift current mechanism. (D) The calculated shift
current along the armchair direction as a function of the linear polarization angle (E = 2.15 eV) showed no
sign change and anisotropy along the polar direction.
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simpler effective two-band model by which
nonvanishing polarization and photocurrent
can be intuitively understood. Theoretical cal-
culation of the electronic polarization at this
interface, which only exists along the mirror
planes under finite interfacial coupling, is also
displayed in the supplementary materials.
The observed photon energy dependence is

well reproduced by this calculation and can be
understood as follows: In the low-energy re-
gion (E < 2.1 eV), optical transition between
bands around K (K′) points (originally WSe2
bands)mainly contributed to the shift current.
With increasing photon energy, the shift cur-
rent was initially enhanced because of the in-
crease in the density of states. It was eventually
suppressed in the higher-energy region because
of the reduction of shift vector. The shift current
rapidly diminished when optical transitions
from the different valence band (originally
BP band) were allowed, which contributed a
shift current with the opposite sign that re-
sulted in partial cancellation of the signal (see
supplementary materials for details).
In the above argument, we considered the

interface of 1L-WSe2 and 1L-BP. Further calcu-
lations confirmed that the magnitude and
qualitative behavior of the photon energy
dependence of the shift current was almost
independent of BP thickness. Also, we exper-
imentally clarified that the photocurrent value
was not affected by BP thickness, indicating
that the SPEwasmainly driven by the in-plane
polarity at the interface and that the thick bulk
part of BP did not contribute (see supplemen-

tary materials). The anisotropic polarization
angle dependence of the photocurrent without
sign change was also reproduced by these cal-
culations (Fig. 4D). The concept of “symmetry
engineering” and the polarity in a nonperiodic
system have been established in this work.
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