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Ferroelectric diodes can generate a polarization-controlled bidirectional photoresponse to simulate inhibition
and promotion behaviors in the artificial neuromorphic system with fast speed, high energy efficiency, and
nonvolatility. However, the existing ferroelectric diodes based on ferroelectric oxides suffer from a weak
bidirectional photoresponse (below 1 mA/W), difficult miniaturization, and a large response photon energy (over
3 eV). Here, we design a series of van der Waals α-In2Se3/NbX2 (X = S, Se, and Te) ferroelectric diodes with
bidirectional photoresponse by using ab initio quantum transport simulation. These devices show a maximum
bidirectional photoresponse of 30 (−19) mA/W and a minimum response photon energy of 1.3 eV at the
monolayer thickness. Our work shows advanced optoelectronic applications of the van der Waals ferroelectric
diodes in the future artificial neuromorphic system.

DOI: 10.1103/PhysRevMaterials.7.084412

I. INTRODUCTION

Bidirectional photodetector refers to a device whose
photocurrent can switch between different directions when
subjected to an outside stimulation [1–3]. In neuromor-
phic visual systems, a single bidirectional photodetector can
represent both positive and negative weights in simulat-
ing excitatory and inhibitory behaviors, respectively, which
greatly reduces the hardware count in the artificial neural
network [4–7]. Existing tunable bidirectional photodetec-
tion mainly relies on the gate-controlled band alignment in
two-dimensional (2D) materials [2,3] and photothermal ef-
fects in metal and semiconductor composite systems [6,8,9].
However, the requirement of the gate-controlled engineering
inevitably consumes additional power, and the response time
of the photothermal effect is too long [6,8,10].

Ferroelectric diode (Fe diode) is a special kind of diode,
whose rectification direction can be switched by the polar-
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ization reversal [11–15]. Traditional bulk Fe diode based
on ferroelectric oxides can produce nonvolatile symmetrical
bidirectional photoresponse by easily switching their elec-
tric polarization directions [16]. The switching progress has
ultrafast kinetics (<1 ns) and high controllability without
a sustaining voltage supply [17]. The switching mecha-
nism originates from the tunable Schottky barrier heights
(SBHs) and built-in field modulated by the polarization-
induced surface charges [11,13,17,18]. However, the existing
ferroelectric-controlled bidirectional photoresponse in the tra-
ditional bulk Fe diode has three shortcomings. First, the
photoresponse produced by the bulk Fe diode is too low
[e.g., 0.05 and 0.22 mA/W in Au/BiFeO3/Au [16] and
Pb(Zr0.2Ti0.8)O3 Fe diodes [17], respectively] because of their
weak interaction with light (the power conversion efficiency
reported on most of the ferroelectrics are mostly in the order
of 0.5% [19,20]). Second, due to the surface-charge-induced
depolarization field, surface crystalline reconstruction, inter-
facial strain, or weakened dipole-dipole interaction [21–23],
the ferroelectricity of the ferroelectric oxide is strongly sup-
pressed in the nanoscale thickness, rendering the device
miniaturization difficult [24]. Third, the response photon en-
ergy is too large because the band gaps Eg of the ferroelectric
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oxides are mostly over 3 eV [20] (e.g., Eg = 3.78 and 5.81 eV
for BaTiO3 [25] and c-HfO2 [26], respectively).

The discovery of 2D van der Waals (vdW) ferroelec-
tric provides a chance to overcome all these shortcomings.
First, 2D vdW ferroelectric interacts strongly with light due
to the large density of states at the band edges [10,27,28],
and its photodetector shows a large responsitivity [23,27,29].
Second, the ferroelectricity of the vdW ferroelectric can be
maintained down to the monolayer level due to the large
atomic displacement [30,31], smooth surface [32], etc. Third,
2D vdW ferroelectric varies from insulators with large band
gaps [Eg = 3.65 eV in (C4NH3)2PbCl4 [33]] to semimetals
without band gap (Td-WTe2 [34]), resulting in a wide opto-
electronic response range in the vdW Fe diode [32]. Moreover,
the ferroelectric-tuned vdW heterojunction can be integrated
easily to realize functionality owing to their passivated sur-
faces and band alignment effect [35,36]. For example, the
photocurrent of the α-In2Se3/WSe2 van der Waals heterojunc-
tion can be enhanced by about 18 times with applying the
tensile strain of 0.433% due to the piezophototronic effect
[37]. Among all the room-temperature 2D vdW ferroelectrics,
α-In2Se3 is very attractive for making the Fe diode because it
has not only an ultralow switching electric field (one to two
orders of magnitude smaller than the reported values of other
2D vdW ferroelectrics [38]) but also an ultrahigh photore-
sponse of approximately 105 A/W and large detectivities of
(3.3 ± 0.8)×1013 cm Hz1/2/W [39,40]. From a mass pro-
duction perspective, α-In2Se3 has a mature preparation
technology that can be synthesized at a large area of centime-
ter scale with controllable layers [41–43].

In this work, we design a series of vdW α-In2Se3/NbX2

(X = S, Se, and Te) Fe diodes by the density functional the-
ory (DFT) coupled with the nonequilibrium Green’s function
(NEGF). We reveal a ferroelectric-controlled bistable conduc-
tion characteristic and bidirectional photoresponse effect in
all the devices (X = S, Se, and Te). The switching mecha-
nism originates from the switching between the p-i junction
and the n-i junction. The bidirectional photoresponse shows
a maximum symmetrical photoresponse of 30 (−19) mA/W
and a minimum response photon energy of 1.3 eV down to
the monolayer. Our work reveals a huge potential of the vdW
Fe diode in future computing-in-sensor architecture.

II. BILAYER α-In2Se3/NbX2 HETEROJUNCTION

Monolayer α-In2Se3 is composed of five covalently
bonded monatomic layers in the sequence of Se-In-Se-In-Se,
and the atoms in each layer are arranged in a triangular lat-
tice. The optimized lattice constant of α-In2Se3 is 4.107 Å.
Although the ferroelectricity of monolayer α-In2Se3 has not
been experimentally confirmed yet, the ferroelectric switching
state of few-layer α-In2Se3 has been experimentally verified.
Besides, the electron microscopy images and the ferroelectric
polarization intensity of the few-layer α-In2Se3 are in close
agreement with theoretical predictions [30,31,41,44]. Due to
the low interface effects inherent in van der Waals materials,
the existence of ferroelectricity in monolayer α-In2Se3 cannot
be ruled out. Our study is based on the assumption that the
monolayer α-In2Se3 exhibits ferroelectricity, serving as the
foundation for our research.

When α-In2Se3 is in contact with metals, the bands of
α-In2Se3 undergo a shift due to the combined effects of
the electron injection and ferroelectric depolarization field
[45–47]. 1H monolayer NbX2 (X = S, Se, and Te) are vdW
metals, consisting of three monatomic layers of X-Nb-X with
the calculated lattice constants of 3.35, 3.47, and 3.68 Å,
respectively. The work functions of the monolayer NbX2 are
5.96, 5.82, and 4.85 eV for S, Se, and Te, respectively, and
that of the monolayer α-In2Se3 is 5.5 eV. The difference
of the work functions between α-In2Se3 and NbX2 ranges
from 0.32 to 0.65 eV, while the polarization-induced surface
band difference of the isolate α-In2Se3 reaches 1.41 eV, as
shown in Fig. S1(d) of the Supplemental Material [48]. This
leads to the dominance of the depolarization field effect,
relative to the electron injection effect, on band modulation
in the α-In2Se3/NbX2 heterojunction. For example, when the
ferroelectric polarization direction of α-In2Se3 changes, the
Schottky barrier formed at the interfaces with NbX2 undergoes
a transformation between n type and p type [45,46].

The geometries and projected band structures of the
α-In2Se3/NbX2 heterostructures are shown in Fig. 1. The su-
percell of the heterostructure consists of a 2×2 monolayer
(ML) NbX2 and a �3×�3 ML α-In2Se3. The in-plane lat-
tice constants of NbX2 are stretched to match the optimized
α-In2Se3 lattice constant with mismatches of 1.6−4.3%. Pre-
vious works have shown that the electronic properties of the
α-In2Se3/NbX2 heterojunction are intact, irrespective of the
stacking orders [46]. The α-In2Se3/NbX2 heterojunctions are
defined as two states according to different ferroelectric po-
larization directions, denoted as the P up and down. The P-up
state refers to the case where the out-of-plane polarization of
α-In2Se3 points toward the NbX2 layer. On the contrary, the
P-down state refers to the case where polarization is reversed.
The key parameters of the heterostructures, such as layer spac-
ing, binding energy, and SBH, are summarized in Table S1 of
the Supplemental Material [48].

Compared with the band structure of the isolated ML
α-In2Se3, as shown in Fig. S1(a) [48], the projected band
structure of the ML α-In2Se3 in the α-In2Se3/NbX2 hetero-
junction is shifted by the depolarization field and electron
injection of NbX2. To evaluate such an effect, we define
the ferroelectric band shift (�EFE) as the difference between
the valence band maximum energy EVBM in the projected
α-In2Se3 in the heterostructure and EVBM in the isolated ML
α-In2Se3:

�EFE = EVBM(α−In2Se3/NbX2) − EVBM(α−In2Se3). (1)

As shown in Table S1 [48], �EFE is 0.45, 0.75, and 0.3 eV
for the α-In2Se3/NbX2 (X = S, Se, and Te) P-up states,
respectively, while �EFE is 0.07, −0.05, and −0.35 eV for
P-down states, respectively. The positive �EFE indicates that
the α-In2Se3 in the heterostructure is p doped because its
EVBM is closer to the Fermi level than that of the intrinsic
α-In2Se3. On the contrary, the negative �EFE corresponds
to an n-doped case. When the heterostructure is in the P-
up/-down state, the depolarization charge is negative/positive,
resulting in the band structure of the α-In2Se3 layer being p/n
doped, respectively. The depolarization field in the NbX2 can
also be confirmed by the pz orbital splitting of the α-In2Se3
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FIG. 1. Geometries and band structures of the bilayer (a) α-In2Se3/NbS2, (b) α-In2Se3/NbSe2, and (c) α-In2Se3/NbTe2 under different
electric polarizations of α-In2Se3. The red arrows point to the electric polarization direction of α-In2Se3. The black arrows point to the
α-In2Se3 band shift direction induced by NbX2. The green transparent area denotes the band-gap region of α-In2Se3.

layer and the shielding effective potential in the heterostruc-
ture, as shown in Figs. S2 and S3, respectively [48].

III. SWITCHABLE PHOTOCURRENT
TRANSPORT PROPERTIES

The vdW α-In2Se3/NbX2 Fe diode is simulated by a two-
probe model based on the density-functional theory (DFT)
coupled with the nonequilibrium Green’s function (NEGF)
method, as shown in Fig. 2. The center region is illumi-
nated by the light, and the photocurrent flowing into the
left electrode is evaluated. We consider two linear polar-
ized lights. One is along the y axis with a polarizing angle
θ (e1 = cos θz + sin θx), and the other is along the z axis with
a polarizing angle ϕ(e2 = cos ϕz + sin ϕy).

The local device density of states projected to the α-In2Se3

layer in the α-In2Se3/NbX2 Fe diodes are calculated by
ab initio quantum transport simulation, as shown in Fig. 3.
According to the transport simulation result, �EFEs of the het-
erostructure in the P-up (down) configuration are 0.3 (−0.25),
0.5 (−0.2), and 0.05 (−0.8) eV for X = S, Se, and Te, respec-

tively. The positive and negative �EFEs indicate that α-In2Se3

is p and n doped, respectively. Hence, when the Fe diode is
in the P-up state, the α-In2Se3 layers in the left electrode and
central region are p doped, while α-In2Se3 in the right elec-
trode is still intrinsic, resulting in a formation of a p-i junction.
As the device is in the P-down state, the left electrode and
central region are n doped, and the right electrode is intrinsic,
resulting in the formation of an n-i junction.

The photoresponse R (the ratio of the photocurrent to the
incident light power, R = Iph/Pph, where Iph is the photocurrent
and Pph is the incident light power) incidented by the light
along the y axis with a e1 linear-polarized light of polarizing
angle θ = 0°, 45°, and 90° is shown in Figs. 4(a)–4(c). When
the Fe diode is in the P-up state, the calculated photore-
sponse R is mostly positive, irrespective of the wavelength
and contact metals. When the device is in the P-down state,
the photoresponse changes its direction. These devices all
show a symmetrical bidirectional photoresponse effect. The
maximum R in the P-up state are 25, 32, and 20 mA/W, and
the maximum negative R are −18, −19, and −17.5 mA/W for

FIG. 2. Fundamental principle of the bidirectional photocurrent in α-In2Se3/NbX2 (X = S, Se, and Te) ferroelectric diode for (a) up and
(b) down polarization states.
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FIG. 3. Local device density of states of the α-In2Se3/NbS2 Fe diode (a) P-up configuration and (b) P-down configuration. Panels (c) and
(e) are same as (a) but for X = Se and Te, respectively. Panels (d) and (f) are same as (b) but for X = Se and Te, respectively. The distance
between the two horizontal dashed white lines in each panel represents the ferroelectric band shift (�EFE). The central and electrode regions
are separated by the vertical white dashed lines.

X = S, Se, and Te, respectively. These values are comparable
with the experimental photoresponse of the vdW photode-
tectors (16.6 mA/W for MoS2 [60] and 10 mA/W for WSe2

[29]) and two orders of magnitude larger than that in the bulk
Pb(Zr0.2Ti0.8)O3 Fe diode [17]. As θ changes from 0° to 90°,
R in each device changes slightly, implying these devices are
not sensitive to the polarization angle θ . The absorption edges
under e1 polarized light, defined as the minimum absorbed
photon energy, of the α-In2Se3/NbX2 (X = S, Se, and Te) Fe
diodes are 1.3, 1.2, and 0.9 eV, respectively. The absorption
edges are all below the absorbance edge (1.45 eV) of the
intrinsic ML α-In2Se3 [31], which is attributed to the NbX2-
induced interface gap states.

When the light is incident along the z axis with e2-polarized
linear lights of polarizing angle ϕ = 0°, 30°, 60°, and 90°, the
symmetrical bidirectional photoresponse effect still holds, as
shown in Figs. 4(d)–4(e). This result indicates such bidirec-
tional photoresponse is also not sensitive to the incident light
direction. It is worth noting that there are a few abnormal pho-
tocurrents that are opposite to their corresponding directions
in both P-up and -down states. For example, R is supposed to
be positive/negative but gives the value of −0.47/3.24 mA/W
in the P-up/-down states of the NbS2 device both at ϕ = 30°,
respectively. Such abnormal photoresponse is attributed to
the photogalvanic effect, which is generated from the spatial
inversion symmetry breaking and is sensitive to the photon
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FIG. 4. (a) Photoresponse of the vdW α-In2Se3/NbS2 ferroelectric switchable diode under different ferroelectric polarizations and linear
polarized light incident along the y axis with a polaring angle θ . Panels (b) and (c) are same as (a) but for the NbSe2 and NbTe2, respectively.
Panel (d) is same as (a) but for the linear polarized light incident along the z axis with the polaring angle �. Panels (e) and (f) are same as (d)
but for NbSe2 and NbTe2, respectively.

energy and polarizing angle [20,84,85]. Furthermore, there
is no photoresponse generated around the Fermi level (E =
0 eV), indicating that the intraband absorbance in the NbX2

layer is negligible in such devices. We attribute this effect
to the fact that there is no direct contact between the right
electrode and the NbX2 layer in the lighting region, resulting
in no photocurrent contributed by the NbX2 layer. The impact
of the photogalvanic effect during the polarization switch is
shown in Fig. S4 [48]. The result shows that only when the
in-place polarization of α-In2Se3 is collinear to the transport
direction, the bidirectional photoresponse induced by the pho-
togalvanic effect appears. However, in the α-In2Se3/NbX2

Fe diode studied in this paper, the in-plane polarization of
α-In2Se3 is perpendicular to the transport direction, and thus
the directional photoresponse is only contributed by the inter-
face band-bending effect.

IV. DISCUSSION

The electrical transport properties of vdW α-In2Se3/NbX2

Fe diode are simulated in Fig. S5 [48]. The comparison of
the biconductance characteristics between the reported Fe
diode and this work is listed in Table S2 [48]. Although

the maximum on/off ratio (2×105%) of the α-In2Se3/NbX2

Fe diodes does not exceed the reported on/off ratio (106%)
in the Hf0.5Zr0.5O2 Fe diode [15], this value is still larger
than most of the on/off ratios in the perovskite and vdW
ferroelectric-based Fe diodes [11,13,59,64,86]. The maximum
on-state current density (611 mA/mm) of the α-In2Se3/NbTe2

Fe diode is comparable with the theoretical on-state currents
in the lateral vdW MoS2 transistors (473 mA/mm by DFT +
NEGF [87]). During the simulation, we expect that the switch-
ing electric fields Eswitch of the α-In2Se3/NbSe2 Fe diodes
should not exceed the lowest reported Eswitch of 750 kV/cm in
the α-In2Se3 Fe diodes [50] because the NbX2 has little impact
on the switching barrier of α-In2Se3 [46]. Hence, the maxi-
mum bias voltage (|Vds| = 0.4 V, i.e., E = 600 kV/cm) in this
work does not exceed the switching electric field. For future
studies, the Fe diode may be improved by placing another
NbX2 electrode below the right α-In2Se3 electrode, to unify
the rectification direction at both electrodes. Experimentally,
the entire device is made of vdW materials, so it is possible to
fabricate such vdW Fe diodes by the exfoliation and transfer
method [3,32]. The proposed fabrication process flow of the
vdW α-In2Se3/NbX2 Fe diode is shown in Fig. S6 [48].
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The comparison between the reported bidirectional pho-
toresponse device and this work is listed in Table S3 [48].
Until now, various devices except Fe diodes have been in-
troduced to generate bidirectional photoresponse, such as
photothermoelectric, photoelectrochemical, and pyroelectric
effects. Most dual-polarity photoresponse based on these
mechanisms is sensitive to the wavelength of the light, bias or
gate voltage, illumination position, pressure, and solute [1,8].
For example, Wang et al. have reported a p-AlGaN/n-GaN
p-n heterojunction photodetector with the photoresponse of
−175 mA/W at 254 nm and 31 mA/W at 365 nm based
on the joint effect of the photovoltaic effect and redox re-
action [1]. There are also some devices that do not depend
on wavelength but require a tedious operation to achieve
bidirectional photocurrent. For example, the direction of the
photocurrent can be reversibly modulated by tuning the ra-
tio of PtSe2 in the Pt/PtSe2 film, which is ascribed to the
synergistic mechanism of the bolometric effect of Pt and
photoconductive effect of PtSe2 [6]. By contrast, bidirectional
photodetection based on Fe diodes shows convenient ad-
justability and robust dual-polarity photocurrent, irrespective
of the incident light [16,17]. The maximum photoresponse
(30 mA/W) in the α-In2Se3/NbX2 Fe diode is much larger
than those [0.27 μA/W in BaTiO3 [75], 0.05 mA/W in BiFeO3

[16], and 0.22 mA/W in Pb(Zr0.2Ti0.8)O3 [17]] of the bulk Fe
diode. In addition, there are other mechanisms where the pho-
tocurrent can be controlled by ferroelectricity. These switch
mechanisms mainly come from the photogalvanic effect,
polarization-induced built-field change, and electron density
redistribution [27,38,88,89]. However, none of these devices
can achieve such controlled bidirectional photoresponse as the

Fe diodes [7,17]. Our theoretical calculations only represent
the ideal limits of our configurations and ignore many factors.
It is unfair to compare them with the experimental results
in other configurations directly. Our intention is to provide
readers with a summary of the relevant progress.

V. CONCLUSION

We design a series of vdW α-In2Se3/NbX2 (X = S, Se,
and Te) ferroelectric diodes by ab initio quantum transport
simulation. These devices all show a noteworthy ferroelectric-
controlled bistable conduction characteristic and bidirectional
photoresponse effect. The switchable effect comes from the
polarization-controlled band alignment effect. The maximum
positive (negative) photoresponse of the α-In2Se3/NbX2 fer-
roelectric diodes is symmetrical and reaches values of 25
(−18), 32 (−19), and 20 (−17.5) mA/W for X = S, Se, and
Te, respectively. Our work reveals the huge potential of the
vdW ferroelectric diode for nonvolatile storage and bidirec-
tional optoelectronics.
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