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ABSTRACT: Two-dimensional materials (2DMs) have exhibited remarkably tunable
optical characteristics, which have been applied for significant applications in
communications, sensing, and computing. However, the reported tunable optical
properties of 2DMs are almost volatile, impeding them in the applications of
multifarious emerging frameworks such as programmable operation and neuromorphic
computing. In this work, nonvolatile electro-optic response is developed by the
graphene−Al2O3−In2Se3 heterostructure integrating with microring resonators
(MRRs). In such compact devices, the optical absorption coefficient of graphene is
substantially tuned by the out-of-plane ferroelectric polarization in α-In2Se3, resulting in a nonvolatile optical transmission in MRRs.
This work demonstrates that integrating graphene with ferroelectric materials paves the way to develop nonvolatile devices in
photonic circuits for emerging applications such as optical neural networks.
KEYWORDS: In2Se3, graphene, ferroelectric polarization, nonvolatile electro-optic response, integrated photonics

The increasing demands of precise optical modulation for
optical communications, sensing, and computing, espe-

cially in integrated photonic circuits, have witnessed the
requirement of new optical materials and novel device
architectures.1−6 In the past decade, two-dimensional materials
(2DMs) with tunable optical characteristics induced by various
stimulation and back-end CMOS-compatibility for different
photonic platforms have been regarded as a competitive
alternative for both optical intensity and phase modulation in
integrated photonics.7−12 For instance, graphene demonstrates
both an absorptive and refractive index tunability for optical
modulators via optical and electrical excitation with a small
footprint and large extinction ratio.13−16 However, the optical
characteristics virtually turn back to the initial state
accompanied with the external stimuli cancellation in these
reported graphene devices, namely, volatile optical modu-
lation.17,18 These volatile devices require continuous power
supply to maintain the functionality, limiting their potential use
in large-scale programmable photonic integrated circuits for
emerging applications such as optical neural networks, massive
interference networks, and light detection and ranging.19−21

Therefore, it is urgent and imperative to develop nonvolatile
optical devices to overcome this bottleneck, thereby expediting
and extending the applications in integrated photonics.
Recently, 2DMs with ferroelectricity have been a hotspot for

exploring nonvolatile electrical memories by electrically
triggering the ferroelectric domain.22−26 These 2D ferroelectric
materials exhibit a long retention time with ultrafast logic
operation and high thermodynamic stability due to the absence
of dangling bonds.27−29 Intriguingly, the electrically control-

lable polarization switching in 2D ferroelectric materials has
been applied to modify carrier concentration in graphene,
thereby developing nonvolatile electrical memories.30−32 For
instance, nonvolatile electrical conductivity has been realized
by electrically manipulating the out-of-plane electric dipoles of
α-In2Se3 and CuInP2S6 in a graphene/Al2O3/In2Se3 hybrid
field-effect transistor (FET) and a graphene/CuInP2S6
heterojunction.33,34 In other words, the carrier concentration
in graphene can be tuned by ferroelectric polarization, even in
the absence of an external bias voltage, allowing for long-term
stability. This behavior has significant implications for optical
devices, as it enables the utilization of a tunable refractive index
in graphene without a continuous voltage supply, catering to
diverse applications that need rapid, energy-efficient, and
dependable optical modulation. However, the application of
this physical process has not been realized in the optical
domain until now.
In this work, a nonvolatile electro-optic response has been

observed in a microring resonator (MRR) integrating with a
graphene/insulator/ferroelectric semiconductor (FeS-SMOS)
structure. The ferroelectric semiconductor applied here is
multilayer In2Se3, which possesses ferroelectricity even at the
monolayer, maintains weak optical absorption at telecom
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bands due to an optical bandgap of 1.4 eV, and demonstrates
the potential of the feasibility for large-scale growth.35 Based
on this hybrid waveguide, a nonvolatile optical tunability can
be materialized by electrically regulating the polarity of the
polarization-bound charge of In2Se3 that contributes to tuning
the refractive index in graphene by altering carrier concen-
tration, thereby bringing about a nonvolatile optical trans-
mission change in an MRR. All in all, such an FeS-SMOS
structure leads to the convenient integration with arbitrary
integrated photonic platforms, including Si, SiNx, and polymer,
to demonstrate nonvolatile optical devices and thus promote
the development of integrated photonic circuits in diverse
emerging applications such as optical neural networks, optical
neuromorphic computing, and quantum information process-
ing.
A metal−ferroelectric oxide dielectric−semiconductor (Fe-

MOS) structure is an available structure for nonvolatile
electrical devices, where induced charges in a semiconductor
can be electrically tuned by out-of-plane polarization inside the
ferroelectric dielectric in Figure 1a, leading to a conductivity

change. This structure integrating with an optical waveguide,
however, brings about substantial optical loss induced by metal
absorption at telecom bands, deteriorating the optical
tunability ability. In this work, we replace the metal film with
graphene on the MRRs to minimize optical loss in a hybrid
optical waveguide. Simultaneously, a ferroelectric semiconduc-

tor substitutes for the ferroelectric dielectric to provide a stable
polarization (bottom schematic in Figure 1a), which also offers
the advantage of alleviating fabrication limitations since the
majority of high-quality amorphous insulators can be used in
the FeS-SMOS structure. In this FeS-SMOS architecture, the
induced charge concentration in monolayer graphene can be
tuned by the out-of-plane ferroelectric polarization field in the
In2Se3 flake with retentive properties for nonvolatile operation.
Meanwhile, due to Pauli blocking effect, the tunable carrier
concentration results in a remarkable change of refractive
index, especially for the interband absorption coefficient.36

Specifically, graphene brings about a negligible optical
absorption at the telecom C band when the energy difference
between the Dirac point and the Fermi level is larger than 0.4
eV (upper schematic in Figure 1b). On the contrary, an
apparent optical loss can be induced by intrinsic and slightly
doped graphene as a consequence of semimetal characteristics,
with the generation of photoinduced electron−hole pairs
(bottom schematic in Figure 1b).37

Considering both the doping effect by the ferroelectric
polarization and tunable optical absorption in graphene
integration, a nonvolatile optical device is proposed by
integrating the FeS-SMOS structure with an MRR, in which
two grating couplers feed light in and out of the optical
waveguide and MRR (Figure 1c). In this device, an optical
ridge waveguide with 150 nm height and 500 nm width can
support the fundamental mode of transverse electric polar-
ization (TE0) at the telecom C band in Figure S1 (Supporting
Information). Monolayer graphene is located on an optical
waveguide, with an Al2O3 dielectric inserted between graphene
and In2Se3, consisting of a vertical parallel-plate capacitor
(upper-right schematic in Figure 1c). In this device, optical
absorption tunability in graphene can be carried out by
regulating the direction and proportion of the ferroelectric
domain within In2Se3, thereby effectively altering the coupling
state within an MRR and achieving a nonvolatile electro-optic
response.
In2Se3 is a polymorphic material and exhibits numerous

crystalline phases such as α, β′, β, and γ phases.38,39 Among
these different phases, α-In2Se3 demonstrates inherent out-of-
plane ferroelectricity with reversible spontaneous polarization
verified in both theoretical calculation and experimental
observation.40 The Raman spectrum of multilayer In2Se3
(∼50 nm thick) excited at the wavelength of 532 nm displays
four characteristic peaks at 89, 104, 187, and 194 cm−1 (Figure
S5d (Supporting Information)), resulting from the phonon
vibration of E2, A1 (LO + TO), A1 (LO), and A1 (TO) modes,
indicating that the In2Se3 flake used in our experiment is
hexagonal α phase. Simultaneously, the X-ray diffraction
pattern in Figure S3 (Supporting Information) shows c-plane
peaks and high-order interplanar spacing, belonging to
hexagonal α-In2Se3.41 Furthermore, the exploited In2Se3 flake
exhibits strong second-harmonic generation in Figures S3b,c
(Supporting Information), which can be attributed to the
broken inversion symmetry of α-In2Se3. Additionally, an
apparent photoluminescence (PL) signal can also be observed
in Figure S3d (Supporting Information), showing a peak at the
wavelength of 863 nm, which corresponds to an optical
bandgap of approximately 1.44 eV. This optical bandgap is
larger than the photon energy at the telecom band, thereby
introducing a slight insertion loss in the hybrid optical
waveguide. Attentively, all In2Se3 flakes in this work are in
the hexagonal α phase.

Figure 1. Device geometry and operational mechanism. (a)
Schematics of the metal−ferroelectric oxide dielectric−semiconductor
(Fe-MOS) structure and semimetal−oxide−ferroelectric semiconduc-
tor structure (FeS-SMOS). The polarization-bound charges are
distributed inside the ferroelectric materials, and “P” represents the
polarization direction. (b) Tunable interband absorption in graphene
due to Pauli blocking, where it is almost transparent with electron
depletion (illustrated by the Fermi level far away from the Dirac
point), but it exhibits optical absorption at the intrinsic state when the
Fermi level aligns with the Dirac point. (c) Schematic of a nonvolatile
optical device based on a graphene/Al2O3/In2Se3 FeS-SMOS
structure on an MRR. The chart in the bottom right corner is the
magnified view of the overlapping region between FeS-SMOS and
MRR. The cross-section in the upper right corner diagram shows that
the Al2O3 layer is inserted between graphene and In2Se3 to construct a
parallel-plate capacitor.
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Subsequently, we characterized the ferroelectric properties
of multilayer In2Se3 flakes. First, mechanically exfoliated In2Se3
was transferred onto a Au film (illustration in Figure 2a) to
conduct characterization by piezoresponse force microscopy
(PFM). A sensible piezoelectric response can be observed for a
60 nm-thick In2Se3 flake according to the measured PFM
amplitude and phase versus voltage hysteresis loops (Figure
2a), demonstrating obvious ferroelectric polarization switching
driven by an external electric field, which is consistent with the
results in previous reports.27 After that, the In2Se3 FET was
prepared with a 15 nm-thick Al2O3 dielectric serving as a gate
insulator (bottom-gate configuration), and the detailed
information for the In2Se3 FET is shown in Figure S4
(Supporting Information). Transfer curves (Id−Vg) of a typical
In2Se3 FET (Figure 2b) under different sweeping gate voltage
(Vg) at a fixed source−drain voltage (Vd = 0.1 V) imply a high
on/off ratio over 105. Concurrently, the clockwise hysteresis
loop remains, and the memory window enlarges with the
incremental gate voltage, signifying that the degree of
ferroelectric polarization can be electrically tuned by different
Vg. After that, the endurance performance of nonvolatile
electrical memory was checked at the write/erase and read
voltages of ±10 and 0.1 V, and two stable states of LRS and
HRS can be observed (Figure 2c) as a result of polarity
switching of the polarization bound charge. These robust
measurements confirm the presence of out-of-plane ferroelec-
tricity in In2Se3, revealing the potential for nonvolatile optical
devices. Moreover, polarization stability in In2Se3 has been
validated in the previous report, showing a stable ferroelectric
polarization with a long retention time for practical
applications.42 Additionally, the transfer curve (Figure 2d) of
a graphene/Al2O3/In2Se3 shows a nonvolatile butterfly-like

dependence on gate voltage, indicating that the Fermi level in
graphene can be tuned by ferroelectric polarization in In2Se3.
We then designed a series of MRRs (diameter: 80 μm) with

different gaps between the straight waveguide and rings
ranging from 200 to 400 nm (with an interval of 50 nm) in
Figure 3a, whose transmission spectra have been characterized
in our previous report.43 Generally, chemical vapor deposition-
grown graphene is slightly p-doped and works as an optical loss
medium at the telecom band; thereby overcoupled and
critically coupling MRRs in the initial state are more suitable
for demonstrating graphene-integrated electro-optic modula-
tors. The obtained waveguide-integrated devices show a clean
appearance (Figure 3a), benefiting from minimal contami-
nation during both wet and dry transfer processes. Limited
fractures and wrinkles upon graphene were introduced during
the wet transfer process, proven by optical microscope images
in Figure S5a,b (Supporting Information). Simultaneously, the
absence of defect peaks in Raman indicates that atom defects
would not be generated during Al2O3 deposition by atomic
layer deposition (ALD) in Figure S5c (Supporting Informa-
tion), while there is slight interference of the doping level
proven by the reduction of the intensity ratio (I2D/IG).

44 The
high-magnification device configuration was conducted by
SEM in Figure 3b, showing an FeS-SMOS structure on the arm
of an MRR, and the In2Se3 thickness is about 44 nm in this
device in Figure S6a (Supporting Information). As expected, a
low loss of mode-mismatching can be observed in a Si/SiO2/
graphene/Al2O3/In2Se3 hybrid waveguide in Figure S1
(Supporting Information). Moreover, in-plane (Ex and Ez)
and out-of-plane (Ey) electric field components of TE0 modes
are depicted in Figure S1b,c,d (Supporting Information), and
obvious overlap between in-plane electric field components
and graphene ensures effective light−matter interaction.

Figure 2. Characterizations of ferroelectric properties. (a) Off-field piezoelectric force microscopy (PFM) amplitude and phase (illustration in the
upper-right corner); hysteresis loops of the In2Se3 flake (60 nm thick) on the Au substrate supported by the SiO2/Si substrate (illustration in the
bottom-left corner). (b) Transfer curves of a typical In2Se3 FET (Vd = 0.1 V). (c) Endurance characterization of the In2Se3 FET, with write, erase,
and read (Vd) voltages of ±10 and 0.1 V, respectively; two states are named low-resistance state (LRS) and high-resistance state (HRS). (d)
Transfer curve of a graphene/Al2O3/In2Se3 FET (Vd = 0.2 V). The blue, black, green, and yellow cubes in the illustration are the substrate,
graphene, Al2O3, and Cr/Au pad. In2Se3 is inserted between Al2O3 and the top gate electrode.
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Transmission spectra were then recorded over broad
wavelengths ranging from 1490 to 1575 nm. This MRR
coupling with a hybrid waveguide is undercoupled because a
larger ER is observed at the longer wavelength at the initial

state (Figure 3c). At Vg = −15 V, an ER dramatically increases
at those resonance wavelengths, and the largest ER becomes
blue-shift as well, indicating that optical modulation can be
operated across a wide wavelength range (Figure 3c) because
of the semimetal property of graphene. Actually, grating
couplers predominantly limit the optical bandwidth in this
work, and a larger optical bandwidth can be realized by
replacing the grating couplers with edge couplers. We then
characterized optical transmission under different gate voltages
(Figure 3d), where Al2O3 thickness is 22 nm in this device.
Theoretically, graphene obtains a higher hole concentration
with the larger absolute value of negative gate voltage (smaller
than the breakdown voltage), and thus, small optical
absorption is realized in this condition. Therefore, an MRR
operates from an undercoupled (0 V) to a critically coupled
condition (−12 V) and then to an overcoupled condition
(−15 V), with ER first increasing and then decreasing,
implying that the proposed FeS-SMOS structure is capable of
obtaining a tunable optical response. Simultaneously, the slight
resonance wavelength shift is primarily attributed to a non-
monotonic electron-refractive response45 and an electron-
refractive response induced by polarization variation in In2Se3.
A similar electron-refractive response in ferroelectric dielectrics
has been observed.46 Additionally, electrostatic doping heavily
depends on the capacitance value, which can be expressed as C
= ε×S/d, where ε, S, and d are the dielectric constant, size, and
distance of a parallel-plate capacitor, respectively. Therefore,
the thickness of the Al2O3 dielectric is reduced to optimize the
tunable efficiency via an electrostatic field, and a smaller Vg for
optical modulation can be obtained when the Al2O3 dielectric
is 15 nm thick, as shown in Figure S6a (Supporting
Information).

Figure 3. Tunable optical transmission. (a) Optical microscope image
of the MRR array. A typical MRR-integrated graphene device is
marked in the red rectangle. (b) A false-color high-magnification
result characterized by scanning electron image (SEM). Blue, purple,
and yellow regions represent In2Se3, graphene, and metal pads,
respectively. A slight color difference between the two metal pads is
induced by Al2O3 covering the right metal pad. (c) Optical
transmission variation over a broad wavelength from 1490 to 1575
nm at Vg = 0 V and −15 V, respectively. (d) Tunable transmission
around 1550 nm, with the applied Vg varying from 0 to −15 V. Al2O3
thickness in this device is 22 nm.

Figure 4. Nonvolatile functionality and mechanism. (a) Nonvolatile optical transmission based on the FeS-SMOS structure integrating with an
MRR. The thickness of the Al2O3 dielectric is 15 nm in this device. (b) ER and quality (Q) factor variations at ∼1506 nm under different bias
voltages. The two marked points by green and claret rings correspond to the ER and Q factor at the initial state. The green and red arrows represent
the direction of the Vg change. Vg shifts from 0 to −10 V, and from −10 to 10 V, and then from 10 to 0 V, respectively. Vg’s duration and
measurement interval are 27 and 120 s, respectively. (c) Schematics for the working mechanism of nonvolatile adjustability of the Fermi level in
graphene. (ii) Ferroelectric field has little impact on graphene in the initial condition, (i), and electron depletion occurs with the direction of
polarization pointing to the left region. (iii) In contrast, electron accumulation occurs in the opposite direction of ferroelectric polarization.
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The nonvolatile optical property was then experimentally
checked. A typical MRR with an ER of 20.3 dB at ∼1506 nm in
the initial state is adopted (Figure 4a), and the In2Se3 thickness
is 45 nm in this device in Figure S6b (Supporting
Information). At Vg = −10 V for a graphene/Al2O3/In2Se3
FeS-SMOS device, induced carriers excited by a synergistic
effect of the electrostatic field and ferroelectric polarization
result in electron depletion in monolayer graphene, thus
bringing about smaller optical absorption. Under the circum-
stance, the diminished optical loss in the cavity makes an MRR
vary from the critically coupled condition to the overcoupled
condition, accompanied by ER decreasing from 20.3 dB to 9.5
dB (Figure 4a). Quite significantly, ER rises from 9.5 dB to
13.3 dB when the gate voltage changes from −10 to 0 V
(Figure 4a), which is different from that in the initial condition,
demonstrating the nonvolatile optical transmission. The
difference in optical transmission between the initial condition
(marked “0 V” in Figure 4a) and that under polarization
pointing to graphene (marked “0 V_−10 V” in Figure 4a) is
primarily attributed to the different electron concentration on
graphene induced by the out-of-plane ferroelectric polarization.
Additionally, optical transmission spectra under different
conditions are collected to illustrate nonvolatile functionality
in Figures S7b and c (Supporting Information), in which the
optical transmission in an MRR is determined by both the
current and the former applied gate voltage.
Significant parameters, including ERs and Q factors, were

also measured to concretely reveal the nonvolatile character-
istics. During the characterization of optical transmission, Vg
changes from 0 V to −10 V, then increases from −10 V to 10
V, and finally returns from 10 V to 0 V. Intriguingly, the
variable tendency of ER and Q on the gate voltage axis (Figure
4b) indicates the nonvolatile optical property, similar to that of
current hysteresis loops (Figure 2c), which is principally
attributed to tunable optical loss in an MRR driven by the out-
of-plane ferroelectric polarization in In2Se3. Specifically,
polarization-bound charges reassemble chaotically at the initial
conditions (ii in Figure 4c). Thus, the electrostatic field in this
FeS-SMOS structure primarily contributes to the carrier
concentration variation in graphene as Vg shifts from 0 to
−10 V, simultaneously leading to Q increasing from 1.7 × 104
to 2.4 × 104. On the contrary, robust ferroelectric polarization
within In2Se3 is generated via the excitation of an external
electrostatic field (Vg = −10 V), thereby carrier concentration
in graphene controlled by the conjoint interaction of an
electrostatic field and ferroelectric polarization with Vg varying
from −10 to 0 V (i in Figure 4c). The above-mentioned
description is consistent with the changes in ER and Q in
Figure 4b. For instance, the contribution of electrostatic
doping at −4 V (for that Vg starting from 0 V and from −10 V)
is almost the same, but the D value ER and Q in these two
states is 11.7 dB and 6.4 × 103 as a consequence of different
ferroelectric polarization. Furthermore, ferroelectric polar-
ization switching can be obtained by a reverse applied voltage
larger than the threshold voltage to shift the polarity of the
polarization bound charge, thus leading to electron accumu-
lation in graphene (iii in Figure 4c). Therefore, optical loss
gradually increases with electron injection in graphene under a
positive gate voltage, accompanied by the reduced Q and
increased ER, when Vg rises from 0 to 10 V. The asymmetric
characteristics of ER and Q (Figure 4b) can be mainly
attributed to the asymmetric graphene optical absorption
change about the gate voltage at the telecom band as a result of

the p-doped property.7 In other words, smaller optical
absorption can be realized for p-type graphene than that of
n-type counterparts with the same doping concentration.
Additionally, a slight nonvolatile shift of resonance wavelength
(Figure S8) can be observed, which is probably attributed to
refractive index variation induced by different ferroelectric
polarization in In2Se3

47,48 and refractive response in graphene
by ferroelectric doping.49

In summary, we observed the nonvolatile electro-optic
response by integrating MRRs with a graphene/Al2O3/In2Se3
FeS-SMOS structure, which benefits from both the out-of-
plane ferroelectric polarization in In2Se3 and tunable optical
absorption in graphene because of Pauli blocking. In such
hybrid devices, polarization switching of inner In2Se3 can be
triggered by an external electrical field, and then the robust
polarization can tune carrier concentration upon graphene,
thus bringing about a measurable variation in optical
absorption and a nonvolatile electro-optic response. The
obtained nonvolatile functionality can significantly expedite
and expand large-scale integrated photonic circuits for
emerging applications, such as optical neural networks with
low power consumption. Further development of nonvolatile
ferroelectric optical devices probably involves minimizing the
resistance-capacitance value in the FeS-SMOS structure and
exploring alternative architectures, such as ferroelectric
tunneling junctions, for superior efficiency.
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