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Electro-optic modulators provide the electrical control of the intensity, frequency, and phase of an optical signal. They
became an indispensable part of our telecommunication network and largely dictate the achievable data bandwidths.
Novel active material platforms and recent advantages in fabrication and processing techniques enabled the next gen-
eration of electro-optic modulators featuring significantly improved performance in the relevant device metrics, i.e.,
modulation efficiency, bandwidth, wavelength range of operation, device footprint and environmental stability. Here,
we overview recent achievements of electro-optic modulation, consider tradeoffs between the performance matrices,
and conduct assessment of electro-optic modulators based on the relevant nanophotonic device configurations and ma-
terial platforms. We highlight the fundamental limitations and practical challenges for different electro-optic materials
employed in photonic and plasmonic device platforms.

I. INTRODUCTION

Electrical manipulation of optical signals (referred to as
electro-optic modulation) is indispensable for optical inter-
connects, sensing and quantum technologies1–4. Electro-optic
modulators can perform modulation of the amplitude, phase,
frequency and/or polarization of an optical carrier. It re-
quires an electro-optic effect, which implies the occurrence
of changes in the optical properties of an active medium in re-
sponse to an applied electric signal. Among various physical
effects that can be employed, the Pockels effect is most com-
monly used for optical modulation in the telecommunication
technology due to its practically instantaneous response, en-
abling high speed operation. The Pockels effect, also known
as the linear electro-optic effect, describes a modification of
the refractive index in a nonlinear material, whose magnitude
is proportional to the field strength of an externally applied
electric field. In traditional device platforms, the achievable
changes of the refractive index are small, and thus, either large
applied voltages or long interaction lengths are required to ob-
tain sufficient modulation of the optical signal. At the same
time, long interaction lengths imply not only large device
footprints but also large capacitance of controlling electrode
configurations and therefore limited modulation bandwidths.
Responding to insatiable demands for high-bandwidth and
densely integrated optical components, one would inevitably
look beyond the conceptual architecture of present modula-
tor devices for improving their performance in terms of effi-
ciency, compactness, speed and energy consumption.

Recent advances in material and nanoscale fabrication tech-
niques enabled novel types of electro-optic modulators capa-
ble of overcoming performance limitations of the past (Fig 1).
In particular, nanophotonic technologies represent a qualita-
tive leap forward in the design of future optical communica-
tion systems, addressing the growing demand for increased in-
tegration density and device performance. The nanophotonic
configurations bridge the size mismatch between micrometer-
scale bulky components of photonics and nanometer-scale
electronic chip, enabling optoelectronic components that fea-
ture enhanced device efficiency, smaller device footprints,

higher bandwidths, and lower power consumption. Specif-
ically, plasmonics as a separate branch of nanophotonics,
which employ surface plasmon-polariton modes for opti-
cal signal transmission, brings unprecedented bandwidth and
miniaturization potentials by virtue of carrying optical signals
and electric currents through the same metallic circuitry5.

In this focused review, we provide an overview of the
present state of integrated nanophotonic Pockels modulators,
with a particular emphasize on discussing relevant material
platforms and nanophotonic device configurations. We briefly
outline diverse physical phenomena used for the electro-optic
modulation in integrated nanophotonics, with a stronger fo-
cus on the (most widely used) Pockels effect. After introduc-
ing common figure of merits characterizing the performance
of electro-optic modulators, we comparatively assess vari-
ous nanophotonic modulators implemented in different Pock-
els material platforms and discuss on perspectives for further
progress in nanophotonic Pockels modulators and their near-
future applications. Complementary information can be found
in recent review publications6–11, which cover electro-optic
modulation in integrated nanophotonics and plasmonics.

II. ELECTRO-OPTIC MODULATION

Depending on the manipulated optical properties in the ma-
terial, the optical manipulation can be categorized as electro-
absorptive or electro-refractive modulation. For both types,
an active material that alters its complex index of refraction
needs to be introduced: absorptive modulation relies on elec-
trical tuning of the imaginary part of the refractive index of an
optical material (Δn′′), while the refractive modulator oper-
ates by changing the real part of the refractive index (Δn). As
Kramers-Kronig relations interrelate the real and imaginary
parts of the refractive index, we distinguish in this classifica-
tion according to dominant effect on the electro-optic opera-
tion of a device.

Electro-absorptive modulation used in nanophotonic device
platforms rely e.g. on the Franz–Keldysh effect12, quantum
confined Stark effect13, gate-induced band-filling (i.e. Pauli
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FIG. 1. Development of the efficiency metric Vπ L, which is the prod-
uct of the interaction length L and the half-wave voltage Vπ (i.e., the
voltage required to shift the optical phase by π), and capacitance C
of solid-state electro-optic modulators over the last 30 years. The
size of the symbol indicates the capacitance C, limiting the speed
of operation to maximum 30 GHz for C < 100 fF and 300 GHz for
C < 10 fF at a resistive load of 50 Ω. The color and shape of the
symbol indicates the material platform the particular device relies
on. The considered ferroelectric material platforms are bulk lithium
niobate (LN)17–23, thin film LN24–26, barium titanate27–30, zirconate
titanate31 and electro-optic (EO) polymers32–37.

blocking)14 or the electrochemical metallization effect in pho-
tonic memristors15,16. Due to the nature of the employed
physical effects, modulators of electro-absorption type are
limited to modulate the intensity of an optical carrier, only.

To establish more degrees of freedom for the manipula-
tion of light, electro-refractive modulators are used to imple-
ment phase, intensity, frequency or polarization modulation
via phase sensitive devices such as interferometers, directional
couplers or resonators. There are several physical phenomena
that can be exploited for the realization of electro-refractive
modulation.

The thermo-optic effect describes the modification of the
refractive index which arises from a temperature variation in
the optical material, e.g. due to the change in the material
density or polarizability. The variation is characterized by
the thermo-optic coefficient dn/dT , where n and T are the
refractive index and the temperature in Kelvin, respectively.
Light that travels through this medium will undergo a phase
shift caused by temperature gradients, thus forming the ba-
sis of various thermally-tuneable optical switches integrated
in photonic38–41 and plasmonic platforms42–49. The thermo-
optic coefficients are generally small (in the order of 10−3

K−1 to 10−6 K−1) for the most applicable materials50,51, thus
devices relying on the thermo-optic effect require large foot-
prints (> 300 μm2). Generally, this effect provides only mod-
erate switching times of a few microseconds and relatively
high power consumption due to heat diffusion processes.

A medium can also experience an abrupt structural phase
transition leading to substantial refractive index changes. This
phenomenon, referred to phase change effect, can provide
enormous changes of the real and imaginary part of the re-

fractive index in the order of unity, when a material’s tem-
perature is brought to the transition temperature Tc, where
a phase change occurs. Prominent materials used for inte-
grated plasmonic devices are germanium antimony telluride
(Ge2Sb2Te5) and vanadium dioxide (VO2), where switching
is induced by local heating of the material, either optically or
electrically52,53. The high electrical energy consumption and
the operation at only moderate speeds (∼ μs) in those devices
are the major disadvantages that determine a narrow scope of
application of this effect.

The plasma dispersion effect represents an optoelectronic
phenomenon which is widely used for high speed phase mod-
ulation in silicon photonic circuits54. This effect is related
to the density of free carriers in a semiconductor, which can
be tuned by voltage-induced free carrier injection. Follow-
ing to the Drude model55, a varying carrier concentrations
translate to a change in refractive indices in a medium which
is employed to manipulate the optical properties of light.
The response speeds are only limited by the carrier diffusion
times in the injection region and are in the order of nanosec-
onds, which complies with current switching requirements in
CMOS-compatible telecommunication applications and be-
came commercially deployed for optical interconnects56. The
class of transparent conductive oxides, including Indium-tin-
oxide (ITO) deploys the plasma dispersion effect for efficient
electro-optic modulation in integrated photonic platforms57.
Contrary to silicon, ITO promotes strong changes in the ab-
sorption by altering the permittivity between negative and pos-
itive values at its epsilon-near-zero (ENZ) regime58,59.

The Pockels effect represents a most-widely used phe-
nomenon in the realization of fast electro-optic modulation
for telecommunication applications and forms the focus of
this review. This effect refers to the change in the birefrin-
gence of a medium which varies linearly proportional to the
applied electric field and originates from the reorientation of
electric dipoles in the material. Commonly used electro-optic
materials exhibiting the Pockels effect are lithium niobate
(LiNbO3, LN), barium titanate (BaTiO3, BTO) or electrically
poled polymers. The impact of the external electric field on
the change of the refractive index in a medium is governed by
the nonlinearity of the material, i.e. the higher-order suscepti-
bility coefficients in the polarization

Pi = ε0

(
∑

j
χ(1)

i j E j +∑
jk

χ(2)
i jk E jEk +∑

jkl
χ(3)

i jklE jEkEl + ...

)
,

(1)
of a material where χ(n) is the nth-order susceptibility, which
is a tensors of rank (n + 1) and subject to symmetry con-

straints. For isotropic media (χ(2) = 0), third-order nonlinear
processes, such as the optical Kerr effect, exist. The Pockels
effect is a second order nonlinear effect, which implies that
it occurs only in non-centrosymmetric media. This second-
order term is described by

Pnl
i = ∑

j,k
χ(2)

i jk E jEk , (2)

with the electric susceptibility tensor χ(2)
i jk , having 33 = 27

components, not all of which are independent of each other.
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The susceptibility tensor χ(2)
i jk is connected to the electric per-

mitivity tensor εi j by

εi j = ε0

(
δi j +χ(1)

i j +∑
k

χ(2)
i jk Ek

)
, (3)

with the direction indices i, j,k, the electrostatic field Ek along
direction k. In the literature60, the electro-optic tensor ri jk is
commonly stated and its relationship with the susceptibility
tensor is defined by

χ(2)
i jk =−

(
1+χ(2)

ii

)(
1+χ(2)

j j

)
ri jk (4)

The modification of the electric susceptibility of the medium,
and consequently its refractive index, can then be described
by

Δ
(
n−2

)
i j = ∑kri jkEk . (5)

Following the abbreviated notation for symmetric second-
order tensors61, the number of electro-optic coefficients can be
reduced according to ri jk = rhk, where symmetry arguments
simplify the electro-optic (Pockels) tensor rhk to just a few
non-zero elements.

For materials exhibiting the trigonal symmetry point group
3m (e.g. LiNbO3, LiTaO3) the Pockels tensor is given in the
contracted Voigt notation by

rhk =

⎛
⎜⎜⎜⎜⎜⎝

0 −r22 r13

0 r22 r13

0 0 r33

0 r42 0
r42 0 0
−r22 0 0

⎞
⎟⎟⎟⎟⎟⎠ , (6)

where the relations between the Pockels coefficients, e.g.
r22 = −r12 = −r61 and r41 = r51, are exploited. The corre-
sponding index ellipsoid in the presence of an electric field
E = (Ey,Ey,Ez) is given by

(
1

n2
x
− r22Ey + r13Ez

)
x2 +

(
1

n2
y
− r22Ey + r13Ez

)
y2

+

(
1

n2
z
− r33Ez

)
z2 +2r42Eyyz+2r42Exxz+2r22Exxy = 1 .

(7)

When the direction of the electric field aligns with the optic
axis (z-axis), the index ellipsoid can be reduced to

(
1

n2
x
+ r13Ez

)
x2 +

(
1

n2
y
+ r13Ez

)
y2

+

(
1

n2
z
− r33Ez

)
z2 = 1 .

(8)

By assuming the changes of the refractive index to be small,
the expressions for the refractive index in the particular axes

lead to the simplified and well-known Pockels equations (ap-
plicable for 3m symmetry point group materials)

nx = ny ≈ no − 1

2
n3

or13Ez

nz ≈ ne − 1

2
n3

er33Ez .

(9)

Note that the piezoelectric contributions to the optical re-
sponse of the material (due to lattice deformation introduced
by the external electric field) give rise to a distinction between
unclamped (stress-free) and clamped (strain-free) electro-
optic tensors. Considering a dynamically changing electric
field, the contribution of the piezoelectric crystal deforma-
tion to the electrically-induced birefringence is dictated by the
speed of the field variation. At low modulation frequencies
(∼ kHz), the crystal is free to mechanically deform by the
piezoelectric effect. Then the unclamped electro-optic ten-
sor, denoted as rT

hk, should be used to determine the electro-
optic response of the material. At higher operation frequen-
cies (∼ GHz), above the fundamental acoustic resonances of
the crystal, the material does not undergo piezoelectric re-
sponses, since lattice deformation is excluded by the inertia
of the crystal. The response is then described by the clamped
electro-optic tensor, denoted as rS

hk. For the sake of avoiding
confusion and the relevance in high speed-applications, in the
following the electro-optic coefficients rhk correlates with the
strain-free coefficient rS

hk.

The Pockels effect, which provides femto- or attoseconds
response times62, is particularly well-suited for achieving
high data rate operation in communication technologies, as
the modulation bandwidth is often only limited by the RC
time constant of the driving electrodes in a modulator device.
Given the importance of high-speed optoelectronics for fu-
ture technologies such as high-bandwidth telecommunication,
quantum nanophotonics or artificial neural networks, in this
review, we devote our attention to electro-optic modulation
systems utilizing the Pockels effect and we provide a detailed
comparison between the Pockels materials in nanophotonic
applications in section III.

A. Device architectures and performance metrices

Due to the electro-optical modification of the refractive in-
dex in a Pockels material, light undergoes a controllable mod-
ulation in its optical phase as it travels through the medium.
This is utilized in electro-optic devices, while the exact de-
vice architecture depends on the specific application. Firstly
developed modulator devices were Pockels cell type modula-
tors, consisting of a bulk crystal of an electro-optic material
with electrodes located at two parallel crystal surfaces (Fig.
2a). Applying a voltage across those electrodes modulates the
refractive index and the laser beam passing through the crystal
experiences a phase shift. Accordingly, the required voltage
Vπ to achieve a phase shift of π is dictated by the crystal di-
mension, e.g. the length L the beam travels through the crystal
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FIG. 2. Comparison of the integration density and optical |E|-field distribution at λ = 1.55 μm for free-space modulators and integrated
waveguide platforms shows the trend towards further miniaturization of lithium niobate (LN) modulators. From the early success of Ti-
diffused waveguides in integrated lithium niobate modulators, recently developed LN ridge waveguide drastically decreased the mode size,
and therefore improved the overall device performance of electro-optic modulators. Plasmonic lithium niobate modulators elegantly unify the
driving electrode with the optical waveguide, enabling exceptionally compact and efficient device performances.

and the spacing d between the parallel electrodes, and there-
fore follows the equation

Vπ =
dλ

2r33n2
oL

. (10)

Low driving voltages therefore require narrow electrode spac-
ing d and an increased length L of beam propagation through
the crystal. Considering the inherent beam divergence of a
focused Gaussian beam, d can only be reduced for a certain
length when the beam waist is narrow, before it diverges again.
This fundamental limitation in device efficiency of free-space
light interconnections has led to the continuing development
of on-chip integrated modulator technologies in which inte-
grated optical waveguides are utilized to maintain high op-
tical confinement within a small cross-section over its entire
length (Fig. 2b-d). The importance of scalability for achieving
higher modulation efficiency becomes increasingly apparent,
which encourages a continuing miniaturization of integrated
optical waveguides, reviewed for different material platforms
in this review (Section III).

For integrated electro-optic modulators, the simplest type
of device is a phase modulator containing only one single op-
tical waveguide and driving electrodes. The optical signal is
inserted into the phase shifter, where the refractive index of
the waveguide medium in which the optical signal propagates,
is modulated by an electric field introduced by biased elec-
trodes. For a guided optical mode, the modification of the
propagation medium leads to the difference Δβ = βon −βo f f
in the propagation constant between the ON (βon) and OFF
(βo f f ) states of the modulator. The length along the propaga-
tion direction where the modulation occurs, is naturally con-
nected to the length of the electrodes, which also defines the
length L of the phase shifter. Then, the optical carrier phase
shift introduced by the Pockels effect is

Δφ(V ) = Δβ (V )L , (11)

where V is the voltage applied on the electrode. From Eq. 11 it
is evident that the strength of phase modulation depends on the

electro-optic response introduced by the applied voltage and
the device length (Figure 3a). A low voltage-length product
means that a shorter interaction (device) length is required at a
certain voltage Vπ to achieve at phase shift of π . Conversely, a
shorter device requires a larger modulation voltage due to the
smaller length of interaction with the electro-optic material.
Hence, there is a trade-off between driving voltage and device
footprint. The modulated (optical) electric field at the output
can be described by

E(V ) = E0ei(ωt−Δφ(V )) . (12)

The electro-optically induced phase delay alone does not
affect the intensity at the device output. There are three
ways of converting an electro-optically induced refractive in-
dex change into modulation of the optical intensity. Firstly,
a phase modulator placed in one branch of an interferometer
can perform intensity modulation when the modulated signal
interferes with a reference signal. By changing the refrac-
tive index in the medium of two interfering waveguides, the
phase shift introduced on one waveguide relative to the refer-
ence waveguide, leads to constructive or destructive interfer-
ence after the waveguides are recombined. Commonly, Mach-
Zehnder interferometers (MZM) are used, in which light is
split into two well-seperated interferometric waveguide arms
(Figure 3b). If the MZM consists of one electro-optic phase
modulator placed in one of the interferometric arms, then the
optical electric field at the output can be described by

E(V ) =
E0

2

(
ei(ωt−Δφ(V )) + eiωt

)
. (13)

Due to the interfering electric fields, the applied voltage will
change the intensity accordingly, thus resulting in intensity
modulation described by the transfer function at the device
output

I(V ) =
I0

2

(
1+ cos

(
V
Vπ

π
))

. (14)

It is clear that the quantity Vπ denotes the voltage required
to modulate from high optical intensity (maximum transmis-
sion) to zero intensity (minimum transmission) or vice versa,
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which is also referred as driving voltage. Some MZM al-
low push-pull operation, where the voltage is applied across
both arms with equal magnitude but opposite sign with re-
spect to each other. Then the interferometer arms experience
opposite phase retardance, which allows to achieve a π-phase
difference in their interferometer arms at smaller interaction
lengths. In fact, the push-pull operation improves the device
efficiency by reducing the required length by a factor of 2,
when compared with single-arm operation at the same driving
voltage.

An alternative approach of converting a change of refrac-
tive index into intensity modulation, is by utilizing a direc-
tional coupler consisting of two closely spaced waveguides,
where a phase modulation impacts the coupling characteris-
tics of the propagating optical modes (Figure 3c) . In a con-
ventional directional coupler switch, when the input signal
is initially present in only one waveguide, the optical signal
will cross over to the adjacent waveguide once the interac-
tion length coincides with the coupling length. By applying a
voltage, the coupling characteristics change and optical power
can be transferred back to the opposite waveguide. The be-
havior of the intensity distribution in the output channels as
a function of the change in the propagation constants is not
as intuitive as in an interferometric system, but can be ana-
lytically described by the coupled-mode theory63. Note, that
a directional coupler switch is inherently less efficient than a
MZM. The voltage that needs to be applied is larger than Vπ
to fully switch the power, i.e. performing the transition from
minimum to maximum power in one output channel. For a
conventional directional coupler switch, the required voltage
for full switching corresponds to

√
3Vπ , while for a directional

coupler which is fed with equal power distribution in the input
channels22, the required switching voltage is

√
2Vπ .

Another way of transitioning Pockels modulation into in-
tensity modulation employs cavity enhancement in ring res-
onator architectures (Figure 3d). By electro-optically chang-
ing the resonance condition, the device can be switched on-
and off-resonance at a given operation wavelength. A com-
monly used figure of merit for resonator-based modulators
states the electro-optic shift Δλ/ΔV of the resonance in pm/V.
The resonator-based approach has the advantage of reducing
the driving voltage due to a high quality factor Q in the res-
onator, but concurrently comes at the cost of a narrow spectral
range as the operating wavelength aligns with the resonance
linewidth, which is typically smaller than a few nanometers.
It is also to be noted that high Q resonators have a long cavity
photon lifetime (∼ ns), which limits the rate at which opti-
cal power can be injected or extracted, so that the modulation
speed is intrinsically limited by the photon lifetime.64

The overall performance of those devices is dictated by
the efficiency of the basic structural framework, namely the
electro-optic material and the waveguide composition, of
which the individual modulator architecture is build of. Gen-
erally, this includes that the performance not only depends on
the Pockels coefficients of the material embedded in the de-
vice, but also on the light-mater interaction dictated by the di-
mensions of the waveguide and the incorporated confinement
of light to the active electro-optic material and the electro-
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FIG. 3. Schematic of waveguide-based electro-optic modulators.
The simplest type of electro-optic modulator is a phase modulator
(a), which forms the basis for amplitude modulation accomplished
by embedding phase modulation in Mach-Zehnder interferometers
(b), directional couplers (c) or ring resonators (d).

optic field overlap. In this context the half-wave voltage-
length product Vπ L has emerged as a useful figure of merit.
An ultimate goal of a modulator design is to achieve the small-
est possible Vπ L (i.e. smallest footprint with the least re-
quired voltage). A reduced voltage-length product leads to
further performance benefits with respect to modulation band-
width and energy consumption. As shorter interaction lengths
needed for a certain depth of modulation in devices with low
voltage-length products lead to a smaller device capacitance
C (due to a decreased electrode area), which determines the -3
dB cutoff point of the frequency according to

f−3dB =
1

2πRC
, (15)

with the resistive load R. Similarly, the small capacitance
combined with low required driving voltages leads to low
electric power consumption per bit according to65

Ebit =
1

4
CV 2 . (16)

By utilizing nanophotonic waveguides as the fundamental
structural basis for the realization of electro-optic devices, the
performance metrices are typically improved due to strong
optical confinements and a large field overlap between op-
tical and electrostatic field. In particular, plasmonic waveg-
uides in which light is guided as a surface plasmon polariton
(SPP) at metal-insulator interfaces has been proven to pro-
vide light confinement well below the diffraction limit which
further leads to strong light-matter interactions. Addition-
ally, plasmonic circuitry offers the opportunity of transmit-
ting optical signals and electrical signals in the same metal-
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lic structure, thereby enabling the realization of ultracom-
pact optoelectronic devices capable of achieving the opti-
mal overlap between the highly-confined optical and electro-
static fields which significantly improves optoelectronic de-
vice efficiencies22,35,37,66.

The decreased mode confinement in nanophotonic waveg-
uides comes at a price of increased internal optical trans-
mission losses attributed to scattering losses due to the sur-
face roughness in dielectric waveguides or ohmic losses (i.e.,
absorption by the metal) and radiation losses in plasmonic
waveguides. The typical propagation loss of SPPs is in the
range of 0.5 dB/μm which is significantly higher than the
losses in nanophotonic waveguides far below 1 dB/cm. The
losses in integrated optics are commonly stated as optical in-
sertion loss IL, which measures the loss of optical power re-
sulting from inserting the device into the photonic circuit. In
the literature of integrated photonics, this is often involving
the contributions from propagation losses α rather then the
total losses that come along with insertion. The losses ac-
cociated to coupling into the active nanophotonic component
(which can even be the dominant source of loss) are often ex-
cluded from this parameter since the coupling structure can
be treated independently with its own performance specifica-
tions. Generally, the propagation loss in integrated nanopho-
tonics underscores the importance of improving the electro-
optic device efficiency, which permits shorter devices to be
employed for the same operation voltage. To evaluate the
device performance, also with respect to its insertion losses,
the half-wave voltage-length-loss product Vπ Lα , commonly
stated in VdB can be applied. Accordingly, it specifies Vπ
with an insertion loss of 1 dB, or the insertion loss IL = αL
at a specific voltage, to achieve a π phase shift. Undoubt-
edly, for plasmonic waveguides the ohmic losses will drasti-
cally contribute to the insertion loss which represents a fun-
damental limit for long interaction lengths. However, the in-
creased electro-optic efficiency in plasmonic platforms can al-
low practical devices at much shorter interaction lengths, in
fact, the improved performance enabled by plasmonics can
even overcompensate for the increased propagation loss in
certain applications.

III. STATE-OF-THE-ART POCKELS MATERIALS AND
MODULATORS

The choice of the ferroelectric material exhibiting the Pock-
els effect will depend strongly on the specific application and
certainly no single material will provide the best performance
for all modulation applications. Therefore, we review the ad-
vances in nanophotonic electro-optic modulators, based on
the Pockels material they employ. Emerging highly nonlinear
materials such as two-dimensional material heterostructures
have the potential to establish efficient modulator platforms
in the future78. Here, we focus on the Pockels materials that
have proven their applicability in nanophotonic applications.
Those materials are lithium niobate, electro-optic polymers,
and the two perovskite titanates, i.e. barium titanate and lead
zinconate titanate. The physical propeties of these materials

are summerized in Table I.

A. Lithium niobate

The most common and extensively studied Pockels mate-
rial is lithium niobate which is the material of choice for most
electro-optic applications. Over the last three decades, this
inorganic and artificially synthesized material is employed in
optoelectronic devices, and to this date, optical modulators
for communications rely almost exclusively on this material.
The reason for the continuing success of lithium niobate in
optoelectronic applications is not because it exhibits the best
properties regarding electro-optic activity, stability or process-
ability, rather it provides a reasonable compromise of all the
important attributes for practical applications79.

While first synthesized and described by Zachariasen80 in
1928, the crystals were too small, expensive and poor in opti-
cal quality to be practically used until 1965, when Ballman81

reported on the melt growth of large (> 10 cm) LiNbO3

crystals using the Czochralski method82. Below its high
Curie temperature of 1100 ◦C, LiNbO3 is in its ferroelec-
tric phase, exhibiting a trigonal crystal system with the non-
centrosymmetric point group symmetry 3m. It is a mechan-
ically robust and chemically stable material that possesses a
Mohs hardness of 5.5. The optical band gap at room temper-
ature varies in the literature, stating values between between
3.57 eV83 and 4.7 eV84. Lithium niobate exhibits negative
birefringence with the principal ordinary and extraordinary re-
fractive indexes no = 2.211 and ne = 2.138, at λ = 1.55μm,
respectively85. It stands out with a wide optical transparency
window (0.35-4.5 μm), and is thus well suited for application
with operation wavelengths ranging from the visible to the
mid-infrared. The relative dielectric constant εr (determin-
ing the capacitance of a modulator device and consequently
its operation bandwidth and power consumption) is small in
LiNbO3 compared to other inorganic Pockels materials (Table
I). The electro-optic Pockels coefficients are r22 = 6.7 pm/V,
r13 = 10.9 pm/V, r33 = 34 pm/V and r42 = 32 pm/V. Lithium
niobate crystal wafers can be commercially purchased in three
common crystal orientations, namely the x-, y- and z-cuts,
corresponding to the crystallographic planes defined by the
Miller–Bravais indices (21̄1̄0), (11̄00) and (0001), respec-
tively. By choosing the crystal orientation with respect to the
direction of the modulating electric field, the change in the
refractive index can be maximized by exploiting the highest
electro-optic coefficient r33. For instance, a configuration in
which the electric field is oriented along the out-of-plane di-
rection of the crystal surface, x-cut lithium niobate with the
principal axes of the crystal (optic axis) oriented perpendicu-
lar to the surface normal, maximizes the electrically-induced
optical birefringence. A significant drawback of this material
relevant in certain applications is its susceptibility to photore-
fractive damage, induced by modest intensities (20 Wcm−2)
of light with wavelength around 500 nm, and therefore pre-
vents high power application at visible wavelengths.86 Above
the wavelength of 800 nm, this effect is negligible which
makes the material suitable for telecommunication applica-
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TABLE I. Comparison of the Pockels materials employed in nanophotonic applications. If not stated otherwise, the values for the physical
properties are taken from the reference in which they have been employed as active material in a nanophotonic application (last column). While
the optical and electro-optical properties are retained in LN thin-films12, the properties might vary significantly in BTO, PZT and polymer
thin-films depending on the film composition and/or processing conditions. The strain-free (clamped) relative permittivity εS

r = εr is stated,
relevant for high-speed applications. The relative permittivities of the majority of electro-optic polymers is not stated in the references, but are
expected to be relatively small (εr ∼ 2-5).

Material r33 n at εr TC or Tg Nanophotonic

[pmV−1] λ = 1.55μm (strain-free) [◦C] application

LN 31 no = 2.22 ε33 = 28 1140 26,67,

no = 2.14 ε11 = 85 22

BTO 103 no = 2.30 ε33 = 56 120 30,68

no = 2.27 ε11 = 220069

PZT 67 ≈ 2.3 500-1200070 18070 31

EOP DR1 1871 1.48 2.7-3.472 105 73

EOP M3 70 1.68 n/a 168 34,74

EOP YLD-124 100 1.58 n/a 80-100 36,37,75,76

EOP DLD-164 180 1.83 n/a 6677 35

tions with very good optical damage resistance87.

Conventional integrated LN modulators incorporate opti-
cal waveguides formed by in-diffusion of titanium or proton
exchange in bulk lithium niobate (Fig. 2b)88–91. The local
perturbation of the crystal results in a refractive index con-
trast (Δn = 0.05) defining a waveguide core. The low index
contrast between waveguide core and cladding results in poor
mode confinement, which is limiting for electro-optic interac-
tion in a modulator device. The driving electrodes are either
directly over the waveguide structure with a low-index buffer
layer in-between, or adjacent to the optical waveguide as co-
planar electrodes far apart (approximately 10 μm) from the
optical waveguide. Due to these fundamental limitations, typ-
ical phase half-wave voltage-length products of electro-optic
devices formed by in-diffusion or proton exchange waveg-
uides are in the range of 10 Vcm, which translates to cm-long
device lengths at driving voltages of several volts. The op-
eration bandwidths is limited to up to 35 GHz, mainly due
to the long device length which increases the device capac-
itance and the mismatch between the driving RF signal and
the optical wave. While those conventional LN devices based
on weakly-bound waveguides have been the standard choice
for telecommunication links in the past, they cannot meet the
growing demand on higher efficiency, smaller footprints and
higher data bandwidths due to the fundamental performance
limitations.

The recently established advances in LN material process-
ing and the commercialization of thin film LN, providing ar-
bitrary crystal orientation on low-index substrates, enabled
the possibility to construct high-performance electro-optical
modulators in previously inaccessible realms. Using this plat-
form, various novel and more efficient modulator configu-
rations could be demonstrated. The first devices consisted
of thin film LN integrated with silicon integrated circuits24

(Figure 4a). The electro-optic efficiencies remained poor,
as the optical mode was mainly located in the passive high-
index silicon medium. To benefit from LN thin-film technol-
ogy, it requires the formation of lithium niobate nanostruc-

tures and waveguides. However, unlike silicon whose struc-
turing procedures are well-developed and technically mature,
lithium niobate is notoriously challaging to process in sub-
micrometer scales92. The growing interest in the develop-
ment of sub-micrometer structuring of thin-film LN has cat-
alyzed further development in optimizing etching methods for
lithium niobate, including argon ion milling or reactive-ion-
etching techniques. Recent breakthroughs in dry-etching of
thin-film lithium niobate enabled nanophotonic waveguides
formed by dry etching of a thin LN layer, leaving a nanopho-
tonic LN ridge (800nm x 300 nm) waveguide (Figure 2c) on
a low-index substrate with acceptable sidewall smoothness.
Transmission losses due to surface roughness could be signif-
icantly reduced to < 0.3 dB / cm (from initial > 10 dB / cm).
The high index contrast of > 0.7 provides tight light confine-
ment of the supported optical modes in the LN ridge which en-
hances electro-optic interactions in the modulator device. The
smaller waveguide cross section also allows the driving copla-
nar electrodes to be placed much closer to the optical wave-
hguide than in more weakly bound configurations. The small
gap of a few micrometers between the electrodes surround-
ing the optical waveguide results in a significantly improved
overlap between the external electrical and optical field, which
increases the efficiency of electro-optic tuning. As a result,
the voltage–length product in thin-film LN platforms can typ-
ically reach 1.8-3 Vcm, revealing a much higher electro-optic
efficiency than in commercial lithium niobate modulators.
Among several modulator configuration exploiting this novel
waveguide configuration, Wang et. al. demonstrated Mach-
Zehnder modulators with 20-mm-long phase shifters exhibit-
ing a driving voltage of Vπ = 1.4 V cm with an optical prop-
agation loss of 0.4 dB (Figure 4c). The frequency response
of a shorter device with a phase shifter length of 5-mm pre-
sented in this work reaches a 3-dB bandwidth of 100 GHz.
Other device architectures based on the thin-film LN platform
exploit ring and racetrack resonators26 with resonance tuning
efficienies of 7pm/V and a 3-dB bandwidth of 30 GHz (Figure
4b).
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(a) (b)

(c) (d)

FIG. 4. Integrated electro-optic modulators based on lithium niobate. (a) Thin-film lithium niobate bonded locally on a silicon-on-indulator
platform93. Reprinted with permission from Weigel et. al., Optics Express, 26(18), 23728-23739, 2018 © The Optical Society. (b) Racetrack
and ring resonators LN modulators based on LN ridge waveguides26. Reprinted with permission from Wang, C., Zhang, M., Stern, B.,
Lipson, M., Lončar, M. , Optics Express, 26(2), 1547-1555, 2018 © The Optical Society. (c) Low driving voltage modulator based on a
MZM formed by LN ridge waveguides67. Reprinted by permission from Springer Customer Service Centre GmbH: Springer Nature, Nature,
Integrated lithium niobate electro-optic modulators operating at CMOS-compatible voltages, Wang, C., Zhang, M., Chen, X. et al., © 2018.
(d) Highly-integrated plasmonic lithium niobate electro-optic modulators2223. Reprinted with permission from Thomaschewski, M., Wolff,
C., Bozhevolnyi, S. I., Nano Letters, 21(9), 4051-4056, 2021. Copyright 2021 American Chemical Society and Thomaschewski, M., Zenin, V.
A., Wolff, C., Bozhevolnyi, S. I., Nature communications, 11(1), 1-6, 2020; licensed under a Creative Commons Attribution (CC BY) license.

Besides heterogeneous integration of nanophotonic circuits
made of thin-film lithium niobate technology, metal nanos-
tructures which support surface plasmon polaritons (SPPs) at
the metal/dielectric interface, are able to boost the electro-
optic efficiency even further. There have been experimen-
tal demonstrations of plasmonic lithium niobate directional
coupler modulators22 exhibiting a voltage-length product of
0.21 Vcm, which is to-date the lowest value for any type of
LN-based electro-optic modulator. This device consists of
two closely spaced gold nanostripes (350 nm x 50 nm, re-
spectively) with a length of only 15 μm, placed on an un-
etched bulk LN substrate (Figure 4d). The gold nanostructure
supports both, propagation of plasmonic modes and electri-
cal signals that control the optical signal, thereby enabling
the highest integration solution for active nanophotonic cir-
cuits. This approach eliminates previous conceptual limita-
tions in the electro-optic field overlap as the driving electrodes
are brought to their closest possible proximity to the opti-
cal waveguides, which, together with the extreme electrostatic
and optical confinements, leads to record-high modulation ef-

ficiencies of Vπ L = 0.21 Vcm. Recently, the strategy of utiliz-
ing plasmonic strip waveguides on lithium niobate for efficient
phase manipulation has been adopted for the realization of
ultra-compact beam steering in an optical phased array23 with
theoretically estimated 3-dB bandwidths of 1.2 THz. Gen-
erally, the transmission losses limit the benefit linked to the
confinement of the lights in a plasmonic waveguide. For the
gold strip waveguides on LN, the propagation losses are stated
to be α ∼ 0.4dB/μm, which results in a total loss of 5.5 dB in
the 15-μm-long phase shifter and a half-wave voltage-length-
loss product of Vπ Lα = 735 VdB. To reduce the propagation
losses in plasmonic lithium niobate technology, one can en-
vision that future devices will employ plasmonic waveguide
configurations with reduced propagation losses while keep-
ing the attractive characteristics of a plasmonic platform, e.g.
by replacing the waveguide architecture by a low-loss coun-
terpart and/or by incorparating monocrystalline noble metal
plasmonic nanostructures with reduced radiative damping and
dissipative losses of surface plasmons.
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B. Electro-optic polymers

Organic electro-optic polymers incorporating highly non-
linear chromophores are a new class of materials, which have
led to new opportunities for ultra-compact integrated modu-
lator devices. The polymer material comprises a host poly-
mer which is doped with organic molecules (chromophores)
which exhibit a permanent dipole moment. For applying the
material, the host polymer containing nonlinear optical chro-
mophores is usually diluted in a solution and is spun cast on a
substrate, leading to a thin film of electro-optic polymer con-
taining randomly oriented chromophores. To achieve macro-
scopic second-order nonlinearity in this medium, an electric
poling process at elevated temperature close to the glass tran-
sition temperature Tg of the polymer is required, in which the
chromophores can freely rotate and align in response to an ex-
ternally applied electric field due to the torque on their molec-
ular dipole moments. Once the temperature is subsequently
decreased far below Tg, the non-centrosymmetric orientational
order is locked and second-order nonlinear processes like the
Pockels effect are enabled. In practice, the co-planar elec-
trodes for driving the modulation can initially be used for ap-
plying the poling electric field, thereby enabling local and ho-
mogeneous poling of the electro-optic polymer between the
electrodes. This technique is the most commonly used poling
method and refers to the contact poling technique. The effi-
cient electric poling of the polymer, especially in nanoscopic
scales, can be difficult to achieve and is one of the most criti-
cal processing step for the realization of polymer-based mod-
ulation. Excessive charge injection from the biased metal
electrodes often results in large currents that cause dielectric
breakdown in polymer films due to a low dielectric strength
of the material, leading to irreversible damage of the device
structure. However, once the electro-optic polymer is effi-
ciently poled, the material can exhibit large Pockels coeffi-
cients ranging from 100 pm/V until 400 pm/V, therefore ex-
ceeding those of LN by a factor of 3 or higher.

Early integrated Mach-Zehnder modulators incorporated
low-index contrast photonic waveguides where weakly-
confined modes propagate in the core consisting of electro-
optic polymers with relatively low Pockels coefficients of ap-
proximately 50 pm/V. Consequently, the half wave voltage-
length products remained large in those devices, stating Vπ L
of several Vcm, with ∼ 1 V operation in 2-3 cm long
devices94–96. From the initial difficulties of the chemi-
cal synthesis of polymers with higher electro-optic coeffi-
cients and their processing towards functional electro-optic
nanophotonic devices, recent progress reported by Dalton et
al.97 has drastically improved the electro-optic activity and
processing reliability, which has driven recent progress in
high-performance nanophotonic modulator devices. Besides
the demonstrated modulators based on silicon–organic hy-
brid (SOH) platforms reporting Vπ L far below 1 Vcm74,98,99,
highly efficient plasmonic modulators have been demon-
strated in which metal-insulator-metal (MIM) slot waveg-
uides are directly used as gold contact electrodes to mod-
ulate the SPP propagating along the polymer-filled metal
slot34,35,100. The enhanced light–matter interaction in the plas-

monic waveguides combined with novel polymers with high
Pockels coefficients (> 100pm/V) has led to the most efficient
(Vπ L < 0.1 Vcm) and fastest ( f−3 dB > 500 GHz)101 modula-
tor operation ever presented to date. Those demonstrations
include an all-plasmonic Mach–Zehnder modulator operat-
ing in a push-pull configuration consisting of two plasmonic
MIM phase shifters coupled to and from a low-loss silicon
waveguides via photonic-plasmonic converters35. The device
is switching the optical signal (ER > 25 dB) by a voltage of
Vπ = 7 V in 6 μm long phase shifters, resulting in a record-
low voltage-length product of 40 Vμm. Due to the small RC
time constants, high-speed operation of > 100 GHz could be
demonstrated. While the plasmonic insertion loss of ∼ 8 dB
represent a major drawback in this device, in another demon-
strated device, the ohmic losses can be bypassed by resonant
switching in a ring resonator modulator, where light is coupled
to the lossy surface plasmon polaritons only in the device’s off
state in which attenuation is desired37. By electro-optic tun-
ing of the ring resonance, light coupling to the lossy plasmon
is prevented in the device’s on state, allows total losses to be
reduced by more than 6 dB.

Despite the high electro-optic activity in electro-optic poly-
mers which enables record-high efficiencies in modulator de-
vices, a critical property hinders their practical deployment in
many applications. As discussed, the thermal stability of the
electro-optic polymer is limited by Tg, at which the material
looses its electro-optic activity. To date, Tg in applicable poly-
mers is ranging between 50◦C and 150◦C. The fact that depol-
ing is a thermodynamic process which occurs gradually and
starts noticeably (approx. 30 ◦C76) below the material’s glass
transition temperature, prevents long-term environmental sta-
bility of many electro-optic polymers including its applicabil-
ity in many telecommunication applications. Much research
effort is devoted to improve the stability of electro-optic poly-
mer materials by further increasing the glass transition tem-
peratures, as a necessary requirement for its practical deploy-
ment in a winder range of applications.

C. Perovskite titanates

Another well-studied material used in a variety of appli-
cations is barium titanate (BaTiO3, BTO), which exhibits
high Pockels coefficients of r42 ≈ 900 pm/V and r33 ≈ 340
pm/V. Consequently, its electro-optically activity is more than
10 times larger than in lithium niobate. At room temper-
ature, it has a tetragonal crystal structure with point group
4mm. At its Curie temperature of 120 ◦C, the material ex-
periences a transition from the ferroelectric tetragonal to a
paraelectric cubic phase (point group m3m), thus becoming
centrosymmetrical and therefore prohibiting Pockels activity
above this temperature. Like lithium niobate, it exhibits neg-
ative birefringence with the ordinary and extraordinary re-
fractive indexes no = 2.301 and ne = 2.271, at λ = 1.55μm,
respectively30. The advantages of barium titanate as active
material for electroptic modulation lie in the large Pockels co-
efficients, its mechanical strength, chemical durability, high
optical damage threshold, wide transmission range (0.4-5 μm)
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(a)

(b)

(c)

FIG. 5. (a) Plasmonic slot waveguide Mach-Zehnder modulator with an electro-optic polymer as Pockels material35. Reprinted by permission
from Springer Customer Service Centre GmbH: Springer Nature, Nature Photonics, All-plasmonic Mach–Zehnder modulator enabling optical
high-speed communication at the microscale, Haffner, C., Heni, W., Fedoryshyn, Y. et al, © 2015 (b) Low-loss plasmon-assisted ring resonator
modulator tuned by a electro-optic polymer37. Reprinted by permission from Springer Customer Service Centre GmbH: Springer Nature,
Nature, Low-loss plasmon-assisted electro-optic modulator, Haffner, C., Chelladurai, D., Fedoryshyn, Y. et al., © 2018 (c) Photonic and
plasmonic electro-optic modulator devices based on barium titanate (BTO)30. Reprinted by permission from Springer Customer Service
Centre GmbH: Springer Nature, Nature Materials, Large Pockels effect in micro- and nanostructured barium titanate integrated on silicon,
Abel, S., Eltes, F., Ortmann, J.E. et al., © 2018.

and ease of processing. Over the past years, great progress has
been made in integrating single crystal BaTiO3 with silicon,
which gave rise to the developing of a hybrid BaTiO3/silicon
technology28,102,103. It has been shown that the Pockels coef-
ficients can remains strong in nanoscale devices, thus emerg-
ing also as a suitable candidate for nanoscale plasmonic mod-
ulation. Abel et al.30 demonstrated a hybrid BaTiO3–SiO2

stack integrated into photonic and plasmonic structures, with
the measured Pockels coefficient r33 = 340 pm/V, resulting in
a competitive Vπ of 0.45 Vcm and a modulation bandwidth
up to 65 GHz. As the deployment of perovskite titanates
in nanophotonic device platforms has been realized very re-
cently, superior modulation performance can be expected by
further optimization of the material crystallinity, composition
and device architectures. For instance, current thin-film per-
ovskite titanates can exhibit large deviation from the bulk
Pockels coefficients with typically much lower values. Further
optimization in the growth conditions is needed to retain bulk-
like properties to reach the material’s full potential in thin-film
nanophotonic applications.

Lead zirconate titanate PbZrxTi1-xO3 (PZT) crystals are an-
other promising candidate for electro-optic modulators be-
cause of their excellent optical transparency and potential of
obtaining high electro-optic coefficient. Though PZT materi-
als have been extensively studied in the past for piezoelectric
applications, limited research on exploring the nonlinear op-
tical properties for the nanophotonic deployment of thin-film
PZT is available. Typical values for the Pockels coefficient
range between 60 pm/V and 225 pm/V, depending on the de-
position process and ambient conditions. In fact, one of the
reasons for its limited deployment in nanophotonic applica-
tions is that high Pockels coefficiencts only occur in pure per-
ovksite PZT films that are usually grown on metallic interme-

diate layers. In a recent publication, the first nanophotonic
modulator based on PZT films on SiN half-wave voltage-
length product of 3.2 Vcm has been demonstrated, revealing a
competitive performance and potential of integating this novel
Pockels material platform in even more efficient nanophotonic
device configurations.

IV. CONCLUSIONS

We discussed the underlying physical phenomena involved
in the electrical manipulation of optical signals and reviewed
the state-of-the-art nanophotonic electro-optic modulators,
covering various Pockels materials and device platforms (Ta-
ble II). Among a wide range of Pockels materials, lithium
niobate, the workhorse of the modern optical communica-
tion industry, seems to also be the most promising novel
high-performance nanophotonic device platform, inheriting
all material advantages from the legacy of bulk electro-optic
LN devices. Therefore, we believe that the presented novel
nanophotonic modulators will in the near future substitute
their conventional counterparts due to the significantly im-
proved performance metrics that can accommodate the future
demands for optical communication, sensory and quantum
and neuromorphic computing applications. The development
of novel materials with larger Pockels coefficients overcom-
ing limitations in the electro-optic activity in lithium niobate,
holds great promises and potential for many applications. It
should however be borne in mind that each material has its
intrinsic weaknesses for their nanophotonic application, com-
ing either from a weak electro-optic activity, the limited avail-
ability, thermal stability issues, or incompatibility with stan-
dard nanofabrication processes. It would therefore be very
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TABLE II. Comparison of selected state-of-the-art nanophotonic
electro-optic Pockels modulators sorted by the half wave voltage-
length product Vπ L. The tarnsmission loss α , the operation band-
width (BW) in the experiment (with the theoretical operation band-
width in brackets) and the insertion loss (IL), defined by the waveg-
uide propagation loss in the phase-shifter section, are stated.

Material r33 Vπ L α IL BW Ref.
platform pm/V (Vcm) (dB/cm) (dB) (GHz)

PZT 61 3.2 1 n/a 33 31,

LN 31 2.2 0.4 0.8 100 67,

LN 31 1.8 3 2 15 26

BTO 350 0.45 10 2.1 30 30

LN (plasmonic) 31 0.24 4000 4 18 (1.2 THz) 23

LN (plasmonic) 31 0.21 3500 5.5 9 (800 GHz) 22

EOP 91 0.11 n/a 2.5 100 74

EOP (plasmonic) 100 0.012 n/a n/a 70 (200GHz) 36

EOP (plasmonic) 180 0.006 4000 2.4 70 35

difficult, if not impossible, to identify the material platform
and modulator configuration scoring highly in all relevant re-
spects. We would nevertheless emphasize that, Following the
performance trend driven by the demands in quantum pho-
tonics, artificial neural networks and high-speed communica-
tions, future nanophotonic electro-optic modulators will in-
creasingly focus on device configurations and materials which
provide the demanded efficient and high-speed operation at
compact footprints.
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