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ABSTRACT
The growth of integrated photonics has driven the need for efficient, high-bandwidth electrical-to-optical (EO) signal conversion over a broad
range of frequencies (MHz–THz), together with efficient, high bandwidth photodetection. Efficient signal conversion is needed for applica-
tions including fiber/wireless telecom, data centers, sensing/imaging, metrology/spectroscopy, autonomous vehicle platforms, etc., as well
as cryogenic supercomputing/quantum computing. Diverse applications require the ability to function over a wide range of environmental
conditions (e.g., temperatures from <4 to >400 K). Active photonic device footprints are being scaled toward nanoscopic dimensions for size
compatibility with electronic elements. Nanophotonic devices increase optical and RF field confinement via small feature sizes, increasing
field intensities by many orders of magnitude, enabling high-performance Pockels effect materials to be ultimately utilized to their maximum
potential (e.g., in-device voltage-length performance ≤0.005 V mm). Organic materials have recently exhibited significant improvements in
performance driven by theory-guided design, with realized macroscopic electro-optic activity (r33) exceeding 1000 pm/V at telecom wave-
lengths. Hybrid organic/semiconductor nanophotonic integration has propelled the development of new organic synthesis, processing, and
design methodologies to capture this high performance and has improved understanding of the spatial distribution of the order of poled
materials under confinement and the effects of metal/semiconductor-organic interfaces on device performance. Covalent coupling, whether
from in situ crosslinking or sequential synthesis, also provides a thermally and photochemically stable alternative to thermoplastic EO poly-
mers. The alternative processing techniques will reduce the attenuation of r33 values observed in silicon organic hybrid and plasmonic organic
hybrid devices arising from chromophore-electrode electrostatic interactions and material conductance at poling temperatures. The focus of
this perspective is on materials, with an emphasis on the need to consider the interrelationship between hybrid device architectures and
materials.
© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0145212
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INTRODUCTION

For more than a decade, international technology mar-
ket demands and governmental/professional society studies have
emphasized1–5 that chip-scale integration of photonics and electron-
ics is critical for next generation information technology.6,7 The
size disparity between photonic and electronic circuits has histor-
ically inhibited the realization of this goal. Recently, the advent of
nanophotonic technologies (silicon photonics, plasmonics, meta-
surface devices, etc.) has facilitated photonic/electronic circuit inte-
gration and resulted in dramatic improvements in bandwidth,
modulation efficiency (voltage-length performance, VπL), and
energy efficiency for information technology applications.7,8 This
transition to nanophotonic architectures has the highest impact
for devices relying on the Pockels effect. Device lengths have
been reduced from centimeters to micrometers while maintain-
ing CMOS level drive voltages.7,9 The transformative improvement
in voltage-length performance (as much as a factor of 10 000)
stems from two effects: (1) concentration and improved over-
lap of low frequency (radio frequency/microwave/millimeter wave)
fields and telecommunication wavelength (1.3 and 1.55 μm) opti-
cal fields between nanoscale electrode separations; and (2) theory-
guided improvement of in-device electro-optic (EO) activity of
organic materials, which can deliver a particularly high Pockels
response.7,9

However, the transition from mesoscale to nanoscale dimen-
sions substantially changes design considerations for such high-
performance organic materials, including requiring close coordi-
nation between the design of materials and device architectures.
Interfacial interactions between EO materials and device drive elec-
trodes become highly significant in the smallest devices with the
highest optical mode confinement.7,10,11 The reduction of electrode
separation to nanoscopic dimensions has made sequential synthe-
sis processing, in which materials are quasi-deterministically grown
from a surface, viable. This is due to the much smaller number
of layers required compared to the number required for meso-
scopic devices. Covalent coupling/sequential synthesis permits the
avoidance of attenuation of EO activity in the vicinity of elec-
trodes and avoids the problem of attenuation of poling-induced
EO activity due to conductance effects [eliminating the need for
charge blocking layers between electrodes and organic electro-
optic (OEO) materials]. With conventional poling and slot wave-
guide architectures, acentric order is attenuated in the narrowest
slots due to interfacial effects. Sequential synthesis6,7 has the high-
est order at the interface, maximizing potential performance in
narrower slots and affording the best prospects for further perfor-
mance improvements and production scalability in nanoscale hybrid
EO devices.

There are additional benefits resulting from OEO material
deposition techniques like sequential synthesis. While poling a sin-
gle device is straightforward, simultaneously poling hundreds of
devices per chip or thousands of devices per wafer may impose chal-
lenges to the adoption of the technology due to potentially limited
production throughput and yield issues. Robotically-implemented
sequential synthesis can provide a robust and reproducible OEO
processing technique that is scalable from device to chip to wafer.
Furthermore, since the chromophore multilayers will be attached
to one another through chemical bonds, they will exhibit excellent

thermal and photochemical stability, matching or exceeding what is
achievable with the best crosslinked electrically poled materials. A
final advantage of sequential synthesis is that it would enable the use
of chromophores with exceptional hyperpolarizabilities (β) that are
not processible (or difficult to process) by electric field poling due
to leakage current related concerns at poling (material glass transi-
tion) temperatures. Previously, it was found that some of the highest
β chromophores had too high a leakage current to be poled at high
density and could only be poled in a polymer host,12 which dilutes
the EO effect; sequential synthesis alleviates these concerns. How-
ever, electric field poling will continue to be the processing protocol
of choice for certain device architectures and applications. However,
nanophotonics has facilitated an important expansion of processing
options.

Integration of EO materials into nanophotonic device archi-
tectures has also forced a change in perspective with respect to
the consideration of material propagation loss. The propagation
loss of active EO materials becomes important only when that
loss approaches the propagation loss of passive photonic/plasmonic
circuit elements (silicon photonic, plasmonic, and meta-surface
elements). Compact device architectures with short interaction
(propagation) lengths lead to low total insertion loss.7,8

While photonic integration was initially driven by telecom
and datacom applications, the application space has increased dra-
matically with emerging applications related to sensors, displays,
and metrology, e.g., LIDAR and autonomous vehicles, which are
of growing importance for environmental monitoring, agriculture,
archeology, transportation, and defense.

To understand the optimization of electro-optic devices, a brief
review of the fundamental symmetry requirement of second-order
nonlinear optical (NLO) activity is necessary. Second order NLO
activity (EO modulation, optical rectification, second harmonic gen-
eration, sum, and difference frequency generation) of organic mate-
rials requires that fundamental molecular units (chromophores)
exhibit not only molecular asymmetry (dipolar, noncentrosym-
metric, or acentric symmetry), but also that the supramolecular
organization of these chromophores is acentric.6,13 For such materi-
als, acentric organization is accomplished by crystal growth (under
special conditions), self-assembly/sequential synthesis, or electric
field poling.6,7 For photonics applications, ordering via electric
field poling has proven to be the only viable option for meso-
scopic OEO materials.6,7,14 Crystal growth has been found to be
impossible for organic chromophores with the largest molecular
first hyperpolarizabilities, and too many sequential synthesis steps
are required for mesoscale materials.6,7 Guidance from multi-scale
modeling has permitted dramatic improvements in both molec-
ular first hyperpolarizabilities via the use of quantum mechani-
cal calculations7–9,12,15–17 and electric field poling induced acentric
chromophore organization via statistical mechanical methods.7,18–20

With respect to electro-optics, mesoscale device architectures inhib-
ited Pockels effect materials from significantly exceeding the per-
formance of nanoscale electro-absorptive (EA) devices, even though
devices based on EA materials1 suffer from high optical loss (absorp-
tion), limited bandwidth (due to excited state lifetimes), and poor
signal linearity (signal distortion due to simultaneous changes in
absorbance and index of refraction called “chirp”).

The converse of electrical-to-optical signal transduction
(electro-optics) is optical-to-electrical signal transduction (optical
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rectification), which is another aspect of second order optical non-
linearity. Mesoscale optical rectification devices are even more
disadvantageous relative to conventional inorganic photodetector
devices based on electron excitation (absorption) followed by free
carrier generation. This is the case even though optical rectification
does not involve electron excitation to excited states and thus enables
lower optical loss—“Transparent photodetection,” which has a lower
noise floor and a larger bandwidth.7,9,21–23

The performance of second-order NLO materials has been
dramatically improved with integration into nanophotonic device
architectures, which has been key to chip-scale integration of
electronics and photonics as well as improving the size, weight,
power, cost, and performance (SWaP-CP) of devices and systems.
The concentration of radio frequency/microwave/millimeter wave,
and telecommunication [1.3 μm (O band) to 1.55 μm (C band)
wavelength] optical fields in devices of nanoscale dimensions dra-
matically enhances effective optical nonlinearity.7 Such field con-
centration occurs in silicon photonic,5,7,24–63 plasmonic,7,8,10,15,61–98

and plasmonic meta-surface devices.7,99–115 All of these emerging
technologies are critical to the chip-scale integration of electronics
and photonics.7,90 Component-level improvement in performance
(e.g., VπL) as a function of reducing device dimensions is illus-
trated for hybrid devices in Fig. 1.7 The use of thin film lithium
niobate (TFLN) in silicon photonic device architectures permits
modulation efficiencies as low as ∼50 V mm. Incorporation of
third generation OEO materials in plasmonic organic hybrid (POH)
devices delivers large improvements in both RF/optical mode
confinement and overlap and the enhanced Pockels effect from
high performance OEO materials. The slow light effect65 can also
contribute, becoming dominant in plasmonic devices (relative to
silicon photonic devices) for slot widths of 20–30 nm. POH devices

afford low RC time constants and THz bandwidths. Energy effi-
ciency on the order of 10 s of attoJoules(aJ)/bit is possible.7,95 The
electrical power consumption of a device scales with capacitance and
voltage as C V2. Photonic devices can be made longer than plas-
monic devices while maintaining acceptable insertion loss, enabling
lower drive voltages, and providing another route to lower power
use. Exploiting the full potential of current >1000 pm/V meso-
scopic OEO materials in even narrower waveguides would enable
modulation efficiencies below 0.005 V mm, critical for achiev-
ing energy efficiencies <10 aJ/bit and sub-μm2 device footprints
as well as THz bandwidths. These schemes represent an impor-
tant material design paradigm shift necessitated by nanophotonic
architectures.7,8

However, it should be kept in mind that the hybrid inte-
gration of Pockels effect materials (OEO, lithium niobate, or
barium titanate) with silicon and/or silicon nitride photonics
is a highly competitive technology that enables lower opti-
cal loss.7,24–47,49–52,59,60,116,117 Different applications have different
requirements for modulation efficiency (voltage-length perfor-
mance, VπL), bandwidth, energy efficiency, optical insertion loss,
and device footprint, and thus no single material/device technology
is ideal for all applications. In like manner, a given material process-
ing protocol, such as electric field poling or sequential synthesis, may
be preferred for one device architecture but not another. Obviously,
crystal growth is an important processing methodology for inor-
ganic materials. Control of optical signals can also be accomplished
using thermos-optic and MEMS devices and phase-change materi-
als; however, such devices typically have much lower bandwidths
(Hz–MHz) and will not be discussed here.

The VπL for various device architectures and the relationship to
a material’s Pockels effect response are graphically depicted in Fig. 2,

FIG. 1. Comparison of VπL values in current thin film lithium niobate (TFLN), current plasmonic organic hybrid (POH), and anticipated future POH technology. λ0 is the
wavelength of the optical signal, wslot is the device slot width (and electrode separation distance), Γ is the overlap factor of the RF field and optical mode, ne is the
extraordinary index of refraction of the EO material, and r33 is the EO coefficient.
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FIG. 2. Left: The improvement of EO activity with time is shown for various EO materials and device architectures. In-device performance has lagged bulk material
performance by several years due to the process optimization required for effective implementation in nanophotonic devices, including addressing the problem of attenuation
of EO activity due to electrode–chromophore electrostatic interactions and material conductance at poling temperatures. Covalent modification of electrode surfaces (e.g.,
as in sequential synthesis) is a means of mitigating the reductions in r33 seen with SOH and POH devices (left). Right: Calculated modulation efficiency (voltage-length
performance) is illustrated for lithium niobate, silicon PN junction devices, silicon-organic hybrid (SOH) devices, and plasmonic-organic hybrid (POH) devices.7 It is important
to keep in mind that while VπL is an important metric, it is not the only metric relevant for optimizing device performance.7

right. Fig. 2, left, illustrates the evolution of the electro-optic activity
(r33) for electrically-poled organic materials with time. The reduc-
tion of r33 in SOH and POH devices relative to values for mesoscopic
thin films is due to electrostatic interaction between chromophores
and electrodes and to electric conductance through organic films at
poling temperatures. As will be discussed in more detail shortly, this
attenuation can be eliminated by the covalent coupling/sequential
synthesis material processing schemes.

The situation is equally dramatic for optical rectification,7,9,21–23

permitting potential improvement in photodetection responsivity
R from values orders of magnitude below inorganic photodiodes
to values comparable to photodiodes at high GHz frequencies
(∼1 ampere/watt, A/W), and exceeding values for photodiodes at
THz frequencies. However, photodetection technology is rapidly
evolving, including with the introduction of new materials such as
graphene.94,118–124

Integration of second order NLO (Pockels effect) materials into
nanophotonic device architectures has significant implications for
device optical insertion loss (the sum of propagation and coupling
loss).6,7 The optical propagation loss at telecommunication wave-
lengths associated with passive silicon photonic (∼2 dB/mm) and
plasmonic (∼0.2 dB/μm) waveguides is typically higher than that
of lithium niobate (<0.2 dB/cm), silicon nitride (<0.2 dB/cm), and
macroscopic organic materials (1–10 dB/cm).7,8,61,65,71 Short device
dimensions are thus required—but also feasible—for hybrid silicon
photonic and plasmonic devices. The propagation loss associated
with active materials becomes relevant only when such losses are
comparable to the optical loss of passive waveguide elements.7,74

Coupling losses can be comparable or even greater than propaga-
tion losses and are a challenge for nanophotonic devices, but they
are being reasonably addressed.6,7,125,126

Second order nonlinear optical waveguide devices (e.g., EO
modulators) can be divided into three categories: (1) traveling wave
and lumped element devices (e.g., phase shifters arranged

in an interferometric configuration to form an amplitude
modulator);6–8,61,71 (2) resonant devices, such as ring resonators,
that involve multiple passes of light through devices (with the
number of passes quantified by the device’s quality factor, Q6,7);
and (3) resonant antennas.7,69,70,78 Resonant architectures yield
compact devices and improved sensitivity because of the longer
effective interaction length between the optical and RF fields in
the device, but this increased sensitivity comes at the expense of
bandwidth (as the dwell time of interacting fields in the device is
increased). Resonant devices such as ring resonators permit special
applications such as wavelength division multiplexing (WDM) and
comb generation (including Pockels and Kerr effect hybrid devices)
to be accomplished straightforwardly and, in special configurations,
can be used to achieve low insertion loss.7,76,77 The sensitivity of
sensors can be improved using resonant devices; device energy
efficiency is also improved by the Q of resonant devices (e.g., the
energy efficiency of state-of-the-art simple phase modulators is
on the order of 70 aJ/bit,7,95 but even modest Q resonant devices
can yield energy efficiencies <10 aJ/bit). The fundamental building
block of electro-optical signal conversion for telecommunications
is the phase modulator; combining two phase modulators in an
interferometer configuration yields a balanced Mach–Zehnder
amplitude modulator, and combining two Mach–Zehnder modu-
lators yields an in-phase-quadrature (IQ) modulator that permits
control of both amplitude and phase for telecommunication signals,
enabling higher-order modulation schemes.7,8,32,36,44–47,68,79,93 A
final EO device architecture that is critical for telecommunication
and other applications is the resonant antenna7,69,70,78 In these
devices, an antenna is coupled directly to an EO modulator, allow-
ing electrical-to-optical conversion of wireless/free space signals,
extending their applicability to millimeter wave wireless and satellite
communications applications, and permitting the elimination of
low noise amplifiers (LNAs).7,69,70,78 Representative recent advances
are graphically highlighted in Fig. 3.
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FIG. 3. Advances in OEO devices: (a) a high-efficiency ultra-compact plasmonic organic hybrid (POH) ring resonator;73 (b) compact POH Mach–Zehnder modulator
(MZM) demonstrating flat frequency response beyond 500 GHz, high power handling, and high linearity;82 (c) an ultra-efficient high speed POH in-phase-quadrature
(IQ) modulator;95 (d) a compact 60 GHz mm wave POH mixer/antenna;78 (e) a low-voltage sub-mm SOH MZM;42 (f) >100 Gbit/s monolithically integrated POH-SiGe
BiCMOS transmitter;90 (g) >76 GHz capacitively coupled SOH MZM;50 (h) an active POH meta-surface spatial light modulator operating at >50 MHz;104 (i) 128 GBd
2PAM, 64 GBd 4PAM POH modulator operating at 4 K;127 (j) a discrete POH modulator containing the HLD128 chromophore commercialized by Polariton Technologies
(https://www.polariton.ch); (k) an encapsulated POH modulator containing HLD showing excellent Vπ photostability over 5000 h in air at 0 dBm 1550 nm laser power.129

In the following, we discuss the theory-guided develop-
ment of organic materials suitable for exploiting nanophotonic
device architectures. We divide the discussion into three sec-
tions: (1) improvement of the first molecular hyperpolarizability
of fundamental chromophore units relevant to different types of

device architectures;6,7,11,12,17,128,130–140 (2) improvement and reten-
tion of the acentric order of chromophores in nanophotonic
devices, including consideration of interfacial effects involving chro-
mophores and electrodes;6–8,10,18–20 and (3) expansion of processing
options (sequential synthesis in addition to electric field poling) for
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nanophotonic devices and influence on in-device material activity
and material thermal/photochemical stability.6,7

Optimizing molecular first hyperpolarizability under optical
loss constraints.7,11,12,14,17,128,130–140 Initially, quantum mechanical
calculations aimed at understanding and improving molecular
first hyperpolarizability (β) evolved through two stages. The first
focused on finding computationally efficient yet accurate computa-
tional approaches for single-molecule calculations for chromophore
development and characterization. This has largely focused on
developing improved density functional theory (DFT) calcula-
tions benchmarked against higher order calculations such as
MP2 and coupled cluster methods, etc.128,130,132,137 An important
aspect of this approach was understanding linear optical proper-
ties, such as absorption loss (k), as well as optical nonlinearity
(including β). This undertaking has been highly successful, par-
ticularly with respect to understanding the variation of β and k
with changes in chromophore structure and conformation.7,12,17,139

DFT calculations have also increased our understanding of the
effects of the dielectric environment (permittivity) on chromophore
properties.12,133

A complementary effort has focused on computing the effect of
intermolecular chromophore–chromophore electronic (excitonic)
interactions on properties.15,140 An important component of this
second stage of computation was the use of chromophore ensem-
ble information obtained from coarse-grained statistical mechanical
(e.g., Monte Carlo) calculations to carry out quantum mechanical
calculations on realistic chromophore distributions.7 An impor-
tant observation of this effort was that for materials with low
acentric (poling-induced) order, the effect of excitonic interac-
tions on molecular hyperpolarizability largely averaged out,7 though
such calculations may be needed for more highly ordered systems
developed with sequential synthesis.

More recent single-molecule calculation efforts have focused
on the identification of optimum β values for materials with accept-
able optical loss for specific device architectures. The transition
from mesoscale to nanophotonic hybrid devices has altered require-
ments for optical propagation loss in OEO materials; instead of
being the primary contributor to optical loss, loss is constrained
by the loss of the underlying passive waveguide (e.g., silicon pho-
tonic or plasmonics). To be desirable, OEO materials should not
substantially increase that loss unless they also yield an improve-
ment in modulation efficiency that is substantially more than
the insertion loss penalty, a trade-off already experienced in sili-
con vs plasmonic platforms. This change in design requirements,
combined with an improved understanding of reliable methods
for predicting chromophore optical properties using density func-
tional theory,12,15,136,142 enabled a search for chromophores with
higher hyperpolarizabilities and propagation losses that would
not have been acceptable for mesoscale devices.12,16,17 In gen-
eral, hyperpolarizability increases with smaller band gaps, with
the typical relation given by the two-level model.131,143 Searches
have been performed under the constraints of ground-state dipole
moments and shape similarity with existing high-performance chro-
mophores. These searches demonstrated that substantial head-
room still exists for improving hyperpolarizability, as previously
suggested by theory,20,131,135 and have led to chromophores with
greatly enhanced hyperpolarizability in solution based on stronger
electron donating moieties.7,12,17 However, further optimization was

required to translate to material-level performance due to the high
dielectric sensitivity of chromophore optical properties and exces-
sive optical loss. Gradual reduction of donor strength permitted
the realization of high material performance with lower loss by
shifting the chromophores further from the cyanine limit (where
the HOMO and LUMO are essentially degenerate in energy and
the bandgap is thus extremely small); contributions of multiple
electron-donating moieties of different strengths may also play a role
in obtaining high hyperpolarizability without excessive absorption
due to an excessively red-shifted primary charge transfer band.17

Constraints are more acute for O-band systems (1.3 μm), where
the operating wavelength is closer to the principal charge transfer
band edge, and for quantum information science systems on low-
loss photonics platforms. This has led to applying similar techniques
to those that have been used for improving hyperpolarizability for
reducing optical loss at the cost of some EO response while min-
imizing that reduction in response to maximizing r33/k, where r33
is the EO coefficient and k is absorption loss. If ultra-high band-
width is not required, in some cases, a longer device may still
permit lower total insertion loss on platforms with less lossy passive
components.

Understanding and optimizing chromophore ordering
considering intermolecular interactions including understanding
and mitigating interfacial interaction effects.6–8,10,18–20,144 Fully
atomistic molecular dynamics (MD) methods are extensively used
to simulate the behavior of molecular ensembles.7,145–147 However,
the slow timescale of poling-induced alignment vs local dynamics
has limited the applicability of conventional MD to OEO materials
to date.15,18,20 The essential interactions for the organization of
electrically-poled chromophores include chromophore-poling
field interactions and spatially anisotropic electrostatic and non-
electrostatic chromophore–chromophore interactions, including
the rearrangement of flexible side chains. Coarse-graining of chro-
mophores via the Level-of-Detail (LoD) method,7,18–20 together with
enhancing the rate of convergence of simulations via the Adiabatic
Volume Adjustment (AVA) method,18,20,148 has permitted efficient
simulation of the effect of these interactions and identification of the
effect of chromophore shape and charge distribution on material
EO activity. Ensemble organization from these coarse-grained
calculations can in turn be mapped back to fully atomistic models to
investigate the effect of chromophore–chromophore excitonic inter-
actions using quantum mechanical methods.15,138,140 Simulations
of poling-induced acentric order (and hence EO activity and index
of refraction properties) exploiting the LoD and AVA methods
have led to efficient and accurate simulations of the dependence of
properties on chromophore structure.7,20

Driven by the observation of reduced EO activity in narrower
slot waveguides, theoretical and computational methods have also
been used to investigate the effect of interfacial interactions between
chromophores and poling electrodes (see Fig. 4).7,8,10,11,15,144 Sim-
ulation results showed a fall-off in ordering due to dipole-
induced/dipole interactions between the chromophores and the
(gold or doped semiconductor) walls of the slot waveguide (elec-
trodes), consistent with experiment and with a scaled freely rotating
dipole-based theoretical model.11,17,144

Simulations of the centric order parameter, ⟨P2⟩, in POH
devices show that this attenuation is associated with chromophores
lying parallel to the electrode surfaces (orthogonal to the poling
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FIG. 4. Illustration of material property heterogeneity in a 50 nm slot waveguide POH device,11 with reduced acentric and centrosymmetric order along the electric field
axis (left), leading to a reduced material index along the axis of the mode and reduced Pockels response in the surface region where the mode in a plasmonic-organic
hybrid device is most intense (center). The boundaries of the slot waveguide at ±25 nm in the upper center figure are indicated by dashed white lines. As the surface
region becomes a larger fraction of the total at narrower waveguide widths, modulation efficiency is expected to increase due to tighter confinement of the mode, but the
effect is limited by the reduction in material EO performance due to reduced poling efficiency (right; chromophore structures shown in Fig. 6).10,11 Calculation of material
performance from device VπL yields an apparent r33 averaged over the cross-section of the mode, which decreases for poled materials as waveguide width is reduced,
leading to performance lagging expected performance if r33 retained its bulk value (“isotropic” line in the lower center panel).

field direction) due to interaction between chromophore dipoles and
induced dipoles in the gold electrodes. The order along the poling
field axis at the interface leads not only to a reduction in aver-
age EO activity in the waveguide but also to a mismatch between
the regions of the highest optical field intensity and the highest
electro-optic response. This information has motivated a reconsid-
eration of sequential synthesis/self-assembly processing protocols,
where covalent bonds between chromophores and electrodes sup-
port the organization of chromophores along the normal vector to
the electrode surface.

Material processing utilizing sequential synthesis versus
electric field poling.6,7,149–173 Sequential synthesis is a poling-free
processing technique that deposits and covalently bonds aligned
OEO molecules one monolayer at a time in a controlled fash-
ion, building up to aligned chromophore multilayers (Fig. 5). The
coupling chemistry to attach the layers is built upon established
techniques for self-assembled monolayers,150,152,160,166,171 layer-by-
layer deposition,13,156,167,172 click chemistry,158,174 and automated
protein synthesis149,157 and is a solution-phase analog to fabrica-
tion processes such as atomic/molecular layer deposition, in which
repeated applications of precursors enable high-quality conformal
coatings.154,164,165,170,173

The design of chromophores for sequential synthesis is inspired
by prior work on OEO materials,154,161 nanostructured dielec-
tric layers,168 and surface grown polymers, as well as on our
state-of-the-art, high β chromophores.17,128 Pioneering sequential

deposition of OEO materials was performed by the Katz and Marks
groups.151,153–155,159,161,163,168,169 They developed a robust process to
deposit aligned, low β OEO multilayers with a respectable EO coeffi-
cient of r33 = 120 pm/V at 1064 nm. However, three limitations kept
this technology from being pursued further at the time: first, only
relatively low β chromophores were used in these OEO multilayers,
which resulted in lower EO coefficients than could be achieved with
contemporary poled higher β materials. Second, OEO molecules
have large dipole moments, and intermolecular repulsion at high
densities reduces the maximum achievable order (Fig. 5, top left).161

Third, while high acentric order could be achieved in the initial lay-
ers, monolayer defects and the propagation of defect disorder had
a multiplicative effect in thicker films, preventing the realization
of effective EO activity for the hundreds of multilayers that were
needed to span the ∼1–2 μm spacing of mesoscale devices.154 Such
work, however, laid a good foundation for achieving high acentric
order without poling, and the aforementioned limitations can be
overcome by the strategies described below.

Modern high-performance chromophores such as JRD1175

and BAH1317 (see Fig. 6 for the general structures of common
chromophores) have more than an order of magnitude higher β
than chromophores used in prior aligned multilayer sequential
synthesis/self-assembly schemes, which enables dramatic improve-
ments in performance.

However, high dipole moment molecules (JRD1 and BAH13
type chromophores have dipole moments in the 26–31 D range)
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FIG. 5. (Top left) μ and β for single-component dipolar molecules, NGS/ZGS blends, and an NGS/ZGS dimer. (Top right) Comparison of alignment, μ, and β in narrow slot
poled devices, and sequential synthesis materials. (Middle) Schematic illustration of a sequential synthesis protocol for a two-chromophore (NGS and ZGS) system. Various
coupling chemistries are shown at the bottom of the figure.

tend to align in an antiparallel fashion when in close prox-
imity (Fig. 5, top left), resulting in centrosymmetric (χ2 = 0)
rather than acentric order (χ2 > 0). Prior molecular engineer-
ing of these chromophores—through the addition of sterically
bulky side-chain groups—allows us to mask dipolar attraction,
which enables efficient poling, achieving moderate acentric order as
neat materials.20,128,134,175 While such molecular engineering tech-
niques may be sufficient to improve acentric order in high dipole
moment sequential synthesis layers, a better way to solve the dipole
moment problem is to use a dual chromophore system consisting
of neutral ground state (NGS) and zwitterionic ground state (ZGS)

chromophores (Fig. 5, top left and top right). NGS chro-
mophores, such as our conventional chromophores, JRD1 and
BAH13, have parallel dipole moments and β tensors. ZGS chro-
mophores have antiparallel dipole moments and β tensors. Blend-
ing NGS and ZGS chromophores results in thermodynamically
favored antiparallel dipole moment alignment and parallel (addi-
tive) β alignment (this antiparallel coupling of dipole moments is
shown schematically as alternating blue and gray chromophores
in Fig. 5).176,177

Using model compounds, we have previously shown that this
NGS/ZGS blending strategy produces Langmuir–Blodgett (LB) films
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FIG. 6. Structures of some of the most common chromophores discussed are shown.

with better net alignment and acentric order than correspond-
ing single component monolayers.7,176,177 While the LB technique
shows a good way to circumvent the dipole repulsion problem, the
LB method cannot be extended to a multilayer arrangement with
net acentric hyperpolarizability order. Sequential synthesis, with
covalent coupling, is necessary to control alignment layer to layer
and retain it over a broad temperature range. Since the sequen-
tial synthesis is a solution process, dimerizing the NGS and ZGS
chromophores (Fig. 5, top left) ensures that they reach the surface
together and avoids potential phase separation in the monolayer,
mitigating NGS/NGS and ZGS/ZGS antiparallel pairing in the solu-
tion that could result in slow monolayer formation rates and lower
film quality.

FIG. 7. Conceptual device design of a POH modulator implementing sequen-
tial synthesis of an OEO material based on a previously published horizontal
waveguide POH device.91

Computational modeling, including DFT calculations for chro-
mophore design and structure-property relationships as well as
classical molecular dynamics for ordering and packing, can be used
to fine tune the molecular structures and intermolecular interac-
tions to optimize the acentric order in chromophore self-assembled
monolayers. Several ZGS chromophores have been screened compu-
tationally thus far to identify ones that match well in dipole moment
and β with leading NGS chromophores. Structural elements of the
NGS and ZGS chromophore building blocks to be optimized include
linker length (short or long), linker rigidity (aliphatic or aromatic),
and attachment point to the acceptor, which impacts whether the
molecule is linear or bent.

Following chromophore building block modeling of linkers
and side chains to optimize acentric order, leading candidates are
synthesized. Chromophore cores for sequential synthesis building
blocks are based on previously synthesized high-β molecules such
as JRD1 and BAH13. Next, the focus is on the coupling chem-
istry needed to build multilayers. Coupling chemistry is based on
well-established self-assembled monolayer, molecular layer depo-
sition (MLD), layer-by-layer deposition, click chemistry, sol–gel,
metal/covalent organic framework, and solid phase peptide syn-
thesis techniques. Like atomic layer deposition (ALD) and molec-
ular layer deposition (MLD), sequential synthesis relies on two
self-limiting surface reactions carried out sequentially, generating
bilayers. To generate acentric alignment, the chromophore build-
ing blocks need to have different chemical coupling units on the
“head” and “tail,” as shown schematically in Fig. 5. The tail unit is
designed to selectively react with the electrode surface (or monolayer
reactive surface groups for subsequent layers), generating a chro-
mophore self-assembled monolayer (SAM). Sample NGS and ZGS
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FIG. 8. (Left) Snapshot from molecular dynamics simulation of a chromophore-containing SAM, showing a side view of packing and an alignment and individual surface-
attached chromophore. (Right) Second harmonic generation spectroscopy (SHG) of a donor-attached NGS chromophore monolayer and a control monolayer. SHG can be
used to follow the growth of sequential synthesis layers and assess the acentric order.

chromophores capable of forming SAMs on gold are shown in Fig. 6,
right. In a second subsequent reaction, the head unit reacts with a
capping agent. These two reaction processes can be repeated multi-
ple times to deposit bilayers (chromophore layer and capping layer).
It is particularly attractive to develop this approach for nanopho-
tonic devices because only a small number of sequential depositions
are required. In modern POH devices, the electrode spacing has been
as low as 40 nm, and even smaller is desired to reduce VπL (Fig. 7).
For an electrode spacing of 20–40 nm, fewer than 10 chromophore
layers are required; based on previous experiments, a high degree
of acentric order is expected. While proof-of-concept chemistry and
processing have been carried out, functional POH devices have not
yet been demonstrated, although this is the next step.

The head and tail coupling chemistries of the sequential syn-
thesis process need to be selective (orthogonal), high yielding, rapid,
and compatible with each other. Fortunately, there are numerous
proven click chemistry techniques from which to choose. Some
examples of orthogonal pairs of click chemistry reactions that
are compatible with NGS and ZGS chromophore synthesis and
multilayer deposition are shown in the table of Fig. 5, bottom.
Examples using siloxane coupling at the head and azide/alkyne
coupling at the tail are shown in more detail. The capping layer
presents a new functional group to bind the next chromophore
building block. The chromophores will be much farther apart ver-
tically than horizontally, so we believe there will be little dipole
moment influence from the layer below on the exact position
of each molecule in the new layer. The capping layer forms a
2D sheet, cross-linking the chromophores at the top (and bot-
tom), giving it structural rigidity to provide high thermal stability
for the acentric order. Similar materials (self-assembled nanodi-
electrics, SANDS168) have thermal stability >675 K, suggesting that
acentric order thermal stability of >475 K is achievable. If neces-
sary, additional stability can be achieved by attaching crosslink-
ing units to the bridge of the chromophores and conducting a
crosslinking step (thermal or UV) after all chromophore layers have
been deposited. With this addition, EO thermal stability >500 K
is anticipated.

Simulation techniques remain important for these materials,
additionally considering the impact of covalent bond restrictions
on chromophore motion. The use of conventional MD approaches
becomes much more viable. An example of chromophore mono-
layer organization from a classical MD calculation is shown in
Fig. 8. The typical surface density of attachment units causes the
chromophores to pack upright, perpendicular to the surface—an
orientation leading to optimal EO activity.

SUMMARY OF CHANGES IN MATERIAL DESIGN
AND FUTURE PROGNOSIS

The transition from mesoscale to nanoscale devices has forced
a transformative change in material design and development,
which has been greatly facilitated by improved computational and
theoretical methods (see Fig. 9).

The overarching change in perspective is that material devel-
opment and performance require understanding the device archi-
tectures in which those materials are incorporated. Independent
consideration of materials and devices leads to confusion in com-
parisons of theory and experiment and poor guidance with respect
to the development of materials and new device architectures. Opti-
cal nonlinearity depends on field intensities (field concentration)
as well as the inherent hyperpolarizability and acentric order of
fundamental material units. The ratio of materials at interfaces to
materials in the bulk increases dramatically for nanophotonic device
architectures, and this forces a change in perspective with respect
to material synthesis and processing options, e.g., sequential syn-
thesis vs electric field poling. However, it should also be kept in
mind that electric field poling processing will continue to be the
protocol of choice for certain device architectures (e.g., mesoscale
devices and larger nanoscale devices). Insights gained from studies
involving sequential synthesis are relevant to optimizing electrically-
poled materials, and hybrid processing methodologies are likely to
be developed.

Current research involving organic OEO materials largely
focuses on the second and third generations, with materials routinely
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FIG. 9. The evolution of four generations of chromophores is illustrated. The first generation143 involved azo dyes and stilbene derivatives in polymer hosts and typically
had inferior performance to lithium niobate. The development of second-generation materials based around the tricyanovinylfuran (TCF) electron accepting moiety and
extended, ring-locked bridges enabled performance on the order of 100 pm/V and initial polymer devices capable of sub-volt operation.178 The late 2000s and early 2010s
brought substantial examination of neat materials (no polymer host) for hybrid devices in which optical loss constraints were lessened.1–8 These materials were initially
limited due to low glass transition temperatures, which was remedied by high-glass transition (Tg) or covalently cross-linkable neat materials (third generation) in the late
2010s;128,179 this third generation was heavily derived from theory-guided design with an increased emphasis on modularity and high number density from multi-functional
moieties. The next generation of OEO materials involves all-covalent architectures enabling performance greater than or equal to that of third generation materials, but in
an even more stable, deterministically, and scalably processible manner.

yielding macroscopic EO activity values of several hundred
pm/V,6,7,10,20,48,128,134,175,179–191 with exceptional materials yielding
values more than 1000 pm/V.7,9,16,17 Substantial progress has been
made in improving thermal6,9,48,52,128,192 and photochemical129,185

stability via crosslinking, yielding materials that surpass Telcordia
standards.9,48,52,128,192 However, the marked attenuation of in-device
EO activity in nanoscopic devices has driven fourth gener-
ation materials development to focus on sequential synthesis
(Gen 4). Preliminary results based on the covalent coupling of
chromophores to electrode surfaces show that ordered layers
with a strong nonlinear response can be obtained with modern
high-performance chromophores.7 The mixing of neutral ground
state (NGS) and zwitterionic ground state (ZGS) chromophores pro-
vides a route to minimizing the effect of dipolar interactions of
high hyperpolarizability chromophores.7,176,177 The covalent bonds
of chromophores assembled by sequential synthesis should consis-
tently yield in-device electro-optic values >1000 pm/V and thermal
stability values on the order of chromophore decomposition tem-
peratures (>500 K) rather than being limited by material glass
transition temperature (<400 K) as is the case with electric field
poling.67 An improvement in photochemical stability is also to
be expected.

The perspective related to the impact of material propagation
loss on device optical insertion loss also changes dramatically with

the integration of materials into nanophotonic architectures—active
material loss has meaning only relative to passive material loss.
As optical nonlinearity is critical to the device lengths that can
be utilized (voltage-length performance), a reconsideration of the
optical nonlinearity/transparency (optical absorption loss) ratio
becomes important. With improvement in the optical nonlinearity
of Pockels effect materials, the attractiveness of hybrid integra-
tion of these materials vs semiconductor junction-based approaches
changes dramatically. It is, however, important to keep in mind
that there have been highly important advances for other mate-
rials (for example, transparent conducting oxides such as indium
tin oxide)193–198 used for EO applications. Another emerging com-
petitive material is graphene,94,118–124 and indeed, graphene is also
emerging as an important electrode material for Pockels effect
devices. A change in perspective with respect to material stability is
required for nanophotonic architectures and new material process-
ing options (e.g., crosslinking and sequential synthesis). In addition,
the denser material matrices of materials prepared by sequential
synthesis and crystal growth inhibit the in-diffusion of oxygen
and moisture, leading to dramatically improved photostability.6,7

Although the glass transition temperatures realized with electric
field poling materials permit Telcordia standards to be surpassed,192

greater temperature stability is required for certain applications.
Sequential synthesis and/or crosslinking also improve mechanical
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characteristics at reduced temperatures, particularly cryogenic tem-
peratures. Cryogenic electro-optic operation has been demonstrated
for a number of material types.127,199–208

The improvements of in-device EO activity and thermal stabil-
ity that are possible with sequential synthesis promise a significant
improvement in VπL, energy efficiency, bandwidth, and device foot-
print. The sequential synthesis should also permit a comparable
improvement in optical rectification, dramatically improving the
competitiveness of photodiodes based on electron excitation and
charge generation.

An important event in the evolution of electronic/photonic
integration has been the development of photonic foundry capa-
bility and increased access to these foundries by academic, gov-
ernment, and industrial researchers.7 While photonic foundries
initially focused primarily on the integration of passive photonic
circuitry (e.g., passive silicon photonics), this was rapidly followed
by the development of active photonic devices such as germa-
nium photodiodes and semiconductor junction modulators that
enabled the creation of true photonic integrated circuits (PICs).
The systematic optimization of these PICs enabled the current gen-
eration of silicon photonics products, such as optical transceivers
for datacenter applications. More recently, the focus has turned to
the integration of multiple materials technologies to enable per-
formance beyond what is achievable in silicon photonics alone.
The rapidly growing foundry ecosystem and the appearance of
start-up companies focusing on silicon photonic hybrid and plas-
monic hybrid technologies have been discussed elsewhere7 and
promise a robust future for chip-scale integration of electronics
and photonics.

Future prognosis for materials development and expansion
of the application space. Future prognosis for R&D: Nanopho-
tonic integration has dramatically influenced the size, weight, power,
cost, and performance of information technology devices and is
particularly impactful for airborne and satellite platforms. Nanopho-
tonic EO device advances have already permitted modulation effi-
ciencies (VπL) to be improved to <0.04 V mm, bandwidths increased
to THz frequencies, energy efficiencies to be improved to tens

of aJ/bit for digital signal processing, and device footprints to be
reduced to ∼10 μm2, as well as achieving state-of-the-art spur free
dynamics range (SFDR) and bit error ratio (BER) for analog and
digital signal processing.7 Important for the implementation of
nanophotonic technology have been the establishment of testbeds
that permit the characterization of such small devices and foundry
operations that permit the design and fabrication of such devices.7
In addition, the development of testbeds that permit R&D mod-
eling of important applications such as fiber-wireless/free space
telecommunication (see Fig. 10) and datacom systems has been
important. In short, the implementation of R&D, fabrication, and
testing infrastructure and electronic-photonic design automation
(EPDA) software has started to come together and is (together
with the growth of photonic foundries) dramatically accelerating
technology development and implementation.

Expansion of the Application Space. The most important
areas of initial focus for active nanophononics involved data cen-
ter interconnects and radio-over-fiber for defense and satellite
communication applications.5,7, 8, 31–36, 38–47, 50–63, 65–68, 71–73, 75, 77, 79,80

Improvements in datacom capacity have been critical for applica-
tions such as video, telemedicine, the Internet of Things (IoT), the
metaverse, cloud computing, etc. Furthermore, scaling of datacom
capability has required developments in nonlinear optical comb gen-
eration and a variety of EO device architectures as well as passive
optical circuitry.

While the primary focus of OEO research has been on C-
band (1.55 μm), datacom research motivates consideration of the
O-band (1.3 μm) operation as well due to lower dispersion for
short-range interconnects. Electro-optic sensor technology is grow-
ing rapidly in importance with its capability for sensing a wide range
of physical and chemical phenomena.6,7 Embedded network sensing
and point-of-care medical diagnosis are examples. Particularly note-
worthy, LIDAR (especially when coupled with autonomous vehicle
technology) is rapidly growing in importance and is being applied
to fields ranging from environmental imaging and monitoring to
agriculture, archeology, defense, and more.7,209–212 Spectroscopy has
been significantly impacted, as has metrology involving ranging and

FIG. 10. Testbed for modeling fiber/
wireless telecommunications. Critical
components include the transmitter (Tx)
and receiver (Rx) sections. Electro-optic
elements consist of an IQ modulator
in the Tx section and a resonant
antenna in the Rx section. The high
gain of the antenna facilitates the
elimination of low noise amplifiers in the
Rx section.7,78,92
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imaging. Optical gyroscopes are seeing commercial applications.213

The advent of hybrid active meta-surfaces has permitted transfor-
mative changes in display and sensor technologies exploiting the
control of amplitude, phase, and polarization of light that is possible
with such meta-surfaces.7,104 Meta-surfaces are also being applied
to quantum technologies.115 In addition to these broader applica-
tions, a number of specific devices have been developed, includ-
ing spatial light modulators, RF/millimeter wave beam steering
(phased array radar), ultra-stable frequency generators (clocks), A/D
converters, frequency shifters, acoustic spectrum analyzers, etc.6,7

Recently, interest has increased in the use of EO modulation for
novel optical computing modalities, such as providing nonlinearity
at the output stage of optical perceptions in neuromorphic ana-
log optical computing.214 Artificial intelligence/machine learning
(AI/ML)215 and quantum technologies represent additional emerg-
ing applications.

COMMENT ON OTHER MODULATION MATERIALS
AND TECHNOLOGIES

Pockels effect modulation technology based on thin film
lithium niobate (TFLN),216–221 thin-film barium titanate (BTO),222

as well as EA modulation technologies223 based on conducting
oxides such as indium tin oxide (ITO),193–198 merits comment. Com-
peting with Pockels effect modulation are modulation techniques
based on electro-absorption224–227 (including modulation based on
graphene as well as inorganic materials) and carrier dispersion
effects.53,224,228–231 Each of these approaches has advantages and dis-
advantages. TFLN has the advantage of low optical propagation loss
and even lower absorption loss that extend from the visible to the
infrared, as well as an extensive history of the use of bulk lithium
niobate in telecom.58–60,103,106,109,111,114,115,199,216–221,224,228–231 Disad-
vantages include a small EO coefficient, a velocity mismatch between
radio frequency and optical fields, and lithium–ion migration, which
poses a concern for integration with CMOS electronics. Significant
progress has been made with respect to addressing these limitations
of TFLN technology, but the low EO coefficient (and hence large
VπL) limits the size of devices and the potential for dense integra-
tion with electronics. Recent progress with devices based on BTO has
allowed them to realize small VπL values by capturing a large frac-
tion of BTO’s high (>900 pm/V) Pockels response,200,222 but they are
limited in bandwidth and power consumption by BTO’s high dielec-
tric constant. EA based modulators can also realize exceptional VπL
values, but demonstrations to date are often limited in bandwidth,
loss, and power efficiency.232

Because of the rapid pace of improvement of all tech-
nologies, no tabular comparison of various technologies is pre-
sented, and the reader is referred to comparisons given in recent
literature.8,57,61,224,225,228–231,233 The rapid pace of improvement of
modulation and photodetection technologies is likely to continue
with a corresponding expansion of applications. Different applica-
tions have different requirements with respect to operating wave-
length range, operating temperature range, VπL, bandwidth, energy
efficiency, and size. No single material/device technology will be
optimum for all applications. It can be noted that while the vast
majority of OEO device research has focused on telecommunication
wavelengths, visible wavelength devices can be achieved using
shorter versions of high β chromophores.184 A VπL of 5.2 V mm has

been demonstrated operating at a wavelength of 640 nm.184 The rela-
tive competitiveness of various technologies for specific applications
will likely continue to change with further research and develop-
ment of individual technologies. The same can be said for material
processing options and device architectures.

However, the opportunity for versatile design, synthesis, and
processing options for organic second-order NLO materials sug-
gests that the attractiveness of such materials will likely continue
to increase, enhancing the performance and range of applications
of hybrid silicon photonic, silicon nitride photonic, plasmonic, and
meta-surface devices.
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