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 ABSTRACT 
 
The performance of electro-optic devices based on organic 2nd order NLO materials has been improved by 
orders of magnitude through theory-guided improvement in the electro-optic activity and other relevant 
properties of organic materials and by field compression of radiofrequency (rf) and optical fields associated 
with the transition from microscale/mesoscale devices to silicon-organic hybrid (SOH) and plasmonic-
organic hybrid (POH) devices with nanoscopic dimensions. This paradigm shift in organic electro-optic R&D 
has led to many performance improvements, including record performance for voltage-length performance 
of < 50 volt-micrometers (V-µm), energy consumption of < 70 attojoules/bit, bandwidths of > 500 gigahertz 
(GHz), and device footprints of < 20 µm2. Another consequence of improving electro-optic performance is 
the corresponding improvement of the inverse 2nd order nonlinear optical property of optical rectification 
(transparent photodetection). Theory has permitted identification of optimum optical 
nonlinearity/transparency ratios and dipole moments for newly developed chromophores, which have led, 
in turn, to state-of-the-art materials and device performance.  
 

1. INTRODUCTION. 
 

In 1999, we provided an invited review of the development of organic electro-optic (OEO) materials and of 
waveguide devices based on such materials.1 At that point in time, electro-optic waveguide devices, based 
on Pockels effect2,3 materials such as lithium niobate and OEO materials, were quite large with waveguide 
lengths ranging from 1 to 10 centimeters (cm), electrode separations of 5 to 10 micrometers (µm), and 
waveguide widths of approximately 5 µm. Mathematically, the Pockels effect is given by ne(V) = ne – 
(1/2)r33ne3V where ne(V) is the extraordinary index of refraction of the material in the direction of an applied 
voltage (V); r33 is the relevant electro-optic (EO) coefficient of the material (the EO tensor element in the 
direction of the applied voltage); and ne is the extraordinary index of refraction in the absence of an applied 
voltage.3 The performance of electro-optic waveguide devices has been characterized by the voltage-length 
(VpL—also referred to as UpL) figure-of-merit, where Vp is the applied voltage required to produce a phase 
shift of p in a propagating optical wave and L is the electrode length (the distance over which the optical 
and electric (e.g., millimeter wave, microwave or radiofrequency) fields interact in the electro-optic material). 
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The simplest mathematical expression for VpL is VpL = (lo/2)(w/G)(1/(ne3r33)) where lo is the optical 
wavelength, w is the electrode separation, and G is the overlap factor for the electric and optical fields in 
the OEO material.3 This expression is for a push-pull waveguide Mach Zehnder modulator; the expression 
for a phase modulator is a factor of 2 larger.3 In 1999, VpL values typically ranged from 2 to 20 V-cm.1,4 
Thus, while in our 1999 review, we demonstrated that electro-optic devices based on OEO materials could 
be integrated with wafer-scale, complementary-metal-oxide-semiconductor (CMOS) electronics,1 
integration of more than a modest number of devices was impossible because of the large VpL. This 
mismatch between the sizes of electronic and photonic devices has been a major problem for the utilization 
of photonic devices for the chip-scale integration of electronics and photonics relevant to computing, 
telecommunications, sensing, and metrology. Also, in 1999, the resistance (RC-defined time response, 
which depends on electrode length) of metal electrodes limited bandwidth performance to approximately 
100 gigahertz (GHz), although the fast (femtosecond) phase response of OEO materials could support 
much greater bandwidths (> 30 terahertz (THz)).3 Around this period-of-time, Michael Hayden and others 
demonstrated THz spectroscopy and imaging techniques based on the utilization of thick film OEO 
materials.5-11 

     Second order nonlinear optic (c(2)) materials facilitate not only translation of electronic information onto 
photonic (e.g., fiber and wireless) transmission (i.e., electro-optic (EO) modulation) but also of the reverse, 
i.e., conversion of photonic information carried on an optical carrier into electrical current (optical 
rectification (OR)). In 1999, optical rectification in the gigahertz frequency range (for waveguide-based 
telecommunication and sensor applications) was essentially unknown in Pockels type devices and so did 
not merit review. That situation has changed dramatically over the following 22 years as will be discussed 
in this review. It is important to note that optical rectification based on thick film devices for terahertz 
generation existed previously5-11 and has been used for a variety of applications ranging from spectroscopy 
to imaging.  The responsivity of optical rectification increases with frequency so that applications in the GHz 
range are more challenging than for the THz range. 
     The electro-optic activity (r33) of lithium niobate is approximately 30 pm/V [i.e., An optical phase shift of 
30 picometers occurs with application of an applied voltage of 1 volt]. In 1999, the r33 values of OEO 
materials were comparable.1,4 The major argument at that time for using OEO materials was the 
femtosecond phase relaxation time of the conjugated p-electron systems of such materials. However, this 
fast response time of OEO materials to applied time-varying electric fields was not the device bandwidth 
defining factor; that was the resistivity of metal electrodes as already noted. While efforts to commercialize 
single waveguide devices based on OEO materials appeared in the early 2000s (Pacific Wave Industries 
and Lumera (now GigOptix), among others), the advantage of such materials was not sufficiently compelling 
to effectively compete with existing technologies based on Pockels effect lithium niobate or alternative 
approaches based on electro-absorptive materials or modulated lasers.3,12 Materials such as lithium niobate 
have important advantages such as very low optical propagation loss and high thermal stability.  Materials 
such as electro-absorptive materials afford advantages such as small device footprints and high bandwidth 
but at the expense of higher optical loss. No single material satisfies all electro-optic (EO) application 
requirements. 
     A sea change in electro-optic technology (and ultimately, optical rectification technology) has occurred 
with (1) the advent of the sub-wavelength technologies of silicon photonics and plasmonics3,13-93 and with 
(2) theory-guided improvement of the r33 values and other relevant properties of OEO materials89,92,93. 
Silicon photonics and plasmonics have facilitated a dramatic reduction in device dimensions. Plasmonic-
organic hybrid (POH) device lengths can be reduced to < 10 µm and electrode spacings to < 50 nanometers 
(nm). As illustrated in Figure 1, these dimensions permit a dramatic enhancement in electromagnetic fields 
(both rf and optical) in waveguides, leading to orders of magnitude reduction in VpL (approximately a factor 
of 100 for current POH waveguide devices and a factor of 1000 when improvements in r33 are considered). 
Indeed, VpL values of 40 to 50 V-micrometer have been reported for state-of-the-art (SOA) plasmonic-
organic hybrid devices (see Figure 2--circles)57,89,90 and even lower values will almost certainly be reported 
shortly based on demonstrated improvements in OEO materials (see Figure 2 novel materials--triangles).89 
The chemical structures of the chromophores of Figure 2 are given in Figure 3. VpL values of < 5 V-µm may 
be realized based on the use of smaller electrode spacings and further improvement of OEO materials. 
This would be a factor of 10,000 improvement in VpL since 2000. Optical insertion loss (the sum coupling 
loss, propagation loss and material absorption loss) is an important consideration for electro-optic device 
utilization. The loss associate with plasmonics and silicon photonics, as well as that of OEO materials, is of 



 3 

concern. Key to the success of these nanophotonic devices is the utilization of short devices which minimize 
propagation loss. This, in turn, requires active materials with large second order electro-optic activity and 
enhancement through field compression. Coupling loss must also be considered and will, of course, depend 
on device architecture. Thermal and photochemical stability are also important for device applications. 
Thus, focus on a single performance parameter is not adequate for guiding improvement of device 
performance. 
     Of course, the transition from microscopic to nanoscopic electrode separations has been accompanied 
by recognition of new phenomenon including the attenuation of electric-field-poling-induced electro-optic 
activity with decreasing electrode separation. This attenuation is associated with interaction between 
chromophore dipoles and conduction electrons of the metal electrodes.55,57,64,89,90 Another important 
consequence of small plasmonic-organic hybrid (POH) electrode separations is the increasing importance 
of the “slow light” effect for enhancing electro-optic activity (see Figure 4).46,49 The slow light effect is 
associated with the slower propagation of surface plasmon polaritons (SPPs) relative to photons. The 
slower propagation results in a longer integration time for the electro-optic (EO) interaction and thus 
enhancement of the effect. The low RC values of plasmonic devices permit THz bandwidths to be realized 
(note that plasmonics involves converting photons into propagating plasmon polaritons with properties 
intermediate between photons and electrons). Indeed, in telecommunication applications, operational 
bandwidths of > 500 GHz have been reported66,68,71; and in sensor applications, bandwidths of greater than 
1 THz have been demonstrated73,75. Device bandwidths of > 30 THz are theoretically possible.3 Utilization 
of nanophotonic devices has also permitted a dramatic improvement in energy efficiency of electro-optic 
devices; values of < 70 attojoules/bit (for digital information processing) have been achieved in strip-line 
(single pass) devices67 and much smaller values are possible with resonant (e.g., ring resonators) devices 
due to resonant enhancement associated with the quality (Q) factor of such devices. Utilizing the latest 
improved OEO materials will likely lead to energy efficiencies of < 10 attojoules/bit even for strip-line 
devices. The combination of the introduction of nanophotonic device technologies together with 
improvements in OEO materials has permitted the practical integration of electronics and photonics.74,89 
Another important achievement has been the integration of OEO materials into free space metasurface 
devices, which represents a significant advance in sensor and display technology.82-84 
      Optical rectification at GHz frequencies (relevant to telecommunications, computing, and sensing) was 
first observed in a silicon-organic hybrid (SOH) waveguide device in 2005.21 Michael Hayden and others 
had previously pioneered the use of optical rectification at THz frequencies.5-11 The absence (or reduced 
presence) of phonon modes in OEO materials in the frequency range 1-15 GHz makes these materials 
attractive for applications such as spectroscopy and imaging. In 2005, the responsivity (R) at GHz 
frequencies was still well below of the value of commercial inorganic photodiode devices (approximately 1 
Ampere/Watt) and so the 2005 observation was not further pursued at that time. However, two interesting 
features were observed in this initial study, namely, very high bandwidth performance and a very low noise 
floor. Note that unlike conventional photodiodes (traveling wave uni-traveling carrier photodiodes, TW-UTC-
PD; p-i-n traveling wave photodiodes, p-i-n TW-PD; ultra-broadband-carrier photodiodes, UBC-PD), optical 
rectification does not involve electron excitation and thus can be viewed in the low material absorption limit 
as “transparent photodetection”. Through the 2nd order NLO effect of OR, the optical field produces a 
potential between the electrodes causing current to flow. Unlike conventional photodiodes, the responsivity 
of OR increases (in an approximately linear manner) with increasing frequency, rather than being flat with 
increasing frequency and falling precipitously at some high (GHz) frequency (due to the excited state 
lifetime of the photoexcited electrons) as is the case with inorganic photodiodes. The simplest mathematical 
expression for optical rectification responsivity (R) is R = (i/P) = |(ne3r33/2c)f(w/G’)(L/A)| where i is the OR-
induced current in Amperes, P is the optical power in Watts, ne is the extraordinary index of refraction, r33 
is the principal element of the electro-optic tensor, c is the speed of light, f is the modulation frequency on 
the optical carrier, w is the electrode separation, G’ is the overlap of the optical field with the 2nd order 
nonlinear optical material, and A is the waveguide cross-section area. This expression reasonably accounts 
for the responsivity of Pockels effect materials for mesoscopic devices. The expression is more complicated 
for nanophotonic plasmonic devices (which is also the case for electro-optic modulation—see Figure 4). 
Both EO and OR depend on ne3r33. Following the 2005 publication, Baehr-Jones and coworkers91 estimated 
that responsivity values of 9 mA/W at 400 GHz could be achieved with OEO materials exhibiting an in-
SOH-device EO activity of 300 pm/V. With improved electric field concentrations associated with the use of 
a 50 nm electrode separation in POH devices and r33 values of 1000 pm/V, responsivity values can be 
improved to 1.8 A/W,89 which is competitive with the best inorganic photodiode devices but affording much 
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superior bandwidth performance and a lower noise floor (to be discussed later in relation to spur free 
dynamic range and bit error rate). Even smaller electrode spacings are desirable. However, it is important 
to note that research involving OR is in a very immature state: indeed, the mechanisms defining noise floor 
for Pockels materials remain to be defined experimentally. Cox and coworkers recently published one of 
the first detailed studies (utilizing lithium niobate).94 

 

 

 
Figure 1.  Upper: Variation of device size for various types of modulators is schematically illustrated.  SOH 
stands for silicon-organic-hybrid device; POH stands for plasmonic-organic-hybrid device. Note that UpL 
and VpL will be used interchangeably as both appear in the literature. Adapted from reference 52 with 
permission. Lower: The variation of halfwave voltage (Vp) with electrode length/device length (L) is shown 
for various types of devices and for the POH research goal. Adapted with permission from reference 89. 
      

by introducing the first plasmonic IQ modulator. To put
things in context, we give here the absolute numbers as
obtained from the first generation of POH modulators.
They feature:

• footprints of a few squared micrometers;
• encoding of advanced modulation formats such as

QPSK and 16-QAM enabling 144 Gb/s;
• electro–optic bandwidths 9110 GHz (!THz

expected);
• electrical energy consumption ! 25 fJ/b;
• voltage-length products of 40 V!m;
• extinction ratios (ERs) 9 25 dB;
• insertion losses (IL) of 5 dB for a single MZM.
The paper is organized as follows. In Section II, we

review the different organic-based modulator technolo-
gies such as the conventional organic waveguide modula-
tors, the SOH modulators, and the POH modulators.
Section III discusses the physics behind the POH wave-
guide and the operating principle of the POH phase
modulator. In Section IV, we discuss the all-plasmonic
MZM. Section V reports on the performance of the first
plasmonic IQ modulator. For more general reviews on
plasmonics or on organic NLO materials in general, we
recommend [51]–[53], respectively.

II . POH MODULATORS: LIGHT–MATTER
INTERACTION BEYOND THE
DIFFRACTION LIMIT

Merging NLO materials [52] with plasmonic structures
[41] allows us to combine the advantages of each technol-
ogy without suffering from the drawbacks of the respective
individual technologies [42], [43]. We discuss the advan-
tages of the POH technology over its two photonic

predecessors with the help of Fig. 2. The figure depicts an
artistic view of three generations of modulators that all uti-
lize second-order NLO materials to encode an electrical
signal onto an optical carrier. The three generations of
modulators are: 1) an organic waveguide modulator [54];
2) a photonic SOH modulator [55]; and 3) a POH modula-
tor [42]. One can see that the size of the modulators de-
creases from centimeters, to millimeters, and finally to
micrometers when going from left to right. To understand
this evolution we first discuss the NLO material system
and then discuss how its properties can be used to take full
advantage of the nonlinear characteristics.

Organic NLO materials with a dominant linear
electro–optic effect offer some unique advantages [56].

• Linear phase modulation: The linear electro–
optic effect (Pockels effect) [57] allows one to
linearly modulate the phase of an optical signal
by means of an applied electrical field. An advan-
tage of the linear electro–optic effect is that the
optical absorption of the material is hardly af-
fected by the phase modulation.

• Ultrafast speed: The linear electro–optical effect is a
parametric light–matter interaction. As such, the
process works on an attosecond timescale and the
electro–optical bandwidth of the modulator is thus
only limited by the resistor–capacitor (RC) time con-
stant of the electrodes and its associated wires [52].

• Highest nonlinearities: The strength of the light–
matter interaction is defined by the electro–optic
coefficient ðrÞ. Current organic electro–optic (OEO)
materials exhibit electric field poling-induced r coef-
ficients up to approximately 400 pm/V [58]–[61],
more than an order of magnitude larger than the
electro–optic coefficients of LiNbO3 (r ! 30 pm/V).

Fig. 2. Artistic view of different organic modulator technologies. (a) Organic waveguide modulators. Light (optical mode profile) is

guided within a waveguide formed by the organic NLO material; the phase is modulated by the applied drive voltage USignal and drops

off over the distance of a few micrometers as indicated by the radio-frequency (RF) field (gray). Such organic modulator devices have

centimeter lengths. (b) SOH modulators have submillimeter lengths. Here, the electrical field drops only over the slot filled with the

organic material. However, the performance is still limited as the diffraction limit forbids complete confinement of light to the slot.

(c) This can be overcome by the POH approach, which is not diffraction limited and enables modulator lengths of only several

micrometers.

2364 Proceedings of the IEEE | Vol. 104, No. 12, December 2016

Haffner et al.: Plasmonic Organic Hybrid Modulators—Scaling Highest Speed Photonics to the Microscale
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Figure 2. Variation of VpL with waveguide slot width (electrode separation) is shown for a state-of-the-art 
chromophore DLD164 and preliminary data are shown for a newly prepared (novel) chromophore 
BAH13.90,93 In the absence of chromophore-electrode electrostatic interactions, VpL would be predicted to 
decrease in a linear manner with decreasing w.  Even without addressing the attenuation problem, the 
use of smaller waveguide widths should lead to voltage-length values < 40 V-µm using BAH13.  The 
chemical structures of DLD164 and BAH13 are given in Figure 3. Adapted from reference 90 with 
permission. 
 

 
Figure 3.  Early chromophores (JRD1, EZFTC, YLD124, YLD156 and DLD164) are shown together with 
the recently synthesized chromophore BAH13. 
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Figure 4. (a) Dneff = G(Dnmat/nmat)nslow where Dneff is the index of refraction change induced in a plasmonic 
waveguide, containing an OEO material, by an applied electric field, G is the field energy interaction factor 
for the optical field confined to the slot and polarized parallel to the active axis of the OEO material, Dnmat 
is the index of refraction change induced in the OEO material by the applied electric field, and nmat is the 
index of refraction of the material in the absence of the applied electric field. The solid line is for a plasmonic 
slot waveguide, and the dashed line is for the equivalent photonic silicon waveguide. The electric field in 
both slots is 1 MW/cm. Also shown is the propagation loss as a function of slot width. (b) The variation of G 
is shown as a function of slot width for plasmonic and photonic waveguides. Much tighter field confinement 
is observed for plasmonic devices.  (c) The dependence of the slow light effect (nslow) is shown as a function 
of slot width for plasmonic and photonic waveguides. Adapted with permission from reference 46. 
 
     Another important consequence of moving from microscopic electrode separations, w, to nanoscopic 
widths is the opportunity to transition from processing protocols based on electric field poling3 to protocols 
based on use of covalent bonds (sequential-synthesis/self-assembly)3,95-99 for the introduction of acentric 
order. The large values of electrode separations (w) of mesoscopic devices in the year 1999 made 
sequential-synthesis/self-assembly impractical because of the excessively large number of sequential 
steps required. This approach becomes feasible with w values < 50 nm. It is also important for addressing 
interfacial interactions between gold electrodes and electrically-poled OEO materials that lead to reduction 
in desired acentric order. Sequential-synthesis/self-assembly also can lead to improved thermal and 
photochemical stability.3 

     This review focuses on an introduction to and review of the details of multi-scale (quantum/statistical 
mechanical) theory-guided improvement of 2nd order NLO materials and upon the utilization of 
nanophotonic (subwavelength) silicon photonic/plasmonic devices. Its focus is on chromophores to devices 
R&D rather than just on materials. It is not a comprehensive review of the literature associated with electro-
optics. For example, numerous articles have appeared focused on using conventional DFT functionals and 
traditional wavefunction methods to calculate molecular first hyperpolarizabilities. For the most part, these 

a Vpeak of 3 V as indicated by the experimental data (dots).
The data were fitted by numerical simulations (dashed lines),
and a good fit was found for an electro-optic coefficient of
180 ± 20 pm V−1. Given that SPPs in the tapered section of the
island also experience a small phase shift, we assumed an effective
phase shifter length of 6 μm. This results in a voltage–length
product of only ∼60 ± 6 V μm, which is many times smaller than
what has been reported for photonic MZMs10,12. This indicates an
extraordinarily large linear electro-optic effect in the slot
(Supplementary Section II).

The nonlinear interaction found in the experiment corresponds
to an effective refractive group index change (Δneff ) of ∼0.1 between
the two arms of the MZM. Such a high Pockels effect is unique for a
non-resonant structure and demands further discussion of its
origin. To do so we compare the change in Δneff over the slot
width for both a plasmonic phase shifter (solid line, Fig. 2) and
an alternative approach (dashed line) based on silicon–organic
hybrid slot waveguides12. The corresponding mode profiles are dis-
played as insets to Fig. 2a for 100-nm-wide slots. Figure 2a depicts
the numerical results for Δneff as a function of the slot width for
electrical fields of 1 MV cm–1 in both slots. The plot shows that
plasmonic slot waveguides provide a much larger Δneff than
silicon slot waveguides. The effect is largest for the smallest slot
widths. To elucidate the origin of this nonlinear effect we rewrite
Δneff as a product of three factors, where each can be attributed to
a particular contribution (Supplementary Section II):

Δneff = Γ
Δnmat

nmat
nslow (1)

In this equation, Γ is the field energy interaction factor, which is
strongest when the optical field is confined to the slot and is polar-
ized parallel to the active axis of the nonlinear material. The per-
formance of the nonlinear material is quantitatively described by
its relative refractive index change (Δnmat/nmat). For 1 MV cm–1

we obtain a relative change of 3%. The slow-down factor nslow
accounts for a nonlinear enhancement due to the slower propa-
gation speed of a plasmon and thus an increased interaction time.
The quantitative contributions of Γ and nslow are plotted versus
slot width in Fig. 2b and c, respectively. The plots in Fig. 2b show
that Γ in a plasmonic phase shifter is at least three times larger
than in its photonic counterpart. This is due to the fact that SPPs
are highly confined to the nanoscale slots (Fig. 2a, left inset).
With decreasing slot width, Γ decreases as the field penetrates
further into the metal. The increased penetration into materials
with a higher permittivity also increases nslow, as shown in Fig. 2c.
Plasmonics exhibits a more pronounced slow-down than conven-
tional photonics as its permittivity is one order of magnitude
larger. A decreasing slot width leads to very large Δneff , enabling
short micrometre-long phase shifters. The larger nonlinearity
comes at the expense of larger propagation losses (Fig. 2a, green).
However, by decreasing the slot width the electrical field increases
inversely when the voltage is kept constant. This gain in nonlinear-
ity ultimately overcompensates for losses. In view of technological
resolution limitations we opted for 90-nm-wide phase shifters,
where losses can be below 3 dB (Supplementary Section III).

The normalized frequency response of the modulator was
measured for three different wavelengths (Fig. 3) (Supplementary
Section II). Fitting the response at 1,550 nm (red) does not
indicate any bandwidth limitation within the measurement range
(12.5–70 GHz). Similar behaviour is found for wavelengths of
1,520 nm (black, left inset of Fig. 3) and 1,620 nm (blue, right
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articles do not involve comparison of theory with experiment, nor do they lead to the synthesis of new state-
of-the-art materials and their integration into devices. While such articles provide very useful insights, they 
do not typically provide important “molecules to devices” guidance for optimizing electro-optic technology 
that is the focus of this review and thus will not be reviewed here. Optical nonlinearity, optical transparency 
(optical absorption), and dipole moment are important parameters for identifying the best chromophores 
and theoretical guidance permits identifying chromophores yielding the optimum value of these properties.  
Specifically, theory permits definition of optical nonlinearity/optical transparency products (or optical 
nonlinearity/optical absorption loss ratios) for chromophores, which is critical for the selection of appropriate 
chromophores for specific devices, e.g., plasmonic-organic hybrid and silicon-organic hybrid devices. 
Theoretical predictions can be calibrated by comparison with experimental determinations of molecular first 
hyperpolarizability measured by hyper Rayleigh scattering (HRS) and absorption measured directly and by 
variable angle spectroscopic ellipsometry (VASE).93 Avoiding chromophores with excessively large dipole 
moments is critical if acceptable levels of acentric order are to be achieved by electric field poling or 
sequential-synthesis/self-assembly processing protocols. Such information is central to the systematic 
improvement of the performance of OEO materials. 
     In like manner, some aspects of device architecture optimization will not be reviewed, e.g., linearization 
of the modulator response function for improvement of signal linearity (spur free dynamic range 
(SFDR)57,86,100-102 and bit error rate (BER)46,49,52,54,57,61,64,65,67-69,72,76,78). While this is an on-going area of 
research involving device architectures, it is largely independent of material used and is defined by 
device/system architecture. We will, however, provide examples of typical SFDR and bit-error-rate (BER)78 
performance for hybrid organic EO devices. In like manner, we will not do a detailed comparison of 
modulator technologies (modulated lasers, Pockels effect modulators, and modulator based on electro-
absorption and other mechanisms) as these are covered in many cited reviews.3,12,17-20,51,52,57,101-104 We do 
note that new classes of EO materials (e.g., such as ITO103) are emerging and merit attention. Our 
perspective is to provide insight into coordinated development of OEO materials and related devices 
relevant to commercial (or potentially commercial) electro-optic and optical rectification technologies. The 
current review also attempts to avoid repeating material covered in other reviews. 
     This review emphasizes the need to change research perspectives with respect to OEO materials based 
on emerging data and the importance of simultaneously considering both materials and device architectures 
in implementing new technologies. The paradigm shift in R&D since 1999 has already led to orders of 
magnitude improvement in VpL, device footprint, energy efficiency, bandwidth, signal quality (spur free 
dynamic range, SFDR, for analog signal processing and bit error rate, BER, for digital signal processing). 
Chip-scale integration of electronics and photonics not only affords dramatic improvement in performance 
but also permits important cost reduction and improvement in reliability. In engineering parlance, this means 
improvement of size, weight, power, cost, and performance (SWaP-CP).  
     The following sections focus on (1) theory-guided development of new OEO materials and on (2) the 
role of device architecture on device and system performance. These sections are followed by a 
consideration of auxiliary properties of thermal and photochemical stability and of issues related to 
characterization and chromophore synthesis. The final section focuses on what can be expected for the 
future development of integrated electronic/photonic technologies and on applications of the technology.  
The application space is amazingly broad ranging from computing, signal processing, metrology, and 
telecommunication to a plethora of sensor applications such as Lidar105-107, Radar108, optical gyroscopes109, 
embedded network sensing, the Internet of Things (IoT), and including sensing of both chemical and 
physical phenomena. 
     A comment on the changing R&D perspective with respect to OEO materials since the late 1980s and 
early 1990s is appropriate.  In the latter quarter of the last century, a significant number of major 
corporations and academic researchers pursued organic electro-optic materials research by initially 
dissolving commercially available chromophores (such as disperse red chromophores3) in commercially 
available polymers (e.g., PMMA, PC, PI, etc.3) and electrically poling the resulting composite materials near 
their glass transition temperatures. The research of this period is easily accessed in SPIE and MRS 
conference proceedings of the time. The modest molecular first hyperpolarizabilties of early chromophores, 
the modest poling efficiencies of early composites, and the poor thermal and photochemical stabilities of 
early materials (defined by the low glass transitions of the composites) inhibited the effective 
commercialization of these early materials and R&D in this area was largely abandoned by early 
practitioners. In the late 1990s, the issue was whether-or-not the performance of OEO materials could be 
improved in a timely manner by developing chromophores with improved molecular first hyperpolarizability, 
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materials with improved poling efficiencies, and hardened materials yielding improved stability, Clearly, 
numerous structure/function relationships had to be defined in a finite space of time. To accomplish this in 
a timely manner required guidance from theory together with collection of a daunting array of experimental 
data. Given the state of theoretical methods at the time, improved computational methods had to be 
developed and calibrated against experimental measurements. Previously ignored problems such as the 
impact of intermolecular electrostatic interactions among chromophores needed to be explicitly addressed 
and this required development of new computationally efficient, coarse-grained statistical mechanical 
methods.  Both quantum and statistical mechanical methods capable of evaluating a wide range of material 
options in a short space of time were required. In like manner, new and improved experimental methods 
were required. Measurements of absolute values of molecular first hyperpolarizabilities, acentric order, and 
electro-optic activity in bulk materials range from challenging to unrealistically difficult. The ultimate interest 
is the electro-optic activity and optical loss of materials in devices, which can be determined with high 
accuracy. Intermediate steps, in the evolution from chromophores to devices and systems, must identify 
improved chromophore structures and material processing protocols. In this down selection process from 
many options, the relative performance of chromophores and materials is more relevant than absolute 
values for a particular chromophore or material. Thus, while measurement of absolute values of molecular 
first hyperpolarizabilities of chromophores by hyper Rayleigh scattering (HRS) is unrealistically difficult, it is 
relative values that are relevant to the optimization of OEO for device applications. Various methods of 
determining bulk electro-optic activities, such as Teng-Man3 and ATR3, represent different levels of difficulty 
and accuracy. ATR permits determination of r33 and r13 and avoids some of the complications associated 
with the Teng-Man method; however, it is not appropriate for screening of large numbers of materials. The 
smaller number of ATR measurements that can be executed in a finite amount of time are reserved for 
verifying more easily executed Teng-Man measurements and for characterizing acentric order parameters 
through the theoretically defined relationship to the ratio r33/r13. Teng-Man permits in situ measurement of 
poling-induced EO activity and is thus useful in characterizing the relative poling efficiency of different poling 
protocols including the details of multi-layer device architectures used to control material conductance 
relevant to poling efficiency and device operation. These detailed studies provide important insights into 
the dependence of performance on poling architectures and are useful in identifying measurement artifacts 
such as the effect of multiple reflections in multilayer poling architectures. Selection criteria for optimized 
chromophores and materials depend on multiple parameters including molecular first hyperpolarizability, 
absorption loss, dipole moment, chromophore shape (intermolecular electrostatic interactions), electro-
optic activity, index of refraction, and dielectric permittivity. Correlation of a large amount of theoretical and 
experimental data is required, together with practical insights into chromophore synthesis and material 
processing realities. Above all, improvements must be accomplished is a timely and resource utilization 
efficient manner, which necessitates hard decisions with respect to the allocation of resources. Finally, 
transition of R&D to nanophotonic devise brings a new level of complexity with performance depending on 
the details of interfacial interactions. Nanophotonic devices require new test (characterization) protocols as 
will be discussed later in this review. The new nanophotonic testbed (shown in Figure 22) affords the 
characterization of electro-optic activity in-device-relevant structures, permits systematic investigation of 
the influence of device architecture on achievable in-device material EO activity, and permit more accurate 
measurement of electro-optic coefficients. Clearly, the complexity of OEO material and device R&D has 
increased dramatically over the past two decades but the utility of the protocols discussed is evident in the 
improved performance of POH and SOH devices. Hopefully, this review provides insight into a systematic 
approach to addressing the complexity of optimizing OEO materials and devices in a timely manner. 
 
  2. Theory-Guided Improvement in OEO Materials.   
 
For introductory material related to nonlinear optics and theoretical/experimental methods, the reader is 
referred elsewhere.3,110-168 An overview of the workflow for multiscale theory-guided improvement of 2nd 
order NLO materials is illustrated in the accompanying Figure 5. 
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Figure 5. The workflow for multiscale improvement and evaluation of 2nd order NLO materials and their 
accompanying devices is shown. QSPR = quantitative structure-property relationship, DFT= density-
functional theory (Gaussian commercial), PAW = projector-augmented wave (VASP, commercial), FIGSiM 
= finite improbability generator for simulation of materials (in-house, open source), Excitonic coupling = 
collaboration with Isborn group126,127 (homebrewed code) for intermolecular effects on optical and nonlinear 
optical properties, FDTD/FDE = electrodynamics simulations (Lumerical, commercial). This Figure was 
prepared by Dr. Lewis Johnson. 
 
     In the following sections, it will become clear why it is important to employ an end-to-end, multiscale 
consideration to optimize system performance. Initial quantum mechanical calculations involved use of 
early wavefunction and density functional theory (DFT)/time-dependent density functional theory (TD-DFT) 
methods to evaluate molecular first hyperpolarizability for molecules in vacuo and in the long wavelength 
(zero frequency) limit. Improved calculations required addressing the effect of dielectric environment 
(including chromophore aggregation) and of frequency (including resonance effects) and benchmarking 
against higher order computational methods.   
     At the material level, electro-optic activity requires introduction of acentric order. This has most 
commonly been accomplished by electric field poling of neat chromophore materials or chromophore-
containing polymers/composites near their glass transition temperature. Strong chromophore-chromophore 
dipolar interactions oppose poling-induced order. Indeed, chromophores with the highest dipole moments 
are unusable.  Detailed intermolecular electrostatic interactions must be explicitly considered to understand 
poling-induced order. Such considerations have led to site-isolation through steric modification of 
chromophores, to the introduction of multi-chromophore dendrimers and binary chromophore glasses, to 
introduction of electrostatic moieties that influence matrix dimensionality (i.e., reducing matrix dimensions 
from 3-D to 2-D or even to 1-D noting that fractional dimensionalities are also possible) and to other matrix-
assisted poling phenomenon. Theoretical considerations have also led to new processing protocols such 
as laser-assisted electric field poling (LAEFP)110 (which is an example of matrix-assisted poling) and to new 
material characterization techniques such as variable angle polarization-referenced absorption 
spectroscopy (VAPRAS)111.  For the sake of simplicity, we separate the review of quantum and statistical 
mechanical methods although in practice these are considered together. Also considered simultaneously 
with theoretical insights are consideration of device architectures (including interfacial interactions) and 
material synthesis and processing issues. 
 
2.1. Improvement of Molecular Properties: Molecular First Hyperpolarizability and Linear Optical 
Properties. The relationship of the components of electro-optic activity (r33): [molecular first 
hyperpolarizability b, chromophore number density rN (also referred to as N), acentric order <cos3q> where 
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q is the angle between the applied electric fields and the principal axis of the hyperpolarizability tensor, and 
dielectric(e)-index of refraction(ne)] is shown in Figure 6 (right side).   
 

 
 
Figure 6. Simple expressions for VpL and r33 are shown as a function of component terms.89 Note that both 
bzzz and <cos3q> are dependent on rN. Figure modified from reference 89 with Permission. 
 
     In 1999, theoretical guidance for the improvement of molecular first hyperpolarizability involved use of 
early density functional theory (DFT) together with traditional wavefunction based methods.1,3,112-125  Since 
that time, use of improved DFT functionals, treatment of dielectric and frequency efforts, and treatment of 
chromophore aggregation effects have led to greatly improved prediction of linear and nonlinear optical 
properties.64,89,90,92,93,126-139  A example of the importance of dielectric effects is shown in Figure 7. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Figure 7.  The theoretical (DFT) and experimental variation of molecular first hyperpolarizability with 
dielectric permittivity is shown.124 Adapted from reference 124 with permission. 
 
     Indeed, large scale surveys (Figure 8 Left Side) of putative chromophore structures are now possible 
with good confidence (expected correlation of theoretical and experimental hyperpolarizabilities as shown 
in Figure 8 Right Side).89 Structures of chromophores are given in Figures 3 and 9. Theory provides critical 
insight into optical nonlinearity/optical transparency products and dipole moments. For example, the optical 
nonlinearity(b)/absorption loss(k) ratio for BAH13 is significantly greater than that of BAY1 even though 
BAY1 is theoretically and experimentally observed to have the higher molecular first hyperpolarizability. 
The concept of an “optical nonlinearity/optical transparency trade-off” only applies rigorously to structure 
variations within a simple class of chromophores (e.g., short NGS chromophores). Theory also illustrates 
that the optimum dipole moment value is that for JRD1 (which also has a superior optical nonlinearity/optical 
absorption loss ratio). The importance of these theoretically predicted (and experimentally verified) 
chromophore properties is borne out by their leading to superior device performance for both POH and 
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SOH devices.  BAH13 is currently the material of choice for POH device applications and JRD1 is currently 
the current material of choice for SOH device applications. Lower material loss is required for SOH devices 
because the optical loss of silicon waveguides is much less than plasmonic waveguides and the material 
loss requirement is that it be less than or equal to the loss of the passive waveguide materials. 
 

 
Figure 8. Left: Theoretical values of long-wavelength-limit molecular first hyperpolarizability (b0), referenced 
to those of the workhorse chromophore JRD1, are shown as a function of computed chromophore dipole 
moment (µ) also referenced to JRD1. Well-known (reference) chromophores are shown as red circles.  
Recently designed (new) chromophores are shown as blue triangles. Newly synthesized chromophores are 
shown as yellow triangles showing predicted improvement in b0. Right: Theoretical b0 values referenced to 
JRD1 are shown as a function of b0 values determined by hyper-Rayleigh scattering (HRS) measurements 
(also referenced to JRD1). Blue circles indicate values for well-known (standard) chromophores.  The 
theoretical trend predicted for these chromophores is in good agreement with HRS measurements.  Yellow 
and red symbols are for newly considered chromophores.  The agreement between theory and experiment 
is less good but still useful in predicting trends. The degraded agreement may be due to inadequate 
treatment of dielectric (reaction field) effects and of frequency effects using the two-state model. The value 
of b0 for BAH13 is 2680 x 10-30 esu while the value for BAY1 is 3040 x 10-30 esu.93 The most-commonly-
utilized DFT method is M062X/6-31+G(d) in PCM. Structures for the chromophores of Figure 8 Right are 
given in Figures 3 and 9. Adapted from reference 89 with permission. 

 
Figure 9.  The chemical structures of some recently synthesized chromophores are shown.  See Figure 8 
for the theoretical and experimental b0 values for these chromophores. 
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     Most chromophores used in devices fall into the category of neutral ground state (NGS) chromophores 
that can be viewed within the context of a two-state model where the excited state is viewed as a zwitterionic 
(charge separated) state (ZES). Chromophores with large dipole moments (such as zwitterionic ground 
state, ZGS, chromophores—chromophores on the right side of Figure 8 Left) are to be avoided as strong 
dipole-dipole interactions oppose the introduction of desired acentric order (finite <cos3q>). The ground 
state of chromophores can, in general, be viewed as an admixture of the neutral and zwitterionic states 
with the exact nature of the admixture defined by donor and acceptor strengths and by the connecting p-
electron bridge. As pointed out by Marder and coworkers112-114, this leads to an impact on bond length 
alternation. The two-state model is often used in discussing the frequency dependence of b values (the 
relationship between bw and b0).  An analytical expression for the simple two-state model (that neglects the 
details of individual chromophore structure) was introduced and extensively discussed by Marder and 
coworkers.112-114 Numerical quantum mechanical data provide quantitative insight into the importance of 
various elements of the two-state model (ground state dipole, excited state dipole, transition moment, and 
charge transfer bandgap).  Indeed, some of the most promising recent chromophores have modest ground 
state dipoles but very large excited-state dipoles leading to large difference values and large molecular first 
hyperpolarizabilities. The important point is that current theoretical methods permit reliable prediction of 
molecular hyperpolarizability, optical absorption, and dipole moment including the effect of excitonic 
intermolecular interactions on these parameters (to be discussed shortly). This greatly accelerates the down 
selection of viable chromophore structures. 
     An exception to simple two-state type chromophores are twisted-bridge chromophores introduced by 
Marks and coworkers.140-142 These chromophores have been evaluated by various theoretical methods.140-

143 However, the large dipole moments of twisted bridge chromophores have proven to be a serious 
impediment for their use in devices. 
     Quantum mechanical calculations of many-atom OEO chromophores have also provided important 
insights into index of refraction and dielectric properties.90 Because index of refraction affects electro-optic 
activity through the expression ne3r33, the impact of ne variation with chromophore structure and order can 
be large. Indeed, the effect of matrix dimensionality on r33 appears to be dominated by the impact of 
dimensionality on ne.90 
     In recent years, considerable progress has been made in the development of quantum mechanical 
methods, particularly as related to analyzing the impact of chromophore-chromophore intermolecular 
excitonic interactions.126,127 These results are relevant not only for understanding nonlinear optical 
properties but also for understanding the optical spectra of solid-state organic materials.  Such calculations 
have relied on using both quantum mechanics and statistical mechanics and have proven crucial to 
understanding optical, nonlinear optical, dielectric, and index of refraction properties in a unified way.  It is 
interesting to note that chromophore-chromophore p-electron interactions have a dramatic impact on linear 
optical spectra but very little effect of electric-field-poling-induced electro-optic activity for materials with low 
<cos3q> values. Recently, the effect on optical spectra of solid-state materials has been effectively 
simulated as shown in Figure 10. The impact on r33 depends on the relative orientation of chromophores; 
and for low poling efficiency (<cos3q> less than 0.2), chromophores are nearly randomly disordered. The 
enhancements and attenuations of EO values are averaged out for materials with low acentric order so the 
net effect is small. 
     The need for reliable quantum mechanical modeling is evident from a consideration of Figure 8.  The 
possibilities for chromophore modification are simply too great to use an Edisonian approach for the 
development of improved chromophores. Down selection of putative structures based on theory is critical 
given limited time and synthetic resources. From a consideration of Figure 8, it is obvious that theory permits 
identification and avoidance of high dipole moment chromophores that cannot be processed into the desired 
non-zero acentric order materials. Theory also permits down selection of chromophores that have the 
desired optical and dielectric properties. Of course, synthetic feasibility must also be considered. Over time, 
the importance of correlating quantum and statistical mechanical methods has been realized as electro-
optic devices require solid-state OEO materials containing finite chromophore concentrations. Development 
of such correlated multi-scale theoretical methods over the past decade has been critical to dramatically 
improving the performance of materials in devices. DFT methods, that have benchmarked against higher 
level (e.g., coupled cluster theory) methods, have guided order of magnitude improvement of molecular 
hyperpolarizabilities, have guided the identification of chromophores with acceptable optical loss, and have 
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guided the identification of chromophores with acceptable dipole moment values. The rate of improvement 
has slowed in recent years as the process has been optimized and even though further improvements in 
hyperpolarizabilities are possible, such improvements are likely to involve factors of 2 to 3 improvement 
rather than orders of magnitude improvement. The improved understanding of the impact of chromophore 
modification on index of refraction and dielectric properties will likely be more effectively exploited in the 
future. 
 

 
Figure 10. The simulated inter-band absorption spectra for “isolated or independent particle chromophores 
(in a uniform dielectric environment) and for interacting chromophores in solid state materials are shown 
for the YLD124 chromophore material. The simulation of the latter requires use of the chromophore 
distributions (ensemble order) identified by coarse-grained statistical mechanical calculations—discussed 
in the next section). Adapted from the collaboration with C. M. Isborn with permission from Prof. Isborn.126,127 

 
     Theory identifies the dipole moment of JRD1 as the optimum chromophore dipole moment for the 
introduction of acentric order.  Optimum optical nonlinearity/optical absorption ratios will depend on device 
architecture. A selection criterion for chromophore absorption loss is that it does not exceed loss 
contributions from passive device elements.  Thus, the optimum optical nonlinearity/absorption loss ratio 
for a POH device is represented by BAH13 while the optimum optical nonlinearity/absorption loss ratio for 
a SOH device is represented by JRD1 because the passive waveguide losses of silicon photonics are less 
than for plasmonic waveguide devices. Of course, chromophore structures must also be modified to achieve 
desired processing and realization of hardened materials. Without theoretical guidance, progress in 
improving chromophores would be unacceptably slow. 
   
2.2. Improvement of Macroscopic (Molecular Assembly) Properties: Acentric Order and 
Chromophore Number Density.  Understanding poling-induced order has required explicit treatment of 
both chromophore-applied field and chromophore-chromophore electrostatic interactions1,3,144-168 and more 
recently of chromophore-electrode interactions (for nanoscopic devices)55,57,89,90. This has been 
accomplished by development of both analytical1,3,147,152,153,156,157 and numerical simulation3,148-151,157-168 
analyses. Analytical methods involved approximation of chromophores as single prolate ellipsoids. The 
results indicated the importance of chromophore shape and of modifying chromophore cores to change 
shape (and thus chromophore-chromophore steric interactions). This information has been widely used to 
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improve poling induced order. A rigid body approximation to chromophore structure is appropriate in first 
order because the conjugated p-electrons restrict chromophore flexibility. 
     To achieve more accurate simulations of chromophore-containing materials, more detailed information 
with respect to chromophore structure is required. Fully atomistic simulations are too time demanding to 
evaluate a significant number of materials.144-146 This problem has been addressed by Andreas Tillack and 
coworkers161,165-168 through development of the level of detail (LoD) method (Figure11) and the adiabatic 
volume adjustment (AVA) acceleration method (Figure 12).161,165-168 These methodological improvements 
have permitted reasonable (time-efficient) course-grained, accelerated simulations of material systems 
containing large numbers of complex chromophores.  An important observation of these simulations is 
realization of the interconnection of chromophore number density, rN; dipole moment, µ; and acentric order, 
<cos3q> (see Figure 13).  This illustrates that, among other things, steric modification of the chromophore 
becomes counter-productive beyond a certain point with respect to increase in radius of chromophores 
because of its effect on decreasing rN. Simulations also identified the potential for good performance with 
neat chromophore materials (chromophores with high number densities). 

 
 
Figure 11.  A trade-off between computational speed and level of detail in representing chromophores is 
illustrated. Figure generated by Dr. Andreas Tillack. 
 
 



 15 

  
Figure 12. The adiabatic volume adjustment (AVA) computational protocol is illustrated for increasing 
computational speed and convergence. Figure generated by Dr. Andreas Tillack. 
 
Improved simulations have indicated the difficulty of improving acentric order beyond values of 0.2 for bulk 
materials when electric field poling is employed. These simulations also indicate the importance of 
maintaining dipole moments and optical absorption loss within certain ranges. Excessively large dipole 
moments prevent realizing adequate acentric order. In summary, a wealth of insight is gained from 
considering simulations of chromophore order under applied forces. It is important to realize that it is ne3r33 
that is important for electro-optic response. Note that both BAH13 and BAY1 exhibit electro-optic 
coefficients of 1100 pm/V but the value of ne3r33 for BAY1 is 9000 pm/V while that for BAH13 is 7800 pm/V.92 
The values for BAY1 were obtained using TiO2 charge blocking layers while those for BAH13 were obtained 
using HfO2 charge blocking layers.93 Of course, the optical propagation loss for BAY1 is much higher and 
limits the utilization of this material.93 That is, the better optical nonlinearity/optical transparency ratio of 
BAH13 makes it the material of choice for POH applications. Even greater transparency is required for SOH 
devices and JRD1 has largely been the material of choice for such devices (although DLD164 has shown 
comparable results for the shortest waveguide slot widths (electrode separations) of nanophotonic devices). 
     The problem with respect to electric field poling becomes even more challenging for incorporation of 
chromophores into nanoscopic devices (see Figures 2 and 14). Theoretical simulations have shown that 
as slot (electrode spacing) widths, w, are decreased, electro-optic activity is attenuated as shown in Figure 
14. Note that theory not only predicts that acentric order is decreased but that centric order transitions from 
positive to negative values. Negative <cos2q> values indicate that the chromophores are lying down along 
the electrode surface (orthogonal to the electric field poling direction). 
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Figure 13. Right: The variation of N<cos3q> (or rN<cos3q>) with protecting group radius (in Angstroms, A) 
is shown. Left: The variation of acentric order (<cos3q> with dipole moment (µ in Debye) and number density 
(N or rN in molecules per cubic centimeters) is shown. Data for both graphs involve simulations with a LoD 
= 2. Figure generated by Dr. Andreas Tillack. Adapted from reference 57 with permission. 
 
     Chromophores in the vicinity of the gold electrodes introduce “mirror” charges in the conduction 
electrons of the metal leading to centrosymmetric pairing of chromophores with the mirror charges. 
Theoretical simulations also explain the effect of reduction of matrix dimensionality on measured VpL. The 
effect is largely through the impact on ne3.90 These calculations illustrate the importance of index of 
refraction, as well as r33, for improving device performance. 
     Results for nanoscopic waveguides suggest broadening material processing options from simply electric 
field poling to also include sequential-synthesis/self-assembly.3 Covalent coupling of chromophores to an 
electrode surface provides a means to circumvent attenuation of poling-induced acentric order in the vicinity 
of electrodes (see Figure 15). Note that acentric order at the electrode surface is essentially zero without 
covalent coupling restricting chromophores to assume an orientation that is somewhat orthogonal to the 
electrode surface (see Figure 14). However, consideration of intermolecular dipolar interactions is still 
important for sequential-synthesis/self-assembly as such interactions cause chromophores to tilt away from 
the normal to the deposition (electrode) surface. Quantitative simulations of acentric order for 
chromophores covalently coupled to an electrode surface and to other chromophores in subsequent layers 
is in a more primitive stage due to the complexity of additional interactions that must be considered. Thus, 
sequential synthesis is very much still in a basic R&D stage with optimum chromophore assemblies yet to 
be identified. 
     Modification of the shape of covalent coupled chromophores is as important in sequential-synthesis/self-
assembly as it was for electric field poling.  Modification of chromophore moieties to control dipolar 
interactions is important as shown in Figure 16 where neutral ground state (NGS) and zwitterionic ground 
state (ZGS) chromophores are covalently coupled to reduce effective dipolar interactions. Such 
organization permits the electro-optic tensors to constructively add while the dipole moments subtract (point 
in opposite directions).169 Other examples of chromophore bundling have been demonstrated.170,171 
Theoretical simulations are required for this processing option and the complexity of the simulations are 
significantly increased relative to those of electrically poled materials. However, sequential-synthesis/self-
assembly affords the possibility of realizing acentric order above 0.2 while also leading to improved thermal 
and photochemical stability (through the effect of covalent bonds). 
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Figure 14.  Upper Left: Computer simulation of the variation of electro-optic activity (r33 nanophotonic over 
r33 bulk) and centrosymmetric order parameter (P2) with slot width, w, is shown.  Upper Right: A schematic 
of computed organization of chromophores within the slot is shown for a level-of-detail = 2 chromophore 
model.  Chromophores near the electrodes lie down parallel to the surface due to chromophore/electrode 
electrostatic interactions. Lower left:  A cartoon of the distribution of index of refraction values across the 
slot is shown.  Note near the electrodes, the value is the ordinary index of refraction value, no, while in the 
middle of the slot the value is the extraordinary index of refraction value ne.  Lower Right: Variation of 
experimental electro-optic coefficient, r33, with w is shown.  Adapted from Reference 64 with permission. 
 

 
Figure 15. Second harmonic generation from a covalently coupled (to a gold electrode) single chromophore 
monolayer (strongest signal, L1) is shown together with covalently coupled monolayers that do not contain 
the chromophore (various controls). This demonstrates that the attenuation of acentric order due to 
chromophore-electrode interaction can be overcome exploiting the restrictions placed on chromophore 
movement by covalent bond potentials. Without covalent coupling, chromophores in the monolayer would 
be oriented parallel to the electrode surface yielding minimum 2nd harmonic signal.  
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Figure 16. A covalently coupled NGS/ZGS dimer is shown for use with sequential synthesis/self-assembly 
deposition. Far Left:  The situation is shown for two NGS chromophores where centrosymmetric pairing of 
dipole moments leads to attenuation of b.  Middle: the situation is shown for pairing of a ZGS chromophore 
with a ZGS chromophore, where dipole moments partially cancel but b values add. Far Right: Examples of 
NGS and ZGS chromophores are given. 
 
     In summary, multi-scale (quantum/statistical mechanical) theoretical methods have provided critical 
guidance for the development of improved materials and processing protocols, including materials and 
processing methods appropriate for nanophotonic devices.  Future exploration of sequential-synthesis/self-
assembly methods, including the details of chromophores used for such processing, should lead to 
significant improvement in device performance and likely affords the best approach to achieving VpL values 
approaching 1 V-µm (based on the realization of in-device r33 values of greater than 1000 pm/V and 
utilization of electrode separations of < 50 nm). This should dramatically improve the utility of POH devices. 
Materials prepared by sequential-synthesis/self-assembly also afford improved thermal and photochemical 
stability and even greater stability can be achieved by lateral crosslinking of such materials.3 The efficiency 
of sequential-synthesis/self-assembly processing can be improved using robotic methods and ink jet 
printing. As already noted, sequential-synthesis/self-assembly processing is not appropriate for large 
electrode spacings. Thus, electric field poling processing will remain the method of choice for some 
applications. In like manner, the optical absorption loss of various OEO materials will define their suitability 
for various applications. In general, OEO materials loss should be equal to or less than the loss associated 
with passive materials (such as silicon). 
 
3. The Role of Device Architecture on Device Performance. 
 
Critical device performance parameters include drive voltage (and energy efficiency), device optical 
insertion loss, bandwidth, footprint (device size), stability, and signal linearity57 (SFDR57,66,86,100-102 and 
BER46,49,52,54,57,61,64,67-69,72,76,78). The parameters VpL and insertion loss receive the most attention.  Optical 
insertion loss consists of three contributions: (1) Coupling loss, (2) waveguide propagation loss, and (3) 
material absorption and scattering loss.3 Most literature discussions focus on propagation loss. One of the 
most attractive feature of lithium niobate is a very low propagation loss in bulk crystals (i.e., 0.2 dB/cm at 
telecom wavelengths—the absorption loss is even much lower), which is considerably lower than typical 
values for OEO materials (i.e., 1-2 dB/cm)1,3 or of plasmonics and silicon photonics. Silicon waveguides 
typically exhibit loss values at telecommunication wavelengths on the order of 2 dB/mm, although exact 
values depend on processing protocols and waveguide architecture. Plasmonic waveguides typically 
exhibit values between 2 and 6 dB/µm with exact values depending on waveguide dimensions and 
processing conditions (see Figure 4).46,87,88 The importance of the contribution of OEO material loss to 
insertion loss depends on the type of device into which the OEO material is integrated. For example, OEO 
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material propagation loss at 1.55 µm is often insignificant compared to the propagation loss associated with 
plasmonic waveguides. Thus, material loss has meaning only in the context of consideration of the type of 
device being used.  Also, high loss can occasionally be overcome by device design. An example of this is 
provided by work of Haffner coworkers63 using a combination of passive silicon photonic transmission line 
waveguides with active integrated plasmonic-organic hybrid ring resonators.63,87 For this device 
architecture, the loss of the plasmonic ring modulator comes into play only when the modulator is “on”. The 
loss does not contribute in the “off” state. The ring resonator loss contributes to the desired extinction 
coefficient and the insertion loss is 1-2 dB. 
     Coupling loss can be an important and even the dominant contribution to insertion loss in some cases.1,3 
Considerable device engineering has focused on developing efficient couplers including not only between 
silica and silicon photonic waveguides but also between photonic and plasmonic waveguides (see Figure 
17).1,3,57.61,81 
     It is evident that for plasmonic waveguide structures, short electrode lengths are critical because of the 
high intrinsic propagation loss. For this reason, improvement in ne3r33 is important for reducing VpL and thus 
achieving acceptable Vp and L values. This illustrates the interdependence of materials and device 
architecture for achieving desired performance. Ideally, VpL should be < 5 V-µm. Short waveguide lengths 
also facilitate the highest bandwidths. Small VpL values are critical for achieving gain in telecommunication 
links. 
     In considering system performance (such as telecommunication systems), a variety of devices must be 
considered (Figure 17).  This is illustrated by a telecommunication testbed developed by our collaborators 
at the ETH (see Figure 18).57,65 This includes not only strip-line-type modulators in the transmitter section 
(such as the IQ modulator shown in Figures 17 and 18) but also resonant electro-optic antennae structures 
shown in the receiver section of Figure 18. Ring resonators are also commonly utilized electro-optic 
components.1,3,12 To this point in time, this testbed has involved use of conventional photodetectors. 
Ultimately, it may be possible to replace photodetectors based on electron excitation with optical 
rectification photodetectors based on 2nd order organic NLO materials. Information processing properties 
such as spur free dynamic range (SFDR)57 and bit error rate (BER)57 depend on system properties (and 
thus on all component properties). The testbed in Figure 18 has been employed to demonstrate 
performance of telecommunication links and that low noise amplifiers (LNAs) can be eliminated exploiting 
the gain provided by resonant antenna structures.50 Elimination of amplifiers is important for optimizing the 
performance of fiber/wireless telecommunication systems. 
     Fundamental device architectures can be divided into two categories: (1) strip-line or single pass devices 
and (2) resonant structures (e.g., ring resonators, Fabry-Perot etalons, photonic crystal devices, etc.) where 
the optical transmission passes through the device multiple (Q) times.3,12 This builds up response but at the 
price of reduced bandwidth. The most common strip-line devices include phase modulators,40,57 amplitude 
or Mach Zehnder modulators48,57,,66,72,75,77, and in-phase-quadrature modulators43,51,52.57,67,69,88 (see Figure 
17).  A Mach Zehnder modulator is composed of 2 phase modulators and an IQ modulator is composed of 
2 Mach Zehnder modulators.57,67 These fundamental structures have been used to investigate performance 
with various modulation protocols45 [pulse amplitude modulation (PAM)57,70,77; non-return to zero 
(NRZ)56,70,76; on-off keying (OOK)44,76,77; quadrature amplitude modulation (QAM); quadrature phase shift 
keying (QPSK)52,67; binary phase shift keying (BPSK)44,57; polarization shift keying (PoSK); etc.]. 16QAM 
involves the microwave carrier being modulated into any one of 16 amplitude and phase states.51,52,57,67,88 

     Numerous other device structure relevant to spatial light modulation (optical beam steering)82-85, RF 
beam steering54 (phased array radar), frequency comb generation37 (see Figure 19), frequency shifting53, 
ultra-stable oscillators (and clocks), A/D converters, optical gyroscopes, chemical and physical sensors, 
etc., have been demonstrated.3 In most cases, these more complex applications have been realized using 
the simple device components discussed (e.g., see Figure 19). In all cases, state-of-the-art performance 
has been demonstrated. 
     The integration with nanophotonic devices, which has proven so important for OEO materials, has also 
been exploited for other material classes including lithium niobate (through exploitation of ion-slicing).172-176 
As is to be expected, smaller waveguide dimensions result in some increase in insertion losses. Moreover, 
VpL values will depend on device architecture and processing conditions. Integration with other materials 
is not so easily achieved as for OEO material. 
     Comparison of various EO device technologies is extensively reviewed in the literature.3,12,17-

20,51,52,57,67,77,85,104 Meaningful comparison of different technologies is complex and can be misleading.  Some 
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general comments can be made.  Pockels effect devices afford the best signal linearity; electro-absorptive 
materials suffer from chirp (simultaneous change in both index of refraction and optical absorption that 
leads to signal distortion). For Pockels materials, signal linearity (SFDR and BER) is determined by the 
modulator transfer function and thus linearization requires device architecture modification. Electro-
absorptive materials suffer from high optical loss (due to optical absorption) and from bandwidth limitations. 
Inorganic semiconductor materials benefit from the strong semiconductor R&D effort related to electronics. 
     Basically, plasmonic-organic hybrid (POH) technology affords significant advantages with respect of 
VpL, bandwidth, and energy efficiency but optical propagation loss is a challenge as can be seen from 
Figure 4.  High plasmonic-related loss demands short lengths, which in turn are only possible with high 
ne3r33 materials. In contrast, lithium niobate and silicon-organic hybrid (SOH) afford the advantage of 
improved optical loss (e.g., aVpL values, where a is propagation loss, are 0.4 VdB for thin film lithium 
niobate, 1.0 VdB for SOH, and 65 VdB for POH).77 
     As already noted, comparisons of technologies can be misleading. For example, it is device insertion 
loss, rather than EO material propagation loss, that is important for understanding system performance and 
this can be dominated by coupling loss or silicon/plasmonic propagation loss rather than EO material loss. 
Material performance requirements vary widely for different types of devices. For example, for some 
applications SWaP will be important. In this regard, the VpL metric can be useful. For lithium niobate, VpL 
ranges from 7 to 5 V-cm achieved with ion-sliced material.172-176 Silicon-organic hybrid (SOH) devices yield 
values of 0.5 V-mm, while plasmonic-organic hybrid (POH) devices yield current values of 40-50 V-µm. As 
evident from Figures 1 and 20, it is important to keep drive voltages to a couple of volts.  This limits practical 
device lengths and can define integration possibilities. Also, drive voltage defines gain that can be achieved 
in telecommunications systems.  Gain (see Figure 20) can typically be achieved for voltages less than 1 
volt. Gain is achieved for electrical signals by extracting energy from the optical field and thus a large optical 
swing is required for a small electrical drive voltage. Note that gain depends on the characteristics of both 
EO modulators and photodetectors. Introduction of photodetectors based on optical rectification may afford 
the possibility for improved gain performance. 
 

 
 

Fig. 1. Concept of the silicon-organic hybrid (SOH) modulator. (a) Schematic of an SOH 
inphase-quadrature (IQ) modulator consisting of two nested Mach-Zehnder modulators 
(MZM). The thin black lines represent standard silicon-on-insulator (SOI) strip waveguides. 
The phase modulator sections are based on slot waveguides (rail width wrail = 240 nm, slot 
width wslot = 120 nm) and represented by rectangles in light grey. Coplanar ground-signal-
ground (GSG) radio-frequency transmission lines carry the modulation signals. (b) Schematic 
of the SOH MZM cross section along the line AA’ illustrated in (a). The transmission line is 
electrically connected to the slot by aluminum (AL) vias and thin n-doped silicon slabs 
(thickness hslab = 70 nm, width 8 µm). The chip is overclad with SiO2, which is locally 
removed in the slot areas. The slots are covered with an organic electro-optic (EO) material, 
which is deposited on the chip such that it homogeneously fills the slots. The chromophores 
are aligned (green arrows) at an elevated temperature using a poling voltage Upol applied to the 
floating ground (G) electrodes. After cooling to ambient temperature, the orientation of the 
chromophores is frozen, and the poling voltage can be removed. For operation of the device, 
the modulating signal is applied to the GSG line. This RF field (red arrows) is oriented in 
opposite direction to the chromophore alignment in one arm, and in the same direction in the 
other arm of the MZM such that two phase modulators of the MZM are operated in push-pull 
mode. (c) Fundamental quasi-TE mode of the slot waveguide. The color-coded graph shows 
the magnitude of the dominant optical electric field (dominant x-component), which is strongly 
confined to the slot. (d) Magnitude of the electrical RF modulation field (dominant x-
component), which is also strongly confined to the slot. The good overlap of optical and RF 
field results in efficient EO modulation. 

that are separated by the 120-nm wide slots. The slots are filled with an organic electro-optic 
cladding material. For the fundamental quasi-TE mode (dominant transverse electric field 
component parallel to the substrate), the high refractive-index contrast between waveguide 
and EO cladding leads to a strong confinement inside the slot [40], as visualized in Fig. 1(c). 
Utilizing the high linear electro-optic coefficient of the organic cladding material, the 
refractive index is modulated by an electric field between the two silicon rails. The 
modulating electric field is generated by applying a drive voltage, Udrive(t), to coplanar 
ground-signal-ground (GSG) travelling-wave electrodes, which are connected to the silicon 
rails via 70-nm high slightly n-doped conductive slabs, see Fig. 1(b). This design ensures that 
the modulating electric field Ex,RF(t) is also confined in the narrow slot, Fig. 1(d), thus leading 
to a strong overlap of the optical and the modulating electric fields and resulting in a high 
modulation efficiency with UπL products down to 0.5 Vmm [29]. In contrast to previous 
demonstrations of SOH devices [32,41], which still relied on electron beam lithography for 
structuring the slot waveguides, the devices in this work are fabricated using the 248 nm 
deep-UV (DUV) process at A*Star IME [42], which allows for highly reproducible large-
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Figure 17.  Above Left: A plasmonic phase modulator with photonic-plasmonic transitions is shown.50 
Above Right: A plasmonic Mach Zehnder modulator is shown.57 Lower Right and Below:  A plasmonic in-
phase-quadrature (IQ) modulator is shown.67 Adapted from reference 57 with permission. 
 
 

 
Figure 18. A testbed for modeling fiber/wireless telecommunications is shown. This consists of transmitter 
(Tx) and receiver (Rx) sections. Electro-optic components consist of an IQ modulator in the transmitter 
section and a resonant antenna in the receiver section. The high gain of the antenna facilitates elimination 
of low noise amplifiers in the receiver section. Adapted from reference 65 with permission. 
 

 
 
Figure 19. Comb generation based on SOH technology is shown.37 (a) A cross-sectional view of a SOH 
phase modulator (one half of the Mach Zehnder modulator) is shown. (b) A schematic of the comb generator 
is given with the SOH modulators shown in dark grey. (c) The generated comb is shown. Adapted from 
reference 37 with permission. 
 
     Spur free dynamic range (SFDR)57,66,86,100-102 for analog signal processing and bit error rate (BER) 
46,49,52,54,57,61,64,67-69,72,76,78 for digital signal processing depend on several system characteristics and upon 
the response functions of modulators that define signal linearity. POH and SOH devices yield state-of-the-
art SFDR and BER values (see Figure 21 for a graphic definition of and typical performance for SFDR). 
Further improvement in SFDR requires modulator designs that linearize the response.100-102 BER depends 
on the distance over which the signal is propagated but typically POH and SOH devices yield competitive 
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BER performance and do not require forward error correction (FEC) techniques for shorter propagation 
distances.52,57 
 

 
Figure 20. Features that affect gain (G) for a telecommunication link are shown. ID is detector current and 
RD is detector resistance. RM is modulator resistance. COTS stands for current off-the-shelf (commercial 
devices), SOA stands for state-of-the-art devices, and current R&D stands for prototype device 
performance achieved in R&D laboratories. 
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Figure 21.  Typical spur free dynamic range (SFDR) for a POH modulator is shown illustrating the definition 
and determination of SFDR. IMD3 stands for third order intermodulation distortion; IMD2 stands for second 
order intermodulation distortion. Adapted from references 57, 66, and 86 with permission. 
 
Most of the discussions in this review have focused on guided wave devices. Free space applications, 
including those based on metasurfaces82-84, are becoming increasingly important. These can require more 
complex patterning of materials. Optical loss issues are different, partially due to the shorter optical 
interaction lengths that can be involved. Thin metasurface devices depend on plasmonic elements for active 
control of light. 
 
4. Auxiliary Properties, Material Characterization, and Synthetic Methods.  
 
Long term stability of devices is a critical issue.1,3,89,121,138,177-215 Electrically-poled OEO materials represent 
a unique challenge in that the poling-induced acentric organization of chromophores is not, in general, 
thermodynamically stable.3 Indeed, with increased temperature and time, poling-induced order will be lost. 
This has been extensively studied and reviewed in many publications.1,3,89,114,121,138,177-215 It has been well-
established that the rate of relaxation can be related to the separation of the measurement temperature (T) 
from the material glass transition temperature (Tg), i.e., to T-Tg.3 The dilemma that arises is that one would 
like to process (i.e., pole) materials at modest temperatures and yet have a final material with the highest 
possible Tg. This dilemma has been addressed by exploiting crosslinking of OEO chromophores, since Tg 
is determined by the number of covalent bonds that restrict chromophore movement and by the segmental 
flexibility of chromophore units.1,3 Different covalent coupling chemistries have been used to harden 
chromophore matrices subsequent to the introduction of poling-induced order.1,3,138,172-204 Cycloaddition 
reactions, such as the Diels-Alder reaction, are among the most popular as these effect hardening with the 
least matrix disruption. The elimination products of condensation reactions can disrupt the material matrix 
both reducing order and increasing optical loss due to scattering.1,3 Under optimum conditions, very good 
stability (e.g., Tg > 200°C) can be achieved, although Tg values in the range 150-200°C are more 
common.1,3,172-201 Even these lower Tg values are adequate for the production of materials that satisfy 
Telcordia standards (i.e., long term stability at 85°C).201 As demonstrated in our 1999 review, this can be 
accomplished without the introduction of significant scattering loss, i.e., propagation losses on the order of 
1 dB/cm can be achieved with some chromophore-containing materials.1 Thermal relaxation of acentric 

reduction of IMD3 power of 34.5 dB. This results in an IIP3 of 
38.1 dBm and an SFDR3 of 105.2 dB/Hz2/3, as shown in Fig. 3. 
A similar discussion can be made for the power of the IMD2 
terms, which follows the relation 

 
 

(9) 

In this case, the IMD2 power reduces by 27.6 dB, and the 
SFDR2 increases to 109.48 dB/Hz1/2, as shown in Fig. 3. 

IV. CONCLUSIONS 
We reported an externally-modulated analog photonic link 

with >100 GHz bandwidth and THz band operation 
(220-325 GHz). The link is realized using a plasmonic Mach-
Zehnder modulator and a commercial uni-travelling carrier 
photodetector. We characterize nonlinear distortions and noise 
figure and we use them to estimate the spurious-free dynamic 
range of the link. Besides THz communications, this kind of link 
may potentially enable more analog photonic applications to 
reach the THz frequency range, such as high-speed airborne 
mm-wave photonic relays [24], agile mm-wave communication 
using photonic frequency conversion [25], signal distribution for 
mm-wave satellite instrumentation [26], photonic signal 
processing of radio signals [27] or mm-wave radar [28, 29]. 
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Fig. 3. Estimation of spurious-free dynamic range of the 325 GHz 
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order (<cos3q>) is typically not a problem for OEO crystals or materials prepared by sequential-
synthesis/self-assembly.3 Thermal relaxation of acentric order does not destroy chromophores and for 
materials with extensive crosslinking and structure rigidity, very high thermal stability can be achieved.  Like 
optical loss of < 1 dB/cm, such high thermal stability is not easily achieved for potentially viable commercial 
materials and such performance values are not necessary for most applications. 
     Irreversible degradation of chromophores most commonly occurs via singlet oxygen chemistry attack 
on p-electron segments of chromophores.3,202-204 This has been extensively studied for more than 30 years 
and has been well-reviewed in the literature.3,202-204 Dense material matrices tend to inhibit the diffusion of 
oxygen greatly reducing degradation. With poled materials, stability is improved by packaging of devices 
(hermetic sealing).  In the paint industry, this problem is addressed by addition of singlet oxygen quenchers; 
this has been demonstrated for electro-optic materials but is not commonly pursued as it is unnecessary to 
satisfy Telcordia standards. Telcordia standards are easily achieved through matrix hardening 
(crosslinking) of materials and by encapsulation of devices. The dense matrices of OEO crystals and 
sequential-synthesis/self-assembly materials greatly inhibit decomposition and stability often exceeds 
250°C. 
     Degradation by high energy radiation is a concern for space applications. OEO materials exhibit 
excellent stability with respect to high energy radiation and high electric fields due to delocalized electrons 
rapidly dissipating the localization of charge perturbations.3,205 

     Characterization techniques are critical for understanding material structure/function relationships. 
These include measurement of electro-optic activity by the Teng-Man3,206,207 technique, attenuated total 
reflection (ATR)3,206, and various device methods such as, for example, Mach Zehnder interferometry3 (see 
Figure 22) and index of refraction properties by variable angle spectroscopic ellipsometry (VASE). Thermal 
properties are measured by thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC). 
Centrosymmetric order is measured by variable angle polarization reference absorption spectroscopy 
(VAPRAS).111 The characterization of mesoscopic devices is achieved through a variety of techniques most 
commonly involving the measurement of Vp in devices such as Mach Zehnder interferometers. 
Characterization of nanoscopic (hybrid POH and SOH) devices has required development of nanophotonic 
testbeds such as shown in Figure 22. 
     Each measurement technique has limitations.3,206 For example, the Teng-Man method3,206,207 suffers 
from the need to assume a relationship between r33 and r13 to extract r33 from measurements and large 
errors can occur from multiple reflection effects. Thus, absolute measurement of r33 typically requires 
alternative techniques such as ATR or Mach Zehnder methods that require more sophisticated fabrication 
(e.g., electrode deposition) protocols.  However, the Teng-Man method is useful for preliminary screening 
of the relative activity of large numbers of new materials and has the added advantage of in situ 
measurement of poling-induced EO activity, which is important for optimizing poling protocols. It is critical 
to realize that an important objective in OEO materials research is the timely identification of improved 
materials. Thus, relative performance, rather than absolute performance, will be important for early stages 
of development. The final arbitrator of performance is the performance in devices.  Thus, relative HRS and 
Teng-Man measurements have proven useful in identifying chromophores and their associated materials 
such as BAH13 and JRD1 that yield state-of-the-art performance in POH and SOH devices. Clearly, the 
evolution from chromophores, to materials, to devices, to systems is a long and complicated one requiring 
theoretical guidance, numerous characterization measurements, consideration of device architectures, and 
the requirements of specific applications. Hopefully, this review provides insight into how this complicated 
development process can be approached in a systematic manner providing access to the literature where 
greater detail is available. 
     The synthesis of OEO chromophores and the processing of OEO materials has been reviewed at length 
elsewhere and will not be repeated here.3,92,93,121,128-131,134-139,159,160,177-197 

     The fabrication and testing of devices have been described in the cited publications related to devices.  
Fabrication of nanophotonic devices typically involves access to foundry facilities (to be discussed later) 
and testing requires specialized equipment as can be seen in the following Figure 22.  The test bed shown 
permits evaluation of electro-optic device structures including the systematic variation of device 
architectures and permits accurate measurement of electro-optic activity. 
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Figure 22.  A nanophotonic testbed is shown.   
 
5. Applications and Prognosis. 
 
Applications can be divided into two classes: (1) applications that utilize discrete (single) devices and (2) 
applications requiring integration of multiple devices (including chip-scale integration of electronic and 
photonic devices). The former can be found in our earlier review1,3 while the latter depends on the existence 
of photonic foundries. Over the past 10 years, more than 35 international foundries and six foundry brokers 
have come into existence. Pioneering international institutions include Imec (Belgium), CEA Leti (France), 
IHP (Germany), VTT (Finland), and IME (Singapore and the spin-off company AMF). AIM Photonics and 
Sandia National Laboratory represent USA foundries among others. The majority of these are focused on 
silicon photonics although silicon nitride is becoming more frequently considered. Most of these foundries 
focus on passive photonic circuitry. Foundries that consider OEO materials remain a niche component of 
the small number of foundries creating active photonic integrated chips (PICs). Our research group has 
largely relied on the IBM/ETH foundry in Zurich, Switzerland through our ETH collaborators.  
     Different applications will likely continue to require different materials. For example, discrete device 
applications, such as optical gyroscopes, that require long pathlengths (and thus low optical loss) will likely 
continue to be based on low optical loss materials such as silica and lithium niobate. On the other hand, 
applications that require chip-scale integration of electronics and photonics and photonic device footprints 
approaching 1 µm2 will likely favor OEO materials and electro-absorptive materials. Airborne and space 
telecommunication and some sensor platforms require favorable size, weight, and power (SWAP); these 
may favor OEO materials that facilitate small, lightweight devices with excellent energy efficiency. SOH 
technology yields VpL and a characteristics that are intermediate between POH and thin film lithium niobate 
technologies. If VpL for POH devices can be improved to values approaching 1 V-µm, then the utilization of 
this technology may expand dramatically. Improvement of POH technology will most likely require a 
processing paradigm shift to sequential synthesis/self-assembly while electric field poling will continue to 
be the preferred processing protocol for SOH devices. Sequential synthesis/self-assembly will improve r33 
and ne (because of enhanced acentric order) so that ne3r33 values more than 10,000 pm/V may be possible. 
Note that any improvement in ne3r33 will also impact SOH and OR devices.  Improvement in stability can 
also be expected with greater covalent bond density. Note that the attenuation of poling efficiency near 
electrodes is not a critical issue with the wider electrode spacings of SOH devices. Nanoscopic devices will 
likely prove critical to optical rectification as this appears the only viable route to achieving responsibility 
values greater than 1 Ampere/Watt for low (MHz) and modest (GHz) frequencies as well as at high (THz) 
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frequencies; OR is already preferred for high (THz) frequencies as demonstrated by the work of Hayden 
and others.5-11 
     The application space for electro-optics is broad and rapidly expanding—covering all aspects of 
information technology. For example, sensor applications are not only far-ranging (covering both physical 
and chemical sensing) but specific sensor applications such as Lidar are growing in importance.105-107 Not 
only has considerable success been demonstrated with respect to environmental imaging and monitoring 
(as demonstrated by recent National Geographic specials on imaging ancient ruins: 
https://www.nationalgeographic.com/history/article/maya-laser-lidar-guatemala-pacunam, 11/27/21) but 
Lidar is now being widely pursued for autonomous vehicles (both ground and airborne) and for applications 
as far-ranging as agriculture.105-107 

     Of course, the greatest application space for electro-optics likely involves computing (including data 
centers--datacom) and telecommunications.203-208 In addition to current fiber and wireless 
telecommunications, electro-optics is important for supercomputing, quantum computing/quantum 
communication, and neuromorphic computing. For example, electro-optics can be used to extract 
information from cryogenic supercomputers to transition information to room temperature photonic 
transmission. A potential bottleneck for such applications is the need for developing effective photonic 
foundries capable of complimenting electronic chip foundries and the need to integrate the coordination of 
such foundries. The emerging technology of optical rectification could have a transformative impact on 
information technology, but basic research is required to define the noise floor and critical issues related to 
device architecture and performance. In like manner, hybrid metasurface technology is rapidly evolving and 
could be significantly important for different aspects of information technology. 
     Several new companies [Nonlinear Materials Corporation (https://www.nonlinearmaterials.com, 
11/27/21), Polariton Technologies (https://www.polariton.ch, 11/27/21), SilOrix GmbH (https://silorix.de, 
11/27/21)] have recently been formed to commercialize SOH and POH technologies. Other companies 
utilizing organic electro-optic materials include Lightwave Logic 
(https://www.lightwavelogic.com/news/new-release-64/, 1127/21) and Rainbow Photonics AG 
(http://www.rainbowphotonics.com, 111/27/21). These afford the opportunity to bring together evolving 
OEO materials and device design/production. Further improvements in material and device architectures 
will likely be required for effective commercialization. This includes materials other than electro-optic 
materials, e.g., plasmonic electrodes. Of course, POH and SOH device technologies (and technologies 
based on integration of OEO materials into metasurfaces) must compete with technologies based on other 
material classes. Introduction of new materials or improvement of current materials can result in significant 
changes in capability and market viability. Thus, it is difficult to predict which technologies will be chosen 
for specific applications; however, the anticipated improvements in POH and SOH technologies may make 
these very competitive. Unlike electronics and dominant CMOS silicon technology, photonics is far more 
complex with respect to material and device options. Although the importance of photonic integration has 
been recognized for more than a decade by Defense Science Board, National Academies, and National 
Science Foundation workshops and studies, creative R&D remains important for advancing photonic 
technology and defining choices. Rapidly expanding diverse applications should increase the probability of 
successful commercialization of POH, SOH, and alternative technologies. 
     R&D involving materials and device architectures is important as currently no single material or device 
architecture is ideal for all applications. Ideally, an electro-optic material would have infinite EO activity, no 
optical absorption or scatting loss, and be infinitely stable at high temperatures and optical powers.  Theory-
guided R&D has been important for OEO materials and nanophotonic device technologies as it has 
provided insight on how issues such as the optical nonlinearity/optical transparency trade-off can be 
improved upon as illustrated in reference 93.  The end game has not been realized for OEO materials, 
plasmonic devices, and silicon photonic devices. Optical loss will continue to be the elephant in the room 
for all electro-optic technologies and cannot be solved for all applications by materials and device 
architectures independently. For representative telecommunication waveguide applications, it is important 
to keep optical insertion loss below 5 dB. This requires keeping the loss associated with both active (EO) 
and passive materials to appropriate values and keeping coupling losses to within acceptable limits. This 
will continue to be a challenge for all electro-optic technologies and will often strongly influence the decision 
to utilize photonics as well as electronics for information technology applications. Device stability is another 
elephant in the room. Telcordia standards provide the most common guidance with respect to this issue.  
Early OEO materials clearly did not meet such standards but with lattice hardening (crosslinking) techniques 
and appropriate packaging, Telcordia standards are now commonly satisfied. This is not sufficient for all 
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applications.  Given that thermal and photochemical stability are directly related to covalent bond density 
and restriction of motion associated with covalent bonds, theory-guided design of new chromophore 
materials affords the possibility of further improvement (e.g., sequential-synthesis/self-assembly and 
crystalline OEO materials provide greater stability). Finally, it is difficult to compete with an establish 
technology.  Lithium niobate has dominated the market for macro/mesoscopic discrete devices12 and may 
likely continue to do so but alternative materials may be required for systems requiring nanoscopic devices.  
While optical loss and stability are dominant concerns, other features such as electro-optic response time 
(device bandwidth), response linearity, energy efficiency, etc. cannot be ignored. As long as no magic 
material providing ideal requirements exists, further R&D will be required. 
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