
Materials
Horizons

rsc.li/materials-horizons

 COMMUNICATION 
 Delwin L. Elder, Lewis E. Johnson  et al . 

 Design and synthesis of chromophores with enhanced 

electro-optic activities in both bulk and plasmonic–organic 

hybrid devices 

ISSN 2051-6347

Special issue in honour of Seth Marder

Volume 9

Number 1

January 2022

Pages 1–510



This journal is © The Royal Society of Chemistry 2022 Mater. Horiz., 2022, 9, 261–270 |  261

Cite this: Mater. Horiz., 2022,

9, 261

Design and synthesis of chromophores with
enhanced electro-optic activities in both bulk
and plasmonic–organic hybrid devices†

Huajun Xu, a Delwin L. Elder, *ab Lewis E. Johnson, *ab Wolfgang Heni, cd

Yovan de Coene, e Eva De Leo, cd Marcel Destraz,cd Norbert Meier,c

Wouter Vander Ghinst, e Scott R. Hammond, ab Koen Clays, e

Juerg Leuthold, cd Larry R. Dalton a and Bruce H. Robinson a

This study demonstrates enhancement of in-device electro-optic

activity via a series of theory-inspired organic electro-optic (OEO)

chromophores based on strong (diarylamino)phenyl electron

donating moieties. These chromophores are tuned to minimize

trade-offs between molecular hyperpolarizability and optical loss.

Hyper-Rayleigh scattering (HRS) measurements demonstrate that

these chromophores, herein described as BAH, show 42-fold

improvement in b versus standard chromophores such as JRD1,

and approach that of the recent BTP and BAY chromophore

families. Electric field poled bulk devices of neat and binary BAH

chromophores exhibited significantly enhanced EO coefficients

(r33) and poling efficiencies (r33/Ep) compared with state-of-the-

art chromophores such as JRD1. The neat BAH13 devices with

charge blocking layers produced very large poling efficiencies of

11.6 � 0.7 nm2 V�2 and maximum r33 value of 1100 � 100 pm V�1 at

1310 nm on hafnium dioxide (HfO2). These results were comparable

to that of our recently reported BAY1 but with much lower loss

(extinction coefficient, k), and greatly exceeding that of other

previously reported OEO compounds. 3 : 1 BAH-FD : BAH13 blends

showed a poling efficiency of 6.7 � 0.3 nm2 V�2 and an even greater

reduction in k. 1 : 1 BAH-BB : BAH13 showed a higher poling effi-

ciency of 8.4 � 0.3 nm2 V�2, which is approximately a 2.5-fold

enhancement in poling efficiency vs. JRD1. Neat BAH13 was

evaluated in plasmonic–organic hybrid (POH) Mach–Zehnder

modulators with a phase shifter length of 10 lm and slot widths

of 80 and 105 nm. In-device BAH13 achieved a maximum r33 of

208 pm V�1 at 1550 nm, which is B1.7 times higher than JRD1

under equivalent conditions.

1. Introduction

High-performance electro-optic (EO) modulators are key com-
ponents for pushing the boundaries of optical communication,
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New concepts
Over the past decade, trade-offs among molecular hyperpolarizability (b),
optical loss, number density (rN), and electric field poling-induced
acentric order (hcos3 yi) of organic electro-optic (OEO) chromophores
have frequently stymied improvement of in-device EO activity. New
chromophores that are designed for an improved molecular
hyperpolarizabity would suffer unacceptable optical loss or severe
adverse dipolar aggregations. Most of the previous work of organic EO
chromophore design is mainly focused on improving ordering by means
of side-chain engineering or chromophore blending, as well as increasing
chromophore number density. Here we adopt a theory-guided design
process including quantum mechanical and statistical mechanical
techniques to design a new generation of organic EO materials relevant
to silicon–organic hybrid (SOH) and plasmonic–organic hybrid (POH)
devices. Theory-guided design allows for screening of many structures by
evaluating their calculated hyperpolarizabilities, band gaps, and dipole
moments, and optimizing targets for multiple design criteria. As a result,
the newly designed chromophores in this work present enhanced
hyperpolarizabilities and EO activities in both bulk devices and POH
modulators without unacceptable impacts on processibility or loss. These
results demonstrate that the hyperpolarizability-loss-processibility trade-
off is not insurmountable and can be effectively addressed by theory-
guided design, which could lead to even higher performance OEO
materials for applications in nanophotonic devices.
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computing, sensor technology, and ultra-broadband signal
processing at GHz–THz bandwidths.1–6 Over the past decade,
considerable progress has been made with respect to
plasmonic-organic hybrid (POH)2,3,5,7–9 and silicon-organic
hybrid (SOH)10–19 technologies affording higher bandwidth
(4500 GHz),20 smaller footprints (o20 mm2), better energy
efficiency (o100 attojoule/bit),10,21 as well as dramatically
lower VpL (the p-voltage–length product).5,22 State-of-the-art
POH and SOH platforms combine the high intrinsic EO activity
of organic chromophores with the tight confinement and
improved overlap of electrical and optical fields achievable in
nanophotonic devices, enabling ultra-compact, low-voltage
devices permitting chip-scale integration with CMOS
electronics.9,23–25 Achieving groundbreaking performance
requires synergistic innovation from rational design of organic
electro-optic (OEO) materials to device engineering and
advancements in communication systems. As the active
component for the Pockels effect, OEO materials offer
coefficients up to 1000 pm V�1, with commercial materials
producing over 300 pm V�1 (410� lithium niobate), femto-
second (o30 fs) response times, and wide compatibilities to a
variety of integration platforms and device structures.26–34 OEO
materials can also be easily integrated into devices by low-cost,
high-throughput methods such as spin-coating, micro-
dispensing, or ink-jet printing. The EO activity of organic
materials is derived from second-order nonlinear optical
(NLO) properties of the chromophores and is proportional to
the product of chromophore hyperpolarizability (b), electric field
poling-induced acentric order of the chromophores (hcos3 yi),
and chromophore number density (rN).34–36 In past a decade,
EO performance has been improved via strategies such as site-
isolation, self-assembly, chromophore blending, and charge
blocking layers (CBLs) to enhance the rNhcos3 yi value of
bulk materials.26,28,31,33,37–49 Recent work50,51 has also shown
substantial increases in hyperpolarizability due to theory-
guided design, after years of little increase in b of reported
chromophores.

Modern density functional theory (DFT) methods provide
excellent prediction for linear/nonlinear optical properties of
NLO chromophores and better understanding of structure–
property relationships.25,52–54 Combining large-scale computation
and theory-driven search, novel chromophore structures can be

presented with enhanced hyperpolarizability while keeping dipole
moment and band gap within acceptable constraints.53,55 In this
work, a new series of NLO chromophores were demonstrated by
using a bis(arylamino) hybrid (BAH) electron donor (Fig. 1).
Hyperpolarizabilities were predicted via DFT calculations25,54,56

in chloroform with implicit solvent environments, and
measured via hyper-Rayleigh scattering (HRS)57–59 measurements
in chloroform. These experiments demonstrate large improvements
in b and slight redshifts in their main charge-transfer (CT) band
(29 nm to 45 nm) compared to the widely used JRD1.28,51

The chromophores have been engineered with bulky groups
to prevent aggregation due to dipolar interactions. The
presence of side-chain bulky groups was also helpful to improve
chromophore solubility and film-forming property as well as
reduce absorption.28,39,60 To realize a highly acentric alignment
(hcos3 yi), strong electric fields were applied to the OEO thin
films. To suppress the leakage current and get a more uniform
electric field, titanium dioxide (TiO2) and hafnium dioxide
(HfO2) thin films have been utilized as CBLs.28,61–63 The high
dielectric constants of TiO2 and HfO2 allow the absolute
majority of the poling and AC modulation field to be applied
effectively across the micron-thick OEO layer. For electric field
poling, the poled BAH13 films showed a significantly enhanced
r33 value of 650 � 110 pm V�1 on TiO2, higher than neat JRD1,28

which has a large r33 value (560 � 90 pm V�1).28 The best r33

value (1100 � 100 pm V�1) of BAH13 was achieved by using
HfO2 as CBL, which is comparable to the performance of BAY1
but with greatly decreased absorption at communication
wavelengths.50

2. Results and discussion

A key benefit of OEO materials versus most other NLO materials
is that their structures have a broad parameter space for
optimization of their optical and electronic properties. This
has led to an evolution of structural design—guided by theory
and computational modeling—to optimize EO performance.
This evolution is illustrated in Table 1 with chromophore JRD1
as a starting point. JRD1 is based on the popular CLD-type
chromophore structure using a dialkylamine donor, and ring-
locked tetraene p-bridge, and a CF3-Ph-tricyanofuran acceptor.
Virtually all the best OEO device results have used CLD-type
chromophores. The key modification introduced with JRD1 was
two sterically bulky tert-butyldiphenylsilyl (TBDPS) groups,
which permitted the chromophore to be processed neat
(without polymer host) and still pole efficiently, reaching record
high r33 in bulk and in-device. The performance of JRD1 was
later translated to a crosslinkable material, HLD, which could
provide similar performance with long-term thermal stability.32

Despite the success of optimizing CLD-type chromophores,
EO performance reached a limit that could only be improved
by increasing b or through radically different design
approaches such as sequential synthesis. After screening
numerous design modifications, we discovered a class of
molecules highlighted by BTP7 that had a powerful electron

Fig. 1 Generic structure of a ‘‘BAH’’ chromophore, showing the donor
(primary donor in blue, secondary donors in green), bridge, and acceptor.
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donor and huge enhancement in bzzz,0 (b tensor component
parallel to the dipole moment of the chromophore).51 While
this chromophore displayed excellent poling efficiency at low
concentration, consistent with expectations for a higher bzzz,0

material, the transmittance (1/k) in the near IR was too low and
the resistance was too low to permit poling as a neat material,
and therefore r33 was not ultimately improved. The next
modification kept the strong donor but increased aromatic
character in the donor-bridge transition to better balance the
donor. The result was chromophore BAY1, which exhibited
improved resistance that permitted poling as a neat material
and record high r33 4 1000 pm V�1, which is twice the EO
coefficient of JRD1 and even higher than BaTiO3.64 However,

the transmittance in the near IR was still lower than desired so
another modification was needed. This paper introduces a new
modification intended to increase the transmittance to an
acceptable level for hybrid devices while maintaining ultra-high
r33, high bzzz,0, high n, high resistance, and the good physical
properties of the previous generation of chromophores.
We synthesized three variants of the BAH structure shown in
Fig. 2 that had different sterically bulky side-chain or bridge units.
BAH13 is substituted with two pendant TBDPS groups, one on the
donor end and one on the bridge. BAH-BB shares the same donor
structures with BAH13 and includes rigid naphthyl and fluorenyl
units on either side of the bridge designed to provide site isolation
(reduce aggregation and anti-parallel dipolar coupling).30 BAH-FD

Table 1 Progression of chromophore structures and how modifications effect key EO parameters

Fig. 2 Chromophore structures in this study.
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was functionalized with fluoroaromatic dendrons (FD), which
have been shown to blueshift the absorbance band and thereby
reduce the absorption coefficient in the near IR. FD units are
also known to promote favorable, cooperative intermolecular
interactions in OEO materials resulting in increased poling
performance.26,33,42,65,66 We also synthesized a BAH variant for
exploring relative substitution effects on the secondary electron-
donating groups (BAO1). Full synthetic details, characterization
and official IUPAC names67 can be found in the ESI.†

The UV-vis-NIR spectra of chromophores were measured in
six solvents with varying dielectric constants and as thin films
(Table S1 and Fig. S11, ESI†). Three BAH chromophores share
the same donor–p bridge–acceptor (D–p–A) structure, which
results in the similar absorption maxima (lmax) data and
solvatochromic behavior. In chloroform, the (lmax) of BAH
chromophores showed large redshifts (by 41–57 nm) relative
to JRD1 in the primary charge transfer band. lmax is a
good proxy for electron donor strength, and the redshift
is evidence of the stronger electron-donating strength of
(4-dialkylaminophenyl)(4-alkyloxyphenyl)phenyl-amino group
(Table 3 and Fig. 3a). BAH chromophore absorbance in chloro-
form is blue shifted (by 61–77 nm) relative to BAY1 indicating
that the BAH donor is intermediate between JRD1 and BAY1.
BAO1 has the most blue shifted lmax (772 nm) in chloroform in
the set, even more so than JRD1, confirming that the weaker
donating ability of 4-alkoxyphenyl. The trends in donor
strength are confirmed by highest-occupied molecular orbital
(HOMO) estimations from cyclic voltammetry (Fig. 3c and
Fig. S18 and Table S3, ESI†). The side chains connected to
the conjugated bridge of BAH-FD and BAH-BB have a slight
effect on the p-system and therefore allow us to fine tune the
linear- and nonlinear optical properties. BAH-BB has a slight
blueshift (8 nm) in chloroform relative to BAH13. BAH-FD has a
16 nm blueshift in chloroform relative to BAH13, which is
partially ascribed to the quadrupolar interactions between
perfluorinated aromatic rings and electron-rich segments of
the chromophore p-system. Neat thin films had the same
trends in lmax as in chloroform solution. These data serve as
a guide for how to reduce optical loss in devices relative
to BAY1.

The refractive index (n) and extinction coefficients (k) of
unpoled films of neat chromophores and binary chromophore
blends were measured using variable angle spectroscopic
ellipsometry (VASE) (Table 2 and Fig. S12, ESI†). n1310 ranges
from 1.96–1.81, and n1550 ranges from 1.87–1.75 for the BAH
chromophores, BAO1, and their blends. BAH13 and BAH-BB
have n values (n1310 = 1.95, 1.96, respectively) at the high end of
the range. This observation is consistent with the general trend
of refractive index increasing with number density and
resonance effects. n values for BAH13 are very comparable to
JRD1 and just a few percent lower than BAY1. The higher index
of neat chromophore is significant in that the Pockels effect
figure-of-merit (FOM) n3r33 has a cubic dependence on n, such
that small index increases can lead to significant increases in
performance. The measured refractive index values were used
to calculate r33 in EO poling tests. The BAH chromophores

exhibited low k values that were B10 to 50 times lower than
BAY1, approximately equal to that of DLD164, the prior highest-
performing chromophore in POH devices,55 and within the loss
threshold for POH devices (k1550 B 0.0055 = 0.19 dB mm�1).55

With the presence of FD groups, BAH-FD has greatly reduced

Fig. 3 (a) Normalized UV-vis-NIR spectra of chromophores in chloroform.
(b) lmax vs. solvent polarity on the Reichardt scale ((e � 1)/(e + 2)) spanning
a range of dielectric constants from 1,4-dioxane (e = 2.2) to acetonitrile
(e = 37.5). (c) HOMO from cyclic voltammetry (CV) and LUMO energy levels
and thin film optical energy gaps, in eV; LUMO = HOMO (CV) + band gap
(optical).

Table 2 Optical constants

Sample n1310 n1550 k1310 k1550

100 wt% JRD1 1.91 1.84 0.00010 0.000018
100% BAY1 2.02 1.90 0.133 0.0255
100 wt% BAO1 1.84 1.79 0.00099 0.000042
100 wt% BAH13 1.94 1.85 0.02126 0.001
100 wt% BAH-BB 1.96 1.87 0.02906 0.00271
100 wt% BAH-FD 1.81 1.75 0.00695 0.00041
1 : 1 BAH-BB : BAH13 1.95 1.86 0.03395 0.00381
3 : 1 BAH-FD : BAH13 1.84 1.78 0.00891 0.000504
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k values at telecommunication wavelengths compared with the
other BAH chromophores.

Femtosecond HRS59 measurements were performed in
chloroform solution using a custom-built setup at KU Leuven.
Measurements were performed using a fundamental
wavelength of 1300 nm and a repetition rate of 80 MHz. HRS
intensity was corrected for absorption using a Beer–Lambert
correction at the second harmonic wavelength. Resonance
effects were approximated using the damped two-level model
(TLM) and a linewidth (g) of 0.1 eV (for details see ESI†). HRS
results of BAH13, BAO1, and previously published comparison
molecules are summarized in Table 3 (BAH-BB and BAH-FD
were excluded since these two chromophores have the same
D–p–A system and substitution points as BAH13 and likely
have similar hyperpolarizabilities). DFT calculations were also
employed to evaluate the theoretical values and compare with
experiment. The hyperpolarizabilities of JRD1, BAY1, and BTP7
have been measured with the same methods and reported in
our previous work.50,51 BAH13 exhibited a very large bzzz,0 that
was a more than 2.5-fold improvement over JRD1 and only
B10% less than BAY1. This BAH13 b is consistent with
observations of lmax and the HOMO levels being intermediate
between JRD1 and BAY1, but more similar to BAY1. BAO1
has an enhanced bzzz,0, 1.7 times that of JRD1, which is larger
than expectations based on the computed bzzz,0, and the
experimental lmax and HOMO level.

Thin film devices of neat and binary chromophores
sandwiched between indium tin oxide (ITO) and glass were
prepared to evaluate their bulk EO activity. OEO films were spin
cast from 8–10 wt% chromophores into 1,1,2-trichloroethane
(TCE). To achieve higher and more uniform electric fields, thin
films of TiO2 or HfO2 were used as CBLs between ITO and the OEO
material. CBL layers were deposited by either sol–gel,61,62,68,69

electron beam physical vapor deposition (PVD), or atomic layer
deposition (ALD) methods. Thin film devices were poled under DC
electric fields (Ep) ranging from 20 to 90 V mm�1 with a heating
rate of 10 1C per minute under nitrogen. During poling, the
current and voltage across the device were collected along with
an in situ r33 analysis at 1310 nm by the Teng–Man ellipso-
metric method.70,71 After cooling down below 35 1C, the poling
field was removed, then r33 values were measured. The average
poling efficiencies (r33/Ep) were determined by linear fitting of

the electro-optic activity (in pm V�1) versus Ep. Higher poling
efficiency represents better performance of translating micro-
scopic hyperpolarizability into macroscopic EO response.
The poling results are shown in Fig. 4, Fig. S10 (ESI†) and
summarized in Table 4.

BAO1 and BAH13 displayed excellent film-forming
properties on ITO and on all CBLs. A remarkable poling
efficiency (6.9 � 0.3 nm2 V�2) was achieved in the neat
BAH13 devices, which is an approximately 2-fold improvement
over neat JRD1 performance. The best performing neat BAH13
device without a CBL also afforded a very large r33 value of
410 � 30 pm V�1, which is higher than some of the best OEO
materials in the literatures. However, due to large leakage
currents at high poling fields, the average poling fields on
neat BAH13 devices with no barrier layer were limited to
o60 V mm�1. CBLs were used to minimize leakage current
and maximize achievable poling fields. TiO2 has been demon-
strated as an effective CBL due to its large band gap, large
dielectric constant, and excellent thin film processibility; we
used layers of 20 nm (PVD or ALD) or 100 nm (sol–gel) in our
devices. The neat BAO1 and BAH13 devices on TiO2 exhibited
slight increases in poling efficiency relative to the devices
without CBL. It is notable that the neat BAH13 on TiO2 achieved
a poling efficiency increase of 0.8 nm2 V�2 and a very large r33

value of 650 � 110 pm V�1, which is higher than the state-of-art
JRD1 performance (560 � 90 pm V�1). While the increase in
slope was of marginal statistical significance (p = 0.116 for a
two-tailed T-test, 0.058 for one-tailed), the TiO2 CBL enabled us
of higher poling voltages and higher maximum EO activity.
HfO2 has also been adopted as a CBL due to its large dielectric
constant, larger band gap than TiO2, and high resistivity.
Greatly reduced leakage currents were observed for the poling
of neat BAH13 on HfO2, improving the actual poling fields to
higher than 80 V mm�1. The neat BAH13 on HfO2 showed
the highest performance, with poling efficiencies of 11.6 �
0.7 nm2 V�2 and a record-high r33 value of 1100 � 100 pm V�1,
which is comparable with the best value of neat BAY1 and
approximate to 2-fold enhancement compared to the previous
highest reported OEO material JRD1.

BAH-BB and BAH-FD exhibited poorer film-forming
characteristics as neat materials, with cracking upon drying
leading to device failure from short or open circuit conditions

Table 3 Linear and nonlinear optical properties of chromophores

Sample lmax (nm) TLMa factor mb (D) bzzz,1300
c bzzz,0

c bzzz,0/bJRD1 Comp.d b0/b0,JRD1

JRD1 784 3.13 31 3330 � 50 1060 � 20 1 � 0.02 1
BAY1 890 2.11 30.2 6420 � 90 3040 � 40 2.87 � 0.04 1.47
BAO1 772 3.76 26 6769 � 630 1800 � 170 1.70 � 0.16 0.95
BAH13 829 2.69 28.6 7207 � 298 2680 � 110 2.53 � 0.10 1.16
BAH-BB 821 2.66 26.2 — — — 1.17
BAH-FD 813 2.77 — — — — —

a The damped two-level model factor used to correct for resonance effects on b (for details, see ESI). b Dipole moment, M062X/6-31+G(d)
calculation in polarizable continuum model (PCM) implicit solvent. c HRS – femtosecond HRS at 1300 nm (bzzz,1300) in CHCl3, extrapolation to zero
frequency (bzzz,0) using damped TLM (0.1 eV linewidth). Hyperpolarizabilities in 10�30 esu. Reference against solvent (CHCl3, using Campo et al.
(2009) value of bzzz,0 B 0.44 � 10�30 esu).59 d Computational predictions – M062X/6-31+G(d) in PCM CHCl3 at zero frequency, analytic
differentiation, 2-carbon truncation on inactive side chains.
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during poling. Film forming could be greatly improved by
blending with BAH13; 25 wt% and 50 wt% BAH13 were blended
with BAH-FD and BAH-BB, respectively. Due to the impressive
poling results of neat BAH13 on TiO2, the following evaluations
of 1 : 1 BAH-BB : BAH13 and 3 : 1 BAH-FD : BAH13 blends were
performed on TiO2, as well. The poling efficiency of 3 : 1 BAH-
FD : BAH13 was 6.7 � 0.3 nm2 V�2, nearly a 2-fold improvement
over neat JRD1 performance. This relatively lower poling
efficiency is attributed to the low chromophore number density
(3.46 � 1020 molecules per cm3) of 3 : 1 BAH-FD : BAH13
compared with other BAH materials (4.35–4.46 �
1020 molecules per cm3). Also due to the lower chromophore
number density, 3 : 1 BAH-FD : BAH13 device achieved higher
maximum poling field (B80 V mm�1) leading to a large r33 value
of 590� 50 pm V�1, and a low absorbance at telecommunication
wavelengths. Due to the very high Tg (127 1C) of BAH-BB, 1 : 1
BAH-BB : BAH13 was poled at 100–103 1C, and showed a higher
poling efficiency of 8.4 � 0.3 nm2 V�2 and yielded a maximum
r33 of 620 � 60 pm V�1.

BAH13 was also evaluated in-device on a POH platform. POH
devices feature large bandwidths, small footprint, low power
consumption, and can be fabricated on top of CMOS electronics
as a post-process.9 In POH phase modulators, light is coupled
from a silicon strip waveguide into a metal–insulator–metal slot
waveguide and converted to a surface plasmon polariton (SPP)
mode at the gold surface. The SPPs propagate along the gold-
dielectric interface. Plasmonics allows light confinement below
the diffraction limit as well as enhanced light–matter inter-
action. The slot waveguide is filled with the OEO material, and
the device is poled in a manner similar to bulk devices: the
modulator is heated to the Tg, then an electric field is applied to
the gold waveguide walls that serve as poling electrodes. The
Pockels effect of the poled OEO material is used to encode an
electrical signal on the phase of the propagating SPPs. At the
end of the plasmonic waveguide, the phase modulated SPPs
are converted back to photonic modes of the output silicon
waveguide by the second taper structure. In this work, the phase
plasmonic phase modulators are integrated in an imbalanced

Fig. 4 Poling curves for BAH chromophores (plots of r33 vs. poling field). Ep is the average of poling fields at poling temperature and cooling down to
35 1C.

Table 4 Electric field poling data for EO chromophores in bulk devices

Sample rN
a CBL

Poling temp.
(1C)

r33/Ep
b

(nm2 V�2)
Max. r33

(pm V�1)
Max. n3r33

(pm V�1)

100% BAO1 4.43 None 82–85 1.3 � 0.1 78 � 8 490 � 50
TiO2 82–85 1.4 � 0.1 113 � 8 700 � 50

100% BAH13 4.35 None 81–85 6.9 � 0.2 410 � 30 3000 � 200
TiO2 81–85 7.7 � 0.5 650 � 100 4700 � 800
HfO2 75–79 11.6 � 0.7 1100 � 100 7800 � 1000

3 : 1 BAH-FD : BAH13 3.46 TiO2 65–68 6.7 � 0.3 590 � 50 3700 � 300
1 : 1 BAH-BB : BAH13 4.46 TiO2 100–103 8.4 � 0.3 620 � 60 4600 � 400
100% JRD1 5.33 BCB B93 3.4 � 0.2 560 � 70 3900 � 500
100% BAY1 4.30 TiO2 86–91 16.6 � 0.5 1100 � 100 9000 � 1100

a Number density (�1020 molecules per cm3, assumes mass density of 1 g cm�3). b Average from multiple poling experiments (Fig. 4 and Fig. S10, ESI).
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silicon–photonic push–pull Mach–Zehnder geometry,55 Fig. 5, in
which two phase modulators are oppositely driven. At an applied
voltage Vp, each phase modulator produces opposite quarter-
wave phase shifts leading to complete destructive interference
between the two arms, switching the modulator from the on- to
the off-state. The EO performance at 1550 nm is determined in
10 mm long modulators with 80 and 105 nm wide slots operating
in the 15–70 GHz range. To measure the on–off voltage Vp, the
wavelength-dependent intensity transfer function was recorded
while applying DC voltages between �1 V in steps of 0.5 V. By
measuring the voltage-dependent spectral shift of transmission
spectrum,55 Vp was measured to be 4.8 V and 6.5 V for 80 and
105 nm wide slots, respectively. Based on these drive voltages,
the devices had voltage–length products VpL of 48 V mm and
65 V mm (Table 5). The electro-optic coefficient for BAH13
calculates to a maximum r33 of 197 and 208 pm V�1 in the
modulators with 80 and 105 nm slot width, respectively. Further
discussion on the differences between r33 values obtained in
bulk devices at 1310 nm and narrow slot POH devices operating
at 1550 nm is included in the ESI.† Based on these calculations
and assuming negligible differences between 105 and 100 nm
slots, this suggests a 1.7� improvement in r33 and a 1.8�
improvement in n3r33 over JRD1 in POH devices.55 The best
VpL product of BAH13 is 48 V mm, which is comparable to the
best values previously reported.55 However, the present value was
achieved in a much wider waveguide (80 nm vs. 40 nm), making
fabrication more accessible. As the improvement was consistent
with predictions using finite difference eigenmode (FDE)
calculations (ESI†) on POH slot waveguides using our recent
methodology,72 it suggests that VpL o 20 V mm could be
obtained in narrower slots (Fig. 6), though potentially requiring
CBLs and further optimization of poling protocols.

3. Conclusions

We synthesized and characterized four chromophores derived
from theory-guided design and optimized to achieve high EO
activity with acceptable loss and processibility; the highest-
performing chromophore was also evaluated in POH devices.
Due to the fine-tuned electron donating ability, the derived
chromophores exhibited large molecular hyperpolarizabilities
and controllable redshifts of absorption. To prevent dipolar
interaction-induced aggregation, the chromophores were
functionalized with side-chain bulky groups on donor and
bridge moieties. In bulk devices BAH chromophores showed
significantly improved EO performance including r33 values
and poling efficiencies. Neat BAH13 devices with HfO2 CBL
produced a very large maximum r33 value of 1100 � 100 pm V�1

at 1310 nm. This r33 is equivalent to BAY1, with a much-
improved absorption coefficient making it practical for use in
EO modulators. 3 : 1 BAH-FD : BAH13 blends showed a lower
poling efficiency of 6.7 � 0.3 nm2 V�2 and a greatly reduced
absorbance, which is important to the performance of
modulators. 1 : 1 BAH-BB : BAH13 has the highest poling
efficiency of 8.4 � 0.4 nm2 V�2 and an improved Tg 4
100 1C. The neat BAH13 was evaluated in POH modulators,
achieving VpL o 50 V mm in substantially wider slots than prior
record devices. In POH modulators, BAH13 exhibited high r33

values of 208 pm V�1 at 1550 nm, substantially exceeding the
performance of prior chromophores evaluated in equivalent
device architectures.
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