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The rapid advancement of communication technology necessitates
the development of hybrid optical modulators that integrate silicon
photonics with electro-optic (EO) materials to enable ultrafast, low-
power, and compact photonic devices. However, no existing material
simultaneously meets the requirements for high EO performance,
process compatibility, and thermal stability, which are essential for
practical optoelectronic integration. Here, we present 4-(4’'-nitro-
phenylazo)diphenylamine (NDPA) and its derivative, novel nonlinear
optical molecular crystals discovered through materials screening
incorporating crystal habit prediction. They demonstrate crystal-
lization into high-quality aligned thin films and ultrafine silicon slot
fillings through the capillary action of melts. The resulting EO
performance much exceeds that of conventional lithium niobate,
with excellent thermal stability maintained for over 1000 hours at
393 K. The present EO materials satisfying all the requirements
above are promising candidates for silicon-organic hybrid optical
modulators, opening a significant step toward scalable and high-
performance optoelectronic technologies.

1 Introduction

A massive increase of connected devices and a rapid advancement
of artificial intelligence cause a significant rise in data traffic,
making high-speed and energy-efficient data communication an
urgent challenge. The promising solution is optoelectronic inte-
gration to combine optical communication with electronic data
processing within a silicon chip or a silicon package."” This
concept relies on silicon photonics technologies which allow
fabricating optical circuits on silicon chips.*”> Among the
technologies, an on-chip optical modulator plays a vital role
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New concepts

This study presents a new strategy for EO material design suitable for
optoelectronic integration: melt-casting molecular crystalline thin films.
Molecular crystals have long been studied for their excellent nonlinear
optical activity but dismissed for optoelectronic integration due to poor
film formability, which is essential for device fabrication. Here, we break
through this limitation by exploring novel EO molecular crystals through
materials screening that incorporates crystal habit prediction with two-
dimensional crystal growth. Crucially, the materials identified in this
study form high-quality aligned thin films by melt casting, enabling
filling of sub-micron silicon slots. Moreover, unlike conventional lithium
niobate, which requires complex integration processing, and EO poly-
mers, which suffer from poor thermal stability, the presented molecular
crystals combine high EO performance, scalable processability, and
thermal stability; they overcome all the major drawbacks of existing EO
materials. Thus, by challenging the prevailing notion that molecular
crystals are incompatible with optoelectronic integration, the present
study establishes a new paradigm in EO material design and highlights
EO molecular crystals as practical candidates for next-generation opto-
electronic devices such as high-speed optical modulators, optical phased
arrays, and spatial light modulators.

on electrical-to-optical signal conversion. Since conventional
on-chip optical modulators, exploiting the free-carrier plasma
dispersion effect of silicon,*” are approaching their performance
limit, there is a strong demand to transition toward modulators
based on the high-speed and energy-efficient electro-optic (EO)
effect. However, silicon lacks the Pockels effect, i.e. EO-inactive,
so that considerable research efforts have been directed to
integrate EO-active materials onto silicon waveguides.®®
Requirements of EO materials toward the optoelectronic
integration are not only excellent EO activity but also CMOS-
process compatibility and high thermal stability.” Excellent EO
activity is essential to miniaturize optical modulators toward
scalable photonic integrated circuits. CMOS-process compatibil-
ity is critical for mass production in semiconductor foundries,
while high thermal stability is indispensable for integrating
optical modulators with heat-generating electronic circuits.
One of the promising candidates is lithium niobate (LN). It is
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a well-established EO material with low optical loss and high
thermal stability and can be integrated into silicon through
transferring and low-temperature bonding of lithium niobate
on insulator (LNOI).®'® Nevertheless, several challenges remain,
including limited process yield due to alignment tolerances and
bonding interface quality, as well as the overall complexity of the
integration process. Another candidate is an EO polymer which
recently attracts attention as a new class of EO materials."**® It
has EO activity much higher than the lithium niobate and can be
easily deposited on silicon waveguide through solution process.
Furthermore, by combining with a slot waveguide structure,"® it
allows highly efficient optical modulation, enabling significant
miniaturization of optical modulators. However, it requires high
electric-field poling to alignh chromophores and inherently suf-
fers from thermal instability due to orientational relaxation of
the aligned chromophores. To improve thermal instability, there
have been efforts such as elevating glass transition temperature
and crosslinking polymer backbone,'”'® whereas they introduce
trade-offs: the former reduces poling efficiency, while the latter
degrades optical transparency due to increased light scattering.

EO molecular crystals, exemplified by 4-dimethylamino-N-
methyl-4-stilbazolium tosylate (DAST)"*™>" and 2-(3-(4-hydroxy-
styryl)-5,5-dimethylcyclohex-2-enylidene) malononitrile (OH1),>>>*
exhibit nonlinear optical (NLO) activity as high as EO polymers, so
that they have been utilized especially for terahertz photonics
applications.>® As they are crystalline materials whose chromo-
phores spontaneously align without poling, they are inherently free
from thermal instability caused by orientational relaxation in
sharp contrast to EO polymers. Despite these advantages, their
application has been limited to discrete optical components. The
main reason not to be applied to photonic integrated circuits is
poor film formability due to their anisotropic crystal growth
although there are a few exceptions such as N-benzyl-2-methyl-4-
nitroaniline (BNA).>>2”

Here we report novel EO molecular crystals that excel in all of
EO activity, film formability, and thermal stability. Systematic
materials screening was conducted on the Cambridge structural
database (CSD) with introducing parameters such as hyperpolariz-
ability, crystal habit, and melting point which are relevant to EO
activity, film formability, and thermal stability, respectively. Then, 8
kinds of extracted EO molecular crystals were applied for melt-
casting experiments to examine their film formability. Conse-
quently, two materials were found to exhibit excellent film form-
ability due to two-dimensional crystal growth: 4-((4-nitrobenzyl-
idene)amino)-N-phenylaniline (PNPA) and 4-(4’-nitrophenylazo)-
diphenylamine (NDPA). Remarkably, their EO activities surpassed
conventional LN and were stable over 1000 h under high tempera-
ture condition of 393 K. These properties highlight their potential
as next-generation EO materials for integrated photonics.

2 Results and discussion
2.1 Materials screening by crystal habit prediction

Conventional materials screening for EO materials has
employed only two parameters with no exception, i.e. molecular
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Table 1 Physical properties of EO molecular crystals. Molecular total
hyperpolarizability (non-resonant) fio, absorption threshold wavelength
A Melting point T, and the difference between T,,, and the solidification
point Ts in the EO molecular crystals. fiox was calculated by Gaussian
software. Ay, was evaluated by the diffuse reflectance spectroscopy. T,
and T were determined by the DSC measurements (see Section 4). For
DMACSB, the value of T,, — T was undefined due to the structural change
after re-solidification (see Sl)

Material B (107 m* V') Jg (om) T (K) Tm — Ts (K)
NDPA 521.2 665 436 34
PNPA 416.7 629 452 75
OH1 326.5 592 482 >212
CPNC 270.9 565 470 >200
DMACB  137.5 421 495 —
NPRO 74.0 434 459 17
BNA 64.4 495 378 >108
MNA 50.6 498 406 13

hyperpolarizability f and molecular orientation within a crys-
tal. This is reasonable to find high EO-performance materials
because highly oriented chromophores with large hyperpolar-
izability result in superior EO activity. For example, molecular
design for enlarging f is to attach strong electron donating
and accepting substituents at both terminal of extended
n-conjugation backbone,*®*° as exemplified by the materials
displayed in Fig. 2 and Fig. S1 and Table 1. However, such a
screening alone is not sufficient for high film formability and
thermal stability that are required toward optoelectronic inte-
gration of the EO materials. Therefore, the materials screening
in this study introduced a crystal-habit parameter I, and a
melting point T}, which are indicators for the film formability
and the thermal stability, respectively. I,, was obtained as
follows: crystal habit was simulated for various molecular crystals
recorded in CSD by the surface attachment energy calculation
program, HABIT,**?' with the Gavezzotti’s empirical force
field.>*** Then, its anisotropy estimated by ellipsoid fitting was
plotted in a triangle graph as a function of b/a and c¢/a where each
corner corresponds to 1-dimensional crystal growth (b/a = ¢c/a = 0),
2-dimensional crystal growth (b/a = 1, c¢/a = 0), and 3-dimensional
crystal growth (b/a = c/a = 1), respectively (Fig. 1a). I, was defined
as the distance from the 2-dimensional crystal growth, so that
high film formability is expected for small I,p,. Fig. 1b shows T,
of EO molecular crystals plotted as a function of I, with the f
value (see Fig. 2 and Fig. S1 for the molecular structures). Each
point corresponds to EO molecular crystals extracted from CSD
that meet the following criteria: they consist of single component
D-n-A chromophores where electron-donating (D) and electron-
accepting (A) functional terminal groups are connected by =-
conjugated bonds. Their total hyperpolarizability (non-resonant)
Pior sSimulated by a quantum chemical calculation are as high as
50 x 107%°-520 x 10*® m* V. Their angle 0 between molecular
hyperpolarizability vector and crystal polar axis ranges 0-30° so
that their EO coefficients (second order NLO susceptibility) are
nearly maximized along the crystal polar axis. Note that the
diagonal tensor component of EO coefficient is proportional to
cos® 0, meaning large EO coefficient for small 0. Among the
materials plotted in Fig. 1b, the ones with small I, are favorable

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Screening by crystal habit. (a) Definition of the crystal-habit parameter I, in a triangle graph as a function of growth anisotropies (see text). />p
corresponds to the distance from the 2D crystal growth in the triangle graph. (b) Plot of the melting point T,,, of EO molecular crystals as a function of />p.
The size and color gradation of the symbols represent the magnitude of total hyperpolarizability (non-resonant) i (see text). The green shaded zone
indicates the temperature range suitable for the optoelectronic integration by melt casting (see text).

DMACB

Fig. 2 EO molecular crystals with 2D crystal growth. Molecular structures of the EO molecular crystals investigated in this study.

NPRO

in terms of film formability. On the other hand, regarding the
melting point, the moderate T, ranging approximately from 420
to 480 K is favorable as indicated by the shaded zone in Fig. 1b,
because the lower Ty, causes thermal instability and the higher
Tm reduces the processability, especially for melt casting.
Thus, NDPA, PNPA, OH1, and (E)-3-(4-carbazol-9-ylphenyl)-1-(4-
nitrophenyl)prop-2-en-1-one (CPNC), which satisfy the criteria
of froc > 200 X 107 m* V!, I, < 0.6, and T, ~ 450 K, were
extracted as the EO molecular crystals with high EO activity, film
formability, and thermal stability (see Fig. 2 and Table 1).

2.2 Film-formability test by melt casting

Film formability of the EO molecular crystals extracted via
materials screening were experimentally examined by melt
casting. For comparison, the experiments were also conducted
for BNA, 4-N,N-dimethylamino-4’-cyanobiphenyl (DMACB), 1-(4-
nitrophenyl)-1H-pyrrole (NPRO), and 2-methyl-4-nitroaniline
(MNA) which do not satisfy one or more of the screening criteria
for I,p, Pt and T, mentioned in Section 2.1. As shown in
Fig. 3a, the powder samples sandwiched by the upper and lower
substrates were heated above Ty, so as to melt and spread along
the gap between the two substrates due to capillary action. After
cooling slowly, they solidified to form thin films. In this study,

This journal is © The Royal Society of Chemistry 2026

solution-based processes such as spin coating were not
employed because they often cause inhomogeneity in crystal
orientation due to non-uniform solvent evaporation, resulting in
the formation of small crystallites and polycrystalline domains.
Fig. 3b shows the result of melt casting. The crystallite size
increased as the order of NPRO (<50 pm) < MNA (<200 pm) <
DMACB (>1000 pm) < PNPA (>1000 pm) < NDPA
(>1000 pm), which roughly obeyed the decrease of I,p: MNA
(0.67) > NPRO (0.66) > DMACB (0.59) > PNPA (0.53) > NDPA
(0.51). However, it decreased in CPNC (<50 pm), OH1 (<1 um),
and BNA (<50 pm) despite small I,;,: CPNC (0.51), OH1 (0.43),
and BNA (0.37). This deviation can be ascribed to super cooling.
As shown in Table 1 and Fig. S2c, d, h, these materials exhibited
noticeable supercooling (Ty,, — Ts > 100 K), which interfered
crystal growth due to abrupt crystallization. It should be noted
that DMACB solidified to an EO-inactive polymorph through the
melt casting, as confirmed by DSC and SHG experiments (see SI
and Fig. S2f). The remainder PNPA and NDPA, whose melting
points and crystal habit predictions are in the preferable range,
do not suffer from neither undesired supercooling nor poly-
morphism. Consequently, these two EO molecular crystals
afforded to form single crystal films with the size of >1000 pm
easily. Note that they are reported to be isostructural**>° and gave
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Fig. 3 Thin-film growth by melt-casting process. (a) Schematics of thin-film fabrication by melt-casting process. (b) Crossed-Nicols images for thin

films of EO molecular crystals fabricated by this process.

almost isomorphous film morphologies; these films were con-
firmed to possess the in-plane polar axis, which is parallel to the
[102] direction within the (010) plane (SI). This feature is suitable
for the application of EO modulator, especially in the slot
waveguide configuration.

To demonstrate the potential for integration with optoelec-
tronic device, the fabrication of thin films within ultra-narrow
silicon slots mimicking slot waveguides (the typical slot width
of 100-200 nm) by the melt casting was examined for PNPA. We
prepared the silicon substrate with rectangular sub-micron-
width slots by lithography. Fig. 4a and b show the polarized
and crossed-Nicols images of the resulting films within the
silicon slots. For the 2 pm-wide slot, it appears to be homo-
geneously colored in the crossed-Nicols image due to the bire-
fringence of EO material, clearly indicating the successful filling
of not polycrystalline but single-crystalline PNPA films. However,
for slots narrower than 190 nm, it is difficult to determine from
optical microscopy whether the EO material is fully filled. Thus,
we conducted atomic force microscope (AFM) and scanning
electron microscope (SEM) measurements to directly evaluate
the fillings. For AFM, we selectively measured regions within the
190 nm-wide slot where the filling appeared to be partially
interrupted (see Fig. 4a). The depth profiles clearly distinguish
between filled and unfilled regions (see Fig. 4c and d); the
unfilled regions exhibit a depth of >150 nm (the present slot
depth ~250 nm), whereas the filled regions show no height
difference relative to the surrounding silicon surface. This con-
firms that PNPA fully occupies the sub-micron-width slot
volume. Cross-sectional SEM image also reveals the filling of

Mater. Horiz.

the slot for 190 nm by PNPA (Fig. 4e); it can be clearly observed
that PNPA selectively flows into only the slot region.

Furthermore, to more rigorously validate the compatibility
of PNPA with practical device structures, we fabricated a silicon
slot-waveguide structure on silicon-on-insulator (SOI) sub-
strate, incorporating metal electrodes on both sides of the slot
(see Fig. S5, S6 and Section 4). Following the formation of the
silicon rib waveguide, a central slot (100 nm wide and 220 nm
deep) was introduced by electron-beam lithography. The etched
slot fully penetrates the silicon waveguide and reaches the buried
SiO, (BOX) layer (Fig. 4f). As shown in Fig. 4g and h, PNPA flows
into the slot by the melt-casting process as well, producing a
brightly colored crossed-Nicols image that indicates the for-
mation of a high-quality crystalline film. These observations
demonstrate that PNPA can be deposited even into device-level
slot structures, highlighting its strong potential for integration
into actual optoelectronic devices.

2.3 EO measurements

Let us uncover the EO performance of PNPA and NDPA thin
films. Recently, the bulk crystal of PNPA was reported to show
highly efficient terahertz wave generation.***” Therefore, it is
expected that PNPA and its isostructural material NDPA poten-
tially demonstrate excellent EO performance in the thin film
crystal forms as well. We employed the birefringence ferro-
electric field-modulation imaging (FFMI)*® for the EO evalua-
tion. Applying the electric field to EO materials, the change in
the refractive indexes through the EO effect yields the slight
modulation of the birefringence of EO materials. This technique

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Filling of thin films by melt-casting process. Polarized microscope image (a) and crossed-Nicols image (b) of PNPA films grown into narrow slots
in the silicon substrate. Each slot width is indicated at the top. (c) AFM image of 190 nm slot in the silicon substrate. (d) Cross-sectional depth profiles
extracted from the AFM topography shown in (c). (e) Cross-sectional SEM image of the 190 nm slot in the silicon substrate. (f) Schematic of the silicon
slot-waveguide device structure. Polarized microscope image (g) and crossed-Nicols image (h) of PNPA films grown into narrow slots in the silicon slot

waveguide on the SOI substrate.

detects it as the change in the transmitted light intensity 7, , Al | ,
by using a cross-polarized optical microscope (see Section 4 for
details). We used a complementary metal-oxide-semiconductor
(CMOS) image sensor as a detector (see Fig. S7), enabling spatially
resolved measurements of EO performance over thin films.

To apply a transverse electric field to the EO films, interdigi-
tated gold electrodes (line/space = 5/5 pm; DropSens, Spain)
deposited on a glass substrate were used. We selected the domain
whose polar axis is parallel to the electric field direction (sur-
rounded by the dotted line in Fig. 5a) for measuring the EO
performance. Fig. 5b and c¢ show the crossed-Nicols (I, ) and
modulation images (AI,/I,) for PNPA obtained by FFMI at the
wavelength of the incident light 4 = 810 nm. In the relevant
region exhibiting the bright crossed-Nicols image due to the
birefringence, the modulation signal was also clearly observed.
This is reasonable because EO effect is maximized when the polar
axis is parallel to the electric field. Note that the red and blue
colors alternate in adjacent lines in Fig. 5¢c, meaning that the sign
of AI| /I, is reversed (Fig. 5e) because of the electric field in the
opposite direction on either side of the interdigitated electrodes
(Fig. 5a). The modulation signal induced by the EO effect is much
affected by the phase retardation of elliptically polarized outgoing
light. In our measurements, we accurately controlled the phase
retardation using the variable retarder set after the sample and
measured Al /I, under the various phase retardation values (see
Fig. 5d and Section 4). From these measurements, the 715°rs;
values were evaluated to be ~1050 (1250) pm V' for NDPA and
~690 (1200) pm V' for PNPA at / = 810 (730) nm. Here, we set

This journal is © The Royal Society of Chemistry 2026

the directions parallel and perpendicular to the polar axis within
the (010) plane (that is, the [102] and [201] directions, respec-
tively) to the EO tensor indices 3 and 1. In these evaluations,
other terms such as ry3 and 753 are neglected because they are
expected to be negligibly small relative to r3; in the highly aniso-
tropic crystal structure of NDPA and PNPA where the molecular
hyper polarizability vectors align almost the same crystal direc-
tion. The enhancement of n3’r;; at shorter wavelengths is due to
the resonance effect near the absorption wavelength (corres-
ponding to the intramolecular transition energy). We plotted
the n3%r;; values of NDPA and PNPA as a function of incident-
light wavelength together with representative data for benchmark
organic EO crystals (Fig. 6). Remarkably, the resulting wavelength
dependence closely follows the EO performance of DAST and
OH1, highlighting the excellent EO response of these materials.
Moreover, we extrapolated the n;’r;; values to the non-resonant
telecommunications wavelength range using the widely adopted
dispersion relation for EO performance,

og* (3we* — »?)

3. —
n’r=F (F —a) 9]

where w, is the resonance frequency and F is the material
parameter related to the molecular hyperpolarizability. The fit-
ting well reproduces the measured 75°r;; in the visible region.
The extrapolated EO performance is about 500 pm V™' even at
wavelengths far from resonance, which clearly surpasses that of
LN (n3’rs3 ~ 320 pm V™). It is noteworthy that PNPA and NDPA
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Fig. 5 Evaluation of the electro-optic performance for PNPA thin film at room temperature. (a) Polarized transmission micrograph of PNPA thin film on
the glass substrate with interdigitated gold electrodes. The dark regions correspond to the electrodes. The orange-colored region surrounded by the
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Fig. 6 Electro-optic performance in PNPA and NDPA thin films. The
figure of merits for EO performance, ns°rss, in PNPA and NDPA thin films
evaluated by the FFMI measurements at room temperature. Reference
data for benchmark EO crystals (DAST,?! OH1,22 and BNA?>2%) are also
plotted for comparison. The yellow curve represents the fit obtained using
eqgn (1) (see the main text), with the fitting parameters determined from the
averaged nsz’rsz values of PNPA and NDPA.

not only exhibit high processability for thin film fabrication but
also achieve excellent EO performance in the telecommunica-
tions bands.

2.4 Thermal stability test

We tested the thermal and long-term stabilities of EO performance
for PNPA. Through the measurements at high temperatures up
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to 393 K, the n;’r;; values of PNPA were confirmed to be
temperature independent (Fig. 7a). The DSC analysis also
indicated that PNPA exhibits only a peak by melting without
any decomposition or phase transitions below Ty, = 452 K
(Fig. 7b). Moreover, we conducted the accelerated aging test at
393 K in a nitrogen atmosphere. In Fig. 7c, we plotted the root
mean square values of the modulation signals A, /I |, evaluated
over the area of >250 x 250 um? in the PNPA film fabricated on
the interdigitated electrode substrate, both with and without
sealing using a glass plate (SI). Without sealing, AI, /I
degraded by 15% after 200 hours (Fig. 7c). This degradation
was observed not only in the modulation image but also as a
visible change in the optical microscope image (SI). In contrast,
when sealed with a glass plate, AI, /I, showed almost no
degradation (within 5%) even after 1000 hours. The strong
suppression of degradation by sealing suggests that it is caused
by local sublimation of the film surface rather than thermal
decomposition. This outstanding thermal stability completely
surpasses that of EO polymers, in which the EO performance
degradation of 20-30% occurs at 393 K due to orientational
relaxation of the aligned chromophores,*® highlighting the sig-
nificant advantage of crystalline EO materials. Compared to the
widely accepted Telcordia GR-468-CORE standard (85 °C [= 358
K]/2000 hours) for optical device reliability,*" the present evalua-
tion was conducted at a higher temperature of 393 K, under
which the EO performance remained stable for over 1000 hours.
The ability to retain EO activity under such stringent conditions
underscores the exceptional thermal stability of PNPA; notably,
this material uniquely combines high EO performance, film
formability, and long-term thermal stability, which is rarely
achieved simultaneously in EO materials.

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 Thermal stability for electro-optic performance in PNPA thin film.
(a) Temperature dependence of the figure of merits for EO performance,
ns’rss, at 4 = 810 nm. The inset shows the expanded graph. (b) DSC
measurement of PNPA (see SI). (c) Plot of the root mean square values of
the modulation signal Al | /I, over the area of >250 x 250 pmz in the EO
film fabricated on the interdigitated electrode substrate, measured at 393 K
in a nitrogen atmosphere with and without sealing by the glass plate at 4 =
810 nm. The plotted values are normalized to the value att = O h.

2.5 Spontaneous ordering of crystal orientation by
temperature gradient

To integrate an EO molecular crystal to an optical modulator with
maximized EO efficiency, their crystal polar axis should be
controlled to be parallel to applied electric field. On the other
hand, the film orientation by the melt casting mentioned in
Section 2.2 and 2.3 was random. Here, we demonstrate sponta-
neous ordering of crystal orientation by temperature gradient. A
temperature gradient was generated between both ends of the
substrate, with the low-temperature side set below Ty, and the
high-temperature side above Ty,. By lowering the temperature of
the high-temperature side slowly, the thin film growth can be
controlled to proceed along the temperature gradient where the
nonmelted portion at the low-temperature side works as a seed
crystal. Fig. 8a shows the crossed-Nicols micrograph of PNPA thin
films fabricated under the temperature gradient using two dif-
ferent cooling rates for the high-temperature side: 30 K min ™"
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(rapid cooling) at the upper half of the domains and 3 K min~"
(slow cooling) at the lower half of the domains. A clearly oriented
film along the temperature gradient was successfully obtained in
the slow-cooled region. We show a histogram representing the
distribution of domain orientation angles relative to the tem-
perature gradient direction (Fig. 8b). It was revealed that the film
in the rapid-cooled region exhibited random orientation, whereas
the slow-cooled region showed distinct peaks in the domain
distribution around 30° and —60°. These peak angles correspond
to the tilt of the polar axis (||[102]) with respect to the film growth
direction (||[001]) in PNPA (SI). These results indicate that the
desired crystal orientation for integration into optical modulators
can be achieved by controlling both the direction and cooling rate
of temperature gradient.

Compared to electric-field poling, the temperature-gradient
orientation control offers a significant advantage for fabricating
large-area oriented films. Even under the preliminary experi-
mental condition, the longitudinal size of the domain with
controlled alignment exceeds 3 mm as shown in Fig. 8a. In the
case of fabricating a slot-waveguide modulator using PNPA, the
device length required for © phase shift (VL) was estimated to be
~0.5 mm, based on the equation V,L = Ag/2n;’r3;I",*> which is
well within the aligned domain fabricated in this study. This
estimation assumed 713’133 = 700 pm V_, A = 810 nm, the applied
voltage of 1V, the electrode gap g = 190 nm (corresponding to the
narrowest slot width successfully filled with PNPA in this study
(see Fig. 4¢c)), and the interaction factor between the electrical and
optical electric field I' = 0.2, a typical value in silicon-organic
hybrid modulators.*” Further optimization of the temperature
gradient and cooling conditions is expected to enable orientation
control over larger areas, suggesting the high potential of this
approach for large-scale integration in optoelectronic devices.

2.6 Material design of EO molecular crystals for
optoelectronic integration

Finally, we discuss the exceptional performance of EO activity,
thin-film formability, and thermal stability observed in PNPA and
NDPA from a material design perspective. Both molecules are
composed of strong donor (N-phenylamino) and acceptor (nitro)
groups connected via an extended m-conjugated bond (benzylide-
neaniline for PNPA, azobenzene for NDPA) (see Fig. 2), which is
responsible for the large calculated hyperpolarizability f§ (Table 1).
To efficiently translate microscopic f# into macroscopic EO coeffi-
cients within the crystalline lattice, the relative orientation 0
between molecular hyperpolarizability vector and crystal polar
axis is required to be close to zero because the diagonal compo-
nent of EO tensor is proportional to cos® §. Remarkably, in both
PNPA and NDPA, the molecular dipoles are nearly perfectly
aligned along the polar axis [102] as shown in Fig. 5a (e.g. cos® 0
~ 0.9998 for PNPA*®), so that the EO performance is significantly
enhanced in crystals. By contrast, EO polymers rely on electric-
field poling, and even under strong fields the EO chromophores
typically reach orientational order parameter of only cos® 0 = 0.2—
0.4."> Consequently, the highly oriented molecular arrangements
in PNPA and NDPA result in the comparable EO performance with
EO polymers, even despite the somewhat smaller molecular f
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Fig. 8 Unidirectional crystal growth by temperature gradient in PNPA thin film. (a) Crossed-Nicols image of the PNPA film fabricated by the melt casting
under the temperature gradient (see text). The dashed black rectangle represents the area shown in the enlarged image on the right. The dashed red box in
the enlarged figure is guide for the oriented domain. (b) Distribution of domain orientation angles relative to the temperature gradient direction (see text).

values compared with high-performance EO chromophores. Such
large m-conjugation typically leads to red-shifted absorption edges
due to the reduction of the HOMO-LUMO gap; a clear trend can
be observed among NDPA, PNPA, OH1 and CPNC with relatively
similar molecular structures as seen in the Ay, values summarized
in Table 1. The red shift of the absorption edge yields enhanced
EO activity due to the resonance effect close to the measure-
ment wavelength. Regarding thermal stability, the extended
n-conjugation also tends to correlate with the increased Ty,
leading to their robust EO performance at elevated temperatures.
Thin-film formability, in contrast, is not trivially linked to mole-
cular structure. In this study, we adopted a crystal habit-based
approach and selected the materials with 2D growth. Conse-
quently, we successfully demonstrated high-quality film for-
mation in PNPA and NDPA, suggesting the effectiveness of this
approach. Thus, the combination of the molecular design for high
EO response and the crystal habit prediction for 2D growth
presents a promising pathway for the exploration of EO molecular
crystals suitable for optoelectronic integration.

3 Conclusion

In summary, we explored the novel EO molecular crystals,
NDPA and PNPA, that exhibit high EO performance with

Mater. Horiz.

n3’rs3 values exceeding ~700 pm V™' in the visible region,
surpassing that of conventional material of LN. These materials
also demonstrate excellent film formability and thermal stabi-
lity up to 393 K, fulfilling the critical requirements for optoe-
lectronic integration. The orientation control of thin film by
temperature-gradient melt casting offers a scalable approach to
achieving alignment without electric-field poling, enabling the
convenient fabrication of uniformly aligned films over large
areas. The excellent integration ability into narrow slot (e.g
190 nm) further highlights the practical advantages of these
materials for integrated slot waveguide devices. The present
discovery was guided by materials screening strategy based on
crystal habit prediction, where we focused on identifying mole-
cules with high 2D crystal growth. Among them, we selected
candidates with large § and high T, enabling not only efficient
EO response but also robust device operation under elevated
temperatures. Historically, molecular crystals have been largely
overlooked in the context of silicon photonics, mainly due to
concerns about poor film formation. However, the successful
fabrication of thin-films with high and thermally stable EO
performance in PNPA and NDPA demonstrates the applicability
of molecular crystals in silicon-organic hybrid photonic
devices. This breakthrough suggests the potential to outper-
form polymer-based EO devices, especially in large-area appli-
cations under high thermal conditions. Thus, the present

This journal is © The Royal Society of Chemistry 2026
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findings address current limitations of existing EO materials
and establish molecular crystals as compelling candidates for
next-generation large-scale photonic technologies, including a
high-speed optical modulator, an optical phased array, and a
spatial light modulator.

4 Experimental section
4.1 General

PNPA and CPNC were prepared according to the reported
procedure,**** and NDPA (known also as the Disperse Orange
1 (DO1)) was purchased from Angene Co. Ltd. They were
purified by repeating twice the vacuum sublimation under
temperature gradient. The prismatic crystals of PNPA with well
developed (110) planes were grown by slow evaporation of
dichloromethane solution, whereas the brownish red elongated
plates of NDPA crystals developed with the (010) planes were
obtained during the sublimation process.

The other commercially available OH1 (TakachihoSangyo),
DMACB (ChemCollect GmbH), BNA (Angene Co. Ltd), MNA and
NPRO (Tokyo Chemical Industry) were purified by the vacuum
sublimation under temperature gradient and recrystallization
before use.

4.2 Diffuse reflectance spectra measurements

Diffuse reflectance spectra were measured using a Shimadzu
UV-3150 spectrometer equipped with an integrating sphere
accessory (Shimadzu ISR-3100) and transformed into absorp-
tion spectra by Kubelka-Munk function. The absorption thresh-
old wavelength Ay, was determined by linearly extrapolating the
steep falloff region of the spectra on the long-wavelength side to
zero intensity.

4.3 DSC measurements

The thermal analysis was performed using a differential scan-
ning calorimeter (DSC7000X; Hitachi High-Technologies Corp.,
Tokyo). The sample was encapsulated in an aluminum pan
and heated at a rate of 5 K min '. The temperature was
calibrated by using the melting point of indium (429.8 K).
The melting points determined by DSC agree with the reported
maxima®>*>~° within 3 K except for the CPNC without the
reported data.

4.4 Calculation of hyperpolarizability

We calculated the hyperpolarizability f by Gaussian 16 soft-
ware.”" In the previous quantum chemical calculations®* using
B3LYP DFT functional®® and the 6-311++G basis set, the total
hyperpolarizability f, values at 4 = oo (w = 0) were calculated
to be 1321 x 107*° (1070 x 107*°) m* V™' for a PNPA (NDPA)
molecule. The re-examination in this study reproduced almost
the same results [1406 x 10~ *° (1057 x 10 *°) m* V'] using the
B3LYP/6-311++G(d,p). However, these calculations using the
B3LYP functional do not include the long-range electron inter-
action properly and tend to overestimate the magnitude of 8
with expanding the n-conjugated system as in the present case
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of PNPA and NDPA. Instead, recent theoretical simulations
using the proper functionals demonstrate the improved agree-
ments with experimental f values.*®*>* Thus, we recalculated
the f using the long-range corrected functional such as the
CAM-B3LYP/6-311++G(d,p)*> as recommended. The revised
Brot (—w; ®, 0) values of PNPA (NDPA) are 416.8 x 10~ *°
(521.2 x 107*) m* v'at 2 = o (w = 0), 702.7 x 107
(862.8 x 107" m* V' at 2 = 810 nm, and 808.4 x
107° (989.0 x 107*°) m* V™! at A = 730 nm. It should be also
noted that the order of magnitude in the two isomorphous
materials is reversed to NDPA > PNPA. This relationship is
verified by the EO performance (see Section 2.3), suggesting the
importance of the long-range corrections in the cases of PNPA
and NDPA. For other organic materials listed in Fig. 1, we
calculated the S (—; , 0) values using the similar functional
of CAM-B3LYP/6-311++G(d,p).

The fio values listed in Table 1 are given in SI units, and the
conversion between cgs and SI units is 1 x 107°° esu = 4.18 x
10 m*v".

4.5 Atomic force microscopy (AFM) measurement

AFM measurements were performed using a commercial
Dimension 3000/Nanoscope IIIa system (Bruker, USA) in tap-
ping mode under ambient conditions.

4.6 Scanning electron microscope (SEM) measurement

SEM measurements were performed using a commercial S-4700
system (HITACHI, Japan). The observation target was coated
with a thin (~5 nm) layer of platinum to prevent charging.

4.7 Fabrication of silicon slot waveguide structure

Silicon slot waveguides were fabricated on an SOI substrate with
top Si and buried-oxide layer thicknesses of 220 nm and 2 pm,
respectively. First, the substrate was cleaned using a wet pro-
cess. Next, the rib waveguide was patterned using an electron
beam lithography (EBL) system (Elionix, Japan) with an accel-
eration voltage of 130 kV and a beam current of 1.5 nA. The Si
layer was then shallowly etched using an inductively coupled
plasma reactive ion etching (ICP-RIE) system (SPP Technologies,
Japan) with C,Fs and SF¢ gases, leaving approximately 50 nm of
the Si layer. Subsequently, the slot gap was formed using the
same procedure, with alignment performed using metal marks
on the device chip, and the slot was completely etched down to
the SiO, layer. Finally, electrodes consisting of titanium and
gold layers with a total thickness of 220 nm were formed by a
lift-off process, completing the slot waveguide structure.

4.8 Birefringence FFMI measurement

We employed the birefringence FFMI technique to evaluate the
EO performance (see Fig. S7 for the detailed setup®®). When the
polar axis of the EO film is set to the direction tilted 45° from
the polarizer in the crossed-Nicols configuration, the intensity
of transmitted light 7, is expressed as

IL:]LO"I‘IL] sinz(%), (2)
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where ¢, is the phase retardation between the components of
elliptically polarized outgoing light along the directions parallel
and perpendicular to the polarizer. It is expressed as

2nd . .
by = namSo (Maniso = N3 — n4) with the refractive index along

the dlrection parallel (perpendicular) to the polar axis within
the (010) plane, n;(). The point group of PNPA and NDPA is
m,**3® for which the related EO tensors are rs3, 73, and rs;
when the electric field along the polar axis (|3) E; is applied.
The terms of ry; and rs5; are expected to be negligibly small
relative to r3; because the present systems are highly one-
dimensional. Thus, we assume that the change in the aniso-
tropy of the refractive indexes through the EO effect is

. 1 . .
described as An,piso = —§n33r33 E5. This leads to the modulation

of the outgoing light intensity, Al , as follows,

Al =1 [sm ((/70 + Anamso) — sin? (% — TLdAnamso)} .

J )
(3)

To sensitively detect the modulation signals, we used the
variable retarder as described in Section 2.3. In this case, ¢,
in eqn (2) and (3) is replaced with ¢ + Pexr, Where ¢ey, is the
controllable phase retardation (0 = ¢ey < 27) derived from the
birefringence of the variable retarder. The slow axis of the
variable retarder is parallel to the polar axis of the EO thin
film. By fitting of eqn (2) and (3) to I, and AI, /I, measured

. 1
under the various ¢y values, Angpiso (: —§n33r33E3 can be

obtained.

In the present study, the applied ac voltage was +2 V with
the modulation frequency of 45 Hz. The gap between the
electrodes was 5 um. The thin-film thickness of PNPA (NDPA)
used in the birefringence FFMI measurement was 130 nm
(1.2 pm), which was determined by AFM.
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