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Abstract: A novel nanocavity-based polymer-on-insulator (POI) electro-optic modulator
(EOM) is proposed. It consists of a polymeric photonic-crystal nanobeam cavity (PCNC)
with ultra-low index-contrast (Ncaviy,/NMyy = 1.17). Based on three-dimensional (3D) finite-
difference time-domain (FDTD) method, the PCNC design and optimization are investigated
theoretically. A high quality-factor (Q) of 3.4 x 10* and small mode-volume of 22.8 (A/nsgo)°
can be achieved. In order to judge the efficiency of the cavity design for electro-optic
(EO) modulation, the optical modes and the electric field distribution are computed using
an electromagnetic finite-element solver. Benefiting from the fast and strong EO effect in
polymers, the modulator shows an EO modulation efficiency of up to 16 pm/V, which is over
an order of magnitude higher than that in lithium niobate (LN) PCNCs. Moreover, the device
is only 80 um in length, leading to a voltage-length product V, x L = 0.05 V.cm, which
is much smaller than those of Mach-Zehnder modulators. To the best of our knowledge,
this is the first on-chip POIl-based EOM that features both ultra-compact size and high
modulation efficiency. Hence, it is potentially an ideal platform for applications in optical
communications, electric-field sensing, and tunable photonic circuits.

Index Terms: Electro-optical systems, optical interconnects, photonic crystals, nanocavi-
ties, theory and design.

1. Introduction

On-Chip electro-optic modulators (EOMs) have been widely investigated during the past two
decades for use in long-haul communication networks and short-reach optical interconnects [1]-[4].
Waveguide-based [5]-[7], Mach-Zehnder interferometer (MZI) [8]-[11], surface plasmon resonance
(SPR) [12], [13], and optical microcavity EOMs [14]-[32] have all been developed. Optical mi-
crocavities with exceptional quality factor (Q) to mode volume (V) ratios (Q/V) have attracted
particular interest, because of their strong ability to confine optical mode [33], [34]. Numerous
EOMSs based on optical microcavities have been proposed successively in recent years: microdisk
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cavities [14], [15], racetrack cavities [16], ring cavities [17], [18], Fabry-Pérot (F-P) cavities [19], [20],
and photonic crystal (PhC) cavities [21]-[32]. Among these, PhC cavity-based EOMs, including 2D
PhC cavities [21]-{24], and 1D PhC cavities [25]-[32], have emerged as promising platforms for low
power and high efficiency operation due to their ultrahigh Q/V and compact size. Compared with 2D
PhC cavities, 1D photonic crystal nanobeam cavities (PCNCs) have attracted great attention for use
as EOMs due to their ultracompact footprints and convenient integration with bus-waveguides [35],
[36], which are critical features for high density on-chip integration. Most reported PCNC-EOMs to
date belong to the silicon-on-insulator (SOI) type, including Si-Doped [25] and Si-Graphene hybrid
(SGH) modulators [26], [27]. However, SOIl-based modulators rely on weak free carrier dispersion
(which is inherently absorptive and nonlinear) rather than on the linear electro-optic (EO) effect
(Pockels effect) [9]. To overcome the intrinsic absence of the Pockels effect in unstrained silicon,
modulators based on combinations of silicon with Pockels-type material have been used, including
Si-Organic hybrid (SOH) [28]-[30], and Si-Lithium niobate (SiLN) hybrid PCNC-EOMs [31], [32].
While these approaches have shown promising results, the reduced EO overlap between the
electric field and the active material region degrades the modulation efficiency [17]. Fortunately,
organic EO polymers are potential candidates for high efficiency modulators due to their high EO
coefficients (~110 pm/V in the case of SEO100C [37]), low dielectric constants, ultrafast response
time, and spin coating compatibility with many existing material platforms [3].

In this work, we present a polymer-on-insulator (POl) PCNC-EOM that features a compact
footprint and ultrahigh modulation efficiency. The device layer consists of an EO polymer SEO100 C
(Ncaviy = 1.699); the substrate is silica (n,; = 1.45). Based on three-dimensional (3D) finite-
difference time-domain (FDTD) method (a commercial software package, Lumerical FDTD Solu-
tions), the PCNC design and optimization are investigated theoretically. Despite an extraordinarily
low index-contrast (Ncavity/Myy = 1.17), a high Q-factor of 3.4 x10* and small mode volume of
22.8 (A/nseo)® can be achieved. In order to judge the efficiency of the device, the electric field dis-
tribution and the change of polymer refractive index are analyzed using 3D finite-element-method
(FEM) (a commercial software package, COMSOL Multiphysics software). The result shows an EO
modulation efficiency up to 16 pm/V, which is over an order of magnitude higher than that in lithium
niobate (LN) PCNC [38]. Moreover, the total device length is only 80 um, keeping the voltage-length
product V,, x L as low as 0.05 V-cm. These results show that the POI-PCNC platform in this work
offers an inexpensive, practical, and compact but high-performance alternative to conventional
devices. Furthermore, the advanced performance of the on-chip POl EOM will play an important
role in the future development of converged, collaborative and co-automatic optical network [39].

The rest of this paper is organized as follows. We start by introducing polymeric PCNC design in
detail in Section 2. In Section 3, we describe design optimization and EO response for the polymeric
PCNC-EOM. Finally, we present a brief conclusion in Section 4.

2. Cavity Design

The schematic of the ultra-low index-contrast (ncavir,/neg = 1.17) polymeric PCNC described in
this paper is shown in Fig. 1(a). The cavity design is based on the deterministic high Q-factor
method by Quan et al. [40]. The proposed polymeric PCNC consists of elliptical holes in decreasing
dimensions, etched into a polymer ridge waveguides with a width of w,, = 3 um. The thickness
of the polymer ridge waveguide ish,, = 550 nm, and the periodicity of the elliptical holes is a =
510 nm. The structure is symmetric with respect to the dark dashed line in Fig. 1(a). To create
a Gaussian mirror [35], the elliptical-hole dimensions are linearly tapered from the center to both
ends. In the taper region, the minor axes r, decreases from 165 to 125 nm, and the major axes
r, decreases from 1.44 to 1.12 um. The reason for choosing elliptical shape instead of circular
shape is because elliptical holes have larger bandgap and higher reflectivity to confine the optical
mode [41]. Fig. 1(b) shows the top view of the major field distribution along the polymeric PCNC.
Fig. 2(a) and (b) show the lattice unit geometric parameters in the band diagram calculation and
the transverse-electric (TE) band diagrams of the PCNC. Here, in order to display the photonic
bandgap (PBG) in TE band clearly, only draw the first bands above and below the PBG (namely,
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Fig. 1. (a) Schematic of the polymer-on-insulator 1D photonic crystal nanobeam cavity (PCNC). The
structure is symmetric with respect to its center (the dark dashed line). (b) The major electric field (Ey)
distributions along the 1D PCNC.

the air mode and dielectric mode for each air hole dimensions [40]), which are below the light line.
And the other band curves above the light line for each air hole dimensions are not displayed in
the TE band diagram [Fig. 2(b)]. The 3D-FDTD method with Bloch boundary conditions is utilized
for the simulations. As expected, when the refractive index increases with the holes dimensions
decreasing, the band of the structure moves to lower frequency. So the band for the structure with
re = 165 nm, r, = 1440 nm (red line) is higher than the one for r, = 125 nm, r, = 1220 nm (blue
line). Here, the green dot in Fig. 2(b) indicates the target frequency 193.95 THz (1546.8 nm) of
the proposed polymeric PCNC. Fig. 2(c) shows the calculated mirror strength y for different filling
fractions f = (7 x ry x ry)/(a x wy), where y can be calculated by [35]:

V= \/(w2 — 01)?/(w2 + w1)? — (wres — 0)0)2/“)% (1)

where wes is the target resonant frequency and w,, w1 and wg are the air band edge, dielectric
band edge, and mid-gap frequency of each segment, respectively [35]. As seen in Fig. 2(c), when
r, = 125 nm, the maximum mirror strength is obtained. Thus, the dimensions of the air-mode holes
on both ends of tapering section r, = 125 nm is chosen to build polymeric PCNC design.

At the end of this paragraph, Fig. 2(d) will be described. First, in order to design 1D polymeric
PCNC achieving high Q-factor, the number of the taper segments N; in the Taper section and
the number of mirror segments N, in the Mirror section are investigated in detail, respectively.
As shown in Fig. 3(a), we investigate the influence of N; (changed from N, = 30 to N; = 170) on
the cavity Q-factor, and there is no additional mirror segments namely N, = 0. As seen, with the
N; increasing, the cavity Q-factor increases. Herein, in order to save the simulation time of the
transmission calculation [36], we use a low Q-factor geometry: N; is selected as N; = 50. Fig. 3(b)
shows the calculated Q-factor as a function of N, changed from N, = 0 to N, = 90, while N
is kept fixed as N; = 50. It can be seen that, with the increase of N,, an optimized Q-factor of
3.4 x 10* can be obtained. In order to achieve a radiation-Q-limited cavity [35], [40], we place
50 taper segments in the Gaussian mirror region and 20 additional mirror segments on both ends.
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Fig. 2. (a) The lattice unit geometric parameters of the PCNC used in the band diagram calculation.
(b) Transverse-electric band diagram for the polymeric PCNC. (c) Mirror strength y obtained by using
three-dimensional (3D) finite-difference time-domain (FDTD) simulation for different minor axes ry.
Other parameters are kept as in (a-b). (d) Transmission spectra of the optimized nanobeam cavity
from 3D-FDTD simulation.
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Fig. 3. (a) 3D-FDTD calculated Q-factor as a function of number of taper segments (with no mirror
segments). (b) 3D-FDTD calculated Q-factor as a function of number of mirror segments (with 50 taper
segments).
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(b)

Fig. 4. (a) Schematic view of the modulator with polymeric PCNC and electrodes. The holes are filled
with silica cladding. (b) The numerically calculated electro-optic overlap (cross sectional view). The
optical mode electric field norm is plotted in color, and the applied electric field is shown by white
arrows. g: gap between electrodes; h: electrode thickness.

Through the 3D-FDTD simulation of the optimal structure mentioned above, a fundamental mode
at ~1557 nm with a calculated Q-factor as high as 1.55 x10% can be obtained [Fig. 2(d)]. Generally,
for resonator-based EOM, the maximum modulation frequency can be affected by the cavity photon
lifetime t (proportional to Q), emphasizing that for modulation purposes the cavity Q-factor should
not exceed 1.2 x10% if a bandwidth of 100 GHz is desired [24], [42].

3. Electro-Optic Response

The configuration of the modulator in this work is presented in Fig. 4(a). By using a standard
lift-off process to pattern gold electrode-free near the cavity optical mode, EO modulation can
be achieved. To characterize the efficiency of our nanobeam cavity design for EO applications,
we apply an external DC voltage. This changes the refractive index of the EO polymer, thereby
modifying the resonance wavelength of the cavity. The wavelength shift AL generated by a small
permittivity perturbation Ae can be calculated by cavity perturbation theory [43], [44]. We know
refractive index is given by n= ,/ie. In the present case, the permeability 1 = 1, and thus Ae ~
e -2An/n. Assuming a homogenous change of refractive index, the refractive index offset An/n
is alike everywhere in the perturbed region, and zero in the unperturbed region. Therefore, the
resonance wavelength offset can be approximated as [43]:

Ah 1 fcavity A8|E|2dV . An fcavity |E|2dV 5

A2 [ elERPAV T [, EIRdV @)
where A describes the resonant wavelength of the original cavity, and E represents the electric field
of the unperturbed optical mode.

EO overlap between the corresponding TE optical modes and in-plane DC electric fields (E)
interacting through the highest EO tensor component (33 ~ 110 pm/V) is computed using an
electromagnetic finite-element solver (a commercial software package, COMSOL Multiphysics
software) [Fig. 4(b)]. In the simulation, the electrostatic field module, the electromagnetic wave,
frequency domain, and the scattering boundary condition are chosen. Firstly, we change the
electrode thickness h to find the relatively large average electric field [42]:

[[f[ E&E,dydzdx
[[] E2dydzdx

where E,, represents the optical field, and E, describes the applied electric field. Obviously, thicker
electrodes can make the EO interaction stronger [Fig. 5(a)]; considering the cost of the gold film,

@)

Eavg =
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Fig. 6. (a) Simulated transmission spectra of polymeric PCNC for different applied voltages.
(b) Resonant wavelength shift against applied voltage, showing a modulation efficiency of 16 pm/V.

we choose electrodes with a thickness of 800 nm. Then, the gap distance between the metal
electrodes and the cavity is also a key design parameter in such a device. The simulation also
suggests that E,g inside the cavities falls off exponentially as the electrode gap g increases
[Fig. 5(b)]. As expected, with the electrode gap decreases, the EO interaction becomes stronger
and the metal absorption loss will increase. We define a loss parameter, Qnear, t0 be the Q due
only to absorption losses in the metal electrodes [31]. As seen, the Qney Values increases as the
electrode gap g increases [Fig. 5(c), red line]. Meanwhile, we calculate the effective average index
perturbation Anag, Which is caused by the applied voltage, according to Pockels formula [42]:

1
Anavg = - 5”3 I33 Eavg (4)

However, An,,4 decreases as the electrode gap g increases [Fig. 5(c), blue line]. The simulations
suggest that there exists an optimal gap for designing the present electrode structure at a certain
acceptable metal-induced absorption loss.

The strong light confinement allows us to place the gold electrodes closer to the polymeric PCNC.
Choosing a gap g = 5 um, we plot the optical transmission spectra at various applied voltages, as
shown in Fig. 6(a). As the voltage increases, the spectra shows no observable changes in the
maximum transmission level (extinction ratio) and linewidth (Q). The resonance wavelength shows
a linear relation with voltage, featuring a simulated EO modulation efficiency AAAV of 16 pm/V
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[Fig. 6(b)]; this agrees well with the result of 18 pm/V calculated based on cavity perturbation theory
(Egs. 2-4). The modulation efficiency is over an order of magnitude higher than the reported value
0.13 GHz/V (~1 pm/V) in LN PCNC [38]. To evaluate resonant modulator devices, the full width half
maximum (FWHM) voltage Ve is often used [24], [28], which corresponds to the voltage needed
to shift the resonance by its spectral width at half maximum intensity. We estimate the Veyyy of
our device to be 6.25 V. We also notice using a higher-Q structure can reduce drive voltage to
satisfy many practical applications which demands lower voltage. As a direct comparison with the
MZI modulator, we also calculate the voltage-length product V, x L of the proposed modulator,
finding it to be 0.05 V.cm. This value is much smaller than previously reported for the larger size
MZI modulator [8], [11], [16], [18], [45].

4. Conclusion

In summary, we have proposed theoretically and numerically a POl PCNC-based EOM in which the
induced shift in the resonant wavelength of the cavity through electrical tuning of the refractive index
of EO polymer is used to modulate the optical intensity. By changing the electrode thickness and
gap distance to acquire the optimal overlap between the optical and electric fields, a modulation
efficiency up to 16 pm/V and voltage-length product of 0.05 V-cm can be achieved. Because of
the strong light confinement in the polymeric PCNC, the designed modulator entire length is only
80 um. These results show that the proposed monolithically integrated POI-PCNC platform could
become a cost-effective and practical solution to satisfy the growing demand for on-chip electric-
field sensors, optical communications, and tunable photonic circuits.
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