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Abstract

The task of simulating and designing an electro-optic modulator (EOM) requires the PIC designer to
frequently juggle data from different software providers (often commercial) and to build their own models
to fully characterize the devices electro-optically and with respect to its radiofrequency (RF) behavior.
Imodulator is a python-based framework which integrates open-source and commercial APIs allowing for
faster and more efficient iterations of an EOM design cycle. In this work, we will introduce the package
and explore how it works, and benchmark it with monolithic InP and IMOS (Indium Phosphide Membrane
On Silicon) devices.

Introduction

Electro-optic modulators (EOMs) underpin integrated photonics and are constantly evolving to meet the
demand for higher bandwidth, more efficient transceivers. However, despite the large body of knowledge
available on the EO effects of various material systems, the task of designing and optimizing an EOM can
be a lengthy and tiresome task for the designer. In particular, semiconductor-based device designers must
account for solutions to the Poisson-Drift-Diffusion (PDD) equations and are unavoidably tasked with
epitaxial design along with RF and electro-optical interaction optimizations. With such a multi-physics
challenge, a simple workflow that allows for faster and more efficient design cycles becomes relevant. With
this in mind, we have built a python-based framework which allows for a seamless integration of various
open-source and commercial packages that, together, allow for the calculation of the change in the optical
propagation constant, AS (Vyi4s), as well as RF characteristics such as S-parameters, propagation constant,
VYrr Vpias» Wrr), and characteristic impedance, Z,(Vyiqs) Wrp)-
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Figure I-Illustration of the architecture of the Imodulator package and workflow.



At the core of this package is a PhotonicDevice which is an object meant to hold all the information
needed to construct optical, PDD, RF and EO simulators (see Figure 1). This information is stored within
each PhotoPolygon along with geometrical information (handled by shapely [1]), RF and optical
permittivities, semiconductor parameters and mesh settings. Once created, the relevant settings are passed
to each simulator and the obtained data is fed back into the main object so that the next design phase can
begin. Below we will explore more in-depth the available functionalities of this package.

DC electro-optic design cycle

Our starting point for characterizing a device electro-optically lies on the coupled-mode theory [2].
Let E,(x,y) and H,(x,y) be the normalized mode fields of the unperturbed waveguide, and the 4, (z)
be the complex coefficients of each mode, such that the total field is written as E(r) =
YA, (2E, (x,y)ePvZ and likewise for the H(r). Given a perturbation to the dielectric tensor, Ag(x, y),

a set of coupled equations can be written as:
dA .
+ dzv = E i;ch#el(ﬁ#‘EV)z

u
where the coupling coefficient k,,, is given by:

+00 400
Ky = coj f E; - Aé-E,dxdy.

By following this formalism with a fully vectorial treatment, we are able to retrieve the self-coupling
constant (k,,,,) which translates into the change in optical propagation constant of a given mode, Af3,,, but
we can also analyze the ability of a device to actively couple light between modes in case the k,,, and k.,
are non-zero. With this in mind, the user should start by obtaining the optical modes supported by the device
which can be achieved via FEMWELL [3] or Lumerical MODE [4]. Once the supported modes are found,
the user can feed back two modes with which it will be possible to calculate a 2x2 complex coupling
coefficient matrix. For semiconductor devices, we must account for the internal electric field of the
structures, often a PN or PIN diode, as well as the charge carrier distribution and local band structure. In
this project we obtain such information by solving a PDD equation set. Users can leverage the computing
abilities and material database of NextNano++ [5], or, alternatively, use Solcore [6] in combination with
openbandparams [7], which is a III-V material database. Once solved, the information is again stored in
the PhotonicDevice object for further processing.
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Figure 2-DC electro-optical characterization. a) IMOS modulators cross section. The modulator epitaxial composition
consists of several InGaAsP alloys lattice matched to InP and the details of the layer stack can be consulted in [10];
b) TE mode supported by the IMOS modulator; c) electro-optical response in reverse bias configuration, d) illustration
of the layer stack used for simulation of a modulator fabricated by Smart Photonics. The layer stack details have been
omitted due to confidentiality, e) TE optical mode supported by the modulator in d), f) electro-optical response of the
Smart Photonics modulator.



With the optical modes and PDD data stored in the PhotonicDevice, it is now possible to calculate A€.
To allow for greater flexibility, the determination of A€ can be fragmented by various
ElectroOpticModel’s and their respective individual contributions. If we consider the model for
InGaAsP alloys lattice matched to InP, the user would then have access to the contributions of 5 different

. . lasma bandfillin,
effects (plasma, bandfilling, intervalence, pockels and kerr effects): k,, = sz:u + Ky fitting
intervalence pockels kerr
Koy + Kyy + Kuy

Introducing custom EO models also becomes simple, provided that the user supplies a compact model for
Ae_(N, P,Ec,Ey, Efp, Epny tin, tp, E ext), where N and P are the charge carrier concentrations for electrons
and holes, respectively; E. ,, and Ef,, ¢, are the conduction (valence) band and quasi-fermi level for electrons
(holes), respectively, and uy p is the electron (hole) mobility.

To validate our methodology on the DC electro-optical modelling we have compared simulated results
obtained with open source tools (FEMWELL, Solcore and openbandparams) with experimental data from
InGaAsP-based modulators (lattice matched to InP) from two different platforms. In figures 2a)-2c) we
explore the electro-optical response of an IMOS MZM [10] in a push-pull configuration, where we can see
a good agreement between experimental and simulated results. Despite the push-pull configuration, the
applied voltage represented is the single arm bias voltage. In figures 2d)-2f) we compare the electro-optical
response of a device fabricated by Smart Photonics [11] on MPW48, where again agreement between
simulation and experiment is present.

RF simulations

In this project we focus our attention to the development of travelling wave electro-optic modulators,
restricted to longitudinally invariant structures. By doing so, we will be often working with quasi transverse
electric magnetic modes through which the retrieval of linear transmission line parameters becomes
straightforward [7] without the need to simulate wave propagation in the third dimension. We start by
retrieving the current flowing through relevant metal tracks (for example in a coplanar waveguide, CPW,
we would be interested in the longitudinal current of the signal track) by calculating a line integral of the
magnetic field:

ip = ] nxH-ds
a0 .
and we can after calculate the impedance of our line by considering Z. = e Together with the
0

propagations constant, we have a full description of our transmission line, and we can calculate the S
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Figure 3-Benchmarks on the RF domain of our tool. a) comparison of the simulated results and the results obtained in
[12] for a CPW structure on Si; b) RF quasi-TEM mode supported in the CPW structure under PML boundary
conditions on the right border with a zoomed-in picture in c),; d)voltage and frequency dependent small-signal S-
parameter comparison, e) RF quasi-TEM mode supported in the IMOS modulator under metallic boundary conditions
on the right border with a zoomed-in picture in f).



parameters assuming a reciprocal line [9]. Finally, by importing the data from the PDD solutions, we can
calculate a  position  dependent  conductivity = o (x,V, Vi) = e(un (e, VIN (X, Y, Viigs) +

up(x, VIP(x,¥, Vyias)), which can be turned into a complex permittivity via €(x, Y, Vpigs) = €reat (X, ¥) —

w(x'ywﬂ, thus providing us insight into the electrical linearity (or lack of) of our device seamlessly.

To validate the RF simulator, we have benchmarked our tool with a simple CPW structure (see figures 3a)-
3c)) composed of evaporated silver electrodes on a Si substrate, and we are able to reproduce the results
obtained in [12]. Finally, we have also tested the simulator against with the IMOS device in figure 2a), and
we extract the simulated bias voltage and frequency dependent small-signal S-parameters of our
transmission line under a 50 Ohm load and termination, and make a direct comparison with the experimental
values. From figure 3d) we see some agreement with the experiment where voltage dependent behavior is
preserved. Despite this, the experimental results include the effect of probe pads, and therefore a slight
disagreement between the curves is expected at this stage.

Conclusion

The design and simulation of electro-optic modulators, and in particular semiconductor-based EOMs, is a
highly multi-physics task and its optimization must be made adopting a photonic-electronic co-design such
that the electro-optic interaction is maximized at the desired operation bandwidths. The Imodulator aims at

making this task simpler and more accessible, thus lowering the threshold for PIC designers entering the
field.
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