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Abstract—Quantum well intermixing (QWI) allows to mono-
lithically integrate active and passive photonic components using
a single epitaxial structure, and is generally achieved by inducing
inter-diffusion of atoms between the well and barrier layers of
a quantum well (QW) heterostructure. QWI induces a band
gap shift that, when applied selectively on-chip, offers a cost-
effective approach to fabricate photonic integrated circuits vs. re-
growth or other hybrid integration techniques. We establish an
inverse approach, based on a genetic algorithm (GA), to design
intermixed QWs that maximize integrated QW electroabsorption
modulator (EAM) performance. The model employs predictive
QW electroabsorption calculations, combining multi-band k · p
electronic structure calculations with a recently developed multi-
component diffusion model of QWI, and a variational calculation
of the QW band edge excitonic absorption. Using the GA, we pur-
sue multi-objective optimization of a physically-motivated fitness
function that maximizes a practical EAM figure of merit, while si-
multaneously encapsulating realistic epitaxial growth constraints.
We present optimized designs for multi-layer (“stepped”) telecom-
wavelength QW-EAMs, demonstrating substantially enhanced
theoretical performance vs. reference experimental structures.

I. INTRODUCTION

Monolithic integration of photonic devices including lasers
and EAMs in photonic integrated circuits provides the foun-
dational miniaturized components to underpin applications
ranging from high-bandwidth optical communications and neu-
romorphic photonic computing [1], to linear optical quantum
computing [2]. Despite extensive optimization studies for QW
laser design, there remains considerable uncertainty regarding
the nature of optimum QW structures for EAM operation at
technologically important wavelengths. Using a single epitaxial
structure to achieve lasing and modulation can be facilitated via
selective-area QWI [3], which can blueshift the QW band gap
to render the intermixed (EAM) section of a wafer transparent
to light emitted by neighboring non-intermixed (laser) sections.

Defining an integrated QW-EAM via QWI poses the
technical challenge of designing a QW structure that, after
intermixing, optimizes modulation performance at the laser
emission wavelength. The design space for QWs that are multi-
layered and intermixed is expansive, with possible choices of
layer thicknesses, alloy compositions, and diffusion lengths
presenting a many-parameter optimization problem. We ad-
dress this challenge via a GA-based inverse design scheme,
based on a rigorous theoretical model of QW electroabsorp-
tion that incorporates a realistic description of the coupled
atomic inter-diffusion that governs QWI. We identify QWs that
optimize EAM performance by employing a fitness function
that selects for (i) the “as-grown” QW band gap (modulation
wavelength), (ii) a desired QWI-induced band gap blueshift,
and (iii) a maximized EAM operational figure of merit.

II. THEORETICAL MODEL

We compute the electronic structure of strained QWs in an
applied electric field via an 8-band k · p Hamiltonian. For a
given QW, the eigenstates are used explicitly to compute the
optical matrix elements [4] and band-to-band optical absorp-
tion. The full QW absorption spectrum also includes excitonic
absorption associated with the bound state formed by the QW
electron and hole ground states (e1 and h1), which we compute
using a variational approach [5]. To incorporate the impact
of QWI, we employ the multi-component diffusion model of
Ref. [6]. This approach describes coupled inter-diffusion of Al,
In and Ga in quaternary AlxInyGa1−x−yAs QWs, capturing
experimentally observed band gap shifts vs. annealing tem-
perature and time. To validate our calculations, we compared
predicted electroabsorption spectra to measurements on micro-
transfer printed AlxInyGa1−x−yAs/InP QW-EAMs [7]. This
benchmark demonstrates good quantitative accuracy, verifying
that our QW electroabsorption model is suitable to perform
quantitative inverse design via high-throughput calculations.

To perform inverse design, we employ this model in a GA
optimization that maximizes theoretical performance in multi-
layer QWs compatible with established epitaxial growth. To
quantify EAM performance, we take the ratio of the extinction
ratio (ER) to the insertion loss (IL) as a figure of merit [8]

η(λ) =
ER
IL

=
α(λ, F )− α(λ, 0)

α(λ, 0)
, (1)

where α(λ, F ) is the QW absorption at applied electric field
F , and λ is the desired modulation wavelength for operation.

The GA proceeds by (i) seeding candidate QWs by
choosing layer thicknesses and compositions {ti, xi, yi}, with
i = 1, . . . , N for a QW formed of N layers, (ii) evolving
the candidate population to select for QWs that combine a
zero-field band gap of 1480 nm (0.837 eV) upon intermixing,
and a target modulation wavelength λ = 1530 nm (0.81 eV),
and (iii) identifying the QW that maximizes a fitness function
based on the figure of merit η, while imposing a penalty to
highly-strained structures that approach the critical thickness.
By applying evolutionary operations, the GA identifies an opti-
mum QW via an elitist strategy that refines the candidate QWs
based on the fittest structures from each previous generation.
This multi-objective optimization was implemented using the
open-source Genetic Algorithm Utility Library (GAUL). A
schematic illustration of the optimization is shown in Fig. 1(a).

III. RESULTS

Initially, we optimized non-intermixed two-layer (N = 2)
QWs with (i) 10 nm thick lattice-matched barriers, (ii) the
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Fig. 1. (a) Schematic illustration of the GA-based QW-EAM inverse design scheme. A population {ti, xi, yi} of candidate QWs is seeded, their electroabsorption
properties evaluated, and the population evolved via selection, crossover and mutation to seek maximum fitness ηi(λ). (b) Calculated absorption spectra for an
optimized, intermixed two-layer QW displaying an “intra-step” geometry. The spectra are shown at zero applied electric field (blue) and at F = 235 kV cm−1

(red), the latter being the field strength required to shift the e1-h1 excitonic absorption peak to the modulation wavelength λ = 1.53 µm (i.e. the “as-grown”
laser band gap, 0.81 eV). Inset: Potential profile of the optimized intermixed QW, having a tensile strained step (1) alongside a compressively strained well (2).

thickness of each layer forming the QW varying from 3-6
nm, and (iii) the Al and Ga compositions of these layers
varying from 0-35% and 0-45%, respectively. A population
of 500 candidate QWs was evolved for 250 generations. The
identified optimum QW comprises a 1.3% tensile strained step
layer alongside a 2% compressively strained well layer. The
step layer resides on the substrate side of the QW (with the
substrate assumed to be n-doped in our analysis). In the full op-
timization run, which additionally incorporates QWI, we treat
the effective diffusion length LD,+ as a free parameter that can
vary from 1-3 nm [6]. The calculated absorption spectra for the
highest-performance (maximum fitness) structure, identified in
an optimization run for an intermixed two-layer QW targeting
modulation at λ = 1.53 µm (0.81 eV), is shown in Fig. 1(b).

As a reference, we compare the figure of merit η calculated
for this optimized QW to that calculated for the step-free QW
of Ref. [7]. This is achieved by applying an electric field to
each QW such that the excitonic absorption peak redshifts by
28 meV (equivalent to shifting from 1480 to 1530 nm under
an applied electric field in the optimized QW). Our identified
optimum QW achieves η = 16.5, which is increased by ≈
76% vs. the value η = 9.4 computed for the QW of Ref. [7].
In the initial QWI-free optimization, the identified optimum
QW has thicknesses t1 = 1.08 t2 and conduction band offsets
∆ECB,1 = 0.40∆ECB,2, where 1 and 2 respectively denote the
step and well layers. When QWI is introduced in the design,
we find in general that high-performing QWs are those whose
band offsets approach this ratio at long diffusion times.

IV. CONCLUSION

We have established a GA-based inverse design scheme for
telecom-wavelength QW-EAMs, utilizing multi-band k ·p cal-
culations of QW electroabsorption. Our model combines pre-
dictive excitonic absorption calculations with a rigorous multi-
component diffusion model of QWI, to identify optimized
multi-layer structures that are compatible with established epi-
taxial growth and suitable for monolithic integration via QWI.
The identified optimized structures are asymmetric “intra-step”

QWs: compressively strained QWs having tensile strained
step insertions. The tensile strained step acts to preserve
high band edge (excitonic) absorption, by allowing to retain
substantial e1-h1 spatial overlap in the presence of an applied
electric field. This work paves the way for the development of
high-speed QW-EAMs displaying enhanced performance, for
applications in classical and quantum integrated photonics.
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