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Lateral Quantum-Confined Stark Effect for Integrated
Quantum Dot Electroabsorption Modulators

Tommy Murphy

Abstract—Advances in III-V on Si quantum dot (QD)
growth have enabled monolithic integration of high-performance
electrically-pumped lasers on Si, as an enabling component for
Si photonics. Another critical component is the electroabsorption
modulator (EAM), which exploits the quantum-confined Stark
effect (QCSE) to achieve high-speed modulation of laser signals.
Conventional quantum well (QW) EAMs exploit a “vertical” QCSE
via top and bottom electrical contacts. Rapid advancements in pla-
nar photonic integrated circuit technology motivate development of
laterally-contacted EAMs, which offer benefits including reduced
parasitic capacitance. The QCSE cannot be achieved via a lateral
field in a QW, but can in a QD due to the three-dimensional carrier
confinement. Here, theoretical analysis of the lateral-field QCSE
in 1.3 pm In,Ga;_,As/GaAs QDs is undertaken. Comparing the
QCSE produced by vertical and lateral electric fields for realis-
tic QD morphology a robust lateral-field QCSE is demonstrated,
with the optical absorption edge redshifting more rapidly vs. field
strength than in a conventional QW-EAM. It is shown that lateral-
field QD-EAM performance is expected to be strongly sensitive
to the spectral linewidth of the band edge absorption, and can
also depend upon the in-plane orientation of the lateral electric
field. The impact of QD morphology — the base shape, aspect ratio
and composition profile — is also quantified. It is demonstrated
that In,Ga;_,As/GaAs QDs possessing high aspect ratios and
low absorption linewidths are well-suited to develop lateral-field
QD-EAMs. This suggests leveraging IT1I-V on Si epitaxy to integrate
EAMs with lasers or single-photon sources to realize high-speed
Si photonic integrated circuits for applications in datacomms and
linear optical quantum computing.

Index Terms—Quantum dots, quantum-confined Stark effect
(QCSE), electroabsorption modulators (EAMs), integrated
photonics, silicon photonics.

I. INTRODUCTION

LECTROABSORPTION modulators (EAMs) enable
high-speed modulation of optical signals by exploiting the
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quantum-confined Stark effect (QCSE) to redshift the optical
absorption edge to a target modulation wavelength [1]. Early ex-
periments on bulk semiconductors exploited the Franz-Keldysh
effect [2], where the applied electric field contributes primarily
to enhancing the spectral linewidth of the absorption edge, but
produces minimal redshift [3]. The QCSE — the analog of the
Franz-Keldysh effect in a quantum-confined heterostructure —
produces a much stronger absorption edge redshift, allowing
robust tuning of the absorption edge wavelength to achieve
high-speed optical modulation [4]. EAMs based on quantum
wells (QWSs) have developed into staple components of InP-
based integrated photonics, and are widely deployed in optical
communications at datacom and telecom wavelengths [5].

The ongoing exponential growth in data consumption, and
associated proliferation of datacoms infrastructure, mandate
continuous improvements in the performance of high-bandwidth
optical communications systems. Here, Si photonics has a key
role to play, but remains intrinsically limited as a technolog-
ical platform due to an absence of Si-compatible direct-gap
semiconductors from which to realize electrically-pumped laser
sources [6]. To overcome this challenge, significant research
effort has been dedicated to the monolithic integration of III-V
quantum dots (QDs) on Si [7], [8], [9], [10], [11]. Systematic
refinement of III-V on Si epitaxy has underpinned impressive
progress [6], [12], [13], [14], [15], with 1.3 pym In,Ga;_,As
on Si QD lasers now demonstrating high performance [16],
[17], [18], [19]. Combined with the potential to develop hy-
brid quantum photonic circuits enabling linear optical quantum
computing applications through the integration of III-V QD
single-photon sources [20], this constitutes a strong imperative
to exploit III-V QDs to deliver enhanced functionality for Si
photonics. Despite their importance for QD integrated pho-
tonics, little research attention has yet been dedicated to the
development of EAMs that exploit a QD active region [12].
The planar architecture of photonic integrated circuits suggests
exploration of “lateral” EAMs defined by planar electrical con-
tacts, as opposed to the top and bottom contacts of conventional
“vertical” QW-EAMs. Lateral EAMs have been considered in
QWs, motivated by the potential of lateral contacting to reduce
parasitic capacitance [21]. However, the lack of carrier confine-
ment perpendicular to the growth direction in a QW means that a
lateral electric field generates only a weak (Franz-Keldysh-like)
redshift of the absorption edge.

In this Article we present a proof-of-principle theoretical anal-
ysis that identifies the lateral-field QCSE in 1.3 ym In,Ga;_,As
QDs as a viable route to realize high-speed datacom EAMs.

© 2025 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see
https://creativecommons.org/licenses/by/4.0/
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The three-dimensional carrier confinement in a QD allows
the exploitation of the QCSE generated by a lateral electric
field, offering the possibility to realize high-speed EAMs for
on-chip integration with high-performance 1.3 pm lasers. This
is demonstrated via QD electroabsorption analysis based on
multi-band k-p calculations, including strain and piezoelectric
effects (cf. Section II). The large base-to-height aspect ratio
(AR) of self-assembled III-V QDs gives rise to a lateral QCSE
that is significantly stronger than its previously explored vertical
counterpart. We quantify the sensitivity of the lateral-field QCSE
to the QD morphology and absorption edge linewidth. We also
highlight an interplay between the applied electric field and
the piezoelectric potential within the QD, which can generate
an anisotropic lateral QCSE. Our systematic analysis identifies
that QDs having ARs 2 4:1 and absorption edge linewidths
< 25 meV are expected to render lateral QD-EAM operation
viable. Our results identify the potential to leverage existing
III-V on Si QD epitaxy to realize high-speed EAMs that can be
integrated on-chip with existing QD lasers.

II. METHODS

Our QD electronic structure calculations employ an 8-band
k - p Hamiltonian [22], [23]. Band offsets are determined in
the absence of strain via the model solid theory, following
which the impact of strain is incorporated via the Bir-Pikus
Hamiltonian [22]. The strain fields, piezoelectric potential and
electronic structure are calculated in reciprocal space using a
semi-analytical plane wave expansion method (PWEM) [24],
[25]. The strain field calculations follow the Green’s function
approach of Ref. [26], and the piezoelectric potential ¢y, (r) is
computed by solving Poisson’s equation analytically in recip-
rocal space for the charge density induced by the piezoelectric
polarization [24]. Given the appreciable impact of second-order
piezoelectricity in determining the energy ordering and spatial
orientation of QD eigenstates [27], we include first- and second-
order contributions to ¢p,(r). The applied electric field F is
explicitly incorporated in the Hamiltonian via its electrostatic
potential ¢ex(r) = —eF - r. The elastic and band parameters
employed in our calculations follow Ref. [28], while the piezo-
electric coefficients are from Ref. [29].

The PWEM consists of expanding the QD eigenstate envelope
functions as a Fourier series

8
[ (r)) = %ZZGMG ST uy) 1)

b=1{G}

where bindexes the Bloch basis states |uy,) of the underlying bulk
8-band k - p Hamiltonian, €2 = L, L, L. is the volume of the
calculational supercell, and {G} denotes the set of discrete re-
ciprocal lattice vectors G = (2mmy/Ly) T + (2rmy/Ly) J +
(2mrm /L) Z for integers m;, where |m;| < M such that the
basis set consists of 2M/; + 1 plane waves along each Cartesian
direction 7 = x,y or z. This enables analytical evaluation of
the QD Hamiltonian matrix in reciprocal space. The analytical
calculation consists of (i) quantizing the elements Hy,, (k) of the
bulk Hamiltonian via k — —iV, subject to symmetrization to
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impose continuity of probability current density, and (ii) generat-
ing the matrix representation of the resulting position-dependent
operators Hyy (r) in the plane wave basis as [24], [25]

7 1 —iGr 17 iG'r
(be/)c,e«zﬁ/e GT My (r) e'S T dr. )
Q

The QD morphology is described via the characteristic func-
tion x(r), which is assigned a value of 1 (0) inside (outside) the
QD. In the PWEM, geometric information is encapsulated by the
Fourier transform X (G) of x(r) [24]. If X(G) can be computed
analytically [26], it then follows that Eq. (2) can be evaluated
analytically. This allows the QD Hamiltonian to be determined
without recourse to finite difference or element approximations
to real-space derivatives. Once the Hamiltonian matrix has been
set up in this manner, the QD eigenstates are then computed
via exact diagonalization. We employ L, = L, ~ 60 nm and
L, ~ 35 nm, with minor adjustments depending on QD AR.
Plane wave basis sets having M, = M, = 7and M, = 10 were
found to be sufficient to converge the bound QD eigenstates.

The strain fields €;; (r) can exhibit large decay lengths around
embedded QDs. We therefore calculate the strain field Fourier
transforms €;;(G) in a large supercell of volume . These
€;;(G) are downsampled into the supercell of volume Q < Qg
employed in the electronic structure calculations [30]. This
removes artifacts generated by the PWEM’s periodic boundary
conditions from the strain calculation, allowing the incorpora-
tion of realistic strain fields without incurring the computational
cost associated with large-) electronic structure calculations.

Using the calculated QD eigenstates we compute the optical
absorption spectrum via Fermi’s golden rule as [1]

2

> 6 Poon |2 6(En, — En, — hw)

MNe,Ny

3)
where n. and n, index the electron and hole states, having
respective energies F,, and F), , fiw is the photon energy, and
n, is the refractive index. We replace the Dirac delta distribution
by a Gaussian lineshape. The magnitude of the optical absorption
is governed by the momentum matrix elements € - p,,_ ,,,, which
we evaluate via the Hellmann-Feynman theorem [31] using the
PWEM Hamiltonian and eigenstates [32]

€ Pacn, = 5 n (O[S VicH]n, (1), ()

o) = —
o(fuw) eonymiw

where ’el Vkﬁ is the directional derivative of the QD Hamil-
tonian H with respect to wave vector k, along the direction
specified by the photon polarization e.

III. RESULTS

Investigation of the lateral-field QCSE requires defining a re-
alistic QD morphology. It is widely accepted that [001]-oriented
In,Ga;_,As/GaAs QDs assume a truncated pyramidal or lens
shape [27], [33], [34], [35], in which the QD height A is small rel-
ative to the base length d, with typical ARs d:h being = 3:1 [34],
[35]. Two primary considerations inform our choice of QDs.
First, even in a highly symmetric QD shape —e.g. a circular-base
lens or truncated cone (C.,,) — the piezoelectric potential ¢y, (r)
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(a) Stark shift of the el-h1 QD band gap under vertical F = FE\H [001] (blue) and lateral F = F’x\ﬂ [100] (red) applied electric fields, for the

composition-graded In, Gaj . As QD described in the text (solid lines) and a pure InAs QD (dashed lines). The left- and right-hand ordinates respectively refer to
the el-h1 band gap of the composition-graded and pure QDs. (b) Kane energy (optical transition strength) vs. vertical [001] (blue) and lateral [100] (red) applied
electric field strength, for the el-h1 optical transition of the QDs of (a). Insets show the corresponding el (upper) and k1 (lower) probability densities at applied
electric field strength F' = 30 kV cm™ !, where arrows denote the direction of the applied field. (c) Optical absorption spectra for applied vertical (upper) and
lateral (lower) electric fields of strength F' = 0, 15, 30, 45 and 60 kV cm™~ !, for the composition-graded QD of (a) and (b). The optical transition strengths in (b),

and optical absorption spectra in (c), are for photon polarization e = z.

imposes the lower Cs, symmetry of the zinc blende lattice.
Previous calculations indicate that this impacts the orientation
of the electron and hole wave functions in the QD plane [27],
and thus impacts the electron-hole spatial overlaps that deter-
mine the optical (momentum) matrix elements. Second, spec-
troscopic measurements vs. vertical applied electric field for
In,Ga;_,As/GaAs QDs have revealed “inverted” electron-hole
alignment, in which the ground state hole i1 is localized above
the ground state electron el along [001] [36]. This alignment is
“inverted” since it runs counter to theoretical predictions for pure
InAs/GaAs QDs, in which the asymmetric QD shape along [001]
causes el to localize above h1. Subsequent analysis showed that
inverted el-h1 alignment is consistent with an In composition
gradient along [001] [37]. A vertical composition gradient of
this type can arise in a QD due to In diffusion during growth
and can be modeled by considering that a nominally pure InAs
QD s alloyed In, Ga; _, As at its base, with the In composition x
increasing to give pure InAs at the apex. This morphology has a
marked impact on the conventional vertical QCSE [36], [37]. We
therefore analyze In, Ga; _, As/GaAs QDs that: (i) are truncated
pyramids or truncated cones, the respective square and circular
lateral shapes of which represent the two extremes relevant to
real QDs [27], and (ii) are In,Ga;_,As alloys having x < 1 at
the base, with x increasing linearly to x = 1 at the apex [37].

Using this realistic QD morphology, we begin by comparing
the vertical- and lateral-field QCSE in exemplar QDs that are
pure InAs or possess an In composition gradient along [001].
Following this we analyze the lateral-field electroabsorption,
highlighting the expected sensitivity of lateral QD-EAM oper-
ation to the linewidth of the band edge optical absorption. We
then turn our attention to the impact of the lateral field orientation
and highlight an interplay between ¢y, (r) and the electrostatic
potential ¢y (r) generated by the applied electric field, which
can produce an anisotropic QCSE response. Finally, we consider
the impact of the QD morphology by quantifying the dependence
of the lateral-field QCSE on the AR and vertical In composition
profile.

A. Vertical- Vs. lateral-Field QCSE

Our prototype 1.3 um QD is a square-based, 50% truncated
pyramid with base edges parallel to [100] and [010], base side
length d = 31 nm and height & = 6.2 nm along [001] (AR =
5:1). The QD has composition Ing 5Gag5As (x = 0.5) at its
base, which increases linearly along [001] to pure InAs (z =
1) at the apex. We employ Cartesian coordinates in which the
unit vectors ¥, i and Z are respectively aligned with the [100],
[010] and [001] principal cubic crystal axes. To examine the
importance of modeling the QD to have a vertical In composition
gradient, in Fig. 1(a) and (b) we compare the QCSE response to
avertical field F = FZ || [001] (blue) and a lateral field F = FZ
|| [100] (red), for the prototypical composition-graded QD (solid
lines) and a pure InAs QD of equal shape and size (dashed lines).

Beginning in Fig. 1(a) with the Stark shift of the el-h1 QD
band gap, we note the marked impact of the In composition
gradient in the vertical-field case. In the pure InAs QD the band
gap increases with increasing F', with this trend reversed in
the composition-graded QD. The maximum of the vertical-field
band gap vs. F' curve lies out of scale to the right (left) for the pure
InAs (composition-graded) QD. The composition-graded QD
reproduces the observed experimental trend in the vertical-field
case [36], confirming that a vertical In composition gradient
captures the inverted electron-hole alignment along [001] [37].
Turning our attention to the lateral-field Stark shift, we note two
key differences vs. the vertical-field case: (i) the magnitude of
the Stark shift is significantly larger for the lateral field, and (ii)
the dependence of the band gap on the lateral field strength is
independent of F being applied parallel or anti-parallel to [100].
Indeed, due to the lateral symmetry of the QD we note that the
lateral-field QCSE is insensitive to F' being applied along either
[100] or [010]. This, however, is not the case for arbitrary in-
plane orientation of F. The interplay between ¢y, (r) and @ex (1)
can produce anisotropy in the QCSE when F' is not applied
along either [100] or [010] (cf. Section III-C). We note that the
Stark shift in the lateral-field case is qualitatively identical, and
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quantitatively similar, for the pure InAs and composition-graded
QDs. While this suggests that an In composition gradient along
[001] has minimal impact on the lateral-field QCSE, it can have
a pronounced impact at lower AR (cf. Section III-D).

The larger magnitude of the lateral-field Stark shift can be
readily ascertained based on the standard perturbation theoretic
treatment of the QCSE for a particle-in-a-box [1]. The Stark
shift is given to leading order by AE(F) o< —m*a*F? for an
electron of effective mass m™* in a QW of thickness a. We can
then roughly estimate that the ratio of the lateral- to vertical-field
Stark shift scales o< (d/h)* at field strength F'. While this simple
QW analysis neglects several factors — e.g. the QD morphology
and anisotropy of m* — it overestimates but is consistent with
the lateral-field Stark shift strongly exceeding its vertical-field
counterpart at fixed F' when d/h > 1. This is expected to hold
generally for self-assembled I1I-V QDs, which possess ARs =
3:1 (cf. Section III-D).

Fig. 1(b) shows the dependence of the e1-h 1 optical transition
strength vs. F', presented as the Kane energy |7 - pe1.1/?/2mo.
As will be the case throughout, the photon polarization has been
set parallel to the lateral applied electric field: here, ¢ = ||
[100]. Insets show the el and h1 probability densities [¢)1 (r)|?
and |15, (r)|? at zero field (top-center; grey), at vertical applied
fields F' = +30kV cm ! (top-left and top-right; blue) and at lat-
eral applied fields F = £30 kV cm ™! (bottom-left and bottom-
right; red), where arrows denote the direction of the applied
field. Applying a vertical field F' > 0 acts to push el downwards
(h1 upwards) along [001]. In the pure InAs QD, where el is
localized above h 1, this acts to increase the e1-h 1 spatial overlap
|(1e1(r)[tbp1(r))|?, thereby increasing |Z - pe1 p1|?. This trend
is reversed in the composition-graded QD due to the inverted
el-h1 alignment: applying a vertical field F' > 0 reduces the
el-h1 spatial overlap by pushing el (h1) further towards the
base (apex) of the QD, reducing the optical transition strength
with increasing F'. As such, the inverted el-h1 alignment in the
composition-graded QD again reverses the trend calculated for
the pure InAs QD.

Since el and h1 are not laterally offset at zero field, the largest
el-h1 spatial overlap in the lateral-field case occurs at F' = 0.
The maximum of the lateral-field band gap vs. F' thus resides at
F = 0, and the Stark shift varies roughly oc —F2. This contrasts
with the vertical-field case in which the Stark shift varies closer
to oc —F' about I’ = 0, due to the maximum band gap being
offset to large |F|. Due to the large AR, carriers experience
less spatial confinement perpendicular to [001]. Application of
a lateral field shifts el and hl in opposite directions in the
plane of the QD, providing significantly larger spatial extent
within which to redistribute |11 (r)|? and |+/5,1 (r)|?. This results
in a more rapid decrease of the optical transition strength in
the lateral-field case. Taken together, Fig. 1(a) and (b) suggest
that the lateral confinement provided by a QD heterostructure,
combined with the large ARs exhibited by self-assembled QDs,
leads to a robust lateral-field QCSE.

B. Lateral-Field Electroabsorption

Fig. 1(c) shows the optical absorption spectra of the
composition-graded QD of Fig. 1(a) and (b) for vertical (upper
panel) and lateral (lower panel) applied fields. The Gaussian
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Fig. 2. Optical absorption « vs. lateral electric field strength F' at photon

energies (a) hw = 945 meV (A = 1.31 um), and (b) hw = 935 meV (A =
1.33 pm), calculated for the composition-graded QD of Fig. 1 with Gaussian
FWHM A = 20 — 40 meV (darkening red). Insets show « vs. F' on a linear
scale, close to the peak absorption.

full width at half maximum (FWHM) A = 20 meV employed
in absorption calculations (cf. Section II) is chosen at the lower
end of experimental reports [38], [39]. The QCSE is evident in
both cases and the trends of Fig. 1(a) and (b) are borne out: a
lateral field produces a more pronounced QCSE at fixed F'. For
lateral fields F' = 30 — 45 kV cm™! the absorption edge can
be tuned close to 1.3 pm, confirming the potential to develop
lateral-field QD-EAMs for III-V on Si datacoms.

In the lateral-field case, at a modulation wavelength A =
1.31 pm (hw = 945 meV) the calculated zero-field absorption
is ag = 0.8 cm~ !, which increases to ap = 37.5cm ! at F =
45 kVem™!. This constitutes an enhancement a g Jap = 47, an
important figure of merit to quantify EAM performance [40],
[41]. While this high ar/aq at the chosen modulation wave-
length suggests viable EAM operation, we note that the calcu-
lated below-gap ay, and hence ar /vy, is strongly sensitive to
the choice of Gaussian FWHM. While the absorption peak in
a QD sample may not be exactly Gaussian, it is nevertheless
worth to consider how the Gaussian FWHM influences the
maximum value of oz /v that can be expected for a given shift
in absorption edge wavelength. Consider a Gaussian with peak
and standard deviation energies Fy and o, such that «v(fiw) o<
exp(—(hw — Fp)?/20?) with FWHM A = 2v/21In2 0. As hw
moves away from Fj, «g(fiw) decreases by a factor of N when
hw— Ey =+v2InNo = y/logy N A/2. The change in iw re-
quired to reduce the zero-field absorption «(hw) by a factor
of N is thus oc A. Making the simplifying assumption that the
peak absorption is independent of F', the absorption peak must
therefore redshift by at least 0.91 A to achieve ap/ag = 10,
and by at least 1.29 A for ap /g = 100.

It is therefore of practical importance to quantify how the
absorption edge FWHM can impact expected QD-EAM per-
formance. Approaches to grow highly uniform QDs have pro-
duced samples with low FWHM < 17 meV [38], [39]. More
typical FWHM values can be ascertained by examining those
measured during QD laser operation, where typical FWHMs ~
30 meV have been reported [8], [17], [19], [42], with slightly
lower values achievable when out-diffusion of In from the QD
is suppressed (e.g. FWHM = 24 meV in Ref. [43]). Fig. 2
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Left: Cross-sectional view of the piezoelectric potential ¢, (r) for the (a) square-base truncated pyramid, and (b) circular-base truncated cone QDs

described in the text. Centre: Cross-sectional views of the ground state electron (el) and hole (h1) probability densities for the (c) square-base truncated pyramid,
and (d) circular-base truncated cone QDs of (a) and (b), respectively. Probability densities are shown at zero-field (center, gray) and for lateral applied fields having
F =30kV cm~! and oriented along [110] (left, red) and [110] (right, red). Cross-sections in (a) — (d) are shown in the (001) plane, at one-half of the QD height
h along [001]. Right: Optical absorption spectra for the (e) square-base truncated pyramid, and (f) circular-base truncated cone QDs of (a) and (b), respectively.
Absorption spectra are shown at zero field (solid black) and for lateral electric fields having F' = 45 kV cm~ ! and oriented along [100] (dashed black), [110] (solid

red) and [110] (solid blue).

summarizes the dependence of ar vs. lateral ' on FWHM at
fixed photon energies (a) hiw = 945 and (b) iw = 935 meV, for
the composition-graded QD of Fig. 1. The exponential depen-
dence of the below-gap absorption tail on FWHM causes «
to vary by several orders of magnitude in response to minor
changes in FWHM. For example, with hw = 945 meV and
F =45 kV cm™! as above, reducing A to 15 meV increases
ap/ag to 2,650, while increasing A to 25 meV decreases
ap /g to 7.6. The requirement for low absorption edge FWHM
to achieve viable o/ thus appears stringent, but can be
mitigated by blueshifting the zero-field QD band gap further
from the desired modulation wavelength. Pushing the zero-
field absorption edge to shorter wavelength reduces aq at the
modulation wavelength, allowing to recover ap/ay. This is
confirmed in Fig. 2(b), where such a blueshift has been emu-
lated by redshifting the modulation wavelength away from the
zero-field QD band gap of 973 meV for our prototypical QD;
cf. Fig. 1(a), from 945 to 935 meV. We find that this increases the
FWHM range for viable EAM operation. For A = 25 meV and
hw = 935 meV we find ap = 0.25 cm™! and ap = 20.2cm ™!
at F' =57 kV cm™! (the field strength at which o is maxi-
mized, cf. Fig. 2(b)), resulting in v /vy = 81 having increased
by an order of magnitude vs. ap/ag = 7.6 at fiw = 945 meV.
However, this recovery in ag/ay is achieved at the expense of
lower overall absorption, as a consequence of requiring larger
F' to redshift the absorption edge 10 meV further from the

zero-field band gap. Nonetheless, this demonstrates that while
lateral-field QD-EAM performance is expected to be optimized
in structures displaying low FWHM, operation should be viable
in structures displaying larger FWHM provided the QDs possess
slightly larger zero-field band gap relative to the modulation
wavelength.

C. Lateral Field Orientation

Generally, it can be expected that the lateral QCSE response
depends on the in-plane orientation of F, due to the interplay
of ¢p,(r) and ¢ex (r). Since the waveguide and electrical con-
tacts can run along different directions in a photonic integrated
circuit, it is important to quantify anisotropy in the lateral-field
QCSE response. A QD may be elongated along a specific lateral
direction, with dependence on growth conditions meaning that
QD morphology can vary not only between samples but also
depending on the position of a given QD within a sample.
Transmission electron microscopy typically images QDs per-
pendicular to the growth direction, and thus fails to elucidate the
in-plane morphology. Previous theory has employed rectilinear
and round QD cross-sections: we consider both, to quantify
the impact of QD base shape on the lateral QCSE. To capture
these two extremes, we analyze the dependence of the QCSE on
lateral field orientation in square-base (truncated pyramid) and
circular-base (truncated cone) QDs. The square base represents
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(a) Stark shift, and (b) Kane energy (optical transition strength) of the el-h1 band gap vs. [100] lateral applied electric field strength F' for square-base

truncated pyramidal QDs having AR = 7:1 to 3:1 (darkening blue). (c) Absorption spectra for the QDs of (a) and (b) having AR = 3:1 (left) and 5:1 (right). Upper
panels show the absorption spectra for electric field strengths F' = 0 — 60 kV cm ™! (darkening red). For each QD the lower panel highlights the evolution of the

band edge electroabsorption.

the idealized case in which the QD facets are strictly delineated
by crystallographic planes. The truncated pyramid dimensions
are as above (cf. Section III-A), while the truncated cone has the
same AR (= 5:1) with base diameter d = 33.6 nm and height
h = 6.72 nm. The truncated pyramid presents a different AR
when F is applied along the [100] or [010] base sides (= d/h)
vs. along the [110] or [110] directions at 45° to the base sides
(= V2d/h).

Fig. 3(a) and (b) respectively show cross sections of ¢y, (r) in
the (001) plane for the truncated pyramid and cone QDs. Corre-
sponding el and A1 probability densities are shown in Fig. 3(c)
and (d), where the center columns show the zero-field probability
densities, and the left and right columns respectively show the
probability densities for F' = 30 kV cm~! applied along [110]
and [110]. ¢y, () acts to orient the zero-field el (h1) probability
density along [110] ([1107). The extent to which this orientation
occurs depends closely on the QD base shape: it is minimal in the
square-base QD due to ¢y, (r) being near-zero within the QD,
but is pronounced in the circular-base QD due to ¢y, (r) creating
low (high) energy potential pockets for electrons (holes) along
[110] ([110]). This in-plane wave function orientation impacts
the absorption via the spatial overlaps that determine the optical
transition strengths, leading to a different QCSE response for
F || [100], [110] or [110].

Fig. 3(e) and (f) respectively show the absorption spectra of
the square- and circular-base QDs, at zero field (solid black)
and for F =45 kV cm™! along [100] (dashed black), [110]
(red) and [110] (blue). At zero field we note slightly lower peak
absorption in the circular-base QD, as a consequence of the wave
function orientation reducing the el-h1 overlap vs. that in the
square-base QD. For the square-base QD the Stark shift and band
edge absorption are impacted to a small degree by the lateral
field orientation — e.g. the absorption at fiw = 945 meV for F ||
[110] is 89% of that for F || [100]. This is a consequence of the
effective AR along [110] being /2 times larger than along [100],
providing more distance within the QD for el and /1 to separate
when F || [110]. ¢p,(r) is not sufficiently large within the

square-base QD to meaningfully distinguish the [110] and [110]
directions, leading to minimal difference (< 5%) in absorption
at F = 45 kV cm™*. The larger ¢,,(r) in the circular-base QD
leads to more pronounced anisotropy in the lateral QCSE, with
F || [110] producing larger absorption at 945 meV vs. applying
F || [100] or [110]. This is a direct consequence of the impact
of ¢p,(r) on the el-h1 overlap under an applied field: Fig. 3(d)
confirms that applying F || [110] limits h1 from reaching the
QD facet due to having ¢y, (r) < 0 inside the QD along that
direction. This acts to preserve larger e1-h1 overlap vs. F being
applied in a direction other than [110]. For example, for F ||
[100] ([110]) we find at F' = 45 kV cm™! that the absorption
at 945 meV is reduced by 18% (28%) compared to that for
F | [110].

D. QD Morphology

Having focused so far on QDs having fixed AR = 5:1, we turn
our attention to the impact of the QD morphology on the lateral
QCSE in 50% truncated pyramidal QDs with F || [100]. As we
vary AR = d:h, we adjust d and h to retain a zero-field el-h1
band gap close to 980 meV (1.27 pm) while keeping the total
amount of InAs in the QD fixed. This yields d = 26.1 nm for an
AR of 3:1, increasing to 34.7 nm as the AR is increased to 7:1.
Fig. 4(a) and (b) show the e1-h1 Stark shift and optical transition
strength vs. F' for ARs ranging from 7:1 to 3:1 (darkening
blue). The Stark shifts are o« —F? at higher AR, but closer to
o« —F at lower AR. The optical transition strength elucidates
this behavior, encapsulating that the zero-field el-h1 overlap
decreases at lower AR. As the QD becomes narrower and taller
the el and h1 wave functions become more offset along [001],
which reduces their overlap and hence the band edge absorption.
We note a marked reduction of the el-h1 optical transition
strength for AR < 4:1. These trends are borne out in Fig. 4(c),
which shows the absorption spectra vs. F' for AR = 3:1 (left)
and 5:1 (right). We note reduced zero-field absorption in the 3:1
AR QD. Further analysis reveals that the zero-field absorption
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(b) Optical transition strength vs. QD composition profile
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(a) Stark shift, and (b) Kane energy (optical transition strength) of the e1-h1 band gap vs. [100] lateral applied electric field strength F' for square-base

truncated pyramidal QDs having AR = 3:1 (left panels) and 5:1 (right panels). Each QD is alloyed In;Gaj_, As at its base, with the In composition x increasing
linearly with distance along [001] to reach pure InAs (xz = 1) at the QD’s apex. Starting from a pure InAs QD having x = 1 (= 100%, red) throughout, the base

In composition is reduced to z = 0 (= 0%, blue).

edge in the 3:1 AR QD is not dominated by the weak el-hl
transition, but consists primarily of contributions from bound
state transitions at higher energy. These contributions reduce
the rate at which the absorption edge shifts vs. F' compared to
the el-h1 band gap shown in Fig. 4(a) for AR = 3:1. Applying a
lateral field further reduces the el-h1 overlap. In the 3:1 AR QD
this produces low absorption close to 1.3 pm, contrary to what
is required for an EAM. This contrasts with the 5:1 AR QD, for
which we observe a robust lateral-field QCSE with appreciable
absorption close to 1.3 um for F' ~ 45kV cm L.

Finally, we consider the impact of the vertical In composition
profile. Considering a graded In composition along [001] cap-
tures the experimentally inferred inverted el-h1 alignment, but
it is uncertain how the base and apex In compositions should
be chosen, or what the functional form of the composition
profile should be. Based on Ref. [37] we considered a linear
In composition profile, with the In composition increasing from
x = 0.5 at the base to x = 1 at the apex. We now quantify the
impact of varying the base In composition, while keeping the
apex fixed as pure InAs. Fig. 5(a) and (b) respectively show the
el-h1 Stark shift and optical transition strength vs. [100] £ for
QDs having AR = 3:1 (left panels) and 5:1 (right panels), as
the In composition at the base is increased from x = 0 (GaAs;
blue) to x = 1 (InAs; red). For higher AR = 5:1 the primary
effect of changing the vertical composition profile is to decrease
the el-h1 band gap as the base In composition is increased.
However, the impact on the optical transition strength, and the
overall lateral QCSE, is otherwise minimal. For lower AR = 3:1
we note a marked decrease in el-h1 optical transition strength,
due to the aforementioned vertical offset between el and hl.
As the QD base is changed from GaAs to InAs, hl shifts from
being localized close to the QD apex to being localized towards
the base. This causes |51 (r)|? to expand in-plane as the lateral
extent of the QD increases towards the QD base. This can impede
h1 from contributing to the absorption and, as described above,
can result in dominant contributions involving higher-energy
transitions. At low AR the el-hl optical transition strength is

maximized when the QD base is In-free. Taken together with
the above AR analysis, these results emphasize the importance
of the vertical el-h1 offset in determining the electroabsorption
characteristics. We conclude that QDs having AR = 4:1 are best
suited to lateral-field EAM applications, to mitigate the deleteri-
ous impact of a large vertical e1-11 offset on the magnitude of the
band edge absorption. Transmission and tunneling microscopy
imaging studies have shown self-assembled In, Ga;_, As/GaAs
QDs to reliably admit ARs ~ 3:1 [8], [18], [44]. It has, how-
ever, also been demonstrated that the AR can be increased by
varying the growth deposition rate, with ARs ~ 5:1 having been
observed [45], [46], [47].

IV. IMPLICATIONS FOR DEVICES

The above analysis highlights that the lateral-field QCSE can
display strong sensitivity to the morphology and absorption
edge FWHM in 1.3 pym In,Ga;_,As/GaAs QDs. We have
identified two aspects as paramount to enable operation of
datacom-wavelength lateral QD-EAMs: (i) high base-to-height
AR, to deliver high absorption by maximizing the zero-field
el-h1 overlap, and (ii) low absorption edge FWHM, to realize
high extinction ratio at the modulation wavelength.

From the perspective of epitaxial growth, realizing viable
QD-EAMs poses a series of interconnected challenges. First, the
requirement for low absorption edge FWHM mandates high QD
uniformity in a given sample. Second, high uniformity must be
realized for QDs having ARs 2 4:1. Third, any In composition
gradients in the QDs must not compromise the ground state
el-h1 overlap, so high optical absorption can be retained at the
desired modulation wavelength and voltage. We note, however,
that these challenges are broadly common to those associated
with the development of III-V on Si QD lasers, where consistent
refinements have delivered high-performance devices. Exerting
control over QD morphology while maintaining high uniformity
is challenging, but a degree of such control can be realized
through careful selection of growth temperature and deposition
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rate. Approaches to promote QD uniformity have allowed the
realization of samples with low FWHM < 17 meV [38], [39].
While typical FWHMs are closer to 30 meV, our analysis in
Section III-B demonstrates that the associated degradation of
QD-EAM performance can be mitigated by targeting QDs in
which the zero-field band gap possesses a larger blueshift with
respect to the target modulation wavelength. Finally, while it is
known that a varying composition profile along [001] is required
to account for the observed nature of the vertical QCSE [36],
[37], little is known about the potential impact of lateral com-
positional inhomogeneities. Recent analysis [48] considered the
impact of lateral compositional variations on the QD electronic
properties, finding their impact to be minimal. Nevertheless, lat-
eral variations in composition profile can potentially impact the
lateral QCSE. Given the current lack of information regarding
lateral composition profiles, we assert that such effects are best
investigated in the context of theory-experiment comparisons
for specific samples.

From the perspectives of device fabrication and operation, ad-
ditional minor considerations are evident. First, designing lateral
electrical contacts should account for the potential sensitivity of
the lateral-field QCSE to the in-plane orientation of the applied
electric field. Our analysis suggests that EAM performance
could potentially suffer minor degradation if the field is applied
along [110], but that this is only expected to be a possibility for
circular-base QDs. Second, the lateral QCSE can also be im-
pacted by variations in QD morphology within a given sample.
At zero-field, local changes in el-h1 band gap associated with
variable QD morphology increase the absorption edge FWHM.
Recalling the perturbation theoretic result AE oc —m*a*F? we
note that the Stark shift depends on extent (~ a) of a given QD.
Atnon-zero field the el-h1 band gap thus shifts at different rates
vs. F' in differently-sized QDs, acting to increase the FWHM
with increasing F' for a real QD array. Since this effect is not ex-
plicitly captured by our single-QD calculations, test calculations
were undertaken for a series of QDs whose dimensions vary by
+5%. These calculations suggest that the additional contribution
to the field-dependent FWHM A (F') due to variations in QD size
is minimal across the range of F' investigated herein. However,
if pronounced, we note that this effect can potentially benefit
EAM operation: increasing A(F') with increasing F' produces
a larger redshift of the absorption edge at fixed F, such that the
modulation voltage could potentially be reduced while retaining
high ap /avp.

Despite these challenges, our results indicate that 1.3 pum
In,Ga;_,As/GaAs QDs offer significant potential to develop
monolithically integrated QD-EAMs for high-speed datacoms
applications. Utilizing QDs to develop lateral EAMs has the
potential to deliver clear benefits for practical applications. First,
the three-dimensional carrier confinement in a QD allows the
realization of a strong lateral-field QCSE. For example, the
magnitude of the lateral-field Stark shift at fixed F' predicted
here is approximately twice as large as the already “strong”
vertical QCSE in Ge/Si,Ge;_,/Si QW-EAMs [49]. This sug-
gests the possibility to develop lateral QD-EAMs demonstrating
high extinction ratios as in the incumbent InP-based vertical
QW-EAM technology. However, it is important to note that in a
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conventional vertical QW-EAM the modulation voltage is
dropped across a typical intrinsic region thickness ~ 0.5 pm.
Lateral electrical contacting on either side of a waveguide may
result in having to drop the modulation voltage over a typical
waveguide thickness ~ 1 - 2 ym in a lateral QD-EAM. It may
then be the case that a larger modulation voltage is required
to produce a given electric field F' within the QD active re-
gion. Second, a lateral-field QD-EAM is expected to operate
at higher bandwidth than its vertical counterpart. The band-
width of a conventional vertical EAM is limited by the device
(junction) and signal pad (parasitic) capacitance. However, a
lateral EAM is expected to admit lower junction capacitance
due to the increased junction length, and to mitigate parasitic
capacitance since the contacts are coupled electrically only via
the device [21]. This mirrors the design employed in Si-based
EAMs and Mach-Zehnder modulators which have demonstrated
high modulation bandwidths [50], [51], [52], but with reduced
modulation efficiency — quantified by the ratio of extinction
ratio and insertion loss — compared to InP-based III-V QW-
EAMs [53], [54], [55]. Third, sustained efforts to enhance the
performance of III-V on Si QD lasers have produced a viable
platform upon which integrated QD-EAM operation can be
demonstrated.

V. CONCLUSION

We have demonstrated the viability of lateral-field EAMs
utilizing 1.3 pm In, Ga; _, As/GaAs QDs for integration in high-
speed Si photonic integrated circuits. Comparing application of
a lateral electric field to the conventional vertical orientation
revealed a robust lateral-field QCSE, allowing to tune the optical
absorption edge close to 1.3 um at electric fields compatible
with EAM device operation. This comparison highlighted that
the lateral-field Stark shift significantly exceeds its vertical-field
counterpart at fixed field strength, due to the large base-to-height
AR that characterizes self-assembled In,Ga;_,As/GaAs QDs.
Detailed calculations quantified the sensitivity of the lateral-field
QCSE to both the QD morphology and the in-plane orientation
of the applied electric field. Experimental analysis of the con-
ventional vertical-field QCSE has revealed “inverted” electron-
hole alignment — whereby the ground state hole wave function
localizes above the ground state electron wave function along
[001] — which can be captured in theoretical calculations by
including an In composition gradient along [001]. For AR < 4:1
we found that the presence of a vertical In composition gradient
can significantly reduce a QD’s ground state optical transition
strength, but that its impact is effectively mitigated for ARs 2>
4:1. Our systematic analysis of the impact of QD morphology on
the lateral-field QCSE highlights that QDs having large ARs 2>
5:1 are best suited to optimize EAM operation, with enhanced
performance expected for QDs that demonstrate low absorp-
tion edge linewidth (Gaussian FWHM A < 25 meV). Overall,
our results suggest the possibility to leverage recent advances
in the development and fabrication of III-V on Si QD lasers
and single-photon sources to realize monolithically integrated
high-speed lateral-field QD-EAMs, to significantly enhance the
functionality of nascent III-V on Si integrated photonics.
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