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Abstract: We numerically investigate the figures of merit for single-photon emission in a planar
GaAs-on-insulator waveguide featuring a V-groove geometry. Thanks to a field enhancement
effect arising due to boundary conditions of this waveguide, the structure features an ultra-small
mode area enabling a factor of a maximum 2.8 times enhancement of the Purcell factor for
quantum dot and a more significant 7 times enhancement for the atomic-size solid-state emitters
with the aligned dipole orientation. In addition, the coupling efficiency to the fundamental
quasi-TE mode is also improved. To take into account potential on-chip integration, we further
show that the V-groove mode profile can be converted using a tapering section to the mode
profile of a standard ridge waveguide while maintaining both the high Purcell factor and the good
fundamental mode coupling efficiency.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

Within optical quantum information processing, on-chip planar quantum photonic circuitry offers
the potential for scalability, stability, and integrability [1–5]. A key component is a deterministic
source of single indistinguishable photons [6,7] encoding the quantum bits. For on-chip single-
photon sources, the spontaneous parametric down-conversion (SPDC) process [8] is widely
exploited for on-chip generation of entangled photon pairs [9,10], however, the probabilistic
nature of the nonlinear process limits the scalability of this approach. On the other hand, a wide
range of two-level solid-state single-photon emitters (SPEs) offers deterministic emission of
single photons using the carrier relaxation process, such as colloidal/epitaxial-grown quantum
dots (QDs) and point defects in host materials such as nitrogen-vacancy (NV) centers in diamond,
defects in silicon carbide, or two-dimensional materials [11]. To optimize the performance of
these solid-state emitters, the optical environment often requires modification by employing
optical structures such as cavities or waveguides. Those structures can be classified into two types
depending on the collection direction of photons. One involves vertical coupling into a collection
lens using antenna-like structures like micropillar cavities, circular Bragg grating cavities,
and open cavities [7,12,13]. However, for integrated quantum circuits, in-plane single-photon
emission from SPEs via planar structures is essential, as seen in photonic crystal waveguides and
microring cavities [14,15]. Within the engineering of those SPEs [6,7], Purcell enhancement
of the carrier relaxation process represents an important design tool: The enhancement of the
emission into the cavity mode of interest [16] serves to improve the coupling efficiency, and
additionally for an SPE in a solid-state environment, the Purcell effect also improves the photon
indistinguishability [12,15,17–19] in the presence of an unstable charge environment [20,21] and
subject to phonon-induced decoherence [22].

A natural approach to implementing Purcell enhancement is to reduce the optical mode
volume, which has been achieved in both cavity- and waveguide-based structures [14,17,23]. In
plasmonic structures, the mode volume can be squeezed to the subwavelength scale at the price
of absorption loss in the metal [24,25]. To avoid this loss, all-dielectric structures including
bowtie, diabolo, and groove structures [26–28] have been proposed. Here, for a material of
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refractive index n, waveguide engineering exploiting the continuity of the parallel component
of the electric field E∥ and the vertical component of the displacement field D⊥ at the material
interfaces can reduce the mode volume below the diffraction limit of ∼ (λ/n)3. At the interface
between a high-index (low-index) material with dielectric constant ϵh (ϵl), the components of
the electric E and displacement D fields are governed by the following boundary condition:
D⊥,l = D⊥,h → E⊥,l =

ϵh
ϵl

E⊥,h and E∥,h = E∥,l → D∥,h =
ϵh
ϵl

D∥,l. Near the interface, the
electrical field energy density in the high index material can thus be amplified by a factor of
(ϵh/ϵl)

2 compared to a normal rectangular waveguide. Thanks to the ultra-small mode area, such
structures have great potential within nonlinear dynamics [26,27,29].

In this work, we numerically investigate the potential of the V-groove waveguide for improving
the Purcell factor and the coupling efficiency for QD single-photon sources with in-plane emission
but it can be also promoted to a wide range of atomic-size solid-state single-photon emitters.
Considering the finite height of the QD, by placing the QD close to the groove and exploiting
the ultra-small mode area, we show that the V-groove waveguide can improve the Purcell factor
with a factor of 2.8 and also slightly enhance the fundamental quasi-TE mode coupling efficiency.
We believe a more significant 7-fold improvement on the Purcell factor is achievable for a wide
range of atomic-size solid-state SPEs. To ensure compatibility with other integrated optical
components, we propose a tapered V-groove waveguide structure converting the V-groove mode
profile back to the normal rectangular waveguide mode profile while maintaining the high Purcell
factor and good fundamental mode coupling efficiency.

We compute the spontaneous emission rate Γ by considering the QD as a classical point dipole
emitting a power P and using the equivalence principle Γ/Γ0 = P/P0 [30], where Γ0 and P0 are
the rate and power in a bulk material, respectively. The QD has in-plane x-y orientation due
to its geometric anisotropy with finite height, therefore, we assume this type of SPE may emit
either y-polarized or unpolarized light, depending on the pumping conditions. For other types of
solid-state atomic-size SPEs, the dipole orientation can be in-plane or out-of-plane depending on
their specific atomic configurations and the symmetry of their local environment [31–33]. In
our simulation, we mainly investigate the QD type SPE, but it can also be generalized to other
types of SPEs. The coupling efficiency of the QD defined as the fraction of light emitted from
the QD to the fundamental quasi-TE waveguide mode is given by the spontaneous emission β
factor. Here, we are particularly interested in two cases of dipole orientation: one is along y−axis,
which represents a controlled dipole orientation QD and the other is an unpolarized dipole, which
represents the neutral QD with 45◦ dipole orientation [34,35] or the charged QD [36,37]. The
relevant coupling efficiency β for the two cases, which are βy and βtotal given by:[34,35,38]

βy =
ΓM

y

Γy
; βtotal =

ΓM
x + Γ

M
y

Γx + Γy
(1)

where the Γx(y) is the total spontaneous emission rate of the x(y)-polarized dipole source, which
consists of the emission into both vacuum modes and guided modes. Γz can be neglected as
aforementioned because the dipole orientation of the QD is in-plane. ΓM

x(y) is the total rate of
the fundamental quasi-TE mode propagating in both ±x directions in the case of corresponding
dipole orientation.

Whereas the Purcell enhancement of a cavity mode is defined in terms of a mode volume, the
Purcell effect for a waveguide mode is described in terms of a mode area. Here, the enhancement
may be written in terms of the modal Purcell factor FM

p as: [39]

FM
p =

ΓM
y

Γ0
= 2 ×

3
8π

(λ/n)2

A
ng

n
, (2)
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where ng and A are the group refractive index and mode area, respectively, of the fundamental
TE waveguide mode. The latter is defined as: [26,39–41]

A =

∫
ϵ(r⊥)|E(r⊥)|2dr⊥
ϵ(r0)|E(r0)|2

, (3)

where E(r⊥) is the waveguide mode profile, r0 is the position of the emitter and the integration
takes place in the y-z plane perpendicular to the propagation axis.

Whereas the mode area (and volume) are typically evaluated at the position of maximum
field strength E(rmax), placing the emitter exactly at this position in the fabrication may prove
unfeasible or disadvantageous. In the following, we thus generalize the concept of mode area to
depend on the position r0 of the emitter as defined in (3). Finally, whereas the modal Purcell
factor (2) describes light emission into a specific mode, the total Purcell factor (or simply Purcell
factor) Fp describes emission rate enhancement due to all optical modes. It is given by:

Fx(y)
p =

Γx(y)

Γ0
, (4)

where we consider Purcell enhancement for emitters oriented along either the x or the y axis.
Similar to the mode area, the Purcell factors are now a function of the position r0 of the emitter.

The waveguide under study consists of a GaAs layer placed on a SiO2 substrate using wafer
bonding technology [42]. The emission wavelength of the QD is assumed to be λ0 = 940 nm. At
this wavelength, the large refractive index contrast between GaAs and SiO2 allows for strong
light confinement [43] in the waveguide. We performed simulations using Lumerical FDTD,
a commercial finite-difference time-domain technique. ΓM

x(y) is tracked with a built-in mode
expansion monitor. To ensure good convergence, we meshed the entire V-groove structure
conformally with a step size of 19 nm × 1 nm × 1 nm (xyz). It’s important to note that the power
data obtained directly from the monitor was normalized to the analytical source power of the
dipole that assumed it was placed in homogeneous material. For calculating β, we carefully
renormalized the power to the real dipole power in the V-groove waveguide. We also used
Lumerical MODE, an eigenmode solver, to calculate the mode area by meshing the cross-section
with a step size of 0.2 nm × 0.2 nm (yz). Our starting point is a simulation of βtotal as a function
of waveguide height and width for a standard rectangular waveguide with the QD placed in the
center. A maximum βtotal of 0.70 is obtained for a width of 220 nm and a height of 140 nm,
where βy takes a value of 0.93 and Fy

p is 1.1. [34]
We use these parameters for the bare rectangular waveguide geometry in the following. We

then consider the V-groove waveguide depicted in Fig. 1(a), which allows for strongly enhanced
electrical field confinement [26]. The front view of the V-groove waveguide with an etch angle of
54.7◦ is shown in Fig. 1(b). This angle corresponds to the wet etch angle from the <100> plane
revealing the <111> planes, which can be done with the mixture of citric acid and hydrogen
peroxide. [42]. The top width of the V-groove waveguide is then given by 2(140− hb)/tan(54.7◦).
The vertex is curved with a radius of 3 nm to avoid the nonphysical field singularities [26,29].
The minimal height of the remaining unetched part hb is given by the substrate-vertex separation,
and the QD is placed at the distance below the vertex of the V groove of d, c.f. Fig. 1(b).

The dependence of the mode area as a function of bridge height for an emitter at the center
(A1) and 5 nm below the groove (A2) is illustrated in Fig. 2(a) with example electrical energy
density profiles shown as insets. Overall, the profile is that of a typical waveguide mode, which is
then increasingly perturbed near the vertex as the bridge height decreases. For an emitter in the
center, the reduction of the bridge height from 140 nm to 30 nm leads to a decrease in A1 from
0.026×λ2

0 to 0.012×λ2
0. The improved confinement is directly observed in the electrical field

profile showing how light for decreasing bridge height hb is increasingly squeezed into a tiny area
of the waveguide just below the vertex. Further reduction of hb below 30 nm leads to an increase
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Fig. 1. Schematic (a) of the V-groove waveguide geometry, and (b) the front view of the
V-groove waveguide with width of 220 nm and total height of 140 nm. The blue dot indicates
the QD, hb is the minimum height of the remaining waveguide, and d is the distance of QD
away from the vertex of the V groove.

in A1 as the mode confinement deteriorates due to leakage of light into the SiO2 substrate. At the
∼30 nm bridge height, A2 is reduced to 0.007×λ2

0, representing an improvement compared to the
emitter in the center. For smaller bridge heights, A2 is increased due to leakage into the substrate:
Deep etching reduces the effective index of the waveguide, as shown in Fig. 2(b). For hb<24
nm, the effective index is smaller than the refractive index of SiO2 (1.45), and the light is no
longer confined within the V-groove waveguide. The insets of Fig. 2(b) present the fundamental
quasi-TE mode x, y and z electrical field components for hb=60 nm. Among the three directional
components, |Ey | is dominant in the V-groove waveguide. For Ex, we observe that |Ex | along
y=0 is almost zero, thus when a x-polarized dipole is placed along the corresponding direction,
the coupling from the dipole to the fundamental quasi-TE mode is neglected i.e. ΓM

x = 0. As
previously mentioned, the dipole moment of QDs is in-plane, which means that its coupling to
the electrical field with the z-direction polarization can also be disregarded [30].

When the emitter is placed at the center as in Fig. 3(a), the normalized spontaneous emission
rates are presented in Fig. 3(b) as a function of hb. The reduction of An with deeper etching
leads to a Purcell factor Fy

p of 2.1 for hb=25 nm, whereas for the x-polarized dipole it remains
constant at ∼ 0.5 due to dielectric screening [39,43]. The corresponding coupling coefficients are
presented in Fig. 3(c). Both initially decrease slowly with a reduced hb, and for hb = 40 nm βtotal
and βy are 0.6 and 0.77, respectively. For a smaller hb, the leakage of the fundamental quasi-TE
mode profile into the substrate leads to a dramatic decrease in the coupling efficiency. As before,
we expect an improved performance by placing the emitter 5 nm below the groove. Indeed, we
observe in Fig. 3(e) that a Purcell factor Fy

p of 2.9 is obtained for hb = 60 nm, while the emission
rate for the x dipole is ∼ 0.5 as before. In this regime, the Purcell enhancement is combined with
high coupling efficiency as shown in Fig. 3(f): For hb=60 nm, βtotal and βy exhibit local maxima
of 0.73 and 0.83, respectively. Again, for lower values of hb, leakage of the TE waveguide mode
into the substrate leads to the strong reduction of ΓM

y and in turn the β factors.
As shown in Fig. 2, the closer to the vertex, the stronger the electrical field is. We may now

ask how much the Purcell factor can be improved by further approaching the emitter towards the
vertex? Fig. 4(a) presents the spontaneous emission rates as a function of the vertical position d
of the QD for hb = 60 nm. Both Γy and ΓM

y slowly increase with decreasing the distance between
the emitter and the V groove d towards 2 for d = 10 nm. After further putting the emitter closer
to the groove, they both increase dramatically, reflecting the divergent field behavior near the
vertex observed in the insets of Fig. 2. We observe that an emission rate Γy relative to Γ0 of
7.9 is obtained for d = 0 nm, representing a factor of ∼ 7 enhancement compared to the plain
rectangular waveguide. It is worth noting that this enhancement is not feasible for all types of
SPEs. For example, QDs usually have a finite height of 3-4 nm. [44] Therefore, the maximum
Γy/Γ0 that can be achieved practically is 3.2 for d = 4 nm in the case of QDs, which is around 2.8
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Fig. 2. (a) Modal area variation with bridge height hb for an emitter at the center A1 and 5 nm
below the groove A2. Insets show the electrical energy density profiles for hb = 30 nm, 60 nm,
and 120 nm, normalized to the maximum at hb = 30 nm. (b) Dependence of the effective
index on hb. Insets illustrate the electrical field distribution for x, y, and z components,
normalized to the y component’s maximum for hb = 60 nm (indicated by an orange dot).
All insets are scaled to 300 nm × 200 nm.

Fig. 3. Front view of the V-groove waveguide for the emitter at the center (a), and the
corresponding spontaneous emission rates (b) as well as the coupling efficiencies (c) as a
function of the minimal unetched height (hb); The same for the emitter 5 nm below the groove
including the front view of the V-groove waveguide (d), the corresponding spontaneous
emission rates (e) as well as the coupling efficiencies (f), respectively.
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times enhancement compared to the plain rectangular waveguide with a y-polarized dipole in the
center. For other types of SPE with atomic size such as the defect-based and two-dimensional
material-based SPEs, this ∼7 enhancement of the Purcell factor is more achievable because the
emitter can be placed closer to the vertex. The coupling efficiency βy presented in Fig. 4(b)
features a maximum of 0.88 for an emitter position d=30 nm, representing a slight reduction
compared to the bare rectangular waveguide. On the other hand, for a SPE closer to the vertex,
Γy dominates over Γx due to the strongly polarization-dependent Purcell enhancement observed
in the insets of Fig. 2(b), and βtotal for the unpolarized dipole approaches βy for the y-polarized
dipole emission. For d = 4 nm, βtotal is 0.74. While this represents a modest 5 % improvement in
coupling efficiency compared to the bare waveguide, we note that it is obtained in combination
with the 2.8 times improvement in the Purcell factor. Additionally, horizontal misalignment
relative to the vertex can also be detrimental to the Purcell factor. Figure 4(c) depicts the
spontaneous emission rates as a function of the horizontal position p of the QD for hb =60 nm
and d=4 nm. For a smaller horizontal offset of p=5 nm, Γy/Γ0=2.32, which is still ∼ 2 times
enhancement compared to the plain rectangular waveguide. For p=10 nm, it is only ∼ 1.4 times
improvement. Regarding the coupling efficiency in Fig. 4(d), moving the emitter away from the
center doesn’t change βy but reduces βtotal. βtotal drops from 0.74 for p=0 nm to 0.61 for p=20
nm.

Fig. 4. (a) The spontaneous emission rates and (b) the coupling efficiencies to the
fundamental quasi-TE mode as a function of the vertical QD position d for hb = 60 nm.
(c) The spontaneous emission rates and (d) the coupling efficiencies as a function of the
horizontal QD position p for hb = 60 nm and d = 4 nm

We observe that the emitter closer to the vertex, the better performance is obtained. However,
placing an emitter so close to the surface will result in strong non-radiative recombination
and significant charge noise due to dangling surface bonds, which strongly degrade the source
brightness as well as the indistinguishability of the emitted photons. Here, surface passivation
techniques can be exploited to reduce the influence of surface states, which can recover the
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brightness to that of the as-grown QDs and at least partially recover the spectral linewidth
[21,45–47]. Alternatively, one may also increase the emitter-vertex separation to avoid the surface
effects. However, this occurs with the clear trade-off in performance illustrated in Fig. 4, which
is inherent to waveguides and cavities exploiting strong dielectric confinement effects [26–29].

Although the V-groove design presents improved performance in terms of Purcell enhancement
and coupling efficiency βtotal, the strongly modified electric field profile leads to incompatibility
with other integrated optical devices such as multimode interferometers, phase shift modulators,
and single-photon detectors [1]. For this reason, we introduce a taper region based on a gradient
etch profile allowing for the adiabatic conversion of the mode profile to that of the standard
rectangular waveguide. An x-z profile of the central part of the tapered waveguide is illustrated in
Fig. 5(a). In the following, we consider a taper geometry with hb = 60 nm at the emitter position
and investigate the performance as a function of the length of the taper region. The computed
spontaneous emission rates are presented in Figs. 5(b) for the emitter 5 nm below the vertex.
We observe that, for increasing taper length, the Purcell enhancement of the uniform V-groove
waveguide is recovered. Indeed, for a taper length of 1.8 µm, we have Fy

p = 2.75, representing 95
% of their values for the untapered V-groove geometry. Accordingly, the coupling efficiencies
also approach their values for the untapered V-groove waveguide with increasing taper length:
Fig. 5(c) presents the couplings, and we observe that βy and βtotal approach values of 0.83 and
0.73, respectively, for increasing taper length. The scattering and reflection effects predominantly
lead to a decrease in the emission to radiation modes, which results in the increased coupling
coefficients as the taper length is reduced, with a βy above 0.9 for a taper length below 200 nm. A
detailed study of the introduction of cavity effects on the performance of the V-groove waveguide
SPS design is of interest but is beyond this work.

Fig. 5. Side x-z view (a) of the tapered V-groove waveguide geometry. Spontaneous
emission rates (b) and coupling coefficients to fundamental quasi-TE mode (c) as a function
of the taper length for an emitter 5 nm below the vertex. The height at the position of the
emitter is fixed at hb = 60 nm.

In conclusion, this work investigates the application of ultra-small mode area V-groove
waveguides for on-chip single-photon sources. By exploiting the vectorial nature of the light,
the proposed V-groove waveguide can improve the Purcell factor for the y-polarized emitter
as well as the fundamental mode coupling efficiency. By optimizing the position of the QD,
a 2.8-times improvement in Fy

p is obtained compared to the normal rectangular waveguide
combined with a coupling efficiency of βtotal = 0.73 for the unpolarized dipole. In addition, a
tapered V-groove waveguide is proposed for on-chip integration, which converts the waveguide
profile from the V-groove to the normal rectangular profile without sacrificing the Purcell factor
and coupling efficiency. Except for QDs, we believe our design is also suitable for other types



Research Article Vol. 32, No. 2 / 15 Jan 2024 / Optics Express 2891

of emitters with atomic size such as color centers in silicon, silicon carbide, diamond, and
two-dimensional material [11,13,48]. Those types of emitters can be placed closer to the vertex
of the groove, which can potentially provide a 7-fold improvement on the Purcell factor. In
addition, combining advanced positioning or aligning techniques, focused-ion beam and electron
beam lithography can achieve defect creation with a precision of within 10 nanometers. This
capability significantly aids in overcoming alignment challenges [49–53]. We also would like
to point out that the V-groove shape can be also promoted to other integrated platforms, such
as silicon-on-insulator, silicon carbide-on insulator, and lithium niobate-on-insulator. Finally,
this V-groove waveguide design can be combined with some planar waveguide-based cavity
designs, for instance, nanobeam cavities [54], which provides the necessary confinement in
the propagation direction and extra temporal condiment, thus can further improve the Purcell
enhancement factor and coupling efficiency.
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