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Integrated photonic circuits with quantum dots provide a promising route for scalable quantum chips with highly
efficient photonic sources. However, unpolarized emission photons in general sacrifice half efficiency when cou-
pling to the waveguide fundamental mode by a cross polarization technique for suppressing the excitation laser,
while suspended waveguide photonics sources without polarization filters have poor scalability due to their
mechanical fragility. Here, we propose a strategy for overcoming the challenge by coupling an elliptical
Bragg resonator with waveguides on a solid-state base, featuring near-unity polarization efficiency and enabling
on-chip pulsed resonant excitation without any polarization filters. We theoretically demonstrate that the pro-
posed devices have outstanding performance of a single-photon source with 80% coupling efficiency into on-chip
planar waveguides and an ultra-small extinction ratio of 10−11, as well as robustness against quantum dot position
deviation. Our design provides a promising method for scalable quantum chips with a filter-free high-efficiency
single-photon source. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.462318

1. INTRODUCTION

Photonic quantum information processing has given birth to a
wide array of emerging quantum technologies, such as quan-
tum computing [1,2], quantum communications [3,4], quan-
tum repeaters [5,6], and ultimately a full-fledged quantum
Internet [7,8]. Implementing these techniques requires the
bright and deterministic emission of background-free single
photons into a given quantum state. Ideally, the single photons
emitted at different time should be indistinguishable, including
polarization, spatial mode, and transform-limited spectrotem-
poral profile, for high-visibility Hong–Ou–Mandel type quan-
tum interference [9]. For on-chip quantum photonic circuits,
single photons should be efficiently coupled to a waveguide for
processing photons with high-fidelity operators on-chip [10].

So far, self-assembled semiconductor quantum dots (QDs),
showing high quantum efficiency in solid-state quantum emit-
ters, have become one of the most attractive candidates to serve
as ideal single-photon emitters [11]. By eliminating dephasing
and time jitter, pulsed resonant excitation on single QDs has
achieved near-ideal single photons. Well-designed nano struc-
tures have shown the ability to improve the collection effi-
ciency of emitted single photons and engineer their quantum
properties by precisely controlling the environment of the
emitter [12–14]. By combining resonant excitation with
Purcell-enhanced microcavities [15–17], the generated near-
ideal single-photon and entangled-photon pair sources have
been efficiently extracted out of bulk.

In general, a cross-polarized excitation–collection scheme
[18,19] is preferred for implementing pulsed resonant excita-
tion of a QD. But this method inherently limits the collection
efficiency of the generated single photons to ≤50%. Recently,
to break through this limitation, polarized microcavities have
been used to control the radiation characteristics of QDs
[17,20], with an efficiency up to 60% in experiment [17,20].
But this efficiency is still short of the minimal efficiency thresh-
old of 67%, which is needed for photon-loss-tolerant encoding
in cluster-state models of optical quantum computing [21].
Furthermore, the excitation and collection of single photons in
polarized microcavities still use the same channel in free space,
and still need a sophisticated post-filtration process, therefore
limiting the scalability of photonic quantum information ap-
plications such as boson sampling [22,23].

Integrating QDs within on-chip waveguide circuits is a
promising approach to achieve high coupling efficiency and
source scalability without a filter [24–26]. Here the coupling
efficiency is defined as the number of single photons extracted
from bulk and coupled into the fundamental mode of the
on-chip waveguide per pumping pulse. The excitation and col-
lection can be set orthogonally in planar nanophotonic wave-
guides, which can suppress the excitation laser efficiently even
without any optical filter [27]. Suspended waveguides such as
a photonic crystal waveguide [28] or nanobeam waveguide
[29,30] are highly efficient platforms for integrated quantum
circuits with single photons based on QDs, but have poor
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scalability due to their mechanical fragility. Moreover, for un-
polarized quantum state of QDs, such as a charged exciton,
nanobeam waveguides suffer from considerable loss due to
other polarized single-photon emission, which is orthogonal
to waveguide TE modes. Nanobeam waveguides rarely suppress
the unwanted polarized single-photon emission; even in a pho-
tonic crystal waveguide, the suppression is not enough, retain-
ing a Purcell factor >0.2. Furthermore, QDs are always close
to the etched sides of planar nanophotonic waveguides. For ex-
ample, to achieve coupling efficiency of 60% for unpolarized
QDs, the width of a bare waveguide is 0.25λ [31]. That means
that the QD is just 120 nm away from the etched waveguide
edge. In this situation, the charge fluctuations from the etching
surfaces close to QDs significantly reduce photon indistin-
guishability [32,33], and need to be suppressed by more
complicated methods, e.g., surface passivation [34] or gate
control [28,35]. Hence, controlling the polarization of single
photons from a QD to match the waveguide mode and imple-
ment highly efficient, robust coupling remains a formidable
challenge.

Here, we propose an elliptical Bragg resonator with coupling
waveguides on a solid-state base to achieve near-unity polari-
zation efficiency and coupling efficiency of 80% without post-
filter operation. In addition, the proposed structures are placed
on SiO2 buffer layers that can support large-scale implementa-
tion. The QD sits at the center about 400 nm away from the
etching surface, avoiding the deterioration of QD fluorescence.

2. THEORETICAL SCHEME

To get an on-demand and truly scalable high-performance
source of indistinguishable single photons, we propose an ellip-
tical Bragg resonator with coupling waveguides on the SiO2

solid-state substrate [Fig. 1(a)]. This structure can achieve a
background-free excitation signal without sacrificing system ef-
ficiency, while coupling the generated single photon into the
planar waveguide fundamental mode with high efficiency.

As shown in Fig. 1(a), a polarized microcavity called an
elliptical Bragg resonator supports two-fold non-degenerate
cavity modes [17], i.e., horizontal polarization (H-Pol) and ver-
tical polarization (V-Pol) modes. The pulsed resonance excita-
tion laser with H-Pol excites the solid-state quantum emitters
(e.g., QDs) embedded in the central elliptical disk of the res-
onator. This excitation light, which cannot be coupled to the
waveguide fundamental mode due to the space pattern mis-
match and polarization orthogonality of their mode fields,
will be suppressed efficiently in the on-chip waveguide. The
elliptical Bragg resonator can also selectively enhance or sup-
press the different polarization fluorescence of the emitter in
the middle of the resonator. Hence, only the excited emitter
(e.g., QDs) matching the V-Pol resonating mode can emit
V-Pol single-photon streams efficiently due to polarization-
dependent Purcell enhancement [17]. These V-Pol single pho-
tons can be further coupled into the fundamental mode of the
two waveguides with high coupling efficiency [see Fig. 1(b)].
There are some advantages of this scheme: (1) it can overcome
the 50% efficiency limit of conventional resonance excitation
and enhance the on-chip coupling efficiency of single photons;
(2) the excitation light and single photons are distributed in

different channels, which is essentially suitable for experimental
implementation of the filter-free pulsed resonant excitation
scheme; (3) it separates coherent single photons into two sym-
metric on-chip waveguides, functioning as an integration beam
splitter, an essential component in photon-based quantum
computing [23].

The on-chip coupling efficiency η of a single photon is
quantified through the polarization efficiency ηp and the
β-factor:

η � ηp × β, (1)

where the polarization efficiency ηp is defined as the ratio of the
V-Pol photons to the total photons emitted by the quantum
emitter, and the β-factor is defined as the probability of the
V-Pol photons being collected into the fundamental mode
of the two symmetric waveguides. Therefore, to achieve high
on-chip coupling efficiency η, elliptical Bragg resonators should
be designed to achieve high polarization efficiency ηp, and the
coupling waveguide should be designed to efficiently couple the
V-Pol photons from elliptical Bragg resonators (high β-factor).
Furthermore, it is necessary to implement a moderate Purcell

Fig. 1. Schematic diagram of elliptical Bragg resonator with cou-
pling waveguides for generation of on-chip single photons. (a) The
elliptical Bragg resonator with coupling waveguides consists of an el-
liptical disk with quantum emitter in the center, fully etched elliptical
Bragg gratings, and coupling waveguides on the long axis of the ellip-
tical disk. The substrate of the structure is a thick low-refractive-index
layer (e.g., silica). (b) Cross section with superimposed cavity mode
electric field of the elliptical Bragg resonator with coupling waveguides
in x direction. Rx is the radius of the central disk on x axis (long axis).
P, W , period and grating spacing of the Bragg grating, respectively;
T , thickness of the structure. (c) Cross section with superimposed cav-
ity mode electric field of the elliptical Bragg resonator with coupling
waveguide in y direction. Ry is the radius of the central disk on the
y axis (short axis).
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factor at the same wavelength as the high coupling efficiency
for two main reasons: (1) moderate Purcell enhancement can
effectively accelerate the radiation rate of QDs to enhance the
indistinguishability of single photons in a cavity [19]; (2) the
Purcell effect can reduce the radiation lifetime of QDs to im-
prove the absolute brightness.

3. ELLIPTICAL BRAGG RESONATORS

Circular Bragg resonators, tightly confining the light in a sub-λ
transverse plane, have been used on solid-state quantum emitters
for enhancing their out-of-plane collection efficiencies [36,37].
To further improve collection efficiency, a low-refractive-index
SiO2 layer with tightly controlled thickness and a gold mirror
were added at the bottom of the resonator to suppress down-
wards photon leakage [38–40]. Recently, elliptical Bragg resona-
tors were also proposed to break the original polarization
symmetry of QD emission, overcoming the efficiency limit
of resonance fluorescence [17]. Unlike most of these circular/
elliptical Bragg resonators with second-order Bragg gratings for
improving the out-of-chip collection efficiency, we design an
elliptical Bragg resonator with a first-order Bragg grating for
coupling single photons to the in-plane waveguide. Here, first-
and second-order Bragg gratings are defined as P � 1

2 λ0∕neff
and P � λ0∕neff , respectively, where P is the period of the
Bragg grating, λ0 is the free space wavelength of QD, and
neff is the effective refractive index of the Bragg grating (see
Appendix B for more details).

We design a GaAs-based elliptical Bragg resonator with the
center disk embedding an InAs QD, surrounded by a first-
order Bragg grating on the SiO2 substrate. Considering the
spectral random distribution of QDs and fabrication toler-
ance, the thickness of the GaAs (T ), period (P), and grating

spacing (W ) of the Bragg grating are set to be 160 nm,
170 nm, and 40 nm, respectively.

The elliptical Bragg resonator supports two-fold orthogonal
cavity modes, one in H-Pol and the other in V-Pol. These two
modes are very sensitive to the size and ellipticity of the center
disk. Here, the degree of ellipticity ρ can be defined as

ρ � Rx − Ry

Rx
, (2)

where Rx (Ry) is the long axis (short axis) of the center disk, and
Rx is set to 398 nm.

When coupling a single-electron charged QD to this ellip-
tical Bragg resonator, the inherent orthogonal polarization
symmetry of QD emission will be broken. As a result, its spon-
taneous emission rate will be redistributed into the V-Pol and
H-Pol. As shown in Fig. 2, a 1% ellipticity results in a 2.3 nm
split between the Purcell factor peaks of the cavity H mode and
cavity V mode [see Fig. 2(b)]. The splitting width will increase
to 14 nm when increasing the ellipticity to 5% [see Fig. 2(c)].
The Purcell factor peak of the cavity H mode will blueshift out
of our working wavelength window when the degree of ellip-
ticity ρ becomes larger [Fig. 2(d)].

Figure 2(e) shows the polarization efficiency of the elliptical
Bragg resonator with different ellipticities. Here, the polarization
efficiency ηp can be quantified according to the Purcell factor of
the cavity V mode [Fp(V)] and H mode [Fp(H)]:

ηp �
Fp�V�

Fp�V� � Fp�H� : (3)

For the circular Bragg resonator [ρ � 0 in Fig. 2(a)], the
H and V modes of the resonators equally enhance the QD
emission, resulting in polarization efficiency of ηp � 50%.

Fig. 2. Purcell factor distribution and polarization efficiency of the resonator with different ellipticities. Purcell factor as a function of wavelength
with different ellipticities of (a) ρ � 0, (b) ρ � 1%, (c) ρ � 5%, and (d) ρ � 20%. Points A, B1, B2, C1, C2, and D are the Purcell factor peaks
of the resonators with different ellipticities, also shown in (e). (e) Polarization efficiency of preparing V-Pol single photons for a QD coupling to
the resonator with different ellipticities. Yellow and red lines correspond to cavity peaks, i.e., Purcell factor peaks of V and Hmodes, respectively. The
blue curve represents 95% polarization efficiency contour line. In simulations, the radius of the central disk on x axis (long axis) is selected as
Rx � 398 nm.
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This 50% limitation of polarization efficiency can be broken
by using the elliptical Bragg resonator to move the cavity H
mode (red line) away from the cavity V mode (yellow line),
as Fig. 2(e) shows. An ellipticity of 1% (bottom black dashed
line) is enough for inducing cavity mode splitting and then pre-
paring the polarized single photons with near-unity polarization
efficiency. With the increase in ellipticity, the bandwidth of
achieving high polarization single-photon efficiency increases.
For example, an ellipticity of 20% can achieve 95% polariza-
tion efficiency with a bandwidth of 11 nm (top black dashed
line), which can cover the spectral random distribution of
QD emission. This near-unity polarization efficiency originates
from strong suppression of the cavity H mode as low as
Fp�H� ≤ 0.05 in a two-dimensional polarized cavity. The sup-
pression is close to an order of magnitude stronger than that in
a planar waveguide or photonic crystal waveguide.

4. COMBINATION ELLIPTICAL BRAGG
RESONATORS WITH COUPLING WAVEGUIDES

After designing the elliptical Bragg resonator with near-unity
polarization efficiency, we add the coupling waveguides to
achieve both a high β-factor and high Purcell factor of the
cavity V mode at the same wavelength.

As the waveguide approaches the central disk, more photons
can leak out to the waveguide, achieving a high β-factor.
Meanwhile, the cavity mode will be destroyed, and the Purcell
factor will decrease significantly due to the breaking of the

reflectivity of the Bragg reflector. Therefore, we connect the
coupling waveguides to the third ring of the elliptical Bragg
grating in our design.

As shown in Figs. 3(a) and 3(b), the β-factor and Purcell
factor as functions of wavelength are dependent on the width
of the waveguide W d and the ellipticity ρ. We note that the
regions with high β-factors (>0.8) do not always overlap
with those of high Purcell factors (>5). To obtain a good com-
bination of the β-factor, Purcell factor, and operation band-
width, we choose the following set of design parameters:
W d � 485 nm and ρ � 20%. Under these parameters and
within a 9 nm bandwidth from 914 nm to 923 nm, the on-
chip coupling efficiency and Purcell factor of the cavity V mode
can be larger than 70% and 5, respectively [Fig. 3(c)]. In spite
of the decrease in Purcell factor of the cavity V mode due to the
presence of waveguides, we can still get near-unity polarization
efficiency because the strong suppression of the cavity H mode
is maintained with Fp�H� ≤ 0.05. The maximal coupling ef-
ficiency can reach 80% with polarization efficiency >99% at
921 nm [see Figs. 3(c) and 3(d)]. A dip in coupling efficiency at
a wavelength of 907 nm is caused mainly by the low β-factor
[Fig. 3(d)].

5. RESULTS AND DISCUSSION

The single-photon performance and fabrication feasibility of
the elliptical Bragg resonator with coupling waveguides will
be discussed after setting the parameters of this device.

Fig. 3. Elliptical Bragg resonator with coupling waveguide for coupling polarized single photons. The β-factor as a function of wavelength for
different (a) widths of the waveguideW d and (b) values of ellipticity ρ. The area between the black solid lines corresponds to the Vmode with Purcell
factor >5. Blue and green dashed curves represent the 0.7 and 0.8 β-factor contour line, respectively. The ellipticity ρ and waveguide width W d
in (a) and (b) are set to 20% and 485 nm, respectively. The red lines in (a) and (b) correspond to W d � 485 nm and ρ � 20%, respectively.
(c) On-chip coupling efficiency η (blue line) and Purcell factor of cavity V mode (red line) as a function of wavelength with the parameters of
W d � 485 nm and ρ � 20%. (d) Polarization efficiency ηp (blue solid line), β-factor (blue dashed dotted line), and extinction ratio T p (red line) as
a function of wavelength with parameters ofW d � 485 nm and ρ � 20%. The green shaded spectral region indicates spectral random distribution
of QD emission from 914 nm to 923 nm.
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Extinction ratio. Sufficiently uncorrelated and weak noise
are key prerequisites for quantum systems to solve computa-
tional problems, which are difficult for current digital com-
puters to solve [41]. In a photonic quantum system, the
noise is from the residual pump laser in the collection channel,
and is more difficult to suppress in resonance excitation
schemes. This problem can be overcome in our device by taking
advantage of the waveguide mode and polarization selection. As
shown in Fig. 3(d), our structure realizes a very high extinction
ratio TP of 10−11 without any filter for signal extraction, which
can improve the single-photon performance [42]. Here, the ex-
tinction ratio T P is defined as the transmittance of the pump
laser into the single-photon collection channel, i.e., fundamen-
tal mode of the waveguide.

Fabrication feasibility. An ideal device for generation of
single-photon sources should be easily implemented in experi-
ments based on existing materials and technologies. Figures 4(a)
and 4(b) show the coupling efficiency as a function of wave-
length when the QD deviates from the resonator center. High
and broadband coupling efficiency remains stable even if the QD
is 50 nm away from the resonator center. That is because their
electric field patterns are almost the same [Figs. 4(c)–4(e)].
Hence, we expect that this device can be deterministically fab-
ricated by our QD positioning technique with 10 nm accu-
racy [43].

6. CONCLUSION

In conclusion, we have proposed an elliptical Bragg resonator
with coupling waveguides for deterministic pulsed resonant

excitation of single photons. Our simulations show that up
to 80% of single photons can be coupled into the on-chip
waveguide with a Purcell factor of seven. Furthermore, an ex-
tinction ratio of 10−11 enables filter-free resonant excitation,
which is well suited for an efficient on-chip single-photon
source. Our devices are compatible with the complementary
metal–oxide–semiconductor process and can be experimentally
implemented based on existing materials and technologies.
With such an approach, the benefits of the scalable planar plat-
form will be fully exploited in the ongoing pursuit of scaling up
single-photon technology [44].

APPENDIX A: METHODS

The simulation is done by the finite-difference time-domain
(FDTD) method from Lumerical Inc. Fp�V� and Fp�H� can
be read from the Purcell factor of the dipole by placing a dipole
in the center of the resonator, and the dipole orientation is ver-
tical (horizontal) in the simulation. Six monitors are placed on
the top, bottom, left, right, front, and back of the resonator.
The total transmittance T all of the dipole can be obtained by
summing the absolute values of T in the six monitors. Monitor
M1 and mode monitor MM are placed on the waveguide inter-
face to calculate the proportion of the fundamental mode
power Pf . Then the β-factor can be calculated by β � Pf

P ⋅ T
T all
,

where P and T are the total power and total transmittance in
monitorM1, respectively. Similar to the β-factor, the extinction
ratio T P can be calculated as T P � Pf

P ⋅T by replacing the
dipole with excitation light. The excitation light is a standard

Fig. 4. Robustness of the elliptical Bragg resonator with coupling waveguide on SiO2 substrate for on-chip single-photon source. On-chip
coupling efficiency as a function of wavelength with QD position deviation in (a) x direction and (b) y direction from the resonator center.
(c)–(e) Electric field distribution at a wavelength of 921 nm with different QD deviations. Insets show the position of QDs (green dots) and
the electric field distribution of the center disk.
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H-Pol focused Gaussian beam with a beam waist of 2 μm at the
center of the resonator.

APPENDIX B: FIRST-ORDER AND SECOND-
ORDER BRAGG GRATINGS

For light propagating along a Bragg grating, the Bragg condi-
tion can be expressed as follows:

2Pneff � qλ, (B1)

where P and neff are the period and effective refractive index of
Bragg gratings, respectively, λ is the wavelength of light in free
space, and q is the order of Bragg gratings. q � 1 gives the con-
dition of a first-order grating, and q � 2 gives the condition of
a second-order grating. The corresponding reciprocal lattice
vector parallel to the interface is G � 2π∕P.

The grating diffraction should satisfy the following relations:

k∥ � k − mG, (B2)

and

k∥ ≤ nk0 � n
2π

λ
, (B3)

where k∥ is the wave vector component parallel to the interface,
m is an integer, indicating the diffraction order, and n is the
surrounding refractive index.

For a first-order Bragg grating [Fig. 5(a)], k∥ � k − G � −k
and k∥ � k can be supported, resulting in only parallel pro-
pagating lights of the interface. For a second-order Bragg
grating [Fig. 5(b)], except for k∥ � k − 2G � −k and k∥ � k,
k∥ � k − G � 0 can also be supported, resulting in vertical
propagating light for out-of-chip extraction.
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