
u n i ve r s i t y  o f  co pe n h ag e n  

Suppressing phonon decoherence of high performance single-photon sources in
nanophotonic waveguides

Dreessen, Chris Lennart; Ouellet-Plamondon, Claudéric; Tighineanu, Petru; Zhou, Xiaoyan;
Midolo, Leonardo; Sørensen, Anders Søndberg; Lodahl, Peter

Published in:
Quantum Science and Technology

DOI:
10.1088/2058-9565/aadbb8

Publication date:
2018

Document version
Peer reviewed version

Citation for published version (APA):
Dreessen, C. L., Ouellet-Plamondon, C., Tighineanu, P., Zhou, X., Midolo, L., Sørensen, A. S., & Lodahl, P.
(2018). Suppressing phonon decoherence of high performance single-photon sources in nanophotonic
waveguides. Quantum Science and Technology, 4, [015003]. https://doi.org/10.1088/2058-9565/aadbb8

Download date: 22. maj. 2023

https://doi.org/10.1088/2058-9565/aadbb8
https://curis.ku.dk/portal/da/persons/leonardo-midolo(6d2a1b81-c5c2-4672-b97a-1446a662556e).html
https://curis.ku.dk/portal/da/persons/anders-soendberg-soerensen(92066a8f-2842-4f3c-b730-4ca4dc13f7b7).html
https://curis.ku.dk/portal/da/persons/peter-lodahl(fa2dbf58-7de5-4c4c-a7fc-6c96dc6d6937).html
https://curis.ku.dk/portal/da/publications/suppressing-phonon-decoherence-of-high-performance-singlephoton-sources-in-nanophotonic-waveguides(c43ab19a-5be8-4bfe-96d8-954040c40b0b).html
https://curis.ku.dk/portal/da/publications/suppressing-phonon-decoherence-of-high-performance-singlephoton-sources-in-nanophotonic-waveguides(c43ab19a-5be8-4bfe-96d8-954040c40b0b).html
https://doi.org/10.1088/2058-9565/aadbb8


Suppressing phonon decoherence of high

performance single-photon sources in nanophotonic

waveguides

C L Dreeßen1, C Ouellet-Plamondon1, P Tighineanu1,2, X

Zhou1, L Midolo1, A S Sørensen1 and P Lodahl1

1 Hy-Q Center for Hybrid Quantum Networks, Niels Bohr Institute, University of

Copenhagen, Blegdamsvej 17, 2100 Copenhagen, Denmark
2 Max Planck Institute for the Science of Light, Staudtstraße 2, 91058 Erlangen,

Germany

E-mail: chris.dreessen@nbi.ku.dk, lodahl@nbi.ku.dk

August 2018

Abstract. The fundamental process limiting the coherence of quantum-dot based

single-photon sources is the interaction with phonons. We study theoretically the

effect of phonon decoherence on the indistinguishability of single photons emitted from

a quantum dot embedded in a suspended nanobeam waveguide. At low temperatures,

the indistinguishability is limited by the coupling between the quantum dot and the

fundamental vibrational modes of the waveguide and is sensitive to the quantum-dot

position within the nanobeam cross-section. We show that this decoherence channel

can be efficiently suppressed by clamping the waveguide with a low refractive index

cladding material deposited on the waveguide. With only a few microns of cladding

material, the coherence of the emitted single photons is drastically improved. We show

that the degree of indistinguishability can reach near unity and become independent

of the quantum-dot position. We finally show that the cladding material may serve

dual purposes since it can also be applied as a means to efficiently outcouple single

photons from the nanophotonic waveguide into an optical fiber. Our proposal paves

the way for a highly efficient fiber-coupled source of indistinguishable single photons

based on a planar nanophotonic platform.

Keywords: Quantum Optics, Quantum Dots, Single-Photon Source, Phonon

Decoherence, Deformation Potential, Nanophotonics

1. Introduction and motivation

Research on self-assembled quantum dots (QDs) in photonic nanostructures has

witnessed significant progress within the last decade, and the operational principles

of highly coherent and efficient photon-emitter coupling have been demonstrated on

various platforms [1]. Consequently, it is now timely to engineer and design efficient and



robust quantum-photonic devices and assess the practical limits of these. One enabling

device is a deterministic and coherent single-photon source [2] with potential applications

spanning the range from dedicated quantum simulators [3] over photonic quantum

networks [4, 5] to photonic quantum computing [6]. These applications generally

require highly efficient, pure, and indistinguishable single-photon sources preferentially

implemented in a scalable solid-state device. As the list of candidates for solid-state

based sources keeps growing [7], the InGaAs/GaAs QD-based sources have shown great

performance for each of these criteria [8, 9, 10, 11, 12, 13, 14]. These sources have the

advantage of being easily integrated in nanophotonic structures [1], which may enable

the on-chip integration with complex functionalities [6].

The progress in single-photon sources based on QDs has been largely a consequence

of the thorough understanding of the coherence properties. Three main decoherence

processes have been identified that are relevant in the case of resonant excitation of

QDs: charge fluctuations in the electrostatic environment surrounding the QD [15],

spin noise arising from the coupling to the nuclear spin bath [16], and the coupling to

acoustic phonons [17]. These processes all act on different time scales. Importantly, the

first two are slow processes where the environment changes on a long time scale (up to

∼ µs) and can be efficiently reduced in electrically contacted structures, which has led

to the demonstration of near-transform-limited emission lines [18, 19]. Very recently

such performance was also achieved in nanophotonic waveguides [20], which paves the

way for a highly efficient and coherent planar photon-emitter interface. In contrast, the

phonon dephasing process is fast (∼ ps − ns), which is of the order of or faster than

the time scale of the QD spontaneous emission. The phonon dephasing constitutes the

fundamental limit to the degree of indistinguishability (ID) of single-photon emission

from a QD, which is typically measured by interfering two subsequently emitted photons

from the QD and is therefore unaffected by slow processes.

The phonon decoherence can be identified in the emission spectrum of a resonantly

excited QD as a broadening of the narrow emission peak (zero-phonon line, ZPL)

as well as broad sideband peaks [17, 21, 22]. For QDs in a homogeneous material

(bulk), the phonon sideband and the broadening of the ZPL can be explained by a

linear (absorption and emission of phonons) and quadratic exciton-phonon coupling

(elastic scattering processes), respectively [17, 23, 24, 25]. Recently, the effect of

this ZPL broadening on the ID as a function fo temperature has been investigated

experimentally in microstructures [26, 27, 28, 29]. In photonic nanostructures, the

picture is more involved and additional linear contributions to the broadening of the

ZPL have been identified [30, 31], which constitute the dominant dephasing mechanism

at low temperatures. In general, it is possible to increase the ID of photons by spectral

filtering at the cost of efficiency. The sideband emission typically amounts to only a

small part of the total emission for a QD at the relevant operation temperature (∼ 10 %

at 4 K) [1] while it limits the ID severely (to ∼ 83 % at 4 K) [32]. Therefore, it can be

sensible to remove the sideband. Especially when filtering with a cavity, which enhances

the emission through the ZPL, the overall efficiency of the source is barely reduced [32].
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Figure 1. Schematics of the mechanical clamping of a suspended nanobeam

waveguide. (a) Top view of a regular GaAs waveguide (grey) with a tapered end to

couple photons to a single-mode lensed fiber (dark blue). Interactions of the QD (yellow

circle) with phonons (the F(1,1)y mode is shown here) lead to decoherence and reduce

indistinguishability of photons (ID). (b) A layer of a low-index material (light blue)

damps fundamental vibrational modes to increase the ID. Additionally, the cladding

material is used as an outcoupling waveguide that can be properly modematched to a

lensed fiber. The inset shows the cross-section of the device as indicated by the dashed

line in the clamping region.

As a consequence, the broadening of the ZPL is the remaining decoherence process

limiting the ID of QD single-photon sources.

The aim of this article is to investigate the theoretical limits to the ID and

efficiency of a nanophotonic single-photon source based on a QD embedded in a single-

photonic-mode suspended GaAs nanobeam waveguide, c.f. Figure 1(a). Due to the one-

dimensional geometry, phonon decoherence processes are stronger than in bulk systems

because of the enhanced phonon density of states at low frequencies [30, 31, 33, 34]. We

propose a realistic device that overcomes these limitations by suppressing the relevant

phonon modes with a low refractive index cladding material that effectively clamps the

system while preserving efficient optical coupling of the QD to the GaAs waveguide, c.f.

Figure 1(b). We furthermore show that the cladding material can serve the additional

purpose of coupling the collected single photons with high efficiency into a single-mode

optical fiber and evaluate the overall performance of the device. The proposal shows a

clear pathway to a fiber coupled highly efficient source of indistinguishable photons.
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2. Theory of the exciton-phonon interaction and numerical modelling

The calculation of the ID follows the derivations of Reference [31] and the key

results are summarized below. The interaction between a QD exciton and an

acoustic phonon mode is well described by the electron-phonon deformation-potential

interaction [17, 25, 31, 35], which characterizes the effects on the bandstructure due

to strain. We assume that at low temperatures only the exciton ground state |ψ1〉
is populated. The interaction potential can be split into a linear part (emission or

absorption of a phonon) and a quadratic part (elastic scattering of a phonon). After a

delta-pulse excitation at t = 0, the coherence decay can be described by:

P (t) = exp(−iµF (t) +KL(t) +KQ(t)), (1a)

KL(t) = − 1

2h̄2

∑
q

|L11
q |2

(2Nq + 1)

(
sin ωqt

2
ωq

2

)2

+
2i

ω2
q

(sin ωqt− ωqt)

 ,(1b)
L11
q = M11

qe −M11
qh, M11

qa = Da 〈ψ1| ∇ · uq(ra) |ψ1〉 , (1c)

KQ(t) = −Γ3Dt, (1d)

where ωq is the frequency of the phonon mode q with corresponding volumetric strain

∇ · uq(ra), evaluated at the position of the electron re and the hole rh. The vector q

denotes both the phonon mode and its momentum. Da is the deformation potential for

electrons (a = e) and holes (a = h), and Nq represents the Bose-Einstein distribution.

We consider a spherical QD with a parabolic confinement potential and use for the

calculations the ground and first excited single-particle states in the absence of magnetic

fields or spin-flip processes. Details about the derivation as well as the expression for

the dephasing rate of a bulk system Γ3D can be found in Reference [31] and the used

parameters are summarized in [36]. The term iµF (t) has no effect on the coherence of

the system and leads to a spectral shift.

As aforementioned, the interaction with phonons leads to a broad sideband as well

as a narrow peak in the QD emission spectrum, see red curve in Figure 5(c). The

phonon sideband originates from the emission or absorption of high-energy phonons at

the short time scale of a few picoseconds (large ωq contributions to KL). In experiments,

the phonon sideband can be effectively filtered out to reach a high ID [8, 12, 14], cf.

green curve in Figure 5(c). Therefore, we do not consider the phonon sideband for the ID

calculation but focus on the broadening of the ZPL, which is the remaining limitation to

the ID of photons. The width of the ZPL is determined by slower interaction processes

compared to the sideband. These include second-order photon scattering processes (KQ)

and the emission and absorption of low-energy phonons (small ωq contributions to KL).

Since the phonon density of states in a bulk material is proportional to ω2
q and vanishes

for low energies, KL does in this case not contribute to the broadening of the ZPL. KQ

is to a very good approximation independent of the photonic nanostructure for realistic

structures that are larger than several tens of nanometers. This is because its dominating

contribution stems from phonon modes with a wavelength comparable to the size of the
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QD. Such waves are much smaller than the spatial scale of the nanostructure and hence

a bulk description approximates KQ well [31]. However, the modified phonon density

of states in, e. g., waveguides and membranes (one- and two-dimensional photonic

nanostructures) implies that low-energy phonons broaden the ZPL additionally and it

turns out that these are dominant at low temperatures in comparison to the quadratic

coupling. It is the contribution of these phonon modes that is investigated in the present

article. Thereby, the decisive parameters of the phonon modes are the frequency (ωq)

and the volumetric strain (∇ · uq) as can be seen from Eqs. (1b) and (1c). A mode

with high volumetric strain and low frequency over a large window of wavenumbers will

dephase a QD significantly.

The ID of the emitted photons is experimentally recorded by measuring the

quantum interference between two photons in a Hong-Ou-Mandel experiment. The

ID ranges from 0 (distinguishable photons) to 1 (fully indistinguishable photons) and

can be expressed in the frequency domain as [32]

ID =

∫∫∞
−∞ dω1dω2 |〈σ−(ω1)σ+(ω2)〉|2 |h(ω1)|2 |h(ω2)|2[∫∞

−∞ dω 〈σ−(ω)σ+(ω)〉 |h(ω)|2
]2 , (2)

where h(ω) is a spectral filter that can be implemented in the experiment.

〈σ−(ω1)σ+(ω2)〉 is the two-color spectrum expressed by the raising and lowering

operators of the QD. Spontaneous radiative emission is included as a phenomenological

decay yielding the following expression for the two-color spectrum

〈σ−(ω1)σ+(ω2)〉 =
∫∫ ∞

0
dtdτ P (|t− τ |)e−Γrad(t+τ)/2 eiω2τ−iω1t, (3)

where Γrad is the radiative decay rate. This expression holds in the weak-coupling

(Purcell) regime of light-matter interaction suitable for waveguides and weak cavities.

It is possible to calculate the ID analytically for a QD located in the center of

highly symmetric structures, for example a membrane (two dimensions) or a cylinder

(one dimension) where the mechanical modes are well known [30, 31]. However, for

experimentally relevant photonic nanostructures, numerical evaluation is required in

order to understand these more complex devices in particular regarding the dependence

on the spatial position of the QD. In the present work we use three-dimensional finite-

element analysis to simulate the phonon modes of suspended nanobeam waveguides.

The same method can be employed to study the phonon decoherence in, e. g., photonic

crystal waveguides or nanowires. We model first an unclamped nanobeam waveguide

consisting of GaAs [36] surrounded by air with dimensions suitable for experimentally

relevant efficient single-photon sources, i. e., 300 nm width and 175 nm height [14]. For

the clamped nanobeam waveguide a layer of cladding material is added on top, as shown

in the inset of Figure 1. The use of Floquet boundary conditions at both ends of a slice of

the nanobeam enables the simulation of mechanical waves with any given wavenumber

q in just a thin portion (60 nm) of the waveguide. Because of computational limitations,

we can only consider a finite number of wavenumbers and modes. As discussed above,

low-energy phonons dominate the broadening of the ZPL through KL. For unclamped
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nanobeam waveguides, only the fundamental mechanical modes contribute significantly

because the higher-order modes are much higher in energy than the natural linewidth of

the QD and can be readily filtered out. An increase of the cross-section of the structure

(due to the cladding material) shifts down the cut-off frequencies of the higher-order

modes (see green lines in the inset of Figure 2(a)), which results in the contribution of

these modes to the dephasing since they overlap with the ZPL and cannot be filtered out.

However, the dephasing contribution from each individual mode is significantly reduced.

In the limit of the cross-sectional area becoming infinite, the energy density around ω ∼ 0

tends to zero and the bulk behavior is recovered in which the linear interaction plays

no role. Therefore, the net result is that the overall coherence is enhanced when adding

a sufficient amount of cladding material. We restrict the number of modes by solving

in a frequency window from 0 to 4.5 GHz. This window is large enough to include the

main contribution to the dephasing. For each mode at a given q, the frequency ωq

and the normalized volumetric strain ∇ · uq(r) at the position r of the QD can be

extracted. We assume a point-like QD because low-energy phonons have a wavelength

much longer than the size of the QD (re = rh = r). The computation is repeated

for increasing q until no additional modes are found in the 4.5 GHz window any more

which corresponds typically to a wavenumber cut-off in the order of ∼ 1
min(H,W )

with

the height H and width W of the device. The extracted values are summed according

to Eq. (1b) and the coherence P (t) is calculated. We assume a Lorentzian spectral filter

|h(ω)|2 = Γ2
f /(ω

2 + Γ2
f ) with half-width-at-half-maximum of Γf = 1.5 GHz and calculate

the ID as given by Eqs. (2) and (3).

3. Phonon modes in an unclamped nanobeam waveguide and single-photon

indistinguishability

The nanobeam waveguide exhibits four fundamental vibrational modes that approach

ω = 0 for small wavenumbers: two flexural F(1,1)y and F(1,1)z, one torsional T(1), and

one longitudinal L(1) mode [37], c.f. Figure 2(a) for the dispersion relation and Figure

2(c) for the volumetric-strain profiles. The volumetric strain of a phonon characterizes

the local periodic change in volume, which leads to a change in the band structure of a

QD and therefore to a time-dependent phase, i. e., dephasing. During the growth of self-

assembled QDs, their vertical position is very well controlled (i. e., with atomic mono-

layer precision) while the lateral position is generally not controlled unless advanced

positioning methods are implemented, which adds complexity to the device fabrication.

It is therefore important to study the lateral position dependence of the decoherence

processes in order to combat it. The strain profiles in Figure 2 at a given wavenumber

provide insight into the spatial contribution of the volumetric strain of the modes to

dephasing. One must keep in mind however, that the weight of the various modes also

depends on their mode energy density and the integration over wavenumbers. In the

unclamped nanobeam, F(1,1)z and T(1) have symmetry planes in the vertical centre

of the nanostructure and therefore do not dephase QDs located in this plane since
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Figure 2. (a) Dispersion relation of the first six modes of an unclamped nanobeam

waveguide. The detailed description is given in the main text. The inset shows

how the dispersion of the modes F(1,1)z and F(1,2)z changes as we go from an

unclamped waveguide (solid lines) to a clamped waveguide with WCladding = 2 µm

(dotted lines). The x-axis of the inset extents from 0 to 7 µm−1. (b) ID as a function

of QD location along the dashed line in (c) going from center to the edge of the

nanobeam waveguide. The black curve represents the total ID, including the quadratic

coupling. The red and the purple curve represent the contribution from the F(1,1)y

and L(1) modes, respectively (color coding as in (a)). All other modes have negligible

contribution to the ID. The black dotted line shows the contribution from the quadratic

coupling (bulk limit). Note that the individual contributions are not directly additive.

T = 4 K. (c), (d) Absolute magnitude of the volumetric-strain profiles (|∇ · uq|)
of the fundamental phonon modes in the cross-sections of an unclamped (c) and a

clamped (d) nanobeam waveguide with WCladding = 2 µm. The cladding material in

(d) is indicated by a light blue color, and the corresponding strain profiles of this

material have been left out. The dashed horizontal lines indicate the investigated QD

positions. All profiles were calculated for the same wavenumber, q = 1 µm−1, and the

corresponding frequencies are noted above the structure. The strain scales are in units

of 10−13 fractional change in volume.
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∇ · uq = 0, see Figure 2(c). F(1,1)y has a symmetry plane in the horizontal centre

of the structure. The mode therefore does not contribute to the decoherence of QDs

placed in the center but its contribution increases towards the edge. In contrast, L(1)

is position independent and so is its contribution to the dephasing. Accordingly, L(1)

is found to be the dominant source of decoherence in the center of the waveguide and

F(1,1)y at the edge, see Figure 2(b). We have also evaluated the contributions from

higher-order modes and found that they are at least three orders of magnitude weaker

than the contributions from F(1,1)y and L(1). Note that the individual contributions

are not additive to recover the total ID. The analysis shows that, for a typical nanobeam

waveguide, the total ID is at best 89 % at T = 4 K, assuming a typical QD decay rate in

a nanobeam waveguide of Γrad = 1 ns−1. One approach to improve the ID is to increase

the radiative decay rate, which can be done either by Purcell enhancement in a cavity or

slow-light waveguide or by increasing the oscillator strength of the QD. In the following

section we pursue an alternative approach where clamping of the relevant phonon modes

is found to increase the ID significantly.

4. Phonon clamping of a nanobeam waveguide for improved photon

indistinguishability

In order to improve the ID of the emitted photons, it is necessary to reduce the exciton-

phonon coupling at low frequencies that are of the order of the natural linewidth.

Using an auxiliary cladding material, positioned on top and the sides of the suspended

nanostructure as illustrated in Figure 1(b), will damp the dephasing effect of the

fundamental phonon modes. The asymmetry of the structure ensures compatibility

with the fabrication process [38, 39]. The strain profiles of the whole clamped structure

(not shown) are similar to the profiles of the unclamped waveguide (Figure 2(c)), i. e.,

one can identify the corresponding modes but with decreased amplitude and modified

dispersion.

The change in dispersion is mode-dependent and determined by the alteration of

the material properties as well as the cross-section. As an example, we plotted the

dispersion of the mode F(1,1)z and its second-order mode F(1,2)z in an unclamped

and a clamped waveguide in the inset of Figure 2(a). The former mode is squeezed

towards lower wavenumbers due to the clamping, which results in a higher energy at a

given wavenumber for the fundamental modes, compare also the frequencies in Figure

2(c) and (d). However, the cut-off frequency of the higher-order mode is shifted down

in energy. These two effects on the dispersion relation lead to a reduced influence of

the fundamental modes to the decoherence and to the need of considering higher-order

modes for a correct ID calculation. Other effects of the clamping are the decrease of

the density of states at low energies and altered volumetric-strain profiles, resulting

in modified volumetric-strain amplitudes, see Figure 2(d). Note that the influence of

F(1,1)z to the decoherence is now increased since the QD is no longer at the symmetry

point where the strain vanishes. Nevertheless, the damping of the other modes outweigh
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Figure 3. The deviation from unity ID in a clamped structure as a function of the

cladding width is plotted as the blue curves with the corresponding case of unclamped

waveguides shown by the red curves. The solid (dash-dotted) lines represent a QD

positioned at the center (edge) of the GaAs nanobeam (see inset) and the filled regions

cover the QD positions in between. The height of the SiO2 cladding is fixed to 1.2 µm.

The limit for a QD in a bulk medium of ID ∼ 99% is displayed as black dotted line.

T = 4 K.

this increase, so that the overall effect is still an increase of ID. F(1,1)y experiences the

strongest suppression, which leads to a decrease of the QD-position dependence on the

dephasing. The influence of L(1) is damped significantly as well because of a higher

energy and a lower amplitude in comparison to the unclamped case. Regarding the

choice of cladding material, the simulations showed that a high Young modulus, a low

density, and a Poisson ratio close to 0.5 are beneficial to suppress phonons. Importantly,

the cladding material must have a low refractive index to keep the optical mode well

localized within the GaAs for a good overlap with the QD. We choose SiO2 as cladding

in the simulations [36], which is also a suitable material to be used as outcoupling

waveguide for the photons.

The effect of clamping on the ID can be seen in Figure 3. The improvement in

coherence scales with the size of the cladding material. The height of the cladding

material is fixed to HCladding = 1.2 µm to match the conditions for efficient outcoupling

(see below), while the width can be changed freely. The ID increases drastically with

increasing cladding width until it converges to the limit of an infinite membrane of the

same height, close to the fundamental bulk limit. This improvement happens already
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Figure 4. Deviation from perfect ID depending on (a) the temperature, T , and (b) the

radiative decay rate, Γrad, of the QD. The blue lines represent a clamped nanobeam

withWCladding = 4 µm while the red lines correspond to the unclamped nanobeam. The

solid (dash-dotted) lines represent a QD at the center (edge) of the GaAs nanobeam.

The bulk limit is given by the black dotted line. (a) Γrad = 1 ns−1. (b) T = 4 K.

for cladding structures of a few µm width. Remarkably, the position dependence of the

ID vanishes almost completely. As an example, at WCladding = 4 µm the ID is around

97.6 % both in the center and at the edge. The corresponding limit for a QD in a bulk

medium is ID = 98.7 %.

To reach ID > 99 %, it is essential to improve the bulk limit. One possibility is to

minimize the operational temperature of the device, which directly lowers the phonon

occupation number. Figure 4(a) shows the temperature dependence of the ID for QDs in

an unclamped nanobeam waveguide, in a clamped nanobeam with WCladding = 4 µm, and

in a bulk medium. At high temperatures, the dephasing is dictated by the quadratic

coupling term which is a two-phonon process and therefore scales stronger with the

temperature than the linear coupling (KQ ∝ T 11 at low T , KQ ∝ T 2 at high T , KL ∝ T

at all T ) [31]. At lower temperatures, the linear coupling prevails in one-dimensional

structures. The temperature at which this transition occurs depends on the cross-section

of the structure (∼ 10−20 K for the unclamped case, ∼ 4 K for the clamped case). Due

to the suppression of the linear coupling by clamping we can achieve almost unity ID

in clamped structures at temperatures below 4 K. For example, ID = 99.5 % can be

reached at a temperature of 1.6K, which can be achieved with standard closed-cycle

cryostats [14, 20].

Improving the radiative decay rate of the QD can also lead to a higher ID. This

can be done either by having a large QD oscillator strength or by Purcell enhancement

in, e. g., a cavity or a slow-light waveguide. As used before, a typical radiative decay

rate of InAs/GaAs QDs in a bulk medium is Γrad = 1 ns−1 [1]. Figure 4(b) shows that

the ID of faster-decaying QDs is increasing drastically. The ID is very responsive to

changes in Γrad in the region of low enhancement and an ID value over 99 % can be
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reached already with Γrad = 3 ns−1 with a cladding layer of 4 µm at T = 4 K. Even a

QD in an unclamped waveguide can achieve high ID, however in this case it is highly

sensitive to the QD position in the waveguide. Therefore, a combination of several

methods (clamping, low T , high Γrad) could be deployed to reach a high yield of efficient

coherent single-photon sources.

5. Efficiency of single-photon sources with cladding

An ideal single-photon source is capable of providing a large number of mutually

indistinguishable single photons. An important figure-of-merit is the overall efficiency of

the source (ηtotal). It is defined as the probability that an excited QD leads to a photon

exiting the chip and is coupled to a usable optical mode. The total efficiency comprises

several intermediate efficiencies, ηtotal = β ηoutcoupling ηfiltering. Firstly, the excited QD

must emit the photon into the desired optical mode that is supported by the waveguide,

whose probability is the spontaneous emission β-factor. Secondly, the photon in the

waveguide must be coupled out from the chip (ηoutcoupling) and, lastly, a filter has to be

implemented in order to remove the phonon sidebands (ηfiltering). In the following we

evaluate the efficiency of a QD single-photon source in a clamped nanobeam waveguide.

It is desirable that the QD radiation couples efficiently to only one optical mode,

i. e., the fundamental TE mode (TE0), to achieve both high beta-factor and large out-

coupling efficiency into a fiber. This can be achieved by reducing the number of modes

supported by the waveguide and suppressing coupling of QD emission to unwanted

waveguide modes. The β-factor of QD emission into a given optical waveguide mode

can be calculated with three-dimensional finite-element simulations by placing a dipole

in the waveguide and evaluating the fraction of power coupled into this mode. The

calculation was done for both the unclamped and the clamped waveguide and is shown

in Figure 5(a) as a function of the QD position. We study a dipole orientation along

the y-direction which maximises the coupling to the TE0 mode compared to the one

along the x-direction [14]. The simulation for the clamped waveguide is valid for all

cladding widths above 1 µm since the optical modes barely change for thicker layers. In

an unclamped waveguide, an in-plane dipole sitting in the vertical mirror plane of the

waveguide only couples to TE modes. Here, the dipole mainly couples to two modes,

TE0 and TE1, where TE0 is the desired symmetric mode. In the center of the nanobeam

cross-section, the coupling efficient into the TE0 mode is maximized and the coupling

into the TE1 mode vanishes due to its antisymmetric y-polarized electric field profile.

This leads to a high β-factor of 95 % for the TE0 mode. The remaining 5 % represent

coupling to the non-guided radiation continuum. At the edge of the waveguide, the

overlap of a y-dipole with the TE0 mode decreases while the overlap with the TE1 mode

increases, leading to a reduction of the β-factor into the TE0 mode to 14 %. Adding

a cladding material on top of the waveguide alters the β-factor since the change of

refractive index in the surrounding of the waveguide modifies the supported optical

modes. Due to the asymmetry of the structure, a coupling of a y-dipole into the TM0
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Figure 5. Evaluation of the three contributions to the total source efficiency. (a) The

β-factor as a function of the QD position from the center of the GaAs waveguide.

The dashed lines represent an unclamped nanobeam and the solid lines represent

a nanobeam waveguide with cladding. (b) The mode conversion efficiency ηSSC

depending on the taper length in an inverted taper design as indicated in Figure 1(b).

The width of the taper tip is 60 nm and the cross-section of the cladding material is

1.2 µm x 1.2 µm. The insets show how the TE0 mode transfers from the GaAs into the

cladding material and the mode profile in the cladding after tapering out to a taper

with length of 15 µm. (c) The emission spectrum S(ω) of a QD (red curve), which can

be effectively filtered by a Lorentzian filter h(ω) with Γf = 1.5 GHz (dashed black line)

to achieve a highly coherent output spectrum from the ZPL h(ω)S(ω) (green curve).

T = 4 K.
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mode is expected, which might be a concern for decreasing the β-factor into the TE0

mode. However, the calculated coupling coefficient into the TM0 mode is negligible

small (green line in Figure 5(a)). The profiles of the TE0 and TE1 modes are dragged

in the direction of the cladding material due to the higher refractive index compared to

air. This leads to a decrease of the β-factor into the predominant TE0 mode by only a

few percent. We obtain β = 91 % into the TE0 mode for a QD placed in the center of

the clamped waveguide.

The outcoupling of the generated single photons has been done in the literature by

several approaches using either vertical (from the top) [40, 41, 42] or transverse collection

(from the side) [13, 43]. Transverse coupling, for example using evanescent coupling to

tapered fibers or edge-coupling with lensed fibers, can be favorable to achieve near-unity

collection efficiency, since loss associated with polarization filtering could be avoided. For

the GaAs platform, it was shown that an adiabatic tapering of the waveguide (indicated

in Figure 1(a)) can lead to an efficient mode transfer of 80 % into a tapered fiber [14].

Edge coupling can be realized using spot-size converters made of inverted tapers, a

technique which is widely used in silicon photonics. The highly-confined light in the

waveguide is converted into a larger mode in the cladding material to match the optical

mode of the fiber (spot-size conversion) [44, 45, 46]. The cladding material on top of

a GaAs waveguide can be designed to form such an inverted taper, as illustrated in

Figure 1(b) and the inset of Figure 5(b). The outcoupling efficiency is defined as the

product of the efficiency of the spot-size converter (ηSSC) and reflection losses at the

two interfaces (cladding/air ηCladding→Air and air/fiber ηAir→Fiber). To match the beam

waist of a lensed fiber (here we assume a Gaussian mode field diameter with 1/e2 value

of 1.2 µm), a mode converter can be designed using a 1.2 µm x 1.2 µm waveguide with

a linear waveguide taper. We calculated ηSSC using three-dimensional finite-element

calculations for different taper lengths and with a tip width of 60 nm, see Figure 5(b).

This is achievable with electron beam lithography in current fabrication processes [39].

For a length of 15 µm a conversion efficiency above 98 % is reached (see the inset of

Figure 5(b)), which can be further improved by narrowing down the tip width. In

addition, the reflection at each interface amounts to ηCladding→Air = ηAir→Fiber ∼ 3 %,

which was calculated using Fresnel equations. This loss can be further minimized by

adding anti-reflection coatings, changing the angle of the interface or gluing the fiber

directly to the cladding material.

Finally, the phonon sideband has to be filtered out to reach a high ID.

To find the efficiency of this process, the QD emission spectrum S(ω) =

Re
∫∞

0 dtP (t)exp(−Γradt/2)exp(−iωt) is calculated before and after convoluting with

a Lorentzian filter, cf. Figure 5(c). The filtering efficiency (ηfiltering) is given by the ratio

of the integrated intensities of the filtered and the unfiltered spectrum. We note that the

sidebands originate from short-wavelength phonons, which are negligibly influenced by

the extent of the nanostructure. We therefore calculate the sidebands from the results

of the bulk system using the same parameters as above [36]. ηfiltering is temperature-

dependent as the phonon occupation decreases with decreasing temperature and the
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Table 1. Efficiencies and ID for a QD in the center of a clamped waveguide at different

temperatures. WClamping = 4 µm,WOutcoupling = 1.2 µm, HCladding = 1.2 µm.

T [K] β ηoutcoupling ηfiltering ηtotal ID

1.6 0.91 0.92 0.92 0.77 0.995

4 0.91 0.92 0.91 0.76 0.976

10 0.91 0.92 0.72 0.60 0.682

values for the temperatures 1.6 K, 4 K and 10 K can be found in Table 1. The efficiency

could be further improved by implementing Purcell enhancement since this increases

the fraction of the spectrum emitted into the ZPL.

The overall device performance is highly temperature dependent due to the

influence of phonons. Indeed both the ID and the overall efficiency depend on

temperature due to the contributions from the broadening of the ZPL and the

phonon sidebands, respectively. Table 1 lists typical values for experimentally relevant

temperatures. At 10 K both ID and efficiency are significantly reduced below unity.

However, operating at 4 K or below, we predict an overall efficiency of ∼ 75 % and ID of

> 97.5 % for a QD positioned in the center of the waveguide. This implies that running

such a single-photon source at a typical repetition rate of 80 MHz with resonant pulsed

excitation is capable of producing up to 60 million indistinguishable photons per second.

Such a source could subsequently be de-multiplexed in order to obtain multiple trains of

single photons, which would lead to new opportunities for multi-photon quantum optics

experiments [5].

6. Conclusion

We have presented a layout of a novel fiber-coupled QD single-photon source capable

of efficiently generating highly indistinguishable photons. The device consists of a

high refractive index nanophotonic waveguide that provides a high β-factor light-

matter interface. The waveguide is furthermore equipped with a lower index cladding

material serving the dual purpose of damping the relevant decoherence from phonons

and providing an out-coupling waveguide for subsequent efficient coupling to a single-

mode fiber. For experimentally feasible temperatures, we predict that the ID of photons

can exceed 99 % and that the cladding material makes ID insensitive to the QD position.

Furthermore, we predict a possible total efficiency of 77 % of collecting the single photons

from the QD and subsequently coupling them into a single mode fiber via evanescent

transfer to the cladding. This efficiency could readily be improved even further by

implementing Purcell enhancement, since it is limited by the contributions from phonon

sidebands. The proposal devises a pathway to an integrated and robust on-demand

source of coherent photons based on the scalable platform of planar nanophotonic

waveguides.
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