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Abstract

Efficient on–chip integration of single–photon emitters imposes a major bottleneck

for applications of photonic integrated circuits in quantum technologies. Resonantly

excited solid–state emitters are emerging as near–optimal quantum light sources, if not

for the lack of scalability of current devices. Current integration approaches rely on

cost–inefficient individual emitter placement in photonic integrated circuits, rendering

applications impossible. A promising scalable platform is based on two–dimensional

(2D) semiconductors. However, resonant excitation and single–photon emission of
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waveguide–coupled 2D emitters have proven to be elusive. Here, we show a scalable

approach using a silicon nitride photonic waveguide to simultaneously strain–localize

single–photon emitters from a tungsten diselenide (WSe2) monolayer and to couple

them into a waveguide mode. We demonstrate the guiding of single photons in the

photonic circuit by measuring second–order autocorrelation of g(2)(0) = 0.150 ± 0.093

and perform on–chip resonant excitation yielding a g(2)(0) = 0.377±0.081. Our results

are an important step to enable coherent control of quantum states and multiplexing

of high–quality single photons in a scalable photonic quantum circuit.

Introduction

Large–scale on–chip quantum technologies are crucial to realize the long–standing goals

of photonic quantum information processing, such as quantum communication,1 quantum

simulation,2 and quantum computing based on cluster state generation.3,4 A promising route

towards large–scale quantum information processing relies on single–photon qubits, and is

based on quantum emitters, memories, and detectors interconnected via photonic integrated

circuits (PICs).5

Single–photon emitter integration into PICs has been achieved by embedding quantum

dots into III–V PIC platforms,6 with limited scalability due to their optical loss, large waveg-

uide bend radius, and low fabrication yields. To utilize the scaling offered by PICs, pick–

and–place techniques have been developed to integrate III–V semiconductor quantum dots7

and diamond color centers8 into silicon (Si) and silicon nitride (SiN) waveguide platforms.

A drawback of this approach lies on the stringent requirements for emitter fabrication and

precise pick–and–place of individual emitters, which drastically limit the scalability of this

technology.

A promising candidate to overcome the current scalability limitations of quantum PICs

is based on two–dimensional (2D) materials.9 In particular, transition metal dichalcogenides

(TMDs)10–15 enable hundreds of single–photon emitters by a single pick–and–place transfer
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using localized strain.16,17 Efforts towards 2D TMD single–photon emitter integration into

PICs are on the rise, including transfer of a tungsten diselenide (WSe2) monolayer on the

facet of a titanium–indiffused lithium niobate waveguide with a large mode size,18 and on top

of a lossy plasmonic slot waveguide.19 More scalable approaches have been initiated, such

as coupling of single–photons from a 90 nm thick gallium selenide layered semiconductor

in SiN waveguides,20 photoluminescence from a WSe2 monolayer into a SiN waveguide,21

and emission from hexagonal boron nitride (hBN) in an aluminum nitride waveguide.22

However, single–photon emission into a photonic circuit from deterministic strain–localized

quantum emitters has proven to be elusive, let alone resonant excitation of 2D quantum emit-

ters through a PIC, a prerequisite for future initialization and coherent control of quantum

states23 and for the generation of highly indistinguishable photons.24,25

Here, we overcome these challenges by (i) inducing strain–localized quantum emitters at

the waveguide edges, (ii) multiplexing emitters into the same waveguide mode, (iii) demon-

strating waveguide–coupled single–photon emission, and (iv) performing resonant excitation

of a single quantum emitter through the waveguide. Our results show the potential of com-

bining 2D semiconductors with PICs towards large–scale quantum technologies, by realizing

crucial building blocks for future complex circuits.

Results

Strain–localized emitters in a 2D semiconductor

Figure 1a shows a schematic of our sample, consisting of a U–shaped Si3N4 waveguide on a

SiO2 bottom cladding. The designed waveguide geometry supports the fundamental quasi–

TE and quasi–TM waveguide modes as shown in Fig. 1b & c. The microscope image in

Fig. 1d gives an overview of the whole structure, with cleaved facets and an exfoliated WSe2

monolayer (1L) placed on top of the waveguide using a dry–transfer method26 (see Fig. 1e

and Supplementary). Figure 1f shows photoluminescence from emitters in the sample under
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Figure 1: a) Artistic illustration of the coupled WSe2 monolayer (1L) single–photon emitter
and the Si3N4 waveguide. b) Finite element method eigenmode simulation of the fundamental
quasi–TE and c) quasi–TM waveguide modes at FIXME nm wavelength. d) Microscope
image of the Si3N4 waveguide with e) zoom in of the WSe2 flake. The monolayer is marked
in red (1L). f) Photoluminescence with de–focused excitation shows strain–localized emitters
along the waveguide edges. The emitter used for further experiments is marked with a red
circle.

de–focused excitation, recorded using a CCD camera with a 700 nm long pass filter to remove

backscattered laser light. The measurements were performed with a modular setup consisting

of a closed–cycle cryostat at 6 K where the sample was placed on a piezoelectric movable

stage, a spectrometer, and a Hanbury Brown and Twiss (HBT) second–order correlation

measurement setup, as shown in Fig. 2a. A detailed description of the setup is given in

the Supplementary. The emitters in the monolayer were excited from the top through a

microscope objective with a red pulsed laser (638 nm) with variable repetition rate of 5-

80 MHz. In line with reported strain–localization of single–photon emitters ,16,17 we observe
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two lines of spatially localized emitters along the waveguide edges. Since the flake remains

continuous across the waveguide and shows no signs of rupturing or wrinkling, we suspect

that waveguide roughness along the edges is responsible for creating local strain gradients

that localize the emission. This way we are able to multiplex several emitters into the same

waveguide mode by a single transfer step (see Supplementary for more waveguide–coupled

emitters).

Figure 2: a) Modular setup consisting of a red laser excitation, a confocal detection path
(detection top) and a second detection path from the waveguide facet through a lensed
fiber (detection WG). In the fiber hub, the signals can be routed to the spectrometer or the
Hanbury Brown and Twiss setup (HBT), which includes a free–space filtering by two tunable
bandpass filters (TBP). DUT device under test; BS beam splitter; L lens; BD beam dump;
SSPD superconducting single–photon detector. b) Spectra from emitter 1 taken from top,
c) through the waveguide from output 1, and d) from output 2.

By focusing the excitation laser onto the sample and using a confocal microscopy setup,

we recorded the photoluminescence spectra of single emitters. Figure 2b shows the spectrum

of an emitter marked in Fig. 1f collected out of plane of the waveguide through the objective

(detection top). To identify the peaks, we performed polarization resolved photoluminescence

5



spectroscopy (see Supplementary), which indicates that both lines most likely stem from

different emitters. Figure 2c and d show the spectra at the same location collected through

the two waveguide output ports. The line at 770 nm, emitter 1, is used for all further

measurements under non-resonant excitation.

A common signature of a two–level system is saturation of the emission intensity with

increasing excitation power, shown in Fig. 3a in a double–logarithmic plot. Fitting the

data as described in the Supplementary, we extracted a saturation power of 414 ± 48 nW.

All further measurements were performed with an excitation power of 1.4 µW, located at

the start of the saturation plateau for a best trade–off between high emission intensity and

increasing background.

Single–photon emission from a 2D emitter

To confirm single–photon emission, we performed a second–order autocorrelation measure-

ment on the emitted signal of the line at 770 nm, filtered by two overlapping tunable band-

pass filters (bandwidth 20 nm), and with a time binning of 2048 ps. Although the emitters

were excited with a 80 MHz repetition rate pulsed laser, our second–order autocorrelation

measurement, shown in Fig. 3b, resembles a measurement under a continuous–wave laser

excitation. We investigated this by measuring the emission lifetime with a lower laser repeti-

tion rate of 5 MHz (see Supplementary). Fitting the data with a double–exponential decay,

we extracted a lifetime of 18.3 ± 1 ns, which is significantly longer than the separation of

two consecutive excitation pulses of 12.5 ns corresponding to a repetition rate of 80 MHz.

This in turns leads to a strong overlap between neighboring peaks in the histogram, which

can not be distinguished from the noise on the Poisson level. Our simulation results (see

Supplementary) suggest that under this circumstance, the pulsed second–order autocorre-

lation measurement can be treated like a continuous–wave measurement. Fitting the data

with the formula given in the Supplementary yields a g(2)(0) of 0.168± 0.048, well below 0.5

(see Fig. 3b), which demonstrates the single–photon nature of the light emission from our
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2D emitter. Additionally, we measured the second–order autocorrelation with a repetition

rate of 10 MHz shown in Fig. 3c, yielding a g(2)(0) of 0.242 ± 0.013 without post–selection

(See Supplementary for the analysis).

Figure 3: a) Power series for emitter 1 with repetition rate 80 MHz. For all correlation
measurements, the emitter was excited with 1.4 µW, i.e. at the start of the saturation
plateau. b) Second–order autocorrelation measurement from top, c) with a lower repetition
rate (10 MHz), and d) through the waveguide output 1.

Single–photons from a 2D emitter through a Si3N4 waveguide

Next, we investigated waveguide coupling of single–photon emission from 2D WSe2 emitters.

We simulate the coupling efficiency from the emitter, approximated by a planar dipole, into

the waveguide modes (see Supplementary). By varying dipole orientation and positions
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along the top edge of the waveguide we calculated its emission into the fundamental quasi–

TE (TE00) and quasi–TM (TM00) waveguide modes. The unidirectional coupling efficiency

to the fundamental modes when the dipole is located at the edge of the waveguide is, on

average for all possible in–plane dipole orientations, 0.32% and 0.34% to the TE00 and

TM00 mode, respectively. Experimentally, we collect the waveguide–coupled emission using a

lensed single–mode fiber mounted on an adjacent, independently movable piezoelectric stage,

and aligned to one of the waveguide ends. For all waveguide coupled measurements, the fiber

was coupled to output 1, marked in Fig. 1a. We performed a second–order autocorrelation

measurement through the waveguide, shown in Fig. 3d yielding g(2)(0) = 0.150±0.093. This

value shows no degradation with respect to the free–space g(2)(0) value, and demonstrates

strain–localized single–photon emission into a waveguide.

Resonance fluorescence of waveguide–coupled 2D quantum emitters

Finally, we used our integrated device to perform resonant excitation using side–excitation27

through the waveguide output 1. So far only off–chip confocal resonant excitation of WSe2

and hBN emitters have been reported, requiring data post-processing by either post-selection

of time intervals when the emitter was on resonance to combat spectral wandering28 or laser

background subtraction.29 Another approach has been to spectrally filter the zero-phonon

line together with the resonant laser and only collecting the phonon sideband.30

Here, we achieve sufficient laser suppression in our waveguide–coupled circuit to measure

the second–order correlation function without the need of background subtraction nor com-

plex post–processing analysis. Instead, we perform on-the-fly optimization of polarization

suppression, and only stop and restart the measurement for realignment if the on-the-fly

suppression malfunctions. Our resonant excitation and detection scheme of a waveguide–

coupled 2D quantum emitter is artistically illustrated in Fig. 4a. A continuous–wave diode

laser with a linewidth of 50 kHz is coupled via a lensed fiber into the waveguide which guides

the excitation light to the monolayer. The emitted signal is collected from top by a micro-
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Figure 4: a) Artistic illustration of the coupled WSe2 monolayer single–photon emitter on
the Si3N4 waveguide. The 2D emitter is excited with a continuous–wave (cw) laser coupled
to the waveguide. The emitted signal is detected from top through a microscope objective.
b) Resonance fluorescence (RF) spectrum of emitter 2 and residual laser in a semilogarith-
mic plot. c) Second–order autocorrelation measurement under resonant excitation through
the waveguide and detection from top showing clear single–photon emission. Inset: Same
measurement for a longer time window showing bunching originating from spectral diffusion.
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scope objective. In this scheme, a large portion of the laser remains in the waveguide and

only the light scattered by the waveguide surface is collected by the objective. Further spatial

suppression of laser light is achieved by fiber coupling the collected signal. To distinguish

the resonance fluorescence signal from the remaining spatially overlapping scattered laser

light, the laser is suppressed in a polarization suppression setup (see Supplementary for a

detailed description). The resonance fluorescence of emitter 2 as well as the remaining laser

light is shown in Fig. 4b, with deliberately non–optimal laser suppression for visualization.

This shows the slight mismatch between the laser wavelength and the emitter spectrum,

which stems from a spectral shift of the emitter when the laser is on resonance. We then

performed a second–order autocorrelation measurement with a time binning of 512 ps (see

Supplementary for more details), shown in Fig. 4c, yielding a g(2) = 0.377±0.081, indicating

clear single–photon emission from the emitter under pure resonant excitation. The non-zero

value at zero time delay stems mainly from remaining laser scattering. Furthermore, the

emitter shows light bunching on the timescale of 50 ns (inset of Fig. 4c), originating from

spectral diffusion.

Discussion

Our single–photon emitter localization using local strain gradients enables scalable integra-

tion of quantum emitters in PICs. However, in the current design, the emitters are located

at the edge of the waveguide, yielding sub–optimal coupling efficiency to the fundamental

waveguide modes (see simulations in the Supplementary). More efficient coupling can be

achieved by localizing the emitter centered at the top of the waveguide, with an average

directional coupling efficiency of 2.48% and 3.01% in the TE00 and TM00 modes (see Sup-

plementary), or by encapsulation of the emitter, with up to 22% directional coupling for

TE00. The compatibility between the localization scheme and the optimal PIC geometry

demands non-trivial solutions, which currently stand as remaining challenges hindering effi-
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Figure 5: Vision for a large–scale on–chip 2D emitter based quantum light source. An array
of emitters from a single TMD monolayer transfer are strain–localized and coupled into the
waveguides via on–chip cavities. Reconfigurable ring resonators filter the indistinguishable
single photons, which are then ready to be coupled off–chip for quantum communications,
or remain on–chip for cluster–state quantum computing or simulation. Inset: zoom–in to
the TMD monolayer covering several on–chip photonic cavities.
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cient coupling. A solution may involve inducing emitters with a helium focused ion beam,31

or point-localizing emitters using the strain arising from pillars, gaps and terminations along

waveguides. Alternative methods might be the use of cavities, dielectric screening,32 or Moiré

trapped excitons.33–36 Therefore a path towards quantum PIC can take many forms where a

single TMD monolayer generates many emitters, overcoming the current bottlenecks of single

emitter pick-and-place methods. Figure 5 shows our vision for a large–scale quantum light

source based on the presented technology. A single transfer of a TMD monolayer creates

an array of localized emitters efficiently coupled via on–chip cavities into waveguides, where

the indistinguishable single photons travel and get filtered by reconfigurable ring resonators.

The output is a large number of indistinguishable single–photons, which can be routed into

the optical fiber network for quantum communications, or remain on–chip for cluster–state

quantum computing or simulation.

The limited single–photon characteristics under resonant excitation stem mainly from

remaining scattered laser which can not be suppressed in the polarization suppression setup.

Due to the current setup and device, the polarization of the input laser as well as the scattered

laser from the waveguide can not be well controlled and therefore not perfectly suppressed.

These challenges can be overcome by using polarization maintaining fibers or free–space

coupling of the laser to the waveguide, on–chip polarization control, and/or reduction of laser

scattering by fabricating waveguides with smoother sidewalls. Next steps towards coherent

control of PIC coupled 2D quantum emitters will require on–chip resonance fluorescence

by excitation and detection through the waveguide, measuring the two–photon interference

visibility from such emitters, and pulsed resonant excitation of these quantum emitters.

In addition to multiplexing, large-scale quantum photonic circuits require two–photon

interference between photons emitted from independent on–chip sources. However, fluctua-

tions in the electrostatic and strain environment of individual single–photon emitters make

emitted photons spectrally differ, hampering quantum interference. To address this issue,

spectral tuning is required, and has been demonstrated using the strain induced by piezo-
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electric37,38 and capacitive39 actuators, or by electric field tuning using the Stark effect.40

Conclusion

Quantum photonic integrated circuits provide a scalable and cost–efficient route to increas-

ingly complex quantum systems, and constitute an enabling platform for applications such

as quantum key distribution, quantum simulation, and cluster–state quantum computing.

We have developed a hybrid deterministic integration method of single–photon emitters

in 2D materials into silicon-based photonic circuits by exploiting the creation of strain–

localized quantum emitters at the edges of a photonic waveguide. Our proof–of–principle

structure maintains a single–photon purity of 0.150±0.093, and resonance fluorescence with

g(2) = 0.377 ± 0.081. These experimental results and proposed designs provide a promising

hybrid integration platform with promising scaling prospects, crucial for large–scale quantum

integrated circuits.
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Sample geometry and fabrication

The waveguide length is 2.2 mm, with a bend radius of 25 µm, and a cross-section (height ×

width) of 250× 800 nm. This waveguide cross-section supports 2 quasi-TE and 2 quasi-TM

modes, its fundamental quasi-TE mode index being nTE00 = 1.72. The flake is positioned

at a 750 µm distance from one of the waveguide ends, and covers a waveguide section about

20 µm long.

The sample fabrication started with a 250 nm thin stoichiometric Si3N4 film on 3.3 µm

SiO2 on a silicon substrate (Rogue Valley Microdevices). The waveguides were fabricated

using electron beam lithography followed by CHF3-based reactive ion etching, resist strip-

ping, and sample cleaving. Flux zone grown WSe2 crystals (from 2D semiconductors) were

then exfoliated, and monolayers were identified under a microscope and transferred using a

polydimethylsiloxane (PDMS) dry stamp process.26

Experimental setup for top excitation

The setup is shown in Fig. 2a in the main text. For all measurements, the sample was placed

inside a low–vibration closed–cycle cryostat on piezoelectric xy–positioners and cooled to 6 K.

For excitation, a red (638 nm) pulsed laser diode with variable repetition rate of 5−80 MHz

was used, which was focused onto the sample using a 50×, NA = 0.81 microscope objective.

The photoluminescence of the excited emitter was detected in two ways: from the top using

free–space optics or through the waveguide. The part of the photoluminescence emitted to

the top was collected through the same microscope objective and then coupled into a fiber.

The part coupled to the Si3N4 waveguide was coupled into a lensed fiber (OZOptics, 780HP,

working distance 13± 1 µm) positioned near the cleaved facet of one of the waveguide ends.

The lensed fiber, which was mounted on an individual xyz–positioner stack, was pre–aligned

to the waveguide by sending a narrow linewidth laser at 770 nm through the fiber and

maximizing the signal at the other output of the waveguide with the CCD camera through
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the microscope objective. The fine alignment was done by maximizing the emitter signal on

the spectrometer. The fiber–coupled signal was either sent to the CCD of a spectrometer

(grating 600 lines/mm) or into a fiber–based Hanbury Brown and Twiss (HBT) type setup

to measure the second–order autocorrelation function. This setup consists of a 50 : 50 fiber

beamsplitter connected to two superconducting single–photon detectors (Single Quantum)

with efficiencies of 50%, 60%, timing jitters of 20 and 30 ps, and dark count rates of 0.006 and

0.017 cts/s. For all correlation measurements, a single line was filtered from the spectrum

using two overlapping free–space tunable bandpass filters with a bandwidth of 20 nm. For

excitation with a green laser (532 nm), the excitation was coupled into the setup using a

dichroic longpass mirror with the edge at 695 nm (not shown in the setup). To investigate

the localization of the emitters in the WSe2 monolayer, we excited the sample with a de–

focused laser (lens with f = 300 mm, not shown). The emitted signal was sent onto a CCD

camera using a flip–in beamsplitter, and the accompanying backscattered excitation laser

was filtered with a 700 nm long pass filter.

Polarization resolved photoluminescence spectroscopy

Figure 6: a) Map of emitter 1 under changing half–wave plate angle. b) Spectrum of the
line at 767 nm and a halfwave plate angle of 70°. A fit reveals a fine–structure splitting of
624± 31µeV.
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To identify the peaks of the spectra in Fig. 2b-d in the main manuscript, we measured

the polarization resolved photoluminescence. We placed a halfwave plate and a fixed linear

polarizer in front of the spectrometer and recorded the spectra while automatically rotating

the wave plate, as shown in Fig. 6a. Only the line at 767 nm is showing a clear fine–structure

splitting. Figure 6b shows the spectrum of this line at a halfwave plate angle of 70°, where

both components are well visible. Fitting this data with two Gaussians, reveals a fine–

structure splitting of 624±31µeV, indicating an exciton. The line at 770 nm shows intensity

fluctuations but not clear fine structure splitting, which indicates that this line still belongs

to an excitonic state where the intensity of one fine–structure component is too dim to see.

This leads us to believe that those two lines stem from separate emitters.

Waveguide coupling simulations

We simulated the fabricated structure using a 3D-FDTD solver (Lumerical), and modeled

the emitter as a dipole 5 nm above the 800 nm wide waveguide. The position of the dipole

is swept across the width of the waveguide, and the directional coupling efficiency is shown

in Fig. 7, where x = 0 nm represents the center of the waveguide, and x = 400 nm the

edge. We swept the dipole across half of the waveguide width since the system is symmetric,

and negative displacements will yield the same coupling conditions (i.e. one can mirror our

results along the x = 0 nm line to obtain the full waveguide width sweep).

We average over the two dipole orientations parallel to the substrate (x and z in Fig. 7a).

The directional coupling emission with the emitter at the edge of the waveguide is 0.3%

(3.3%) to the TE00 (all) modes. The maximum simulated directional coupling efficiency

into the TE00 (all) mode for averaged dipole orientation in–plane (x and z in Fig. 7a) was

2.5% (7.9%).
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Figure 7: FDTD Simulation of the coupling efficiency to the guided modes (TE00, TE10,
TM00, TM10) of the three different dipole orientations depending on the location on the
waveguide. The dipole is located 5 nm above the waveguide. x = 0 nm is at the center of
the waveguide.

Figure 8: Spectra of 3 waveguide–coupled emitters from the same 2D flake, PL measured
through the waveguide. These emitters are in addition to the 2 emitters studied in the main
text.
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Multiplexed emitters in the waveguide

Figure 8 shows waveguide–coupled emission from three different 2D emitters, in addition to

the two emitters in the main text, strain–localized from a single monolayer transfer.

Lifetime measurement

Figure 9: Lifetime measurement of emitter 1 under red 5 MHz excitation and fitted using a
double–exponential curve.

To understand why our pulsed second–order correlation measurement looks like a cw

measurement, we measured the lifetime of the excited state of emitter 1 with a lower repeti-

tion rate of 5 MHz compared to the second–order correlation measurement, and correlated

the detected signal with the trigger from the laser in a standard time–correlated single–

photon counting experiment. Figure 9 shows the data together with an double–exponential

fit yielding to a lifetime of 18.3± 1 ns.

Power–dependent photoluminescence measurements

A non–resonantly driven two–level system saturates with increasing excitation power. We

investigated the behaviour for different excitation wavelengths, namely red 638 nm with a
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Figure 10: Peak area of emitter 1 as a function of excitation power in a double–logarithmic
plot for red (5 and 80 MHz) and green (5 MHz) excitation and the theoretical curve for an
one–photon excitation process in yellow.

repetition rate of 5 and 80 MHz, and green 532 nm with a repetition rate of 5 MHz. In

Fig. 10 we show the peak areas as a function of excitation power in a double–logarithmic

plot.

All data sets are fitted with I(P ) = I∞

(
P

Psat

)n(
P

Psat

)n
+1

41 and weighted with wi = 1/yi to

compensate for the fact of fewer data points at low excitation energies. To compare the

data sets, they are normalized with I∞ and Psat. If the system is excited in a one–photon

process, the saturation should follow the formula for n = 1 (yellow line in Fig. 10), what is

expected since the laser energy is higher than the one of the emitter. The fits are yielding to

n = 1.09± 0.16 (n = 1.21± 0.08) for red 5 (80) MHz and n = 1.33± 0.12 for green 5 MHz

excitation.

Analysis of second–order autocorrelation measurements

under non–resonant excitation

The recorded time tag files were analyzed using ETA software42 with a binning of 2048 ps. To

explain why our pulsed 80 MHz second–order correlation measurement resembles a measure-
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Figure 11: Simulation of a second–order correlation histogram for excitation with 80 MHz
and a emitter lifetime of 18.3 ns.

ment under continuous–wave (cw) excitation, we simulated the resulting histogram, which

we show in Fig. 11. Single peaks from each excitation pulse with a repetition rate of 80 MHz

with a lifetime of 18.3 ns are shown in yellow together with the resulting normalized his-

togram in green. The periodic modulations are not visible in our measurement in Fig. 3b

and d due to noise. This strong overlap of the peaks justifies to treat the data like a cw

measurement and fitted with g(2)(τ) = B
(
1−

(
1− g(2)(0)

))
exp(τ/τ0) with the Poisson level

B and the width τ0, as proofed with the fit of the summed simulation peaks in brown.

The extracted width of the dip in the non–resonantly excited second–order autocorrela-

tion measurement of emitter 1 is 6.69± 0.56 ns, which deviates from the measured lifetime

using lower repetition rates, and can be explained by the high excitation power. The second–

order correlation function can be described by g(2)(τ) = 1−
(
1− g(2)(0)

)
exp(τ/(τl+1/Wp))
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with the emitter lifetime τl and the pump rate into the excited state Wp. This leads to a

narrowing of the dip for high excitation powers, which was the case in our measurement

(1.4 µW = 4.4 Psat). This effect was not taken into account in the simplified simulation of

the second–order autocorrelation measurement.

For the second–order autocorrelation measurement with 10 MHz repetition rate, the

single peaks can be distinguished. Here, the non–postselected second–order coherence g(2)(0)
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is given by the ratio of summed up coincidences in the center peak and average number of

coincidences in the side peaks. Since the peaks still overlap in time, well–defined time

windows to sum up the coincidences cannot be given, and we analyzed the data following

the procedure described in.44

Methods for second–order autocorrelation measurements

under resonant excitation

Figure 12: Side–excitation setup. The laser was coupled to the monolayer using a lensed
fiber. The signal and scattered laser light was collected by the microscope objective, with
the laser light being suppressed in a polarization suppression setup consisting of a quarter–
(QWP) and half–wave plate (HWP) and a linear polarizer (Pol). The fiber–coupled filtered
signal was routed in the fiber hub onto the spectrometer or the Hanbury Brown and Twiss
setup (HBT), which included a free–space filtering by two tunable bandpass filters (TBP).
DUT device under test; BS beam splitter; L lens; BD beam dump; SSPD superconducting
single photon detector.

Figure 12 shows the modified optical setup for resonant excitation of the quantum emit-

ter. For this measurement, we excited the emitter from the side with a 50 kHz linewidth

continuous–wave diode laser by coupling it into the waveguide through a lensed fiber. The

signal from the emitter as well as the remaining scattered laser light was collected by the

microscope objective. To perform resonant excitation, the remaining laser has to be filtered

with a polarization suppression setup. This requires well–defined excitation laser polariza-

tion, so that the remaining laser light is absorbed by a nanoparticle linear film polarizer
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after emitter excitation, and only a fraction of the signal of the quantum emitter, with its

polarization perpendicular to that of the laser, is detected. In our setup, the laser was

further spatially suppressed using a free–space to fiber coupling, with the core acting as a

pinhole. The filtered fiber-coupled signal was sent either onto the CCD of a spectrometer

or into a Hanbury Brown an Twiss setup to perform second–order autocorrelation measure-

ments. This part of the setup remained the same as for previous measurements. In our

setup, the excitation was not perfectly polarized, since the lensed fiber inside the cryostat

is not polarization maintaining and the laser was scattering out of the waveguide via the

sidewall roughness. Nevertheless, the quarter– and halfwave plate (QWP, HWP) before the

polarizer were aligned so that the remaining laser was minimized and on–the–fly optimiza-

tion was possible during the measurements. The second–order autocorrelation measurement

was recorded for a total amount of time of approx. 1.5 h, and required 3 realignments in

addition to the on–the–fly polarization suppression optimization. The recorded timetag file

was analyzed using readPTU45 with a time binning of 512 ns. The resulting histogram was

fitted using the formula given above for cw autocorrelation measurements.

References

(1) Borregaard, J.; Pichler, H.; SchÃűder, T.; Lukin, M. D.; Lodahl, P.; SÃÿrensen, A. S.

One-way quantum repeater based on near-deterministic photon-emitter interfaces.

arXiv:1907.05101 [quant-ph] 2019, arXiv: 1907.05101.

(2) Aspuru-Guzik, A.; Walther, P. Photonic quantum simulators. Nature Physics 2012, 8,

285–291.

(3) Rudolph, T. Why I am optimistic about the silicon-photonic route to quantum com-

puting. APL Photonics 2017, 2, 030901.

23



(4) Ladd, T. D.; Jelezko, F.; Laflamme, R.; Nakamura, Y.; Monroe, C.; OâĂŹBrien, J. L.

Quantum computers. Nature 2010, 464, 45–53.

(5) Flamini, F.; Spagnolo, N.; Sciarrino, F. Photonic quantum information processing: a

review. Reports on Progress in Physics 2018, 82, 016001, Publisher: IOP Publishing.

(6) Hepp, S.; Jetter, M.; Portalupi, S. L.; Michler, P. Semiconductor Quan-

tum Dots for Integrated Quantum Photonics (Adv. Quantum Technol.

9/2019). Advanced Quantum Technologies 2019, 2, 1970053, _eprint:

https://onlinelibrary.wiley.com/doi/pdf/10.1002/qute.201970053.

(7) Kim, J.-H.; Aghaeimeibodi, S.; Carolan, J.; Englund, D.; Waks, E. Hybrid integration

methods for on-chip quantum photonics. Optica 2020, 7, 291–308, Publisher: Optical

Society of America.

(8) Mouradian, S. L.; SchrÃűder, T.; Poitras, C. B.; Li, L.; Goldstein, J.; Chen, E. H.;

Walsh, M.; Cardenas, J.; Markham, M. L.; Twitchen, D. J.; Lipson, M.; Englund, D.

Scalable Integration of Long-Lived QuantumMemories into a Photonic Circuit. Physical

Review X 2015, 5, 031009.

(9) Stanford, M. G.; Rack, P. D.; Jariwala, D. Emerging nanofabrication and quantum

confinement techniques for 2D materials beyond graphene. npj 2D Materials and Ap-

plications 2018, 2, 1–15.

(10) Tonndorf, P.; Schmidt, R.; Schneider, R.; Kern, J.; Buscema, M.; Steele, G. A.;

Castellanos-Gomez, A.; Zant, H. S. J. v. d.; Vasconcellos, S. M. d.; Bratschitsch, R.

Single-photon emission from localized excitons in an atomically thin semiconductor.

Optica 2015, 2, 347–352.

(11) Kumar, S.; Kaczmarczyk, A.; Gerardot, B. D. Strain-Induced Spatial and Spectral

Isolation of Quantum Emitters in Mono- and Bilayer WSe2. Nano Letters 2015, 15,

7567–7573.

24



(12) Srivastava, A.; Sidler, M.; Allain, A. V.; Lembke, D. S.; Kis, A.; ImamoÄ§lu, A. Op-

tically active quantum dots in monolayer WSe2. Nature Nanotechnology 2015, 10,

491–496.

(13) He, Y.-M.; Clark, G.; Schaibley, J. R.; He, Y.; Chen, M.-C.; Wei, Y.-J.; Ding, X.;

Zhang, Q.; Yao, W.; Xu, X.; Lu, C.-Y.; Pan, J.-W. Single quantum emitters in mono-

layer semiconductors. Nature Nanotechnology 2015, 10, 497–502.

(14) Koperski, M.; Nogajewski, K.; Arora, A.; Cherkez, V.; Mallet, P.; Veuillen, J.-Y.; Mar-

cus, J.; Kossacki, P.; Potemski, M. Single photon emitters in exfoliated WSe2 structures.

Nature Nanotechnology 2015, 10, 503–506.

(15) Chakraborty, C.; Kinnischtzke, L.; Goodfellow, K. M.; Beams, R.; Vamivakas, A. N.

Voltage-controlled quantum light from an atomically thin semiconductor. Nature Nan-

otechnology 2015, 10, 507–511.

(16) Branny, A.; Kumar, S.; Proux, R.; Gerardot, B. D. Deterministic strain-induced ar-

rays of quantum emitters in a two-dimensional semiconductor. Nature Communications

2017, 8, 1–7.

(17) Palacios-Berraquero, C.; Kara, D. M.; Montblanch, A. R.-P.; Barbone, M.; Latawiec, P.;

Yoon, D.; Ott, A. K.; Loncar, M.; Ferrari, A. C.; AtatÃĳre, M. Large-scale quantum-

emitter arrays in atomically thin semiconductors. Nature Communications 2017, 8,

1–6.

(18) White, D.; Branny, A.; Chapman, R. J.; Picard, R.; Brotons-Gisbert, M.; Boes, A.;

Peruzzo, A.; Bonato, C.; Gerardot, B. D. Atomically-thin quantum dots integrated

with lithium niobate photonic chips [Invited]. Optical Materials Express 2019, 9, 441–

448.

(19) Blauth, M.; JÃĳrgensen, M.; Vest, G.; Hartwig, O.; Prechtl, M.; Cerne, J.; Finley, J. J.;

Kaniber, M. Coupling Single Photons from Discrete Quantum Emitters in WSe2 to

25



Lithographically Defined Plasmonic Slot Waveguides. Nano Letters 2018, 18, 6812–

6819.

(20) Tonndorf, P.; Del Pozo-Zamudio, O.; Gruhler, N.; Kern, J.; Schmidt, R.; Dmitriev, A. I.;

Bakhtinov, A. P.; Tartakovskii, A. I.; Pernice, W.; Michaelis de Vasconcellos, S.; Brats-

chitsch, R. On-Chip Waveguide Coupling of a Layered Semiconductor Single-Photon

Source. Nano Letters 2017, 17, 5446–5451.

(21) Peyskens, F.; Chakraborty, C.; Muneeb, M.; Thourhout, D. V.; Englund, D. Integration

of single photon emitters in 2D layered materials with a silicon nitride photonic chip.

Nature Communications 2019, 10, 1–7.

(22) Kim, S.; Duong, N. M. H.; Nguyen, M.; Lu, T.-J.; Kianinia, M.; Mendelson, N.; Solnt-

sev, A.; Bradac, C.; Englund, D. R.; Aharonovich, I. Integrated on Chip Platform with

Quantum Emitters in Layered Materials. Advanced Optical Materials 0, 1901132.

(23) Warren, W. S.; Rabitz, H.; Dahleh, M. Coherent Control of Quantum Dynamics: The

Dream Is Alive. Science 1993, 259, 1581–1589, Publisher: American Association for

the Advancement of Science Section: Articles.

(24) Somaschi, N. et al. Near-optimal single-photon sources in the solid state. Nature Pho-

tonics 2016, 10, 340–345, Number: 5 Publisher: Nature Publishing Group.

(25) Ding, X.; He, Y.; Duan, Z.-C.; Gregersen, N.; Chen, M.-C.; Unsleber, S.; Maier, S.;

Schneider, C.; Kamp, M.; HÃűfling, S.; Lu, C.-Y.; Pan, J.-W. On-Demand Single

Photons with High Extraction Efficiency and Near-Unity Indistinguishability from a

Resonantly Driven Quantum Dot in a Micropillar. Physical Review Letters 2016, 116,

020401, Publisher: American Physical Society.

(26) Castellanos-Gomez, A.; Buscema, M.; Molenaar, R.; Singh, V.; Janssen, L.; Zant, H.

S. J. v. d.; Steele, G. A. Deterministic transfer of two-dimensional materials by all-dry

viscoelastic stamping. 2D Materials 2014, 1, 011002.

26



(27) Muller, A.; Flagg, E. B.; Bianucci, P.; Wang, X. Y.; Deppe, D. G.; Ma, W.; Zhang, J.;

Salamo, G. J.; Xiao, M.; Shih, C. K. Resonance Fluorescence from a Coherently Driven

Semiconductor Quantum Dot in a Cavity. Physical Review Letters 2007, 99, 187402,

Publisher: American Physical Society.

(28) Kumar, S.; BrotÃşns-Gisbert, M.; Al-Khuzheyri, R.; Branny, A.; Ballesteros-

Garcia, G.; SÃąnchez-Royo, J. F.; Gerardot, B. D. Resonant laser spectroscopy of

localized excitons in monolayer WSe2. Optica 2016, 3, 882–886, Publisher: Optical

Society of America.

(29) Konthasinghe, K.; Chakraborty, C.; Mathur, N.; Qiu, L.; Mukherjee, A.; Fuchs, G. D.;

Vamivakas, A. N. Rabi oscillations and resonance fluorescence from a single hexagonal

boron nitride quantum emitter. Optica 2019, 6, 542–548, Publisher: Optical Society

of America.

(30) Tran, T. T.; Kianinia, M.; Nguyen, M.; Kim, S.; Xu, Z.-Q.; Kubanek, A.; Toth, M.;

Aharonovich, I. Resonant Excitation of Quantum Emitters in Hexagonal Boron Nitride.

ACS Photonics 2018, 5, 295–300, Publisher: American Chemical Society.

(31) Klein, J. et al. Site-selectively generated photon emitters in monolayer MoS 2 via local

helium ion irradiation. Nature Communications 2019, 10, 1–8.

(32) Raja, A. et al. Coulomb engineering of the bandgap and excitons in two-dimensional

materials. Nature Communications 2017, 8, 1–7.

(33) Tran, K. et al. Evidence for moirÃľ excitons in van der Waals heterostructures. Nature

2019, 567, 71–75.

(34) Seyler, K. L.; Rivera, P.; Yu, H.; Wilson, N. P.; Ray, E. L.; Mandrus, D. G.; Yan, J.;

Yao, W.; Xu, X. Signatures of moirÃľ-trapped valley excitons in MoSe 2 /WSe 2

heterobilayers. Nature 2019, 567, 66–70.

27



(35) Brotons-Gisbert, M.; Baek, H.; Molina-SÃąnchez, A.; Scerri, D.; White, D.; Watan-

abe, K.; Taniguchi, T.; Bonato, C.; Gerardot, B. D. Spin-layer locking of interlayer val-

ley excitons trapped in moir\’e potentials. arXiv:1908.03778 [cond-mat] 2019, arXiv:

1908.03778.

(36) Baek, H.; Brotons-Gisbert, M.; Koong, Z. X.; Campbell, A.; Rambach, M.; Watan-

abe, K.; Taniguchi, T.; Gerardot, B. D. Highly tunable quantum light from moir\’e

trapped excitons. arXiv:2001.04305 [cond-mat] 2020, arXiv: 2001.04305.

(37) Iff, O.; Tedeschi, D.; MartÃŋn-SÃąnchez, J.; MoczaÅĆa-Dusanowska, M.; Ton-

gay, S.; Yumigeta, K.; Taboada-GutiÃľrrez, J.; Savaresi, M.; Rastelli, A.; Alonso-

GonzÃąlez, P.; HÃűfling, S.; Trotta, R.; Schneider, C. Strain-Tunable Single Photon

Sources in WSe2 Monolayers. Nano Letters 2019, 19, 6931–6936.

(38) Kim, H.; Moon, J. S.; Noh, G.; Lee, J.; Kim, J.-H. Position and Frequency Control

of Strain-Induced Quantum Emitters in WSe2 Monolayers. Nano Letters 2019, 19,

7534–7539.

(39) Grosso, G.; Moon, H.; Lienhard, B.; Ali, S.; Efetov, D. K.; Furchi, M. M.; Jarillo-

Herrero, P.; Ford, M. J.; Aharonovich, I.; Englund, D. Tunable and high-purity room

temperature single-photon emission from atomic defects in hexagonal boron nitride.

Nature Communications 2017, 8, 1–8.

(40) Noh, G.; Choi, D.; Kim, J.-H.; Im, D.-G.; Kim, Y.-H.; Seo, H.; Lee, J. Stark Tuning

of Single-Photon Emitters in Hexagonal Boron Nitride. Nano Letters 2018, 18, 4710–

4715.

(41) Schell, A. W.; Tran, T. T.; Takashima, H.; Takeuchi, S.; Aharonovich, I. Non-linear

excitation of quantum emitters in hexagonal boron nitride multiplayers. APL Photonics

2016, 1, 091302.

28



(42) Extensible Timetag Analyzer. 2019; https://github.com/timetag/ETA, original-date:

2018-03-13T19:49:47Z.

(43) Michler, P.; ImamoÄ§lu, A.; Mason, M. D.; Carson, P. J.; Strouse, G. F.; Buratto, S. K.

Quantum correlation among photons from a single quantum dot at room temperature.

Nature 2000, 406, 968–970.

(44) SchÃűll, E.; Hanschke, L.; Schweickert, L.; Zeuner, K. D.; Reindl, M.; Covre da

Silva, S. F.; Lettner, T.; Trotta, R.; Finley, J. J.; MÃĳller, K.; Rastelli, A.; Zwiller, V.;

JÃűns, K. D. Resonance Fluorescence of GaAs Quantum Dots with Near-Unity Photon

Indistinguishability. Nano Letters 2019, 19, 2404–2410.

(45) Ballesteros, G. C.; Proux, R.; Bonato, C.; Gerardot, B. D. readPTU: a python library to

analyse time tagged time resolved data. Journal of Instrumentation 2019, 14, T06011–

T06011, Publisher: IOP Publishing.

29

https://github.com/timetag/ETA

