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Integrated on-chip quantum light sources on a van der Waals platform

Pietro Metuh,1 Pawe l Wyborski,1 Athanasios Paralikis,1 Frederik
Schröder,1, 2 Nicolas Stenger,1, 2 Niels Gregersen,1 and Battulga Munkhbat1, ∗

1Department of Electrical and Photonics Engineering, Technical University of Denmark, 2800 Kgs. Lyngby, Denmark
2NanoPhoton – Center for Nanophotonics, Technical University of Denmark, 2800 Kgs. Lyngby, Denmark

Scalable photonic quantum information technologies require a platform combining quantum light
sources, waveguides, and detectors on a single chip. Here, we introduce a van der Waals platform
comprising strain-engineered bilayer WSe2 quantum emitters, integrated on multimode WS2 waveg-
uides with grating couplers, enabling efficient on-chip quantum light sources. The emitters exhibit
bright, highly polarised emission that couples efficiently into WS2 waveguides. Under p-shell exci-
tation, we observe high-purity, waveguide-coupled single-photon emission, measured using both an
off-chip Hanbury Brown-Twiss configuration (g(2)(0) = 0.003+0.030

−0.003) and an on-chip configuration

(g(2)(0) = 0.076 ± 0.023). For a single output, the out-coupled single-photon count rate at the
first lens reaches approximately 299 kHz under continuous-wave p-shell excitation, corresponding
to an estimated waveguide-coupled rate of 1.59 MHz. These results demonstrate an efficient, inte-
grated single-photon source and establish a pathway toward scalable photonic quantum information
processing centred around nanoengineered van der Waals materials.

A vision for scalable photonic quantum information
processing is the realization of a quantum photonic cir-
cuit by integrating all the building blocks on a single
chip.1–3 Currently, however, state-of-the-art implemen-
tations rely on disparate material systems:4 silicon5,6 or
silicon nitride7 for photonic circuits, III–V semiconduc-
tors for deterministic quantum emitters,8,9 and amor-
phous superconductors such as NbTiN or MoSi for single-
photon detectors.10 Integrating these components is pos-
sible in some circumstances,11,12 but it requires complex
hybrid fabrication with stringent thermal and chemical
compatibility, which has become a major bottleneck for
scaling up photonic quantum technologies.4 It is there-
fore desirable to identify a single material platform that
enables monolithic integration of all essential quantum
photonic components.13

Transition metal dichalcogenides (TMDs) have
emerged as a powerful material platform in nano- and
quantum photonics owing to their versatility afforded
by van der Waals (vdW) assembly.14–16 Their stackable
layered structure17 enables combination of distinct
TMDs to engineer new optical and electronic function-
alities and straightforward integration with existing
photonic platforms. Several mono- and bilayer TMD
semiconductors, such as WSe2

18–22 and MoTe2,23,24

can host localized quantum emitters created by strain
or defect engineering,25 producing single photons be-
tween the visible and telecom range.26 In parallel, high
nonlinear coefficients in TMDs have been exploited
for enhancing nonlinearities in established material
platforms.27 Several multilayer TMDs have also high
refractive indices and low absorption over a broad
spectral window, supporting low-loss, tightly confined
optical modes suitable for waveguides and photonic
cavities,28–31 and facilitated by their atomically smooth
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surfaces.32 Beyond light sources and passive photonics,
superconducting TMDs such as NbSe2 have recently
been explored as ultrathin single-photon detectors.33–35

Together, these complementary features render TMDs
a versatile platform for engineering emitters, circuitry,
and detectors.

Despite substantial progress in developing individual
vdW photonic components,29,36–39 a complete vdW inte-
grated circuit has not yet been realized. Previous demon-
strations of vdW quantum emitters integrated into op-
tical waveguides have shown limited coupling.26 Mono-
lithic integration40,41 is hindered due to the lack of
strain needed for creating quantum emitters, while hy-
brid waveguide structures42,43 are limited by the thick-
ness of TMD emitters, which is insufficient to reshape
guided modes. As a consequence, demonstrations to date
have relied on hybrid platforms, and no system has yet in-
tegrated TMD quantum emitters onto vdW waveguides
to realize an on-chip, waveguide-coupled single-photon
source.

In this work, we develop integrated quantum light
sources based entirely on a nanoengineered vdW material
platform. Bilayer WSe2 quantum emitters are integrated
on multimode WS2 waveguides, enabling efficient cou-
pling in an all-vdW emitter–waveguide system. We verify
the quantum nature of a bilayer WSe2 emitter by first us-
ing confocal detection, obtaining g(2)(0) = 0.043± 0.027.
We then repeat the measurement by collecting the sig-
nal via integrated grating couplers, retaining high pu-
rity (g(2)(0) = 0.003+0.030

−0.003). Taking further advantage
of the dual-ended waveguide, we use the waveguide it-
self as a beam splitter for on-chip Hanbury Brown-Twiss
(HBT) measurements. High single-photon purity is pre-
served in this configuration (g(2)(0) = 0.076 ± 0.023).
Moreover, we estimate an out-coupled single-photon rate
at the first lens of approximately 299 kHz (223 kHz)
from the first (second) grating coupler under p-shell ex-
citation. Under the assumption of an out-coupling effi-
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FIG. 1. TMD-based photonic
integrated circuit for scalable
quantum information pro-
cessing. Distinct optical, elec-
tronic, and mechanical proper-
ties across different transition-
metal dichalcogenides (TMDs) al-
low each material to serve a spe-
cialized function in an integrated
quantum photonic architecture:
mono- or bilayer WSe2 as single-
photon emitters, nanostructured
multilayer WS2 as high-index and
low-loss photonic integrated cir-
cuits incorporating couplers, fil-
ters, beam splitters, and inter-
ferometers, and superconducting
NbSe2 nanowires as fast and effi-
cient single-photon detectors.

ciency of 18.8%, the upper limit obtained via numerical
simulations, this translates to a waveguide-coupled rate
of 1.7 MHz (1.19 MHz). These results constitute the
first demonstration of an integrated single-photon source
where both the quantum emitter and the photonic cir-
cuitry are realized entirely from TMD materials, paving
the way toward monolithic, vdW-centered quantum pho-
tonic integrated circuits.

I. Our vision: a versatile van der Waals platform
for quantum photonics

Figure 1 illustrates a concept of a photonic inte-
grated circuit made primarily of TMD materials with
complementary optical and electrical functionalities.44,45

Within this platform, strain-engineered TMDs, such
as WSe2, serve as on-demand quantum light sources.
Single-photon emission has been observed in both mono-
layer and bilayer WSe2, with bilayers offering reduced
background photoluminescence while maintaining high
brightness.46–48 In this concept, local strain is applied
by transferring WSe2 onto slab waveguides, where edge-
induced wrinkles create quantum emitters.36,49

Photonic circuits are realized with nanostructured
multilayer TMDs, such as WS2, which can be patterned
with established nanofabrication techniques32,50 and of-
fer highly confined, low-loss propagation from 750 nm
up to the telecom band, as required by miniaturized in-
tegrated photonics.29 Other photonic components, such
as couplers, cavities, and spectral filters, can also be im-
plemented with the same material.32,51 Finally, vdW su-
perconductors, such as NbSe2, can be patterned into in-
tegrated superconducting-nanowire single-photon detec-
tors (SNSPDs),33,34 whose detection rates, efficiency, and
timing jitter excel among single-photon detector classes.

Such a platform can be developed without the need

for physical or chemical vapour deposition techniques,
which might limit the monolithic or hybrid fabrication
of all the circuit components in a single chip. The
lack of surface dangling bonds in 2D materials results
in an effective integration approach,13 where vdW films
can be transferred on any photonic circuit with pre-
patterned devices for generating,37,42,49 guiding,29,51 and
detecting33,34 single-photon states, thus making these
materials compatible with existing circuit platforms.

II. Van der Waals photonic devices: waveguides
and grating couplers

We begin by establishing multilayer WS2-based opti-
cal waveguides and grating couplers as building blocks for
integrated photonics. The proposed geometry consists of
multimode slab waveguides (w = 500 nm, h = 150 nm),
designed for large mode overlap with dipole-like emit-
ters located near the waveguide. Figures 2a,b show
the dispersion relation of the propagating modes and
their electric field profile at 802 nm, respectively. De-
spite separating the modes into transverse-electric (TE)
and transverse-magnetic (TM) depending on their pri-
mary polarisation, it is worth noting that at 802 nm
most higher-order modes are hybrid, and therefore have
a variable polarisation ratio. The waveguide fabrication
process begins by mechanical exfoliation of WS2 flakes.
When suitable flakes at the desired thickness are found,
they are transferred onto Si chips with a 2 µm SiO2 layer
and pre-patterned alignment markers. The designed
structures are then fabricated by transferring an electron-
beam resist pattern onto the flake via reactive-ion etch-
ing (Supplementary Note 1). The resulting waveguides
are characterized by a smooth surface (given by the pris-
tine WS2 flake) and limited sidewall roughness or etching
residues, as reported in atomic force microscopy (AFM)
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FIG. 2. Nanostructured WS2 for on-chip waveguides. (a) Dispersion relation of a 500 × 150 nm WS2 slab waveguide
on a SiO2 substrate, showing all propagating modes with a cut-off wavelength above λ = 800 nm. The dashed black lines
mark the propagation constant in bulk WS2 and SiO2. (b) Electric field intensity profile at λ = 802 nm for each propagating
mode shown in (a); the waveguide and substrate cross-sections are outlined in white. (c) Atomic force microscopy trace of
the 500 × 175 nm waveguide used for near-field microscopy, showing a slab waveguide with minimal surface roughness. (d)
Scanning electron microscopy image of short 500×150 nm waveguides with variable grating coupler design or no grating coupler
(bottom waveguide). (e) Optical microscopy image of two of the waveguides shown in (d) under illumination with a broadband
source; the empty orange circle indicates the beam spot. Light can be coupled in the waveguide by edge scattering (i, iv) or
grating coupling (iii) and observed on the opposite end; no light is coupled by irradiating the surface of the waveguide (ii). (f)
Dispersion relation of the TE modes measured with near-field microscopy (sSNOM) over the waveguide in (c) at decreasing
photon wavelengths, from 1120 to 1190 nm. The two dashed lines matching the spectral features correspond to an effective
refractive index of 2.90 (propagating mode) and 1.44 (SiO2 substrate mode). (g) Far-field distribution of the upward-coupled
fundamental TE mode at λ = 800 nm from the proposed grating coupler design, obtained via FDTD modelling; the light within
the white circle can be collected with an objective with NA = 0.81. (h) FDTD modelling of the collection efficiency spectra
for the propagating modes with the proposed grating coupler design. (i) Comparison of the total transmittance between
grating coupling (blue) and side-scattering coupling (yellow) through a 60 µm-long WS2 waveguide. The spectra are ten
point-averaged and normalized by the grating-coupled transmittance value at 800 nm. The inset shows an illustration of the
waveguides characterized in the measurement.

and scanning electron microscopy (SEM) images in Fig.
2c,d.

Initially, we illustrate the possible coupling mecha-
nisms with a set of three short (21 µm) waveguides with

a single-sided grating coupler, whose design is described
later in this section (Fig. 2d). As shown in Fig. 2e, a
broadband objective-focused beam can be launched into
the waveguide by scattering through the ungrated end,
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couple out of a grating coupler (as revealed by the smaller
bright spot), and be collected by the same objective (i). If
the beam spot is moved slightly, no light scatters through
the waveguide (ii). Light can also be injected via the
grated end (iii), and emission can be observed because
of the up-scattered light from the opposite end. Finally,
scattering from the waveguide ends enables coupling to
and from a high-numerical aperture (NA) objective even
without gratings (iv), despite the reduced efficiency.

To examine propagation (shown in Fig. 2c), we
perform scattering-type scanning near-field optical mi-
croscopy (sSNOM) between 1120–1190 nm on a 20 µm-
long waveguide (see Methods and Supplementary Fig.
2). For each wavelength, we extracted the momenta
of the propagating waves.52,53 and plotted them against
the excitation wavelength to reconstruct the waveguide-
mode dispersion (Fig. 2f). This revealed a mode with
wavenumber q = 2.45 µm−1 at λ = 1190 nm, correspond-
ing to an effective index nexp = 2.90. By comparison, the
simulated index of TE00 in a WS2 slab waveguide with
500 × 175 nm in cross-section and 40 nm of over-etch
on SiO2 is nnum = 2.99, in good agreement with the
sSNOM data. A second prominent feature corresponds
to nsub = 1.44, a substrate mode in the SiO2 layer.

When probing waveguide-coupled emitters at low tem-
perature, using a single optical path for excitation and
collection via a high-NA objective is convenient to re-
move the need for separate fibres at each port. However,
collection via an objective is less efficient than optical
fibre coupling, as a fibre can be independently aligned
to the phase-matched out-coupled beam.54 In addition,
typical grating designs are optimized for fibre-core di-
mensions and include a tapered waveguide to adiabati-
cally alter the field confinement.54 We therefore adopted
a compact grating coupler geometry suited to vertical mi-
croscope operation, consisting of concentric half-rings.55

The higher effective index in WS2 compared with the ref-
erenced work,55 which proposes a silicon-nitride coupler,
causes the main deviation from the original design. The
single-step etching process was maintained, thus fixing
the grating depth to the waveguide height.

To maximize extraction of waveguide-coupled emis-
sion, we optimized the coupling efficiency from a guided
mode to an objective with NA = 0.81 by sweeping
the grating parameters in finite-difference time-domain
(FDTD) simulations (Methods). The optimized coupler
comprises four half-rings with a 780 nm pitch and a 55%
duty cycle. Figure 2g shows the out-coupled far-field pat-
tern for TE00 at 800 nm; most upward-scattered light
falls within the 53.1◦ half-angle cone corresponding to
the objective NA. The TM00 mode exhibits a similar pat-
tern, which is however nearly orthogonal in polarisation
to TE00 (Supplementary Fig. 3). Extraction-efficiency
spectra (Fig. 2h) give an average of 12.5% at 802 nm
across all propagating modes, with a maximum of 18.8%
for TM00. Efficiency is mainly limited by the high in-
dex contrast between WS2 and air, remediable by vary-
ing the grating depth (thus requiring a two-step etching

process),54,56 and the scattering toward the substrate,
which could be decreased with a suspended design or a
reflective layer.55

Light injection through WS2 waveguides was charac-
terized by comparing the spectral transmittance of grated
and ungrated 60 µm-long waveguides (Fig. 2i) when
a focused beam entered one end and the out-coupled
spectrum was measured at the opposite end. Notably,
we observe a maximum around 800 nm and consis-
tently higher transmittance between 750–850 nm with
the grated structure. Extended-range spectra are pro-
vided in Supplementary Fig. 4.

III. Integration with quantum emitters

After inspecting the fabricated structures, we inte-
grated quantum emitters on the 60 µm-long waveguide
characterized in Fig. 2i by transferring a thin hexago-
nal boron nitride (hBN) layer onto part of the waveg-
uide, followed by a WSe2 bilayer. By having a thin
layer of hBN between WS2 and WSe2, the bilayer can
be transferred undamaged, while maintaining proximity
between the two materials to facilitate the emitter cou-
pling into the waveguide. The sample was then cooled
to T = 4 K. Emitters were located by scanning a laser
along the waveguide and monitoring confocal photolu-
minescence; once a spectral line appeared, the collec-
tion spot was repositioned to either grating to verify
the emitter-waveguide coupling (Fig. 3a). Waveguide-
coupled photoluminescence can also be imaged with a
camera, as shown in Fig. 3b, where the laser is positioned
on top of the quantum emitter characterized in Fig. 3d-
g. Additional photoluminescence images are provided in
Supplementary Fig. 5.

To assess how position and orientation of the emitter—
modelled as a dipole source57—affect coupling efficiency,
we performed FDTD simulations to calculate the cou-
pling between the dipole and each propagating mode.
The results show that overall TM and hybrid modes cou-
ple more strongly to the dipole because of a larger field
overlap (Supplementary Note 4). Furthermore, the effi-
ciency varies markedly with dipole orientation; Figure
3c reports the total coupling efficiency to any guided
mode for each dipole orientation axis. Due to the hy-
brid polarisation of some propagating modes, coupling
is possible not only for an in-plane dipole orthogonal to
the waveguide axis (y), but also for a dipole oriented
along the waveguide (x) and for an out-of-plane dipole
(z), albeit with reduced efficiency. Since dipole orienta-
tion in strained WSe2 flakes tends to follow the wrinkle
direction,22 transferring a flake onto a slab waveguide
might induce emitters that are oriented along the waveg-
uide edge. The emitter-waveguide coupling has also been
modelled with a dipole along the side of the waveguide
rather than above it (Supplementary Note 4).

We now focus on a spectral line at λ = 802 nm,
whose emitter (QE1) lies on the excitation spot shown
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FIG. 3. Integration of WS2 waveguides with hBN/WSe2 heterostructures for on-chip coupling of single photons.
(a) Artistic illustration of the characterized device, consisting of a 60 µm-long WS2 waveguide with a 90◦ bend and grating
couplers, with a thin (< 5 nm) hBN layer and a WSe2 bilayer transferred on top. By optically exciting a quantum emitter in
the WSe2 bilayer, single photons couple to waveguide modes and are collected via the grating couplers. (b) Photoluminescence
emitted by a laser-excited quantum emitter on bilayer WSe2 emitter; the waveguide and a portion of the bilayer are overlapped
in the image for reference. Photoluminescence is observed on both the excitation spot and the two grating couplers. (c)
Simulated coupling efficiency between an electric dipole 5 nm above the waveguide and a propagating mode as a function of
the distance from the vertical symmetry axis of the waveguide cross-section; the coupling is calculated with the dipole oriented
along each main axis. (d) Photoluminescence excitation spectral map of a quantum emitter at λ = 802 nm, measured from
GC1; the emitter can be excited via p-shell excitation, showing peak brightness with an excitation laser at λp = 783 nm.
The partially-filtered laser line is intentionally shown. (e) Emission spectra from GC1 obtained via above-band and p-shell
excitation of the quantum emitter; p-shell excitation suppresses the majority of the background emission and increases the
emitter brightness. (f) Power-dependent photoluminescence (integrated counts per second at the spectrometer, logarithmic
scale) and spectral linewidth of the quantum emitter at GC1 under the two excitation schemes. (g) Polarisation-dependent
photoluminescence at GC1 or confocal to the excitation laser under p-shell excitation, fitted with a sinusoidal curve. (h)
Additional examples of spectral lines coupled through the waveguide and collected from a grating coupler.

in Fig. 3b, and compare two excitation schemes: above-
band excitation (ABE) at 650 nm and p-shell excita-
tion (PSE), obtained by detuning the pump wavelength
by 10-30 nm below the emission line, thereby still al-

lowing efficient spectral filtering of the pump. Once
a higher-energy discrete level of the emitter is reached
(here, at λp = 783 nm), considerably brighter emis-
sion is measured both with a confocal collection spot
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and at the grating couplers (Fig. 3d). Two spectra
of QE1 collected at the upper grating coupler (GC1)
are compared in Fig. 3e under ABE and PSE at near-
saturation pump power. Brighter emission is achieved
under PSE, while simultaneously reducing the spectral
background from higher-energy states.58 Both excitation
schemes yield brighter waveguide-coupled photolumines-
cence of TMD single-photon emitters than previously
reported,36,49 which we partly attribute to a larger field
overlap between the emitter and the guided modes.26 In-
cidentally, bilayer WSe2 transferred on WS2 waveguides
without a bottom hBN flake coupled more weakly (Sup-
plementary Note 5), hinting at a role of hBN in affecting
the WSe2 charge environment.59 The integrated counts of
QE1 under PSE increased by roughly one order of mag-
nitude at equal pump power, while the emitter linewidth
is comparable to ABE, if slightly narrower (Fig. 3f and
Supplementary Fig. 6). Furthermore, the decay time of
this emitter is reduced from τABE = (55.0 ± 1.1) ns to
τPSE = (31.1 ± 0.4) ns (Supplementary Fig. 7).

Having established the efficacy of PSE, we evalu-
ate additional spectral properties of waveguide-coupled
WSe2 emitters. A photoluminescence spectrogram (Sup-
plementary Fig. 8) shows limited spectral wandering,
which could be further reduced by stabilising the charge
environment.59 In addition, polarisation-resolved mea-
surements confirm the polarised nature of the emit-
ter, and polarisation is preserved even for waveguide-
coupled emission (Fig. 3g and Supplementary Fig. 9).
The degree of linear polarisation (DOLP), calculated as
(Imax − Imin)/(Imax + Imin), at GC1 and confocal to the
emitter gives (84± 18)% and (98+2

−8)%, respectively, sim-

ilarly to other strain-engineered WSe2 emitters.22 The
polarisation aligns with the waveguide in the confocal
case, implying that the dipole has a component parallel
to the waveguide. However, an out-of-plane component
cannot be excluded, since its emission would be largely
inaccessible under confocal collection yet could still cou-
ple to a waveguide mode. Both dipole orientations cou-
ple most efficiently with TM or hybrid modes. In ad-
dition, since the out-coupled polarisation at the grating
couplers matches the simulated field distribution of a TM
mode (Supplementary Fig. 2), we conclude that a TM-
polarised waveguide mode is the main contributor to the
measured signal.

Finally, to further demonstrate the fabrication of
waveguide-coupled quantum emitters with this method,
we report additional bright lines between 795 and 800 nm
from other emitters (Fig. 3h) under p-shell excitation
and collection at a grating coupler, confirming that WS2

waveguides constitute a robust platform for on-chip cou-
pling of vdW emitters.

IV. On-chip second-order correlation measurement

To verify the single-photon nature of QE1, we evalu-
ated the second-order autocorrelation function g2(τ) un-

der different HBT configurations. First, single photons
are collected confocally from the excitation spot (Fig.
4a). The signal is then split into two arms with a beam
splitter and correlated after detection with an SNSPD,
producing the autocorrelation trace shown in Fig. 4d.
The fitted curve yields a zero-delay second-order corre-
lation of g(2)(0) = 0.043± 0.027, demonstrating the high
single-photon purity of QE1.

The measurement is repeated by moving the collec-
tion spot to GC1 (Fig. 4b), thereby correlating the
waveguide-coupled emission. With this dataset, the pu-
rity of the single-photon state (g(2)(0) = 0.003+0.030

−0.003)
increases further, approaching the unity limit. We at-
tribute the increased purity from the confocal configu-
ration to a slightly lower excitation power and to more
efficient waveguide coupling of the emitter compared with
background emission.

In the final configuration, the beam splitter in the HBT
setup is removed, and a second collection spot is imple-
mented and aligned with the other grating coupler, GC2
(Fig. 4c), so that the waveguide itself is used as an on-
chip beam splitter. In addition to simplifying the experi-
mental setup, this improves the robustness of the second-
order autocorrelation measurement, which is obtained
by correlating photons at two separate waveguide ports,
rather than halving the photon stream from a single port.
The resulting measurement confirms the preserved pu-
rity of the quantum emitter (g(2)(0) = 0.076 ± 0.023)
and provides, to our knowledge, the first demonstration
of an HBT measurement of vdW quantum emitters using
on-chip waveguides and beam splitters. The whole auto-
correlation traces and raw g(2)(0) values are presented in
Supplementary Note 6.

We conclude by discussing the emitter brightness. The
single-photon count rate at saturation measured by the
SNSPD during the HBT measurement yielded approxi-
mately 20 and 15 kHz for GC1 and GC2, respectively.
Accounting for the losses in the transmission setup, we
estimated the single-photon rate at the first lens to be
299 and 223 kHz for the respective grating coupler. Since
the maximum theoretical extraction efficiency from the
grating coupler is 18.8%, as shown in Fig. 2h, we esti-
mate a minimum waveguide-coupled single-photon rate
of 1.59 MHz and 1.19 MHz along the two directions. We
note that this is a conservative estimation, as fabrication
imperfections and multimode coupling render the sim-
ulated extraction efficiency value an upper bound. In
comparison, the confocal count rate at the first lens is
evaluated at 1.49 MHz. Given an average re-excitation
time of 31.1 ns (from the measured decay time), the to-
tal waveguide-coupled quantum efficiency is estimated at
10%, highlighting the effective coupling mechanism in the
presented vdW system. Details about the single-photon
rates and efficiency figures are provided in Supplemen-
tary Note 7. Further improvements could be achievable
by increasing spectral stability via electrical biasing. In
addition, the emitter brightness and indistinguishability
could be enhanced by integration with high-Q optical
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FIG. 4. On-chip waveguide-coupled single-photon purity. (a-c) Simplified illustration of the Hanbury Brown and Twiss
(HBT) experimental setup realized with (a) the collection spot confocal to the excitation source and an external beam splitter
before the detectors; (b) the collection spot at one grating coupler with an external beam splitter before the detectors; (c)
a collection spot at each grating coupler, so that the HBT effect can be observed without an external beam splitter. (d-f)
Continuous-wave second-order autocorrelation traces obtained with the respective setup; the traces are plot with a three-point
moving average, and show signatures of photoluminescence blinking. All configuration exhibit high single-photon purity at zero
time delay.

cavities40,60,61 and advanced excitation schemes.48,62

V. Conclusions

In this work, we demonstrated integrated quantum
emitters built entirely on a van der Waals platform. The
integration of bilayer WSe2 quantum emitters with mul-
timode WS2 waveguides enabled efficient on-chip cou-
pling of high-purity, polarised single photons. Multiple
single-photon emitters were shown to couple efficiently to
WS2 waveguides, highlighting the robustness of the plat-
form. Moreover, the bidirectional coupling of the WS2

waveguide was exploited to establish an on-chip second-
order correlation experiment. The estimated MHz-level
waveguide-coupled single-photon rates indicate efficient
emitter-waveguide coupling and underscore the potential
of the vdW platform for bright integrated sources. Look-
ing ahead, extending this platform with single-photon
detectors, phase modulators, and interferometric compo-
nents would enable a promising route to vdW quantum
photonic integrated circuits, paving the way for scalable
quantum information processing based entirely on nano-
engineered two-dimensional materials.

Methods

A. Numerical modelling

Eigenmode modelling. Modelling of the propa-
gating modes and the dispersion relation were carried
out with a finite-difference eigenmode solver in Ansys
Lumerical. For the calculations, a dispersive complex re-
fractive index was fitted for each material; for WS2, an
anisotropic index was implemented.45

Grating coupler simulations. The design of
the grating coupler and the calculations of waveguide-
objective coupling, far-field maps, and dipole-waveguide
coupling were simulated with the FDTD solver in Ansys
Lumerical. The initial structure of the grating coupler
was adopted by another work55 and optimized by sweep-
ing ring period, duty cycle (i.e., the ratio between the
ring width and the ring period), and number of rings.
The out-coupling efficiency, which is the product of the
upward-scattered transmittance from the grating with
the fraction of the far field within the objective aper-
ture, was calculated by calculating the transmittance
from each propagating mode to a field monitor above the
grating coupler; the transmittance was then integrated
within the light cone of an objective with NA = 0.81,
corresponding to a half-angle of about 53.1°.
Dipole-waveguide coupling simulations. Dipole-
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waveguide simulations were modelled in Ansys Lumerical
by calculating the projection of each propagating mode
in the transmittance from a dipole source into the slab
waveguide. Due to the variable dipole power emitted by
the source (which is highly dependent on the dipole po-
sition relative to the waveguide), the coupling efficiency
was normalized by the Purcell factor at each position, so
that the coupling relative to the real emitted power can
be evaluated.57 Unless otherwise stated, the dipole was
positioned 5 nm above the waveguide to mimic the hBN
thickness. The total coupling efficiency is calculated by
summing the contribution of all eight propagating modes
for each dipole axis orientation.

B. Nanofabrication

Substrate preparation. The substrates are pre-
pared by thermally growing 2 µm of SiO2 on silicon and
patterning alignment markers with a negative UV resist
(AZ nLOF 2020) and electron-beam evaporation of 5 nm
of titanium, followed by 50 nm of gold. The metal is lifted
off in an ultrasonic bath of MICROPOSIT Remover 1165
and rinsed in isopropyl alcohol and water.
Exfoliation and transferring. WS2, hBN, and

WSe2 (HQ Graphene) are exfoliated using the same
stamping technique.17 Semiconductor wafer tape (Nitto
SWT 20+R) is used to initially exfoliate and thin down
large flakes from a bulk crystal. Polydimethylsiloxane
(PDMS) stamps on glass slides are then used to exfo-
liate the crystal into smaller flakes, which are selected
by thickness and homogeneity. The thickness of WS2

flakes was measured with the transfer matrix method by
fitting reflectivity spectra from confocal illumination of
the flake on the PDMS stamp with a broadband source.
Thin flakes of hBN were selected by their optical con-
trast under an optical microscope, and bilayer WSe2 was
identified by room-temperature photoluminescence with
a blue LED.

WS2 flakes are positioned and transferred onto the sub-
strate with a transfer station (HQ Graphene Systems
HQ2D MAN), where the substrate is heated to 70°C
to overcome the adhesion of the flake to PDMS upon
contact. Three baths of acetone, isopropyl alcohol, and
deionized water are used to clean the sample from con-
taminants at the end of the transfer process. After trans-
ferring the flakes, the fit was confirmed with a stylus pro-
filometer (Bruker Dektak XTA). The same method has
been used to transfer hBN and WSe2 after patterning the
waveguides and removing the resist mask.
Patterning of WS2 waveguides. WS2 flakes were

patterned with electron-beam lithography by spin coat-
ing an adhesion promoter (Microchemicals TI Prime) and
negative resist (Allresist AR-N 7520) and exposing it
(Raith eLINE at 30 kV or JEOL JBX-9500FS at 100 kV).
A thin aluminium layer (10 nm) was thermally evap-
orated on the samples processed at 100 kV before the
exposure. Aluminium was removed with AZ 726 MIF

(2.38% tetramethylammonium hydroxide) in 30 s and
rinsed in water, while the resist was developed with All-
resist AR 300-47 in 1 min and rinsed in water. The resist
was descummed in an oxygen plasma for 30 s. The pat-
tern was transferred to the WS2 flake with an ICP-RIE
tool (SPS M/PLEX ICP–RIE) in a CHF3- and Ar-based
chemistry (40 sccm flow for each gas, 10 mTorr pressure,
150 W coil power and 25 W platen power), and the resist
is removed with an oxygen plasma.

C. Characterization

Near-field measurements. A scattering-type scan-
ning near-field optical microscope (attocube neaSCOPE)
in reflection mode was used to map a 500× 175 nm WS2

slab waveguide with 50 nm of SiO2 overetch. The in-
cident light from a tunable laser (Sacher Lasertechnik
Group TEC-520-1180-030) is focused by a parabolic mir-
ror on a platinum–iridium coated silicon AFM probe
tip (NanoWorld ARROW-NCPt) operating in tapping
mode. The excitation light impinges in the YZ plane
(see Fig. 2c) at an angle of approximately 45°. The
scattered light is detected with a photodiode (Newport
2053-FC). Both the excitation and the scattered light are
filtered with co-polarised linear polarisers, aligned in s-
polarisation. The signal recorded by the photodiode is
demodulated at the third harmonic order of the tip tap-
ping frequency.63,64 Together with a pseudo-heterodyne
detection scheme,65 this allows retrieval of the near-field
amplitude while the far-field signal is largely suppressed.
Waveguide characterization. Room-temperature

coupling to the waveguide was performed with a home-
made confocal photoluminescence setup by using a fil-
tered broadband source (Thorlabs OSL2IR) coupled to
a single-mode fiber (Thorlabs P3-780A-FC-2), a 50× ob-
jective (Nikon LU Plan Fluor, NA = 0.8), and an infrared
spectrometer (Andor Kymera 328i, Andor iDus InGaAs
1.7 µm ). The sample was imaged with a CMOS camera
(Thorlabs CS165MU/M).

For low-temperature characterization measurements,
the sample was loaded in an optical, closed-cycle vacuum
cryostat (attocube attoDRY800) with a nano-positioner
and a base temperature of T ≈ 4 K. At low temperature,
the transmission measurements were carried out with the
same light source, but with a visible-light spectrometer
(Horiba iHR 550, Horiba Syncerity BI-NIR) and imag-
ing camera (Tucsen Dhyana 400D). A low-temperature
objective (attocube LT-APO/NIR/0.81, NA = 0.81) is
used to focus the light on the sample surface. The spec-
tra were post-processed with a ten-point moving average
to smoothen the signal, and are normalized by dividing
the traces with a reference spectrum of a reflective gold
mirror.
Photoluminescence measurements. Bilayer WSe2

is illuminated with either a 650-nm diode laser (Pi-
coQuant LDH-D-C-650) in continuous-wave or pulsed
mode for above-band excitation, a tunable (770-795 nm)



9

CW laser (Toptica DL PRO) for continuous-wave p-shell
excitation, and a tunable femtosecond laser (Coherent
Chameleon Ultra II) for pulsed p-shell excitation. The
laser polarisation is controlled with a half-wave plate and
a linear polariser before entering the optical window of
the cryostat and is focused by the same low-temperature
objective. The same objective collimates the photolu-
minescence signal, which is filtered from the laser pump
with different configurations of bandpass or longpass fil-
ters. The detection polarisation is controlled with a half-
wave plate and a linear polariser before coupling to a
single-mode fibre. Photoluminescence mapping was per-
formed with the camera and the spectrometer mentioned
above.

The polarisation-resolved measurements were fitted
with the following function:

I(ϕ) = a sin2(ϕ− ϕ0) + b. (1)

The error in the degree of linear polarisation, calculated
as a/(a + 2b), is given as a 95% confidence interval and
is calculated by propagating the error from (1).

Decay time and second-order correlation mea-

surements. Time-correlation measurements were car-
ried out by detecting the signal using a supercon-
ducting nanowire single-photon detector (ID Quantique
ID281). Temporal events for time-resolved photolumi-
nescence and second-order autocorrelation measurements
were correlated with a time-to-digital converter (Swabian
Instruments Time Tagger Ultra).

All second-order correlations were measured with the
tunable CW laser at λp = 783 nm. The presented raw
data are processed with a three-point average. The fit-
ting was carried out with a three-level model, which is
described by the following equation:66

g(2)(τ) = 1 − (1 + a)e−|τ |/τ1 + be−|τ |/τ2 , (2)

where τ1 and τ2 are antibunching- and bunching-related
time constants, respectively. The error in the second-
order correlation at zero delay is given as a 95% confi-
dence interval, and is calculated as a sum of the errors of
a and b.

Sample imaging. Optical microscopy images were
taken in confocal microscopes with various objectives
and cameras. The topography of the photonic circuits
and of the transferred hBN and WSe2 was character-
ized with a scanning electron microscope (Zeiss Supra 40
VP, 5 kV, SE2 detector) and an atomic force microscope
(Bruker Dimension Icon, tapping mode with Tap150Al-
G tips). Samples containing bilayer WSe2 flakes were

imaged only at the sample end-of-life to avoid inducing
defects or charging the bilayer before characterization.
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