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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. 4, |
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-ineflicient 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 waveguide-coupled 2D emitters have proven to be elusive.
Here, we show a scalable approach using a silicon nitride photonic waveguide to SioaSubstate
simultaneously strain-localize single-photon emitters from a tungsten diselenide

(WSe,) 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(z)(O) = 0.150 =+ 0.093 and perform on-chip resonant excitation, yielding a
g(z)(O) = 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.

KEYWORDS: two-dimensional materials, single-photon emitter, photonic integrated circuit, quantum photonics, resonance fluorescence,
strain engineering

Large—scale on-chip quantum technologies are crucial to by a single pick-and-place transfer using localized strain.'®"’
realize the long-standing goals of photonic quantum While the precise origin of these emitters is under debate, a
information processing, such as quantum communication,’ microscopic model that predicts many experimentally observed
quantum simulation,” and quantum computing based on physical features (such as the g-factors, fine-structure splitting,
cluster-state generation.”* A promising route toward large- radiative lifetimes, and polarization dependence) for WSe,
scale quantum information processing relies on single-photon single-photon emitters is that of intervalley defect excitons
qubits and is based on quantum emitters, memories, and arising from the hybridization of the dark excitons, modulated
detectorg interconnected via photonic integrated circuits in energy by local strain, and defect states associated with
(PICs) » intrinsic Se vacancies.”’ Efforts toward 2D TMD single-photon

S.ingle—photon emitFer integration into ‘PICS has been emitter integration into PICs are on the rise, including the
achieved by embedding quantum dots into II-V PIC transfer of tungsten diselenide (WSe,)*' and molybdenum

platforms,® with limited scalability due to their optical loss, disulfide (MoS,)** monolayers onto SiN cavities, and WSe,
large waveguide 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 dots,” diamond color centers,® and organic

molecules™'? into silicon (Si) and silicon nitride (SiN)

waveguide platforms. A drawback of this approach lies on

the stringent requirements for emitter fabrication and the =

precise pick-and-place of individual emitters, which drastically Received:  October 26, 2020 (Phdtonics

limit the scalability of this technology. Published: April 9, 2021
A promising candidate to overcome the current scalability

limitations of quantum PICs is based on two-dimensional

(2D) materials.'' In particular, transition metal dichalcoge-

nides (TMDs)">~"” enable hundreds of single-photon emitters

monolayer single-photon emitters on the facet of a titanium-
indiffused lithium niobate waveguide with a large mode size, >
and on top of a lossy plasmonic slot waveguide.”* More
scalable approaches have been initiated, such as the coupling of
single photons from a 90 nm thick gallium selenide layered
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Figure 1. (a) Artistic illustration of the coupled WSe, monolayer (1L) single-photon emitter and the Si;N, waveguide. (b) Finite element method
eigenmode simulation of the fundamental quasi-TE and (c) quasi-TM waveguide modes at 770 nm wavelength. (d) Microscope image of the Si;N,
waveguide with (e) zoom-in of the WSe, flake. The monolayer is marked in red (1L). (f) Photoluminescence with defocused excitation shows
strain-localized emitters along the waveguide edges. Emitter 1 is marked with a red circle.
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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; LP,
long-pass filter; L, lens; BD, beam dump; SSPD, superconducting single-photon detector. (b) Spectra from emitter 1 at 770 nm taken from top and

(c) through the waveguide from output 1 and (d) from output 2.

semiconductor in SiN waveguides,” photoluminescence from
a WSe, monolayer into a SiN walveguide,26 and emission from
hexagonal boron nitride (hBN) in an aluminum nitride
waveguide.”” 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 emitters through a PIC, a prerequisite for future
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initialization and coherent control of quantum states™® and for
the generation of highly indistinguishable photons.”’

Here, we address these challenges by (i) inducing strain-
localized quantum emitters at the waveguide edges, (ii)
multiplexing emitters into the same waveguide mode, (ii)
demonstrating waveguide-coupled single-photon emission, and
(iv) performing resonant excitation of a single quantum

https://doi.org/10.1021/acsphotonics.0c01653
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Figure 3. (a) Power series for emitter 1 with a repetition rate of 80 MHz. For all correlation measurements, the emitter was excited with 1.4 uW,
that is, at the start of the saturation plateau. (b) Second-order autocorrelation measurement from the top, (c) with a lower repetition rate (10

MHz), and (d) through the waveguide output 1.

emitter through the waveguide. Our results show the potential
of combining 2D semiconductors with PICs toward large-scale
quantum technologies by realizing crucial building blocks for
future complex circuits.

B RESULTS

Strain-Localized Emitters in a 2D Semiconductor.
Figure la shows a schematic of our sample, consisting of a U-
shaped Si;N, waveguide on a SiO, bottom cladding. The
designed waveguide geometry supports the fundamental quasi-
TE and quasi-TM waveguide modes, as shown in Figure 1b,c.
The microscope image in Figure 1d gives an overview of the
whole structure, with cleaved facets and an exfoliated WSe,
monolayer (1L) glaced on top of the waveguide using a dry-
transfer method®® (see Figure le and Supporting Information:
Sample geometry and fabrication). Figure 1f shows photo-
luminescence from emitters in the sample under defocused
excitation, recorded using a CCD camera with a 700 nm long
pass filter to remove backscattered laser light. The measure-
ments 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 measure-
ment setup, as shown in Figure 2a. A detailed description of
the setup is given in the Supporting Information: Experimental
setup for top excitation. The emitters in the monolayer were
excited from the top through a microscope objective with a red
pulsed laser (638 nm) with a variable repetition rate of S—80
MHz. In line with reported strain-localization of single-photon
emitters,' ™' we observe two lines of spatially localized
emitters along the waveguide edges. We observe wrinkles
crossing the waveguide in most of the emitter locations (see
Figure S1 for SEM images), while we do not observe any
photoluminescence other than in the edges of the waveguide.
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This leads us to believe that the two-dimensional strain
localization arose from monolayer wrinkles perpendicularly
crossing the waveguide edge (see Supporting Information:
Sample geometry and fabrication for further elaboration). This
way we are able to multiplex several emitters into the same
waveguide mode by a single transfer step (see Supporting
Information: Multiplexed emitters in the waveguide for more
waveguide-coupled emitters).

By focusing the excitation laser onto the sample and using a
confocal microscopy setup, we recorded the photolumines-
cence spectra of single emitters. Figure 2b shows the spectrum
of an emitter marked in Figure 1f collected out of plane of the
waveguide through the objective (detection top). To identify
the peaks, we performed polarization-resolved photolumines-
cence spectroscopy (see Supporting Information: Polarization
resolved photoluminescence spectroscopy), which indicates
that both lines show a two-level system behavior. Due to the
different intensity ratios in the collection out-of-plane and in-
plane of the waveguide, we believe that they most likely stem
from different emitters, which is possible due to our excitation
spot size of approximately 2 ym. Figures 2¢,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 nonresonant excitation.

A common signature of a two-level system is saturation of
the emission intensity with increasing excitation power, shown
in Figure 3a in a double-logarithmic plot. Fitting the data as
described in the Supporting Information: Power-dependent
photoluminescence measurements, we extracted a saturation
power of 414 + 48 nW, corresponding to 3392 counts/s on
the single-photon detector. All further measurements were
performed with an excitation power of 1.4 yW, located at the
start of the saturation plateau for a best trade-off between high-
emission intensity and increasing background.
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Figure 4. (a) Artistic illustration of the coupled WSe, monolayer single-photon emitter on the Si;N, waveguide. The 2D emitter is excited with a
continuous-wave (cw) laser coupled to the waveguide. The emitted signal is detected from the top through a microscope objective. (b) Resonance
fluorescence (RF) spectrum of emitter 2 and residual laser in a semilogarithmic plot. (c) Second-order autocorrelation measurement under
resonant excitation through the waveguide and detection from the top showing clear single-photon emission. Inset: Same measurement for a longer

time window showing bunching originating from spectral diffusion.

Single-Photon Emission from a 2D Emitter. To
confirm single-photon emission, we performed a second-
order autocorrelation measurement on emitter 1, filtered by
two overlapping tunable bandpass filters (bandwidth 20 nm)
and with a time binning of 2048 ps. Although the emitter was
excited with a 80 MHz repetition rate pulsed laser, our second-
order autocorrelation measurement, shown in Figure 3b,
resembles a measurement under a continuous-wave laser
excitation. We investigated this by measuring the emission
lifetime with a lower laser repetition rate of S MHz (see
Supporting Information: Lifetime measurement). 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 Supporting Information: Analysis
of second-order autocorrelation measurements under non-
resonant excitation) suggest that, under this circumstance, the
pulsed second-order autocorrelation measurement can be
treated like a continuous-wave measurement. Fitting the data
with the formula given in the Supporting Information yields a
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g?(0) of 0.168 + 0.048, well below 0.5 (see Figure 3b), which
demonstrates the single-photon nature of the light emission
from our 2D emitter. Additionally, we measured the second-
order autocorrelation with a repetition rate of 10 MHz shown
in Figure 3¢, yielding a g?(0) of 0.242 + 0.013 without post-
selection (see Supporting Information for the analysis).
Single-Photons from a 2D Emitter through a Si;N,
Waveguide. Next, we investigated waveguide coupling of
single-photon emission from 2D WSe, emitters. We simulate
the coupling efficiency from the emitter, approximated by a
planar dipole, into the waveguide modes (see Supporting
Information: Waveguide coupling simulations). By varying the
dipole orientation and positions along the top edge of the
waveguide, we calculated its emission into the fundamental
quasi-TE (TE00) and quasi-TM (TMO0) 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 TE0O and TMOO 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 measure-
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ments, the fiber was coupled to output 1, marked in Figure la.
We performed a second-order autocorrelation measurement
through the waveguide, shown in Figure 3d, yielding g (0) =
0.150 =+ 0.093. This value shows no degradation with respect
to the free-space g(z)(O) value, and demonstrates strain-
localized single-photon emission into a waveguide.

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
Supporting Information: Waveguide coupling simulations).
More eflicient 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 TEOO
and TMOO modes (see Supporting Information) 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 nontrivial
solutions, which currently stand as remaining challenges
hindering efficient coupling. A solution may involve inducing
emitters with a helium-focused ion beam®' or point-localizing
emitters using the strain arising from pillars, gaps, and
terminations along waveguides. Alternative methods might be
the use of cavities or Moiré-trapped excitons.*” >

Resonance Fluorescence of Waveguide-Coupled 2D
Quantum Emitters. Finally, we used our integrated device to
perform resonant excitation using side-excitation®® through the
waveguide output 1. So far, only off-chip confocal resonant
excitation of WSe, and hBN emitters have been reported,
requiring data postprocessing by either postselection of time
intervals when the emitter was on resonance to combat
spectral wandering”” or laser background subtraction.*®
Another approach has been to spectrally filter the zero-phonon
line together with the resonant laser and only collecting the
phonon sideband.*

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 complex 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 Figure 4a. A
continuous-wave diode laser with a linewidth of 50kHz is
coupled via a lensed fiber into the waveguide, which guides the
excitation light to the monolayer. The emitted signal is
collected from the top by a microscope 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
Supporting Information: Methods for second-order autocorre-
lation measurements under resonant excitation for a detailed
description). The resonance fluorescence of emitter 2 as well
as the remaining laser light are shown in Figure 4b, with
deliberately nonoptimal 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
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binning of S12 ps (see Supporting Information for more
details), shown in Figure 4c, yielding a g®(0) = 0.377 + 0.081
without postprocessing of the data, such as laser background
subtraction, indicating clear single-photon emission from the
emitter under pure resonant excitation. The nonzero value at
zero time delay stems mainly from remaining laser scattering.
Furthermore, the emitter shows light bunching on the time
scale of SO ns (inset of Figure 4c), originating from spectral
diffusion.

The limited single-photon characteristics under resonant
excitation stem mainly from the remaining scattered laser that
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 was therefore not perfectly
suppressed. These challenges can be overcome by using
polarization-maintaining fibers, free-space coupling of the laser
to the waveguide, on-chip polarization or mode control, or
time gating of the signal using fast electronics. Additionally,
several groups’”*" have reported off-chip resonant excitation of
waveguide-coupled quantum emitters without the need for
polarization suppression, taking advantage of high-quality
waveguides with smooth sidewalls. Next steps toward coherent
control of PIC-coupled 2D quantum emitters will require on-
chip resonance fluorescence by excitation and detection
through waveguides and pulsed resonant excitation. The
significant spectral jitter of these emitters makes further
measurements that exploit the benefits of resonant excitation,
such as two-photon interference, challenging. Further progress
will likely require the use of cavities, encapsulation, and control
of the Fermi level.

B DISCUSSION

Compared to the state of the art,”® our results demonstrate the
following: (1) Clear localization of emitters in our undamaged
monolayer in the strained regions due to the waveguide. (2) A
g(z)(O) of 0.17 without background subtraction, which clearly
demonstrates single-photon emission. This is significantly
below the previously reported g»(0) near 0.5 with back-
ground subtraction. (3) Through-waveguide HBT measure-
ment, shown here for the first time, which unambiguously
proves the coupling of single-photons into their straining
waveguide. (4) Through-waveguide resonance fluorescence
excitation.

Our results illustrate a path toward quantum PIC where a
single TMD monolayer generates many emitters, which may
overcome the current bottlenecks of single-emitter pick-and-
place methods. A key application of our technology is large-
scale quantum light sources, where a single transfer of a TMD
monolayer creates an array of localized emitters efficiently
coupled via on-chip cavities into waveguides equipped with
reconfigurable on-chip filters such as 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. In addition to multiplexing, large-
scale quantum photonic circuits require two-photon interfer-
ence between photons emitted from independent on-chip
sources. The different electrostatic and strain environments of
each single-photon emitter make emitted photons spectrally
different, hampering quantum interference. These spectral
differences may be bridged by controlling the strain
experienced by the emitter via structural design of the
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underlying SiN. Fine alignment of emission spectra can then be
achieved using active strain* and Stark effect™ based tuning,

Quantum photonic integrated circuits provide a scalable and
cost-efficient route to increasingly 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»(0) = 0.377 + 0.081. These
experimental results and proposed designs provide a hybrid
integration platform with promising scaling prospects, crucial
for large-scale quantum integrated circuits.
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