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ABSTRACT
Precisely positioned and scalable single-photon emitters (SPEs) are highly desirable for applications in quantum technology. This Perspective
discusses single-photon-emitting atomistic defects in monolayers of MoS2 that can be generated by focused He-ion irradiation with few nanometers positioning accuracy. We present the optical properties of the emitters and the possibilities to implement them into photonic and optoelectronic devices. We showcase the advantages of the presented emitters with respect to atomistic positioning, scalability, long (microsecond)
lifetime, and a homogeneous emission energy within ensembles of the emitters. Moreover, we demonstrate that the emitters are stable in energy
on a timescale exceeding several weeks and that temperature cycling narrows the ensembles’ emission energy distribution.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0018557

Single-photon emitters (SPEs) are key requirements for applications in quantum information technologies,1–4 such as quantum computing,5,6 quantum communication,7 and boson sampling.8,9 SPEs can
be found in numerous material systems. For three-dimensional materials, the most prominent examples comprise ﬂuorescent atomic
defects, the so-called color centers,2 and semiconductor quantum
dots.10 Prominent examples for color centers are N- or Si-vacancy centers in diamond,2,11 which can be created through chemical vapor
deposition or ion implantation.2 Although their single-photon emission characteristics excel at room temperature,2 due to the implantation in a three dimensional system, their axial and/or lateral
positioning precision is somewhat limited.11,12
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Recently, it was discovered that two-dimensional materials can
also host SPEs,13–20 where strain-induced SPEs appear randomly near
edges or wrinkles as it was ﬁrst reported for monolayers of transitionmetal dichalcogenides (TMDCs) such as WSe2.13,16 Deterministically
strain-induced SPEs in TMDCs could be demonstrated through nanopatterned environments even within large scale arrays.17–19 SPEs were
also demonstrated in GaSe, in which deformations through Se clusters
formed during the growth process can cause strain, and in turn, the
resulting local conﬁnement potential traps excitons.20 In hexagonal
boron nitride (hBN), single-photon emission is observed up to room
temperature.21 Here, SPEs can be generated through electron beam
irradiation and annealing,22 etching,23 intentional strain,24 and CVD
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growth.25 However, the spatial position of such SPEs is either random
or semi-deterministic with a rather broad variation of emission
energies.
All the described systems exhibit their own characteristics and
advantageous properties of technological relevance since different
applications have speciﬁc requirements. As a consequence, there are
strong efforts in investigating SPE systems. An ideal SPE emits singlephotons on demand with high purity, as well as high brightness and
stability. Moreover, it should be precisely positioned, and the single
photons emitted should be indistinguishable with a narrow ensemble
distribution of emission energies.1,26 Furthermore, for a possible cluster state generation and memory, an engineered coupling to a spin
bath is desirable.27 For all such systems, a scalable approach to generate the SPEs is crucial for the use in many applications.
In this Perspective, we discuss a recently established SPE system,
namely, a single atomistic defect in monolayer MoS2,28,29 as a scalable
approach to deﬁne SPEs with a position accuracy of about 9 nm.29,30
The defects show sharp optical emission lines within a narrow ensemble distribution,28,29 while the recombination lifetime is rather long in
the range of hundreds of nanoseconds up to microseconds.29 Due to
the advantages of the fabrication method of a maskless patterning with
a focused He-ion beam and its beneﬁcial characteristics, the presented
defects are interesting candidates to be integrated into photonic and
optoelectronic devices.31–33 We highlight recent advances in the scalable generation of such atomistic defects in monolayer MoS2 and discuss the optical characteristics of the photon emission, which is stable
in time over several weeks. Moreover, we demonstrate that temperature cycling narrows the ensembles’ emission energy distribution.
SPEs can be generated in monolayers of MoS2 with 9 nm precision through irradiation with a focused He-ion beam.30 For generating
high-quality optical SPEs, the MoS2 monolayer is encapsulated in the
top and bottom layer of hBN of 10 nm thickness.29 The encapsulation reduces the impact of ambient gases and the SiO2/Si substrate, for
example, by doping and surface roughness,34–36 and it reduces the
effect of residues from nanofabrication.35 After assembling the heterostacks, they are irradiated with He-ions [Fig. 1(a)]. This approach leads
to a better optical quality of the photoluminescence (PL) of the samples with much cleaner emission lines compared to encapsulating the
MoS2 monolayers after the He-ion treatment.34 In particular, the
broad emission from adsorbate-related luminescence can be sufﬁciently suppressed in this way.29 The positioning resolution is in ﬁrst
order limited by the nanometer sized focused ion beam of the utilized
He-ion microscope (HIM, Zeiss) in combination with the backscattering radii of sputtered substrate atoms, backscattered He-ions, and secondary electrons.28,30,37,38 A computational scattering model predicts a
radius of 8 nm for defects to be generated in MoS2.38 Very consistently,
we could reveal a positioning resolution of the defects within 9 nm
by a combined study of HIM and scanning tunneling microscopy
(STM).30 The STM analysis suggests that mostly S- and Mo-monovacancies are generated by the HIM.30
The He-ion irradiation generates defects with sharp emission
lines at an emission energy of Ephoton  1.75 eV with a FWHM of
28 meV at 10 K,29 which is 200 meV below the neutral 1s exciton
X01s of MoS2 measured on the same samples [Fig. 1(b)]. The luminescence of the defects dominates the overall photoluminescence spectrum at low temperatures (below 100 K),28 and intriguingly, it is
more intense than the luminescence of the neutral free exciton (X01s).
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FIG. 1. Nanofabricated single-photon emitters in a monolayer of MoS2. (a) Scheme
of generating atomistic defects in an hBN/MoS2/hBN heterostack using a focused
and positioned He-ion beam in a He-ion microscope (HIM). (b) Low temperature
photoluminescence spectrum of a defect that acts as a single-photon emitter
(SPE). The luminescence of the SPE dominates the overall emission spectrum
including the one of the neutral exciton X01s in MoS2 (spot size: 1 lm,
Tbath ¼ 10 K, Eexc ¼ 2.33 eV, and P ¼ 0.9 lW). Inset: auto-correlation function
g(2)(s) of the photoluminescence stemming from one SPE (Tbath ¼ 5 K,
Eexc ¼ 1.96 eV, and P ¼ 14 nW).

The asymmetry of the emission peaks is caused by phonon interactions, most likely with LA and TA phonons, which can be effectively
described by an independent boson model.28
The He-ion induced defects show an antibunching behavior
[inset of Fig. 1(b)], with the second-order correlation function being
g(2)(0) ¼ 0.23 6 0.04 at zero time delay at 5 K.29 The width of the dip
in g(2)(s) gives an estimate for the recombination lifetime of
(1.73 6 0.15) ls.29 This means that the irradiation with a focused Heion beam generates rather long-lived defect states in monolayer MoS2
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with sharp optical emission lines and with a positioning precision of
only a few nanometers.
Using the HIM, speciﬁc areas and thus local patterns on the
MoS2 samples can be irradiated in a maskless way such that for
instance, defect arrays and matrices can be created [Fig. 2(a)]. A typical
array of the utilized HIM is 20  20 lm2, but with the help of stitching
algorithms, large scale patterns can easily be exposed.39
For a long-term characterization of the SPEs, we probed their
optical properties during seven cooldown cycles within three months.
One cooldown cycle implies cooling down a sample in a 4He-ﬂow
cryostat to a bath temperature of Tbath ¼ 10 K, which takes about
0.5–1 h, and then, the sample is continuously measured at 10 K over a
period of 24–72 h. After the measurements, the sample is cycled back
to room temperature without any external annealing, which takes
about one day.
Figure 2(a) shows an optical micrograph of the He-ion irradiated
hBN/MoS2/hBN van der Waals heterostructure and the false color
micro-photoluminescence (l-PL) maps for the seven cooldown cycles
(1–7). The maps display the spatially resolved photoluminescence of
the SPE matrix spectrally integrated within the energy range of
1.7 eV–1.88 eV. As an orientation, the HIM exposure pattern is overlayed with the optical micrograph of the heterostructure and the ﬁrst
PL map (1) as indicated by red and black dots. A pitch of 2 lm
between the exposure sites ensures a straight-forward optical inspection of each SPE. The He-ion dose and exposure time are optimized
such that single SPEs are generated nearly on-demand as we have
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recently demonstrated.29 In the current study, we characterize exposure sites with a mean number of about 91 SPEs, with some of the sites
having more than one SPE and some of them having none as will be
discussed below. We ﬁnd that 67% of the sites are optically active for
almost all cooldown cycles. Importantly, the SPE’s emission energy
stays rather constant at 1.75 eV, which is an apparent advantage of
the described atomistic SPEs in MoS2.29 To demonstrate this, we highlight two positions A and B in the ﬁrst PL map [Fig. 2(a)] and show
their spectra for all cooldown cycles in Figs. 2(b) and 2(c). We also
observe emitters that are inactive in one cooldown cycle but are reactivated in the subsequent cooldown, which can be explained by a thermally activated redistribution of fabrication inhomogeneities, such as
strain in the van der Waals heterostructure or diffusion of residues in
the MoS2/hBN interfaces. Moreover, charge carriers might be trapped
in defect sites and freeze there at low temperatures. Such defects could
be in close proximity to the SPEs in MoS2 or in hBN and could easily
switch the SPE on and off. In particular, at position A, the emission
intensity is slightly lowered in the ﬁrst, third, and fourth cooldown
cycles [Fig. 2(b)], but it reappears in the second, ﬁfth, sixth, and seventh cycles, while at position B, the corresponding SPE has a reduced
brightness during the second and fourth cooldown cycles [Fig. 2(c)];
thus, we can exclude the inﬂuence of different setup alignments. In
this context, we mention that changes on the microscopic scale of a
localized single defect are also accompanied by changes in the delocalized free excitons. In particular, the peak position and also the ratio of
the intensity between the neutral exciton at 1.95 eV and the

FIG. 2. Spatially localized quantum light arranged in an array. (a) Microscope image of a heterostack (white line) with red dots highlighting the position of He-ion irradiation.
(1)–(7) PL maps of the sample taken after one (1) to seven (7) cooldown cycles from room temperature to Tbath ¼ 10 K for the red-marked area in the microscope image. In
(1), the defect array exposed by the HIM is indicated by black dots. Two positions A and B are marked by circles representing the diffraction limited laser spot diameter
(1 lm). (b) and (c) PL spectra of the defect emitter at positions A and B shown for the cooldown cycles (1)–(7) and the given days of laboratory time (Tbath ¼ 10 K,
Eexc ¼ 2.33 eV, and P ¼ 0.9 lW).
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negatively charged trion vary from cooldown to cooldown. The latter
suggests a local variation in the charge carrier concentration, as
increasing the carrier density leads to an enhancement of the formation of trions.40
In a recent STM study,30 we could resolve seven different HIMinduced defects in monolayer MoS2 including S- and Mo-vacancies.
The most common point defect in TMDCs is a chalcogen vacancy.30,41
Moreover, since metal defects have a much lower occurrence in the
TMDCs,30 the observed emission peaks at 1.75 eV most likely stem
from pure sulfur vacancies without oxygen passivation.41 In our present understanding, oxygen passivated sulfur vacancies are unlikely to
be responsible for the observed emission peaks, as they are also present
in pristine MoS2 without HIM treatment.30 The encapsulation of
MoS2 in hBN prior to the He-ion irradiation very likely protects unsaturated dangling bonds of He-ion induced defects.29 According to theory, the optically active defect state lies within the energy gap and acts
effectively as an exciton trap,42 giving rise to exciton-like states41 that
are expected to be observable as absorption features down to 1.7 eV.42
Due to their similar energy of occupied and unoccupied states, there is
a strong hybridization between the defect states and the electronic
states in the ﬁrst Brillouin zone.41 Indeed, in some of the exposure
sites, single peaks with a much lower intensity appear at lower emission energy additionally to the main peaks at 1.75 eV [cf. triangles in
Fig. 2(b)]. However, further theoretical modeling is needed to understand such defect orbitals, their hybridization with conduction and
valence band states, and their oscillator strength.41,42
To demonstrate the robustness of the atomistic quantum emitters, we extract the PL spectra of each SPE within the maps of Fig. 2
with respect to their emission energy and temperature cycle. For each
exposure site, one spectrum is taken and the emission peaks are ﬁtted.
Figure 3(a) shows the energy detuning DE between the emission of the
SPE and X01s. Figures 3(b)–3(h) show the histograms of emission
energies for all optically active quantum emitters of the cooldown
cycles (1)–(7). We detect a clustering of photon emission events at
195 meV, which is the main emission distribution induced by Heion irradiation.28,29,43
The distribution of the emission energies around 195 meV narrows with the cooldown cycles (see Gaussian ﬁts). Over the seven cooldown cycles, the FWHM of the distribution is reduced from above
53 6 8 meV to about 28 6 4 meV [Fig. 3(i)] and saturates after cooldown number three (dashed line). During all cycles, the number of
active quantum emitter peaks ﬂuctuates around a mean value of 91
[Fig. 3(j)]. This number exceeds the one of the characterized and active
sites 61 (mean value) in the PL maps of Fig. 2(a), which is explained
by multiple defects on certain exposure sites, while other sites may
show even none.29 The emitters outside of the ﬁtted Gaussian distribution as in Figs. 3(a)–3(h) are the ones with much lower intensity
[highlighted by triangles as in Fig. 2(b)].
The analysis of the PL maps reveals a continuous narrowing of
the main emission distribution around 1.75 eV after several cooldown cycles. We interpret this optimization of the ensembles’ emission energy distribution by a thermally activated reduction of
inhomogeneity from the movement of adsorbates between the layers
in combination with strain relaxation. Particularly, with the linear
thermal expansion coefﬁcient of hBN being negative and the one of
MoS2 being positive,44 the heterostack layers most likely get strained
during cooldown, resulting in relative movement with respect to each
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FIG. 3. Optimization of the energetic distribution of quantum emitters. (a) Typical PL
spectrum of one emitter (SPE) at Tbath ¼ 10 K. The energy detuning DE between the
emission of the SPE and X01s is highlighted. (b)–(h) Probability distribution of the emission energy of 91 SPEs on the heterostack depicted in Fig. 2(a) ﬁtted by a Gaussian
distribution (black) for the seven cooldown cycles (1)–(7), respectively. The number of
peaks with speciﬁc emission energies with respect to the X01s exciton emission is
depicted in gray. (i) FWHM of the Gaussian distribution of DE for the seven cooldown
cycles. The average of the energy distribution of cooldown (5)–(7) is displayed by the
dashed line. (j) The total number of ﬁtted emission peaks for each of the seven cooldown cycles (Tbath ¼ 10 K, Eexc ¼ 2.33 eV, and P ¼ 0.9 lW).

other and in a similar fashion release strain when cycling back to
room temperature. In turn, adsorbates and fabrication residues very
likely get diffusive and aggregate in clusters and therefore get removed
from the defect locations. We point out that the number of the emission peaks is stable during the cycles [Fig. 3(j)] such that the generated
SPEs seem to be robust in time and stable against thermal cycling in
the investigated range of temperatures.
The possibility to deterministically generate SPEs in twodimensional materials with very high positioning accuracy opens up
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many possibilities for integrating them into optoelectronic devices and
integrated quantum photonic circuits. In particular, the ability to generate SPEs on demand and in a scalable way promises integrated circuits containing a large number of SPEs, for example, multiplexed
single-photon sources for applications in quantum communication or
quantum sensing or fully integrated quantum photonic circuits for
applications in quantum simulation such as boson sampling45,46 or
photonic quantum computing.47,48
To fabricate optoelectronic devices and integrated quantum photonic circuits, it is possible to ﬁrst fabricate and encapsulate a stack of
hBN/TMDC/hBN und subsequently build a nanophotonic structure
around it. However, it is also possible to ﬁrst fabricate a nanophotonic
structure and subsequently decorate it with TMDCs and as the last
step induce SPEs exactly at the desired locations with nm axial and lateral precision for controlled and optimized coupling. The latter
approach has the advantage that it provides ultimate ﬂexibility in
choosing a photonic chip platform, which allows us to create hybrid
systems that combine the best advantages of different worlds. For
example, complex photonic circuitry is mainly achieved in siliconbased photonics due to the tremendous technological challenges in circuit fabrication.
Realizing a truly scalable platform requires the possibility to generate SPEs with good spatial and spectral matching between the emitter and the photonic structure. The ﬁrst requirement, spatial
matching, is met in the presented HIM irradiation approach as a spatial positioning accuracy of sub-10 nm is already demonstrated. For
the spectral matching, the observed ensemble distribution of emission
energies is still signiﬁcantly larger than the homogeneous linewidth of
a single emitter. However, the distribution is small enough such that it
is possible to investigate in future works a tuning of the emission
energy via static electric ﬁelds49 or local strain.50 Moreover, coupling
the emitters to nanophotonic resonators with large quality factors and
small mode volumes will enhance the emission rate via Purcell
enhancement and funnel the photons into a speciﬁc mode. Finally, the
generation of SPEs in 2D materials via He-ion irradiation has only
been investigated with MoS2 until now. Therefore, it is very likely that
the rich class of TMDCs and other 2D materials host a large zoo of
potential SPEs from which some may even be optically active spin
qubits with a range of different emission wavelengths as building
blocks for photonic quantum technologies.
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