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Abstract
Chiral single photons are highly sought to enhance encoding capacities or enable
propagation-dependent routing in nonreciprocal devices. Unfortunately, most semiconductor
quantum emitters (QEs) produce only linear polarized photons unless external magnets are
applied. Magnetic proximity coupling utilizing 2D ferromagnets promises to make bulky external
fields obsolete. Here we directly grow Fe-doped MoS2 (Fe:MoS2) via chemical vapor deposition
that displays pronounced hard ferromagnetic properties even in monolayer form. This approach
with monolayer ferromagnets enables full utilization of the strain from the pillar stressor to form
QE in WSe2 deterministically. The Fe:MoS2/WSe2 heterostructures display strong hysteretic
magneto-response and high-purity chiral single photons with a circular polarization degree of
92± 1% (74% average) without external magnetic fields. Furthermore, the chiral single photons
are robust against uncontrolled twist-angle and external stray-fields. This ability to manipulate
quantum states and transform linear polarized photons into high-purity chiral photons on-chip
enables nonreciprocal device integration in quantum photonics.

1. Introduction

Combining the chirality of light with single-photon
emission has created a new forefront of research
in quantum optics [1]. Optical chirality, classified
by right-(σ+) and left-(σ−) circular polarization,
provides advances in encoding capacities in quantum
information [2–4] and quantum computing [5–7].
The chirality also enables propagation-dependent
routing, i.e., nonreciprocity through time-reversal
symmetry breaking [8]. One way to generate optical
chirality of single photons is by integrating single
photon emitters with spin-polarizing devices like
ring resonators or nanobeam waveguides [9]. For
example, we have shown recently that the time-
reversal symmetry breaking in ring resonators com-
bined with spin–orbit locking provides a twisted
single photon source [10]. Often such kind of real-
izations needs a strong magnetic field either to tune

the emission [11] or to lift the degeneracy of quantum
dots [12], which is hard to scale in on-chip techno-
logies. Thus, it would be of great interest if chirality
could be achieved without an external field. To this
end, 2D materials such as transition metal dichalco-
genides (TMDCs) offer outstanding optical, mechan-
ical, andmagnetic properties for on-chip integration.

Specifically, TMDC monolayers feature strong
spin-orbit coupling and intrinsic inversion symmetry
breaking, resulting in valley degeneracy at the K and
K′ points in the conduction band [13, 14]. The val-
leytronic effects can be probed through the circularly
polarized light emission of 2D excitons (ensemble
emission) [15]. Optical valley initialization is based
on chiral selection rules for band-to-band transitions:
σ+ polarized excitation results in the transition in the
K valley, and correspondingly σ− polarized excita-
tion results in the transition in the K′ valley [15, 16].
Experimental confirmation of circularly polarized
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light has been reported in photoluminescence (PL)
measurements in Mo-based TMDCs [17–19] andW-
based TMDCs [13, 20–22]. By coupling to plasmonic
gap-modenanocavities, the degree of circular polariz-
ation (DOP) for 2D exciton emission fromWSe2 can
reach almost unity (99%) [23]. Furthermore, when
TMDCs form heterostructures with van der Waals
ferromagnets, pronouncedmagnetic proximity coup-
ling can occur and create novel magneto-optical and
electrical properties [24]. The proximity couplingwas
recently demonstrated via spin-valley polarization
light signatures in the optical response of 2D neutral
excitons residing in EuS/WSe2 [25], EuO/MoTe2 [26],
and CrI3/WSe2 [27, 28]. However, this high purity
of optical chirality is achieved through classical light
emission from the exciton ensemble in TMDCs, but
not at the level of single photons, i.e., not for quantum
light.

In contrast, for quantum light emission from
individual excitons confined to 0D potentials in
WSe2, the chirality is typically absent since the under-
lying strain anisotropy splits the exciton states into
two linear polarized transitions [29–32]. The loss of
chirality can be restored by applying a magnetic field
from external superconducting coils, resulting in the
gradual change from linear polarization to the ideal
circular polarization required for quantum inform-
ation processing [33–35]. This behavior is typically
observed regardless of the specific technique utilized
to produce strain-induced 0D confinement poten-
tials, including randomly distributed nanobubbles
[36, 37], spatially deterministic pillars [38], nanogaps
[34], nanostars [39] or via atomic force microscope
(AFM) indentation on top of transferred monolayers
[40]. One way to potentially overcome the anisotropy
without using external magnetic fields is to design
heterostructures that benefit from on-chip magnetic
proximity coupling from van der Waals ferromag-
nets. To this end, recent work on quantum emit-
ters (QEs) in WSe2 has demonstrated ultra-high g
factor up to 20 ± 1 through coupling to soft fer-
romagnets Cr2Ge2Te6 (CGT) [41]. The soft ferro-
magnetic nature, however, does not allow spin state
manipulation in the absence of external fields since
there is no remanence. Hard ferromagnets such as
Fe3GeTe2 (FGT) do allow proximity-coupling to QE
[42] and even the realization of localized charged
excitons in 0D when using CrI3 ferromagnets [43].
Unfortunately, these van der Waals materials dis-
play strongly reduced ferromagnetism with decreas-
ing number of layers [44], while monolayer ferro-
magnets are necessary to create site-controlled QE
through the stressor technique.

Here we overcome these limitations by utiliz-
ing our chemical vapor deposition (CVD)-grown
Fe-doped MoS2 (Fe:MoS2) monolayers that show
strong hard ferromagnetic properties even in mono-
layer form. When integrated into Fe:MoS2/WSe2 het-
erostructures, we demonstrate magnetic proximity

coupling of site-controlled QE that generates chiral
single photons with high purity up to 92 ± 1%,
even in the absence of external magnetic fields.
Furthermore, our detailed analysis shows that the
chiral photons are robust against uncontrolled
external stray fields,making themparticularly attract-
ive for creating on-chip nonreciprocal quantum
photonic devices.

2. Results

The goal is to achieve strong ferromagnetic proxim-
ity coupling from the strain-induced QE in WSe2.
To fully utilize the strain from the stressor on the
substrate, 2D ferromagnets are required that are thin
enough to transfer the strain through them within
the heterostructure. To this end, FGT or CGT is
not only notoriously difficult to exfoliate down to
the monolayer level but displays strongly reduced
ferromagnetism with decreasing number of layers
[44]. To overcome these limitations, we use CVD
growth of monolayer Fe:MoS2, which is shown to
be ferromagnetic even at room temperature [45].
Another advantage of using CVD-grown Fe:MoS2
is that it can cover 1 × 1 mm2 arrays entirely,
which cannot be achieved through exfoliation tech-
niques. This ability simplifies the layer assembly pro-
cess. The sample configuration and top-down view
of the assembled heterostructure of Fe:MoS2/WSe2
are shown in figures 1(a) and (b), respectively. The
stack is fabricated using the dry-stamping technique
on top of arrays consisting of 80 nm tall square-
shaped gold pillars, covered with a 2 nm Al2O3 layer
to avoid charging effects from the substrate. The pil-
lar arrays are optically visible through multilayers of
WSe2, as can be seen in figure 1(b). Overall we recor-
ded data from five Fe:MoS2/WSe2 heterostructures
strained over nanopillar arrays with various relative
orientation angles (see figure S1 and supplementary
note1).

To further investigate the degree of strain for
this Fe:MoS2/WSe2 heterostructure, we have com-
pared the AFM image from the multilayer region,
Fe:MoS2/WSe2 bilayer heterostructure, and bare
Fe:MoS2 monolayer, as highlighted in figure 1(c). It
is evident in this AFM image that all nanopillars with
a height of 80 nm remain intact after layer transfer. In
addition, the Fe:MoS2/WSe2 heterostructure does not
suffer from piercing over the pillars, as confirmed by
scanning-electron microscope (SEM) imaging (see
figure 2). To characterize the strain, we define the
ρ= FWHM

Height , a relative measure that is proportional to
the apex angle, where FWHM is the full width at half
maximum, as highlighted by the arrows in the corres-
ponding AFM line scans in figures 1(d)–(f). The ratio
ρ = 5.6 is quite high for the multilayer WSe2 region,
indicating a large apex angle and, thus, low strain.
The value of ρ = 2.3 for the Fe:MoS2/WSe2 hetero-
structure is close to the one for monolayer Fe:MoS2
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Figure 1. Formation of proximity-coupled quantum emitter arrays. (a) Cross section schematic of Fe:MoS2/WSe2 heterostructure
strained over 80 nm tall Cr/Au nanopillars that are capped with 2 nm Al2O3. (b) Corresponding optical-microscope image of an
assembled Fe:MoS2/WSe2 heterostructure on a nanopillar array. The white dotted lines highlight the intersection of the
heterostructure area. The highly reflective area in the center is the multilayer (bulk) region of WSe2 adjacent to the monolayer.
(c) Corresponding AFM image of the triangular heterostructure area. (d) AFM line scan from the multilayer area following the
blue dotted line in (c). (e) Comparable line scan for the Fe:MoS2/WSe2 heterostructure (yellow dashed line in (c)). (f) Line scan
for Fe:MoS2 monolayer (black dashed line). The arrows in each figure (d), (e) points the full width at half maximum (FWHM)
linewidth and the blue area is the layer bending width on top of pillars. The top insets in (d)–(f) are the cropped AFM images
from (c) for comparison.

of ρ = 1.7, implying significantly lower apex angles
and thus larger strain into the 2D materials. This
strain localized to the apex region is known to create
localization of the 2D excitons into 0D confinement
potentials, thereby forming strain-induced QE in the
van der Waals materials [37, 38].

Room temperature PL spectra of the
Fe:MoS2/WSe2 heterostructure are characterized by
two prominent transitions at 1.6 eV and 1.83 eV,
that correspond to the 2D neutral exciton emission
from theWSe2 and Fe:MoS2 monolayers, respectively
(figure 2(a)). Upon cooling to 3.8 K, additional trans-
ition lines appear predominantly fromWSe2, includ-
ing the 2D neutral excitons (X0) at 1.73 eV, the dark
exciton (XD) at 1.68 eV, the broad defect band exciton
occurring in the area from 1.65 eV to 1.7 eV, as well as
several spectrally sharp lines corresponding to strain-
induced 0D QE (figure 2(b)). These transitions are
identified in accordance with our previous reports of
PL frommonolayerWSe2 [42, 46] and strain-induced
pillars showing on average fourQE lines per cubic pil-
lar location [38]. Recording the antibunching nature
through the second-order time correlation function
reveals g(2) (τ = 0) = 0.10± 0.05 under pulsed excit-
ation, i.e. high-purity triggered single photon emis-
sion from these strain-induced QE (see figure S3),
in agreement with our previous findings that every
sharp line behaves as a single QE [38]. In the follow-
ing, we focus our study on those QE that appear spec-
trally well separated from the broad emission bands
on the low energy side in the spectrum (see blue arrow
in figure 2(b)), in order to avoid detrimental over-
lap with other transitions. A characteristic feature of
these QE is their fine structure splitting (FSS) at zero
magnetic fields. All investigated QE display spectral

doublets when recorded with high spectral resolution
with a typical FSS energy ∆0 = 500–800 µeV [41].
To investigate the magneto-PL properties of each QE,
we applied the magnetic field parallel to the k vector
of the incident laser. Figure 2(c) shows the splitting
behavior as a function of the magnetic field for a
QE with a ∆0 of 630 µeV, which originates from
the electron–hole spin exchange interaction as well
as the underlying anisotropic strain [31, 33]. With
increasing magnetic field, the two components of the
clearly resolved Zeeman doublet split further apart,
while the low-energy peak becomes dominant due to
thermalization (figure 2(c)).

In our previous work, we have shown that Fe-
related hard van der Waals magnets such as Fe3GeTe
have magnetization ranges from 1.2 to 1.8 µB, giv-
ing rise to a pronounced hysteresis loop of the QE
in an Fe3GeTe/WSe2 heterostructure [42]. It is not a
priori clear if CVD-grown dilute magnetic semicon-
ductors (DMSs) such as the Fe-doped MoS2 mono-
layers utilized in this study can also show proximity-
coupling to exciton-based QE, given that the atomic
concentration of substitutional Fe atoms is only
about 0.5%. Nonetheless, our Fe:MoS2 monolay-
ers are characterized by strong ferromagnetic hyster-
esis in the magnetization, as determined in super-
conducting quantum interference device measure-
ments, as well as pronounced hysteresis loops in
the magnetic circular dichroism [45]. The ferromag-
netic response ofmonolayer Fe:MoS2makesmagnetic
proximity coupling highly likely when interfaced in
direct contact with QE in WSe2. As a first signature,
we show that pronounced exciton g-factor enhance-
ment occurs for QE within the heterostructures. We
have recorded the g-factors (see figure 4) for ten QE
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Figure 2.Magneto-optical characterization of proximity-coupled quantum emitters. (a) Photoluminescence spectrum of
Fe:MoS2/WSe2 heterostructure measured at room temperature (RT). (b) PL spectrum of the heterostructure recorded at 3.8 K
and spectrally zoomed in for the WSe2 emission (b). The blue arrow highlights a deeply localized (0D) quantum emitter. X0:
neutral 2D exciton, XD: dark 2D exciton transition (c) Corresponding Zeeman-doublet pattern of the highlighted quantum
emitter at 1.608 eV. (d) Zeeman energy splitting value∆E as a function of increasing (red circle) and decreasing (blue square)
magnetic field sweep direction. (e) Extracted energy difference∆M between the red and blue curves characterizing the hysteretic
response of the quantum emitter. All data in (c)–(e) are recorded at 3.8 K.

located in bare flux-grown WSe2 monolayers and 11
QE located in various Fe: MoS2/WSe2 heterostruc-
tures and found that the average value changes from
g = 5.6 in bareWSe2 QE to g = 9.7 in Fe:MoS2/WSe2,
which is 1.73 times enhanced by the magnetic prox-
imity coupling (see figure 5). In addition, we observe
pronounced ferromagnetic hysteresis loops for the
QE emission from the Fe:MoS2/WSe2 heterostruc-
ture when sweeping the magnetic field, as shown in
figure 2(d). The red circles correspond to the increas-
ing magnetic field and blue square correspond to
decreasing magnetic field sweep direction. The ferro-
magnetic coupling strength can be quantified from
the swing ∆M defined as the difference between
the decreasing value and increasing value of ∆E in
the hysteresis loop (figure 2(d)). Similar behavior
was observed for eight different QE on the nanopil-
lar arrays with ∆M values ranging from 20–72 µeV
(figure S6). This demonstrates that the ferromag-
netic proximity-coupling can be reliably observed
also for DMS, albeit with a three-fold local variation
in coupling strength. The variation is likely caused by

spatial nonuniformity of the ferromagnetic field and
the varying direction of dipole momentum of the QE
within the heterostructure. As a result, our all-optical
read-out technique can sense the magnetic proximity
field from a DMS through spatially deterministic QE
arrays in Fe:MoS2/WSe2 heterostructures.

Towards demonstrating chiral single photons in
the absence of external magnetic fields, we show
in figure 3 first the comparison study with a bare
WSe2 monolayer on top of the nanopillar arrays.
The characteristic signature of strain-induced QE
in the bare WSe2 monolayer is their high degree
of linear polarization response of the fine structure
doublet at 0 T external magnetic field [35], which
is even maintained under electroluminescence [31].
Figures 3(a)–(c) show the polarization analysis for a
QE centered at 1.644 eV. The spectral doublet of the
QE shows a pronounced polarization behavior under
probing with linear polarizers with a periodicity of
180◦ (figure 3(a)). The corresponding spectra in
figure 3(b) highlight the complete spectral separa-
tion in the form of horizontal (H: red trace) and
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Figure 3. Comparison of quantum emitter polarization dependence between monolayer WSe2 (bare) and Fe:MoS2/WSe2
heterostructures. (a) Optical spectra recorded without applied field (0 T) and plotted as a function of linear-polarizer detection
angle for a strain-induced quantum emitter in monolayer WSe2, i.e., without magnetic proximity coupling. (b) Corresponding
selective PL spectra without polarizer (black line, unpolarized), with linear polarizer set at 95◦ (blue line, V-polarized) and 5◦

(red line, H-polarized). (c) Polar plot of QE emission intensity for H and V-polarized transitions of the Zeeman doublet.
(d) Magnetic-field dependence of Zeeman pattern for the magnetic proximity-coupled quantum emitter at 1.608 eV in the
Fe:MoS2/WSe2 heterostructures recorded without a polarizer in the detection path. (e), (f) Same but recorded with left-circular
polarizer σ− (e) and right-circular polarizer σ+ (f) in the detection path. All spectra are normalized to unity (yellow color) and
were recorded at 3.8 K.

vertical (V: blue trace) linear polarization states, as
extracted from the data in figure 3(a) at polarizer
settings of θ0 = 5◦ and 95◦, respectively. Following

Wang et al [35], we use I= I0 + b sin π (θ−θ0)
a to fit

the integrated PL intensity of two orthogonal com-
ponents in figure 3(c), which follows fromMalus cos2

law and the half-angle formula. The degree of linear
polarization can be quantified by using the expres-
sion η = IH−IV

IH+IV
, where IH and IV are the PL intensit-

ies of the H and V transitions. The extracted values of
η= 90± 2% and 95± 2% for the H- and V-polarized
FSS states, respectively, demonstrate the high degree
of linear polarization achieved with strain-induced
QE inWSe2. In contrast, for the magnetic proximity-
coupled heterostructure, the FFS states are found to
be circularly polarized. Figures 3(d)–(f) show the
magnetic-field dependence of the Zeeman pattern
for the proximity-coupled QE at 1.608 eV in the
Fe:MoS2/WSe2 heterostructures recorded without a
polarizer (figure 3(d)), with a left-circular polar-
izer σ− (figure 3(e)) and a right-circular polarizer
σ+ (figure 3(f)) in the detection path. When focus-
ing on the highlighted magnetic field region below
±1.5 T (see horizontal dashed lines), that is, before
the intensity of the high energy component quenches,
pronounced circularly polarized states are observed

(figures 3(e) and (f)) even down to zero externally
applied field. Comparable behavior has been found
in detailed polarization studies of four additional
QEwithin Fe:MoS2/WSe2 heterostructures (see figure
S7). To exclude interface phenomena, we have carried
out another control experiment where we have grown
MoS2 without offering Fe during growth, otherwise
created the exact same heterostructures strained over
nanopillar stressors. In the absence of ferromagnet-
ism there is no magnetic proximity-coupling, and as
a result the optical emission remains linearly polar-
ized, with no sign of hysteresis (∆M = 0), and
no sign of chiral single photon emission (see figure
S8). Therefore, this change from linear to circular
polarization for the QE emission results from the
magnetic proximity coupling mediated by the strong
remanent magnetization of the Fe-doped MoS2
monolayer.

To further analyze the DOP and the thermaliza-
tion behavior of the QE intensity, we show the indi-
vidual PL spectra recorded under σ− (red line) and
σ+ (blue line) polarizationdetection for nine repres-
entative magnetic field values in figure 4(a). At zero
field, the FSS states have equal intensity (oscillator
strength) and are fully spectrally separated. Under σ−

probing, the intensity of the high energy component
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Figure 4. Signature of chiral quantum light emission under magnetic proximity coupling. (a) Spectral overlay of PL spectra
recorded for two orthogonal circular polarizer settings, σ− (red line) and σ+ (blue line), plotted for nine representative magnetic
field values. (b) State thermalization factor according to exp(−∆E/kT) with∆E corresponding to the measured Zeeman
splitting energy at each magnetic field value. (c) Degree of circular polarization (DOP) as a function of applied magnetic field for
the high energy spin component (σ− polarized, red) and low-energy spin component (σ+-polarized, blue). (d) Fine-sweep of
circular DOP for the blue-shaded region in (b), (c) where the quantum emitter spin state thermalization is minimized. All data
recorded at 3.8 K.

is first stable with an increasing magnetic field, but
then starts to quench drastically above about 2 T. At
high magnetic fields, the intensity of the low energy
component dominates the spectrum regardless of the
polarization state. This behavior is typical for a two-
level system that undergoes thermalization. In this
case, the intensity ratio IH/IL, where IH (IL) is the PL
intensity of the high energy peak (low energy peak),
is proportional to exp(−∆E/kBT), where ∆E cor-
responds to the measured Zeeman splitting energy
at each magnetic field value and kBT= 0.32 meV
at 3.8 K. This thermalization behavior shown in
figure 4(b) normalized to the intensity ratio at 9 T.
The DOP can be defined as DOP=

Iσ−−Iσ+

Iσ−+Iσ+
, where

Iσ− is the intensity of the high energy spin compon-
ent (σ− polarized, red) and Iσ+ is the intensity of the
low-energy spin component (σ+-polarized, blue).
Figure 4(c) shows an overview of the DOP of the QE
versus the magnetic field in the quenching regime.
With increasing Zeeman splitting energy, as appar-
ent from figure 4(b), the intensity of the energetically
higher components almost vanishes, giving rise to a
sharp drop of the DOP towards −1 in the ideal case,
i.e., a dominant chiral photon emission with right

circular polarization σ+. The actual values settle in
aroundDOP=−0.6± 0.1 due to nonvanishing back-
ground emission. Figure 4(d) shows a zoom into the
low field regime where the circular polarization states
are well-defined, and thermalization effects are min-
imal, as highlighted by the blue area. In this regime,
the DOP reaches very high values, with an average
value of 88 ± 1% for σ− and 85 ± 1% for σ+ in the
magnetic field range from −0.5 T to 0.5 T, as well as
a maximum value of 92 ± 1% and 90 ± 1% for σ−

and σ+ at zero external fields, respectively. Lastly, we
have recorded zero-field DOP values for nine QE loc-
ated in five different Fe:MoS2/WSe2 heterostructures
with various relative orientations between the mono-
layers (see supplementary note 1). All QE depicted
in figure 5 show chiral single photon emission with
high average DOP values of 74.2 ± 1% for σ− and
73.9± 1% for σ+, respectively. No pronounced effect
of twist angle is observed, as expected for these strain-
induced QE excitons that remain localized within the
monolayer of WSe2 (intralayer excitons) and emit in
the range from 1.55 to 1.72 eV. The corresponding
interlayer excitons in MoS2/WSe2 heterostructures
which are sensitive to the twist angle emit strongly red

6
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Figure 5. Zero-field DOP values recorded for nine QE
located in five different Fe:MoS2/WSe2 heterostructure
samples. The red circles are for σ− polarized and the blue
circles for σ+ polarized component of the Zeeman doublet.

shifted down to 0.96–1.05 eV (1180–1280 nm) [46],
i.e., outside of our observation window. The data
demonstrate that high-purity chiral single photons
are created through the magnetic proximity coupling
to CVD-grown monolayer Fe:MoS2, even without an
external magnetic field. Furthermore, our chiral QE
system is robust against uncontrolled rotations in the
heterostructure as well as external magnetic stray-
fields, such as earth’s magnetic field, maintaining a
high DOP, as required for practical applications in
quantum information science.
In Conclusion, we have achieved strong ferro-

magnetic proximity coupling from strain-induced
QE in WSe2 by utilizing CVD-grown monolayer
Fe:MoS2. This approach has overcome difficulties
with the exfoliation of bulk van der Waals ferro-
magnets such as FGT and enabled us to fully util-
ize the strain from the stressor on the substrate
when forming proximity-coupled 0D QE determ-
inistically. We have shown that QEs in bare WSe2
are characterized by a near unity degree of linear
polarization. In contrast, the resulting Fe:MoS2/WSe2
heterostructures display strong hysteretic magneto-
response in the exciton emission with a high-purity
of chiral single photons as characterized by a cir-
cular polarization degree up to 92 ± 1%. As a key
finding, we have demonstrated chiral single photon
generation directly on-chip and in the absence of
an external magnetic field, thereby eliminating the
need for superconducting coils to generate chiral
quantum light. Furthermore, the chiral photons are
robust against uncontrolled twist angles and external
stray fields. This ability to manipulate quantum
states and transform linear polarized photons to
chiral photons directly on chip via magnetic prox-
imity coupling enables device miniaturization for
tasks in quantum photonics. The time-reversal sym-
metry breaking that can be achieved with high-purity

chiral single photons is of particular interest due to
their robustness against noisy backgrounds andmight
enable to engineer nonreciprocal photonic devices,
including single-photon circulators and isolators in
future applications.

3. Methods

3.1. Pillar array substrate fabrication
The pillar arrays were patterned by electron-beam
lithography (EBL) using 495 Poly (methyl methac-
rylate) (PMMA) A4 (MicroChem) that was spin-
coated at 2000 rpm onto the SiO2 substrate. The side
lengths of the individual cubes were defined to be
110 nm, with a height of 80 nm. The samples were
subsequently patterned by an Elionix ELS-G100 EBL
system and developed in MIBK: IPA 1:3 for 5 min. To
convert the polymer template into a plasmonic array
we deposited a 10 nm Cr adhesion layer and 70 nm
Au metal on the chip in an electron beam evapor-
ator (AJA Orion 3-TH) followed by liftoff in warm
Acetone at 50 ◦C. Finally, a 2 nm thick layer of Al2O3

was deposited by atomic layer deposition (Ultratech
Fiji G2) [38].

3.2 Flux-growth ofWSe2
crystals were synthesized by reacting W powder,
99.999%, with Se shot, 99.999%, typically in a ratio
of 1:20. Thesematerials were first loaded into a quartz
ampoule with a quartz wool for decanting, then evac-
uated and sealed at ∼10−3 Torr. For growth, the
ampoule is heated to 1000 ◦C over 48 h, held for 3 d,
then cooled at 1.5 ◦Chr−1 to 400 ◦Cand subsequently
flipped and centrifuged. Crystals are then annealed at
250 ◦C with the cold end of the quartz ampoule held
at 100 ◦C for 48 h [47, 48].

3.3 Synthesis of monolayer Fe:MoS2
Fe:MoS2 monolayers were grown by CVD onto a
SiO2/Si substrate. The Fe doping was achieved dur-
ing MoS2 growth process by incorporating Fe3O4

particles. Fe3O4 particles were evenly cast onto
the SiO2/Si substrate before contacting the MoO3-
deposited substrate face-to-face. Before applying the
particles, the substrate was washed using deionized
(DI) water, followed by annealing at 110 ◦C for
5 min on a hot plate. For the growth, the fur-
nace temperature was set at 850 ◦C with a ramping
rate of 18 ◦C min−1, and an argon gas (30 sccm)
was supplied from 300 ◦C. Sulfur vapor was sup-
plied when the furnace temperature reached 790 ◦C,
and a hydrogen gas (15 sccm of) was delivered
1 min before Sulfur supplied. After the growth, a few
hundred-micron sizes of monolayer Fe:MoS2 were
found on top of SiO2/Si substrate [45]. To trans-
fer Fe:MoS2 monolayer on pillars, first, few drops
of PMMA (950 K A4) was cast to cover the top of
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SiO2/Si substrate. The PMMA-covered sample was
left in ambient condition for 2 h to make it cure.
The PMMA/Fe:MoS2/substrate was then floated in a
30% KOH solution at room temperature. The KOH
solution will etch SiO2 layer slightly, then rapidly
separate PMMA/Fe:MoS2 from the substrate. The
PMMA/Fe:MoS2 layer was then rinsed with 3 batches
of DI water for 10 min each time [49]. After rins-
ing, the PMMA/Fe:MoS2 was scooped using a clean
PDMS sample with Fe:MoS2 facing up. Next, an air
blower was used to blow water from the PMMA layer,
and PMMA/Fe:MoS2 was put in a vacuum cham-
ber for another 10 min. The PDMS/PMMA/Fe:MoS2
was attached under a glass slide and held by an
xyz-movable micromanipulator for aligned transfer.
Once the area with nanopillars was identified under
the microscope, the PMMA/Fe:MoS2 was transferred
on top of the pillar substrate through the hot transfer
technique [36].

3.4WSe2 exfoliation and transfer
Monolayers of WSe2 were exfoliated from bulk crys-
tals grown by the flux-growth technique, giving rise to
a one to two orders of magnitude lower defect density
and a higher emission PL intensity, as we previously
reported [41]. For layer transfer we followed our pre-
vious dry hot-stamping procedure utilizing an elev-
ated substrate temperature of 60 ◦C to prevent nano-
bubble formation [36]. Between each stamping trans-
fer process, we followed thermal annealing at 350 ◦C
for 12 h to achieve clean interfaces.

3.5 Optical measurements
PL measurements were performed at 3.8 K using
a closed-cycle cryogen-free cryostat (attoDRY 1100,
attocube systems AG). For optical excitation, we used
a laser diode operating at 532 nm in continuous-wave
mode. A laser spot size of ∼0.85 µm was achieved
using a cryogenicmicroscope objective with a numer-
ical aperture of 0.82. The relative position between the
sample and the laser spot was adjusted with a cryo-
genic piezoelectric xyz stepper, whereas 2D scanned
images were recorded with a cryogenic 2D-piezo
scanner (Attocube). The spectral emission from the
sample was collected in a multimode fiber, dispersed
using a 0.75 m focal length spectrometer with either
a 300 or 1200 groove grating, and imaged by a liquid
nitrogen-cooled silicon charge coupled device cam-
era. Magnetic fields were applied perpendicular to
the plane of the sample within the range of −9 T to
+9 T. Linear polarization-resolved PL measurements
were performed by a combining a half-wave (λ/2)
plate and a linear polarizer in the collection path.
Circular polarization-resolved PL data were acquired
by employing a quarter-wave (λ/4) plate and a linear
polarizer in the collection path.

3.6 AFM imaging
The AFM measurements were obtained using a
Bruker Dimension FastScan AFM in noncontact
mode at a scan rate of 1.3 Hz with a FastScan-B
tip. The AFM high profiles were extracted from the
images using Gwyddion open-source software.
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