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ABSTRACT: Transition metal dichalcogenides are promising semi-
conductors to enable advances in photonics and electronics and have also
been considered as a host for quantum emitters. Particularly, recent
advances demonstrate site-controlled quantum emitters in WSe, through
strain deformation. Albeit essential for device integration, the dipole
orientation of these strain-induced quantum emitters remains unknown.
Here we employ angular-resolved spectroscopy to experimentally
determine the dipole orientation of strain-induced quantum emitters. It
is found that with increasing local strain the quantum emitters in WSe,
undergo a transition from in-plane to out-of-plane dipole orientation if
their emission wavelength is longer than 750 nm. In addition, the exciton
g-factor remains with average values of g = 8.52 + 1.2 unchanged in the
entire emission wavelength. These findings provide experimental support
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of the interlayer defect exciton model and highlight the importance of an underlying three-dimensional strain profile of deformed
monolayer semiconductors, which is essential to optimize emitter-mode coupling in nanoplasmonics.
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B INTRODUCTION

Transition metal dichalcogenides (TMDs) are promising
semiconductors to enable advances in photonics and
electronics.”” In their two-dimensional (2D) monolayer
form, TMDs exhibit a direct bandgap and large exciton
binding energies leading to bright optical emission.” Partic-
ularly, tungsten diselenide (WSe,) has gained considerable
interest as a host of single-photon emitters (SPEs) to realize
on-chip photonic quantum technologies.”® Initially, SPEs in
WSe, were discovered being randomly distributed in optical
hot-spots of unknown microscopic origin.”~'" Later work
showed the connection between local strain and resultin
redshift of the zero-dimensional (0D) exciton formation,'
which has led to a unique strain engineering of SPE in
monolayer WSe, via point-like stressors such as nanobubbles'”
and lithographically defined nanopillars,'™'® or line-like
stressors such as elongated wrinkles that under controlled
piezoelectric actuation show SPE emission energy shifts up to
18 meV.'® The advent of site-controlled quantum emitters in
WSe, has also led to the recent demonstration of a 3 X 4 array
of SPE that is deterministically coupled to vertical gap-mode
plasmonic nanocavities, displaying more than 500-fold Purcell
enhancement of the spontaneous emission.'” A direct
consequence of a large Purcell enhancement is that non-
radiative emission channels can be effectively overcome, giving
rise to drastically improved SPE quantum yields (QYs) from 1
to 2% to a cavity-enhanced QY up to 65%,'” which also
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enables generation of single-photon emission up to temper-
atures of 160 K for the case of WSe,.'®

Despite these promising optical properties of strain-induced
SPE and their prospects for device integration, the underlying
microscopic mechanisms involved in the 0D exciton emission
are still investigated. In contrast, the optical properties of the
2D excitons recombining out of the K* valleys are well
understood, with exciton—photon coupling following the chiral
optical selection rules (spin-valley locking) in theory'® while in
experimental systems softening of the selection rule can be
caused by disorder, local strain, or material tilting. Specifically,
in WSe,, the electron spin orientations in the lower conduction
band (CB) and in the upper valence band (VB) are opposite.
As a result, the upper CB to upper VB transition is spin-
allowed, giving rise to the bright 2D exciton emission (X°)
with a corresponding in-plane dipole moment. Likewise, the
lower CB to upper VB transition is spin-forbidden, giving rise
to the dark 2D exciton emission (XP**) with a corresponding
out-of-plane dipole moment, making excitation and detection
with a typical light path perpendicular to the monolayer plane
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Figure 1. Overview of angular-resolved detection on 2D bright and dark excitons. (a) Schematic of the optical setup that enables filtering of
detection angles . A 100 ym pinhole on a translating stage is used to allow only a certain detection angle 6. (b) Sketch of a 2D bright exciton in
monolayer WSe, with in-plane orientation (red double-arrow) and light propagation along the z-direction. (c) Sketch of a 2D dark exciton in
monolayer WSe, with out-of-plane orientation (blue double-arrow) and in-plane light propagation. (d) PL spectra of 2D neutral exciton (X°) and
dark exciton (XP*%) taken at 0° (black solid line) and 54° (red solid line) detection angle. The intensity of X° is magnified 3-fold for illustration. (e)
Intensities of X° as a function of the filtered angle. (f) Intensities of X°** as a function of the filtered angle. Gray solid lines are a theoretical model
of the intensity functions for in-plane and out-of-plane dipole emitter orientation, respectively. The dashed lines in parts e and f indicate an

objective aperture of +54°.

challenging. Nevertheless, the use of near-field coupling to
surface plasmon polaritons®® or the utilization of microscope
objectives with high numerical aperture (NA) as well as direct
in-plane optical excitation and detection geometries revealed
strong optical emission from XP**
optical spectra.”’

The question arises of whether or not the strain-induced 0D
SPE will simply inherit the spin-valley physics and exciton
dipole orientation of the 2D bright and dark exciton species or
if a more complex microscopic mechanism involving defect
states is responsible for the strain-induced SPE formation. Two
experimental observations pinpoint that the latter scenario is
more likely. First, if the substrate-induced strain potential is
absent, i.e, the monolayer appears flat and unstrained in
atomic-force microscope imaging, there remains a weak and
spectrally broad optical emission centered around 742 nm, i.e.,
energetically below the X° and XP** states, which is likely
associated with emission from excitons localized at point
defects."* Second, the advent of flux-grown WSe, material with
significantly reduced intrinsic point defect densities” reveals a
drastically improved QY for the 0D exciton emission, with
values up to QY = 32% of the pristine material (without
plasmonic enhancement), compared to chemical vapor
deposition grown WSe, limited to QYs of 1-2%.'” Both
findings suggest that point defects play an important role in the
SPE formation. The recent theory model by Linhart et al.
proposes a unifying mechanism in the form of intervalley
defect exciton (IDE) emission.”® In this model, the local strain
from nanobubbles or pillars energetically pulls down the dark-
state conduction band associated with the XP** transition,
which hybridizes with the defect state associated with

states in the corresponding
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omnipresent intrinsic Se vacancies. This hybridization breaks
the spin-valley locking, thereby leading to efficient radiative
decay of the IDE that appears in optical spectra with a
characteristic doublet with a predicted zero-field splitting A, of
about 0.8—2 meV and an exciton g-factor of g = 8.8, that is
considered the source of the observed 0D SPE in WSe,.

One of the limitations of the model by Linhart et al.” is that
the strain profile is assumed to be restricted to the xy-plane of
the monolayer material, while nanobubbles and nanopillars
stick typically out of the plane by about 20—200 nm, creating a
3D strain profile in WSe,. The dipole emitter orientation of 0D
SPE has not yet been investigated experimentally, albeit being
essential from a fundamental point of view to uncover the
microscopic origin of SPE in 3D topographies as well as from a
practical point of view when coupling quantum emitters to
nanocavity modes.

Here we employ angular-resolved imaging to determine the
dipole orientation of 0D SPEs in WSe, that are strain-induced
via formation of nanobubbles. We show a transition from in-
plane to out-of-plane dipole moment orientation for the defect
excitons if their emission wavelength is longer than around 750
nm, while the exciton g-factor remains with average values of g

8.52 + 1.2 largely unchanged in the entire emission
wavelength regime from 720 to 800 nm. We further discuss
these findings in the framework of the IDE emission and
provide guidance toward optimizing cavity—emitter coupling
of strain-induced SPE with respect to nanoplasmonic gap-
mode cavities.

https://dx.doi.org/10.1021/acs.nanolett.0c01358
Nano Lett. 2020, 20, 5119-5126
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Figure 2. Determination of dipole orientation for OD strain-induced excitons. (a) PL spectra of localized excitons with a wavelength shorter than
750 nm. Inset: atomic force microscope image featuring nanofolds. Scale bar: 500 nm. (b) Angular dependence of the PL intensity for a quantum
emitter with an emission wavelength of 747 nm (red arrow in part a). The gray line is the theoretical fit. (c) Mapping of PL intensities versus
collection angles at exemplary location 1. (d) PL spectra of localized excitons with a wavelength longer than 750 nm. Inset: Open black dots are
second-order photon correlation traces g(z)(r) recorded with a Hanbury Brown—Twiss setup under nonresonant excitation. The red solid line is a
fit to the standard rate equation of a two-level system. (e) Angular dependence of PL intensity for a quantum emitter with an emission wavelength
of 768 nm (blue arrow in part d). Gray solid lines are a theoretical model of the intensity functions for in-plane and out-of-plane dipole emitter
orientation, respectively. (f) Mapping of PL intensities under different collection angles at exemplary location 2. The dashed lines indicate a

microscope objective aperture of +54°.

B RESULTS

Lieb et al. introduced a technique to detect the three-
dimensional dipole orientation of single-molecule quantum
emitters held at room temperature based on direct imaging of
the intensity emission pattern in the back-focal plane of a high
NA objective lens.”* In our system, the objective (NA = 0.82)
is placed inside a closed cycle cryogenic system (attodry1100)
to allow dipole-orientation measurements for quantum
emitters held at 4 K. Since the cryogenic setup requires light
collection with an optical fiber to reach the spectrometer and
CCD detector, we follow here a modified technique utilized by
Wang et al.”' based on pinhole scanning in the parallel beam
path. As shown schematically in Figure 1, the 100 gm pinhole
is placed in the parallel beam path and scanned with a
motorized translating stage to record PL spectra that are
spatially selected with respect to the light emission angle from
the surface, with an angular resolution of 3.8°. Note that since
the pinhole is only placed at the detection path, which is
separated from the excitation path by a beam splitter (not
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shown), there is no variation of excitation intensity while
moving the translating stage with the pinhole. When the
filtering pinhole is located at the center (@ = 0°), photons
emitted in the z-direction can pass through the pinhole and
reach the detector. In contrast, when the pinhole is moved
toward the edge of the objective aperture (6 = 54°), photons
that are emitted into the far-field by the dipole with x—y plane
orientation can be collected more effectively through the
pinhole.

As a calibration test to confirm that our optical setup can
resolve the orientation of exciton dipole emitters in WSe,, we
first measured the spatially uniformly distributed 2D exciton
emissions, X° and XP*¥ that are well-known to have in-plane
(Figure 1b) and out-of-plane (Figure 1c) dipole moments,
respectively.”’ Figure 1d presents the PL spectra that are
normalized to the intensity of the X° peak (713 nm) recorded
under two extreme configurations, when the pinhole is placed
at @ = 0° position and @ = 54° position, respectively. As
expected, the XP** (734 nm) emission peak vanishes at 0°

https://dx.doi.org/10.1021/acs.nanolett.0c01358
Nano Lett. 2020, 20, 5119-5126
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detection setting but appears to be maximized at 8 = 54°
detection, indicating an out-of-plane dipole moment for X **,
In addition, we carried out a line scan by moving the pinhole
from @ = —54° to @ = 54° to reveal the propagation directions
between light from X° and XP*k a5 shown in Figure le and f.
We also fit the pattern using the model proposed by Lieb et
al.”* for dipole emitters with in-plane and out-of-plane
orientation, as shown by the gray solid lines. It is clear that
X° is maximized for 6 = 0° (in-plane dipole orientation),
whereas the XP** transition is only visible for large 6 (out-of-
plane dipole orientation). Note that the sharp intensity decay
beyond +54° (outside of the vertical dashed lines) is an artifact
caused by the finite aperture of the objective; i.e., light leaving
the sample surface with larger emission angles does not
transmit through the system.

We now apply this technique to study the dipole orientation
of localized excitons (0D excitons), particularly with respect to
strain-induced 0D exciton quantum emitters in WSe,.' 419
One simple way to create 0D excitons in monolayer WSe, is
based on the deliberate formation of nanobubbles and folds via
cold-stamping and hard pressing, as we recently demon-
strated.'”> As shown in the inset of Figure 2a, atomic force
microscope (AFM) images show the formation of several
nanobubbles and folds occurs within the excitation laser spot
area with heights varying from 20 to 80 nm as well as lateral
diameter of nanobubbles typically varying from 200 to 500
nm."” The associated 3D strain profile is significantly more
extended than the exciton Bohr radius in WSe,. The
corresponding PL spectrum from the first location in Figure
2a shows sharp peaks from OD excitons with transition
wavelengths shorter than 750 nm, ie, predominantly from
weakly localized 0D exciton emission near the ensemble
distribution of the defect emission. To verify the quantum light
signature, we recorded the second-order photon correlation
function g(z) (7) of the spectrally filtered single sharp peak, with
one example of pronounced single-photon antibunching shown
in the inset of Figure 2d. The zero-delay time value of g*(0) =
0.24 + 0.01 is comparable to our previous ﬁndin%s for
nanobubble- or nanopillar-induced 0D excitons.'”'”™® To
reveal the dipole orientation of the 0D localized excitons, we
carried out the angular-resolved scanning of the PL emission
profile for the quantum emitter emitting at 747 nm (Figure
2b). Clearly, the PL intensity of this quantum emitter is
maximized at @ = 0° following a similar pattern as was
observed for the X° transition (Figure 1), indicating an
underlying in-plane dipole moment in this case. The angular-
resolved PL intensity map in Figure 2¢ reveals that a number of
other quantum emitters in the same wavelength regime follow
a similar pattern indicative for in-plane dipole orientation.

In strong contrast, laser excitation at other locations on the
same sample reveals optical emission spectra with predom-
inantly 0D quantum emitters that emit at wavelengths longer
than 750 nm (Figure 2d), which have been suggested to
originate from strain-induced excitons formed by energetically
deeper potentials.'” In this case, pinhole scanning reveals a
clear pattern of dark-state exciton emission, where the maxima
of PL intensity for the 768 nm emission are at the edges of the
objective aperture near 0 = +54° (Figure 2e), similar to the
XPk state emission for the case of 2D excitons (Figure 1).
This contrasting behavior is also valid for the other quantum
emitters that emit at wavelengths longer than 750 nm, as
shown in Figure 2f, and demonstrates that deeply localized 0D
excitons feature an out-of-plane dipole moment orientation. In
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addition, both in-plane and out-of-plane cases can also be
observed at the same excitation location within the 1 ym laser
spot size. To illustrate this, Figure 3a shows a magnified view
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Figure 3. Different dipole polarization at the same excitation position.
(a) Zoom-in and rescaled PL mapping from Figure 2f for the emission
wavelength from 720 to 750 nm at spot 2. (b) PL spectra of localized
exciton emission within a range of 720—800 nm with a detection
angle of 22.5° to show both in-plane and out-of-plane emissions. (c)
Angular dependence of the PL intensity of an emitter with an
emission wavelength of 736 nm (black arrow in part b). The gray
solid line is a theoretical model of the intensity functions for in-plane
dipole emitter orientation. Dashed lines indicate the microscope
objective aperture of +54°.

of the data from Figure 2f centered to the emission occurring
at shorter wavelength. For the quantum emitter highlighted in
Figure 3b (solid arrow at 736 nm), the pinhole scan reveals
that the PL intensity is maximized at near 6 = 0° detection
angle (Figure 3), implying in-plane and out-of-plane dipole
orientations can coexist within the excitation area.

To demonstrate that the transition from in-plane to out-of-
plane is strongly correlated to the emission wavelength, we
have analyzed 20 strain-induced quantum emitters in the
wavelength range from 730 to 780 nm. One way to quantify
the dipole orientation from the angular-resolved scans is to
define the intensity visibility as V = (Ipo — Is4o)/(Ipe + Ig4e),
where Iy and I, are the PL intensity at a detection angle of €
= 0° and 0 = 54°, respectively. For the exciton transitions with

https://dx.doi.org/10.1021/acs.nanolett.0c01358
Nano Lett. 2020, 20, 5119-5126
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predominant in-plane dipole orientation, one expects to find I,
> I, and thus a positive visibility V. Likewise, for predominant
out-of-plane orientation, V will be negative. Figure 4a shows
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Figure 4. Statistics of dipole-orientation visibility V and g-factor for
strain-induced quantum emitters. (a) Bar-plot of intensity visibility V
for 20 quantum emitters calculated from the intensity extinction ratio
(I — Is4o)/(Igp + Isye) determined from angular-resolved imaging. In-
plane oriented excitons are colored in red, while out-of-plane oriented
excitons are colored in blue. (b) Statistics of g-factors for 18 strain-
induced quantum emitters (left panel). The gray dashed line shows
the average g-factor of 8.52 + 1.2. The right panel shows the
corresponding histogram of the g-factor, and the red solid line is the
normal distribution fit. (c, d) Side-view of simulated electric-field
intensity enhancement (IEI*/IE,?) profile of in-plane (c) and out-of-
plane (d) light with the finite-difference time-domain method. Scale
bar: 50 nm.

the corresponding visibility values where bars are colored in
red for V' > 0 and blue for V < 0. For the localized excitons that
emit at shorter wavelength, V varies from 0.57 to 0.85, showing
clearly in-plane dipole orientation in all cases. Below 750 nm, a
transition occurs, with V becoming negative and varying from
—0.86 to —0.38, implying out-of-plane dipole orientation in all
cases. In the transition regime around 753 nm, the visibility
drops to the lowest values, indicating that those quantum
emitters are in a mixed state with respect to their dipole
orientation.

To investigate the hypothesis that the observed dark-state
behavior of the localized excitons emitting at a wavelength
longer than 750 nm originates from point defects that have a
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largely different electronic structure, we have determined the
exciton g-factor via magneto-PL measurements. To this end,
the magnetic field B was applied parallel to the k-vector of the
incident laser (Faraday configuration). All spectra of strain-
induced quantum emitters display a zero-field splitting A, that
varies between 400 and 800 peV, with an average value of 677
ueV, that further splits apart in an applied magnetic field
following the well-known Zeeman effect relation:

Ag = (A, + (;,thB)z, where g is the Bohr magneton

and g is the exciton g-factor. The g-factors for 18 quantum
emitters determined in this way are displayed in Figure 4b,
revealing an average g-factor of 8.52 + 1.2, which is in good
agreement with experimental values reported for localized
excitons in monolayer WSe,.””'”'* Importantly, the narrow
distribution centered around g = 8.52 + 1.2 indicates that the
underlying electronic structure does not change considerably
over the entire wavelength range, which is in excellent
agreement with the theory model by Linhart et al,”” which
estimated values of g = 8.8 for the localized intervalley defect
excitons. We also note that other possible reservoirs for the
quantum emitter hybridization exist, including momentum-
dark excitons in the QK valley™ or KK’ valley”® with g-factors
of 7 and 11 for spin-like and spin-unlike QK excitons and 12
for KK’ excitons” or 9 for spin-unlike KK excitons.”® Given
the narrow distribution of g = 8.52 + 1.2 in our work, those
momentum-dark 2D excitons with g = 11—12 are less likely to
contribute to the defect state emission. Likewise, we can rule
out that the strain-induced quantum emitter in the wavelength
range from 720 to 750 nm inherits the observed bright-state
behavior from the corresponding 2D X° exciton, since this
electronic state is characterized by a factor of 2 smaller exciton
g-factor of typically g = 4—5.”>"" However, based on the g-
factor argument, we cannot fully rule out that momentum-dark
excitons can contribute in addition to the spin-dark excitons as
a mechanism to brighten the localized defect exciton emission.

Regardless of the microscopic origin, which is still not fully
uncovered in the theoretical literature, we would like to point
out that the experimental observed transition of the dipole
moment from in-plane to out-of-plane with increasing
wavelength in Figure 4a is quite systematic and coincides
with a pronounced structural change, ie., the tilting of the
monolayer material itself into an out-of-plane configuration at
regions of highest strain. That the maximum strain is located
near the edge of the stressor is apparent from our recent work
showing that experimentally with highest likelihood exactly
four 0D SPE will be induced with a cubic stressor, in
agreement with strain hot-spots in numerical simulations
located around the four corners of a cube. Furthermore, the
monolayers are tilted out-of-plane at the stressor edge before
bending back down flat onto the substrate, as is evident in
scanning electron microscope images.'” In addition, recent
scanning near-field spectroscopy with sub-20 nm spatial
resolution reveals also for nanobubbles that the regions of
highest strain are located at the tilted edge periphery of
nanobubble stressors and not at the flat center.”’ We therefore
interpret the observed transition from in-plane to out-of-plane
dipole orientation for wavelengths longer than 750 nm to
reflect the local curvature change in the presence of nanocubes
or point-like nanobubbles, which effectively rotates the WSe,
monolayer itself out of plane along the periphery that hosts the
highest strain (largest redshift).

https://dx.doi.org/10.1021/acs.nanolett.0c01358
Nano Lett. 2020, 20, 5119-5126
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Applications in quantum information science favor typically
those quantum emitters emitting at longer wavelength, since
they are separated far enough from the ensemble emission,
resulting under moderate spectral filtering in higher single-
photon purity, where g(z)(r = 0) approaches zero. Knowledge
of the dipole orientation of the quantum emitters is further
crucial when engineering the spontaneous emission rate
(Purcell effect) and quantum yield via coupling to optical
cavity modes. Of particularly recent interest are plasmonic gap-
mode-type nanocavities’> that achieve ultrahigh Purcell
enhancement up to 1000-fold**** as well as deterministic
spatial coupling with quantum emitters.'” Interestingly, the
nanoparticle-on-metal geometry supports both in-plane and
out-of-plane dipole orientations, albeit with unequal coupling
strength. To illustrate this, we used finite-difference time-
domain simulations to calculate the field intensity profile when
driven under in-plane and out-of-plane polarization orienta-
tion. Figure 4c shows the side-view of the profile for the in-
plane field enhanced by the plasmonic gap-mode, resulting in
an electric-field-intensity enhancement EF = |EI*/|Eyl* = 910.
In contrast, for the case of an out-of-plane dipole moment
coupled to the plasmonic gap-mode, the enhancement factor
can be nearly 2 orders of magnitude higher, with EF = 4640
(Figure 4d). The coupling strength is apparently significantly
larger when the field direction of the quantum emitter is
perpendicular to the metal surface plane, as is the case for
strain-induced quantum emitters in WSe, emitting at wave-
lengths longer than 750 nm. Our findings in Figure 4a of an
out-of-plane dipole configuration for strongly localized 0D
quantum emitters provide a solid foundation for our recent
report of strong Purcell enhancement for spatially deterministic
coupled quantum emitters to vertical plasmonic gap-mode
nanocavities.'” On the other hand, if it is required to Purcell-
enhance in-plane dipoles such as the quantum emitters at
shorter wavelength (720—750 nm), the better approach is to
use the horizontal plasmonic gap-mode provided by bowtie-
type plasmonic nanocavity modes,”>*° since the nanoparticle-
on-metal-type system provides only limited Purcell enhance-
ment for this case.

In conclusion, we have shown that strain-induced quantum
emitters in WSe, undergo a transition from in-plane to out-of-
plane dipole moment orientation if their emission wavelength
is longer than 750 nm. In contrast, the exciton g-factor remains
with average values of g = 8.52 + 1.2 largely unchanged in the
entire emission wavelength regime from 720 to 800 nm. These
findings suggest that the dipole moment orientation of strain-
induced excitons follows the local curvature change in the
presence of nanobubbles, folds, or nanopillars, which
effectively rotates the WSe, monolayer itself out of plane in
the presence of highest strain. Our findings provide important
insights into the interplay of topography, strain, and energy
level hybridization for 0D quantum emitters in WSe,, which is
not only relevant to optimize emitter-mode coupling for
plasmonic nanocavities,'” but also for other interactions such
as magnetic proximity coupling’” or coupling between distinct
emitters mediated by short-range Coulomb interaction.’®
While recent advances in nanoscale strain engineering of
monolayer semiconductors already provide spatial scalability of
cavity-coupled SPE required to enable complex on-chip
quantum information processing architectures, further progress
is likely to realize room temperature operation as well as single-
photon indistinguishability toward enabling quantum logic.”
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B METHODS

Exfoliation and Transfer. Monolayers of WSe, were
mechanically exfoliated from crystals grown by the chemical
vapor transport (CVT) technique (HQ graphene). Before
transfer, the exfoliated layers are attached to a viscoelastic
stamp (gel-film). The exfoliated layers are then dry-transferred
onto the silicon substrate with 285 nm of SiO, on top. We use
an optical microscope to distinguish the monolayers and
multilayers by the optical contrast.

Photoluminescence Spectroscopy. Micro-photolumi-
nescence (u-PL) measurements were performed using a
closed-cycle cryogen-free cryostat (attodryll100, attocube
systems AG) where the sample temperature was set to 3.8
K. The excitation source was a laser diode operating at 532 nm
in continuous wave mode. We collect the exciton emission
with an infinity-corrected apochromatic microscope objective
lens and collimate the light into a parallel beam. The output is
sent into a S m long optical fiber which is attached to a
spectrometer (0.75 m focal length, 300 groove/mm grating,
and 150 pm slit width) with a liquid-nitrogen-cooled CCD
camera (Princeton Instruments). Magnetic fields were applied
perpendicular to the plane of the sample within the range 0—9
T to determine the g-factor and fine structure splitting from the
Zeeman pattern.

Angular-Resolved Spectroscopy. In addition to the y-
PL setup, we follow the raster-scan method in ref 21 to gain
information on the angular distribution of the quantum emitter
emission. Unlike the conventional back-focal plane micros-
copy’* that directly images the back-focal plane, we use a 100
um pinhole mounted on a motorized translating stage with a
step size of S0 ym (accuracy 1 ym) over a range of 3.6 mm to
cover the entire parallel beam spot of 3 mm diameter from the
cryogenic objective inside the attodry1100, while the scanning
setup is attached on a local breadboard on top of the cryostat.
Note we use only the cryogenic microscope objective followed
by the pinhole at a distance of about 1.5 m from the objective
and not another lens to image onto the pinhole like in ref 21. A
fiber coupler is mounted after the pinhole fixed to the optical
axis to collect the transmitted light signal into a S m multimode
optical fiber. The output from the fiber is sent into the
spectrometer/CCD system.
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