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1. Introduction

Atomically thin layers of transition metal dichalcogenides (TMDs) have advanced as a new ma-
terial platform for on-chip optoelectronics, quantum photonics and to explore the limits of light-
matter coupling [1-4]. In particular the giant dipole moment of excitons and coulomb-correlated
multi-particle complexes in those materials makes them specifically appealing to explore the
frontiers of cavity quantum electrodynamics. A variety of cavity quantum electrodynamics im-
plementations with TMD layers were established and explored, including effects of weak [5-7],
as well as strong coupling of excitons and photons [8-11]. To address challenges associated with
capping TMD layers by dielectric or semiconductor layers [12], various strategies have been em-
ployed, such as open microcavity designs [13], flip-chip bonding [14, 15], and photonic crys-
tal [16] or grating geometries featuring large electromagnetic field intensities at the surface [17].
While linear gratings have been shown to be valuable for achieving strong coupling in extended,
one-dimensional configurations [17], circular gratings can also be harnessed to squeeze the op-
tical mode into a very small volume. A circular Bragg grating (CBG), also referred to as a ‘bullseye’
cavity, has been successfully utilized in III-V quantum photonics to yield efficient single photon
sources [18] and pair sources [19]. Recently, a first step towards the integration of atomically thin
WSe, with a CBG has been discussed [20], where enhanced emission was observed from a mono-
layer. However, the experiments were conducted in the spectral range around 750 nm, where the
emission of WSe; monolayers is usually dominated by a broad defect band at cryogenic temper-
atures, rather then the excitonic or trionic resonances located close to 720 nm [21]. Here, we in-
vestigate coupling of the WSe; trionic many-body resonance and close-by states near 720 nmto a
CBG cavity, utilizing a hyperspectral imaging technique. We show evidence of selective coupling
to one of the bullseye cavity’s resonances by correlating emission spectra obtained from different
locations across the geometry.

2. Sample characterization

Our CBG is based on an epitaxial heterostructure which was grown on a semi-insulating GaAs
substrate and consists of a 1 um thick Aly7Gag 3As sacrificial layer, which is complemented by
120 nm of Gag51Ing49P [22]. The fabrication of the CBG is sketched in Figure 1(a): first, the
structure was spin-coated with polymethyl methacrylate (PMMA), and the CBG was defined by
electron beam lithography and a short, subsequent reactive chemical etching step. Afterwards,
the PMMA was removed, and larger holes were defined, surrounding the CBG. The process was
completed by a selective wet chemical etch in hydrofluoric acid, to remove the sacrificial layer
underneath the CBG. The scanning electron microscope images in Figures 1(b) and (c) depict the
complete device, which is suspended, supported by the surrounding material.

In order to assess the optical modes supported by the CBG which may couple to TMD mono-
layer emitters, we utilized finite difference time domain (FDTD) calculations. The CBG features
a well-defined optical mode that is concentrated at the center of the geometry (Figure 2(a)), and
extends vertically, out of the sample plane, with a relatively small divergence angle (Figures 2(b)
and (c)). Such mode allows spatially selective coupling to a TMD monolayer that is placed on the
cavity, and efficient collection of the monolayer emitted light by free-space optics. As indicated in
Figure 2(d), the cavity mode can furthermore be conveniently tuned through the emission spec-
trum of WSe; from below 700 nm and up to more than 800 nm by scaling the CBG inner disk and
outer ring diameters with a factor ranging between 0.8 to 1.2. A maximum Purcell factor of up
to 10 is preserved in all cases, as well as a relatively wide spectral bandwidth of approximately
10 nm.
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Figure 1. (a) Processing steps for a circular Bragg grating: onto a GaAs substrate a
Aly7Gag 3As sacrificial layer is grown, followed by a thin GalnP membrane. Via e-beam
lithography the grating pattern is written into the membran and the sacrificial layer re-
moved by wet etching through holes reaching it. (b) Scanning electron microscope (SEM)
overview of the finished, under-etched membrane. (c) Close-up of the CBG.

3. Experiment and discussion

In order to study the coupling of TMD monolayer electronic resonances to the aforementioned
photonic modes in our structure, we transferred a monolayer of WSe, onto a fabricated CBG, as
shown in Figure 3(a) (see Methods for process details). After fabrication, a reflectivity spectrum
was taken for the CBG, Figure 3(b), revealing a dip at approximately 730 nm consistent with
the expected cavity mode spectral position. We next performed micron-scale, spatially-resolved
micro-photoluminescence (PL) measurements of the fabricated structure. Importantly, since
the monolayer spanned only an area of approximately 1 um x 3 um over the CBG, as seen in
the scanning electron microscope (SEM) image of Figure 3(a), a spatially-resolved PL emission
measurement was necessary to reveal a full picture of the light-matter coupling. Details of the
measurement setup can be found in the Methods Section.

Figure 3(c) displays a spatially resolved PL map for emission at wavelength of 804 nm, solely
capturing PL from the GaAs substrate that passes through the four larger circular holes that
surround the CBG, similar to Figures 1(b) and (c). As such holes are placed symmetrically around
the CBG, the GaAs emission can be used to determine the center position of the CBG (white
crosses in Figures 3(c) and (d)). This was done by checking the alignment of the grating and
the holes under an optical microscope. Based on that a crosshair was designed and visually
matched to the GaAs emission peaks in the hyperspectral maps. Given a full-width at half-
maximum of approximately 3 pixels for such peaks (approximately 1500 nm, for a pixel size of
approximately 500 nm, see Methods), we estimate the center of the white cross to be well within
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Figure 2. (a, b) Top and side view of the total electric field amplitude at 726 nm produced
by a dipole placed right in the center and 10 nm above the GaInP membrane. The field is
mainly confined in the inner disc and directed out-of-plane. A logarithmic color scale was
chosen in (b) to facilitate visualization of the field inside and out of the semiconductor).
(c) Finite difference time domain (FDTD) simulated far-field of a CBG showing a strong out-
of-plane emission in the center region within a less than 0.17 rad (10°) angle. (d) Available
mode tuning when scaling the CBG geometry dimensions by a factor of 0.8 to 1.2. The
mode at around 730 nm for a scaling factor of 1.0 (arrow) exhibits a simulated Purcell-
enhancement of up to 10.

the approximately 1600 nm diameter of the CBG’s bullseye. Integrating the PL intensity between
700 nm and 780 nm, in contrast, we capture the emission intensity profile of the monolayer
(see Figure 3(d)). Indeed, this profile is slightly shifted with respect to the center of the CBG,
which suggests that only selected parts of the spectrum couple efficiently to the optical resonance
supported by the cavity.

In Figure 4(a) spectra selected from specific locations over the CBG (indicated by circular
dots on Figure 4(c)) are plotted, to compare the influence of the CBG on the emission proper-
ties. We observe that the CBG selectively enhances the luminescence around 730 nm, including
the trionic resonance (X-) [21] and the peaks labeled as PO and P1. The spectral region where
the enhancement is observed falls within the reflectivity dip assigned to the CBG cavity mode.

C. R. Physique — 2021, 22, n° S4, 97-105
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Figure 3. (a) SEM image of a WSe, monolayer (yellow) transferred onto a CBG. The image
is rotated by 180° to align with the photoluminescence (PL) maps. (b) Reflectivity spectrum
revealing the expected mode around 730 nm. Here, AR = Rcpg — Ryef, Where Rcpg and Ryer
are respectively the reflectivities of the CBG and a reference silver mirror, normalized to
their respective maxima within the displayed range. The red line is a fit with a Lorentzian
line function. (c) PL map (pixel size: 0.5 um x 0.5 wm) of the CBG at 804 nm revealing
the GaAs emission that passes through the four etched holes around the grating. Based
on this the position of the CBG is determined (white cross). The white circle represents
the full extent of the CBG. (d) Integrated PL map between 700 nm to 780 nm owing to the
monolayer emission.

The spectra outside of the CBG, where no monolayer is placed, is included as a baseline. Fit-
ting both spectra on the monolayer (see Supplement S2 for details) reveals an increase of the in-
tensity in the center compared to the edge of the CBG. The relative increasement is plotted in
Figure 4(b), displaying a direct correlation of the enhancement on the overlap with the cavity
mode. In contrast, the luminescence of P2 at 750 nm, which is assigned to defects in the WSe,,
remains mostly unaffected by the CBG. This spatio-spectral selective enhancement can be op-
timally visualized by comparing the integrated spatial luminescence pattern inside the mode
in Figure 4(c) to outside of the mode (Figure 4(d)). Here, we indeed observe that the emission
around 730 nm is most prominent in the center of the CBG, which indicates coupling to the CBG
mode. In contrast, the luminescence features in the range between 740 nm and 780 nm solely
reflect the location of the monolayer in the device, without any influence of the photonic mode
structure.
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Figure 4. (a) Selected spectra at different positions on the CBG as shown in (c). X- marks
the trion emission, PO, P1 and P2 additional signals typical found in WSe,, respectively.
(b) The ratio of the integrated area Center/Edge of the four labeled peaks in (a) show a
correlation to the position of the cavity mode (displayed —AR for clarity). X-, PO and P1
exhibit a enhancement of their intensity of up to 3.8. (c) Integrated photoluminescence in
the range of 720 nm to 740 nm, covering the range of the mode and mainly positioned in
the center of the CBG. (d) Integrated photoluminescence from 740 nm to 780 nm, which
mainly follows the flake geometry. In (c) and (d), the white circle represents the full extent
of the CBG, whereas dotted crosses indicate its center.

4. Summary

In conclusion, we have studied the light-matter coupling of a monolayer WSe, with the localized
mode in a circular Bragg grating cavity via hyperspectral imaging. We clearly observe a spatial-
sensitive enhancement of the emission of the monolayer. Importantly, the spatial profile of the
weakly coupled photoluminescene follows the expected cavity resonance spatial profile, whereas

the uncoupled broadband emission merely reflects the spatial shape of the mononolayer itself.

Our work is a first step towards highly scalable cavity quantum electrodynamics with engi-
neered quantum emitters in two dimensional materials [23]. We envision, that full encapsula-
and bottom hBN layer [24], combined with an optimized
a promising route to improve the coupling signatures in
our system. At the conceptual stage, assembling such a Van-der-Waals heterostack on a CBG

tion of the TMD monolayer with a top
cleaning and annealing procedure, is
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should be straight forward, as the membranes are robust enough to withstand several transfer
processes.

We further notice, that thus far, the community is still lacking solid evidence for the improved
optical quality of WSe, single photon emitters arising from trapped excitons after full encapsula-
tion with hBN, where even monolayers in the vicinity of metallic surfaces displayed very narrow
spectral linewidths [25]. Hence, it could be appealing to test modified schemes utilizing metallic
CBG structures [26] combined with atomically thin crystals, to significantly increase the available
Purcell enhancement without deteriorating the optical quality of the emitters.

5. Methods

Sample fabrication. Monolayers of WSe, were mechanically exfoliated [27] via commercial ad-
hesive tape from bulk WSe; crystals onto a PDMS stamp, and subsequently transferred onto the
sample.

Optical spectroscopy. Spatially and spectrally resolved photoluminescence measurements, which
were carried out on the sample attached to liquid helium flow cryostat at temperature of 5 K. We
excited the sample with a 532 nm CW laser and collected the PL signal with an objective (50x and
0.42 NA). Collected PL light was diverted towards a grating spectrometer through a beamsplitter,
and the reflected excitation laser was filtered by a long-pass color filter (630 nm). The signal was
then analyzed by selecting a 1500 grooves/mm grating for higher resolution and 300 grooves/mm
for capturing full spectrum, using a spectrometer consisting of a liquid nitrogen cooled charged
coupled device. We estimate the illumination spot-size to be of approximately 2.5 um in diameter,
based on imaging with a CCD camera.

To obtain PL spatial maps, the cryostat was mounted onto two linear stages, which allowed
the excitation and collection spot to be translated across the sample. The stages had a specified
nominal resolution of 200 nm, and were scanned with a step-size of 500 nm to produce the
hyperspectral images in Figures 3 and 4. We estimate the uncertainty in the coordinates for the
collection spot in Figures 3 and 4 to be of approximately 400 nm, consistent with the nominal
resolution of the stages, and smaller than the scan grid step.

Reflectivity spectrum. To obtain the cavity reflectivity spectrum of Figure 3(b), a similar illumina-
tion setup was used to illuminate the fabricated device with broadband light from a supercon-
tinuum laser source. The reflected light stemming from the collection objective was, likewise to
the PL collection case, diverted towards a grating spectrometer for spectral analysis. A reference
reflectivity spectrum was obtained in a similar fashion from a silver mirror, normalized, and sub-
tracted from the (normalized) CBG spectrum to produce the data plotted in Figure 3(b).
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