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ABSTRACT: Single-molecule localization microscopy
(SMLM) is a powerful tool that is routinely used for
nanoscale optical imaging of biological samples. Recently, this
approach has been applied to study optically active defects in
two-dimensional (2D) materials. Such defects can not only
alter the mechanical and optoelectronic properties of 2D
materials but also bring new functionalities, which make them
a promising platform for integrated nanophotonics and
quantum sensing. Most SMLM approaches, however, provide
a ﬁeld of view limited to ∼50 × 50 μm2, which is not suﬃcient
for high-throughput characterization of 2D materials. Moreover, the 2D materials themselves pose an additional challenge as
their nanometer-scale thickness prevents eﬃcient far-ﬁeld excitation of optically active defects. To overcome these limitations,
we present here a waveguide-based platform for large ﬁeld-of-view imaging of 2D materials via total internal reﬂection
excitation. We use this platform to perform large-scale characterization of point defects in chemical vapor deposition-grown
hexagonal boron nitride on an area of up to 100 × 1000 μm2 and demonstrate its potential for correlative imaging and highthroughput characterization of defects in 2D materials.
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waveguides, making them a promising platform for on-chip
quantum optics.12,13
Several imaging techniques were demonstrated to be suitable
for studying such defects in 2D materials at diﬀerent scales.
Transmission electron microscopy (TEM)14,15 can be
employed to image single defects over an area of several tens
of square nanometers, which is however accompanied by the
introduction of new defects during this process due to intense
electron-beam irradiation of the studied sample.15,16 Near-ﬁeld
techniques, such as scanning tunneling microscopy (STM)17
and near-ﬁeld scanning optical microscopy (NSOM),18 have
been also successfully applied to study defects in 2D materials.
However, they are all limited by the size of the inspected area
(typically, less than several square micrometers) and do not
allow for high-throughput characterization of defects due to
the time needed for sequential scanning.
While this can be tolerated for certain applications, novel
high-throughput inspection methods are crucially needed to
rapidly characterize defects in large-area 2D materials.19,20 This

aveguides have been the workhorse of integrated
photonics, serving as the basis for implementing
compact passive components such as on-chip splitters, ﬁlters,
interferometers, resonators, and multiplexers. To add functionality to photonic chips, one further needs to interface
waveguides with other materials, which is usually done through
coupling with the evanescent ﬁeld of the waveguide. This
method is especially suitable for 2D materials, which due to
their minimal thickness down to just a few angstroms are
eﬃciently excited by the evanescent ﬁeld from the waveguide.1
This allows for the fabrication of various active components
(light-emitting diodes, modulators, photodetectors) from 2D
materials on top of the on-chip waveguides.2,3 Such devices
may utilize not only the optoelectronic properties of the 2D
material itself but also those originating from the optically
active defects in these materials.4−6 The existence of such point
emitters has been reported for multiple transition-metal
dichalcogenides (TMDCs)7−10 at cryogenic temperatures
and in hexagonal boron nitride (hBN)11 at room temperature.
Recent works have also shown the eﬃcient coupling of the
single-photon emission from these defects into the on-chip
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Figure 1. Concept and implementation of the waveguide-based platform for high-throughput photoluminescence characterization and superresolution imaging of 2D materials. (a) Simpliﬁed schematic of the imaging setup, where the laser light is focused onto the tapered entrance of the
waveguide from the left and is creating an evanescent ﬁeld on the surface of the imaging well. This excites the ﬂuorescence in the ﬂakes of 2D
materials, which is detected through the imaging column. The inset on the top left shows the atomic structure of a 2D material (e.g., hBN) with
defects. (b) Waveguide chip placed on the piezo stage. The red laser is coupled in from the left facet, and its propagation inside the waveguide is
visible due to scattering. The scattering signal is signiﬁcantly higher in the imaging well (outlined in yellow), where the protective top silica cladding
is removed. (c) Multiple imaging wells on the same waveguide chip, placed after the expansion taper reached the needed width of the waveguide
(25, 50, or 100 μm in the chip shown). (d) An SEM image of transferred CVD-grown hBN ﬂakes inside one of the imaging wells. Scale bar: 5 mm
(b), 500 μm (c), 50 μm (d).

which is further reduced down to ∼20 × 20 μm2 in the total
internal ﬂuorescence (TIRF) mode, especially suitable for
imaging 2D materials. This mainly happens due to the lack of
the illumination uniformity achievable through high-NA
objectives29 and is insuﬃcient for high-throughput characterization of 2D materials. To overcome this limitation and
simultaneously increase the excitation eﬃciency of defects in
atomically thin 2D materials, one can use integrated waveguides as an imaging platform by utilizing their evanescent ﬁeld
for excitation. This requires a certain rethinking of the
geometry of the waveguides, motivated by the high-throughput
imaging requirements.
In the integrated photonics community, waveguides are
typically meant to be single-mode, which limits their crosssectional width to a fraction of a micrometer in the visible
range. Obviously, this is not suﬃcient for large-area imaging,
where ideally the width of the imaging waveguide should be
expanded to tens of micrometers, being limited only by the
imaging objective and the chip size of the camera used (∼200
μm for commercial detectors at suitable magniﬁcations for
single-emitter detection). Naturally, such wide waveguides are
inherently multimode, so a slow adiabatic expansion of the
single-mode waveguide to reach the required imaging width is
needed in order to uniformly excite the photoluminescence
(PL) in 2D materials.30
Following this approach, we demonstrate here the use of a
waveguide-based imaging platform, recently applied for SMLM
bioimaging,31,32 for the characterization of defects in 2D
materials. The proposed platform decouples the excitation and
collection paths, allowing the collection of the PL signal
through a high-NA objective while simultaneously exciting the
optically active 2D materials over a large area (up to 100 ×
1000 μm2) in TIRF mode. This allows for a hundred-fold

is especially important in the context of further wafer-scale
integration of 2D materials into standard microelectronics
fabrication processes. Here a technique of choice would be
wide-ﬁeld optical microscopy, which uses camera detectors to
image the entire ﬁeld of view in a single shot and thus enables
fast characterization of much larger areas than the abovementioned methods, but provides signiﬁcantly worse resolution due to the diﬀraction limit.21
The quest to overcome this limit has been central in many
areas of biology, which led to the creation of multiple superresolution microscopy methods, including single-molecule
localization microscopy (SMLM).22,23 The SMLM technique
is based on acquiring a large stack of successive images, each
containing sparse switchable ﬂuorophores, which are then
localized frame-by-frame. SMLM has become very popular in
the biological community, giving rise to the variety of
implementations (PALM,23 STORM,22 SOFI,24 PAINT,25,26
etc.) and the creation of ready-to-use commercial superresolution microscopes by several manufacturers. Recently,
however, this technique has found applications in materials
science27 and was applied to study optically active defects in
2D materials, by treating them as single emitters and reaching
localization precisions below 10 nm.21 Therefore, SMLM
allows circumventing the trade-oﬀ between small-scale, highresolution TEM images and large-scale, low-resolution optical
maps. Moreover, to simultaneously analyze not only spatial but
also the spectral distribution of optically active defects in 2D
materials, a spectral super-resolution technique was recently
applied to study emitters in hBN.28 This allowed their
properties to be studied at the ensemble level and revealed
multiple populations of ﬂuorescent defects in this material.
Established wide-ﬁeld super-resolution techniques, however,
typically provide a ﬁeld of view of less than ∼50 × 50 μm2,
B

DOI: 10.1021/acsphotonics.9b01103
ACS Photonics XXXX, XXX, XXX−XXX

ACS Photonics

Letter

Figure 2. Photoluminescence imaging of 2D semiconductors on waveguides. (a) MoS2 ﬂakes in the imaging well (top) and the PL spectrum taken
at the position of the cross (bottom). (b) WS2 ﬂakes and their PL spectrum, respectively. (c) AFM scan of dark and bright regions of the WS2 ﬂake
inside the red square and the corresponding averaged line proﬁle (indicated by the width of the line ends), showing a step of ∼1.5 nm,
corresponding to a multilayer material in the center of the ﬂake. The rough borders of the ﬂake are due to the transfer method used. The stripes
seen in (a) are also due to the imperfections in the waveguide and transfer residues, which can disturb the mode proﬁle and create some
interference. Scale bar: 25 μm (a, b).

respectively). Moreover, as discussed above, we preserved
the uniform evanescent ﬁeld in the imaging wells up to 100 μm
wide, by adiabatically expanding the fundamental mode from
the inverted taper coupler with an expansion rate of less than
1% (schematically shown in Figure 1a).
To use the described waveguide chip, we built a simple and
cost-eﬀective upright microscope using readily available
optomechanical components. As shown in Figure 1, the
platform consists of a sample holder to immobilize the
waveguide chip, which is placed on top of a 3-axis piezo stage
used for alignment, a long-distance coupling objective, an
excitation source (561 or 641 nm laser), a high-NA imaging
objective, and an sCMOS camera, which collects photoluminescence through exchangeable emission ﬁlters in between
(see Materials and Methods for details). Alternatively, the
waveguide chip can be directly imaged on any existing upright
microscope with the addition of a coupling objective or a
lensed ﬁber to couple the laser light into the waveguide chip,
which is demonstrated in the SI (Figure S2). The use of a
lensed ﬁber further reduces the cost and complexity of the
platform and is especially beneﬁcial when imaging is performed
in a vacuum or in a cryogenic environment.

increase in imaging speed per area, compared to traditional
TIRF microscopy or PL mapping, and paves the way toward
high-throughput PL characterization and optical inspection of
defects in 2D materials.

■

EXPERIMENTAL SETUP
The central element of the waveguide-based imaging platform
is a silicon chip with multiple silicon nitride (Si3N4)
waveguides buried in the layer of silica cladding (Figure
1a,b). The chip was designed using numerical simulations to
have a high coupling eﬃciency, low losses, and uniform ﬁeld
distribution,31 and fabricated using standard microelectronic
fabrication processes (see Materials and Methods for details).
Particular attention was paid to the input interface of the
waveguides, where surface roughness strongly aﬀects the
coupling eﬃciency. To mitigate those losses, we utilized a
two-step lithography and etching process, designed to
minimize the damage to the input facet.31 A further increase
in coupling eﬃciency was achieved by adding an inverted taper
coupler (∼150 nm wide tip) at the beginning of each
waveguide, which increases the eﬀective size of the
fundamental mode to match the mode size of the input
beam. Naturally, the optimal width of the input taper coupler
depends on the excitation wavelength and the coupling
method used (641 nm laser light and a 50× objective, in our
case).
The second important requirement for a proper waveguide
design is the reduction of transmission losses, maximizing
excitation in the imaging area containing the 2D material.
Transmission losses were reduced by covering the surface of
the waveguides with a protective layer of SiO2 cladding
everywhere except for the small area, the so-called imaging
well, where the sample is placed for imaging (see Figure 1c and
d for the optical and SEM micrograph of the well,

■

RESULTS AND DISCUSSION
To demonstrate the capabilities of the platform for the
investigation of 2D materials, we transferred CVD-grown
molybdenum disulﬁde (MoS2) and tungsten disulﬁde (WS2)
ﬂakestwo of the most often used two-dimensional
TMDCsonto the waveguide chips (see Materials and
Methods for details). Monolayers of MoS2 and WS2 exhibit
bright photoluminescence in the visible range (emission
maximum at ∼670 nm for MoS2 and ∼630 nm for
WS2),33−36 due to the direct band gap of ∼2 eV, and possess
strong excitonic eﬀects,37 which make them especially
C
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Figure 3. Imaging of optically active defects in hBN on waveguides. (a) An SEM image showing multiple hBN ﬂakes inside a single imaging well,
false-colored for clarity. Si3N4 waveguide (violet), SiO2 cladding (light-blue), hBN ﬂakes (dark blue). A larger area is shown, compared to (b) and
(c), to demonstrate that only the parts of the ﬂakes inside the imaging well are excited by the evanescent ﬁeld. (b) Fluorescent image obtained
using 641 nm laser excitation (2000 frames, averaged). The observed stripes along the edges of the imaging well are due to residues and inherent
impurities in the silica cladding.47 The impurities are activated in the high-ﬁeld intensity regions owing to the curved cross-section of the
waveguide.48 (c) Reconstructed super-resolved image, obtained from the same stack of 2000 frames. (d−f) Correlative imaging of the ROI, shown
by an orange rectangle, with a distinct sub-micrometer feature (AFM, SMLM, SEM). Scale bar is 10 μm (a, c); all images are obtained from a single
FOV without any stitching.

sequential scanning micro-PL, where typical acquisition times
for such large areas are on the order of minutes (1000×
slower). This diﬀerence becomes even more signiﬁcant for
larger-area ﬂakes (shown in Figure S3) and continuous ﬁlms of
2D materials, which are currently under development. An
advantage of micro-PL comes from the ability to simultaneously record the spectrum of the photoluminescence, though
requiring even longer integration times to achieve a good
signal-to-noise ratio. That is why for high-throughput PL
analysis spectral characterization capabilities can be further
added to the demonstrated waveguide-based platform, e.g.,
following the approach in ref 28.
Upon closer examination of the PL image of the WS2 ﬂake
(Figure 2b), a pronounced dark triangular region can be
observed in the center of each ﬂake, which presumably consists
of several atomic layers of the 2D material produced during
initial growth at the nucleation center. This is further
conﬁrmed by the atomic force microscopy (AFM) scan
(Figure 2c), which reveals an averaged line proﬁle with a step
of ∼1.5 nm at the boundary of the dark region. These
multilayer structures exhibit much dimmer photoluminescence
due to the change from a direct band gap in monolayer WS2 to
an indirect band gap in the multilayer material.44 Therefore,
the waveguide-based platform can be used as well for a quick

attractive for applications in optoelectronics and nanophotonics. Particularly interesting is the ability of such
materials to form van der Waals heterostructures with desired
functionalities.38,39
Though point defects in two-dimensional TMDCs are
usually not optically active at room temperature, they have an
eﬀect on the photoluminescence of the material. The PL of
TMDCs is normally reduced with the increasing density of
defects, thus serving as an indicator of the quality of the 2D
material. PL can also be enhanced through defect engineering6,40,41 and chemical treatment.42,43 In Figure 2 we show the
measured wide-ﬁeld PL signal from MoS2 (Figure 2a) and WS2
(Figure 2b) ﬂakes excited by the evanescent ﬁeld on the
surface of waveguide chips, together with their spectra (see
Materials and Methods for details). Both materials demonstrate a bright PL signal, compared with the background, even
with the excitation laser power as low as 10 mW, measured
before the coupling objective. Such power density is orders of
magnitude smaller than what is typically needed to illuminate a
similar area for PL measurements on conventional wide-ﬁeld
microscopes.
Another advantage of the waveguide platform is the fast
acquisition time for PL maps. To obtain the PL maps in Figure
2 (∼100 × 100 μm2) an acquisition time of 100 ms was used,
which makes a signiﬁcant diﬀerence in comparison with the
D
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While acquired super-resolved images of emitters in hBN
provide valuable information about the spatial and temporal
distribution of defects in the transferred ﬂakes, for highthroughput characterization of the material it is important to
have a certain ﬁgure of merit, linked to the properties of the
material under study. One such ﬁgure of merit could be the
average density of optically active defects,21 which would be
inversely proportional to the quality of the hBN ﬁlm in
comparison to the defect-free crystal. This information can be
easily extracted from the localization table (Figure S7), used to
generate the super-resolved image, which allows for an easy
integration into automated characterization procedures.
Furthermore, as both the core and the cladding of the
waveguide chip are chemically stable, the platform can be
readily used to explore the eﬀect of chemical treatments on the
optical properties of 2D materials. One example is the
treatment with a superacid, such as bis(triﬂuoromethane)sulfonamide, which was demonstrated to increase the photoluminescence of 2D materials.42 More complicated treatments51,52 could be used to heal the defects in CVD-grown 2D
materials in an eﬀort to bridge the gap in their quality in
comparison to almost defect-free bulk crystals. Moreover, using
simple PDMS-based microﬂuidic channels on top of the
waveguide chip, one could image the temporal evolution of
such treatments, multiplexed over several waveguides on the
same chip.
The waveguide-based platform is also advantageous in the
context of further integration with on-chip electronics and
microwave circuits. Recent studies have identiﬁed certain
optically active defects in hBN that demonstrate clear
signatures of an optically detected magnetic resonance
(ODMR).53,54 This discovery opens up a plethora of
possibilities for the optical manipulation and readout of spin
states in hBN, which is essential for quantum information
processing and quantum sensing algorithms. Thus, the addition
of microwave and DC lines becomes a necessity and could be
easily achievable on the waveguide chip with standard
microfabrication techniques.

search of multilayer regions on a grown monolayer 2D
material, even in case of poor optical contrast.
To investigate the capabilities of the waveguide-based
imaging platform for super-resolution defect characterization,
we transferred samples of CVD-grown monolayer hBN to the
imaging wells on a waveguide chip (see Materials and Methods
for details). As monolayer hBN on top of silicon nitride is
barely visible by either bright- and dark-ﬁeld optical
microscopy, we directly proceeded with the investigation of
the transferred ﬂakes using ﬂuorescence. Typically, such CVDgrown hBN contains a substantial density of optically active
defects, so we could excite them using laser illumination,
coupled into the on-chip waveguide, and record the emitted
signal with an sCMOS camera. A typical time-averaged wideﬁeld image clearly shows multiple hBN ﬂakes inside an imaging
well in Figure 3b.
As was previously reported,21 emitters in hBN exhibit
pronounced photoswitching between the bright and dark states
(blinking) under continuous laser illumination, such that only
a fraction of emitters is visible in each of the acquired frames
(see Figure S6 for the temporal properties of the studied
samples). This enables temporal separation and localization of
sparse active emitters with subpixel precision by ﬁtting each of
the diﬀraction-limited luminescence spots with a 2D Gaussian
intensity proﬁle and a reconstruction of a super-resolved image
by summing up all localizations over a large number of frames
(∼2000, in our case). The resulting super-resolved image for
the acquired image stack, reconstructed using the ThunderSTORM plugin45 for ImageJ,46 is shown in Figure 3c.
Additional reconstructed images of large-area hBN ﬂakes are
shown in Figure S4.
As reported in Figure 3c, not only hBN ﬂakes produce the
ﬂuorescence, especially in the areas near the edges of the
waveguide. Presumably, this parasitic signal is due to polymer
residues and inherent impurities in the silica cladding.47 These
impurities are excited in the regions of the waveguide where
the excitation ﬁeld intensity is high due to the curved crosssection of the waveguide, which was intentionally fabricated
with that proﬁle to minimize the scattering losses.48 To see the
distinction between such emitters in the background versus the
ones in hBN ﬂakes, we additionally analyzed their temporal
dynamics (SI, Figure S6c). We also analyzed the spectrum of
the observed emission to verify it was coming from the
optically active defects in hBN (Figure S5), which matches the
previously published spectra for CVD-grown hBN28,49 and is
inherently diﬀerent from the photoluminescence of polymer
residues.50
To further characterize the transferred 2D material on
waveguides, we performed scanning electron microscopy
(SEM) (Figure 3a) and AFM (Figure 3d) imaging. The
strong contrast of hBN on top of silicon nitride in SEM
enables relatively quick imaging of suﬃciently large areas on
the sample to locate all transferred hBN ﬂakes and check for
possible polymer residues (visible in areas close to the imaging
well in Figure 2a) mainly coming from poly(methyl
methacrylate) (PMMA), used in the transfer process (see
Materials and Methods for details). Higher-resolution SEM
imaging, followed by AFM scans of the selected regions-ofinterest (ROIs), demonstrates the advantages of the waveguide
imaging platform for correlative super-resolution imaging
(Figure 3d−f), thanks to the natural reference frame of each
imaging well and waveguide labels, used to navigate the
waveguide chip.

■

CONCLUSION
We have designed a novel waveguide-based platform for the
investigation of defects in 2D materials and demonstrated its
high-throughput capabilities for the characterization of
optically active defects in hexagonal boron nitride. We further
showed the capabilities of the waveguide-based platform for
correlative imaging of defects in 2D materials beyond the
diﬀraction limit. Extending this approach to other types of 2D
materials (MoS2, WS2), we explored their evanescent-ﬁelddriven photoluminescence. Therefore, our approach paves the
way toward high-throughput characterization and exploration
of defects in various 2D materials both at room temperature
and in the cryogenic environment.

■

MATERIALS AND METHODS
Optical Setup. The home-built microscope has two
excitation lasers with a wavelength of 641 nm (CUBE,
Coherent) and 561 nm (OBIS, Coherent), which are then
coupled into the input facet of the on-chip waveguides using a
long-working-distance objective (50× NA 0.55, Mitutoyo). A
dipping imaging objective (Nikon CFI Plan 100XC W, 100×
magniﬁcation, NA 1.1) is mounted from the top with the help
of two connected Z-stages, one for long-travel-range vertical
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translation (VAP10/M, Thorlabs) and another one for ﬁne
micrometer positioning (LNR25D/M, Thorlabs). The same
stages hold a set of removable emission ﬁlters (ZT405/488/
561/640rpc or ET700/75, Chroma). Another mechanically
stable system, built with four posts and four rectangular optical
breadboards, holds the sCMOS camera (PRIME 95B,
Photometrics) and the tube lens (TTL200, 200 mm,
Thorlabs). This double mechanical system decouples the
vertical motion of the objective from the heavy components
and ensures the stability during imaging and quick Zadjustment.
The waveguide chip is placed in a custom-made holder (3Dprinted or micromachined), which is then screwed into an
independent double-stage system, in which the ﬁrst stage (M401, Newport) enables the FOV adjustment and the second
one (MAX311D/M, Thorlabs) is used to align the entrance of
the waveguide with the focused laser beam and maximize the
coupling eﬃciency. A more detailed description of the setup
can be found in ref 31, together with the complete set of design
ﬁles.
Chip Fabrication. We fabricated channel waveguides with
a rectangular cross-section using Si3N4 as the core and SiO2 as
the cladding material on standard silicon wafers, 100 mm in
diameter and 525 μm thick. The core material, stoichiometric
silicon nitride (Si3N4), 150 nm thick, was deposited using a
low-pressure chemical vapor deposition (LPCVD) process on
top of the 2-μm-thick layer of thermally grown SiO2 on the
silicon substrate. To transfer the layout of the waveguides onto
the wafer, we used electron-beam lithography, followed by dry
reactive ion etching (RIE). A top cladding layer (2 μm of
SiO2) was deposited by LPCVD (LTO, low temperature
oxide). Further photolithography and dry etching steps were
used to deﬁne the imaging wells. To deﬁne the waveguide
facets as well as the chip borders, two more steps of
photolithography and etching were needed to have a spatial
separation of the smooth waveguide entrance from the rough
chip border. After the deep etching the wafer was ground from
the back until the chips were split apart using the DAG810
automatic surface grinder. The step-by-step fabrication process
is schematically shown in the SI (Figure S1) and further
detailed in ref 31.
2D Material Growth. CVD-grown hBN material was
produced under similar conditions, as described elsewhere.55
Brieﬂy, as-received Fe foil (100 μm thick, Goodfellow, 99.8%
purity) is cleaned in acetone and IPA and loaded in a
customized CVD reactor (base pressure 1 × 10−6 mbar). The
substrate was heated to 940 °C in Ar, followed by annealing in
NH3 (4 mbar). For the growth, NH3 was used as a carrier gas
(1 × 10−2 mbar) and 6 × 10−4 mbar Borazine (HBNH)3 is
introduced into the chamber for 30 minutes. The growth was
quenched by turning oﬀ the heater, allowing a fast cooling rate
of about 200 °C/min initially.
MoS2 and WS2 were grown by the CVD process reported
previously.20,56
2D Material Transfer. The as-grown hBN sample was
spin-coated with PMMA (Mr = 495, 4% solution in anisole,
3000 rpm) and baked for 5 min at 180 °C. The hBN/PMMA
layer was lifted-oﬀ from the Fe substrate using the electrochemical bubbling method57 and transferred onto the
waveguide chips. Similarly, MoS2 and WS2 materials, grown
on sapphire substrates, were spin-coated with PMMA (Mr =
495, 4% solution in anisole, 2000 rpm) and baked for 5 min at
180 °C. The MoS2/PMMA and WS2/PMMA layers were

lifted-oﬀ in DI water from the substrate and transferred onto
waveguide chips.
The 2D material ﬂakes were precisely aligned into the wells
by using a micropositioning stage and a recently reported
transfer method.58 After the transfer, PMMA was removed by a
successive 1 h rinse in hot acetone (3 rinses), hot isopropyl
alcohol (1 rinse), and hot DI water (1 rinse). Remaining
PMMA contamination is further cleaned by annealing at 400
°C in an argon (100 sccm) and hydrogen (10 sccm)
atmosphere for 8 h.
Imaging and Data Analysis. Imaging was performed
using a dipping objective with DI water and an excitation
power of the laser varying from 10 to 100 mW. The acquisition
time of the sCMOS camera was adjusted to maximize the
signal-to-noise without creating overlapping localizations
(typically, 50−100 ms). The acquired stacks of thousands of
frames were recorded using Micro-Manager59 and saved as
TIFF ﬁles. These ﬁles were then imported to the ImageJ
software46 and analyzed using the Thunderstorm plugin.45 The
analysis consisted of applying a wavelet ﬁlter to each frame and
ﬁtting the peak intensities by 2D Gaussian proﬁles. Only
emitters with intensities at least 1.2 times the standard
deviation were then assembled into a localization table,
which was used to render the super-resolved image
(Normalized Gaussian).
Photoluminescence Spectrum. Micro-photoluminescence measurements were performed in air at room temperature. A 50× air objective was used to focus the 488 nm laser
on a 2 μm spot on the sample to excite the PL, which was
collected through the same objective onto the spectrometer
(Andor Newton). Laser power was ﬁxed to 300 and 450 μW
for MoS2 and WS2, respectively. The acquisition time was set
to 60 s for the spectra shown in Figure 2.
AFM and SEM Imaging. The devices were imaged using
an atomic force microscope (Asylum Research Cypher)
operating in AC mode. The SEM imaging was performed
using a ZEISS Leo electron microscope at 1 kV acceleration
voltage.
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