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optical properties in both linear and 
non-linear regimes.[1–4] They have also 
been shown to be capable of hosting 
single-photon emitters.[5–7] Besides the 
tunability of their bandgap in response 
to electric fields,[8,9] TMDs’ exciton 
dynamics can be further modified 
through stacking into van der Waals 
heterostructures,[10] chemical doping,[11] 
and application of mechanical strain.[12] 
These properties are of particular 
interest in the context of Photonic inte-
grated circuits (PICs) where the goal is 
to couple a photon-routing structure to 
elements with strong and tunable optical 
response.[13] Such circuits find applica-
tions in optical communication,[14] com-
putation,[15] and sensing.[16–18] Integration 
of TMDs into photonic waveguides can 
be readily achieved by direct transfer, 
taking advantage of the material’s van 
der Waals bonding nature.[19,20] To date, 

most hybrid systems with an optically coupled 2D mate-
rial realize placement away from the photonic mode’s max-
imum (off-center placement) or at a dielectric interface, for 
example, close to an exposed fiber core,[21,22] at the end-face 

The effective integration of 2D materials such as monolayer transition metal 
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is being intensely pursued due to these materials’ strong exciton-based 
optical response. This work presents a platform where a 2D heterostructure 
(WS2-hBN) is directly integrated into the photonic mode-center of a novel 
polymer ridge waveguide. Finite-difference time-domain simulations and 
collection of photoluminescence from the guided mode indicate that this 
system exhibits significantly improved waveguide-emitter coupling and 
mode confinement over a previous elastomer platform. This is facilitated 
by the platform’s enhanced refractive-index contrast and a new method for 
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1. Introduction

Monolayer transition metal dichalcogenides (TMDs) are 
a material class of great interest due to their exciton-based 

M. Schmid
4th Physics Institute and Research Center SCoPE
University of Stuttgart
Pfaffenwaldring 57, 70569 Stuttgart, Germany
K. Watanabe
Research Centre for Functional Materials
National Institute for Materials Science
1-1 Namiki Tsukuba, Ibaraki 305-0044, Japan
T. Taniguchi
International Centre for Materials Nanoarchitectonics
National Institute for Materials Science
1-1 Namiki Tsukuba, Ibaraki 305-0044, Japan
G. Eda
Centre for Advanced 2D Materials
National University of Singapore
6 Science Drive 2, Singapore 117546, Singapore
G. Eda
Department of Chemistry
National University of Singapore
3 Science Drive 3, Singapore 117543, Singapore

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adom.202101684.

Adv. Optical Mater. 2022, 10, 2101684

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadom.202101684&domain=pdf&date_stamp=2021-11-06


www.advancedsciencenews.com

© 2021 Wiley-VCH GmbH2101684  (2 of 6)

www.advopticalmat.de

of an optical fiber,[23] or on top of a waveguide in integrated 
photonic devices.[24–28]

As a proof of concept, we have previously demonstrated the 
integration of a TMD into an elastomeric ridge waveguide.[29] 
However, the optical coupling efficiency in this system is 
limited by the material’s off-center placement in between high- 
and low-refractive index layers and a relatively low index con-
trast (n1 − n2 ≈ 0.001). A low index contrast also impedes mode 
confinement, limiting the performance of waveguide bends 
required, for example, for on-chip interferometers and more 
complex photonic circuits. Addressing these shortcomings 
opens up new applications for elastomeric waveguides. These 
hold particular promise for hybrid photonic systems, as their 
rapid, low-cost fabrication cycle provides a mild environment 
favoring the integration of various micro- and nano-structures. 
Potential applications include among others rapid-protoyping, 
foundational material studies and lab-on-a-chip systems.[30–34] 
An additional advantage is the environmental shielding that 
encapsulation provides for emitters.

We present a novel elastomer ridge waveguide together with 
a new technique to integrate a 2D heterostructure (WS2-hBN) 
in the mode-center of the waveguide (Figure  1a). The broad-
band, single-mode device supports propagation distances of 
several thousand micrometers and displays markedly enhanced 
emitter-mode coupling compared to the previous elastomer 
platform.[29] The enhancement relies on two factors. First, the 
newly developed system employs two (commercially available) 
polymer formulations that increase the index contrast by two 
orders of magnitude (n1 − n2 ≈ 0.1). As a result, the platform can 
be miniaturized, reducing the effective mode area by a factor of 
≈20 from 166.4 μm2 for the previous platform down to 8.5 μm2. 
This concentration of the electromagnetic field facilitates inter-
action between integrated material and guided mode, while 
simultaneously increasing the waveguide’s collection efficiency. 
Second, a new fabrication sequence allows for placement of a 
2D material in the mode center. This stands in contrast to a 
previous method where a 2D material could only be integrated 
off-center, that is, between the high- and low-index polymer. 
Therefore, emission from integrated 2D materials which arises 
from in-plane dipole sources couples more effectively to the 

guided mode in the presented device.[35] Numerical simulations 
(FDTD, Lumerical) indicate that this miniaturization and opti-
mized placement lead to an improvement of the mode overlap 
compared to the previous system, and that mode-center place-
ment causes an improvement by a factor of 20 compared to off-
center placement in the new platform (Figure 1b, c). This posi-
tion serves as a benchmark, as it would be the most strongly 
coupling configuration realizable without the introduced fab-
rication method. We provide an experimental comparison 
between mode-center and off-center placement and confirm the 
improved interaction between mode and 2D material via col-
lection of top-down-excited (free-space-excited) photolumines-
cence from the guided mode (edge-collection). This collection 
enables new experimental configurations and evidences signifi-
cant enhancement compared to the previous platform where no 
signal was observable via edge-collection.

2. Results and Discussion

2.1. Coupling of Excitonic Photoluminescence to the Waveguide

To characterize optical material-waveguide coupling in the 
device, we employed finite-difference time-domain (FDTD) 
simulations and different excitation-collection schemes as out-
lined below. Initially, we estimated how much of the modal 
power flow (i.e., the Poynting vector along propagation direc-
tion) overlaps with the material for varying vertical WS2 place-
ments inside the waveguide. Modeling WS2 as a 1 nm thick and 
3 μm wide area perpendicular to the direction of mode propa-
gation, we calculated a fractional power flow of 0.055% through 
the TMD for mode-center placement in contrast to 6.03 × 10−5% 
for surface placement and 0.0021% for placement below the 
photonic mode. This corresponds to an enhancement of the 
mode overlap by almost three orders of magnitude compared 
to surface placement and one order of magnitude compared to 
off-center placement.

Experimentally, we first confirmed emitter-waveguide cou-
pling by excitation of the material from the top and collec-
tion of its photoluminescence (PL) from the guided mode via 
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Figure 1.  a) Schematic depiction of the waveguide with the integrated WS2-hBN heterostructure (thickness ≈ 20 nm). b) Illustration of off- and mode-
center placement (emitter not drawn to scale) together with the mode profile. c) Simulation of a dipole source’s emission at 620 nm coupling to the 
waveguide’s fundamental mode for different vertical positioning. A maximum mode coupling of 0.49% in one propagation direction is predicted. The 
red line is intended as a guide to the eye.
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edge-collection (Figure  2). The detection of excitonic PL here 
is an important illustration of the device’s improved material-
guide coupling since the previous system did not show a signal 
in this configuration.[29] In these experiments, we moved the 
excitation spot along the waveguide-region covered by WS2 and 
recorded the edge-collected PL for two different devices that 
realize either mode-center placement or off-center placement 
(with a material offset from the mode center by 1 μm).

We note that edge-collection of PL from the waveguide 
mode is possible for both the mode-center and the off-center 
device. The difference in coupling predicted to arise from the 
optimized mode-center placement is indeed observable as a 
higher average signal. In this configuration, however, a rig-
orous quantitative evaluation of the relative coupling efficiency 
is not possible due to setup limitations, and will be subject of 
future studies.

2.2. Excitation of WS2 via the Waveguide

To investigate the relative performance of mode-center and 
off-center devices more closely, we established a second 
experimental configuration where excitation and collection 
points are interchanged such that we recorded the PL emitted 
into free space upon excitation by an edge-coupled pump 
(Figures 3 and 4). Using an excitation power of  40 μW ensures 
that we stay within the linear regime of WS2 exciton emission. 
In this range, the collected PL intensity will be proportional 
to the excitation rate and serves as a measure of how well the 
waveguide mode couples to WS2. We compared the coupling 
for mode-center placement with that for off-center placement. 
To account for local variations in the material’s quantum yield, 
we normalized the PL against the top-down excited and col-
lected PL at every site. Further, we collected the emission every 
2.1 μm along the waveguide where it is interfaced with the flake 
(Figure  3a). As anticipated, the mode-center device shows a 
markedly stronger response compared to the off-center device 
under the same excitation conditions (Figure 3). Moreover, we 
observed nearly exponential decay of the signal along the wave-
guide, indicating extinction of the waveguide mode. We meas-
ured an overall signal ratio of 11:1 for mode-center compared to 
off-center placement. This is evidence for the anticipated facili-
tation of coupling through mode-center placement, with simu-
lations predicting a ≈ 20 times enhancement. The difference 
between simulation and experiment may be due to the dielec-
tric properties of the 20 nm thick hBN support which were not 
included in the model.

2.3. Polarization-Dependent Excitation

To confirm that WS2-hBN maintains its structure and that the 
waveguide is, in fact, polarization-preserving, we recorded the 
PL in the same scheme but under variation of the pump polari-
zation and at a fixed collection site (Figure  4). This yielded a 
polarization dependence of the PL signal, with an intensity 
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Figure 2.  Edge-collected WS2 photoluminescence from the guided mode 
in the developed waveguide system. The stronger WS2 photolumines-
cence coupled to the waveguide via mode-center placement (blue) indi-
cates its superior mode-coupling compared to off-center placement (red) 
(integration time = 30 s, 350 μW pump).

Figure 3.  Experimental comparison of mode coupling for mode-center and off-center integrated WS2-hBN, respectively. a) The photoluminescence of 
WS2 excited via the photonic mode is collected from free-space at different positions along the waveguide (black dots). b) Plot of the free-space collected 
photoluminescence at different positions normalized to account for local variations in the quantum yield. A least-square exponential fit reveals that 
the extinction coefficients are similar (0.08 and 0.12) and integration of the counts shows a distinctively higher excitation ratio of 11:1 for mode-center 
compared to off-center placement.
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that is minimal for out-of-plane-polarized pump light. The 
sensitivity of excitation to the pump polarization is expected 
due to the strictly in-plane orientation of excitons.[35] Figure 4a 
shows two PL spectra acquired with orthogonal pump polari-
zations to underline the difference in excitation ratios. The 
signal’s dependence on pump polarization is shown in detail 
in a polar plot (Figure  4b), where the excitation ratio changes 
under gradual rotation of the pump polarization. The extinc-
tion ratio, that is, the ratio of PL intensity for in-plane and out-
of-plane polarized excitation, was found to be ≈ 65, indicative 
of this waveguide’s polarization-preserving characteristics. It 
also serves as confirmation of the material’s preserved struc-
ture throughout fabrication and transfer. A slight asymmetry 
in the polarization plot originates from experimental imper-
fections, that is, from a gradual change in alignment of the 
edge-coupled pump.

Weaker coupling of dipole radiation to the waveguide com-
pared to this free-space-collected emission is expected for an 
in-plane oriented dipole with a Poynting vector whose angular 
distribution largely consists of out-of-plane components. 
The radiation pattern shows little overlap with the waveguide 
mode, producing a weaker signal compared to that collected as 
free-space radiation.

3. Conclusion

We have demonstrated a new elastomeric hybrid photonic plat-
form where light-matter interaction with a 2D heterostructure 
is facilitated by miniaturization of the waveguide and mode-
center integration of the material. Simulations and experiments 
confirm that the system exhibits significantly enhanced inter-
action between the encapsulated material and waveguide com-
pared to a previous platform. The dry-transfer technique used 
for integration is applicable to other 2D material systems. Of 
note, the new devices show the ability to couple photolumines-
cence from the integrated materials into the waveguide mode. 
In addition, flexible photonic components that rely on curved 

waveguides become accessible to platforms that are based on 
the utilized polymers.

While semiconductor platforms such as silicon-nitride wave-
guides can offer higher coupling efficiencies of ≈ 7% due to 
a higher index-contrast ( Si N3 4n  = 2.055, SiO2n  = 1.461 at 532 nm) 
and a smaller mode area (of ≈ 0.14–0.2 μm2),[24,36,37] the pre-
sented polymer platform offers unique features such as strain-
tunability, low fabrication costs, a short development time, and 
a simple fabrication procedure. Mild curing conditions also 
enable versatile approaches to material integration. Besides fun-
damental studies of TMDs, and other 2D materials, we believe 
that this system will be of interest in the context of micro-
fluidics, chemical-tuning, flexible photonics, optoelectronic 
devices, and encapsulation of other nano- and micro-scale mate-
rials into polymeric waveguides for novel hybrid systems. Last, 
the newly demonstrated ability to couple photoluminescence to 
the waveguide facilitates applications where 2D materials may 
also be used as integrated (non)linear and (nonclassical) light 
sources in the near-room-temperature regime.

4. Experimental Section
Waveguide Characterization and Optical Setup: The developed polymer 

platform is a ridge waveguide based on two polymers (n1  ≈ 1.42 and 
n2 ≈ 1.51 at 532 nm). Integration into the mode-center was achieved via 
dry-transfer of a WS2-hBN heterostructure onto a waveguide precursor 
and subsequent plasma-bonding of two pre-cured polymer layers that 
make up the lower and the upper half of the high-refractive-index layer. 
Each half of this guiding layer is about 1 μm thick and the waveguide 
ridge has a width of 2 μm with a height of 1 μm (Figure 1a). The structure 
is capable of single-mode guiding orthogonal polarizations equally 
(Figure  5, top right). The refractive index difference between guiding 
polymer layer and the supporting polymer matrix lies between 0.085 
and 0.1 and is stable over a range of wavelengths and temperatures 
as measured by a critical angle refractometry (Schmidt&Hänsch, see 
Supporting Information).[38,39]

A schematic of the experimental setup configured for an edge-
coupled pump (edge-excitation) is shown in Figure  5. The polymer 
substrate was ≈1.3 cm in length and the WS2-hBN heterostructure placed 
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Figure 4.  WS2 photoluminescence is excited by an edge-coupled pump and measured via free-space collection. Out-of-plane polarized light shows 
minimal interaction with WS2. a) In-plane and out-of-plane polarized pump light couples to the waveguide and evokes photoluminescence signals with 
different intensities. This confirms different interaction cross-sections of pump light with the dipole-moment of 2D materials. b) A polar plot of the PL 
signal’s integrated intensity at different pump polarizations.
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close to the center of the device. Here, hBN with a thickness of  20 nm 
served as structural support to prevent wrinkling. The WS2 monolayer 
covered a length of 40 μm along the waveguide. Fiber, waveguide and 
collection optics were each mounted onto three- and five-axis translation 
stages (ULTRAlign, Newport) for alignment. A lensed single-mode fiber 
(SM-630-HP, conical taper: 1.6-2 μm) was edge-coupled on one side and 
either connected to a spectrometer (NTegra system by NT-MTD) or to 
a 532 nm pump. A 100× microscope objective (Olympus, 0.6 NA) was 
focused onto WS2 from the top and connected to either a spectrometer 
or a 532 nm light source. The polarization of the edge-coupled fiber was 
linearized using a polarizer, half-wave plate, and quarter-wave plate, with 
the latter precompensating for birefringence in the fiber. The edge of the 
waveguide chip was imaged onto a CMOS camera using a 10× objective 
lens to facilitate and monitor fiber alignment. An additional nonpolarizing 
beam splitter in this optical collection path allowed for simultaneous 
monitoring of both the transmitted output profile and the transmitted 
power via a power meter. An iris ensured that only the guided mode’s 
intensity evolution was recorded. All experiments were performed at 
room-temperature. A detailed characterization of the heterostructure 
before and after transfer can be found in the Supporting Information.

Waveguide Fabrication: The waveguides were fabricated from two 
different PDMS formulations (Sylgard 184 (Dow Corning) and Gelest 
OE 50 (Mitsubishi Chemicals)) on two silicon wafers. To create the 
waveguide ridge with mode-center placement, a silicon wafer was spin-
coated with a 1 μm thick layer of positive photoresist (AZ1512). The 
waveguide pattern was laser-written into this layer. Gelest OE 50 was 
spin-coated onto this mold to a thickness of ≈1 μm. The wafer was 
cured at 55 °C for 4 h and the TMD-hBN heterostructure transferred via 
soft lithography, making up the first half of the guiding layer. A second, 
unpatterned and photoresist-coated substrate was prepared again by 
spin-coating and curing of a 1 μm thick layer of Gelest OE 50 on the 
AZ-coated wafer. A 2 mm thick layer of Sylgard 184 (the lower-refractive 

index polymer) was cured on top of this second substrate at 70 °C for 
1 h. This substrate now contained the lower part of the guiding layer 
(Gelest OE 50) and its support matrix (Sylgard 184). After treatment 
with oxygen plasma for 30 s, the two halves were brought in contact, 
forming a permanent bond and completing the structure. For off-center 
placement, the thickness of the high-index polymer-layer was increased 
to 2 μm, WS2-hBN with the same dimensions as for the mode-center 
device was transferred onto it and the layer was plasma bonded directly 
to the low-index polymer.

Material Transfer: The WS2-hBN heterostructure was assembled using 
a pick-up technique. WS2 monolayers were first grown onto Si substrates 
via a liquid-mediated chemical vapor deposition method. hBN flakes 
were tape-exfoliated from bulk hBN crystals supplied by the National 
Institute for Materials Science (NIMS), Japan, onto polydimethylsiloxane 
(PDMS) substrates (Sylgard 184). These hBN flakes were subsequently 
used to pick up the CVD-grown WS2 flakes. During the pick-up, the WS2 
samples were heated to 130 °C to facilitate the pick-up process. Last, 
the WS2-hBN heterostack was released onto the waveguide using a 
dry-transfer technique.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
A.L. acknowledges support by the National Research Foundation, 
Prime Minister’s Office, Singapore. G.E. acknowledges support 

Adv. Optical Mater. 2022, 10, 2101684
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within the waveguide. WS2 is contained within the white lines.
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