Nanophotonics 2020; 9(14): 4337–4345

Research article
Han Li, Jiajun Wang, Yating Ma, Jiao Chu, Xiang’ai Cheng, Lei Shi* and Tian Jiang*

Enhanced directional emission of monolayer
tungsten disulﬁde (WS2) with robust linear
polarization via one-dimensional photonic crystal
(PhC) slab
https://doi.org/10.1515/nanoph-2020-0294
Received May 18, 2020; accepted July 14, 2020; published online July
28, 2020

Abstract
Objectives: Monolayer transition metal dichalcogenides
(TMDCs) have been regarded as promising candidates for
the future light-emitting devices. To date, though the
modulation of emission intensity and directionality in
monolayer TMDCs has received considerable scholarly
attention, there has been no systematic investigation on
the underlying critical polarization. The intensity, directionality and robust polarization are highly favorable and
pivotal for the future on-chip optoelectronic emission devices based on TMDCs.
Methods: We explore the emission features of the monolayer TMDCs in the photonic crystal (PhC) platform at room
temperature. A monolayer tungsten disulfide (WS2) is
speciﬁcally integrated with a tailored PhC structure. Angleresolved photoluminescence (PL), time-resolved PL and
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polarized PL measurements are carried out to study the
enhanced emission and polarization properties.
Results: The photoluminescence (PL) of WS2 is greatly
enhanced by over 300-fold, resulting from a ∼ﬁvefold
enhancement (from 1.5 to 7.2%) of the PL efﬁciency with
accelerated spontaneous emission rates. Additionally, the
overall polarized emission is obtained with the degree of
linear polarization (DLP) up to 60%, which is independent
of the excitation polarization. Moreover, two branched
directional emissions with horizontal polarization are also
achieved at a divergency angle of only 3.5°, accompanied
by a surprising near-100% DLP at ±8° directions.
Conclusions: This comprehensive study sets out to assess
the feasibility of the high-performance light emission device based on the monolayer TMDCs and PhC structures.
Keywords: directionality; PL enhancement; polarization;
WS2.

1 Introduction
In the last two decades, there has been a surge of research
interest in exploring the low-cost, energy-efficient, scalable
and environment-friendly active materials, which are critical components for optoelectronic emission devices [1–5].
Recently, monolayer transition metal dichalcogenides
(TMDCs), such as tungsten disulﬁde (WS2) and molybdenum
disulﬁde (MoS2), have emerged as signiﬁcant directbandgap semiconductors in the visible range [6–11]. With
the quantum efﬁciency superior to the traditional optoelectronic materials like gallium arsenide, indium phosphide and silicon, monolayer TMDCs are viewed as one of
the most promising candidates for future light-emitting
platforms [12, 13]. However, the quantum yield of untreated
monolayer TMDCs turns to be rather low (typically less than
1%) at room temperature, resulting in a weak photoluminescence (PL) behavior [8, 14, 15]. Various approaches
have been developed and introduced to reinforce the
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emission of monolayer TMDCs, including integration of
noble metal nanoantenna via localized surface plasmon
[16–24], chemical modiﬁcation [14, 25] and construction of
heterostructures with additional high-absorption perovskite
materials [26, 27]. While some improvements have been
observed, there are some realistic limitations using these
methods. More speciﬁcally, in addition to intrinsic optical
losses and high cost, precisely controlled contact is necessary during integrating noble metal nanostructures with
TMDCs; otherwise, PL quenching is likely to occur instead of
PL enhancement. Additionally, chemical modiﬁcation suffers from undesired residual and defects, whereas the stability and toxicity of TMDCs/perovskite heterostructures
under ambient conditions remain a giant challenge. These
limitations would hinder the practical applications of
monolayer TMDCs in on-chip emission devices. Besides, the
directionality and robust polarization are also important
factors determining the performance of future on-chip optoelectronic emission devices [5, 15, 28, 29]. Unfortunately,
monolayer TMDCs usually exhibit poor emission polarization at room temperature [30–34]. Although the atomically
thin MoS2 nanocrystals (∼nm) are reported to have 60%
linear-polarized PL owing to locally unitive conﬁguration of
crystallographic axes at cryogenic conditions, the PL linear
polarization degree is rapidly suppressed with lifted temperature [35]. Therefore, it is highly urgent and desired to
ﬁnd an approach that can enhance both the directional
emission intensity and robust polarization of monolayer
TMDCs, in order to promote the practical applications of onchip devices based on monolayer TMDCs.
Photonic crystals (PhCs) are optical structures consisting of periodic nanopatterns. Benefiting from their
tunable optical band structures and compatibility with the
current semiconductor processing technology, PhCs are
regarded as one of the most successful researched routes
toward high-performance optoelectronic devices based on
monolayer TMDCs. The integration of PhC with monolayer
TMDCs furnishes an ideal platform to explore the underlying new physics and functionalities, such as strong lightmatter interaction [36–39], photon guiding [40], emission
enhancement [5, 15, 41, 42] and nanolasers [43, 44]. Polarization modulation is one of these interesting and
intriguing features of PhCs that can assist TMDCs with
polarized emission [45, 46]. Though considerate efforts
have been spent on the modulation of emission intensity
and directionality in monolayer TMDCs with PhC, the underlying critical polarization property is rarely explored.
Thus, it is of signiﬁcant importance to take the emission
intensity, directionality and robust polarization as a whole
into consideration when characterizing the TMDCs/PhC
structures.

In this work, we present a comprehensive study on the
emission features of monolayer WS2 modulated by PhC
slab at room temperature. We utilize a monolayer WS2
membrane supported by PhC slab to form an emission
device, as shown in Figure 1. The band structure of PhC slab
is specially designed to overlap the PL spectrum of WS2,
leading to PL intensity greatly enhanced by over 300 times
compared to WS2 on ﬂat slab. The time-resolved PL (TR-PL)
decay measurements reveal that the spontaneous emission
rate of WS2 membrane is lifted after the integration with
PhC slab, accompanied by ∼ﬁvefold increment of radiative
recombination ratio. Moreover, the robust polarized emission is achieved with 60% degree of linear polarization
(DLP) in WS2 membrane on the PhC slab at room temperature, showing no dependence on the excitation polarization. Especially, angle-resolved PL measurements show
that a robust near-100% DLP of WS2 membrane on the PhC
slab is obtained at a directional emission angle of ±8°.
Within this framework of integrating PhC slab with a
designed band structure, effective emission with robust
polarization can be tailored by replacing other TMDC media in various applications. Our work helps in designing
future on-chip optoelectronic emission devices with robust
onefold polarization.

2 Results and discussion
The monolayer WS2/PhC device is prepared by transferring a chemical vapor deposition (CVD)-grown monolayer WS2 membrane onto the prefabricated PhC slab via a
dry-transfer method. More detailed description about
device preparation is provided in Methods section. The
schematic of monolayer WS2/PhC device is illustrated in
Figure 1a. The in-plane electric ﬁeld component parallel
(perpendicular) to the grating trenches refers to the horizontal or H (vertical or V) polarization according to lab
orientation. Figure 1b shows the optical band structure in
Γ–X direction of the PhC slab with selected parameters,
which is simulated by the ﬁnite element method with
COMSOL Multiphysics software. There are two different
optical bands overlapping the PL spectrum of WS2,
namely, band 1 and band 2. The simulated electric ﬁeld
distribution is illustrated in Figure 1c, showing band 1 is
TE-like mode with the electric ﬁeld mainly in the XOZ
plane and band 2 is TM-like mode with electric ﬁeld
mainly along Z axis. Moreover, the electric ﬁeld of band 1
is conﬁned in the surface of the Si3N4/SiO2 layer, which
indeed overlaps with the WS2 monolayer placed on top,
while the electric ﬁeld of band 2 is conﬁned in the surface
of the Ag ﬁlm. Therefore, only the optical mode of band 1
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Figure 1: Schematic of the monolayer WS2/
PhC device and simulation results.
(a) Schematic of the monolayer WS2/PhC
device. Notably, the in-plane electric ﬁeld
component in along-bar (across-bar)
direction of the grating corresponds to the
horizontal or H (vertical or V) polarization
during measurements, according to lab
orientation. (b) Simulated optical band
structure along Γ–X direction. Two bands,
denoted as band 1 and band 2, cross the
monolayer WS2 band (marked with a
salmon-pink belt), with the intersection
from band 1 (band 2) marked by an orange
(green) triangle. (c) Simulated electric ﬁeld
distribution at intersections from (b) in the
XOZ plane. The simulated results are shown
in a unit of the PhC slab, with ﬁner structure
components marked by dashed lines. The
period (P) and trench width (T ) of grating are
400 and 150 nm. The layers’ thickness:
Si3N4, 100 nm; SiO2, 220 nm; Al2O3, 40 nm;
Ag, 200 nm; WS2, tungsten disulﬁde; PhC,
photonic crystal.

interacts with the excitonic mode of monolayer WS2,
which will be further proved in later discussion.
The PhC slab is fabricated with electron-beam lithography and reactive ion etching (RIE; for more details, see
Materials and methods). We first focus on band 1 of PhC
slab, and the angle-resolved measurements are performed,
presented in Figure 2. Figure 2a is the reﬂectance of the PhC
slab detected in horizontal polarization, indicating that the
radiative ﬁeld of band 1 is horizontal polarized. Result of
vertical polarization is presented in Figure S3 of Supporting
material, showing vertically polarized band 2. The WS2
monolayer is then transferred onto the PhC slab (see Materials and methods). And the angle-resolved spectrum is
measured after integrating PhC slab with monolayer WS2
membrane in Figure 2b, showing an inconspicuous WS2
band of exciton resonance. The darkened part of reﬂectance spectrum at the intersections between band 1 and
WS2 exciton resonance means an enhanced absorption,
indicating an efﬁcient contact in the monolayer WS2/PhC
device. Additionally, the effective coupling is further
identiﬁed by measuring the emission behavior in the
device.

2.1 Giant PL enhancement from the WS2/
PhC device
PL spectra are measured to assess the emission behavior at
room temperature. It is found from Figure 3a that a giant PL
enhancement (over 300 times) is achieved in the monolayer WS2/PhC device, associated with a slight blue shift
behavior due to the partly suspension when compared with
the monolayer WS2 on ﬂat slab. Besides, the giant emission
enhancement also yields the successful integration of
monolayer WS2 with the PhC slab. T o gain additional insights into the enhanced emission characteristics, we carry
out TR-PL measurements for dynamical analysis according
to obtained PL spectra. We notice that the dynamics of
monolayer WS2 in the device is largely modiﬁed. And two
contrasting dynamics are recorded and ﬁtted with a biexponential recombination model, as shown in Figure 3b. In
a typical normalized biexponential model, carriers are
supposed to recombine via the nonradiative and radiative
processes, resulting in a TR-PL signal. When the time delay
of signal rising edge is ignored, TR-PL decay is mathematically expressed as

4340

H. Li et al.: Enhanced directional emission of monolayer WS2

Figure 2: Measured angle-resolved reflectance spectra.
(a) Reflectance spectrum for PhC slab.
(b) Reflectance spectrum for the monolayer
WS2/PhC structure. The spectra are
measured along Γ–X direction. WS2,
tungsten disulﬁde; PhC, photonic crystal.

Figure 3: PL spectra and TR-PL decays.
(a) Giant PL enhancement (>300 times) in the monolayer WS2/PhC device. PL intensity of monolayer WS2 on ﬂat slab is ampliﬁcated for clear
comparison. (b) Normalized TR-PL traces of monolayer WS2 on PhC and ﬂat slab in log scale. Gray curves: measured TR-PL data; red and blue curves:
ﬁtting results with the biexponential model. PL, photoluminescence; TR-PL, time-resolved PL; WS2, tungsten disulﬁde; PhC, photonic crystal.
−t

−t

I(t)  A ⋅ e τ1 + (1 − A) ⋅ e τ2

(1)

where A (1−A) and τ1 (τ2) represent the ratio and lifetime of
modeled nonradiative (radiative) process, respectively.
Detailed TR-PL ﬁtting results are provided in Table S1 of
Supporting material, and here, we focus on corresponding
differences in dynamics. When integrated onto the PhC
slab, the PL efﬁciency (radiative recombination ratio) of
monolayer WS2 largely increases by ∼ﬁvefold, from initial
1.5% on ﬂat slab to 7.2% in the device. The enhanced PL
efﬁciency indicates restrained doping and nonradiative
process assisted by defects and traps [15]. Besides the
altered recombination ratios, corresponding recombination rate, namely, the reciprocal of lifetime, is also accelerated. Beneﬁtting from both spectral and spatial overlap
with the optical mode from the PhC slab, available local
density of photonic states during WS2 emission increases,

resulting in a much faster spontaneous emission (radiative) rate of WS2. And in contrast, it is worth noticing that
the nonradiative recombination rate in WS2 almost remains
unchanged after integration with the PhC slab (see Table S1
of Supporting material). In this way, the overall quantum
efﬁciency of WS2 is then effectively improved [15, 42]. In
general, TR-PL results reveal that both lifted PL efﬁciency
and spontaneous emission rate contribute to successful PL
enhancement in the monolayer WS2/PhC slab device.

2.2 Robust linear-polarized emission of the
WS2/PhC device
Now, we consider the overall polarization property that is
extremely crucial for future on-chip applications of WS2/
PhC device. Here, a dimensionless factor is proposed to
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characterize the linear polarization emission property,
which is expressed as
DLP 

IH − IV
IH + IV

(2)

where IH (IV) represents the PL component detected in
horizontal (vertical) polarization when pumped by a linearpolarized light source. The monolayer WS2 on ﬂat slab
shows a neglectable linear polarization behavior, as indicated in Figure S4 of Supporting material, which has also
been discussed in an early report [33]. In contrast, an
obvious linear-polarized emission is discovered with a
maximum DLP of 60% around 625 nm at room temperature. By switching the excitation laser from horizontal
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polarization to vertical polarization, a fairly similar robust
polarization behavior is reproduced and observed, as
presented in Figure 4. In order to characterize the linearpolarized emission behavior from the device, polarizationresolved emission intensity at 625 nm, which is of the
upmost DLP, is measured with various rotated detection
angles (0–360°) under orthogonal excitation polarizations.
The normalized PL intensities under these conditions are
demonstrated in Figure 4c and 4d. For monolayer WS2 on
ﬂat slab, the polarization behavior is nearly indiscernible
with rather small DLP (within 2%). In this way, the orientation of emitted polarization in monolayer WS2 is almost
undistinguishable. However, the polarization orientation
emitted from the WS2/PhC device is distinct and

Figure 4: Polarization-resolved PL spectra.
(a–b) Linear polarization–resolved PL spectra of the monolayer WS2/PhC device. Red dashed lines indicate upmost 60% linear polarization
degree at 625 nm. (c–d) Normalized PL intensity from monolayer WS2 on PhC and ﬂat slab at 625 nm with detection angle. The orientations of
black arrow represent applied excitation with horizontal polarization in (a) and (c) and vertical polarization in (b) and (d), respectively. WS2,
tungsten disulﬁde; PhC, photonic crystal; DLP, degree of linear polarization.
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surprisingly robust, which maintains horizontal polarization and is insensitive to excitation. In fact, the observed
single horizontal polarization is primarily caused by the
optical mode of the PhC slab, as discussed previously. Once
integrated with the PhC slab, far-ﬁeld emission polarization of monolayer WS2 is largely modiﬁed into the robust
horizontal polarization, which then no more follows the
excitation.

2.3 Near-100% polarization in angleresolved PL
To further study the distribution of polarized emission in
the far field, the angle-resolved PL measurements are

conducted, revealing the underlying angular information
under a linear-polarized laser excitation, as illustrated in
Figure 5a and 5b. It is clearly shown that the PL of horizontal polarization is notably enhanced at symmetric regions of radiative angle, meaning the emission is
directional in the far ﬁeld. In contrast, the PL of vertical
polarization is low intensity and exhibits no directionality.
All these results prove that only the optical mode of band 1
from the PhC slab interacts with the excitonic mode of
monolayer WS2, consistent with the previous deduction.
Moreover, we extract the angular PL intensity in the two
orthogonal directions at 625 nm for subtle polarization
analysis in Figure 5c. And there are two branched directional emissions in horizontal polarization clearly
observed with only 3.5° divergency angle. Meanwhile, a

Figure 5: Angle-resolved PL spectra.
(a–b) Angle-resolved PL spectra of the monolayer WS2/PhC device, probed in (a) horizontal and (b) vertical polarization. (c) Angle-resolved PL
intensity at 625 nm in horizontal (red) and vertical polarization (blue). (d) Angle-resolved DLP, extracted from (c). An emission of robust nearunity DLP is obtained at a directional angle of ±8° from the device. PL, photoluminescence; DLP, degree of linear polarization; WS2, tungsten
disulﬁde; PhC, photonic crystal.
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surprising near-100% DLP emission is achieved at the
directional angle of ±8° in Figure 5d, which matches well
with the intersections of TE-like mode and WS2 exciton
band. It is important to stress that in all angle-resolved PL
measurements, the excitation laser is speciﬁcally set to 45°
linear polarization, which means the equivalent components of the horizontal and vertical polarization. Even under excitation with vertical polarization component, the
monolayer WS2/PhC device still exhibits an emission of
robust directionality and polarization, which is very
beneﬁcial to the next-generation on-chip polarizationrelated applications.

3 Conclusion
In summary, we have established an in-depth investigation
on the emission features of monolayer TMDCs/PhC device
at room temperature. The angle-resolved PL measurements
are conducted in order to fully characterize emission intensity, directionality and robust polarization of the new
device. Our comprehensive results reveal that the PL of WS2
on the PhC slab is greatly enlarged by over 300 times.
Moreover, the spontaneous emission rate of monolayer
WS2 as well as corresponding radiative recombination ratio
is both boosted by integrating the monolayer WS2 with the
PhC slab. Additionally, the robust polarized emission in
monolayer WS2 on the PhC slab is discovered with up to
60% linear polarization, which is irrelevant with the excitation polarization. Finally, a robust near-100% DLP of WS2
on the PhC slab is obtained at a directional emission angle
of ±8°. This work has not only examined the factors which
are believed to determine the TMDC-based devices with
efﬁcient emission and robust polarization but also
conﬁrmed the feasibility of tailoring these emission characteristics by integrating potential active media in various
PhC-based structures.

4 Materials and methods
4.1 Fabrication of the PhC slab
The PhC structure consists of multiple layers of slab on the Si substrate, with a thin etched Si3N4 layer on the top. The 200-nm-thick Ag
layer and 40-nm-thick Al2O3 layer are grown on the Si substrate by
magnetron sputtering deposition. Then the 220-nm-thick silicon dioxide layer and 100-nm-thick silicon nitride layer are grown by
plasma-enhanced chemical vapor deposition. To fabricate the
designed structure, the prefabricated structure is spin-coated with a
layer of positive electron beam resist (PMMA950K A4) and an additional layer of conductive polymer (AR-PC 5090.02). Then, electron-
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beam lithography (ZEISS, Germany, ZEISS sigma 300) is used for mask
pattern onto the PMMA layer. Anisotropic etching in the silicon nitride
layer is carried out by RIE with CHF3 and O2. Finally, patterned PMMA
layer is removed by RIE using O2 before transfer of monolayer WS2
membrane.

4.2 Transfer of monolayer WS2 membrane onto the
PhC slab
CVD-grown monolayer WS2 membrane on sapphire substrate is spincoated with poly (L-lactic acid) (PLLA), followed by 75 °C baking for
5 min. Afterward, a polydimethylsiloxane (PDMS) elastomer is placed
on PLLA ﬁlm and tear off. In this way, the WS2 membrane supported by
PDMS with PLLA in between is obtained, which is then attached to a
glass slide under the microscope on a transfer stage with the prefabricated grating underneath. With the help of a microscope, the
glass slide with monolayer WS2 membrane is lowered to contact the
grating, while the transfer stage is heated to 75 °C for 2 min and cooled
to room temperature. Afterward, the glass slide is lifted with PDMS on
it, leaving WS2 membrane on the grating, which is then dissolved in
dichloromethane, and PLLA is removed.

4.3 Optical measurements
Angle-resolved reflectance and PL measurements are done by a labbuilt system, with excitation light of 532-nm continuous-wave laser. And
for polarization-resolved PL measurements, a half-wave plate and a
polarizer with horizontal polarization are set in front of the spectrometer. The detection angle is controlled by rotating the half-wave plate.
For TR-PL measurements, a 400-nm laser (100 fs, 80 MHz), obtained by
second-harmonic generation of 800-nm fs laser with a β-BaB2O4 (BBO)
crystal, is utilized for excitation. And TR-PL decay traces are recorded
with a time-correlated single-photon counting device.
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