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Ultrafast Response of a Hybrid Device Based on Strongly
Coupled Monolayer WS2 and Photonic Crystals: The Effect
of Photoinduced Coulombic Screening

Yuxiang Tang, Yanbin Zhang, Hao Ouyang, Maoxiong Zhao, Hao Hao, Ke Wei, Han Li,
Yizhen Sui, Jie You, Xin Zheng, Zhongjie Xu, Xiangai Cheng, Lei Shi,* and Tian Jiang*

Quantum interactions between transition metal dichalcogenides (TMDs) and
optical cavities are rapidly becoming an appealing research topic since these
interactions underly a broad spectrum of optical phenomena. Here, we
fabricate a simple device in which coherent strong coupling interactions occur
between a photonic crystal (PhC) slab and monolayer tungsten disulfide
(WS2). Both steady-state angle-resolved spectroscopy and transient
absorption microscopy (TAM) are employed to explore the coupling behavior
of this device. Specifically, anticrossing dispersions are observed in the hybrid
device, indicating a Rabi splitting of 40.2 meV. A newly formed spectral feature
emerges in the transient absorption (TA) spectrum of this polariton device
under near-resonant excitation, which is subsequently evidenced to be a
signature of the upper hybrid exciton–polariton state. Moreover, by carefully
analyzing the ultrafast responses of both bare WS2 and the WS2-PhC polariton
device excited both off resonance and near resonance, it is found that
nonequilibrium thermal decay induces Coulombic screening in the monolayer
WS2, which has a major impact on the formation of exciton–polariton. The
results of this work could not only improve the current understanding of
photophysics in the strong light–matter coupling regime but also lay the
foundation for tailoring the development of TMD-based coherent devices.

1. Introduction

The control of light–matter interactions at the nanoscopic scale
is fundamental to many contemporary scientific disciplines.[1–6]

Among the related research fields in which new interest has
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arisen, the study of the interactions be-
tween quantum emitters and optical cav-
ities in particular is driving considerable
research activity.[7–14] These interactions
fall into two distinct regimes, referred to
as weak and strong coupling. In the weak
coupling regime, the eigenstates of a cou-
pled system remain unchanged relative
to their initial uncoupled states, and the
presence of cavities merely modifies the
spontaneous emission rate due to the cor-
responding changes in the local density
of photonic states, in a phenomenon re-
ferred to as the Purcell effect.[15–18] How-
ever, when the rate of the coherent en-
ergy oscillations between the two com-
ponents becomes even faster than their
respective dissipation rates, new hybrid
quasi-particles known as polaritons[19–21]

are formed, and hence, the regime of
strong coupling is reached.[22–30] In this
regime, the cavity electromagneticmodes
and matter wavefunctions exist in a co-
herent superposition, and the hybridiza-
tion as a whole manifests itself as two

characteristic polaritonic states, in which the phenomenon of
Rabi splitting[31] is observed. Apart from their fundamental im-
portance in research on cavity quantum electrodynamics, the co-
herent coupling effects between light andmatter not only feature
a plethora of rich physics phenomena, such as Bose–Einstein
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condensation,[32] enhanced carrier mobility,[33–35] and long-range
energy transfer,[36] but also serve to enable many practical func-
tionalities, including optical switching,[37] low-threshold polari-
ton lasing,[38–42] and quantum information processing.[43]

Recently, newly emerging atomically thin transition metal
dichalcogenides (TMDs) have received considerable critical atten-
tion since they possess a pronounced exciton oscillator strength
(i.e., high transition dipole moments) with a large binding
energy[44–47] and a distinct valley degree of freedom.[48–54] These
exceptional properties make TMDs suitable candidates for ap-
plication in the strong coupling regime[55] compared with other
material systems.[22,40,56–58] To date, strong coupling has been
widely observed in various hybrid photonic devices consist-
ing of TMDs and optical cavities of various shapes, including
Fabry–Pérot (FP) cavities or distributed Bragg reflectors,[59,60]

metallic nanoparticles,[61–66] and plasmonic arrays,[67–72] accom-
panied by alternative fascinating phenomena such as valley-
polarized exciton–polaritons[28,73–76] as well as polariton light-
emitting diodes.[77] Benefiting from the delocalized nature of
their Blochmodes and their designable properties, photonic crys-
tals (PhCs) are becoming an important platform for approaching
the strong exciton–photon coupling regimewith TMDs,[78] an ap-
proach that is regarded as flexible, practical, and ultracompact in
on-chip science.
The corresponding rapid technological developments and at-

tractive application scenarios for strongly coupled photonic de-
vices are creating an increasing demand for a thorough under-
standing of the photophysical processes occurring in TMD-based
polariton devices. However, thus far, little research has been
devoted to investigating the underlying mechanism governing
strong light–matter coupling.[79] In particular, the ultrafast re-
sponse of TMD-based polariton devices after photoexcitation is
not yet well understood. Recent studies[80,81] have documented
the ability of equilibrium charge carriers injected into TMDs by
applied external fields to switch devices from the strong coupling
regime to the weak coupling regime due to the efficient screen-
ing of Coulomb interactions. In fact, in addition to the static
modification of Coulomb interactions that can be introduced in
TMDs,[82,83] the Coulomb interactions in TMDs can also undergo
a transient modification after the absorption of light.[84–86] This
phenomenon raises a key question: how can these nonequilib-
rium changes in Coulombic screening in TMDs affect the ultra-
fast response of a strongly coupled hybrid device? It is of critical
importance to investigate the transient dynamics of TMD-based
polariton devices after optical excitation and obtain an in-depth
understanding of how the Coulombic screening phenomenon
can be exploited to influence the strong coupling effect, since
such investigations will not only contribute to the understanding
of the fundamental photophysical nature of hybrid light–matter
states but also provide a fertile platform for the design and op-
timization of a new class of coherent nanodevices, which might
permit the tunability of light–matter interactions.
In this work, we demonstrate coherent strong coupling at

room temperature between the excitons in monolayer (ML)
WS2 and the guided Bloch modes in a PhC slab consisting of a
passivated silver substrate covered with a periodically textured
polymethyl methacrylate (PMMA) thin film. By means of angle-
resolved reflectance and photoluminescence (PL) spectroscopy,
the dispersions of this hybrid WS2-PhC device are measured and

found to show anticrossing behavior, revealing a Rabi splitting of
40.2 meV. Furthermore, by means of systematic ultrafast pump–
probe measurements, a new spectral feature in the TA spectrum
is clearly shown, which is then experimentally confirmed to
correspond to the upper polariton band. More importantly, the
dynamics of the hybrid WS2-PhC device and of bare WS2 under
different excitation wavelengths, from off-resonance to near-
resonance wavelengths, are carefully investigated and compared,
showing that nonequilibrium dipolar screening changes in ML
WS2 under nonresonant photoexcitation can strongly alter the
formation of exciton–polaritons. The findings concerning the
ultrafast response of the WS2-PhC polariton device, especially
the effect of nonequilibrium photoinduced Coulombic screening
on strong coupling as indicated by this work, are expected to
deepen the understanding of the inherent polaritonic physics
and provide guidance toward the design and realization of novel
coherent devices.

2. Sample Preparation and Characterization

The fabrication procedure for the hybridWS2-PhC device is illus-
trated in Figure S1, Supporting Information. First, a precleaned
silicon substrate was prepared, and a 200-nm-thick flat silver film
was deposited on the substrate using a thermal evaporator. Then,
the silver film was passivated with 15-nm-thick atomic-layer-
deposited Al2O3 to protect it from degradation and avoid short-
range interactions[87,88] (i.e., charge transfer) between the 2D
semiconductor and the silver. Subsequently, MLWS2, which had
been synthesized via chemical vapor deposition methods, was
transferred onto this nonconductive silver substrate using wet
transfer technique. Afterward, a 150-nm-thick layer of PMMA
was spin coated onto the passivated silver film covered with ML
WS2. Finally, the PMMA layer was partially etched by means of
electron-beam lithography to form a 1D grating. The resulting 1D
PMMA grating together with the remaining bottom PMMA slab
support a certain desired Bloch resonance, which can be tuned to
oscillate with the excitons in the ML WS2.
A schematic illustration of the WS2-PhC device is shown

in Figure 1a. Notably, the ML WS2 is sandwiched between the
1D grating-etched PMMA thin film (acting as the superstrate)
and the passivated silver mirror (acting as the substrate). From
the scanning electron microscopy (SEM) and atomic force
microscopy (AFM) images shown in Figure 1b,c, respectively,
a good 1D grating morphology is observed, we can confirm
the successful preparation of our hybrid WS2-PhC device. In
addition, several device parameters can be extracted from Figure
S2, Supporting Information: the total thickness of the PMMA
is t ≈ 150 ± 10 nm, and the period, height, and width of the
grating are p ≈ 480 ± 10 nm, h ≈ 50 ± 10 nm, and w ≈ 300 ± 20
nm, respectively. In addition, the Raman spectrum of the active
medium WS2 is shown in Figure 1d. After peak fitting, we can
observe that the peak shift from the A1

g (out-of-plane vibration)
mode to the E12g (in-plane vibration) mode is 60.66 cm−1, which
is consistent with previous reports for ML WS2.

[89] Moreover,
we compare the PL spectra and PL mapping images for the
bare WS2 area and the hybrid WS2-PhC device, as shown in
Figure 1e and Figure S3, Supporting Information, respectively.
The PL intensity (the intensity of the peak located at ≈612.0
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Figure 1. Schematic illustration and characterization of the hybrid WS2-PhC device. a) Cartoon illustration of the hybrid WS2-PhC device. Notably, the
ML WS2 is sandwiched between a 1D periodically textured PMMA thin film and a passivated silver substrate. The structure parameters of the PhC are
as follows: total PMMA thickness t ≈ 150 ± 10 nm, grating height h ≈ 50 ± 10 nm, period p ≈ 480 ± 10 nm, and grating width w ≈ 300 ± 20 nm. Inset:
a side view of the device. b) SEM image of the hybrid WS2-PhC device (a WS2 flake is outlined with a dashed white line). The scale bar represents 1.5
µm. c) AFM image of the hybrid WS2-PhC device. The scale bar represents 3 µm. d) Raman spectrum of the ML WS2, where the Raman peaks are fitted
with Lorentz line shapes. e) PL spectra of the bare WS2 area and the hybrid WS2-PhC device under 532 nm continuous laser excitation.

nm) is significantly enhanced in the WS2-PhC device relative
to the bare WS2 area, which may be due to the change in the
local density of photonic states, thus validating the existence of
coupling interactions between the ML WS2 and the PhC. The
relevant coupling strength of the interactions between the ML
WS2 and the PhC will be discussed in the following section.

3. Results and Discussion

3.1. Steady-State Measurements of the WS2-PhC Polariton
Device

To gain further insight into the coupling effect in the hybridWS2-
PhC device, the measured angle-resolved white-light reflectance
spectra of the sample are analyzed, as shown in Figure 2. Consid-
ering that the optical modes of the PhC slab are strongly depen-
dent on the propagation and polarization directions of the light
field in our angle-resolved experiments, the orientation of the 1D
grating structure is always fixed by aligning its cross-bar direction
(y-direction) horizontal to the slit of the spectrometer. Addition-
ally, the transverse electric (TE) and transverse magnetic (TM)
modes are defined as the cases in which the polarization of the
reflected light is parallel to (along) and perpendicular to (across)
the cross-bar direction, respectively. Accordingly, the measured
wavelength–angle dispersions of the hybrid WS2-PhC device are
presented in Figure 2a for the case of the ky propagation direction
with TE polarization. One can see from this figure that the linear
progressive dispersions of the guided Bloch modes through the
A excitonic transition are accompanied by obvious anticrossing
behavior at ±12.5°. For greater precision, the reflectance spectra
corresponding to incidence angles varying from 𝜃 = 8° to 𝜃 =
17.6° in increments of 0.6°, as extracted from the correspond-

ing wavelength–angle dispersion image in Figure 2a, are plot-
ted in Figure 2b. It is apparent that the linear guided mode dis-
persion splits into two parts, which are referred to as the up-
per and lower polariton (UP and LP) bands, as represented by
the dark red dashed lines. In addition, the results of measuring
the angle-resolved PL spectrum of the WS2-PhC polariton device
are presented in Figure S4, Supporting Information, where the
same anticrossing behavior is observed. These unambiguous an-
ticrossing behaviors in the angle-resolved spectroscopy results
suggest that the hybrid WS2-PhC device operates in the strong
coupling regime. To further confirm the formation of a hybrid
light–matter state, we plot the minima of the reflectance spectra
in Figure 2c and fit these data using two coupled oscillator model
with a Hamiltonian that is mathematically expressed as

H =

[
EPhC (𝜃) − i 𝛾PhC

2
g

g Eexc − i 𝛾exc
2

]
(1)

where EPhC and Eexc represent the energy of the bare PhC and the
A excitons in the bare ML WS2, respectively; 𝛾PhC (20 meV) and
𝛾exc (36 meV) are the linewidths (full-width at half-maximum,
FWHM) of the bare PhC resonances and uncoupled A excitons,
respectively, which correspond to the dissipation rates of the
guided Bloch modes and excitons; and g is the coherent exciton–
photon coupling strength. By diagonalizing the Hamiltonian
matrix, we can obtain the solution for the two eigenenergies of
the polariton modes, EUP,LP, as given below.

EUP,LP = 1
2

[
EPhC (𝜃) + Eexc + i

(
𝛾PhC∕2 + 𝛾exc∕2

)
∕2

]

±
√

g2 + 1
4

[
Eexc − EPhC (𝜃) + i

(
𝛾PhC∕2 − 𝛾exc∕2

)]2
(2)
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Figure 2. Strong coupling between ML WS2 excitons and guided Bloch modes measured in the ky propagation direction with TE polarization at room
temperature. a) The measured wavelength–angle dispersion for the PhC with ML WS2, showing clear anticrossing behavior at ±12.5°. The exciton and
guided Bloch mode dispersions are labeled in the figure. b) Reflectance spectra at various probe angles (𝜃 from 8° to 17.6°, in increments of 0.6°),
representing profiles cutting through the corresponding dispersion image in (a). The black dashed line represents the A excitonic transition energy
of the bare ML WS2, and the red dashed curves represent the splitting of the UP and LP bands. c) Wavelengths corresponding to the minima in the
reflectance spectra as a function of the reflection angle for the same device. The upper and lower bands have been fitted using coupled oscillator model
(the red and blue solid lines represent the fitting results), yielding a Rabi splitting of 40.2 meV. Inset: the corresponding fractions of photons (red) and
excitons (black) as well as the spatial coherence lengths of the hybrid polaritons in the LP bands.

Furthermore, the value of the Rabi splitting, ΩR, at the reso-
nance condition of Eexc = EPhC(𝜃) is given by

ΩR = EUP − ELP =
√
4g2 −

(
𝛾PhC∕2 − 𝛾exc∕2

)2
(3)

When the positions of the minima in the reflectance spectra
are fitted with Equations (2) and (3), as shown in Figure 2c, the
fitted curves (i.e., the blue and red lines) show good consistency
with the experimental data. Additionally, a Rabi splitting of 40.2
meV is extracted here. To support the claim of strong exciton–
photon coupling, we can evaluate whether the strict criterion
for strong coupling is satisfied by using the parameters (ΩR,
𝛾PhC, and 𝛾exc) obtained as described above. In the case of strong
coupling, Ω2

R > (𝛾2PhC + 𝛾2exc)∕2 or ΩR > (𝛾PhC + 𝛾exc)∕2 needs
to be satisfied.[8,9] In this case, the Rabi splitting energy should
be greater than the average decoherence rate of the bare oscil-
lators to guarantee spectral separation of the two newly formed
polariton bands. Obviously, this strict criterion is satisfied for
our device, thus confirming that our device is operating well
within the strong coupling regime. Meanwhile, in the inset of
Figure 2c, we show the large spatial coherence length of our
polariton modes, calculated as 𝜆∕Δ𝜃,[24] where Δ𝜃 is obtained as
the FWHM of constant-energy profiles projected from the angle-
resolved spectrum. It is suggested that due to the delocalized
nature of the guided Bloch modes, the hybridization happens
in a large area and the spatial coherence length is as long as
15.5 µm with a 20% exciton fraction, indicating the coherent
properties of hybrid polaritons (double slits experiments were
also performed to demonstrate the large spatial coherence length
of our polariton device in Figure S5, Supporting Information). To
verify the accuracy of our experimental tests, we also simulated
the angle-resolved reflectance spectra of our hybrid device using

the transfer matrix method, as shown in Figure S6, Supporting
Information. Not surprisingly, the simulated configuration
agrees well with the experimental results presented above.
To conclude, all of these experimental and simulated results
firmly place the interactions of our device within the strong
coupling regime, thus demonstrating the feasibility of further
investigation into strong coupling phenomena.

3.2. Transient Dynamics of the WS2-PhC Polariton Device

Although the aforementioned steady-state measurements con-
firm the existence of strongly coupled hybrid states, the present
static approaches face considerable challenges in providing
greater insight into the photophysics of these hybrid light–
matter states, especially from a transient temporal perspective.
A key related issue, which has yet to be investigated in the
literature, is the ultrafast response of a strongly coupled TMD-
based polariton device after photoexcitation. Inspired by Wang’s
work,[90] transient absorption microscopy (TAM) experiments
performed under both off-resonant and near-resonant condi-
tions are reported here to elucidate the complex behavior of the
hybrid exciton–polariton states in this composite photonic de-
vice. Specifically, for broadband TAM in a setup with a reflection
geometry,[91,92] a femtosecond pulse from a Ti-sapphire laser
(≈100 fs, 800 nm, 1 kHz) was divided into two different beams.
The stronger beam was sent to an optical parametric amplifier
(TOPAS, Coherent) to generate tunable excitation pulses, and
the other was focused onto a sapphire crystal to generate a white-
light continuum beam to serve as the probe beam. Finally, the
changes in optical density (ΔOD) of the probe beam, considering
the cases of both pump excitation and no pump excitation, were
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Figure 3. TAM experiments at various excitation wavelengths: bare WS2 area pumped with a) 400 nm, b) 480 nm, c) 550 nm, and d) 590 nm laser pulse
and WS2-PhC polariton device pumped with e) 400 nm, f) 480 nm, g) 550 nm, and h) 590 nm laser pulse. Notably, all the pump fluences were kept
below 10 µJ cm−2 and artificially controlled to maintain the ground-state bleaching amplitude measured at 2 ps (after exciton formation) at a constant
value, thus guaranteeing almost the same exciton populations in the device under different excitation wavelengths (the time delay of 0 ps is defined as
the time at which the pump pulse and probe pulse are almost temporally overlapped, where the absolute signal value reaches a maximum).

recorded following a series of time delays. Further details about
the experimental setup are provided in the experimental section.
Thus, a series of TAM experiments were conducted at different

excitation wavelengths for both bare WS2 area and the WS2-PhC
polariton device. For illustration, the typical TA spectra of the
bare ML WS2 under four excitation wavelengths (i.e., 400, 480,
550, and 590 nm) are presented in Figure 3a–d. In all cases, these
TA spectra are dominated by the ground-state bleaching signal
at the A excitonic transition energy, which is often interpreted
as reduced absorption due to the band-filling effect of band-
edge excitons.[93,94] In addition, a small, broad photoinduced
absorption band located on the red side of the optical bandgap
is observed in the TA spectra, which is commonly attributed to
the intervalley optical Stark effect.[95] By contrast, for the case of
the WS2-PhC polariton device, the TA spectra in Figure 3e–h are
characterized by completely different transient behavior. Specifi-
cally, from Figure 3e–g, one can see that the TA behaviors of the
WS2-PhC polariton device excited off resonance (at 400, 480, and
550 nm) remain almost unchanged, similar to those of the bare
ML WS2. However, under near-resonant excitation (at 590 nm),
as shown in Figure 3h, a newly formed spectral feature emerges
at the wavelength of 605.3 nm, where strong coupling occurs.
Given these intriguing phenomena, two fundamental questions
arise here. 1) What is the nature of the new TA spectral feature
of the WS2-PhC device that emerges under 590 nm excitation,
and is it related to the exciton–polariton state? 2) Why can it be
detected only under near-resonant conditions?
To answer the first question, the TA spectra of both the bare

WS2 and the WS2-PhC polariton device were extracted at 0 ps
under 590 nm excitation and carefully analyzed; the results are
presented in Figure 4a. One significant conclusion is that a new

TA peak and extensive broadening of the excitonic resonance
are observed in the strongly coupled WS2-PhC device (red line)
compared with the single ground-state bleaching signal in the
bare WS2 area (black line). More specifically, the two peaks for
the WS2-PhC polariton device are located at ≈611.4 and 605.3
nm. The first peak corresponds to the uncoupled A excitonic res-
onance, just like the peak in the bare MLWS2, whereas the other
peak matches well with the position of the UP state (EUP) at reso-
nance,Eexc = EPhC(𝜃). To confirmwhether this intriguing spectral
feature originates from the UP state, we first carried out power-
dependent TAM experiments on the WS2-PhC polariton device
under 590 nm excitation, as illustrated in Figure 4b. Notably,
this new spectral feature exists across a broad range of excitation
fluences, excluding the influence of many-body complexes in the
MLWS2.

[96] Moreover, the evolution of the peakΔOD signal with
different pump fluences, as shown in the inset of Figure 4c, ex-
hibits linear behavior. And another finding from Figure 4c is that
the dynamics of the new peak (at 605.3 nm) are independent of
the pump fluence. These consistent observations explicitly place
our device in a linear region, indicating nonlinear effects[97,98]

will not be responsible for emergence of this new peak. Fur-
thermore, from the TA spectra of the bare PhC presented in
Figure S7, Supporting Information, it is found that the bare PhC
contribute no TA signal, revealing that this newly formed spectral
feature does not originate from the bare PhC. The tests described
above show that this new feature is neither derived from the bare
ML WS2 or bare PhC, indicating that the new feature is most
probably to be originated from the interactions between the ML
WS2 and PhC. Therefore, we prepared another WS2-PhC device
operating in the intermediate coupling regime (by adjusting the
grating height of the PhC), for which a Rabi splitting of 30.9 meV

Laser Photonics Rev. 2020, 14, 1900419 © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900419 (5 of 11)



www.advancedsciencenews.com www.lpr-journal.org

Figure 4. a) Comparison of the TA spectra recorded at a time delay of 0 ps for the bare WS2 and the WS2-PhC polariton device. b) TA spectra of the
WS2-PhC polariton device recorded at 0 ps under different excitation fluences. c) Dynamics of the UP band under different excitation fluences. Inset:
excitation fluence dependence of the ΔOD signal in the UP band; the red line is a linear fit to the amplitude of the peak ΔOD signal. d) Comparison
of the dynamics of the UP band (red) in the WS2-PhC polariton device and the uncoupled exciton state (gray) in the bare ML WS2. The solid lines are
exponential fits to the data. The ultrafast response of the bare PhC (yellow) is also presented. All measurements were performed under near-resonant
excitation (590 nm) at room temperature.

was found on the basis of the angle-resolved reflectance mea-
surements presented in Figure S8a–c, Supporting Information.
Then, a subsequent TAM experiment was conducted on this
intermediately coupled device under 590 nm excitation, as
shown in Figure S8d, Supporting Information. As expected, the
TA spectrum of this intermediately coupledWS2-PhC device also
shows the new spectral feature (or shoulder) at short wavelength
direction. But, the magnitude of this new peak is comparatively
weaker than the one in the strongly coupled device potentially
due to the angular average effect in our TAM (the time-resolved
system is not angle resolved). In general, by varying the coupling
strength, we have also observed the new spectral feature in the
TA spectra. Therefore, we can safely identify the new spectral
feature as a signature of the formation of UP state in the strongly
coupled device. However, the LP state, which should appear at
≈617.5 nm, is absent in our TA measurements. We hypothesize
that the disappearance of the LP state is due to the enhanced
photoinduced absorption (PA) band in our strongly coupled
device, which is also indicated in Figure 4a. In other words, the
bleaching signal of the LP state is hidden by the enhanced PA
band. Since in the strong coupling regime, the wavefunctions of
the hybridized states extend and become delocalized, and hence,
the interactions between excitons or polaritons become notable,
which may lead to an enhanced PA signal.

Another intriguing topic pertaining to strong coupling is
the intrinsic lifetime of the exciton–polaritons. Normally, the
dynamics of an exciton–polariton state lie in the Markovian
regime,[90,99] where the decay trend is typically dominated by
its fastest component (i.e., the cavity photon lifetime or bare
exciton lifetime). However, recent reports have indicated the
existence of trap states,[100] a phonon bottleneck effect,[101]

and highly sensitive plasmonic nanostructures,[102] which can
greatly modify the lifetime of these hybrid states. Therefore, it
is suggested that the lifetime of a hybrid state is sensitively and
strongly dependent on the specific system conditions,[103] such
as the magnitude of the Rabi splitting, the active material and
the type of optical resonator used. In Figure 4d, we compare
the kinetics of the UP state in the WS2-PhC device and the
uncoupled exciton state in bare WS2. Clearly, the lifetime of
the UP state is only slightly shorter than that of the uncoupled
exciton state. Considering that the Rabi splitting of our device
is only slightly larger than the thermal energy kbT ≃ 25 meV at
room temperature, the Markovian approximation is applicable
here. Thus, it is reasonable to attribute the quicker decay of the
hybrid state to the additional damping channel (i.e., extra loss
from the PhC) in the strongly coupled device. Nevertheless, to
fully reveal the nature of this unique phenomenon, extensive
further experimental and theoretical studies will be required.
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Figure 5. a) Dynamics of the A exciton bleaching (611.4 nm) ofMLWS2 under photoexcitation at wavelengths of 400, 480, 550, and 590 nm. All curves are
normalized to the value at 2 ps for comparison. The black arrow indicates the sub-picosecond decay corresponding to the cooling of free charge carriers
and the formation of excitons. Schematic cartoons of the interaction mechanisms in the WS2-PhC polariton device under b) off-resonant excitation and
c) near-resonant excitation, showing that the Coulomb interactions of the excitons in the ML WS2 are efficiently screened under off-resonant excitation
due to the presence of long-lived free charge carriers and nonequilibrium phonon scattering processes. In turn, the formation of a strongly coupled
exciton–polariton state is also affected.

3.3. The Influence of Nonequilibrium Coulombic Screening to
Strong Coupling

An equally significant question here is why the newly identified
spectral signature of strong coupling can be detected in the TA
spectrum only under near-resonant excitation. In fact, previous
works[90] have asserted that the observed TA spectra and dynam-
ics of strongly coupled devices are strongly affected by the ther-
mal effect of the optical resonators under off-resonant excitation.
For instance, in the case of surface plasmon polaritons (SPPs)
structure, the hot electron distribution will affect their absorption
properties.[100,101] However, considering that our strongly coupled
device involves only interactions between the A excitons in the
ML WS2 and the guided modes of the PhC slab (instead of an
SPP mode) and that the bare PhC contribute no TA signal, it can
be predicted that our hybrid device should be free of any ther-
mal effect from the optical resonator, that is, the 1D grating PhC
here. Therefore, another physical explanation should be consid-
ered in this case. Since a thermal effect from the PhC is excluded,
it is natural to investigate whether there is any difference in the
carrier relaxation of the MLWS2 under different excitation wave-
lengths. Figure 5a presents the relaxation of the A exciton state
in the bare WS2 under selected excitation wavelengths. It can be
seen from this figure that there exists a sub-picosecond decay pro-
cess (≈0.3 ps) that becomes more prominent at higher excitation
energies. This fast decay component is attributed to the nonequi-
librium process in which free charge carriers cool down and then
form excitons, according to previous studies.[104–106] Thus, we
can preliminarily speculate that themajor difference between the
cases of off-resonant and near-resonant excitation lies in the ini-
tially injected carrier species. More precisely, these species are ei-
ther free charge carriers with excess energy (under off-resonant
excitation) or excitons (under near-resonant excitation).However,
a more in-depth study[107] has recently investigated the carrier dy-
namics of ML TMDs under nonresonant excitation using optical
pump andmid-infrared probe spectroscopy (intraband response)

and found that a significant fraction of free charge carriers are
still present as free plasma on comparatively long time scales
(i.e., they do not exist only within the sub-picosecond decay pe-
riod), indicating a long-lived nonequilibrium state of the photoex-
cited electron–hole system under nonresonant optical excitation
conditions. Moreover, this fast initial carrier relaxation could con-
vert electronic excitation into phononic excitation, which can also
lead to nonequilibrium phonon populations as well as a high ef-
fective carrier temperature in ML WS2 and, potentially, to a mix-
ture of excitons and unbound electron–hole pairs. Notably, these
nonequilibrium phonon populations will last for time scales on
the order of 100 ps, until they transfer heat to the underlying
substrate, according to a previous report.[86] Based on these con-
siderations, the key distinction between off-resonant and near-
resonant excitation can be summarized as follows: under off-
resonant excitation, the photoexcited carrier system that forms
is a long-lived nonequilibrium mixed state of excitons and free
charge carriers, while for near-resonant excitation, it is nearly a
pure exciton system.
In summary, the complete physics picture of strong coupling

developed in this study can be described as follows. The optically
active excitons in the ML WS2 emit photons into the PhC, and
the PhC confine the photons in the vicinity of the MLWS2. Next,
the emitted photons can be reabsorbed by the excitons and re-
emitted. This energy exchange process occurs on a time scale of
approximately tens of femtoseconds[108] and will repeat, resulting
in the occurrence of a strong coupling effect. It is worth noting
that once the oscillator strength of the excitons is altered, this co-
herent energy exchange process will be blocked, hence affecting
the formation of a strongly coupled hybrid state.[80,81] As shown in
Figure 5b, under off-resonant excitation, the ultrafast laser pulse
injects free charge carriers with considerable excess energy into
the ML WS2. The relaxation of this excess energy requires many
thermal scattering processes, which can result in nonequilibrium
carrier and phonon distributions in the system.[107] The pres-
ence of both long-lived free charge carriers and nonequilibrium
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phonon populations can modify the Coulomb interactions of the
excitons (reduction in oscillator strength) in the ML WS2,

[84–86]

thus leading to the absence of a strong coupling effect.[109] By
contrast, for the case of near-resonant excitation depicted in Fig-
ure 5c, the directly injected excitons are unaffected by thermal
scattering processes and maintain their intrinsic characteristics,
such as giant oscillator strength and large binding energy. These
properties guarantee the strong coupling between the excitons
of the ML WS2 and the guided Bloch modes in the PhC. To fur-
ther validate our conjecture, we carried out more TAMmeasure-
ments at selected excitation wavelengths of 570 and 580 nm in
Figure S9, Supporting Information. Notably, the UP state in TA
spectra is found to be relatively weakened at 570 nm excitation
condition. Here, we speculate the reason for this weakened UP
state is that the photoinduced Coulombic screening effect starts
to become predominant at 570 nm exciton since the energy dif-
ference between the 570 nm excitation and A exciton is about 146
meV, which is larger than energy difference between the 1s and
2s state of A exciton (≈140 meV). According to ref. [85], a fast
decay feature emerges when the energy difference between ex-
citation and A exciton is larger than energy difference between
the 1s and 2s states of A exciton, and here we regard the occur-
rence of this fast decay feature as a starting point of photoin-
duced Coulombic screening effect. For 580 nm excitation, the
energy difference between the excitation and A exciton is around
108 meV (<140 meV), which means the photoinduced Coulom-
bic screening effect might be very weak under 580 nm excitation
condition and hence the UP band in TA spectra is obvious. Our
findings indicate that the ultrafast response of strongly coupled
TMD-based polariton devices can be highly sensitive to nonequi-
librium changes in the Coulombic screening in TMDs, which
may be very helpful for achieving the active tunability of light–
matter interactions and provide a new avenue toward the design
of coherent light-control devices.

4. Conclusions

In conclusion, we have successfully established a simple strongly
coupled WS2-PhC device by taking advantage of the delocalized
nature of guided Bloch modes in PhC, revealing a Rabi split-
ting of 40.2 meV and coherent hybrid polariton states with large
spatial coherence length. Moreover, we have carried out an in-
depth investigation on the transient dynamics of this strongly
coupled WS2-PhC device. Our experimental results reveal that a
newly formed spectral feature is found in the TA spectrum un-
der near-resonant excitation, which has been verified to corre-
spond to the upper band of the hybrid exciton–polariton state.
Furthermore, the underlying mechanism of the emergence of
this intriguing spectral feature has been explored by comparing
the ultrafast response of the strongly coupled WS2-PhC device
with that of bare WS2 under excitation at different wavelengths,
from off resonance to near resonance, showing that the nonequi-
librium change in Coulombic screening induced by nonresonant
photoexcitation has an enormous impact on the formation of the
hybrid exciton–polariton state. Our work not only provides a fun-
damental understanding of the photophysics of strongly coupled
devices based on TMDs but also shows excellent potential for the
implementation of coherent devices.

5. Experimental Section
Angle-Resolved Reflectance and Photoluminescence Measurements: A

home-made angle-resolved momentum–space imaging spectroscopy sys-
tem was built using an Olympus microscope (IX73). The sample was ir-
radiated by incident light from a tungsten lamp focused by an objective
(40X magnitude, NA = 0.95). Using a series of convex lenses, the back
focal plane of the same objective was imaged onto the entrance slit of an
imaging spectrometer. Thus, the light reflected from the sample at a given
angle corresponded to a single position on the entrance slit. This angle-
resolved information or momentum–space information was imaged with
a charge-coupled device (CCD; PIXIS 400) after the spectrometer (Prince-
ton Instruments IsoPlane-320). A polarizer in the focal plane was used for
polarization selection. The angle-resolved reflection (R = IS∕IW∕O) and ex-
tinction (Ext = 1 − R) spectra of the sample by normalizing the reflected
light from the sample (IS) with respect to the light reflected from a spot
without sample (IW∕O) were obtained. High levels of extinction arose due
to the excitation of the resonant modes of the structure. In the band struc-
ture measurement, one axis of the 2D CCD was used to resolve the angle
of the reflected light, while the other axis was used to resolve the wave-
length. The PL measurements were performed at room temperature. A
continuous-wave solid-state laser was used to excite theMLWS2 at a wave-
length of 532 nm (with a maximum peak power of 50 mw), and the laser
was focused by the same 40× objective onto the sample. The photoemis-
sion was analyzed with an angular resolution of 0.3° by the angle-resolved
spectroscopy system.

Transient Absorption Microscopy Measurements: The ultrafast TA spec-
tra of the strongly coupled WS2-PhC device and the bare WS2 area were
measured via femtosecond pump–probe spectroscopy at room temper-
ature. In the experimental setup, a Ti-sapphire laser system (Spectra-
Physics) provided pulses centered at 800 nm with a pulse width of 65 fs
and a repetition rate of 1 kHz. First, the output femtosecond pulse was
divided into two distinct beams. The stronger beam (90%) was sent to an
optical parametric amplifier (TOPAS, Coherent) to generate tunable exci-
tation pulses, and the other beam (10%) was focused onto a sapphire crys-
tal to generate a white-light continuum beam to serve as the probe beam.
Then, the white-light continuum beam, spanning the spectral range from
450 to 750 nm, was collimated using a reflective parabolic mirror to mini-
mize temporal chirp. Finally, the cross-polarized pump and probe beams
were sent collinearly to a reflective objective (Thorlabs, LMM-40X-P01; the
incident probe beam covered an angular range from 9.1° to 19.7°) to be
focused on the sample to a laser spot size of ≈5 µm (the reflective ob-
jective introduced no temporal chirp in either the pump or probe beam).
The delay between the pump and probe beam was acquired using a pre-
cise delay line in the optical path of the probe beam. The variation in the
optical density (ΔOD) of the probe beam between the pump case and
the no-pump case was recorded using a monochromator followed by a
Si detector. Specifically, the variation in the optical density is defined as
ΔOD = −log(Rpump

probe
∕Rno pump

probe
), where Rpump

probe
represents the reflection of

the probe beam affected by the pre-existing pump beam, whereas Rno pump
probe

represents the reflectivity of the probe under conditions far from the pump
excitation.

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

Acknowledgements
Y.T. and Y.Z. contributed equally to this work. The authors are grate-
ful for the financial support from the National Natural Science Foun-
dation (NSF) of China (11802339, 11805276, 61805282, 61801498,
11804387, 11774063, and 11727811), the 973 Program and the China Na-
tional Key Basic Research Program (Program Nos. 2015CB659400 and

Laser Photonics Rev. 2020, 14, 1900419 © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900419 (8 of 11)



www.advancedsciencenews.com www.lpr-journal.org

2016YFA0302000), the Scientific Research Foundation of theNational Uni-
versity of Defense Technology (ZK16-03-59, ZK18-01-03, ZK18-03-36, and
ZK18-03-22), the NSF of Hunan Province (2016JJ1021), the Open Direc-
tor Fund of the State Key Laboratory of Pulsed Power Laser Technology
(SKL2018ZR05), the Open Research Fund of Hunan Provincial Key Labo-
ratory of High Energy Technology (GNJGJS03), the Opening Foundation of
the State Key Laboratory of Laser Interaction with Matter (SKLLIM1702); a
Youth Talent Lifting Project (17-JCJQ-QT-004), and the Science and Tech-
nology Commission of Shanghai Municipality (Grant Nos. 17ZR1442300
and 17142200100)

Conflict of Interest
The authors declare no conflict of interest.

Keywords
Coulombic screening, photonic crystals, Rabi splitting, strong coupling,
transient absorption microscopy, transition metal dichalcogenides

Received: November 30, 2019
Revised: January 23, 2020

Published online: March 5, 2020

[1] S. Wu, S. Buckley, J. R. Schaibley, L. Feng, J. Yan, D. G. Mandrus, F.
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