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Two dimensional (2D) semiconductor materials of transition-metal dichalcogenides (TMDCs)
manifest many peculiar physical phenomena in the light-matter interaction. Due to their ultrathin
property, strong interaction with light and the robust excitons at room temperature, they provide a
perfect platform for studying the physics of strong coupling in low dimension and at room tempera-
ture. Here we report the strong coupling between 2D semiconductor excitons and Tamm plasmon
polaritons (TPPs). We observe a Rabi splitting of about 54 meV at room temperature by measuring
the angle resolved differential reflectivity spectra and simulate the theoretical results by using the
transfer matrix method. Our results will promote the realization of the TPP based ultrathin polariton

devices at room temperature. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4974901]

Strong coupling between photons and excitons, so called
“exciton polariton,” is a fascinating topic in solid state phys-
ics and has attracted much attention in recent years.
Numerous novel phenomena have been observed, e.g., Bose
Einstein Condensation of exciton polariton,' ™ superfluidity,*
quantum vortices,” entangled photon pairs,® polariton bist-
ability,”® etc. These exciting researches have also promoted
the development of novel devices such as electrically
injected polariton light emitting diode,”"' low threshold
polariton laser,'*'? spin-optronic devices,"* optical switch-
ing,'® polaritonic logic circuits,'® etc.

In order to obtain well confined photons and thus
observe the exciton-polariton effect, various optical micro-
cavities, such as distributed Bragg reflector (DBR) based pla-
nar microcawity,17 tunable open cavity,18 two dimensional
photonic crystal'® and microdisk cavity with whispering gal-
lery mode,”® were designed. Recently, it is shown that one
can also confine the light even without a cavity, e.g., a sur-
face wave will form at the interface between a metal and a
DBR. This is the so-called Tamm plasmon polaritons
(TPPs).zl_24 In contrast to conventional surface plasmons,
TPPs can be excited by direct optical excitation as their dis-
persion lies in the light cone given by k = w/c where w is
the angular frequency, and k is the in-plane component of
the wave vector of light, and TPPs have both TE and TM
polarization. Moreover, since in the strong light-matter cou-
pling regime Rabi splitting is proportional to the amplitude
of the vacuum field, one can increase it through decreasing
the mode volume. Compared with the traditional DBR-DBR
cavity, the TPP mode gives a smaller mode volume®* due to
its surface wave nature.

The exciton polariton effect has been studied in various
semiconductor microcavity systems, including ZnO*>*® and
GaN?’ with a large exciton binding energy which can work
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at room temperature. Meanwhile, the organic semiconductors
also exhibit great prospects due to their strong exciton bind-
ing energies, high oscillator strengths, and high quantum
yields.”®* Very recently, a new candidate for polaritonics,
i.e., transition-metal dichalcogenides (TMDCs), has attracted
much attention’*>* due to their distinct electronic, mechani-
cal, thermal, and optical properties when they are thinned to
monolayer.”> These materials change from an indirect to a
direct bandgap with the transition from bulk to monolayer
and the coupled spin and valley physics in monolayer
TMDCs materials leads to the valley Hall effect.®®
Meanwhile, their robust excitons at room temperature thanks
to their large exciton binding energy (0.5-1.0eV), and the
excellent optical qualities make them of great potential in the
physics of strong coupling between light and matter at room
temperature. Furthermore, due to the surface wave nature of
the TPP mode, it is highly advantageous for the strong cou-
pling with the 2D semiconductor materials. However, the
strong coupling between the TPP mode and the monolayer
TMDCs materials is yet to be demonstrated.

In this paper, we demonstrate the strong coupling
between TPPs and the A excitons in monolayer MoS, and
observe a Rabi splitting of about 54 meV at room temperature
by angle resolved reflectivity spectroscopy. Theoretical simu-
lation by using the transfer matrix method®'**>” agrees well
with the experimental results.

Figure 1(a) shows the sample structure schematically.
10 pairs of HfO,/SiO, DBR on the quartz substrate are
grown by electron beam evaporation. The monolayer MoS,
is exfoliated mechanically from bulk and then transferred
onto the DBR by using polydimethylsiloxane (PDMS).*® To
form the TPP state, the top layer of TiO, of 56 nm and the
silver film of 50 nm are deposited in the following electron
beam evaporation process. In order to obtain the maximum
coupling between TPP modes and the monolayer MoS,, we
need to position the MoS, layer in the region where the
strongest amplitude of electric field is presented as shown in

Published by AIP Publishing.
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FIG. 1. (a) Schematic of the sample
structure. (b) (Normal incidence)

quartz substrate
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Figure 1(b). Via using the transfer matrix method, we give
the theoretical calculation of the TE polarized TPP mode
and the distribution of absolute electric field at normal inci-
dence in Figure 1(b). The parameters used in the calculation
are ns;o, = 1.5, NuHfo0, = 1.95, nrio, = 2.12, and nSiOZISiOZ
= nygo,lnf0, = mc/2wg, where wy corresponds to the Bragg
frequency with hicwg=1.87 eV. The relative permittivity of
silver is described by the Drude model

2

“p /
*m, Nag = \/eag(®), ey

where & =5, fiw, =9 eV, and /iy = 18 meV. We confirm
the TPP state in the structure by measuring the angle
resolved differential reflectivity spectra (DRS) AR/R,
= (R7pp—Ro)/Ro (shown in Figure 1(c)), where Rrpp is the
reflectivity of the TPP sample and R is that of the silver
reflector. The numerical aperture (NA) of the objective lens
we use is 0.75 which allows us to detect the angular range of
+48.6°. The broadband light source is a tungsten halogen
lamp and the angle resolved differential reflectivity spectro-
scopic setup is similar to that described in Ref. 32. From
Figure 1(c), one can see a dip at 663 nm with half width at
half maximum (HWHM) of #l'7pp = 14 meV. This implies a
quality factor of the TPP mode of 130 at a normal incidence.
A parabolic dispersion of the TPP mode with the angle of the
incidence light varying from 0° to 48.6° is observed.

The optical qualities of monolayer MoS, are examined
by measuring the micro-photoluminescence (PL) spectroscopy
and the DRS, as shown in Figures 2(a) and 2(b). In the
PL experiments, the excitation is a 532nm continuous wave
laser line. From Figure 2(a), one can see two pronounced PL
peaks at 652.5nm and 610nm associated with the A and B
excitons, respectively,39 and the dominant peak is 652.5nm
arising from the transition of the A excitons. The PL and
Raman spectrum shown in Figure S1 (supplementary material)

eag(0) = éxc

Theoretically calculated absolute elec-
tric field distribution of the TPP
mode with a wavelength of 663 nm.
The inset picture shows the reflectivity
spectrum of the structure in (a) without
monolayer MoS, embedded in it. (c)
Experimentally detected angle resolved
DRS of the TPP mode.

0 25 50

indicates the excellent optical quality of the monolayer MoS,
and demonstrate that the thickness of exfoliated MoS, is a
single layer.*>*! In the measurement of the reflectance of our
samples, the differential reflectivity is defined as AR/Rg,
= (Rsampte—Rsun) Rsup, Where Rgp00 18 the reflectivity of the
monolayer MoS, on the substrate (PDMS) and Ry, is that of
the substrate. The two peaks in Figure 2(b) arise from the
absorption of the A and B excitons which are consistent with
the two peaks in Figure 2(a). Moreover, from the reflectance
measurements of the samples, we can deduce the complex
dielectric function of the monolayer MoS,. The dielectric
function of the monolayer MoS, is modelled by the multi-
Lorentzian oscillators*?

o) =+ Y $=81 +ie, (2

2 2 T
s — 0 —ilio

where ¢, is the background dielectric function, fis the oscilla-
tor strength, and the parameter i=A,B correspond to the
A and B excitons in MoS,. hiws =1.9eV, hwg =2.04¢V,
W'y =60meV, and il'p = 110meV are fitted from the PL
spectrum in Figure 2(a). By the simulation of the DRS (blue
dashed line) which is in good agreement with the experimen-
tal result (orange dotted line), we can obtain the other param-
eters which are ¢, = 18, h2fA =1.7 eVz, h2f3 =2.5¢eV? In the
simulation, the refractive index of PDMS is set to be 1.5. The
derived real and imaginary part of the complex dielectric
function of the monolayer MoS, are given in Figure 2(c)
which are consistent with the reported experimental results.**

By measuring the angle resolved DRS, we demonstrate
the strong coupling between the TPP modes and A excitons
in monolayer MoS,. From Figure 3(a), two pronounced dips
which correspond to the upper polariton branch (UPB) and
the lower polariton branch (LPB) are seen at the angle of
+38° when the TPP mode is resonant with the A excitons.
The detailed part of the red rectangle in Figure 3(a) is
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FIG. 2. (a) Photoluminescence of the
T . monolayer MoS,. The gray arrows
B exciton 0 indicate the A and B excitons in mono-
0 . - ! n ! ! L . layer MoS,. (b) The experimental
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line) of the the DRS of the monolayer
MoS, on the PDMS substrate. (c) The
real and imaginary parts of the com-
plex dielectric function of the mono-
layer MoS,.
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displayed in Figure 3(b). With the increase of angle from 38°
the UPB is more TPP like while the LPB is more exciton like
and vice versa for the decrease of the angle from 38°. In
Figure 3(a) only UPB is observed in large angle (>38°) and

LPB in small angle (<38°), this is due to the broad linewidth
of the A excitons at room temperature and the low contrast in
the mapping of the DRS. For clarity, we extract the DRS of
Figure 3(a) and fit the dips of these spectra. Three of the

03(b) 03
02 630 0.2
10.1 /é\ 0.1
0 & 640 5
N’
<
—
018 0.1
- 8 650 e FIG. 3. (a) Angle resolved DRS of the
0 27) 02 TPP sample with the monolayer MoS,
B 0. embedded in it. The white dashed line
0 33 03 indicates the A exciton energy of
’ 660 ' MoS, and the dispersion of the TPP
0.4 0.4 mode. The yellow lines represent the
dispersion of the LPB and UPB. (b)
05 670 The enlarged color map of the red rect-
-50 -25 0 25 50 2 25 30 35 40 45 angle in (a). (c) The fitted curves (red
Angle(degcree Angle(desree line) of the spectra extracted from (a)
(C) i g ( g, ) i (d) —— gll (I gl )| — . with an angle of 33°, 39°, and 45°,
- | 48

—fitted curvg

-0.2r
-0.3

640 660 680
Wavelength(nm)
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respectively. The orange dashed lines
and green dashed lines are the Gaussian
fitting of the UPB and the LPB, and the
blue dotted lines are the experimental
results. (d) Sixteen extracted spectra of
(a) with an angle varying from 0° to
48°. The black dashed line shows the A
exciton energy and the red dashed lines
represent the fitted minima of each
spectrum.
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fitting results are shown in Figure 3(c) with an angle of 33°,
39°, and 45°, respectively, and two clear dips which are
shown by the orange dashed line and green dashed line are
seen in each spectrum. The fitting results from 0° to 48° are
presented in Figure 3(d), and the red lines indicate the minima
of these spectra. These dips reveal a clear anti-crossing fea-
ture when they approach the A exciton energy indicated by
the black dashed line. We calculate the theoretical polariton
dispersion with the coupling oscillator model expressed as™

(9 ) =20(5)®

where the E, .., is the energy of the A exciton, and E7pp(0)
is the energy of the TPP mode which is calculated by using
the transfer matrix method. V is the interaction strength
between the TPP modes and A excitons in MoS,. E(0) is the
eigen energy of the polariton branch given by

1
Erpgups(0) == |:Eexcit0n + Erpp(0)

2

+ \/ 4V2 + (Eexciton — ETPP(H))2 “)

and |a|%, |b|* represents the exciton and TPP component of
the corresponding polariton branch, respectively. The calcu-
lated dispersions are shown by the yellow lines in Figures
3(a) and 3(b). The white dashed line indicates the energy
of the A excitons and the dispersion of the TPP mode. From
the theoretical results, the detuning AE = E;pp—FE . citon
=—60meV and the fitted interaction potential V is about
27 meV indicating that the Rabi splitting 7Q is 54 meV. To
confirm the system is in the strong coupling regime, we
extract the HWHM of the A excitons from the PL spectrum
in Figure 2(a) with i’y =60meV. It is proved that the
strong coupling condition for light-matter interaction is satis-
fied with 71Q > (Ail'4 + il'rpp)/2. However, the strong cou-
pling between the TPP modes and the B excitons is not
observed due to the large detuning between the TPP modes
and B excitons.™

We also simulate the angle resolved DRS of the strong
coupling between the A excitons and TPP modes by using
the transfer matrix method which is given in Figure 4.

(a) b : .
g6 0 N —
£640 V
= 0 TN
0650 E\u\
S 660 0.22
© < 1
% 670 0.4 .
680 P I
. ! )
-50 25 0 25 50 630 650 670 0
Angle(degree) Wavelength(nm)

FIG. 4. (a) Simulated results of angle resolved DRS of the structure in
Figure 1(a). The white dashed line indicates the A exciton energy of MoS,.
(b) Sixteen extracted spectra of (a) with an angle varying from 0° to 48°.
The black dashed line shows the A exciton energy and the red dashed lines
are the fitted minima of each spectrum.
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During the simulation, the thickness of the monolayer MoS,
is set to be 0.65 nm which is a common thickness for mono-
layer TMDC materials and the complex refractive index of
monolayer MoS, is derived from Equation (2). The simu-
lated results give features similar to the experimental results.
The UPB is only observable at a large angle while the LPB
is observable at a small angle from the color map in Figure
4(a). The extracted spectra in Figure 4(b) show a clear anti-
crossing feature indicating the formation of the exciton
polariton state. The vague in the spectra is mainly due to the
broad linewidth of the A excitons at room temperature and
the weak interaction strength between the TPP modes and
the A excitons in the monolayer MoS, as the overlap
between light field and the monolayer MoS, is very small
due to the ultrathin property of 2D TMDCs materials. To
confirm this, we increase the quality factor of the TPP mode
with hl'rpp =1.7meV and the calculated spectra in Figure
S2(a) in the supplementary material are nearly the same as in
Figure 4(a). That means the decreasing of the linewidth of
the TPP modes from 14meV to 1.7meV does not increase
the visibility of the LPB and UPB. Hence, we simulate the
spectra with decreasing iy to 30meV and 10meV artifi-
cially which are shown in Figures S2(b) and S2(c) (supple-
mentary material) with a clear LPB and UPB. If we enhance
the oscillator strength such as utilizing the multi quantum
well structure, the splitting between LPB and UPB can also
be seen in the angle resolved DRS shown in Figure S2(d)
(supplementary material). The simulation results of change of
detuning are shown in Figure S3 (supplementary material).

The realization of strong coupling between photons and
2D semiconductor materials is of great importance due to the
excellent optical qualities, stable excitons at room tempera-
ture, and the unique nature of the electron state of the 2D
semiconductor materials. These materials provide a perfect
platform for the investigation of exciton polariton effect in a
low dimensional system and manipulation of exciton polari-
ton emission by the valley degree of freedom. These unique
properties will lead to the fabrication of novel controllable
circular polarized polariton devices. Meanwhile, the electro-
luminescence of the 2D semiconductor has been reported in
different structures** and the lasing actions*®™*® of such
materials are also realized. Hence, the fabrication of the 2D
semiconductor materials based polariton laser will be a chal-
lenging task in the future.

In summary, we demonstrate the strong coupling
between the TPP mode and the A excitons in monolayer
MoS, with a Rabi splitting of 54 meV. By measuring the
angle resolved DRS, we observe the anti-crossing feature of
the LPB and UPB indicating the formation of the exciton
polariton state in the system. By using the transfer matrix
method, we give the simulation of strong coupling effect
which agrees well with the experimental results. The realiza-
tion of strong coupling between TPP and 2D TMDC materi-
als paves the way for the fabrication of real polariton devices
in the TPP structure and reveal the possibility of electrically
injected polariton laser in the future.

See supplementary material for more calculated strong
coupling results between the TPP mode and the monolayer
MOSQ.
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