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Exciton-polariton based WS2 polarization
modulator controlled by optical Stark beam
Mahnoor Shahzadi1, Chuyuan Zheng1, Sheraz Ahmad2,
Shanshan Wang1 and Weili Zhang1*

The recent era of fast optical manipulation and optical devices owe a lot to exciton-polaritons being lighter in mass, faster
in speed and stronger in nonlinearity due to hybrid light-matter characteristics. The room temperature existence of polari-
tons in two dimensional materials opens up new avenues to the design and analysis of all optical devices and has gained
the  researchers  attention.  Here,  spin-selective  optical  Stark  effect  is  introduced  to  form a  waveguide  effect  in  uniform
community of polaritons, and is used to realize polarization modulation of polaritons. The proposed device basically takes
advantage of the spin-sensitive properties of optical Stark effect of polaritons inside the WS2 microcavity so as to guide
different modes and modulate polarization of polaritons. It is shown that polaritonic wavepacket of different mode profiles
can be generated by changing intensity of the optical Stark beam and the polarization of polaritons can be controlled and
changed periodically along the formed waveguide by introduction birefringence that is sensitive to polarization degree of
the optical Stark beam.
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 Introduction
In the  quite  striking  development  of  optoelectronic  in-
dustry, a prominent role is played by exciton-polaritons.
They are low mass and high-speed quasi particles which
are generated due to the strong light-matter coupling1−5.
The strong  nonlinearity  and  room  temperature  exist-
ence  of  polaritons  have  given  the  open  ways  to  deploy
them in  applications  of  optical  information  and  opto-
electronic  devices4−9.  Transition  metal  chalcogenides
(TMDs) also have been focused for electric controllabil-
ity  as  well10.  Usually,  microcavities  with  high  quality
factor  play  a  vital  role  for  the  strong  exciton-photon
coupling  thus  enhancing  stability  of  polaritons  at  room

temperature11−13. Optical  Stark  (OS)  effect  is  optoelec-
tronic  interaction  arising  from  the  hybridization  of
photonic  and  electronic  states4,7,10,17,25.  Spin-selective  OS
excitation,  with  the  additional  spin  degree  of  freedom,
offers  new  prospects  to  realize  spin  logic  and  spin-Flo-
quet topological phases for ultrafast optical implementa-
tions  and  quantum  information  applications14−18.  Apart
from  the  fundamental  criterion  of  strong  light-matter
coupling,  polaritonic  applications  using  OS  effect  also
enforces material selection requirement, like high-charge
mobility  for  electronic  integration  and  room-temperat-
ure operation for practical  applications19. Recently,  TM-
Ds such as WS2, WSe2, MoS2 and MoSe2 are quite tempt-
ing for researchers due to their attractive features such as 
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direct  energy  band  gapes,  high  charge  carrier  mobility,
strong light matter coupling and promoting polaritons at
room  temperature20−22.  It  has  been  reported  that  a  large
OS shift  of  21  meV is  realizable  in  WS2 excitons11, pav-
ing  a  way  for  various  applications  based  on  OS  shift  in
TMDs in particular WS2 microcavity. Various character-
istics  of  the  polaritons  in  WS2 microcavity,  has  been
studied and manipulated in  different  ways  for  design of
optoelectronic  devices6,10,11,21,26.  For  example,  surface
Plasmon  polariton  graphene  Photodetectors  have  been
reported in which they couple graphene with a plasmon-
ic grating  and exploit  the  resulting  surface  plasmon po-
laritons  to  deliver  the  collected  photons  to  the  junction
region of a photodetector with 400% enhancement of re-
sponsivity  and  a  1000%  increase  in  photoactive  length6.
Further, tuneable exciton-polaritons have been observed
in  hybrid  monolayer  WS2-plasmonics  structure  aimed
for  nano-antenna  system18.  Currently,  polariton  based
LED in monolayer of WS2 is designed which is stable at
room  temperature  and  have  quantum  efficiency  of
0.1%23. Recently  we  have  proposed an  all  optical  polari-
ton based multimode interferometer, in which OS shift is
used as  a  controlling  parameter  to  control  modal  inter-
ference of polaritons without the consideration of polar-
ization issue26. While exploiting spin characteriscs of po-
laritonic  devices  are  still  far  from  enough  and  deserves
further  study.  As  we have discussed above the  tempting
applications of WS2 material, here a polarization modu-
lator  of  polaritons  is  proposed  to  be  realized  in  a  WS2

microcavity taking advantage of spin selective character-
istics  of  OS effect  i.e.  energy of  the  excitonic  fraction of
polaritons inside the WS2 microcavity can/can’t be shif-
ted by co-polarized/cross-polarized OS beam. This effect
is used  to  guide  wavepacket  of  polaritons  with  con-
trolled birefringence  and  thus  modulate  their  polariza-
tion  along  the  transmission  path.  The  polarization  state
of  polaritons  can  also  be  tuned  by  changing  the  energy
(i.e.,  change the energy shift  of  polaritons)  and effective
area of the OS beam (i.e.,  change transmission length of
polaritons) and thus, an all optical controllable polariza-
tion modulator is proposed.

 Principle of operation
Here we describe the principle of operation to realize our
proposed idea. In Fig. 1 below, the microcavity consists a
WS2 monolayer (i.e., the active layer) sandwiched by two
distributed Bragg reflectors (DBRs). We suppose the cen-
ter  wavelength of  the  DBRs is  the  same as  the  excitonic

λ0 = 601resonance wavelength  nm. Based on this struc-
ture,  cavity  photons  and  excitons  can  couple  strongly
and  generate  the  polaritons  just  like  the  way  previously
reported in ref.29. A circularly polarized OS beam acts as
a  writing  beam  that  radiates  on  WS2 cavity and  gener-
ates a potential in the uniform cavity, providing a wave-
guide of polaritons in the WS2 layer. In order to practic-
ally realize our proposed idea here, we use the OS beam,
which can be  a  strong laser  pulse  red-detuned from the
excitonic energy so as to induce an almost instantaneous
and  rigid  shift  of  the  lower  and  upper  polariton
branches. Here we demonstrate that through this shift, a
continuous wave that can instantaneously cause a shift in
the  energy  of  excitons  and create  a  potential  (up  to  few
meV to few tens of meV) of polaritons, the so-called OS
effect.  This  OS  effect  causes  the  shift  in  the  polariton
quantum states  and  can  be  used  to  manipulate  in  vari-
ous  ways  for  optoelectronic  applications1,3,7,22,26.  Here,  a
polaritonic potential,  i.e.,  OS shift,  is  created just  like in
ref.11 and used in an innovative way to form a waveguide
channel of polaritons along the x-direction with a width
of 10 μm (i.e., in the y-direction). As shown in Fig. 1, the
region with  generated  potential  (core  region)  has  an  ef-
fective  refractive  index  larger  than  other  regions  (clad-
ding  region).  Taking  advantage  of  the  spin  selectively
characteristics  of  the  OS  effect,  the  birefringence  of  the
waveguide can be controlled easily via controlling polar-
ization and  intensity  of  the  OS  beam.  Thus,  the  wave-
guide channel can be used to transmit different modes of
polariton  wavepacket  with  polarization  sensitivity,  to
control  their  interference,  and  finally  to  modulate  their
degree of polarization. In our case, we use the G-P mod-
el  to  describe  the  propagation  of  polaritons7,27,28.  Our
analysis mainly focuses on the polarization of polaritons,
so  we  use  this  model  with  some  presupposes.  First,  the
excitonic energy equals  the energy of  the cavity photon.
As the energy of the cavity photon is fixed, the complex
refractive index of  the WS2 is  taken as  a  constant value.
Based on this, the effective mass and decay rate (depend
on  the  loss  of  the  cavity  and  the  imaginary  parts  of  the
refractive index of WS2) of polaritons can be determined.
Second,  the  pump/gain  of  the  polaritons  is  assumed  to
balance  with  the  decay  rate  of  the  polaritons,  thus  both
the pump term and the decay term did not appear in the
model. Third, the microcavity is assumed to work below
the  nonlinear  threshold,  and  the  nonlinear  scattering
term  is  neglected  in  the  model.  The  imaginary  parts  of
the  refractive  index  and  anisotropic  characteristics30−32

would be left for our future work.
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 Quantum description of spin selective OS
effect
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The  optical  pumping  will  raise  or  lower  the  magnetic
quantum number of excitons by one, and a circularly po-
larized Stark  beam  will  prepare  the  spin-polarized  ex-
citons  with  blue-shifted  excitonic  energy11,25,26,32. As  in-
dicated in Fig. 2,  the equilibrium state of  excitons (solid
red  and  purple  lines)  will  be  shifted  to  a  new  state
(dashed red and purple  lines)  when the  OS beam is  ad-
ded,  and  the  energy  gap  (excitonic  energy)  is  increased
by .  The  exciton  state  of  at  the  conduction
band  and  at  the  valence  band  can  couple  with
right  circularly  polarized  ( )  cavity  photons,  while  the
exciton  state  of  at  the  conduction  band  and

| − 1/2⟩ σ+

hΩ/2

Eσ±
tPLP

 at the valence band can couple with left ( ) cir-
cularly polarized cavity photons. Under the strong coup-
ling  condition,  i.e.,  the  exciton-photon  coupling  rate
parameterized  by  the  Rabi  splinting  energy  is
much  larger  than  their  decay  rate,  so  polaritons  are
formed  (see  the  upper  and  lower  polariton  branches
“ ”). Thus, the OS effect of polaritons will inherit the
spin  selective  characteristics  of  their  excitonic  part  e.g.,
OS beam will  blue  shift  the  polaritons  with polarization
sensitivity.

 Effective refractive index method of
polariton wavepacket
This energy shift can be described as 
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±
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From Eq.  (1),  we can see that  energy shift  of  excitons is
related to the OS beam intensity  “ ”  and the energy
difference “ ” between the OS photons and excitons. In

Eq.  (1)  is  a  polarization  matrix,

and  it  accounts  for  the  spin  selective  characteristics  of
the OS  effect.  The  excitonic  shift  influences  the  disper-
sion  curves  of  the  polaritons,  which  can  be  calculated
from  the  Floquet  quasi-states  theory  and  reads7,21,25,33.
The  optical  Stark  beam  causes  energy  shift  of  excitons
just  like  adding  an  external  electronic  field.  To  realize
this,  the  photon  energy  of  the  Stark  beam  should  be
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smaller  than  the  exciton  energy;  that  is  optical  Stark
beam does  not  increase  the  population  of  excitons.  The
energy shift of exciton can be calculated as given in Eq. (1). 
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Equation  (2) reflects  the  spin  sensitive  case,  wherein
“ ” correspond to the left and right circularly polariza-
tions,  or  depicts the lower or upper polariton

branches  respectively,  and

 are the  photonic  and  excitonic  ener-

gies  respectively  (where  is  the  in-plane  wave  vector,
/  is  the  energy  of  cavity  photons/excitons  for

 and /  is  the  mass  of  cavity  photons/ex-
citons). The OS shift  is directly proportional to the
intensity  of  the  OS  beam  and  inversely  proportional  to
the  energy  difference  between  the  excitons  and  the  OS
photons. We can calculate the effective refractive index as 
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where  stands for the effective mass of the polaritons,

and  its  value  is  calculated  as  ( /

is the fraction of excitons/cavity photons, /  is the ef-
fective mass of  excitons/cavity  photons)27.  Using Eq.  (2)
polarization-dependent refractive index of the core ( )
and  cladding  ( )  region  can  be  calculated.  Finally,  the
guided  mode  of  polaritons  can  be  calculated  from  the
guided-mode theory of a plane waveguide structure. The
guided  modes  satisfy  the  wave  matching  condition

, and the function  reads28−32.
 

f(Nσ±
m ) =mπ+ arctan

(
(nσ±r )

2α

(nσ±c )
2α

√
(Nσ±

m )
2 − n2

c

(nσ±r )
2 − (Nσ±

m )
2

)

+ arctan

(
(nσ±r )

2α

(nσ±c )
2α

√
(Nσ±

m )
2 − n2

c

(nσ±r )
2 − (Nσ±

m )
2

)

− k∥W
√

(nσ±r )
2 − (Nσ±

m )
2
, (4)

α = 0 α = 1
m

W

where  or  describes TE  or  TM  modes  re-
spectively,  is  an  integer  number  that  corresponds  to
the order of mode, is the width of the waveguide, and
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m m

α = 0

ΔNm = Nσ+
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m

 is the effective refractive index of mode “ ”. Here we
choose  and  study  the  TE  modes  as  an  example.
The  polaritonic  waveguide  generated  by  the  OS  beam
will  have  encounter  birefringence  “ ”
when  a  change  in  polarization  of  the  OS  beam  occurs.
The profile of the polaritons along the waveguide can be
written as a coherent superposition of individual modes. 
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 Results and discussion
σ+

ΔEσ+
x

k|| = 0.2π/λ0

ΔEσ+
x > 3.5

ΔEσ+
x > 8

σ−

σ+

ΔEσ+
x = 5

σ+

σ+

First,  we  take  the  OS  beam  in  the  left  ( )  polarization
direction  as  an  example. Fig. 3 shows the  effective  re-
fractive  index  as  a  function  of  the  OS  shift  for

. It is clear from Fig. 3 that the OS shift-in-
duced  waveguide  begins  to  support  the  fundamental
mode  (i.e., n0)  when  meV  and  two  modes
(i.e., n0 and n1)  are  supported  when  meV.  In
the  right  ( )  polarization  direction,  the  case  is  similar
and  not  repeated  here.  Proceeding  in  this  way  and  use
Eq. (5) we have plotted Fig. 4 below, which describes the
evolution  of  the  polariton  modes  when  polarized
Stark  beam with  meV is  applied.  In  this  case,
the waveguide is formed only for  polarized mode, and
the  waveguide  only  supports  the  fundamental  mode,  as
shown in Fig. 4(a). Along the length of waveguide intens-
ity of  polarized polaritons remains constant as shown
in Fig. 4(b).

ΔEσ+
x = 22

σ+

When the  OS  shift  increases,  the  waveguide  supports
more modes of polaritons. Figure 5(a) and 5(b) show the
case  when  meV.  It  can  be  seen  that  two
modes, i.e., mode 0 and mode 1, are supported in the 
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x = 5
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polarized direction. When traveling along the waveguide,
the two modes interfere with each other, and the total in-
tensity  of  the  polaritons  varies  periodically  along  the
waveguide. Figure 5(c) and 5(d) show the case when OS
beam  is  added  to  both  and  polarized  directions
with different intensity, i.e., the shift are  meV
and  meV.  Thus,  the  waveguide  support  two
modes in  polarization and one mode in  polarization.

ρ =

(∣∣∣ψσ+
∣∣∣2 − ∣∣∣ψσ−

∣∣∣2)(∣∣ψσ+
∣∣2 + ∣∣ψσ−
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The  corresponding  value  of  polarization  degree

 is  given. Figure 5(c) shows  the

ρ y = 0
ρ

ρ

value  of  along  the  waveguide  (x-direction)  for ,
wherein  varies  periodically  along  the  waveguide  with
peak  and  dip  value  of  =0.45  and  –0.9,  respectively.  For
our  work,  the  highest  achievable  peak/dip  is  0.9/ –0.9,
while the lowest is 0.45/–0.45, respectively. The range of
modulation speed depends on the response speed of po-
laritons, which is in the picosecond scale. The full map of

 in the x-y plane is given in Fig. 5(d), which is reflecting
the function of polarization modulation.

It  is  easy  to  understand  that  the  modulation
depth/range and period can be changed by changing the
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ρ

ratio/intensity  of  the  OS  beam  in  the  two  polarization
directions. Some  typical  modulation  curves  of  polariza-
tion degree “ ” is given in Fig. 6, corresponding to differ-
ent combinations of OS shifts in the two polarization dir-
ections (which  can  be  controlled  through  the  polariza-
tion of the OS beam). Thus, the polarization state of po-
laritons  can  be  modulated  flexibly  using  the  proposed
all-optical method. Here it is worth mentioning that our
modulator is all-optical,  and we are controlling it  via an
external polarized  Stark  beam.  In  this  way,  the  wave-
guide effect  is  erasable and polarization sensitive.  While
the main limitations of this method is that the beam pat-
tern of  the  optical  Stark  beam needs  to  be  controlled to
form an exact shape of the waveguide region in the cavity36.
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 Conclusions
In  conclusion,  we  have  proposed  an  all-optical  method
to modulate the polarization of polaritons in a WS2 mi-
crocavity.  Spin-selective  optical  Stark  effect  has  been
used as a controlling and tuning parameter to modulate
the output polarization and to guide the mode of polari-
ton  wavepacket.  Through  different  combinations  of  OS
shifts in the two spin states (i.e., control polarization de-
gree  of  the  OS beam),  polaritonic  waveguide effect  with
controllable  birefringence  can  be  introduced,  and  field
distribution and  polarization  modulation  curves  of  po-
laritons can be designed. The ultrafast response of OS ef-
fect  combining  with  the  half-matter  half-light  property
of polariton  favors  the  proposed  structure  an  encour-
aging  platform  to  study  the  basic  property  of  quantum
many body systems as well as to manipulate photons and

excitons inside the TMDs materials. This work has some
perspective  in  valleytronics  and  spintronics  as  well.  As
we  are  controlling  the  excitons  via  spin-sensitive  Stark
beam, so the spin-sensitive excitons-polaritons have been
generated in WS2. WS2 has two spin-selective valleys, so
we can  manipulate  our  exciton-polaritons  in  both  val-
leys  via  a  polarized  Stark  beam.  All  these  can  pave  the
way for the study of polaritonic control and transport in
TMDs microcavities,  which  can  be  helpful  to  the  opto-
electronic industry for routing and integration of polari-
tons for quantum information
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