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Abstract: 

Here, Graphene clad plasmonics waveguide is introduced as a two surface plasmonic polariton modes 

interference (GTSPPMI) coupler to obtain optically manipulated quantum interference. The manipulation of 

Handel Ou Handel (HOM) quantum interference is demonstrated theoretically in nano-scale two modes 
coupler through refractive index modulation in Graphene clad with incidence of an ultra fast optical pulse 

energy. The quantum entanglement of fidelity ~ 97.5% is obtained by incidence of optical pulse of energy 

5.12 pJ and width 3.8 ps in Graphene cladding. Our results promise to obtain fast and compact optical 

reconfiguring of quantum plasmonics circuit in comparison to electrooptic and themooptic coupler. 

             Keywords: graphene-clad, surface plasmonics, entanglement     

I. Introduction 

  Recently, quantum optic technology has been focused for high speed information processing [1]-[2], secure 

communication [3]-[4] and instrumentation [5]-[6], due to having its unique quantum mechanical properties such as 

superposition, entanglement etc. Moreover, it also provides high noise margin, easy operation and low power requirement 

[7]. The use of bulk optics encounters the problems of its precision against the vibration and susceptibility to external 

electromagnetic radiation. To deal with these restrictions, integrated optics has already been employed with its advantages 
such as low signal loss, light weight, reliable operation, precision phase control [8]-[9]. But integrated optics technology is 

also restricted with fundamental property of diffraction of light energy to reduce device size for large scale integration. 

Here, surface plasmonic polariton (SPP)  wave has a capability to overcome this restriction through its light-electron 

excitation at metal-dielectric interface providing localization of  electromagnetic energy at nano-scale dimension [10]-[11]. 

The control of electromagnetic energy within nano scale using SPP wave promises large scale integration of quantum 

circuit. The SPP waveguide has large metallic loses due to use of metal- dielectric interface and other disadvantages such 

as temporal and spectral distortion are arisen due to modal and chromatic dispersion in SPP waveguide. The modal 

dispersion can be reduced by allowing fewer number of SPP modes propagated in the waveguide. For reduction of metallic 

losses, new materials having small value of extinction constant of refractive index and also free electrons (as in metal) 

should be chosen. In this direction, Dirac plasmons have already been demonstrated experimentally through the coupling 

with infrared light [12]-[13] at graphene -dielectric interface due to having excellent electronic and  photonic  property.   In 

comparison   to other of 2D materials such as transition metal chalcogenides, black phosphorus, hexagonal boron nitride, 
Graphene shows excellent nonlinear absorption over UV, visible and infrared  wavelength due to having its zero band gap 

[14]. The graphene plasmonics have already been used in integrated waveguide due to its positive value of imaginary part 

of refractive index [15]- [16]. Controlled quantum gates are key devices in quantum system requiring manipulation of 

quantum states. The manipulation of quantum entanglement has already been performed either through electro-optic [17] 

or thermo-optic control [18]-[20] on wave propagation inside waveguide. The thermooptic and electro-optic 

reconfiguration of quantum states restrict the speed of quantum processing due to having low response time and  less 

precision in phase control. Moreover, occurrence of unwanted thermooptic effect in unstable regions of waveguide 

provides phase error. Recently, the modulation of refractive index in GaAsInP cladding with incidence of optical pulse 

energy (E)  of 15-27 pJ  and pulse width of 100-280 ps has already been reported  for optical pulse controlled propagation 

of SPP modes reducing the problem of phase error [21]-[22]. For further reduction of phase error, it is required to decrease 

optical pulse energy and pulse width for accurate manipulation of quantum entanglement in the quantum devices. In this 
direction, graphene provides the modulation of refractive index with incidence of ultra fast infrared light pulse through 

nonlinear absorption [23].  

     Here, a two surface plasmonics polariton mode Graphene clad–silicon waveguide has been presented for accurate  

manipulation of quantum entangled states using ultrafast infrared optical pulse. The HOM depth of quantum interference 

has been formulated as a function of optical pulse energy incident on graphene cladding region.  Due to having low optical 

pulse energy and pulse width, the manipulation becomes faster than that of thermooptic and electro-optic quantum device. 
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II. Device concept  

     Figure-1a shows a 2  2 Graphene clad two SPP mode interference (GTSPPMI) quantum device consisting two modes 

coupling region of width 2w  and thickness t , two single mode input access and two  output access waveguides of  width 

w and thickness t. The waveguide has silicon core surrounded by graphene cladding. The complex refractive index of 

graphene  is represented as n2 = n +jk  (where n = real part of refractive index and k = imaginary part of refractive index )  

whereas refractive index of silicon core is denoted as n1. The real part of refractive index of graphene shows nonlinear 

refractive index change (n(E)) with incidence of optical pulse of energy E and width TP. The n(E) is written as [24]-

[25] 
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where, 
nln = nonlinear refractive index coefficient of graphene nwith incidence infrared light =1.510-9 (cm)2 W-1 [24] 

and Ac= area of left and right side graphene cladding on which optical pulse energy is incident for optical manipulation of 

quantum states =2wct, wc = width of left or right side graphene cladding. To obtain quantum surface plasmonics 

phenomena in graphene clad TMI device, the spontaneous parametric down converted  wavelength of 0.810 μm is 

incident on input access waveguides and quantum mechanically represented by 1a  and 2a . When it interacts with 

graphene-silicon interface, the local electric fields are induced at the interface and represented as surface plasmonic 

plariton (SPP) modes depending on the width (w) of silicon core. The propagation constants of SPP modes are written as 
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where, m = 0, 1, 2… represents fundamental, first order,  second order… respectively. The ))0(,( 21 nn
r

m  and 

))0(,( 21 nn
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m  are real and imaginary part of propagation constant without application of optical pulse. The real part 

of effective refractive index ))0(,( 21, nnn
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effm is determined by using effective index method (where the continuity 

condition is obtained at the graphene-silicon interface [13]-[14]) for = 0.810  m, n1 =3.69,  n2(0) = 2.879+j1.564, and t 

= 2 m.  Figure-2(a) shows that first and second order modes start appearing at w = 0.18 and 0.27 m respectively. For 

two  modes coupling, we have chosen width WTMI=2w = 0.18 m, (where WTMI = width of two modes coupling region). 

The imaginary part of propagation constant of excited modes in TSPPMI region provides propagation length of modes 

written as 
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two excited modes and determined by using formula written as 
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r  are real part of propagation constants of fundamental and first order mode 

respectively. The L and  mPL ,  as function of TMI core thickness t  are represented in Figure 2 (b). The propagation 

lengths of the excited SPP modes increase with t and are more than L  at t  2 μm. The L  remains almost constant 

with t as propagation characteristics are independent t..  For coupling of fundamental and first order modes, we have 

chosen t  =   2 μm   in which L is obtained as  ~ 0.745 m.  

   To control the propagation of excited modes in TMI region, optical pulse of energy E and wavelength λ=0.81 μm is 
incident on left and right graphene cladding region and the propagation constant of SPP modes generated in TSPPMI 

region are modulated as 
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where, ))(,( 21 Enn
r

m  and ))(,( 21 Enn
im

m  are represented as real part and imaginary part of propagation constant 

respectively, modulated with optical pulse energy E. The transformation matrix representing input to output quantum 

state transition is represented as,  
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where )(E = phase difference between fundamental and first order mode = )()0( E   
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The ))(,( 21,0 Ennn
r

eff and ))(,( 21,1 Ennn
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eff  are real part of effective refractive index of fundamental and first order modes 

with incidence of optical pulse energy respectively. Figure -2(c) shows )(E  versus E for left and right graphene 

cladding area, AC = 1, 2 and 3 μm2 with 2w =0.18 m, n1 =3.69, n2(0) = 2.879+j1.564, and t = 2 m. As AC decreases, 

optical pulse energy coupled to graphene cladding for the manipulation of propagation characteristics reduces. Optical 

pulse energy to obtain )(E  of 0.5  between fundamental and first order modes is obtained as 5.12 pJ, 20 pJ and 42 pJ 

for AC = 1, 2 and 3 μm2 respectively. The fiber to device coupling efficiency also depends    on    AC       and       is      

determined  by   using    η  = )]([ 22

12
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AC 


. The η increases with the increase of AC as shown in Figure-3b. For AC = 

1 μm2 , optimized values of η is estimated as ~ 93 % where diameter of fiber = 2r  = 2.4 μm  and  n(E)  =   3.069 and that 

of E to   obtain 0.5   phase  change is determined as 5.12 pJ.  

 

III. Quantum entanglement 
     The manipulated quantum entanglement is made through optical pulse controlled coupling of two SPP modes generated 

by incidence of single photon at each of inputs 1a  and 2a . The output quantum entangled states  )(1 Eb  and )(2 Eb  at 

the output b1 and b2 are written as  
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Here, the manipulation of quantum entanglement states is considered for cross coupling TMI device ( )0( =). The 

coincidence count (CC) of the device is written as  
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where, K = constant estimated from incident number of photons,   = overlap integral representing distinguishability of two  

surface polarization polariton [26]-[28] = )
2
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t
  ,  = difference between two central frequencies 

of Gausian spectral distribution,  = x/c = time lag between the arrivals of two photons at the ports of TMI coupler and tc 

=coherence time  corresponding to coherence length lc = c.tc. Figure -4a shows CC versus x determined by using the 

equation (6) for incident optical pulse energy E = 0, 2.13, 3.33 and 5.12 pJ with pulse width of 3.8 ps. The HOM dip is 

quantified with quantum visibility which is obtained by using formula, V(E) =
)(
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, (where N (E) = 

coincidence count for classically distinguishable photons (  ∞) and
oN (E) = coincidence count for quantum mechanically 

indistinguishable photons (   0)). At E = 0, approximately zero HOM dip is obtained due to having fully cross coupling of 

quantum fields whereas maximum quantum visibility  of  0.95 is obtained with incidence of optical pulse energy of E ~5.12 

pJ due to having phase change )(E = 0.5. The quality of quantum entanglement is quantified in terms of quantum 

fidelity F which is written as  

                   \ 

        F(E)= (1 +V(E))/2                                    (7) 

Figure -4b shows F(E) versus E  determined by using the equation (7). Quantum fidelity is maximum at E= 5.12 pJ due to 

having phase change of )(E = 0.5. By varying incident optical pulse energy, quantum fidelity can be modulated. 

Quantum entanglement also depends on spatial degree of coherence () of SPP modes (which corresponds to photons)as 

visibility is directly proportional to  [29]. As roughness of graphene-dielectric interface [29], the  has negligible effect on 

quantum entanglement due to having constant value of unity.  By considering bending loss of 0.12 dB [30], radius of 

curvature of bending (R) and separation between access waveguides (2HT) are estimated as 8 μm and 10 μm respectively  and 
longitudinal length of access waveguide is determined as [30] LT = )4( TT HRH     ~ 11.6 μm. The overall length of 
the device is estimated as LToT =2LT+ L = 23.945 μm which is ~ 167 times and  545 times smaller than that of 

thermooptically manipulated TMI [30]  and electrooptically manipulated Mach Zender [17] quantum device respectively.   

 

 Conclusion 
 Here, optical pulse controlled GTSPPMI device is presented and designed as a basic component for reconfigurable 

integrated quantum plasmonics device. The manipulation of quantum entanglement is performed by incidenting very low 

energy optical pulse in graphene clad. High fidelity of 97.5% is obtained at optical pulse energy of 5.12 pJ with two mode 
SPP modes coupler of width of 180 nm.  The length of GTSPPMI device is 167 times and 545 times smaller than that of both 

thermooptically manipulated TMI [30] and electrooptically manipulated Mach Zender quantum device [17] respectively. 
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Fig-1 (a) 2x2 two mode interference (TMI) coupler  of TMI 
core width 2w and core thickness t with graphene cladding  (b) 
2D TMI coupling device with incident of optical pulse energy 
E in left and right graphene region (c) cross section view of 
TMI region of the device. 

1b  

2b  

1a  

2a  

E 

E 

1a  

2a  2b  

1b  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.85

3.05

3.25

3.45

0.05 0.15 0.25 0.35

0.2

0.8

1.4

2

0.4 1.4 2.4

0.7

0.75

0.8

w (μm) t (μm) 

n
m

,r
ef

f  (
0

)
 

L
P

m
(μ

m
)

 

L
(

μm
)

 

m =0 

m =1 

m =2 

m =0 

m =1 

L 

Fig-2:  (a) nm,r
eff (0) versus  w (where m =0, 1, 2 represents fundamental , 

first order and second order mode and optical pulse energy E=0 pJ) 

estimated by using the equation (2)-(3) with =0.810 m, n1 =3.69, n2(0) = 

2.879+j1.564 and t = 2 m. Only two modes (fundamental and first order ) 

are excited and propagated for 0.265 m> w > 0.175 m (b) Dependence 

of propagation length (LPm, where m=0, 1) and coupling length (L) on t  

for 2w = 0.18 m.  The coupling length remains almost independent on t 

but for  t >1.9m, the L remains less than that of propagation lengths of  

both excited modes. 
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dE

Ed ))((   decreases with Ac 

due to increase of incident area. (b) Dependence of E and fiber to device 
coupling efficency on AC . The optimized value of E and η are obtained as 
~ 5.12 pJ and 93 % respectively at AC= 1  (m)2 
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Fig-4:  (a) Coincidence count (CC) versus x (where x = c.τ, τ = 

time lag between the arrivals of two photons at the ports of TMI 
coupler) manipulated theoretically with optical pulse energy E = 0, 
2.13, 3.33, 4.12 and 5.12 pJ  and estimated by using the equation 

(2)-(3) with   = 0.986 x1012
 s-1, =0.810 m, n1 =3.69, n2(0) = 

2.879+j1.564, 2w = 0.18 m and t = 2 m. Quantum visibility for  
E =  2.13, 3.33, 4.12 and 5.12 pJ  is determined theoretically  by 

using equation V(E) =
)(

)()(

EN

ENEN o



 
, (where N (E) = 

coincidence count for classically distinguishable photons ( ) 

and 
oN (E)= coincidence count for quantum mechanically 

indistinguishable photons (0)). as ~ 0.317, 0.645, 0.873 and 0.95 
respectively (b) Quantum fidelity versus E manipulated with optical 

pulse incident in left and right cladding of TMI device.     



Figures

Figure 1

(a) 2x2 two mode interference (TMI) coupler of TMI core width 2w and core thickness t with graphene
cladding (b) 2D TMI coupling device with incident of optical pulse energy E in left and right graphene
region (c) cross section view of TMI region of the device.
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