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Abstract This paper addresses the design and performan@ach has its own characteristics and limitations, yet no group
investigation of grapherdgased optical modula{GBOMs) readed to the optimum requirements due to high demands of
for 1550 and 1310 nm optical communication wavelengthselectronics, photonics, plasmonics and communication fields.
The design tends heavily on two commercial software The electrical demands of the modulator needed to be much
packages, namely COMSOL Multiphysics and LUMERICAL. less and the data transfer rates needed to be as much as it can
The graphene optoelectronic properties, such as surfate. In theory, mangroups may have reached a high advance,
conductivity, relative permittivity, and refractive index, are but practically speaking many problems can occur due to the
first calculated theoretically as a functioof operating integration of the electronigzhotonics system, which must be
wavelength and applied voltage. These calculations are usefalsmall footprint and less noise.

to model the graphene as a new element in the software . : . .
package element library. Accordingly, four GBOMSs There are many theoretical studies reported in thedfites

configurations are designed, two waveguide modulatorkelated to GBOMs. Zhu et al. [10] demonstrated theoretically

an advanced optical modulator based on graphene with voltage
(WGMs) and two Macizehnder modulators (MZMs). Each q{ntrollable reflections. The optical signedrismitted through

modulator is based on either square or rectangular cross sectf?\e graphenewas modulated by dynamically varying the

silicon waveguide covered witha graphene layer. The r a p b effacBvé permittivity via the voltage biasing of the

calculations and simulation results reveal that the modulatcg i level. Th howed that their modulation techni i
bandwidth is enhanced by 50 % at 1550 nm 356 at 1310 <1l €VEL. 1hey showed hat their modulation technique 1s
z?pable of providing a relative reflent®e change of 361%

nm when the square waveguide is replaced by a rectangu X .
one. Further, both WK and MZM modulators have almost %ao et al. [11]demonstrated theoretically a highntrast
electreoptic modulaibn in a graphene integrated photonic

the same bandwidth. At 1550 nm wavelendtie waveguide . s .
modulator offers 324.4 and 162.2 GHz bandwidth for- E3@ crystal nanocavity, providing a modulation depth of more than
200 umwaveguie lengths respectively 10 dB at telecom wavelengths. Zhou et al. [12] studied

numerically the graphene enhanced fibptic phase
Keywords Graphene Optical Modulatoy MachZehnder modulator with a novel architecture that provedide linear
Modulator, Waveguide Modulator, COMSOL Multiphsics,dynami ¢ range with an arm | er
Graphene Surfac€onductivity. studied theoretically and numerically dual graphene
graphene electrabsorption optical modulator with four layers
of graphene embedded in a silieoninsulator (SOI)
waveguide. Thy showed that their proposed structure is able
. INTRODUCTION to achieve 34 dB extinction ratio (ER) and 100 GHz of
Graphene is a twdimensional (2D) allotrope of carbon modulation bandwidth with an energy consumption of 17.6
that has a honeycorilke structure. It hasinique electrical, fJ/bit. Du et al. [14] analyzed theoretically the grapheased
optical, mechanical, and chemicatoperties that maleit  ring modulator. They found a veryigh tunability of (1.08
suitable for many applications including photonics, electronicgm/V) that can be achieved due to the enlarged effective
and optoelectronics devices and componei0]. Graphene refractive index of the waguide, a large ERf 22.13 dB and
can enhance the optical modulatoy mplementing the operation bandwidthpito 149 GHz. The modulator hasvide
material inside the modulator leading to high modulatiorresonance wavelength shift with a 27 K temperatoierance.
depth, high seed operation, low insertion loss, low operatinglidrio et al. [18] reported an electrefractive modulator
voltage, and compact footprint [41I5]. based on singleand doubldayer graphene on top of silicon

The concept of graphetimsed optical modulator (GBOM) waveguides. They showed that the proposed devices might

took a great interest in the research from the late 2000's. T eoretically outperform existing modulators both in terms of

researchers around the world desigmacth novel architecture 'L and of insertion Iosses_. The overall figures of merit of the
proposed devices are as |l-ow a

15:



and doubldayer cases, respectively. Pan et al. [19] g2 *e_ df (E) df,(- E)
demonstrated numerically a compact higleed electroptic ~ Sa(W) = 7w+ |20 Fge - g °F
modulator based onsilicon photonic crystal nanobeam cavity 1P J °

with gated graphene on top. They showed that their proposed ) s

modulator could provide a large free spectral range up to 125.6 () = j € (W* 129 fe(- B)- f.(E)

nm, a high modulation depth of 12.5 dB, and a high ° yorss o (w+ j20)? - 4(E/2)? (2b)
modulation speed of 133 GHz.

(2a)

i where { (E) is the EermiDirac distribution function and its
Few experirental results related to GBOMs have bee“gxpressed as

reported in the literature. For example, Hu et al.[20] studie
practically the graphene electatsorption modulator with 10 f(E)= 1 Q)
Gb/s ofmodulation speed. A new desigvas introduced that © elE- )/ KeT 4

can work over a wide range ofamelengths and temperatures.

The proposed modulator was used for dbigel optical Here, E i scistha@emscal potegtiyl dis the
interconnect. Mohsin et al. [21] demonstrated experimentally §oltzmann's constant, T is the temperatares the modified
graphene based eleciabsorption modulator with very low - ! @anck’s constant, ¥ is the f

insertion loss. The device was realized on a siliooinsulator ~ "ate.

(SOI) waveguide operating at 1550 nm wavelength. The The graphene surface conductivity can be written
modulator shows a modulation depth of 16 dB and an insertiogeparately as four equations representing the derived
loss of 3.3 dB. Mohsin et al. [22] designed an elentfactive  expressions fothe real and imaginary parts of the graphene

phase modulator operating in the wavelength range of-153ghtraband and interband conductivities, respectively.
1570 nm. The refractive indexvas realized experimentally

using graphene as active material. Phare et al. [23] L

demonstrated an ultrafast graphene modulator by leveraginger = Yar /72 +2U, KgT(In(e ™ +1) (4a)

critical coupling effects on a silicon nitride ring resonator. This

modulator achieves digure of merit of 3.75 GHz e

compared to 0.16 GHz'Vin low insertion losgrapheneon-  Sai = Uai/l +2U,;KgT(In(e ™ +1) (4b)

silicon structuresand 0.27 GHz V* in doublelayer graphene

electreabsorption devices. s, = Sotant ( Jy ) (4c)
The aim of thispaperis to design and investigate the p /2

performance of graphedmsed optical wdulatorsfor 1550 s J24+02

and 1310 nm optical communication wavelengths. The desigs,, =- =>In(*—%) (4d)

uses theoretical modeling of graphene optoelectronic properties Js

coupled to commercial software packages. wherell, is the real paofthent r aband cgisthbu c t i

imaginary pat ofthent r aband cQistideuealtpd v i t
ofthent er band c gis thaliimaginavyipartyothe 0
II.  GRAPHENEOPTOELECTRONICPROPERTIES interband conductivity. In addition, the other parameters of the
In this section, t,hhe remtve oINS gredegeripedin;folowingequgfions

per mi tgtandthetrgfractive indexgnare calculated for 2

graphene as a function of the applied volt&ge The results s, =% -608n8 ©)
are provided for 1550 nm and 1310 mravelengths using the
following parameter values w h e ry s theluniversal optical conductivity of the graphene,
Voltage offset (¥) = 0.8 V. it is u§ed to prp\{ide the relat_ive conductivity of th.e_graphene
material by dividing the required surface conductivity on the
Fermi velocity (y) = 16 m.s™. universal optical conductivity as wibe shown in the results
Scatterindg?’state () = 10 later.
Graphene layer thickness (d) = 0.34 nm. u,, :W;Lsz (62)
Graphene sur f a g)ehasctwontgpess ofi vi ty (G
conductivity accorihg to the transition that occurred in the ; —_ 5o (6b)
graphene materialy), armdnel pt énmiafadAnd (0
[24] w h e ry@ n g are conductivity rate numerical parameters
s =s +s 1 used for the intraband conductivity calculations of the real and
o(M) a(W) +5.(1) @ imaginary parts, respectively.
[25_';%? conductivity of grapheneedp e nds on t he Jlfzﬂm%zq Yeon &2(3)2 (v) (7a)
J, =4ZGm. - 2Z°Gw- (220)* (7b)
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J, =(2m +2Zw)* +(22Q)? (7¢) applied voltagefor different layer thicknesses with minimum
value of 0 eV at the Dirac pa and at 70 nnayer thickness

where

{o = Universal optical conductivity g 14 " 330y 32 0V 1oy

—-3eV -29eV -2.8¢
—-2.7eV

The permittivity of graphene depends on the graphen %1-2
surface conductivity, thdrequency of operatingand the & 3
thickness of the graphene material. For sidgjer graphene,
the thickness is considered @84 nm and the equation that 0.8
predicts the permittivity behaviour with the chemicategpial © 06

of graphene is E o4 Energy hopping
(]
. parameter
_1. 15 (w) 8 <02
AUE 1+T (8) o Layer thickness =30 nm
& 0

-10 8 6 -4 -2 0 2 4 6 8 10

Since the permittivity is a complex, it can beitten as
Applied Voltage (V)

shown in equation&

= +je.. 9a 1
eg(W) eg’(W) Jeg'(W) (%2) ; ®) ——10nm ——20nm ——30nm
where <08 ——40nm ——50nm 60 nm
®
fors —70 nm
S .
&y () =1- 22 @)  os
’ nde, - .
© Enegy hopping
© 0.4 [parameter =-3.3eV
5 P
egi(M/) = M (%) E Layer thickness
l/LdE’O o 0.2
where o
o . - . 0
U( ¥ Graphene permittivity 10 8 6 4 =2 0 2 4 6 8 10
G( vand §( ¥ ¥ Real and imaginary parts of graphene Applied Voltage (V)
permittivity, respectively Figurel. Graphene chemical potential as a function of applied voltage for

o o . . different values of (a) energy hopping parameter (b) layer thickness.
Ug( ¥ and ugi( ¥ F Real and imaginary parts of graphene @ 9y hopping p (b lay

surface conductivity, respectively
( = Dielectric constant of free space A. GrapheneSurface Conductivity

Figure2 shows the surface conductivity thie graphene as
a function of applied voltageith the differentiation between

0y ¥=)Graphene surface conductivity intraband(real and imaginary paitand the interban{teal and
imaginary parts

d = Thickness of graphene material

¥ = Radianfrequency.

The refractive index of graphene is the root square of the

graphene conductivity and it can be represetgdeal and 1.00E-05
imaginary parts asgand n;, respectively
1.00E-06
ng(w) = /eg(W) (10a)
1.00E-07
Ny (W) =Ny, (W) + ing (W) (1) £
. _ . 31.00E-08
Figures la andlb show the relation between chemical2
potential and applied voltage for different valueseotergy 81005-09
hopping parameter and layer thickness, retpay. The £
mi ni mum \é&ids atehe Difac point with 0 eV #te %1.00510 —— Imag. (Intra) Real (Intra)
ener gy hoppiasvalupad3d.emet er (oc Imag. (Inter) Real (inter)

The results show that the chemical potential increases wil 1.00E-11
10 8 -6 4 2 0 2 4 6 8 10

applied voltage, ifte applied voltage is more than the absolute .
value of the Dirac VOItageOV; Vbirac Which is taken as 0.8 V. Figure2. Graphene surface conductivity as a function of applied voltage at

Figure 1b shows the variation of chemical potential with 1550 nm operating wavelength.
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The resuls are based, on equationd-d and calculated at the imaginary part of the interband conductivityersects as
1550 nm wavelengttAt the zero potential, the real part of the shown in Fig4. These intersection points are favorable in the
intraband conductivity kes he minimum value of operating wavelength of choice. Another interesting point is
conductivity, while the real Rart of the interband conductivitythe intersection point of the real parts of intraband and
takes the maximum value conductivity. Thebigtween i nt er band ¢ o n d unentthisyadint occurs #hé r o
values are the imaginary parts\of the intraband and interbandg = 0. 5205 e V n@a thi$ pointboccursat th& 1 0
respectively. The intraband conductivity has a figse@aration | #=0.616 eV.
between its real and imaginary\ part, while the interband
conductivity intersects at the absolute value-@803 eV as

shown in the Fig.2. The figure alsp shows arsmetric
behaviour upon the offset voltagehe relative conductivity is 1.00E-06
scding of parameters by dividing the\conductivities on the
2 1.00E-08
=
g
2 1.00E-10
[e]
@)
¢
1.00E-05 £ 1.00E-12 —— Imag (Intra) Real (Intra)
& Imag (Inter) Real (Inter)
1.00E-14
1.00€-06 -10 8 6 -4 -2 0 2 4 6 8 10
-‘E Applied Voltage (V)
k3 1 .00E-07 Figure4. Graphene conductivity as a function of applied voltage at the 1310
-§ -00E-0 nm operating wavelength.
3
[«3]
1.00E-08
% At the operating waveldthegt h
& fotal surface conductivity starts from 3.23 X1t -10 V.
1.00E-09 The it decays slowly to reach 2.75 X™®a@t the applied
10 8 6 -4 -2 0 2 4 6 8 10 voltage of -2.09 V. After that it rises rapidly to reach its

Applied Voltage (V) maxim
Figure3. Real and imaginary parts of total graphene conductivity as a 077V a
function of applied voltage at 1550 nm wavelength.

e 8.67 X Ibwhen the applied voltage reaches
dema' g constant when the voltage reaches 2/39
to reach 2.72 X°ithis is when the
applied voltge reaches. 3.48 V. After that it rises slowly to
reach 3.06 X\18 when the applied voltage reaches 10 V. On
: s the same symmetry arounddffset voltage the other hand, the imaginary part of the total surface
of graphene an s another picture of the representation @nductivity stafts from 1.19 X st -10 V then it decays
graphene surface conduetivity. In addition, it proves thalowly to reach 9.22 X 10at-1.8 V. Then it reaches the peak
derived equations of our mathe y
conductivity. The real part of the totatsurface condutgu
starts from 4.36 X 1Bthen it decays slowly to
10° at the apphed voltage el V. After that it rises rapi
reach its maximum value 7.91 X i@hen the applied voltage
reaches 0.31 V and remain constant when the voltage reaches
1.68. Then it decays rapidly to reach 3.64 X°1ghen the

as shown in Figb.

applied voltage reaches 2.57 V. After that it rises slowly tc 1.008-05
reach 4.1 X 18 when the applled voltage reaches 10 V. On
the other hand, the imaginary part of the total surfaci  1.00E-06
conductivity startsrom 1.36 X 10 at -10 V then it decays 2
slowly to reach 9.23 X 10at-1 V. Then it reaches the peak é 1.00E-07
value of 1.77 X 18 at-0.35 V. Then it reaches its minimum 5 \
value of 3.6 X 10 at 0.8 Vi the offset voltage value Then it g
repeats the symmetric behaviour on the offset voltage value. £ 1.00E-08
At the operating wavelengt & val
ofgr aphene' s ch gm0.39aV atwhich temeal i 1.00E-09
part and the imaginarypart of the interband conductivity 10 -8 -6 "/';pp[i%d V%nag% (V)4 8 10

intersecs as shown in Fig.2. While at the operating Figure5. Real and imaginargarts of total graphene conyuctivity as a
wavel ength =1310 n m, rapbehetss a b's 0 funbién 6f applec@ditable @t 1310 nn wavBlength.
chemi cal (p0.4685neV iatavhich [the real part and
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B. Graphene Permittivity 3

Fig. 6a andbb show the relation between the permittivity of 5 g
graphene and the applied voltage for the operating waveleng
of 1550 nm and 1310 nm, respectively. Comparison betwee 2
these two figureindicatesthat the real part of thgermittivity %
takes a larger valueith an increase of operating wavelengthg 1.5
(7.2 for 1550 nm and 6.587 for 1310 namd also shifts its I>)
peakvoltagefrom (0.49 V to 0.508V which occur att550 nm '5
to 1310 nm. These wavelengths represent the operatlnn: 05
wavelengths of the optical communicatisystems.

- - -~ Imag (n)

Real(n)

1

0

0 0.5 25 3

1 .15 2
Applied Voltage (V)
8 Figure7. b) Graphene refractive index as a function of applied voltage at the

opemtingwavelengthl310 nm.

[¢]

S

Comparison between Figa@and7b shows that theeal part
of therefractive index takes a larger value with irasimgthe
operating wavelengt(2.71for 1550 nm and 2.58 for 1310 nm)
and also shifts its pealoltagefrom (0.49 V to 0.508 V which
occur at1550 nmto 1310 nm).

Relative Permittivity
o N

'
N

2.5 3

o
o
3]

1 1.5 2
Applied Voltage (V)

8 TABLE I. DEPENDENCE OF GRAPHER RELATIVE PERMITTIVITY AND
REFRACTIVE INDEX ONTHE APPLIED VOLTAGE
6 Applied Relative Permlttlwty Refractive Index
> Voltages (o708 )0 (ng=ngr +jngi)
sS4 Z Z
32 ) = 155 8= 131 &= 155| &= 131|
E, 4o | 1888587 +| 1626435+ 137425+ 1.275317 +
& 0.002446i | 0.0014908i 0.00089i 0.0005845i
2y 30 1.763672 +| 1535872+ | 1.32803 + 1.239303 +
% 0.002141i 0.001309i 0.000809i 0.0005281i
xo 20 1.61445 + | 1.426996 + 1.27061 + 1.1945697 +
0 05 1 15 2 25 3 0.00178i | 0.001099i | 0.000703i 0.00046024i
. _Applied Voltage (V) 141484+ | 1278905+ | 118947+ | 1.130887 +
Figure6. Graphene permittivity as a function of applied voltage at (a) 1550 -10 0.00134i 0.0008474i 0.00056i 0.00037469i
nm (b) 1310 nm. . . : .
®) 0 0.96304 + | 0.985959+ 0.99148 + 1.0000073 +
C. Graphene Refractive Index 0.28034i 0.2371i 0.141376i 0.1185528i
. . . 1.37261 + | 1.2468623 +| 117158+ | 1.1166299 +
Fig. 7a and 7b show the relation between the refractivg 10 0.00126i 0.000802 0.00053i 0.0003593i
index of graphene and ttapplied voltagefor 1550 nm and 158691 + | 1.4067686+ | 125972 + 11860728 +
1310 nm, respectively. 20 0.00172i | 0.001062i | 0.00068i | 0.00044782i
30 1.74185 + | 1.5200108 +| 1.319794 + 1.2328873 +
3 0.00208i 0.001277 0.000791i 0.0005182i
20 1.86997 + | 1.61296265 4 1.367469 + 1.2700247 +
0.00241i 0.001463 0.0008778i 0.0005761i

Real(n)

-~ Tablel lists the values of the refractive indgx) and the
relative permittivity (Lg,) as a function of applied voltage
ranging from-40 to 40 V in 10 volts steps for the operating
wavelengths of &= 1550 nm and
used to model thergphene as a library element in the used
software packages.

Refractive Index

15 2
Applied Voltage (V)

2.5 3

Figure7. a) Graphene refractive index as a function of applied voltadee
operating wavelength550 nm.
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[ll.  DESIGN OFGRAPHENEBASED OPTICAL MODULATORS The design take into consideration the shape of the

This section presents the design GBOMs for 1550 and 131¢aveguide (to be square and rectangle), the number of
nm wavelengths. The design uses waveguide modulatdf2veguides (to be one or two), the electrode comteterial
(WGM) and MackZehnder modulator (MZM) coigurations 0 be gold or nickellthe buffer layer material (to be hydrogen

: . jlsesquioxane (HSQ) or hafnium didgi - yttrium oxide
?ngMSg(l)nl(_jz:c? i\sl%é)glg%muneraal software packages, name? fO2-Y203)). Interchangeably, the work focuses on these

parameters and their effect upon the modulator characteristics.
The modulators are designed in thoBmensional (3D) Performance&omparison among those modulatorpesformed
environment. Four modulator structures are designed witto achieve the optimum desired features for the required
silicon waveguides having square or rectangutesssection  operation. Fig. 4 shows the modulators in a comparative two
as shown in Fig8 a-d. dimensional (2D) representation.

The COMSOL design of the rectangular waveguide
modulator is illustrated in the following steps.

i Use SiQ as the base layer and addv&iveguide on
top of it, (Fig. 10a).

ii. Add HSQ asa buffer layer material (Fid.0b).

iii. Add graphene material on top of the HSQ layer .(Fig
10c).

iv. Use ALO; material on top of the structure (Fidd).

Surface Entily lsdex

ot | [Gomr] [T s

Figure8. 3D GBOM designed with a. two rectangular waveguides b. two
square waveguides c. one rectangular waveguide d. one square waveguide

5300 -200  -100 ) 100 200 300

Haorizontal Axis (nm)

Surface Entity Index a

R
bf-,\ d
Y] T

el

. oy L, NSRS
: 200 200 100 0 100 200 300
m f/n Horizontal Axis (nm)
Figure10. Steps used to design a waveguide GBOM using 2D COMSOL
‘ HSQ ‘ ’ Gold ‘ ‘ Graphene ‘ environment aFirst step bSecond step

Figure9. 2D representation of GBOM designed withao rectangular
waveguides b. two square waveguides c. one rectangular waveguide d. one
square waveguide Magnified image for graphene illustration.
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1950 m:u.‘ <
o
1900 _m 4
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Figurel10. Steps used to design a waveguide GBOM using 2D COMSOL = {
environnentc- Third Step d Fourth step. ws 4 »
0.6 T‘
0.7
IV. SIMULATION RESULTS »! u Qe B 'H o-l![.j' I Z:l O nl!t/ a IZI 1 s us cu wicsxin®
. . . . Effective mode index=3.4176 (57) Surface: Electric field norm (V/im) )
Simulation is presented for the mode analysis of the R
designed modulators using COMSOL and LUMERICAL | c | =0
softwares. The graphene material is not found in the materiale |
library of thesesoftware packages. Therefore, one should make % 25
a modé for graphene to support the design and the simulation; 081
process using the optoelectronic propertied dedaadir. o 04| 5
A. Mode Analysis for Square Waveguide Modulators Using . °*/
COMSOL = of 15
The mode analysis is done using COMSOL with the > °?%
fundamental mode transfer electTEOO for multiple structure 0.4 N
progressing schemes for waveguide (WG) modulator and -os}
MachZehnder modulator. The consideration of electrode 5! | fos
material, the gold (Au) and the nickel (N@re taken for
comparison purposes. Results of the COMSOL design of the

i i in Fi A 05 0 05 1 ¥ 5.25x107!
sguare waveguide motators are illustrated in Fid.la-c. Bori'% on ™, X

/
By adding the HSQ |ayer to the structure. the effectivefFigurell Effective mode index using &i waveguide and Si3ubstrate b
mode index becomes asosim in Fig. 1b. The effective mode Adding the HSQ layer-drinal modulator design.
index is simulated for the final modtd& design as shown in

Fig. 11c.

The effective mode index is found to be 3.4176 for the
three steps involved in the simulation process. The strong
interaction of the guided mode is the advantage of the structure
geometry design and material choice. For TEQO, the surface
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electric field vaies in the steps of the design and this is a sign  The mode analysis for the optical modulator is alsoedon
of convenient results. The surface electric field for the first stepsing the LUMERICAL. Figl3a shows the mode propagating
is at maximum of 178 V/m, for the second step is at maximurnmnside the optical modulator. Fig.3b shows the fundamental

of 257 V/m,andfor the final design is 2.68 X £0//m. Now
considering the MchZehnder modulator with a square

waveguide shape. The three involved

steps of the effective

mode index simulatiorof TEOO mode, is shown in Fig2a-c.

mode (TEMOO) propagation inside the optical modulator.

The effective mode index is simulated for the second step by A
adding the HSQ layer in the structuredathe final step
considenng TEOO mode as shown in Fiib-c, respectively.
'
g
.Nu tive made ndex=3 4205 (115) Surtace: Electric ligd rorm (Vim) ] é
x o b=
< g
@ o
© : 1.0 13
— x (microns)
o 01
o 01
> 02 B
s
0.7 s
(5]
8 06 -04 02 D 02 04 06 08 W58IxWOV £
Hori zontal =
« e mode INdex=3.420% {(300) Surface Electric Nekd norm (VA IF)
< C7F A0
HEl
© 04
o 03 o
~ o1}
o o1
> 02} C
48] 2
[=
6 e
Q
0.7 £
( ”f A 2 >
0.8 0.4 0.2 0 0.2 )4 )6 8 W 198x107
Hori zontal
Effective mode index=3.4205 (300) Surface: Electric field norm (V/im) o
x ’ g ] A 520
<
C 501
; 0 450
o 400
=0 35(
t g 300 D
- 25 o
> 5
200 g
150 >
100
"_»1” ﬂ 0.5 V¥ 5.28x10

5 0 0.5
Hori zont al J

Figure12. Mode analysis simulation result using MZM configurationSa
waveguide and Sigsubstrate bAdding the HSQ layer-d=inal modulator

design.
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Figurel3. (a) The mode solution of the designed GBOM using LUMERICAL
(b) TEMOO mode propagation,(d TEM10 and TEM11 mode propagation.
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Fig. 13c shows the TEM10 and TEM11 mode propagationB. Mode Analysis foRectangulaiWaveguide Modulators
inside the optical modulator. Using COMSOL

The mode analysis performed in both softwares shows that The mode analysis is done using COMSOL with the
the effective mode index is 3.4176 and 3.4205 for thdundanental mode transfer electric TEOO from multiple
waveguide modulator and éhMZM, respectively. Since the Structure progressing schemes for waveguide modulator and
effective mode index does not have an imaginary part, thi¥lachZehnder modulator designed with rectangular eross
means no losses are found a|ong the propagating modes. T¥RCtion silicon Waveguide. Four steps are simulated for the
phase constants (i.e. phase coefficients) of 1550 nm and 13Y¢GM as illustrated in Figl5.
nm operating wavelengths can be calculatechfthese results
and they are listed in Tabk

Effective mode index=2.2721 Surface: Electric fiskd norm {V/m) ¥
d ' y A 137
23000 A
TABLE II. COMPARISON BETWEENWGM AND MZM IN TERMS OF 2250¢
PROPAGATION CONSTANTAT 1550NM AND 1310NM. ,g 2200 12
Waveguide | MachZehnder| 5 ***° n.
Modulator Modulator 3 2100+
Effective mode index 3.4176 3.4205 g 2050 e
Propagation constant at 1550 nm (rad/yf ~ 13.8538 13.8655 £ 2000
Propagation constant at 1310 nm (rad/y 16.3919 16.4058 > 1950 o
1900
) ) 1850 N
The MZM modulator supports multimode operation and the ..,
number of modes that are calculated through the design . . z
simulaion process is 257 mode. Fig. 14a ddb show some e
of the modes that can propagate in the modulator with the near 300 200 100 0 100 200 300 ¥ 84x1o”
fundamental and high@rder modes, respectively. Horizontal Axis (nm)
Effectiva mode Index=1.9092 Surface: Electric flald norm {(Vim) )
: Y 3 AS81
2350 - B -

8

™ 2300
2250
2200
2150
2100
2050
2000
1950
1900
1850
1800
1750 -

7

Vertical Axis (rm)

-300 -200 300 ¥ 376x10™"

=100 0 A0 200
Horizontal Axis ?rm)
M Effective mode index=1.9935-0.0010765i Surface: Electric field norm {Vim} L}

Vertical Axis (rm)

300 ¥ 3.96x107

. A pr— 300 -200 -100 0 100 200
Sk i 8 Horizontal Axis (rm)

Figure15. Mode analysis simulation result for 1550 nm WG modulator with

Figure14. Mode analysis simulation result at the final step using MZM, a  rectangular shaped waveguideSawaveguide and SiGubstrate bAdding
Fundamental and near fundamental modesligpherorder modes. the HSQ layer cAdding graphene material
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Effective mode index=2 0824-0.0014855i Surface: Electric field norm (V/m) I*] B Effactive mede index=2 3118-0,0012078i Surface: Elactric fiald norm (Vim} a
5 A 999

o

w©

E E -
2 K%
2 2 13
3 E "
2 o
) o 4
> >
3
2
1
300 200 -100 O 100 200 300 ¥ 181x107 300 200 -100 ¢ 100 200 300 ¥ 28x107°
] Horizontal Axis (mm) i ) _Horizontal Axis (mm) )
Figurel15. d) Mode analysis simulation result for 1550 nm WG modulator Figure16. b) Simulation results for WG modulator using Hf®,0; as a
with rectangular shaped waveguide final modulator design. buffer material for1310 nm.
i. Using SiQ as the base layer and add Siveguide on The effectivemode index (EMI) is calculated as 2.3118
top of it, (Fig.15a). 0.0013078i, 2.5794 6.0518 X 10 for the wavelengths of

.. . . . 1550 nm and 1310 nm, respectively. The surface electric field
ii.  Adding HSQ as auffer layer material (FigL5D). is at maximum of 9.99 and 12.1 V/m for the wavelengths of

ii.  Adding graphene material ahetop of the HSQ layer 1550 nm and 1310 nm, respectively.

(Fig. 15c). ~ The MachZehnder modulator is also designed and
iv.  Using Al203 material onhetop of the structure (Fig. Simulated for the case of using rectangslaaped silicon
15d). waveguide. Four simulating steps are performed for the MZM

. . \ ) modulator as follows
The effective mode index for the WG configuration

design is found to be 2.2721, 1.9092, 1.9938.0010765i, i. Using SiQ as the base layer and add Siveguide on top

2.0824-0.0014855i, for the first, second, third, and fourth step, ~ of it, (Fig. 17a).

respectively. The scale sensitivity is much higher when dealing;;: ; ; ;

with nm scale this is the result of the design sacy The Il.Adding HSQ as auffer layer material (Figl.7b).

surface electric field is at maximum of 13.7, 8.1, 8.09, 8.72iii. Adding graphene material aihe top of the HSQ layer

V/m for the first, second, third, and fourth step, respectively.  (Fig.17c).

The mode confinement is better enhanced by following the. ; : :

steps till the final design is obtained. This shows that the'”" Using ALO; material orthetop of the structure (Fig7d).

layoutgeometry and material choice are quite accurate. Now The effective mode index for the MZM modulator

considering the buffer layer material to be H0,0:.The  configuration design is found to be 2.2708, 1.968, 2.0493

simulation results re shown in Fig. 16a and6b, for the 0.00075222i, 2.0697 0.0014014i, for the first, second, third,

wavelength of 1550 nm and 1310 nm, respectively. and fourth step, respectively. The scale sensitivity is much
higher when dealing with nm scale this is the result of the

design accracy.
Effective mede index=2 5794.6 0518E-4i Surface; Electric fisld norm (Vim) o

A A121
Effective mede index=2 2708 Surface: Elactric fiald norm (Vim) a
2 2450 v 7 F A123
A
. 10 12
E € 10
o 8 ;=
E= 5 ‘6
) >
> a
14
2 2
300 200 -100 O 100 200 300 V¥ &72x107 400 20 0 200 40  v224x10°
Horizontal Axis (nn) Horizontal Axis (nm)
Figurel16. @) Simulation results for WG modulator using Hf®,0; as a Figurel7. a) Mode analysis simulation result for 1550 nm MZM modulator
buffer material for 1550 nm. of rectangular shaped waveguide usBigvaveguide and SiO2 substrate
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D Effective mode index=2.0697-0.0014014i Surface: Electric field norm (V/im) 13
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Figurel18. b,c,d)Mode analysis simulation result for 1550 nm MZM

modulator of reangular shaped waveguideAdding the HSQ layee-

Adding graphene material &inal modulator design.

The surface electric field is at maximum of 12.3, 9.81, 9.82,
8.07 V/m for the first, second, third, and fourth step,
respectively. The mode confinement is better enhanced by
following the steps till the final design is obtained. This shows
that the layouggeometry and material choice are quite accurate.

Now considering the buffer layer material to be KfO
Y ,0s.The simulabn results are shown in Fig. 18a atfth for
the wavelegth of 1550 nm and 1310 nm, respectively.

Effective mode index=2.3831-0.0011204i Surface: Electric field norm (Vim) ]
' A 13

A
2500 -

2450 - 5
2400
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a0 .
=200
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1950 ;
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Figure19. Simulation results for MZM modulator using Hf¥,0; as a
buffer material for a1550 nm b1310 nm.

The effective mode indexEMI) is calculated as 2.3831
0.0011204i and 2.58646.0072 X 10 for the wavelengths of
1550 nm and 1310 nm, respectively. The surface electric field
is at maximum of 13 and 10 V/m for the wavelengths of 1550
nm and 1310 nm, respectively.

The results thaare obtained in the design in terms of time
delay and maximum frequency (i.e. bandwidth) are provided
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here for the four designed modulators. Two WG modulators

having square and rectangular cresstion area and two
related MZM modulators. Results are @iv for waveguide

having arm |l engths of 200 a

nm operating wavelengths, using HSQ as a bufferrlaye

material, as shown in TabBe

TABLE lIl. COMPARISON BETWEENWG MODULATORS AND MZM
MODULATORS IN TERMSOF TIME DELAY AND BANDWIDTH AT 200AND 100
ZM ARM L ENGT HVEEENRTH&OF1550NM AND 1310NM USING HSQ.

approximately 50 % and 35 % at 1550 nm and 1310
nm, respectively, compared with square cross section
waveguide.

JB(())tr%)WGSI\/Ir?;lhd Vdd, %odlfjla?oFs halve5a5pp0roxir%art]ef§/
the same bandwidth which scales inversely with the
WG length.

Table 5 shows theresults obtained for the three involved
steps of the design of MZM modulator in terms of insertion
loss, extinction ratio, and maximum and minimum
transmission coefficients. i and T.,. The halfwave voltage
is calculated for the four designed modulators with two arm

n.d
ii.

Designed Bandwidth Time Dela .
Modugtors MEféeclti\ée (GHz) (0s) Y :_eng(tjh_s of })(I)O um and 200 pum, respectively aredréfsults are
ode Index
> (EMI) 100 | 200 | 100 | 200 isted in Tableb.
Mod
nm g€m g€m g€m g€m
WG | 1550 3.4176 2194 | 109.7 | 112 2.25
. 1310 3.4176 2194 109.7 1.12 2.25 TABLE V. RESULTS OFTyin, Tuax, IL AND ERFOR THE THREE STEPSF
MZM | 1550 | 3.4205 | 2192 | 1096 | 112 | 2.25 DESIGN.
Sq. | 1310 3.4205 219.2 | 109.6 | 1.12 2.25 Steps Tomin T max IL ER
1550 020.83355 3601 | 1801 | o068 137 HSQ + Al,O; 0.0199 0.1025 9.892 7.11
F‘;‘éft Sacea Graphene +ALO; 04339 | 0.9950 0.021 36
1310 | 4 ooo52046i | 3053 | 1526 | 0.81 1.62 Final Device 0.7051 0.9991 | 3.19X10° | 1.5
2.0697
vzm | 1550 | oloo14014i | 3623 | 181.2 | 068 1.36
Rect. 2.4708 TABLE VI. HALF-WAVE VOLTAGE CALCULATION RESULTS
1310 | ( 00052327i| 3035 | 1517 | 081 1.63
' Mod 1 Mod 2 Mod3 | Mod4
Arm lengths
Half-Wave Voltage_ength Product VL- (V.cm)
Table 4 shows the results when the four modulators afe 100 um 0.8 0.4 0.2 0.01
designed using Hf®Y ;,0; as a buffer layer material. 200 pm 16 08 04 0.02

TABLE IV. COMPARISON BETWEENWG MODULATORS AND MZM
MODULATORS IN TERMS OF TIME DELAY AND BANDWIDTH AT 200AND 100
ZM ARM L ENGT HVEEENBTH&®F1550NM AND 1310NM USING HFO,-

Y203.
Designed ) Bandwidth Time Delay
Modulators Effective (GHz) (D)
Mode Index 100 200 100 200
Mod & (EMI)
nm em em em em
WG 1550 3.48 2155 | 107.8 | 1.15 2.3
. 1310 3.48 215.5 107.8 1.15 2.3
MZM 1550 3.47 216.1 | 108.1 | 1.14 2.29
. 1310 3.47 216.1 | 108.1 1.14 2.29
2.3118i
WG 1550 0.0013078i 324.4 162.2 0.76 1.52
Rect. 2.5794i
1310 0.0006051 290.7 145.3 0.85 1.7
2.3831i
MZM 1550 0.011204i 314.7 157.3 0.78 1.57
Rect. 2.5864i
1310 0.0006007 290 145 0.85 1.7

Investigating the results in this table reveals the following

findings
i. Using rectangular cross section waveguide will
enhance the bandwidth of thenodulator by

International Journal of Science and Engineering Investigations, Volume 6, Isstebfiary 2017

V. CONCLUSIONS

The paper has presented theoretical and simulation design
steps and performance investigation for grapteased optical
modulators for 1550 nm and 1310 nm communication
wavelengths A theoretical model has been developed using
surface conductivity to assess the graphene optoelectronic
properties. The main conclusions drawn for this study are

i. The MZM is the prominent choice for the GBOM
since it has a better confinement of the modes

Gold electrodes are more suitable than Nickel
electrodes since they provide lower interaction noise
and thus leave the modes with less interference.

iii. The minimum time delay is achieved using MZM
modulator of a rectangular cross section and &s O.

ps when the modulator is designed with 100 pm
waveguide length which offers a bandwidth of 362.3
GHz.

iv. Using HfO-Y,0; as a buffer layer material in the
design of the modulators gives a higher EMI than
HSQ material for the same design.

v.  The half-wave voltage is reduced by using MZM

configuration.
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Using rectangular cross section waveguide will[16]
enhance the bandwidth of the modulator by
approximately 50 % and 35 % at 1550 nm and 1310
nm, respectively, compared with square cross sectio
waveglide.

Both WGM and MZM modulators have 18
approximately the same bandwidth which scaled®d
inversely with the WG length.

(19
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