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Abstract：This paper proposes a 3-μm mid-infrared band polarization-independent and CMOS-compatible gra⁃
phene modulator，which mainly includes two parts：the mode conversion structure and the graphene modulator.
This modulator not only fulfills the requirement of compatibility with CMOS，but also can achieve polarization-in⁃
dependent modulation of the fundamental mode. Simulation results show that this modulator can achieve an ex⁃
tinction ratio（ER）higher than 20 dB in the mid-infrared band from 2. 95 μm to 3. 05 μm，the insert loss for both
TE and TM modes are less than 1. 3 dB，and polarization-dependent loss is less than 1. 09 dB. Through the calcu⁃
lation，the 3 dB bandwidth up to 9. 47 GHz can be obtained when the length of the device is 420 μm.
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摘要：文章提出了一种 3-μm中红外波段偏振无关且CMOS兼容的石墨烯调制器，器件主要包括两部分：模式

转换结构及石墨烯调制器。该调制器不仅满足于CMOS兼容的要求，而且能够实现基膜的偏振无关调制。仿

真结果表明该调制器在 2.95 μm到 3.05 μm的中红外波段能够实现高于 20 dB的消光比，TE和TM模式的插入

损耗都低于 1.3 dB，其偏振相关损耗低于 1.09 dB。通过计算，当器件长度为 420 μm，能够获得高达 9.47 GHz
的3 dB带宽。
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Introduction
A variety of functional electro-optic materials，such

as graphene［1］ ，chalcogenide［2］ ，and black phospho⁃
rus［3］，have been discovered in recent years，which indi⁃

rectly promoted the realization of high-performance elec⁃tro-optic devices. Among these materials，graphene hasbeen widely used in many fields with its unique physicsproperties［4-8］ ，especially in electro-optic modulators.Compared with other materials，the advantage of gra⁃
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phene includes constant absorption over a wide spec⁃trum［9］，ultra-high carrier mobility under room tempera⁃ture［10］，controllable conductivity，and compatibility withCMOS. The light in the mid-infrared band has attractedwide attention in the fields of communications，homelandsecurity，and biomedicine. Some electro-optic modula⁃tors operating in the mid-infrared band have been report⁃ed，but most of them are polarization-dependent［11-14］，which means that the device can operate under only onepolarization state.Research work has proven that the graphene is ananisotropic material［15-16］whose lattice is only periodicallyarranged along the 2D surface of graphene. Graphenemainly interacts with the tangential electric field of elec⁃tromagnetic waves［12］，and this characteristic will lead tothe interaction between the graphene horizontally embed⁃ded in the waveguide and the TM mode is much stronger，which has been confirmed in previous work［17］. In thepreviously reported graphene-based polarization-indepen⁃dent modulators［18-21］，most of them need to face the prob⁃lem of the complicated structure of the device，cumber⁃some manufacturing processes，and incompatibility withCMOS. Therefore，achieving the polarization-indepen⁃dent operation of the electro-optic modulator remains achallenge.In this paper，we propose a 3-μm mid-infrared po⁃
larization-independent and CMOS-compatible graphenemodulator. The TE0 mode of incident light is converted tothe TM0 mode through a mode conversion structure，andthe TM0 mode of incident light is not affected by thisstructure because of the phase mismatching，so we canachieve the modulation of only TM0 mode through the gra⁃phene modulator. In the structure of the graphene modu⁃lator，the graphene sheet is integrated on the chalcogen⁃ide glass to fulfill the compatibility with CMOS. Simula⁃tion results show that this modulator can achieve the po⁃larization-independent operation in the mid-infraredband. The length of the device is designed to be 420

μm，we can obtain the ER higher than 20 dB，and the in⁃
sert loss less than 1. 3 dB. The polarization-dependentloss is maintained at a value less than 1. 09 dB in thewavelength range from 2. 95 μm to 3. 05μm，and the 3
dB bandwidth of the device is 9. 47 GHz through the cal⁃culation.
1 Principle and structure design

The structure of our proposed device is shown inFig. 1（a）. The device mainly includes two parts，themode conversion structure and the graphene modulator.Since the graphene horizontally integrated on the chalco⁃genide glass mainly interacts with TM0 mode，we de⁃signed a mode conversion structure composed of theasymmetric directional coupler（ADC）and adiabatic ta⁃per（AT）. As shown in Fig. 1（b），we designed two mod⁃ulation waveguide arms in the device，the width of arm2is 1. 5 μm，and compared with arm 2，arm 1 adds a wide
waveguide with the size of 3. 1 μm and a tapered wave⁃
guide，the spacing between the two arms is set to 1 μm to
prevent mode coupling. The TE0 mode is converted toTE1 mode by the ADC composed of a narrower waveguideand a wider waveguide，then the TE1 mode is convertedto the TM0 mode by the AT，so we can realize the modula⁃tion of TM0 mode in the modulation area. At the output ofarm1，the TM0 mode will be restored to the TE0 mode bythe same mode conversion structure. In the meanwhile，the TM0 mode will not be affected when passing throughthe region of ADC because of phase mismatching. By us⁃ing this principle，the device we proposed can achievethe same modulation capability for both TE and TMmode.In order to achieve polarization-independent modu⁃lation，we horizontally integrated the graphene sheet onthe chalcogenide glass. When a certain voltage is ap⁃plied to graphene，its chemical potential will be dynami⁃cally changed. Graphene is an anisotropic material，its

Fig. 1 （a）Schematic diagram of our proposed device，（b）schematic diagram of mode conversion structure，（c）cross-sectional sche‐
matic diagram of the graphene modulator
图1 （a）器件的结构示意图，（b）模式转化结构示意图，（c）石墨烯调制器的横截面示意图
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vertical dielectric constant is not affected by the appliedvoltage and is always maintained at a value of 2. 5，whilethe in-plane dielectric constant is determined by［10］
ε = 1 + iδ

ωε0 tg
. （1）

It can be seen from the formula that the in-plane di⁃electric constant mainly depends on the frequency of inci⁃dent light and applied voltage. As shown in Fig. 2（a），under the wavelength of 2. 95 μm，3 μm，3. 05 μm，the
variation of the in-plane dielectric constant under differ⁃ent graphene chemical potential is analyzed. The absorp⁃tion characteristic of graphene mainly depends on its di⁃electric constant，Fig. 2（b）shows the variation of the ab⁃sorption coefficient for both TE0 and TM0 mode under dif⁃ferent graphene chemical potential. It can be seen thatthe absorption coefficient for both TE0 and TM0 modes de⁃crease rapidly when the graphene chemical potential in⁃creases. In addition，the absorption coefficient for theTM0 mode is greater than the TE0 mode，which meansthat the graphene sheet has a stronger interaction withTM0 mode.The cross-section of the graphene modulator isshown in Fig. 1（c）. By using an electron beam exposuremethod［22］，a 0. 5-μm thick chalcogenide glass wave⁃
guide is integrated on the silicon-based platform，then a5 nm thick SiO2 isolation layer is thermally grown on thesurface of the waveguide. Afterward，two-layer CVD-grown graphene sheets were transferred on top of the chal⁃cogenide glass waveguide［23］. By using the thermal atom

deposition method［24］，two-layer graphene sheets wereseparated with a 15 nm thick Al2O3 to form a capacitorstructure. In the meanwhile，in order to prevent the la⁃tent carrier injection，the upper and lower layer of gra⁃phene sheets were separated from the chalcogenide wave⁃guide and the air with a 5nm thick Al2O3 isolation layer.Finally，the metal electrode Au/Pd is transferred onto thegraphene sheet，in order to avoid interference with theoptical mode in the waveguide，the electrode is located0. 6 μm away from the waveguide.

The performance of the device is simulated by usingLumerical software. The variation of the effective modeindex under different width of waveguide is analyzed，asshown in Fig. 3（a），the waveguide structure is composedof SiO2 as the lower cladding，air as the upper cladding，

Fig. 2 （a）Under the wavelength of 2. 95 μm，3 μm，3. 05
μm，the in-plane dielectric constant changes with the applied
voltage，（b）the variation of the absorption coefficient for both
TE0 and TM0 mode of graphene modulator under different chemi‐
cal potential
图 2 （a）波长为 2. 95 μm，3 μm，3. 05 μm时面内介电常数随
施加电压的变化，（b）不同石墨烯化学势下石墨烯调制器对
TE0和TM0模式吸收的变化情况

Fig. 3 （a）The variation of effective refractive index for the
first five modes in the width range from 1. 4 μm to 3. 4 μm，（b）
analyzing the influence on coupling efficiency by sweeping the
coupling length，（c）analyzing the influence on conversion effi‐
ciency by sweeping the length of three parts
图3 （a）前5个模式的有效折射率在1. 4 μm到3. 4 μm的波导
宽度下的变化情况，（b）通过扫描耦合长度，分析其对耦合效
率的影响，（c）扫描AT结构三部分的长度，分析其对转换效率
的影响
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and chalcogenide glass as the core. We analyzed the ef⁃fective refractive index of the first five modes in the widthrange from 1. 4 μm to 3. 4 μm. It can be seen that the ef⁃
fective refractive index of TE0 mode in a width of 1. 5 μmis close to the value of TE1 mode in a width of 3. 1 μm，so we choose an ADC composed of these two sizes of thewaveguide to achieve the conversion from TE0 to TE1mode，and the coupling spacing is set at 0. 1 μm. As
shown in Figure 3（b），when the coupling length is 50μm，the coupling efficiency up to 0. 97 can be obtained，
and the electric field distribution of mode coupling isshown in the inset of Figure 3（b）. In addition，when thewidth of the waveguide is around 1. 75 μm，the TE1 and
the TM0 mode are both in the mode mixing region，so wecan design a tapered waveguide with the size around1. 75 μm to realize the conversion from TE1 mode to TM0mode. The width of input and output of taper is 3. 1 μm
and 1. 5 μm，in order to achieve mode conversion，we di⁃
vided the taper into three parts，the width of the inputand output of the second part is set at 1. 81μm and 1. 67
μm. As shown in Fig. 3（c），the influence of the length
for three parts on conversion efficiency is analyzed by thesimulation，the main impact on conversion efficiency arethe second part，so we choose L1 = L2 = L3 = 20 μm to
maximize the conversion efficiency and reduce the size ofthe device as much as possible. The electric field distri⁃bution of mode conversion is shown in the inset ofFig. 3（c）.
2 Modulator Performance

We analyzed the insert loss of the device，includingthe mode coupling loss of the ADC（CL1），the mode con⁃version loss of the AT（CL2），the insert loss between thewaveguide arm and the graphene modulator（IL），and thegraphene absorption loss（GL）. Figure 2（b）shows thevariation of the absorption coefficient of the fundamentalmode under different graphene chemical potential，it canbe seen that when the applied voltage is 0. 1 eV and 0. 7eV，the absorption coefficient reaches a maximum andminimum respectively. Therefore，we choose 0. 1 eVand 0. 7 eV as the“OFF”state point and the“ON”statepoint respectively. In order to obtain a higher ER，thelength of the graphene modulator is set to 300 μm. As
shown in Fig. 4（a），the variation on insert loss for differ⁃ent parts is analyzed under the wavelength range from2. 95 μm to 3. 05 μm. The normalized transmission and
extinction ratio of our proposed device are also analyzed，as shown in Fig. 4（b）. The propagation loss under the"ON" state point is mainly determined by the absorptionloss of graphene and its value is less than 1. 3 dB，whileunder the "OFF" state point，the normalized transmis⁃sion is less than -20 dB and the extinction ratio is higherthan 20 dB. In order to measure the polarization-depen⁃dent loss，we analyzed the normalized transmission dif⁃ference between the two modes，the results show that thepolarization-dependent loss of the device is less than1. 09 dB in the wavelength range from 2. 95 μm to 3 μm，
which fulfills the requirement of polarization-independent

modulation.

The 3 dB modulation bandwidth f3dB is also a crucialparameter for the modulator. Due to the ultra⁃high carri⁃er mobility of graphene under room temperature，the op⁃erating speed of the modulator is no longer limited bythe lifetime of minority carriers. The main factor affect⁃ing 3 dB modulation bandwidth of modulator based ongraphene is RC delay. The result is expressed as
f3dB = 1

2πRC , （2）
R is the entire resistance of the device，mainly includingtwo parts，the contact resistance Rc between graphenesheets and electrodes，and the graphene sheets resis⁃tance Rs，which can be calculated by

R = 2Rc

L
+ 2Rs (2wg + w1 + w2 )

L
, （3）

where wg is the effective width of graphene，w1 is thespacing between two modulation arms，w2 is the width ofgraphene from metal contact to the active region of thewaveguide， L is the length of graphene，
Rs = 200 Ω ∕ sq-1［25］ and Rc = 100 Ω ⋅ μm［26］ can be ob⁃
tained from previous work.C is the capacitance of the capacitor composed oftwo graphene sheets. To estimate the 3 dB bandwidth，we regarded the capacitor structure of the device as a par⁃allel plate capacitor. The estimated 3 dB bandwidth is

Fig. 4 （a）The variation of insertion loss of various parts for
the device under the wavelength from 2. 95 μm to 3. 05 μm，（b）
the normalized transmission of the device under the wavelength
from 2. 95 μm to 3. 05 μm
图 4 （a）波长从 2. 95 μm变化到 3. 05 μm，器件各部分插入损
耗的变化，（b）器件在 2. 95 μm到 3. 05 μm波长范围内的归一
化透射率
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9. 47 GHz，in addition，the RC delay problem may besolved in the future，which means that a higher 3dBbandwidth can be obtained［27-28］.
3 Conclusion

This paper proposes a 3-μm mid-infrared polariza⁃
tion-independent and CMOS-compatible graphene modu⁃lator. In the structure of this device，in order to achievepolarization-independent modulation，we introduce anasymmetric directional coupler and adiabatic taper struc⁃ture to achieve mode conversion，and the graphene sheetis integrated on the chalcogenide glass waveguide. Thesimulation results show that our device can achieve an ex⁃tinction ratio higher than 20 dB under the mid-infraredband from 2. 95 μm to 3. 05 μm，the insert loss for both
two modes is less than 1. 3 dB，and the polarization-de⁃pendent loss is less than 1. 09 dB. These data indicatethat our device fully fulfills the requirement of the polar⁃ization-independent operation. Through the calculation，when the length of the device is 420 μm，the 3 dB band⁃
width up to 9. 47 GHz can be obtained，and after solvingthe RC delay problem in the future，it is expected toachieve a higher 3 dB bandwidth. In short，this new typeof 3 μm mid-infrared polarization-independent and
CMOS-compatible modulator is expected to promote thedevelopment of on-chip optical communications in the fu⁃ture.
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