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Abstract At present, we have achieved a very high modulation depth, but it is unable to realize wave shaping for
the lack of research on tunable modulation depth. On the basis of electrical tuning of graphene and the resonance
property of graphene metamaterial surface plasmon polaritons (SPP), a graphene metamaterial modulator of tunable
modulation depth at a frequency is proposed and the modulation depth is the maximum value, which is convenient
for sampling and testing. The transmission law is theoretically analyzed by using the harmonic oscillator model.
Based on the simulation of three-dimensional simulation software time domain solver, the series of modulation depth
corresponding to the frequency of 11.85 THz is obtained, where the maximum modulation depth is greater than
96 % . The series of the modulation depth can be modulated and transformed by bias voltage regulating graphene
Fermi level. This will greatly promote the application of modulator in the wave shaping, such as generating sine
wave, triangle wave and square wave. In addition, this structure can achieve a similar electromagnetically induced
transparency (EIT) phenomenon. It can not only achieve the frequency shift and the transmission peak broadening,
but also keep the center frequency the same before and after broading center frequency.

Key words materials; graphene; metamaterial; modulation depth; tunable

OCIS codes 160.3900; 230.4110; 240.6680; 300.6495

15 5

F 2004 4547 S84 th R B IR Bl TR B2 570 LR 4 07 16 HUBCRR T L e S BRR 1V L o R 1 2
RN T O AT T2 WA o A7 S0 B AT X AR ) o B A B A A A T s
FOE R A AT LI E Ao G FL 37 5 0 37 oA 98155 A0 A 07 T 9 AL ol RE T T A A A O Y S R, S

KRB H: 2016-07-01; WEMEH R A H: 2016-07-07

E&TH: IWAYE BAR %54 (ZR2012FMOLD) (F & i AUF 414 AN A 3 B (13-CX-25) , b [E AR 4y JLBTF 5% B oK 22 B
ZHARE A (20140D) T B AT ARIF & X E SRR H (2013-1-64) (HEH ¥4

EZ R XIJCH (1988, 5B L F 5T A, EZE N FH @ MR 5 it B9 F 5% . E-mail: 1164776013@qq.com

SURE A K EHA976—) Lo, Wi B BRI F KM 2% 5 HOCE AR K b 5 07 i st .
E-mail: sdust_thz@163.comGHE{FHB & )

1016002-1



ot % % i1

XoF 28 A2 P R I08 WA 25 S B R 3R S A R L A AR I e e R G A g AT i
PR R R ) 2RO SRR AR T Y L A S

AR —Fh N T2 G AR, B R ST S 2R G S A N B AT R AR R SRR R AN
HL5 1 H Wy PR, k)2 B AR H R B ) T R SE Y A SRR T A A
M RL G5 K8 A B B L 23Ok A e 3R E LT I AR IR R . S B IR I . B A BRI AR L E R SR
T 0 BF S RI A AR M AT DL RO A SR S R 0 T R 1 R A R 5 A 1 S R W R R A 2

SEVR R AE Ry A5 5 b R G b W OB T RE AR )T N T AR AT R AR AR ., R A
ZEU SRR AR 43 SR TC AL O TR A Can A R ARG IR ) (T VO S A O IR R ik S5O R ) #8H) AR
BYOCTR G . PR R B IR SRR, HRAS A 2 %, VR F R A R ELME T AR B Ak RO R i £ 32 R
FH i 1) 4 B €0 BORIOR X A5 55 AT IR R 0 T B B 5 A oG A 2 A SRR R Sk R AR e T D T
AR . AT 5a IR LA GIE 6125 00 )5 BR A 384 9 0 FH 2% 08 1 2% i 33t b . 2011 48 Lin M AEPS 52
BB A A0 AW G T RS ORE A SRE OF Bl R OB B Y b, X A AR )2 N Jm R S B0 R . [ 4, Sensale-
Rodriguez B %514 H 1 56 7 B0 1 K 2% 18 1l 25 8 9 0 #4800 R R B BE R T 90 %6, [R5 /N 5%
Kim K %50 B R A7 3805 2 8 1 DS 1) B9 0% 0 ) 25 45 0, B2 8 T ORI R SR S 6 . 2012 4F Liu M
SEUO AR T OBLZ AT B AR G TR R I S5 R TN R T AETE TR G T OGS R AE L R S T L L B
IR T BE#E K Afi ABUAE . 2013 4F Sensale-Rodriguez B 455N HEAT T 41 28 M 181 1 45 W4 41) S 30Kk 2% A% 1) B
FE B TR FH BRI 45 7 & PSR AR R 2 U R LR AT REPE . 2014 4F Li W AU S T — Ffi o
ST BRI VR 2% AE JC LR AN AL I — 2 A0 AR 38 A A s 1 6 5 e A 1) R 1 960 ) B ZE 5k S B
2015 4F Liang G Z SV 48 1 4 0K R 2% 7 88075 V81 1 4% , 9T 1 R 2 35 31 100 %4, 141 i 18 %8 315 #1) 100 MHz,
S5GRRL BT ES MBI ST R R A% T AR R T — R Y R g

AR BT BB A R IS B )12 R SE T A B0 R A R R It AR T g R o 0 ) R R I
B o R H T E PR R O A CH SR AR A UL, AT A BRI AR - L TR (2DEG) -2 5 A 25 1 9 1
0 0 00 S 05 e R B 0 - A SO A R 4 P R A 8 1 T AT P i R I ST DA A O A SR 0 R A R T O i
W IR R BIF 5 L 0 3 ) Ay B 0 g R R ORL S5 4 1 25 7T LA FH 380 9 1 2% b SESL T AR S i v RE .

FET UL BRRGE RS S0 AR SCITE T — Bl A 580 R RR IR B T 0 IR g . A CST R B S8R A 2 1
FLL A B TN AR 11.85 THz B — F2 5 I8 R B, I e s I8 il R B ml ik 1 96 26 LA b, S BT 0] ofl o 32
{18 80 1) 2 45 DA U 0 T 5% Y L = A TG AR TR 46T . 3R 45 44 38 T LS B2 H UV 3 B (ETTD A . AR
AL RE #5181 375 Bt 06 A9 & A A5 R R 58 i EL AT DA B JiT I 40 v 0 B SR AR R — B

2 PSR K oA

BT A5 T 502 JOBUZ A S 0 AN RUIT VSRR 4% W& 1 R . B2 A AR 0 EL RN B O 1 3R R 28
= RSN BB RN - A7 SR T AN RS H (G- A R TON D -HL A T 2(N,) . RUZ A7 8
EANESTE IR R A TR SR A R B BB R < A SR BRI DRSS A (GO-FL A BT 1(N ) -HL A
JF 2 (N, -HL AN B TON ) -7 8893 B AMNEUT LIRS (G o BRI B A B 1 3T S 3 1.5, 9 T (5 okt
B AT 2 TRl 2.0 h B EaBME, FhEMSHE N A=2 pm.D=1 pm,W=0.17 pm,
T=0.14 pm,T=0.001 pm, Ty =0.2 pm, Ty, =0.3 pm, FI CST B T Ak = X 5 15 v ] 25 32617 Ik
15 ¥

FEBER R A BT A B YRR T, =0.001 pm (Y382, HARXE A H 5 450

e =1+1i0,/(eqwTs)s (@)
KA To A BRI A1 SRR L 33 o, TS G TR R R
o, =ie’Eg/ [nh’ (w +ic7')] )

AL Ep ARRIOKAER o = pEr/evf JEMBRHE AR, BT ERE R p=10" em® Ve SORB v A210° m/s. Ul
K 1(b) Bz FE A s MR i 1 TE)0 g e V7 ok SEBUX A7 S50 S R BESAY IR AT . A7 880 B0 9 KRB S 20 7

1016002-2



ot % % i

incident light

incident light

A |

Bl1 L AMETE R S 0 s R o) BLJZ RUBUZ A B 0 AN TF 0 R 9 a5 0 00 1

(b) B2 A7 20 B AN IF 10 %ﬂﬁ%]%%fn%@ 3 (o) XU 2 A 285 B AR BT 1 20 90 1] 25 20 LI
Fig. 1 Sketch map of complementary split ring modulator. (a) Top view of single and double layer graphene
complementary split ring modulator; (b) left view of single layer graphene complementary split ring modulator;

(¢) left view of double layer graphene complementary split ring modulator
WX
|Ey |=hve (7rN)1/2 3
bve BIOKHEE N 2 A8 E MR PR, b 7R R W e S A SR 2 A BT 1 B AR
A3 A H 25 A AT, DU Ay 20 v Y 8000 1 R 3 T Ry
ZE‘V‘/(eTN)’ 4
Jiqj,e Je LT LR T P AT A 2 A AR A R A R B VS B 1) LA B 1B R e SR LA R
A rE R B, (DA RR R
el ~ hvr [me|V] /Ty )] Vo0 V]2, )

3 P EITSES R Kot

i 3 L 1A 43 M A S 3 g N O T DL RO A SR R BOK RE L. RO T A BRSO R K S S
BOuk B2 A B0 AN BT BRI 4% 0B R, [ 2 mﬁﬁﬁﬁﬁ?bﬂ%mﬂﬂ%ﬁ%ﬁﬁmﬁl%%ﬂé
REGLINE I T 33 S R B 1 AL S 0, KBS B8 A=2 pm, D=1 pm ,W=0.17 pm, T=0.14 pm,
T¢=0.001 pm, Ty =0.2 pm, Ty, =0.3 pm. AEN 2 Fal 1 7 55 55K B i e /IMELHE A7 8808 98Ok BE G 1S K
T/ o AR AT 2R G 5 638 B /M 32 B0 F A7 B8 0 45 A0 v 0 iR 5 B0, L g g A B Sy iR A
K)%E%%#ﬁ%é&ﬁﬁﬁﬁﬁiiﬁﬁﬁﬂzm,%ﬂ% EZLih 0.60 eV T AN E] 0.90 eV, H 4R A R ] iy

F =0.60 eV
0.9 F =0.65 eV
0.8 E=0.70 eV

5 07 080w

2 8'2 - EF 0.85 eV

E o — E =0.90 eV

§ 0.3
0.2
0.1 Y

0
8§ 9 10 11 12 13 14
Frequency /THz

&l 2 PSSR A AT R R 5 AE AN [0 2 OR BRI LT L 3 S S A0 AR A R Y AR KA 0
Fig. 2 Relationship between transmission and resonance frequency of single graphene

complementary split ring modulator at different Fermi levels
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Fig. 3 (a) Relationship between resonance frequency of single graphene complementary split ring modulator and width W of the
complementary split ring at Fermi level 0.70 eV, when T is 0.14 um; (b) relationship between resonance frequency
of single graphene complementary split ring modulator and opening width T of the complementary split ring at Fermi

level 0.70 eV , when W is 0.17 pm
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Fig. 4 (a) and (b) are transmission-frequency curves of double layer graphene complementary split ring

modulator at different graphene Fermi levels of top and bottom layer
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Fig. 5 Transmission-frequency curves of double layer graphene complementary split ring modulator

at different graphene Fermi levels of top and bottom layer
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10.50 THz, when Fermi level Ex=0.60 eV; (b) surface magnetic field of single graphene complementary split ring
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