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Abstract: On the excellent optical performance of grapheme, a graphene-based all-fiber electro-
absorption modulator was constructed. The structure of the modulator was designed, and simulation
and experiments for the modulator were both conducted. Firstly, the relationship between the
chemical potential and the permittivity was researched according to the graphene’s optical properties,
then the graphene-based all-fiber modulator was designed, and the dependence of the effective
refractivity of the modulator on the chemical potential was analyzed. The proposed graphene-based all-
fiber electro-absorption modulator was simulated and was compared to traditional semiconductor
modulators. Finally, the graphene-based all-fiber electro-absorption modulator was developed and its

performance was tested. The simulation results show that the modulation efficiency of the quadri-layer
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all-fiber graphene modulator reaches up to 0. 233 dB/mm, and the footprint has been reduced to only

12. 9 mm with the swing voltage lower than 0.2 V. The experiments demonstrate that the proposed

modulator is feasibility.

Limited by the practical conditions, the tested half-wave voltage is about

120 V and the 3 dB bandwidth is around 100 MHz. As compared with traditional graphene-based

waveguide modulator, the proposed modulator shows a smaller half-wave voltage, higher modulation

efficiency, and a smaller size. Moreover, it has a lower insert loss and is suitable for all-fiber systems

in future.
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The inset shows electric field profile for TE mode

N T2 R A 0 R R 4 R 4 LB,
ASCWFFE T 22 J2 A7 S0 % P 1 2% PR RE RS20 . B
S0 T2 R RE A R AT AT B R 00 A
SR R 2o e N 22 = A S8 0 T RAAT R0 0
KA G AR LA . S TR LR A 0
JE WSO R B 4 I T 1 ~4 R R

WTEL2E R 0~1 eV IEHL FBAER . B
A A LAE 4 S R R AR — 30, 45 1B 3R OR
TAE R BBE & A 20 2 0 A2 AR 00, AT Lk B
PIE R R ., b 1~4 2 800 X R ) 6
FEREB M 0. 06,0, 12,0. 18 F10. 24 dB/pm,
X ¢ B ST B R RE BT O EL L 4 )3 A BRI A5 Y
A T 88 0 B AL 24 Sy B R Ay R 5 R R T
sy Z—, HIRHZ 2 A SBES5 A B T34
TR AT 285 v R AR U/ 2 D L R O S
TN RS AT 2 — 2 48 o 98 1 25 1

25
.2 ]
0.15 I
0.1 q
= i

0.0
1

4 layers

3 layers

2 3 4
Graphene layer number

Attenuation/(dB » pm™")

2 layers

I layers

0 0.1 02 03 04 05 06 0.7 0.8 09 1
Chemical potential u /eV

P4 202 A0 88 0 S RE A AL 2 3 i A2 AL T I 18Tl A 3R 0
J2 %5 e R ) 1 G 5O

Fig. 4  Attenuation versus chemical potentials under

different graphene layers. Inset shows linear

relationship between number of graphene layer

and maximum attenuation

M 4 aT LUE AR 2E Rl 0~0. 2 eV B,
T 1 15 RE 2R B K g R 1 8 T A TR Y
JE VR 2 A 30 RE A A AT LATA Sy b Bt 9 o T4
£ OFF R4S M Y 2= Bk BUAE 0. 6~1 eV BT,
E g 0 AR BN AT Sy o e R A TR AE
ON IR Z& ., 28 1 >k 36, 4 0/ i &% TAEAE 0 eV
(OFF) I, i FE R R 0. 238 dB/ o 1M 24 14 ] 2%
TAETE 0.7 eVON) I, 51 FE R 0. 005 dB/pm,
P, 4 SR AR 52 B 3 dB Y B RE, H O B AR D
12,9 pm (R HI K BE , [a] B o 355 ok 25 8 1 I 5 fi%
KAl LA E0. 233 dB/pm,

2B SRS L R 6 R R

pe=hve /| (V,— VO | (4)
Forb s Vi 42 A B B 2R 2 2% 36 B0 A 5 H
Js BT AR, v =3X10° m/s R 58K #




9 ]

iR e R LT AR A SR I HL IR AT i A 2121

JE o AR ST AT AR AR BB R AR F . =9 X
10" m™* V' AN T Vi — A A BT
DI [ (V= Vi) | 2 B2 S0 I & i e, AR 4
O Ll AR A2 34F B i 26, an &1 5
TN SR GRS A L AR SCHR ) G AT A
s FL 2 VAT R ) 28 LT AR /N () i P S R T LA S
IR ) 5 5 DAL L R 2 e T AR AR /N L i L i
B2 VT A0 O B el R T DA SRV 4 a2 0 A 1
PAEE AL

503
0.2
0.1

L
9701 02 03 04 05 06 07 08 09 1
Chemical potential g /eV

B 5 Az Fomi g il 4 6 R R B R

Fig. 5 Relationship between driving voltage and chemical

potential for proposed modulator

L AL A1 B0 W WO ) #% 53 Ah— AR A
THF RSP AR A Z 18] (4 42 2l H F AR 0l /0N 78 5
G R GE . /N B L R AN A RE 8 R AR
BCAS T HL AT LA/ SRR .l T R 2 0T DG L
SRAERHRKE LM ERN KRR, T B4
b 0% G 1 HL W AT R ) 4 2R AT B AR PR A Y
K AN 120 pm, & 5 ATLLE H 52 H 0 s
WA ) S 7E D B PR R A 0~0. 1 VI, BT LUE 2
KHARAS s T AE K 0.2~0.5 V i, 0] AF AL
SETFRRAS . DUJZE A S0 A0 £ s WO 1 25 Y
s RBUR B INE 6 JTR 45 58 10 i 2 Sk
FL I S ) 2% fR R 6 R R B R RN . AT LLE
s AT A BRI OB I B AE 0.2 VL R AR
e (i 5 A 0. 05 ~0. 25 V), i DL sz 3 K 4y
27 dB BYIEG L , T A G 1 2 5 1A HL IR A o
[ TE 6 EL KA FE 20 dB 2247 5 1 L3 3 o8 9 e
M 0~0.5 V%55 H W O 2% B O e A AR
1 dB AR LL, BT A 1 588 TAEAE IR AS .
WG AH A T B 0 2 5 A W R R 2% 20 e A
0 PR VR SO ) i 1 O P T/ B T Y

TT 5 H G He 0 BE AR A 422 50 Fit T 3 B Bl R R 2
P v A OLRE R . A XA R L 3% A ) A
M A S8 BRI o 2 1 ) A AR R B B0 Ot
fr B —%E /9 52 1L

0—0—0 0
i
2-10
2 . |Over27dB
2 =15
%
g -20
B ©Conventional EAM
-25 @ Proposed graphene EAM
=30 —— - i
0 00501 01502 02503 03504 04505

Bias/reverse bias voltage/V
Bl 6 TRt a8 0 i B s il 25 10 1% 32 o6 BOR
I
Fig. 6 Transmission curves versus bias/reverse bias voltage
from 0 V to 0.5 V for all-fiber graphene-based EA

modulator and a typical EA modulator
4 FIRIRIE

X AR 7 BLAS R BT TR T A SR E R 2
2T VA LI AR A B 1Y S5 2 A X 4 EL R
RIBEAT T B R AL AL o A 22 B3 5 S 56 m R
W, SLEBTT B 4G AT A A5 M v W WO s 0
HA5HA A — € AR TR BT & i T 05 B
BRI OGEF U AR A2 AR 10 pm, £F 58
BHARR 2 pm, 1S BRI T R FH AR E 125 pm H
R BRBOGLT . i vH 3, W Rh B 1 837 3 B
GER AP 22 AR/ 5 A0 O AR RS R 2R
Al Oy FA7 854 20 1026 )2 R A 2 LR . H 2
W, R T 4 RS Y RN E
(Graphene Field Effect Tube, GFET) %54, Jc %%
BAOSmENES - B4a%)E, milalir b
Al Os 1E 2 46 2% J2 91 3 & 2 451, PRI 56 36 R
o3 TR R 98 M (PVDE) /Ry 24K, M
AR G 2 P B AN S AR [ L B Y GFET 45
Ry AR W A e — E R 22 7. AT
PVDF ifii 5 » AL O; B35 R 8 i AT F) TR
TGRSR . PVDF 9 48 2% PERE B 4F HLE B2
5], P fe 2 18 & 4 7 A RE PVDE AR o #5 4R
k7. K7 TR O SRR



2122 e KE® TR

5 24 &

SRV i E e s
Fig. 7 Sample of all-fiber graphene-based electro-absorption

modulator

4.1 HBEHFEH LN

GFET Z5#4 p 3 AP 2 -V k. 18 8
TREF V- Gos B B MRF & 02 LR AR 8 0
#r 4% Agilent Technologies B1500A Semiconductor

Device Analyzer,

B8 RETGoR
Fig. 8 Prober platform

FERER AP AT T A S B R R B
AR KRR T R B B B PSRBT 23 ) 4
TE A 85 0 3 PR T8 TE A 1 0 BDEORR A0 U AR L PR 2
(] FiL s AN BN AT 3k K o R 1 5 L e 2 B IR A
SRR RV E . SE R N AR A S5 Y B
500 Q. [l i 46 56 46 2% J= 00 2 G A D A5 4 2% 2 1Y
GAERE KA. )5 R RE A 1 = 3w HBEAT I
N T PRUEZE 25 J2 A 22 Wi 2 52 0 v G 48 19
e 0 HL s o i S AR AR O A 22 ] ) L T A DR
T 22 1) 1) v 3L 0 i 7 39 K i e e 3R T A 9 e
F s A [ B A% HL s R B -Vl 2R g2 AN TR B9

B OFT s s = DA B . R 9 T
PLE S BEE M L —40 V 3 40 V 945 1L,
Pl Z IR -V ORe kil et & A T A8 4k, X 3R B
T LI VA AR A

o —V=40 —V=-30
—— V=20 — V=10
— V=10

0 i | 1 |

0.00 0.04 VIV 0.08

B9 g = 11 Dt
Fig. 9 DC test of device’s three-port

4.2 AEHBERETEH SRS

G GET A7 B R ) 10 R O R P B U 1Y
SCH R AN E 10 Fron . OGS E R OR
#r EDFA (20 dB Bt KM 6 MK 5 3813 10 dBm
(i Gy e o f PR 45 R g% PC AR A AR
W A GET T A b R % B, A SR A £F
2 E AFEALA 1.5 dB, K RIE TS0 S
A1 S R T 1 R A A FE B AR AR S
P TR AR IR 45 . = K T A R 25 R R A
il 2% AR AURE . SR 5 RO B L R B R &
Hdn kAR5 R AR B2 R 0~120 MHz, i
T RET N B A7 BB 4 6 7 T B4 A R VR AR 2
6] RS 0005 530 23 % f BRI 2% PD 45 i 1
1580 5 s Y HAE . PD M2 1 40~860 MHz,
ZJE b H R R R K JE O RS AL Agilent
8563EC Won . XFEHEAY AL T — A~ H i BL 1Y RoF
(Radio-over-Fiber) & 4., # A PD W F R
—10 dBm, £ PD #1501 20 dB 9 4K B8l s 78
AN b SR G SR S 8 /N R A AT L
WCAR BRI AT A S A S R S A4S R 3R A A
Lo PERE SR, RN E L IR EIT 0. 2,1
6V IEHE S . % & E] PD i I8 A5 5
K AR AR L X BB B AR R Ol 40 ~
120 MHz,



iR e R LT AR A SR I HL IR AT i A 2123

59 4
—_— . Graphene
[ LD HbDI'A]_'[ PC modulator LNA
DC+
RF signal
Signal ESA
generator

F10  seim R B

Fig. 10 Schematic view of experiment principle

PL 50 MHz S 45 98 45 5 ], 38 5 PD 40
AR E S 11~ & 13 fras . 24 59450 0
SR 0.2,1 FLe VEE FAH AES 2 3 — 91,
—78,—64 dBm, AR AKX B S 5o ] LLA
F,1 VAO0.2VAMHEA14dB.M6 V1 VAH
222915 dB, 5 BRMAF A 13 dB Fl 14 dB ) 25
FEARY A IR T S8 B E R PE . A K
JEFEETE 6 V., 40~120 MHz £B#%10 MHz 3k
HUCHAAR 5 BB R LA & B0 4015 5 Bl 2 000 R 1Y)
BRI/, B RAE 40 MHz Fll i /IME 120 MHz
ZIE M2 2.8 dB 247, 6 AT DAAG B
il #5093 dB & 14 98 KBUE 100 MHz 245,

-90
-92
94
-96
-98

AN

-1 U(mu

Power/dBm

I 2 3 4 5 6 7 8 9 10
fIHz =107
B 11 0.2 V NI 50 MHz 415 5
Fig. 11 RF signal obtained at 0.2 V

-100 q’m

—IIUU ]

VMMWW‘M%W
2 3 4 5 6 7 8 9 10
fHz x107
E12 1V FHHE 50 MHz 5655

Fig. 12 RF signal obtained at 1 V

Power/dBm
|
o0
wn

-105
-110

0 5 6 7 8 9 10

fIHz *107
13 6V FHHiEY 50 MHz S5 5
Fig. 13 RF signal obtained at 6 V

FH S 6 K040 AT LA 7 SR B ) 2 Y 2k U e
FIE 8RS B SCIRCL7 TR 0 ek — 5 B2 9 o)
3 H (IMDD) ) RoF £ %2 % 3, 2 )% i &
KMEFE 120 V 247, Zead P11 5 6 1% 10 1 35 20
i —50 dB. [AIFE, 015 B 6% 00 15 1 R R 0, iR AT
PL3RAS RoF % i i) At 55 22 2 500, A0 [ 17 e 7
ZB R 45 ) 25 5 B (CDR) 16 2% 1% 3 25 14 [
(SFDR) 5§, ik, 32 52 B il 15 (4 9 i) 2% i <
JE 3 TR BE K A R 0 4l i A TR 2R A R ) L 9 o
i A i ) 2 D H T A A AT O R A R A 2 1 RO
YN

MR S 06 45 K L 46 2F 0 28 0 18 T % B i
AESCH 100 MHz 2247 (9 PR i 45 96 . o 2B 2 %2
F RC F A4 11 BR 1 25 10 R ) 17 4 A 28 44 17 9 1
9 LR AT T LA S 2% SCk[18 ], AR SC b
W5 I35, PVDF 4824 2 1) R KM 1 pm 72
A1 B0 B A R FUAE 10 mm® A2 A i HL B AE
500 Q ZEAy AR B A1 A B A VR A8 G 3 dB Al
100 MHz, 55250 A5 1 3 dB 45 9 A — 2,

SIS AT A B UE T 4 6T A1 B 0 e I WA ) B
(9 AT AT P o F I 2 08 o i oA Ok B LR PR R .
PRI, 76 DL A TAE Hh s 240 10 R A I8 il 25 19 &5
o DA R A 8 1 o B O R R A % T v i 4
T LT A7 B0 U 2

A ST o R A 8 4 A B A T D A A 420t
RPN AR AT A A PR T — R B R 2O EF
20 L WO i . RO AT S IR A O AT
0057 B o ol A B 0 AT A4 R fih o DA 384



2124 b=

T TR

5 24 &

JCRA SR AHE AR, FEMERE BRI T A A
75 FL IR SR ) #48% » OF XoF 3K o SR R AT T 0 LA A
FSLIBGAE . 42 00 7 580 0 o 2% LA R4 9 1
fiE L AP O DU 2 A SR 0 5 R 1 R W A 9 1 2§
PHHRIEE RS T 0. 023 3 dB/pm, UF 12. 9 pm
(K BE S AT LASE L 3 dB (3 % EL L A e R R
1V, LRI T 2L E A A0 U8 2% 1

SE

[1] £=xk, Bhc4, $B R, F. WHSEOGH G L

M E IR B A P AT A ELT ] b A AR,
2009, 17(11): 2651-2656.
JIANG B G, MU Q Q, CAO ZH L, et al.. The re-
search on the correction of the aberration in eyes with
liquid crystal spatial light modulator [ J]. Opt. Preci-
sion Eng. » 2009, 17(11): 2651-2656. (in Chinese)

(2] &zr, B&H, KA &, F. 5 O L

wERRE S g ()], 5 4% T4, 2009, 17
(8): 1790-1797.
JIN ZH, WEN ZH Y, ZHANG ZH H, et al.. In-
fluence of crosstalk effect on grating light modulator
array [J1. Opt. Precision Eng., 2009, 17(8):
1790-1797. (in Chinese)

[3] gz, w7 &, AR, F. R 2 6 H H 2

PR S Fr PE 4 ) VLC it AHOC e fE [T ). k% 4%
% TA2, 2008, 16(11):2110-2113.
SHEN X J, YAO G T, HU W G, et al.. Enhan-
cing correlation peak value in VLC based on diffrac-
tion characteristic of SLM [J]. Opt Precision
Eng., 2008, 16(11):2110-2113. (in Chinese)

[4] CHUNG Y D, YOUNG-SHIK K, JIYOUN L I M,
et al. . Large enhancement of linearity in electro-ab-
sorption modulator with composite quantum-well
absorption core [ J]. IEICE Transactions on Elec-
tronics, 2005, 88(5): 967-972.

[5] LIGL.YUPKL, TUTORIAL L. Optical intensi-
ty modulators for digital and analog applications
[J]. Jowrnal of Lightwave Technology, 2003, 21
(9): 2010-2030.

[6] LIU M, YIN X, ZHANG X. Double-layer gra-
phene optical modulator [J]. Nano Letters, 2012,

12(3) . 1482-1485.

[7] LU Z, ZHAO W. Nanoscale electro-optic modula-

tors based on graphene-slot waveguides [J]. JOSA
B, 2012, 29(6): 1490-1496.

AR SR T A2 S 36 R ] A PR A SE B T R
21k 120 V., 3 dB Pl #4447 %k 100 MHz
PR, AL G A A0 IS R A AR L. 2O AT
A1 S A7 P R SRR ) 8 LA 2 U F D | R R RO
T TRRAE e R A T AR SE /NS A B T e e L
£ R ) 24 AR AR IR A R A5, 38 B N R AE R ok 4
JG4F RoF &4,

[8] XUC, JINY, YANG L, et al.. Characteristics of
electro-refractive modulating based on graphene-ox-
ide-silicon waveguide [J]. Optics Express, 2012,
20(20): 22398-22405.

[9] YANG L, HU T, HAO R, et al.. Low-chirp

high-extinction-ratio modulator based on graphene-
silicon waveguide [J]. Optics Letters, 2013, 38
(14) . 2512-2515.

[10] LIU M, YIN X, ULIN-AVILA E, etal.. A gra-
phene-based broadband optical modulator [J]. Na-
ture, 2011, 474(7349) . 64-67.

[11] B#EE, HXF, &mF. 5. LT A5/

WSO (9 428 BTG 48 3008 i Bk oh OGRS L], %
ME LA, 2013, 21(5): 1097-1101.
FENG D J, HUANG W Y, JI P Y, et al.. Erbi-
um-doped fiber ring cavity pulsed laser based on
graphene saturable absorber [J]. Opt. Precision
Eng. . 2013, 21(5): 1097-1101. (in Chinese)

[12] HIRABAYASHI K. WADA M., AMANO C. Liquid
crystal variable optical attenuators integrated on planar
lightwave circuits [J]. IEEE, Photonics Technology
Letters, 2001, 13(6): 609-611.

[13] MYREN N, MARGULIS W. All-fiber electroop-
tical mode-locking and tuning [J]. IEEE, Photon-
ics Technology Letters, 2005,17(10): 2047-2049.

[14] YANG X, LIU Y, TIANF, et al.. Optical fiber
modulator derivates from hollow optical fiber with
suspended core [ J]. Optics Letters, 2012, 37
(11). 2115-2117.

[15] MATJASEC Z, CAMPEL] S, DONLAGIC D.
All-optical, thermo-optical path length modula-
tion based on the vanadium-doped fibers [J]. Op-
tics Express, 2013, 21(10): 11794-11807.

[16] GAO W, SHU J, QIU C, et al.. Excitation of
plasmonic waves in graphene by guided-mode reso-
nances [J]. ACS Nano, 2012, 6(9): 7806-7813.

[17] URICK V J, BUCHOLTZ F. MCKINNEY ] D. et



%9 iR e R LT AR A SR I HL IR AT i A 2125

al.. Long-haul analog photonics [J]. Jowrnal of limits of waveguide-coupled graphene-on-graphene
Lightwave Technology ,» 2011, 29(8): 1182-1205. optical modulators [J]. Optics Express, 2012, 20
[18] KOESTER S J, LI H, LI M. Switching energy (18): 20330-20341.
EE AV :

S BRI (1968—) . J . HIT R+
A S, HB L 1993 4E T A [ R AR AT 5
B A5 0 - 2 437, 1996 4F T Wi 1T K 2%

A #0988, B, wHE LA,
+ BRI, 2010 4F 2015 4F T #7 1 K2
PASIIETRE = S RN A e VA SN PAR A0, FEMNFOLEFR AR
WOt 5 BB R i g B . -~ WO / ZE K B AR R O - B AR A

~— E-mail: eddychow1988@126. com HUAL R G ERM A A 2%, E-mail: jinxf00
‘i’:'{*&x )is‘[".'l ‘ . h @zju. edu. cn

(RRIERE REWWT FEEH)



