EHEREIK
T M 7 S 2R A o 28 0 S B
AT YIRS O 2

KRA, FREY RE AN, Aw ', HENY
MR E TR TSGR TR, LI M 210044
THEEE TRERETRE RSB SE LA FEAH DO, 198 B 210044

WE B S S A B (GO) A G2 W REPE | R LLSE B 6 27 B SO0 25 i i ME R 1 A o . 7
GO 5| AR 2 (PS) G KAtk v LS IG5 2549, 800 B R 38037 1 AL AR a8 (R ke o L, SR Bl 4T B
T2 T 3T GO/PS My s ia i 25 , F LU AR 9 ZE I D) 32 (34. 3 mW) SE 8 T B G 1 OG54 L B X = sl 2
FE0~20 VA IR G R R, O IR S8 T L2k I Q Wi B = Alas 5 a0 DI o BT8R 3T 0 4 D6 £F R R 1 25 1R 4 4
A5 14 ok b 98 0 TR 46 B 1 20 ps, X B B9 T A AR A 21,4 MHz. 38 1 45 0K 2 o TR L 2% f8 1F BO 4R A EE A 2. 30 dB F&
fKE] T 0.86 dB, Pt DiZ A 1. 09 mW 27+ T 1. 52 mW,

KW BOLE; S BEIROL S WOtIAGI g SR, AR BAELK

RESES TN242 NHEIRERS A

1 5 5

B S BGOSR R A5 Bk R E S
AR AE L3 TR LE W) IR OB EEYT DG 2R3l 45 AN
MR I T AR A 2 Tz Y. B, B Ak
WE 5% 5 & EWF 98 Q0T 32 S R AR OB A 0 PR RE L g
T RO A . T R A ko e B L e W L Y
Rk o Rz B R R RD & ) I E AT/ NERLAE S AR Y
o REPZE . KOG EOCRE R T AE L%
S ARE SRy o] i AR S AR (SA) 52 B9k 3l BT AR (ML)
FoA R4 48 J bk oo T ARk BB e R
KB, A S N AT A S R T i A gk B
(SESAM) BB S5 &8 2 A F 2ot 4%
H S A B (GO) R KM i T A ik
2 WSO 1 R B W ML s 3 BB A R S5 LR B )3z g
FHAEG A4 b BT GO oL g C 4 93
T R Y a8 &% 85, i g2 9% (CW) L TH Q Bt i
(QML) Fl & e i (CWML) % . X100, T GO Ay AJ
0 R R AT B8 7 AR X [, T S A 5 A S A o 5 Y 1
BT ARMESE O R G A e

VLA W 5T A AR /N R B i R 25 A 2R 1k 5 —
AR A P BAE 5 S0 8 T ARG PR g
BRI 3 ol 4 ' £ R IR R S T DAARE SR T A

DOI: 10.3788/A0S221323

WY &8, S HOE s R o . X 2R A7
T I N S R 8 3 B e A R DG R RO
B R R AT BE . 20154, Gao &V R T Ab
HL 37 AT LA i o2 AL B (mGO) a8 5 3% 19 Bl
L, SRR AR WA G E R T . mGO 1)
25 Bt T e B HE AT 4 0 e O L G R T
K 25% . 20184F , Nair 25 'F il —#ifb 41 (MoS,) &= F
H(QD) 5 B4 Y P3HT [poly- (3-hexylthiophene) ] 7§
JCEF R Uh A B AL (O 5 R 4G P3HT £F 4 A L vy
R\ T ALY, LEHX —HEHETLM AR
fif W P3HT 2| QD 94 8056 8%, T 52 8L T % H 5
M A SR . 2020 4, Kovalchuk 25 R A7 88 445
AR R LR WOG A8 v B A Bk i 7= R O A ek 2R
) e R A 5 S TN CW B CWML i 0 e
R IE T A7 B R LR R RS EE 2 EE T W
A5 W FH AR RO A 7= o B b R R R A
MER LA A6 B S, GO R & & A B BEH & 53
Hop P25 R AR A I B T 2 M AR SR S 5k
A AR L PR AR SCHR T T GO R R RD
RK O (PS)GUKERES & . W80 S5
WL AEE GO B PS ek il LUE iSOG i S 450,
AL B & 0 16 O T R S8 8, B O S A R
VR T A 2 0 B Sl e TR I H 3717 S A o ey e RS

KRB 2022-06-15; fEEIBH: 2022-07-10; FABH. 2022-07-18; MEHXBH: 2022-07-28

BE&UHE: HRKARPEIES(61875089,62175114)
B{S51E#& . jianhuachang@nuist. edu. cn

0214001-1


https://dx.doi.org/10.3788/AOS221323
mailto:E-mail:jianhuachang@nuist.edu.cn
mailto:E-mail:jianhuachang@nuist.edu.cn

R X

MO T L A . GO NIRRT E kAR T AR R,
YRR T GO By G2A M B, (AR SR PR 5 T 2 08 7K F
4D 0 R S A e 0 ok o g 7 A

T AR FHTEN T RR T —Fh 3
T GO/PS 1Y 4 6 £F vy 75 7Y ] 18 AW e #5170 o 3K Ff e
S AL ) 25 5 AV A i 9 o T SRR R B R A % R AR
PELXIHE T GO MER FIREZEEmE LT
Al o B SIAR] HL K R 1550 nm B9 TE G
O AS R, BT ST BT s i 45 K 3 L R B Ok
e P B Mot RE THEMRK ., &
34.3 mW IR ZE T DI R R BB 8 7E 0~20 V i 3K 3y
RSB N BT CW . QML . CWML [ Y14 . 3 Fh
45621 o 8 R g8 K CWML 15 5 19 ok i 98 13 15 45 )
T 20 ps, BB R (04 554200 28 0l 21. 4 MHz, [AI %
R E Y A0 RE 7E DK Bl R A R 45 R L 2. 30 dB B IR
F| 7 0.86 dB, F Hyfi i TR M 1.09 mW $£ 7+ #] T
1.52 mW . 3 Ff e > R il 5 () /AN S M T8I
el o S I R B B e X ER O VA R

2 PR 5 R A

B G 2 £t GO/PS &AMk B LT 4
iz F g (PMMA) F A AL #18) (ITO) M . Iz 1R
GO/PS-PMMA-ITO (GPD) i) =HI3a 454, a4 1(a)
Fin . GO/PS Z M HE B T 8 U5 (SEM) K& an [

E 435 F2H1/2023 F£ 1 A/FZFR

1(b)irzs o W] LLE R, B A2 254 690 nm 4 )2 PS 4
BREJE) 8L A HES , B AR GO R Ar b 78 55 7
PSS ER R I, X525 T GO i gk i K| & H
HREMME LRI T 5 R G WA E 0% B F5E
KHEN S GPLE 4 32 %2 th i i 7 4T ER AL (B 2% H
TR A R A F L, MP1100) By W52 4T ED 5 I 45 1.2
Wil & S Mo % T8 BT AR ORG B i R R G PR
AT WE (O FR, EEH S LT D RAME
FATED T MK AE A B K B LR 185 nm S 1TO |
JRSF 2 5 mmX2 mm A9 4R H 4% AT 200 nm J& ) PMMA ;
2) %% FH o 2 B b i A0 2 AR E PR ARDE S (H R AR
20 pm, & K 29 6 mm) [ 5E ER IS b, R 240
FAE PEALC g AR A BRA R, CCT UV 250-
MC) &b 3 4 2% |2 PMMA 15 min DL ok 3% H S8 K v, 5
I ARk Bk ALY 7 iR PS B ER (Bangs labs,
PSO3N) #% % 2]t £F I, B J5 76 PS B &k b i vk H
Hummers 77 2"l % #9 GO %3 ; 3) A FH = 5 B Pk 4R
BOK UL — 2 il 2, 0 4R 228 GPT A - /Y Fa il 51

HH ORE I 5 B R % M (PCB) AH 3 , 1451 FH 008 18 &
SR (INEEFE S B 7 (U AT FR 2 7], Keithley2612)
X PCB AN, AT 55 B 2% & 44 it Jon ok o) W I, B I
MR £ AR ROLE B K GO/PS Z & MR RS,
LAl B R A A B S PR O A AR X 2

4 mm X6 mm,

@
......... L7 —
| &
insulating
(©)] / material
hydrofluoric acid
(diluted concentration:
~20%)
deionized water

insulating layer

glass substrate

silver ink

of nozzle

ITO

K1 GPIgsfF & Al & L 2R A (a) GPIAS RIS M 7R T 5 (b) GO/PS & & AR RYHUA SEM K {5 (4 € 24 I #1L T SEM
FER) ;s (o)l 3 GPLAR PR REA I T 20 A2

Fig.1 Schematic diagram of GPI device structure and preparation process. (a) Schematic diagram of GPI device structure; (b) SEM

image of cross section of GO/PS composite material (inset is top-view SEM image); (c) basic process flow chart for preparing

GPI device
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Fig. 3

Electromodulation principle of GO. (a) Accumulation and depletion of electrons in GO atomic structure; (b) microscopic

diagram of applied electric field affecting GPI device
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R TS G B (PR BE L AR SCI i T AR RO
FhReE . K S(a)JBIR T7E 0,20, —20 V =Rl L R
T, GPI R G R i 2 . 45 5 WoR |, 76 it in 9K
e A, GPT #8443 1550 nm &b A6 Wi BE F1 2 A 34
FNA RN, WO AL Fi ROR AR XT $858  [A] BF 0 2R B A IF
HLE T, GPLER =4 T R R e ises . Wik, A&
SO TR W (35 mW) T, 2SO L R RE

@

90F

60

vOVv
20V

30f 420V

Optical transmission efficiency /%

20 40 60 80 100 120
Pump power /mW

B ) R s At 2, i S(b) Bz o S5 RAIEW L 7E
Tt a0 38 1 E T, GO A RIS B3 5 9 2, oA v
0 B TR A5 8 8% A C e e o AR i . BeAh, i TR
Y GO e &t B P8 28 T #0i 7, KRB BB n
T S PR, SO 1 7 L 1] B R SR B A 2L
F18 81 i 5% 4, DT el 45 R 7E 20V IE 1] B S H R 196
fLHRe JIis 8] T — 60 V HLE I AR RCR .

(b) g 80
Q:). k=kk=k
;;5 60} //
e y,
E /
é 40 o
- I
820 A
= \
Q
2
@) "

0 1 1 1 1 1 1
-60 -40 -20 0 20 40 60
Voltage /V

IS GPTAS 0 275 28 () AR VR 0 T 8 6 s 0 BIEE G 20 56 025 A 28 () 7E 35 mW #6856 90 % B
SR i T 2 O 5 B

Fig. 5

Optical characteristic curves of GPI device. (a) Optical transmission efficiency of device varying with pump power under

different driving voltages; (b) effect of different driving voltages on optical transmission efficiency of device at low pump power of 35 mW
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(a) Spectrogram; (b) spectrum diagram
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Abstract

Objective

medical treatment, bioengineering, and material processing, owing to their compact structure, high efficiency, and robust

Short-pulse fiber lasers have attracted great interest in numerous fields, including fiber communication, laser

stability. Physically, mode locking is an effective method to obtain ultrashort pulses, and it can be divided into active mode
locking and passive mode locking. Passive mode locking based on saturable absorbers (SAs) has been widely studied.
Among the SA materials, two-dimensional (2D) materials, such as graphene, black phosphorus, and molybdenum
disulfide (Mo0S,), are promising candidates due to their distinctive nonlinear saturable absorption ability, ultrafast recovery
rate, and low cost. Plenty of passively mode-locked fiber lasers based on 2D materials have been developed to achieve
different operating modes, such as continuous wave, Q-switched mode locking, and continuous wave mode locking by
changing the pump power. However, due to the relatively fixed optical absorption characteristics of 2D materials,
switchable operating modes of a mode-locked laser system are difficult to achieve without external modulation. The
present study reports a novel kind of electro-optic modulator that is composed of graphene oxide (GO) and polystyrene (PS)
microspheres and exhibits adjustable absorption characteristics under the action of an external electric field. The designed
modulator, with a high optical transmission capability, enables electrically modulated fiber lasers to be switched among
various operating modes, including continuous wave, Q-switched mode locking, and continuous wave mode locking. The
proposed basic strategy and findings are expected to facilitate the design of new switchable ultrashort-pulse lasers based on

electro-optic modulators.

Methods

process, and the main preparation process is presented in Fig. 1. Improving the modulation efficiency of the device

The GO/PS all-fiber capacitive device is mainly prepared on a quartz substrate by the microelectronic printing

requires a straightforward, low-cost, and effective approach in which PS microspheres can enhance the interaction area
between the laser and the material by creating a local field to restrict the divergence of the evanescent light. The

modulation characteristics of the modulator can be studied by measuring the optical characteristic curve of the device. The

0214001-9
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results show that the saturated absorption by the GO in the modulator can easily be achieved at 1550 nm when the driving

voltage is applied, indicating enhanced optical transmission efficiency. Finally, an all-fiber mode-locked ring laser system
is studied and constructed. The operating mode of the laser can be actively switched by integrating the device with the laser

system and applying different electrical fields.

Results and Discussions The light absorption intensity of the all-fiber capacitive device based on the GO/PS composite
increases with the driving voltage [Fig. 5 (a)], which indicates that the absorption characteristics of the device can be
effectively adjusted by the electrical field. The feasibility of the experiment is also verified. To further observe the
difference in the optical transmission efficiency of the device under positive and negative voltages, the variation in the
optical transmission capability of the device with the driving voltage under a low pump power (35 mW) is tested [Fig. 5
(b)]. The results show that the device achieves higher modulation efficiency under the positive voltage due to the properties
of n-type semiconductors caused by slight doping. The nonlinear optical absorption characteristics of the GO in the
modulator can be adjusted by the driving voltage, and the intracavity loss can thereby be modified. On this basis, the
variation of the insertion loss of the GO/PS modulator is studied when the driving voltage increases from — 60 V to 60 V.
As the positive bias voltage reaches up to 20 V, the insertion loss of the device is reduced from 2. 30 dB to 0. 86 dB [Fig. 7
(b)]. Then, the device is applied to the all-fiber mode-locked ring laser system (Fig. 6). The results show that the laser
achieves the switching among three operating modes: continuous wave, Q-switched mode locking and continuous wave
mode locking under a certain range of the modulation voltage (a range from 0 V to 20 V). This all-fiber electro-optic
modulator also reduces the pulse width of the mode-locked signal to 20 ps. Radio-frequency (RF) spectral measurements
are conducted to characterize the stability of the fiber laser. The RF spectra of the mode-locked laser are measured [Fig. 9
(d)]. The signal-to-noise ratio (SNR) of the RF signal can reach up to around 60 dB at 21. 40 MHz. To further verify the
stability of the laser, the average output power of the laser in 180 minutes is measured (Fig. 10). According to the results,

the all-fiber mode-locked ring laser based on the GO/PS electro-optic modulator can work steadily for a long time.

Conclusions  This study presents the preparation, characterization, and analysis of a novel all-fiber capacitive device
based on the GO/PS composite, which can serve as a saturable absorber in all-fiber mode-locked ring laser systems. Due
to the variation of chemical potential and internal carrier concentration of the GO, the optical absorption characteristics of
the GO can be adjusted by an external electrical field. The effective interaction area between the GO and the evanescent
light is strictly limited by the device specification. For this reason, an effective method of combining the GO with PS
microspheres is adopted. According to the principle of optical waveguides, the evanescent light leaked from the fiber is
confined to the GO/PS microspheres. A local field is thereby created, ultimately enhancing the effective utilization of the
evanescent light. The mode switching of the laser is successfully implemented by changing the driving voltage, and the
pulse width of the mode-locked pulse signal is reduced to 20 ps. In addition, the insertion loss of the device is lowered
from 2. 30 dB to 0. 86 dB and the average output power of the laser is increased from 1.09 mW to 1. 52 mW by adjusting
the amplitude of the applied voltage. The proposed all-fiber capacitive device is expected to further promote the

development of switchable pulsed fiber lasers due to its compatibility and high modulation efficiency.

Key words lasers; mode-locked fiber lasers; electro-optic modulators; mode switching; graphene oxide; polystyrene
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