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Abstract: Communication technology has been rapidly advancing and
widely applied in various fields, and optical fiber communication has T T on et
become the fundamental basis of modern information communication,
thanks to its high capacity and low loss. Optical modulators, which are
essential devices in optical fiber communication systems, are typically
based on bulk crystal electrical and optoelectronic devices. However, these
devices have a drawback that they affect the quality of light in high-density
transmission processes, thereby limiting the potential of optical fiber
communication to achieve high-speed and high-capacity performance. To
overcome this dilemma, researchers have been devoted to developing all-
fiber devices capable of modulating, amplifying and detecting optical signals
without interrupting the optical fiber transmission process. In recent years,
many new types of optical fibers with different structures have been
designed and fabricated. Among them, two-dimensional materials are \ \‘\’\
exciting considerable attention in the field of optical modulation due to their

unique properties that enhance the interaction between light and matter.

Optical fiber-type modulators based on two-dimensional material hybrid Tupeed compose SOl
fibers are expected to bring new opportunities for optical fiber

communication.

In this article, we will introduce various methods of combining two-dimensional materials with different structures of
optical fibers, such as fiber end-face composites, hole inner-wall composites, tapered composites and side-polished
composites structures. These methods can effectively integrate the advantages of both two-dimensional materials and
optical fibers, and create novel optical modulators with high performance and functionality. We will also present some
examples of optical modulators based on two-dimensional material hybrid fibers, including MoS2-based all-optical
wavelength modulators, graphene-based electro-optical absorption modulators, and MXene-based thermo-optical phase
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modulators. These devices can modulate the wavelength, intensity or phase of optical signals by exploiting the optical,
electrical or thermal properties of two-dimensional materials. The modulation of optical signals is achieved by changing the
real and imaginary parts of the refractive index of two-dimensional materials through external optical, electric or thermal fields.

In addition, we will summarize the modulation principles, processes and applications of two-dimensional material hybrid
fiber modulators in different domains, such as all-optical, electro-optical, and thermo-optical. We will compare their
advantages and disadvantages with conventional optical modulators based on bulk crystal devices, and explore their
potential for improving the performance and efficiency of optical fiber communication systems. Finally, we will discuss the
opportunities and challenges faced by the field of two-dimensional material hybrid fibers, and take a look at the perspectives
for future research directions and developments.

Key Words: Optical fiber; Two-dimensional material; Modulator; Two-dimensional material hybrid fiber;
All-optical modulation; Electro-optic modulation; Thermo-optic modulation
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Fig. 1 Schematic diagram of optical modulation

methods and principles.
(a) Schematic diagram of common light modulation methods (all-optical,
electro-optic, and thermo-optic modulation). (b) Schematic diagram of

crystal modulator. (¢) Schematic diagram of all-fiber modulator.
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Fig.2 Schematic diagram of common

two-dimensional materials.
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Fig. 3 Schematic diagram of common two-dimensional material hybrid fiber system.

In the figure, the light green represents the cladding of the optical fiber, the dark green represents the core of the optical fiber, and the purple represents the

transferred or grown two-dimensional materials. “Fiber end-face composite” refers to the two-dimensional materials being transferred or grown on the

end-face of a regular optical fiber. “Intra-hole wall composite” refers to the two-dimensional materials being grown or filled within the void of a

holey optical fiber. “Tapered composite” refers to the two-dimensional materials being transferred or grown in the tapered region.

“Side-polished composite” refers to the two-dimensional materials being transferred or grown on the side-polished plane.
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Fig. 4 Passive mode-locker and all-optical switch of two-dimensional material hybrid fiber.

(a) Absorption of light in graphene. When light is incident on graphene, the electrons from the valence band first absorb the incident photons and are

excited into the conduction band. The photogenerated carriers thermalize and cool down within sub-picoseconds until an equilibrium carrier

distribution could be finally approached through electron-hole recombination. At high excitation intensity, the photogenerated carriers cause the

states near the edge of the conduction and valence bands to fill, which would block further absorption because of the Pauli blocking effect.

(b) Transmittance of the MoS,-PCF for a5 = 10% and saturation peak intensity of 0.8 MW-cm™ 0, (c) Schematic of all-fiber mode-locked laser with

two-dimensional material hybrid fiber as an SA. Insert shows the side view of MoS,-PCF and the schematic of optical fiber end face coated with

graphene film *°. (d) Output pulse train of all-fiber mode-locked laser with MoS,-PCF as an SA (with ~24 ns interval, ~41 MHz repetition rate) *°.

(e) Schematic of signal light modulated by switch light in graphene. A signal light is incident on graphene and experiences significant

attenuation due to absorption. When a switch light with higher photon energy is introduced, it excites carriers and shifts the absorption threshold of

graphene to higher frequency through Pauli blocking of interband transitions, thus resulting in a much lower attenuation of the signal light.

Schematic of a graphene-clad microfiber all-optical modulator 3. Schematic of a 1550 nm CW beam modulated by 1064 nm pulse beam in a
grap P g y p

graphene-clad microfiber. (h) Top: pulses switched out from a 1550 nm CW beam in a graphene-clad microfiber by a 1064 nm pump pulse train.

Bottom: time profile of a switched-out pulse **. (b, ¢, d) Adapted with permission from Ref. 50, Copyright 2020 Nature Publishing Group.
(f, h) Adapted with permission from Ref. 54, Copyright 2014 ACS Publications.

77 SORE AT 73 s T B A>T M4 s E 52
éﬂ;ﬁ]}[} Ij;‘] %5372’73 .

ﬁﬁﬁﬁﬁﬂ%ﬂ%I%ﬁﬁﬁﬁ%%%ﬁ
ZOR, BB AE R MR R

ﬁu%mm%@momwﬁ,&mﬂkmﬁﬁgg
I Ve IS 5 s 1 ' 2 e TR A )9 m M AR S s, S
T AE1565 nmif i B BB LFB0OG 2%, kb o
FENT756 fs, BEEIMFEN1.79 MHz ¥, B AA,
Sun%sE N WA 245 5 R LR EE(PVA)E IR A i i
50 umE M E SR FEH LR 2200 H I AR AR
A B2k 2 18] o dl ki A g 5, ARG T Rk
SR} ] 5 (29464 )Mk eR P8, FETEZ MK
NI E T A R 2, E S T A SR B AT A A
M SRR 2

BE 5, A 4R 8 A [RGB
B, DARAGEOE I S350 AFE ko e 4t
B IE] A AR R H DR % . 20154F, Sotor%s
N E T — Rl FH o 858 0 R S ml W F R Wi 25 141 45
G LT Bk B e 28 BRI ik b R S (] 46 5 22
88 fs ™. N T ST M Mk b E AR AR, AATIE

22 K B8 O 6 VE HR B AR 13 11« Martinez%% A4k
BT —FPEETF 10 mmK LR A BT A
S AT AR U B B B0 B8, E RN A
9.67 GHz °.

BT AR, HoAh e AR U 48 R
%4k & ¥ (Transition Metal Dichalcogenides ,
TMD) 50,76,77\ j:E;H\é@é%,ﬁgR—SO\ @iSl—S?»;‘FDGaSe 84,85
A B T BB 2 DA ST K 14D 1 1) R B
fen OGP AR, DA S B vy T 2R R Ak o A
Ho 20204, XA E R 4 B RAE S B 5 CVDIATE
PCFH A KMoS,. ARATT e My il & 1 B A 5w i )
TR BE (10%) A1 A4 5% (0.8 MW-cm™2)[)MoS,-PCF
AU S B, R R S 3 A T R R R 4
B (E4b). R Z AT AR RS, Mg T
SO BB R (El4c), HHThEe mW, ki
i EES00 fs, HA A4 MHz (F4d)°°. 4N, Lee
SN ¥ BBEEE AL Pl 4748 v vl T RIS
Dl 7 #anidn, IR 17T R 214 mW,
ik 55 T R 805 s IO ik 0

AN TR A0 28 g ARk AR (1) R R R AL 25 7 B



Y BRAL 22224 Acta Phys. -Chim. Sin. 2023, 39 (10), 2306026 (7 of 21)

K IEE EfE A2 5. A S0 a i AT fic a8 3
BT =AW KAE0.8E 2.9 um (A kM. 2R
[T EE R R SR -3 A RSB R SLRAR A ob[ N s
B A K R A, PR T LR A
FIE . 584 F, TMDF BRI H A
FR A B W B B . TMDGE & 78 7] L% i Bl A S5
AN SRS, T S Al U A ST 40 AR R 4T A Y
RO SRR, R, X b R E X S i K78
Bl P9 B2 B T AR R A T RN I A AR ) A e T
F. B, W T2 ks I TMD ¥
I B gk B8 ] R R AT 2% L 28 43 9 AE T 0 AN 4T
AMNEEIN R T 77, X AR AT e (2 5 4h)
AT 21 40 90 BB A A BB o 6 27 0% YR A T AT A
.

ESESAMAHLL, —4EM R E &L E N i
A2 T koA R B ERS . '
Jde, THEMBIE AL T A U B8 B A TE )T
TAEWKIEE, &HF 2 MK e, sl
pum 8900 1.55 um #7302 um °Y2PL K3 um 2,
W, YRR B I s BRI R, 4R
IR T AT LAYE RD B R AL B T R st . (H
A WAFAE — L8 [ 7, 451 4o v AN 9L 2 EL SESAME /&
0 B AR 1804, R, —4ERbREE TR
B R RS R (FR s 2 /N F100 fs 749%) A1 98 i
K O 28, T SESAM B i T B A B {f
BRI AL, 55 T R AN i £ (R SESAM
FHEE, ARk m] R 0 s B 5 i i LB 2,
245 5 07 SO, 1 BT OB MU RS TR
FHRES A S AU 2 Fhos ik 4, 5 564
I S FEEMER. 45 b, —HM B 52T
A R R AT s T Bk b O T A T T B4 B R AR
3%89—93o

B T WS BRI AT A AT U B, 4ot
R ) R 32 Bl T A B4 6 S IR T 2 BN
I RE . AJeTF 2 —Flod@ i A i AR 2k ok
5 350N SR S B R 11O B B A o AR SR, SR 4k
AL FRT e Y 18 1) 25 ) P BRI R B K RE RSB T R
o, BRI E AT AR 58 52 21 3K 3l oL 1% 1) 97 5
FERIBR ], LM RHIE10 GHzE S . L2 T,
A T S I i) S8 B[R] S 52 A4 ) [ A 30 ot B
1] 6 PR ) B 8 T DA SE BB K B9 9 (> 100 GHz) *°.
Rk, AeFF R E N —R e el 7%, #a -
- L FE, H TAEThFEEAR, 7R 5e .
IR EHERE .

T EE R B m e FRERECEEK)
FIFE ST B FRERE (KK ME 5 et

AT, S TS S IR “HE Ao i
o UE SN G Z4EM R, ARG 2 E 5
T FRBOH R, B EC. 2RI, 45 LT RE
T MR SRORBE R S T SR, B
PR AT ISR S, T R ERE S R 1
TR ) BEL S 250 W PR AL R AL 8 A 1) B R 1 i A Xk
SEUE TR, E I K (Ede). &
TG IR B 1 B 6 A 0 4 T 2 B TR BRI % 1A
GIRPNER RPN

BT Z4em Rl 54 A 5 2 6 BIF K65
T B R ABAIRAN, B SRR S R
oUAR, R AR T SRR T M R R S
HLF A eI o, fE20134E, LinZs NEART 5 31
MgF, 25 JiK b 48 58 — F 4k 4 e (PDMIS) S £ 1)
FBEE S T HAANS imIMa e R, HIE
TR 1T MHz. EHIRE 13 dB. fEA
TFE N5 dBRIAYEH R0, SR, HTAEES
62 A EAE AN 7845, 12465 K4 S B v W il
TR 78 B R D2 T O FE 5ok . 7E20144F,
Li%e N8 7 —FlCR A A S8 06 0 B g e 47 i 4
S g, KPR A SGaBEEEERLA N
wm. K2 mm i EBE AN O £F b (B4 54
1.55 umPIESAE 5 R A1.06 pum )ik A %6
(< 5 ns, 2.4 kHz)& i £ 52 45 6 78 T4l )6 4 i)
(K4g), fEFF kb Fr 1], 155 6 W e
FEUR/IN, AT U 48 A 2% ()45 5 ik, SEBRL T X
55O RO ) (B 4h) . 1T AT BRI ROk 3
T IRt PG (R LR FROS, PRk B il 453 1) e 1
292822 ps, 0 BT s 0 ik v 14 5 K 1 i) e 28
Z1°8200 GHz. A S4B M LF e S A
B2 KT VR 1) VAR EE (38%0) R vy o AR R Wiz g AL R A Ty
(40 W) N T BB AU B, 20154F,
Meng%s NHIlE T 2 T B 400 BIG MR EMA KL
oF, HAFI USRI 1.3 W AT LB 1064
nmi K I GFD Bk b e E 58, %1550 nm )45
ST A TR B8 S BN 5 a SR (R
AHEAE 58 EE, Chen® NHI/E 1 32 58 4l
FAF S5, HAEAE KB N12 mm, PAHIRE N
7.5dB, {HIEATFER =0, Witk — B EF
FUA SR 0 LA JEAR, AT DA 8 i) 1R B 0 4 N 453
FE2 A5 KA (0147 o B 7 g e 48, e &5
e N T 4656, 20164, ZhangZs \ K JiE
BR OIRWEYE T B (PVB) I A 58 05 5L B 5 2 0
HeF b, MEAERKENS mm, #HI/ET LAWK
FANBFE(< 1 dBYMI Al 2%, LSRN
9 dB, HEFiXF0.5 THz ',



Y BRAL 22224 Acta Phys. -Chim. Sin. 2023, 39 (10), 2306026 (8 of 21)

W SR 2 AN I A — YA R T DLVE A
AT M RL, B, 20174F, Zhang®5 N\ %
17— M MoSe, STANE A E A 14 e FF %, H
40541980 nm¥) R IEHEHI 1550 nmIfE 56, X
BRI, (55067 MIRMR L2830 dBIAH
X IR ARARION R b, AR ORI S R R R
PR SL AR I A 98 SE LA R A e A IR R S, an )
FH S5 0 A S8 0 - Y AR Ul b B s e AR .l I 2
AR JE P A SR I SRR BE SR, RIS B T AT
Y, QIO . F I TMDSZE a] WG &), Bk
& ) SR S b 4T A 1 ) 02

R R10E T, BT D 4EM R S
AT RS TR KM, sl 7w SR,
R 966 e S8 B[] RIS G BRIE 4 D I O 1) A ) ok
FEAN 52 B FF 5 40 26 1 R, voe) 7 i) A58 e —
NIEFP RS, S A Ay Bk B YA R S
PR — P 2% . B AR R SR MR 2 A0
CF AR TT RS NG IS S A ) B A
22 AESERERHSHEESLERER

A A5 5 R I 7R 26 [E U R I EOK
(R 103104 4 g v — Fh DG B R AR 4R 14 T e 4%
f, S E R A TAR R B 5 ARG — B fl
N NE |2 E S YRR i |24 i ot 20 B = S i1 B
TN AT S RO 22 A0RN DU 9 Y8 A 45 25 A ) 9
H5XNFHEARTE. ET RN I%S 2%
FERF A m AR BN SR S . AAT]
AR RO LT T AL 2841
VY % VA5 (Four Wave Mixing, FWM) 1%, 28 A AL
WA i) OO F Raman iU R TSI T K e, I
VI B 5L A 10 ) 1 TR PR R B 1 A A T S
R ERZRAA BA mARL R . 4R R
GG BAA LG T ) A 2 1t i S 2R A T
TAEB AT, B 2% e 25 1 A AR OE 1 1 RE A
R TEAE N E 80 % 5 & 1 48 7 T A BRI
7§j]50’1080

T DG 27 16 i 7 S5 AL 0 O B, 3
w EREA MG ARl R A . 4R,
Bl A1 TMD . GaSe, HA3EH 55 19— 8 9 7 4
(SHG) F4fi 7= 4= (SFG) Al 2 4517~ 4= (DF G) 4% —- B Ak
LR RN o K YR R SR A TR A, TR
B AR X S 2R I R T O 4F, AT
I T B A R T s S Y R A B
A F 77 A B ) Al 4 M ' 2 RSSO 108 il
20194F, Chen%: A XTWS, 8 & Fr#E 4+ ISHG
Wl i FEAT T RGE AL, 345 T HR S WS i HE
HAF 2045 A EFISHGAS 59, FHuE 7 R4

A LA R R B WS, 5 A fr R 4R I SHG '
RN T B D R e OCR AR S T 5 1 SHG AR
5, 20204, XEERE £ HIBAE2S5 em K 25000
A KT HREMoS,, FHIME 7 HSHGH =Xk
WP A (THG) BN (] 5a) o AH EE T4 Rl A7 2 5 i B
() ¥ 2 MoS2, MoS,-%5 6 £F I SHG A THG 2% v
HIHaag 7 £13000%, AR IR CRE WA E 107
FIO3 & K (KISb) 0, SR, SO F— AR
BOR AL AR DRI AL far P ke, HOB R
BEEEPAESOLXIER, MR LR
R B B IRAIG, PR I T Y AN oA B s B, A
PR &I T #6320 . FI, Ngo%s N T20224E 4 #
EMoS A KAEK 3.5 mmi RS £m, 5
PREF AT LR, 25 BB M AN Th & 555 20 F1
80 mWHT, MoS, & A& 4F I SHGHE e 5% 43
SN T 111345 16004510, th4h, M FTMDE:
TR, GaSe A ORI P AR LR MR RN, fE
5 3R AF B (G 30K, FRAE AT WL B A 24 9%
Ko7 PN SR RL ) 22 AR i 1 20204,
Jiang% NTERAN N 4F LPURR T /D)2 GaSed K A s
FH Tk 40 6 £F (1) 5 1o 40 3% A GaSe (18 =1 B JE 2R
PERESL, A FH S 22 BU % S2' 0% 28 5t fE 5 &t
SEHLSHGHISEG, F7E1500—1620 nm ) % K 78 il Y
SEHE KR, S, B T GaSelf gy
FA IISHGHR FEFE &1 14 $m g DL 108,

FEF =P AR 2R P RN 1 DY 3 VR AT Fi ER A
B =N K 2 TR BAE F PR AR A B — AN B K
PG, AN BUR N 2 Bt 72 . DR AT S — 4
MEESERFH R — N EENE, T ZNHT
S EE W S B E 2L AR
SRS (B 5e) 2. 20124F, Xufh NoK A R IG
R 2 e 2F i i, A DU R SE L T S8 i,
i F-30dB 13, BEJE, 20144E, WuZE A
K B A0 SR IR T e 48, K B R 10
mm A SR, K IR IR AU R S s 228 dB, I
7E1550 nmPH T SEHL T 4.5 nm P KRB, 2015
L, Rl —HIBMRAL T Bk gh 0 £ 1) B A% R fi B B
SR, SR SR SRR AN IR AT
i B N 155 wm 15 T 2R ik S0 8 S 22 v
T, SEIL T 2 B I i DY 35 YR A o AAT A P R O
SRR 56, EE15 nm L _E 978 Bl P 2E
T B SR DR S 5 (B 5d), 15 5 RTER
TG B S VO B T O )5 nm, B BCR A
=20 dB 'S, SR, Ao a8 AR B AE AT e PR
HAEW e 5V A EAE DS B aSm)
M o R, AT UE 48 oAl = 4E bk 5 6 4 45



VI EEAL 22 253 Acta Phys. -Chim. Sin. 2023, 39 (10), 2306026 (9 of 21)

o

(]
1
€
=
—_—
1
1
1
<~
1
€

@

1
'

(¢}

>
2w W, 2
w y 5
: % ML w2
W\ M B
& PR ! ! v §
2
3 _j\}ﬁni‘v\’ 'Y( ) : : ; i i i
W 400 800 1200 1600
Wavelength (nm)
b d
6
3 ‘ AN=5nm . PV
< 4t €I o I Mos,
= o = i
§ MoS, HCF 1/100 Al Il\ AA=2nm M SiO,
g, 8 =) ey [] Airhole
% MoS,/silica j\ S | AN=1nm -
2] g 1 | l l Jilqa
0 | Bare HCF v o ‘ |
800 900 1000 1540 1545 1555 1560 v

Wavelength (nm)

Wavelength (nm)

B5 —@MEEELG %S ERRNEESLERE
Fig. 5 Optical parametric conversion and supercontinuum generation of two-dimensional material hybrid fiber.
(a) Greatly enhanced SHG and THG in a MoS,-hollow capillary fiber *°. (b) SHG spectra of a MoS,-HCF, MoS; on a flat, fused silica substrate (MoSy/silica),
and a bare HCF (hollow capillary fiber, HCF) under 1800 nm excitation. In the 25-cm-long MoS,-HCF, SHG can be enhanced by = 300 times

compared with monolayer MoS,/silica *. (c) Schematic of Four Wave Mixing principle. (d) Spectra of cascaded FWMs of graphene-coated

microfiber for the detuning of 1 nm (red), 2 nm (blue), and 5 nm (green), respectively '?°. (e) Experimental spectra measured for a launched

power of 45 W in a long tapered GeO,-doped-core PCF. Insert shows SEM image of the GeO,-doped PCF with a close-up in the core region '37.
() Systematic of decahedron PCF with Mo$; filled elliptical core '4°.
(a, b) Adapted with permission from Ref. 50, Copyright 2020 Nature Publishing Group. (d) Adapted with permission from Ref. 120,

Copyright 2015 Chinese Laser Press. (¢) Adapted with permission from Ref. 137, Copyright 2009 Optica Publishing Group.

(f) Adapted with permission from Ref. 140, Copyright 2021, Elsevier.
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Fig. 6 Polarization of control two-dimensional material hybrid fiber.

(a) Schematic model of a polarizer based on graphene hybrid fiber. Only the TE mode can pass through the device and TE or TM mode can be
regulated by applying electric field '7!. (b) Polar image of output power measured at 980 and 1550 nm '”'. (c) The schematic view of the
proposed device. The whole structure is configured on the microfiber whose surface is surrounded by the thin layer of graphene at four sides,
which is referenced to the four-electrodes structure '*°. (d) Attenuation of TE mode and TM mode under different chemical potentials in
horizontal direction '*°. (¢) Attenuation of TE mode and TM mode under different chemical potentials in perpendicular direction '>0.

(a, b) Adapted with permission from Ref. 171, Copyright 2012 American Chemical Society.

(c, d, e) Adapted with permission from Ref. 150, Copyright 2018 IOP publishing.
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Fig. 7 Two-dimensional material hybrid fiber electro-optic modulation.

(a) Schematic of a Gr-PCF-based electro-optic modulator 32. (b) The ionic liquid-gating tunes the graphene’s Fermi level and switches on and off the optical

absorption in the graphene. When Er = 7iw/2, graphene absorbs (does not absorb) light, and the modulator is working in the ‘off” (‘on’) state for light

transmission *2. (c) Top, measured optical attenuation of light propagation in the bare PCF (purple dots) and Gr-PCF (cyan dots) with different fiber lengths.

Bottom, schematic of light attenuation with multiple reflections during its propagation along the Gr-PCF core *2. (d) Schematic 2D MgO nanoflake integrated

optical fiber-based electro-optic modulator . (e) Plane of polarization of the linearly polarized beam phase change by 8 after reflection from MgO

nanoflakes on a cylindrical fiber end surface in a perpendicular electric field !73. (f) Optical response of an output

spectrum in terms of a wavelength shift under the external electric field '73.

(a, b, ¢) Adapted with permission from Ref. 52, Copyright 2019 Nature Publishing Group.

(d, e, f) Adapted with permission from Ref. 173, Copyright 2020 Optical Society of America.
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Fig. 8 Two-dimensional material hybrid fiber thermal-optic modulation.

(a) Optical microscope images of the tapered microfiber after graphene transfer 1%, (b) Schematic of the experimental setup for measuring the

phase shift in MZI '%4. (¢) Temporal response of the thermol-optical modulator '%4. (d) Experimental configuration of thermol-optical modulator

based on the MXene-deposited MKR %%, (e) Waveforms of 980 nm pump light (top) and output single light (bottom) and its fitting curve '%5.

(a, b, ¢) Adapted with permission from Ref. 164, Copyright 2015 The Optical Society.
(d, e) Adapted with permission from Ref. 168, Copyright 2020 Wiley-VCH.
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