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Research on optical controlled terahertz modulator
based on monolayer tungsten disulfide

FU Ya-Zhou'? ,TAN Zhi-Yong'> ,WANG Chang'** ,CAO Jun-Cheng'"
(1. Key Laboratory of Terahertz Solid-State Technology, Shanghai Institute of Microsystem and Information Technology,
Chinese Academy of Sciences, Shanghai 200050, China;

Abstract; Controlling the propagation of terahertz ( THz) wave is very important in the application of
THz technology. THz modulator is considered to be the key device in next-generation THz wireless
communication. A new-type optically pumped THz modulator based on Si-grown monolayer tungsten
disulfide (WS,) was demonstrated. WS, acts as a catalyst due to the formation of heterojunction at the
junction between Si substrate and WS, , since more carriers are catalyzed at the heterojunction under
pumping power, the modulator can achieve more deep modulation depth. The result shows that the
modulation depth of this Si-grown monolayer WS, modulator can reach 63. 6% under the low pumping
power of 117 mW and the wavelength of the pump light is 660 nm. This novel two-dimensional transi-
tion metal dichalcogenides with high modulation efficiency have a great prospect in the application of
THz technology.
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Fig.1 The Raman spectrum of monolayer WS,-Si
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Fig.2 The photoluminescence spectrum of mono-
layer WS,-Si
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Fig.3 The schematic diagram of the experiment
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ferent pumping powers when the wavelength of pump light is
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Fig. 5 Transmittance of different samples under different
pumping powers when the wavelength of pump light is 532
nm. (a) sample 1, (b) sample 2, (c) transmittance of
sample 1 and 2 with the pumping power 117 mW
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IR 660 nm (R YE A IR BEAF. St
660 nm FIH AR N FYOE T RER N 1.88 eV, KN
532 nm ZEIHCAH N G FRE= M 2. 33 eV, iE i
B4 1. 12 eV. AR¥G 1 oA b iR 1 BRIT A 2 0K
B HLIN , TR R BB TR RE SR E] Y BRIE LR IE
HTFRET W, 8(AE - ho) (Hirb W, A ALERT AR
M0, ho NAMNIZEMDERDE T AER ,AE =E, - E,



5 1 I 26 < 3T 8 2 B S5 R A BT 28R B 5 659

BRITFRE2E) . MAMINZEHOG AL T RE & ho BIER
TERIEREHR 2 AE = E, - E, B, &4 FIRE AL
R, PR A BRI TR . AL, FE S N 2R
TG, BT 2 A AE M TR . PR
660 nm [FIHGIE TR & LI N 532 nm (95
GG T RE R INEZEE Si A BRI 1,12 eV,
A 660 nm B ST G A S WS,-Si B, BT
B WS, 3% i 2R 5, I8 3 96% , KR4 T
JeexiEt WS, ARSI Si i, Si iy 1 & AL LT K
LR, P2 A R T 22 , 18 T V81 R R

1.2 1.6 ! 1.2 1.6
Frequency/THz Frequency/THz

(a)

30 60 90 120 30 60
laser power/mW

laser power/mW
(©) (d)

7 BRI 660 nm , A [RIBE i 78 AS IR G 5 o 3
T EIRHIAIE. (a) Bedn 1, (D) B4 2, (¢) Bl 0. 403 THz
ARSI, (d) ARIDCRBOL T BIREA 2 5998 hi R
Fig. 7 Modulation depth of different samples under different
pumping powers when the wavelength of pump light is 660 nm.
(a) sample 1,(b) sample 2, (c¢) modulation depth of samples at
0.403 THz, (d) modulation depth of sample 2 under different
pump wavelengths

R T 2L BB 660 nm R Ry ST G &
FEARTRTRIBOR L, T3 WS, W R T R il 4
Wk 8 s, T WS, WA JEE HA 0. 65 nm, A
REELAZ I Hh B A 2 o R, DY i 2 SRRl i A
Si Al WS, -Si K fiy ) 125 i 350 R . 18] 8 Al
I AEBA AR T, WS, IR Y 5 i Rk 5
96% . MO F Ny 11T mW I, WS, B i i 598
N R AEAMOCAVEHTT WS,-Si B bl FEAS IR
Si AR BB T2 , AT N JC Ik 25 BRI 22 ik AR
YRR T VR BRI WS, 37 i ey > — 3 432 A
WS, AT Si A 2 R BEGR T, 75—
2 WS, B St n] DA VR R 800 1 fi &l 8 1]
AR HE T 532 nm BYFHDE, 76 H] 660 nm Y
FAMCHUAT WS, WA 78 i A R, P et —
AU FA I R 660 nm A ST GIOR FE AL B FE

an R RO T 22, g AR I, PR R A
T, VA HISOR B

H1 R S5 n] RIS, £E A R R LR WS, 3
JEER, Si APRRITREEAR /. S BRAG WS, R K AE
Si RIS, 76 R AR DR, A SR 2L Si
FARZ. S350 AEMRIAEH DR T A DR KT 50
mW Bﬂ‘,ﬁﬁﬂﬁﬁﬁ{ﬁiﬁﬂﬂ 660 nm ﬂ] 532 nm E‘J?ﬂ%fﬁj\lﬁ
Xt WS, -Si it THz §41 i SE 58, (8 T 1 660 nm
(18 R T DI EL A S G F) 8 A 0N [ A o S B 45 R AT
i, Bl WS, -Sapphire X THz J A AT P R0

1.0 T T T
08 /Jf//
=
S 0.6f 1
5]
g
=]
s 04
H
02t —0mW )
’ —117 mW(532 nm)
— 117 mW(660 nm)
0 0.4 0.8 1.2 1.6
Frequency/THz

8 W WS, AR
Fig. 8 Transmittance of WS, film

3 i

AT R WS,-Si XF THz i8] AL, B e
THE—F H R TR, 250 I8 SRR S A
1 TR R, S 350RE b RE B T A 1) 1 PR 2R
A EG N, SE S 2R T AR A G 0. A LA IS SiL 7R
WG St AR LR WS, AOFE S 2RISR S 58 2
(1Y THz 3§ , THz i 1385 56 Z8 25 AR, 1T 5 X THe
PRI PE S 2R WS, A H A 0. 65 nm
JE TGk BBl TDS I3 H 38 1 ek, R 3
TINZWZ AT AT, L2 WS, RIS IS Si
BB, 5300 o BT AR i WS,-Si FITEE i Si iy
S BT. 0 A i N R G R, BE Sy WS,-Si Al
FEdh St YIS R BOEE A AR [R]. FRATAE A K R 660
nm ZEIH G AT IR, YLD 117 mW B,
FE il WS, -Si FIRE it Si BRI R E N 9 7. FEAR
Fh 0.403 THz B, £ 50 Si i R B 14. 7
em ™ RESL WS,-Si B R 41.9 em ™', Si |
KT —2 WS, 25, WIS R BIE T 1.85 £,
T AR 3080 ) % 1) A W48 o

t ¥ B 0 T % THz 3 (9 1% 005 B0 THe
P, B 2R T AR A e AEFRATT S



660 i 5 2 K P i 38 %

Korh & B WS, -Sapphire K i % THz i 384 94 il 2%
IS, i Sapphire JE2 S, AN GE )™ A 300 1, L
TEZHCHIVE T 502 B WS, R AN BE 7 A 22
8 BB 5 S B THz PR Hy T4 it
FEdl WS,-Si AEETAHE A, KA iy 12 A S
HE AR TR FIAR B 26 0E R B AL WS,-Si i
TR RE BT KT Si, Bl Si B AR K EZ Y WS, i
25 B AT L™ AR 2 A O T, R
WS, RS AT LA e 5 — Fh AL R PR AL St bR
KEPJZH WS, W2 )5, WS, 5 Si Z [EE 5 i
45, HAMDOCIT BIRE dh L, 4 R 2R 17 St Y
FI A, T WS, A BB T B A b Si AR
MBI TR EK T B T S i R AR 7
JRESAE A CAE 5 5 A5 AL A I ] gl B — 48 BT
Z (GBS A R, M AR B 22 (0 280 1, A
It WS L2 — R HEAL IR B VR T, al LAFE Si (4 1 5
R Z AR AN, IR R
YRR, A5 RS A O e L 37, 20t L 7 s
TS AT, Pl 0L 1 R R i AT AE B I
() T — 2 2 R R T A

pumping power: 117 mW

=
1S
B
5]
2
8
<

0.8 1.0
Frequency/THz

K9 [Al—JeA PR Si Al WS,-Si (i il 5 8
Fig.9 Absorption Coefficient of Si and WS,-Si un-
der same pumping power

4 IBipIERY

FHE Si EAE R BRZ A WS, HEEE, by T2 Y
WS, BZSHFIER R 1 A0 s 4 B S5 A AR AR, FRATT AT
DAELRZ 1 WS, MR B2 (0 £1 BT B
(o) T FRER

t(w)= : , (3)

14N o1+ 0y,

&y

X, N=0.8 2 WS, WA FHUZEG 60 Fl e 70
Sl A RS ) A o RO RS 5 s e, R D IR 4T
SPRZSHT Ll ik TDS M ok s o SR Y
HL R, L AT L i P AR T Ok, R
'
ne’ 1
7= m Ut - iw

A m” A EGR TR B R, m T =0.53
PRI 7 =0.17 x 1077 s 2 [ R 71
TR ] s o0 J2 ASHBAOARIAS s n o A R 00 1 10 ik
JE. DA 20 (3) RN (4) A5 1, 4 i )28 5 38 T
DUIE it BRI T RO Sl AR T LAY 2
JCHETH DI A, FE i WS, -Si Y F 00 7
S, DT B S 3R 5E Hn, %F THz ¢ 4 IR AT . 185 .
FEEA A R AN 10 firs , B F i 808 7 1k
AR I, A5 X THZ JB¢ A4 WAL o, 28 55 380k /L, 4]
R TR, e A5 R AN SR A5 RARAT

(4)

: me’me

=
1S
‘n
2
g
@
g
<

1.8x10"7 cm?

5.0x10"7 cm

1.5x10'%cm
06 08 10 1.2 1.4

Frequency/THz

B 10 K5 WS,-Si ZEARTE A 80 T E T W
FA%

Fig. 10 Transmittance of the sample WS,-Si under
different free carrier concentrations

5 &ig

R R T FERIE Si BAER M RE
WS, MERESZEL T X THz % A S0 . % e s g 2%
LB, HH 660 nm G R, 78 ZE W U RN
117 mW 5 OLT , I GIRE IR R T 63.6% 8T
S D3R 4R 532 nm 238 0O B9 98 )RR, it
AN TERSEIREH AT, 3T WS,-Si KR 5 14 18 il I8
JERATIS Si PR H a8 MRG0 2. 27 £%. & Ja, 34T
A 3l S R A3 A UE B, THz 8 ] 25 A% 3981 1 28007
FFORUEFHE S N i 20T THz (I, 22
HEHUR M) A MR T2, A B 30% 7% THz J%



5 1 R AN 205 T 2 A Y A 2 9 25 0 5 661

(IR AT RSS2 S SIS 22, JHL ) R P AU S B DAy o 2L
o, 7 St _EAR R LR WS, i, 2 7e Ak JE
SR IRES 5 ZRE AR T, 3 B S5 5t 45 Al LA
WS, 15 Si B2 AL 5 22 B 3301, DT 18 34 il
DRI NI, e B 42 WS, i AR R DL 3k
ZFR X THz PRI G RCRAR & , HAR WS, R
IR EEACAT 0. 65 nm , i FEE I, (i HAE THz 3 i £
AT AR (4 98

References

[1]Rahm M, LI Jiu-Sheng, Padilla W L. THz Wave Modula-
tors; A Brief Review on Different Modulation Techniques
[J]. Journal of Infrared Millimeter and Terahertz Waves,
2013, 34(1).1-27.

[2 ]SHI Zhong-Wei, CAO Xing-Xing, WEN Qi-Ye, et al. Ter-
ahertz Modulators Based on Silicon Nanotip Array[J]. Ad-
vanced Optical Materials, 2018, 6(2) .8.

[3]CHEN Hou-Tong, Padilla W J, Zide ] M O, et al. Active
terahertz metamaterial devices [ J ]. Nature, 2006, 444
(7119) : 597 - 600.

[4]Novoselov K S, Geim A K, Morozov S V, et al. Electric
field effect in atomically thin carbon films [ J]. science,
2004, 306(5696) ; 666 —669.

[5]ZHAO Huan, GUO Qiu-Shi, XIA Feng-Nian, et al. Two-
dimensional materials for nanophotonics application [ J ].
Nanophotonics, 2015, 128 —142.

[6]CAO Ya-Peng, GAN Sheng, GENG Zhao-Xin, et al. Opti-
cally tuned terahertz modulator based on annealed multilayer
MoS, [ J]. Scientific reports, 2016, 6:22899.

[7]LIU Xin, ZHANG Bo, WANG Guo-Cui, et al. Active tera-
hertz wave modulator based on molybdenum disulfide[ J].
Optical Materials, 2017, 73, 718 —722.

[ 8]Strait J P, Nene H, WANG Hai-Ning, et al. Carrier relaxa-
tion dynamics in MoS, measured by optical/THz pump-

probe spectroscopy [ C]. CLEO: QELS_Fundamental Sci-
ence. 2013.

[9]CHEN Sai, FAN Fei, MIAO Yin-Ping, et al. Ultrasensitive
terahertz modulation by silicon-grown MoS, nanosheets|[ J ].
Nanoscale , 2016, 8(8) : 4713 —4719.

[ 10 ]ZENG Hua-Ling, LIU Gui-Bin, DAI Jun-Feng, et al. Op-
tical signature of symmetry variations and spin-valley cou-
pling in atomically thin tungsten dichalcogenides[ J]. Sci-
entific reports, 2013, 3. 1608.

[11]Sliney H E. solid lubricant materials for high-temperatures-
a review[ J |. Tribology International, 1982, 15(5) : 303
-315.

[12]Braga D, Lezama I G, Berger H, et al. Quantitative De-
termination of the Band Gap of WS2 with Ambipolar lonic
Liquid-Gated Transistors [ J |. Nano Letters, 2012, 12
(10): 5218 —5223.

[13]Georgiou T, Jalil R, Belle B D, et al. Vertical field-effect
transistor based on graphene-WS2 heterostructures for flexi-
ble and transparent electronics [ J]. Nature Nanotechnolo-
gy, 2013, 8(2) :100 — 103.

[ 14 ] Berkdemir A, Gutiérrez H R, Botello-Méndez A R, et al.
Identification of individual and few layers of WS, using Ra-
man Spectroscopy|[ J|. Scientific reports, 2013, 3.1755.

[15]Gaur A P S, Sahoo S, Scott J F , et al. Electron-Phonon
Interaction and Double-Resonance Raman Studies in Mono-
layer WS, [ J]. Journal of Physical Chemistry C, 2015,
119(9) : 5146 —5151.

[16]McCreary K M, Hanbicki A T, Singh S, et al. The effect
of preparation conditions on Raman and photoluminescence
of monolayer WS, [ J]. Scientific reports, 2016, 6. 35154.

[17 ]Kozawa D, Kumar R, Carvalho A, et al. Photocarrier re-
laxation pathway in two-dimensional semiconducting transi-

tion metal dichalcogenides [ J]. Nature communications,
2014, 5. 4543.

[18 ]WEN Qi-Ye, TIAN Wei, MAO Qi, et al. Graphene based
all-optical spatial terahertz modulator [ J ]. Scientific re-
ports, 2014, 4.7409.





