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NIR-driven large modulation depth terahertz modulator based on
silver/carbon nanoparticles
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Abstract: Near-infrared light-driven terahertz modulators are an important component in terahertz/infrared fiber-optic
hybrid communication systems. Here, a near-infrared driven terahertz modulator based on silver nanoparticles/carbon
quantum dots (Ag NPs/CDs) is proposed. Experimental results show that the combination of silver nanoparticles (Ag
NPs) and carbon quantum dots (CDs) induces quantum size effect and dielectric confinement effect of nanoparticles,
and the absorption of NIR light by silicon substrate can be enhanced by using Ag NPs/CDs to achieve NIR-driven tera-
hertz wave modulation. The terahertz transmission characteristics of the sample were characterized in the range of 0. 22-
0. 33 THz with the 808 nm NIR modulation excitation source, and the modulation depth of the Ag NPs/CDs NIR tera-
hertz modulator could reach about 83% compared with the reference silicon substrate, which was significantly higher
than the modulation depth of the reference silicon substrate (~54%) , realizing the terahertz wave modulation with large
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modulation depth. This research work has important applications in terahertz/infrared fiber hybrid communication sys-

tems.

Key words: terahertz, nanoparticles, terahertz modulator, near-infrared light modulation, surface plasmon resonance

51

T

AR, L T e AV AL S AR G =2 1] 1 R 2%
W, PR (9 5 B 1 2 R R AR T, A
IR B 22 4 AR R ARG R I 23 15 55 ek
BT T BRI ke N BT R R 2%
FRGUrR, A 2% A i e T T T IR ORORR 24 AT
BEAREPE o SRR , Aot B AR R IR
R 2 AR IR B RS AR T 5
Tl R L S A LE , DG R A S AR | AR BRI A
TSR, DR I Rk 2% 3 i 5 5 PH Gl
i PO ISR S AR R T ARG AR R
T, G ADRL LA AR R 2% I A 15 S R A
B G A A B 2 B AT S5 B X O R 2% 5 4 9
i AR Sy R 2% ke Bk ) B AR, TR R
ZZT P AR T N (R SRR A
oW i s, AR MEBRAR B i (0 IR A R, X — o
R 249 ik B R A 2% Vi s O P RE

DRy TS TR JER 19 G AL, R R KA 2% 14 il
FOPERE , X BT RERE BT i B T R R, 9K A
HHA g FEA R 9 ST 208 R T B s R SO I
W B BRAERDRL S IR , B T 4 JE 4R Y
P 8 TIZ O . A, Wen 5F A R T AR
T AuBRIE 9K ATURL T Au 40 KA 14 ik 5 IR 2% ] 1
o o T Au QKR T 1Y SR A B AR ARG
KR 7 AR JRy R Sy 4 5 S BN DR 2% I A T
Zhou % Nl 142 8 40 K HE (GNRs) 5 ik FE A1 RL AR
B, B TR LI HITERE . Yu SN S i R AR
28 14 A5 B 1 PR B AR, AR OO B T AR
Ty WL LHAEAE PV A FIGE 22 8] f) S5 o 45 g v 34
5T ORR 2% B A e IR o SR T A% G <5 T A K R
A SO 3 B A P A Al WL L, LR AT [T
IO VS IRAW/EC PN F R A= SN EEN S WE S
Ko Lai 558 N5 2 UGEAUE BOR RS Ag NPs 52
BT AT LT A B ) R 2% A A L (R g 2 A
AN SEBRRL o T v AR AL G 5 T 9 R BORL il
F IR T LL AN 2 , WM [ A 45 1 20 kA
SR LL A B BI A A &4 8 il i 14 LA L R AL
B I A 8 DA AL A 2 9 il 8 11 0F 5 Ak A5

B i 5 (CDs) 1A HL 8505 4 90 K TR A
R, X i1 CDs A L 5 el RE , 742
BAZ EG IR AR DR R
RE AR fF " 2 N T RS R . AR
T I TR N K ORI/ T 5 (Ag NPs/CDs ) 3T
ZLAMNIR Bl ) R 2% I il 4 o B S RF CDs 5 Ag NPs
LSS 7154535 Ag NPs/CDs Z5H , 278 1 4 Kk
TRA A LIRS, 153 Ag NPs/CDs 7ET £ 4M ik Bt
AT T EAF IR . Ag NPs/CDs 93T 21 Zh 3K
Bl 1) R 2% 8 il f AN UER B T Ag NPs fL 5 1O
FB0, XOAT LS ERAE T 21 A0 i B R 2% R 1 TR
It BLA ] A T R Ao

1 SLIgHHA

SR e M 3 mg K I MR I B 1 5 (CDs) , i
F 1 ml 25 B TR 8 CDs e 00 TP 15
min, 1$3] CDs ¥ . 1 mg AHFRAR (AgNO,) % T 1 ml
FE TR 45 AgNOJJERUMA CDs VM, 2 il T
Pk 15 min, 78 254 nm B HME RS 15 min T #4558
RN BORL/B it 25 (Ag NPs/CDs) HIR IR IR .
PO VERE R IR A ORI BTG b
SR HUE A U 1 Ag NPs/CDs VW TR R T A
AL X, 55 CIMRE IR R Z8 &, Hil #8153 Ag
NPs/CDs T ZLANK B 1 A 24 8 il 2

O i 5% 82 1 81 1) ST 6 SR T O T 4 4 BT A
(VNA) (Keysight Technologies, Inc. ,
CA, USA) FI & 2 K P WA (Virginia Diodes,
Inc. Charlottesville, VA, USA) ,{#i F 808 nm I K f%
UL LLANEOCAAE T SN R IR . 45 275 ik ik 7 A
B K FIURL/lk - 58 (Ag NPs/CDs ) i 21 403K B 11
R 2 Vel 5 2 ) TR e b RS TR OGRS
A RIEARI 3T %A A B R 2% i 55 9 i 14
RERI -

2 ZER51RR

2.1 SRGUKFANL/FREF = (Ag NPs/CDs)HI R AE

h T RFE Ag NPs/CDs FI L5 R , X 48 410 I8
N & B Ag NPs/CDs #E 47 T 3% 5 B+ 5 33 85
(TEM) EAE, [ 1(a) B8 T Ag NPs/CDs ) = 4 45
P B e BT AR 0 4 TR A KRN Ag

Santa Rosa,



478 AN/ RSO S g o 2%

NPs, JK {6, /NFORL 7 CDs, CDs &4 7E Ag NPs 2 [fi &
T Ag NPs/CDs 4514 . Ag NPs/CDs 43 4 1% & B9
TEM FAEANE] 1(c) iz, U5 1 Ag NPs/CDs Fif (1)
RF RN AY 3wk AT, B b R Uk R R Ag
NPs, H:H /N0 & CDs , R U SR AT T CDs A< B
TE Ag NPs 1 , L [F]JE i Ag NPs/CDs. [&] 1(b) il
()2 T Ag NPs/CDs BURL R AR 3 A 0 14 1
(b) A Ag NPs BRLAR A A T 00, 1€ 1(d) Ay CDs B R
B AitE i, WGe it Hhn] LUE 3 CDs 17 Bk 4%
4 2. 65 nm; Ag NPs 200042 4 14. 26 nm, iX 15
Z: 2 SCHR A IR B Bk e 5 AR K URE R AR
RGEEARL PR AR 43 A #3443 51l Xof g ] e &1
LR, CDs il Ag NPs B RE AR 50 A AR G s A7 5 1
ER A, X Ag NPs/CDs YR AE , BIHi T Ag
NPs/CDs [ JLaT 4544 , B CDs B 7E Ag NPs
T, P LA B Ag NPs/CDs 2544
2.2 RYPEKRBMA/AREFRHKIE S TMBIHSE
R

J T b B R Ag NPs/CDs 15 VT 2T A B (1)
JEM IR G , FRATIAE 58 1 AT UL A 6 B (UV-

¥ R, 5
'..';.'O.o.. S
W Pl < L“';“‘A..‘

® -

)}

v

Frequency/%

=)

i

Vis) Xf CDs 5 . Ag NPs 7 Fil Ag NPs/CDs ¥ 1
WIS T Y R R AT 1T FE IR, &5 SR an &) 2 (a) fir
TRo BT E £ 54k ol CDs (19 UV-Vis WGBTS, 7T
DL 2] CDs (WO 5 ZAE H e 342 nm FfHIT, 24
A KA 7 450 nm A9 # IR P B, CDs X% )
W SILT- 7] DL 2 AN 5 Ag NPs FI0RE I S 1% 1
L0 SR BTN 7 808 nm ITZTAMEIIIR M H A 0. 01
47 5 Ag NPs/CDs (9 UV-Vis WIS 63 dn 2T (5, 52 48
i , B HA] 1 Ag NPs/CDs WSO8 TL-F-4 &
T SR LT ARG ], AR KA
T 850 nm &b, A HE & A T CDs Fll Ag NPs, Ag
NPs/CDs #l A 5 58 i WSO 155 [, B Ag NPs/CDs
FEIT LT A0 B A B AR BRI RCR . E12(b)
AH W 0 R B R 2 CDs W, A7 K Ag
NPs/CDs IE % , 7] LA 2| CDs I W U RVR J5 18 W
v (AR R IR £

BEAN, R T B G M B Ag NPs/CDs 4544 Xt fifi ik
JEEW g sZ A, i A BR OG22 432 (FDTD ) Xf
B 20 K UK /3 T 05, (Ag NPs/CDs ) 3T £ 40 3R 51 /1
KBR2E PR H 25 HEAT THL, Bl 2(c) /R T Ag NPs/

4 []Ag NPs

20-’/-]

[’ il =y

l'_"‘l_

4 8 12 16 20 24 28
Particle Size/nm

(b)

Frequency/%

50

[ 1CDs

Ag 40 - A
30t |

20 +

e 0 1 2 3 4 5
5 nm Particle Size/nm

o (®)

K1 (a)ZAMEIETR A Ag NPs/CDs i) = 4ER 8 | (b) Ag NPs £ K ki ) 1 k242 70 4 14, (¢) Ag NPs/CDs ) TEM [, (d)

CDs 2 KRR 137 (K742 53 A7 [&]
Fig. 1

(a) Three-dimensional model for the synthesis of Ag NPs/CDs under UV illumination, (b) particle size distribution map

corresponding to Ag NPs nanoparticles, (c¢) TEM map of Ag NPs/CDs, (d) particle size distribution map corresponding to CDs

nanoparticles
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depth of terahertz pulses through a reference silicon substrate

(a) Normalized transmittance and (b) modulation

and Ag NPs/CDs modulator under different power laser irradia-

tions
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