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Fig. 1. Manufacture and characterization of the PGrGAN@MS. (a) Manufacture process: (i) PI film is spin-coated on the quartz
glass substrate; (ii) preparation of an EIT-like metasurface sample; (iii) PI film is spin-coated atop metasurface; (iv) graphene was
transferred onto the PI film; (v) graphene was patterned into a fishing net structure with round holes; (vi) sputtering cylindrical
GaN. (b), (¢) Schematic of graphene samples under the optical pump or bias voltages and THz probe illumination. (d) 1.5 cm x
1.5 cm PGrGAN@MS sample. (e) Optical microscope images of lattice. (f) Unit cell. The corresponding parameters were: a = j =
135 pm, d = 13 pm, ¢ = p = 90 pm, k¥ = 103 pm, f= h = 63 pm, ¢ = 39 mm, w = 31 mm. (g) Optical microscope images of the
sample. (h), (i) Optical micrograph of the patterned structure of round-hole graphene. (j) Raman spectrum of monolayer graphene
on quartz substrate measured by 514 nm laser.
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Fig. 2. Experimental photoelectric equipment: (a) THz-TDs

system; (b) power supply and laser controller at room tem-

perature.

R R TS 1 A BB R A Jm I, ri i
N g4 = 3.56 x 107 S-m*; PIE NI, /i
HH e H5IEVIBFE tand 23518 3.4 5 0.05; Ak
BRI R B 9; A S50 I FL R FH 2R L)
Drude fERIFER 201

iD
o(w) = Tt il) (1)
Hrp D RIS MERE, IR TR B2 a
BIRIEE R E N 1 nm. BHRATLIFRR N
2
@)= |5 2

Hrf E(w) 1 E(w) 73 B2 FE 5 RS2 19 K6 2%
I e bR A R 2 46 I 7 R % L 3
J34h, 28 EIT M3 M AT DUE o #8 G1s P ik

Uit BB HEA TR IR AR T S AR
ISR A Z (B 3 T4, HA G o il

# + @y +wpzy + ke = B,

iy +yada 4 (wo +0) e+ k1 = E,  (3)
o, @y, @y, vy 5 v 23 ARSI M R I A
UHHFE; 6 Ak R A iRz 4 (6<
V) ZIE ARG R T HIRE G R EG B ST
Y. @R (3) 2, IR w - wy<< wy IEHLT
AR

X = Xe Fixi
(o.)—o.)o—é)—i-iE
o . 2 e @
(w—wo—i-i?l)(w—wo—d—i-ié)—x

M T REE IR IR A S x B FRNIE HE, it
ekl LIS

Txl-xi=1-gx. (5)

AT E L, REALR ;1R85 AE 45 2 Bl IE

b, LB 3 T = 1-gx;, Hrh g KRty

AR AR, (5) :NAEHIE L T#l528 EIT
HERMBES T.

3 #RE5ith
3.1 {FEZERS5H

S} T WF5E PGrGAN@MS ¥4 il 2% i 98 I HL ik
Sy BIE LA AN T PGrGAN@MS i
BB, 0 3(d) B, S2E S5 E. A
45 R HA B — B0, SN 22 5T I T
i P1 548 20 s iR iik2s, e RS
PE AR IE R AR R (45 FE. DAL 3(d) B SRR
ATLAR B, 75 0.63 THz L HE S F KT 60%.
XA E B G B PGrGAN@MS #8 1
A REAEAEZR EIT MBS 200, T i — 2P
fEe BIT SE4R Y FIHLIE, 4> BB IE R TN
e (NSZ) M3 517K (WPX) B3 i
Yo B, WK 3(a) 1K 3(b) FrR. B3 80 Ai

Transmission

0.2

0j4 0:6 0:8 110
Frequency/THz

K3 (a), (b) 7E NSZ Fl WPX f JL4R 45 R 4db e 37 98 i
Aiis (c) £ 0.63 THz AR MR T EIT #2809 e 4758 5 40 i ;
(d) FZ5 . SIS B E 133 SOt IE

Fig. 3. (a), (b) Electric field intensity distribution at the
resonance frequency of NSZ and WPX; (c) electric field in-
tensity distribution of the EIT mode at the resonance fre-
quency of 0.63 THz; (d) experimental, simulated and the-
ory fitted transmission spectra.
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Fig. 4. (a) Measured transmission amplitude spectra of the PGrGAN@MS sample under different optical flux (F,,) excitations;

(b) modulation depth of the PGrGAN@MS sample under different F,, excitations from panel (a); (c) phase difference between the

PGrGAN@MS sample with and without F,, excitations, inset: excitation approach; (d) fitted phase difference slopes on F,, excita-

tions extracted from panel (c).
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Fig. 5. (a) Measured transmission amplitude spectra of the PGrGAN@MS sample under different V}, excitations; (b) modulation
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from panel (c).
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Terahertz dynamic multidimensional modulation at
Dirac point based on patterned graphene/gallium
nitride hybridized with metasurfaces”
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Abstract

The development of terahertz (THz) technology is creating a demand for devices that can modulate THz
beams. Here, we propose a novel THz modulator based on patterned graphene/gallium nitride Schottky diodes
hybridized with metasurfaces. Ultrasensitive dynamic multidimensional THz modulation is achieved by
changing the Schottky barrier of the heterojunction, shifting the Fermi level between the Dirac point, changing
the conduction band and the valence of graphene via continuous-wave optical illumination or bias voltages.
When the Fermi level is close to the Dirac point, the modulation is ultrasensitive to the external stimuli.
Applying an optical power of 4.9-162.4 mW /cm? or a bias voltage of 0.5-7.0 V, the modulation depth initially
increases, then decreases, and the phase difference linearly increases, therein the maximum modulation depth is
90%, and the maximum phase difference is 189°. In short, the proposed THz modulator has potential

application in ultra-sensitive optical devices.
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