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Abstract Terahertz (THz) technology has broad prospect in the fields of next-generation mobile communications, radar
imaging, material identification, atmospheric remote sensing, radio astronomy, etc. Among them, regulating devices that
can actively manipulate the amplitude, frequency, and phase of THz waves have become one of the core components for
the actual applications. Spatial terahertz modulator (STM), as a special representative of spatial wavefront control
devices, has shown important applications in beam steering, beam scanning, beam forming, and even phase arrayed
technology. This paper summarizes and analyzes the state-of-the-art of electronically controlled STM and optically
controlled STM in recent years, with an emphasis on the semiconductor based all-optical STM because of its simple
manufacture and low cost. This paper detailedly summarizes the modulation mechanism and simulation model of this kind
of all-optical STM, systematically overviews the functional devices based on all-optical STM as well as the corresponding
recent advances in THz imaging, discusses the technique limits of current STMs, and then introduces several new device
architectures that have been proposed to enhance the modulation efficiency, reduce the device insertion loss, improve the
laser utilization, increase the modulation speed, and so on. Finally, the development trend of optically controlled STMs is
discussed.
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Table 1 Summary of the structure and parameters of electrically controlled STM

) ] Pixel size / ) Modulation
Pixel unit Pixel array Frequency /THz Voltage /V . ef.
(mm X mm) parameter (effciency)
Subwavelength split-resonant ring Amplitude
4 X4 4X4 0. 36 14 [13]
(SRR) array (35%-50%)
2.72,3.27, .
2X 2 subarray of MM A-based array 1.2X1.2 4X4 3 81.4.34 26.5 Amplitude (62%)  [11]
Single-atom graphene layer 0.7X0.7 44 0.57-0.63 —10,40  Amplitude (~50%) [14]
MMA array with LC 0.48X0. 466 6X6 3.67 15 Amplitude (75%)  [10]
. Amplitude B
Graphene supercapacitor 1x1 5X5 0.1-1.5 2 (62% +5%) [15]
Sandwich structure of VO,/sapphire/VO, 44 2X2 0.13-0.90 — Amplitude (96%)  [16]
Metamaterials based lanar a f
clamatenials based on planar aray o 1%1.3 2% 2 ~0.45 1 Amplitude/36%  [17]
electric LC resonators
Graphene 30X 50 1X10 1.1 —3 Phase(x/2) [18]
Metasurface based on graphene array 1X38 1X8 0.98 26,—44 Beam steering(25°)  [19]
Electromechanical reconfigurable .
o 0.98X2.08  4x6 0.97-2.28 37 Amplitude(50%)  [20]
micromirror array
Metal-insulator-metal (MIM) structure . )
) . 8.5X0. 34 3X8 0.67 40 Beam steering(32°) [21]
with LC
Graphene 4X4 16X 16 0.1-3.0 2 Amplitude(>70%) [22]
MMA with LC 2.33X2.33 8§ X8 0.47-0.45 10 Frequency(20 GHz) [23]
MIM with VO, 1.9%1.9 8% 8 0.42-0.48 — Amplitude(>65%) [24]
MMA with LC 0.46X0. 46 1X26 0.323 10 Phase(3x/4) [25]
Asymmetric SRR array with 1.C — 8X8 0.71 60 Amplitude(38.8%) [26]
Asymmetric SRR array with 1.C 0.64x15.36 1x24 0.426 10 Phase(r) [27]
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Fig. 2 Demonstration of several types of modulations with various photo-excited patterns
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Fig. 5 THz imaging based a single-pixel detector with optically controlled STM“". (a) Typical schematic of imaging system;

(b) THz imaging result
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Table 2 Performance comparison of all-optical Si-based STM based on heterostructure

Heterogeneous film Bandwidth /THz Modulation depth /% Modultion speed or response time Ref.
CH,NH,PbBr, 0.2-2.0 80 80 kHz [88]
MEH-PPV 0.2-2.6 99.5 2.56 ms [94]
Graphene 0.8-1.4 92.7 0.2s [96]
WS, 0.2-1.6 94.8 ~3kHz [103]
MoTe, 0.3-2.0 99.9 26.2 ms [104]
h-BN 0.2-1.6 63 0.3s [109]
AuNPs 0.15-1.0 70 0.41 ms [71]
AuNPs 0.2-1.2 80 3.8kHz [110]
AuNRs 0.2-1.2 69 4.6 kHz [110]
AuNRs@PVA 0.2-1.1 80 3 kHz [111]
Fe,0, NPs 0.2-2.6 92 ~12 kHz [112]
DAST 0.23-0.35 53 1.26 MHz [84]
CsPbBr, 0.23-0.35 45.5 2.5 MHz [90]
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Fig. 6 Theoretical investigation on all-optical Si-based STM"". (a) Theoretical model; (b) modulation depth variation curve with Si

thickness; (¢) modulation depth variation curve with pump laser wavelength; (d) modulation depth variation curve with laser

reflectivity; (e) modulation depth variation curve with carrier lifetime
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Fig. 7 All-optical THz modulator based on SiNT-Si"*". (a) Scanning electron microscope (SEM) results of SiNT; (b) test results of
laser reflectivity; (c) schematic of all-optical THz modulator based on SiNT-Si; (d) THz time-domain spectra; (d) modulation

depth variation curves with laser power
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Fig. 8 All-optical THz modulator based on MPA-Si"*”. (a)(b) SEM results and schematic of all-optical THz modulator based on

MPA-Si; (c) results of laser reflection measurement; (d) comparison results of modulation depth obtained with different laser

wavelengths

7 —2F F RO 22 R ) ESh AR YR T 2000, Wm0 B T A7 A 5 B B0 T 00 e B, AR T Rk
ZIB AR I SIO MR AT A AL TPASF TR, fF 5 KB g B

TPA-SI 8 W+ A % 7% fm 42 % 1 3%, I & A5 fek AR D [ 42405 B~ AR R T AR B 300 1 75 4
0.53 W/cm? 5 B R #WOCAE T SCBL 910 ma il R LR Dy JL A ps B ms 4, LA 47
WM SIEMPA BT & OGN REEMR T —F . B T IBURBR 2% e e 80 il SR T, 40 g 1 A9 3800 1
TPA & BEA FREL TR R B, R BR 22 D AE 250 7 i 30 RG0S ek 2 ) o i T 52 0 304 o) e 2 R o
A SRV AR R AN 0 T — AN ECRIT AR AL, fE T kHz AN . 2T SIN, BLUZ A SIN,/SIO, & )=
HAT R AR B Ay PR, XA A 20 P ORI Bl A At R ORObE 25 IR i A T R R Sl
B WYY R 2% B EROCR . R WL, i Si- BRI IR & B A R i = R e 2 e R
TPA BARABOL IR EWRE T = ARG RCR L E RN — D EEER . R SIN, AR A SIN,/SIO, &
R B4 % AF FA A, AR HOE T 5T DMD By R R0 F5 89 3R 1w B AL BE T 02 18 1A ) 4% R B R T H
1%, i HL 2 [R] 5 6 45 4 4 B 2 MESA S5 4 nl A7 2 el 25 0 7 3 J8E 50 1 407 BR SR i 17 JL kH 2 (19 30 25

1811007-11



£ 6055 18H1/2023 £ 9 B/BAENBEFZHE

( . Cleaned HR Si
(bare-Si prepared

as comparison)

(Si0.-Si obtained) pus

. Spinon
photoresist

. Pattern by
lithography

.EtchingofSiOz- S s e

6. Remove
photoresist and
hemical etching

-5i produced)

(f)

weeq ZHL

Modulated
THz beam

B9 HF TPA-SiAY 4t Kb 25 il 28 078 . () il 4 F A 5 (b) &1 SEM B 5 (o) i SEM [ 5 (d) 33 743 5% 75 iy 6 AE 25 21 5
(e) P I B MR 25 He 5 (0 3L T TPA-Si 84 6 K 2% U1 1] 25 45 F4 m 2 1
Fig. 9 All-optical THz modulator based on TPA-Si"*". (a) Preparation procedure; (b) SEM result of TPA-Si surface; (¢) SEM result
of TPA-Si cross section; (d) measured results of effective lifetime of carriers; (e) results of laser reflection measurement; (f)
schematic of all-optical THz modulator based on TPA-Si
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