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Fig. 1 Operation principle of photoconductive antenna emitter
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Fig. 2 Related works of PCA based on metal nano-metamaterials. (a) Schematic of PCA integrated with metal nano-

gratings and its THz spcctra“yﬂ ;

(c¢) schematic of PCA integrated with hexagonal

; (b) schematic of PCA integrated with Ag nano-islands and its THz spectra

metal nano-array and its THz time-domain signals

[98] |

[[99]

(d) schematic of PCA integrated with metal nano-gratings pumped by 1570 nm femtosecond light and its THz time-

domain signals

[102]
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Fig. 3 Related works of PCA based on metal nano-electrodes. (a) Schematic of PCA with interlaced structure and its THz

time-domain signals™'™ ; (b) schematic and operation principle of bowtie PCA based on metal nano-electrodes'™ ;

(c¢) schematic and pump electric field distribution of 3D nano-electrodes of PCA, and optical-terahertz conversion

efficiency of 3D PCA ™' ; (d) bias field distribution on nano-electrodes of H-type dipole antenna'"
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Fig. 4 Related works of PCA array based on metal nano-metamaterials. (a) Schematic and average radiated power spectra

of plasmonic PCA emitter array '*" ;

transmission/absorption characteristics
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Table 1 Performance comparison of PCA based on metal nano-metamaterials

Ref Pump Pump Bandwidth / Peak-to-peak THz power / THz power
el.
wavelength /nm  power /mW THz enhancement factor mW enhancement factor
[97] 800 60 0.10-1.10 - - 2.4
[98] 800 150 0.10-1.10 - - 2
[99] 785 10 0.10-2.00 - - 2.56
[102] 1570 25 0.10-2. 43 - - 10°
[116] 830 - 0.10-1. 80 41 - —
[117] 800 5 0.10-1. 50 - - 50
[118] 800 1.4 0.10-2.00 - 0.105 -
[119] 790 350 0.10-3. 00 - 0.17(SNG) /0. 24(NE) 23(SNG)/32. 9(NE)
[126] 800 320 0.10-2.00 - 1.9 -
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Fig. 5 Related works of photomixers based on metal nano-metamaterials. (a) Schematic and output intensity of CW THz

photomixer with interdigitated electrodes and tip-to-tip nano-gap electrodes™ ; (b) schematic and radiated THz

power of plasmonic photomixer™*”
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Fig. 6 Related works of PCA detectors based on dielectric nano-metamaterials. (a) Schematic and optical absorption spectra

of all-dielectric metamaterial enhanced PCA detectors™*"

; (b) SEM photo of PCA detectors with GaAs resonators,

simulated absorption, reflectivity, transmission of metasurfaces and absorption of 200 nm flat GaAs substrate for

800 nm incident light with polarization direction along GaAs resonator connection

a5
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BRI 2% B 1 L 4 AR . 2020 A, R HER 2
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L3l (a) Schematic of metamaterials-assisted PCA and unit

Fig. 7 PCA emitters based on dielectric nano-metamaterials
cells; (b) measured optical anti-reflectance effect of nanograting; (c¢) schematics of 4F THz time-domain
spectroscopy system and added reflective microscopic imaging system; (d) THz time-domain signals of
metamaterials-assisted PCA emitter and traditional PCA emitter; (e) THz power spectra of metamaterials-assisted
PCA emitter and traditional PCA emitter as well as power enhancement; (f) simulated bias electric field distributions

of flat GaAs (left) and nanograting (right)

AT BB I 7E O A B F B E T X B e O T B R A T X 48 AR AT
—BIF O N K G5 R 0T T DG R e R S S A [ XL B A BN KRR R L S R P RE S
IR HE O J T BT AR 4G TR R R AT 7RSS R 2 B .

# 2 ETATRAPKEH B G 3 R LM PERER L

Table 2 Performance comparison of PCA based on dielectric nano-metamaterials

Pump wavelength / Pump power / Bandwidth / Signal-to-noise THz power
Ref. .
nm mW THz radio enhancement factor
[141] 800 0.5 0.10-4. 00 10° -
[142] 800 0.1 0.10-1. 10 10° -
[143] 800 10.0 0. 05-1. 60 - 3.92
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Fig. 8 Related works of PCA integrated with metal micro-structures. (a) Micrographs of PCA transmitter with micron-

[144] |

SRR ; (b) measured THz amplitude spectrum radiated by emitter ; (¢) measured amplitude spectrum of THz

wave under both pumping and switching excitation and that under only pumping excitation with schematic of pump

light and switch pulse shown in illustration and solid and dashed lines indicating measured results under electric field

[144] |

with polarization of x and y, respectively ; (d) schematic of PCA detector with corrugated metal structure

(e) normalized amplitude spectra showing sensitivity enhancement relative to simple dipole antenna

S AP 8 (D) JT /i o B ) 4 A 114 3 THT 45 B OC Rk
O K A 80 R 2 ik e 30 4 g 2 T A% B 1 R
MR L b AR A v I R 8 AT A 38 58 X 8 2%
Pt AT A . I 8Ce) Bz, HI I 45 44y 4 3 ThT 45 B
THOTHAR AT R AR D R X 2 S R 2% B Y
A R R A

TEARATIX 28 N Psh iy ik Jg 2 ) ARG
TR AT FT AN T 2 i v A 9K 25 L T oK
FEFE RO 52 R T oF- . LR DA, XM 5 ik
MWn| TRk N, 2021 AR, REER A S
B IF IR R T 8 4 T o v A i e A 4 B R
MR ZE AR, TE NG — T A Y 3 A B AR AL 52
6 L R R b BIR S e, R AR A R IR
9Ca) I 7 o % T ARl i 7 3 17 % i 22 b %) PR 4 b
R SRRs R ARPXFR UL . A AL i 2k
(9 #f1 BE SR AR o SRR S — > 3¢ B 08 I A - B (e B 400 1
SERWARGF BB UE 1 X — WL, A L Tl AR
KEMIMIE) SRR [FHE BT 38 R - 84RG8 4R 450
AT LU i 2 SRR RS S 80k 0 75, & 9 (b)
JiR . (HBEABFIE KB, SRR 38 RE X 322 3 5 3 7= 2k
SR I R S BB B A BB AN RE MR REAY . X AP SRR

[145] |

[145]

AN BB R A 2% 28 177 568 S A0 R AT U, F R
SRR M5 A M B BE & 1 SCE T 48 ST T R 0 3 0
3 o AN [ R i 1 22 T R ERCSF 4 3k i ik R 4
SRATE T A R A SHE . A 9 (o) iR, is BT
HEERIE R, 55 % REHM I, SRR AU &R
SRR i AL 3 2, i HL BB K 2 W 21 A s
[i1] T 8T 18 O o 2% 5 1) 6 0O, A BT 9 (D T
XX 4k BT RO 0 328 4 1) R 2% Ik 1 K 2k ) R )
e TG R, T SRR SRR ) B9 T 5 40 K A
TH AR 52 SRR 5 2K 249 19 (8] B 8 455, A W) 3 3 1Y
SRR, H IR o 2% 451 1% v i) T 9 0 A AN O ) 40
LR N E 9 Ce) TR, 14 SRR 43 3 43 1
TE A% i 22 PR R S A0 B G A 38 R BEL X 7 g A e
XFE AN 9D ff s, Hoftl SRR A JL AR 2 80t % 45
WA B LD R, X R 7 AL R R
SRR #8458 KMk 2% I 1805 10 7 ik A 1 e i § R
RN e B ARG ST SRR T 1. 55 A%, R RE R UG
R 8 S R 2 D 1 S R AR L D MR & R
LRI R AR T B I g L BRAE AL R
A BURES F A1 o — Tl 1 5 Rk 2% % 5 1 O 02 TR
T E S AL 5 IR A IV A T T T RS R ok 1 5 A

1914004-10



F 485 £ 19 #1/2021 £ 10 A/HEEH®

(@) (b)

(

o
~

Radiated electric field(a.u.)

& = P
00 02 04 06 08 1.0 12 14

Frequency(THz)

B9 SERLA R MOK SRR MG SRLE .

©) ®
o d=40 pm)|
4 d=90 pm
= L
E Ly
' :
$ s 5t
Z d=140 pm g
E )
s E
E =
o
= . E
f d=190 pm| @ r
S ' <
e 5
-
L " s
» d=240 pm|

00 02 04 06 08 10 12 14 00 02 04 06 08 10 12 14

Frequency(THz) Frequency(THz)

() 2 SRR HYHE R 22 1Y 45 W) 78 78 8 5 (o) B (L L 278 Rk (Z2 RD FIE R

L AT EDAE 0. 54 THz b 1 1% By B 20 Kbk 25 3 03 4 5 (o) s A5 35 7 AR 25 4 1 - 35 K 2% 4R TR 5 5 (D R 2R 1) K
o 2% P B ST I 5 () B SRRs 5 R TTRY A1 BE o A2 Ak 8 K2k ) Rk 2% 4R IR 3% s (D) SRRs 3 78 A% 4 2k 9 / S s 14
R 25 450 B A W

Fig. 9 PCA integrated metal micro-SRR™® .

(a) Schematic of meta-antenna with SRRs; (b) simulated electrical field

distributions along coplanar lines of reference PCA (left) and meta-antenna (right) at 0.54 THz; (c) averaged THz

amplitude spectra with root mean square error bars;

(d) THz radiation process of meta-antenna; (e) THz

amplitude spectra of meta-antennas with various distances d between SRRs and gap; (f) measured amplitude

spectra of meta-antenna with SRRs inside/outside coplanar lines, respectively
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Fig. 10 PCA integrated with dielectric meta-lens™* . (a) Front view of all-dielectric meta-lens designed for photoconductive

10 B LA R A % 1 e i 3 Rk

antenna; (b) far-field radiation mode of meta-lens; (c¢) simulated electric field profile of THz wave (1 THz)

propagating through meta-lens
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Abstract

Significance As the cornerstone of terahertz technologies, terahertz radiation sources and detectors have attracted
lots of attention. The research on terahertz sources and detectors has run through the entire development of
terahertz technologies. In recent years, terahertz technologies have become more closely integrated with other
disciplines, which puts forward higher requirements on the sources and the detectors. As the most typical terahertz
transmitter and receiver, an photoconductive antennas (PCA) is widely used in laboratories and commercial terahertz
systems due to its low request on pump power and compatibility with fiber technologies. The current commercial
photoconductive antenna can meet the needs of spectral analysis of thin and low-absorption samples. However,
compared with those of solid-state terahertz sources, the power of a PCA is at least two orders of lower. While
compared with those of low-temperature thermal detectors, the sensitivity of a detection antennas is also
insufficient, not to mention its low-pass filtering effect that is adverse to the detection of high-frequency terahertz
waves. Thus, developing a high-performance PCA is an important issue to promote terahertz technologies.

Surprisingly, the emergence of metamaterials sheds light on the development of advanced PCAs. With the
extremely high degree of design freedom, metamaterials have become one of the mostly concerned artificial
electromagnetic media platforms. In the past 20 years, metamaterials have attracted many outstanding researchers
in electromagnetics, optics, acoustics, and thermodynamics. Numerous novel functions have been realized one after
another, such as negative refractive index, electromagnetic cloak, bounded state in the continuum, perfect
absorption, meta-lens, plasmon induced transparency, optical orbital angular momentum coupling, and optical
topological insulator. The unique properties of metamaterials can also be used to improve the performance of
photoconductive antennas. This review systematically introduces the research works of efficient photoconductive
antennas based on metal and dielectric metamaterials. The germination, development and broad application prospects
of metamaterial-assisted photoconductive antennas are elaborated. The novel methods based on metamaterials have
greatly promoted the development of photoconductive antennas and we hope this review could bring in more
researchers in this new direction.

Progress We have classified the reported metamaterial-assisted photoconductive antennas into two categories. The
first one is to enhance the interaction strength between the femtosecond laser pump and the substrate by using nano-
scale metal or dielectric metamaterials. Metamaterials can manipulate the amplitude, phase and polarization of an
electromagnetic wave with a high degree of freedom. In general, surface plasmons excited on metallic metamaterials
have excellent field localization, which can tightly confine the light field near the structure, thereby enhancing the
interaction between the photoconductive substrate and the incident light field. But so far, most metallic
metamaterials have been severely affected by high ohmic losses, especially in the visible and near-infrared domains.
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In recent years, it has been found that dielectric metamaterials can also form field localization and have low
absorption loss. Such metamaterials are generally composed of dielectric microcavities with high refractive index,
which support rich electric field resonance modes. This review summarized the works which enhance the absorption
of the pump light by the metallic or dielectric nanostructures, thus greatly improve the light-terahertz conversion
efficiency and the detection sensitivity (as shown in Figs. 2, 6 and 7). In addition to being integrated in the antenna
gap, the metallic nano-metamaterials can also be directly used as the electrode of the antenna, which changes the
electrode shape. By this method, the transport time for the carrier to the electrode is reduced, and the performance
of the terahertz photoconductive antenna is improved (as shown in Fig. 3). Furthermore, as shown in Fig. 4,
constructing an antenna array integrated with nano-electrodes can increase the upper limit of pump power, thereby
avoiding the saturation effect of the femtosecond laser pump. This method can increase the terahertz power by more
than one order of magnitude. Besides, we also mention that metamaterials can also improve the performance of
photomixers, which are more important in the fields of terahertz communication and imaging (as shown in Fig. 5).
The second category is to design micron-scale metallic or dielectric metamaterials for directly manipulating
terahertz waves. Designing a micron structure near the antenna electrode can effectively manipulate the spectral
characteristics of the radiated terahertz wave, as shown in Figs. 8 and 9. Another way to manipulate the radiated
terahertz pulse is to construct an all-dielectric meta-lens sticked to the photoconductive substrate for replacing the
hyper-semispherical silicon lens and collimating the terahertz wave to a parallel beam (as shown in Fig. 10).

Conclusion and Prospect This review introduces a series of terahertz photoconductive antennas integrated with
metamaterials. Their excellent properties and novel functions may bring a huge application potential, which have
greatly promoted the development of photoconductive antennas.

The methodology reviewed here is still in its early stage. We believe that more metamaterials with novel
functions will be applied in the future. Besides, the introduction of new materials, for example two-dimensional
materials such as graphene and black phosphorus, may cause fundamental changes in the design of photoconductive
antennas. Another possible research direction is to integrate phase gradient metamaterials based on the generalized
Snell’s law for manipulating the wavefront of photoconductive antenna emitted terahertz wave. Besides, considering
the significance of photomixers to terahertz communications, using new metamaterials to realize an active control of
photomixers becomes more and more important.

In short, the novel antennas shown in this review have a great application potential in terahertz technologies,
which are expected to fundamentally promote the development of photoconductive antennas and significantly advance
the performance of terahertz photoconductive devices.

Key words terahertz technology; ultrafast optics; photoconductive antenna; metamaterials; local field
enhancement; terahertz radiation; terahertz detection
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