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Fig. 1. Three-dimensional schematic of the tapered
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Fig. 2. COMSOL simulation results for (a) neg and
(b) nesr2 calculations. The squared electric field com-
ponent inside the considered device is shown in the z-y

plane.
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Table 1. Parameters used in the rate equations.
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Fig. 3. Modal gain as a function of the injection cur-

rent density for the considered device.
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Fig. 4. Characteristics of (a) the modal gain and (b)
refractive index variation under different values of the

injection current density and photon density.
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SPECIAL ISSUE—Terahertz physics

Analyses of the output power and beam quality of the
tapered terahertz quantum cascade lasers®

Xu Tian-Hong Yao Chen Wan Wen-Jian Zhu Yong-Hao Cao Jun-Cheng'

(Key Laboratory of Terahertz Solid-State Technology, Shanghai Institute of Microsystem and Information Technology, Chinese
Academy of Sciences, Shanghai 200050, China)

( Received 7 April 2015; revised manuscript received 17 June 2015 )

Abstract

We present a quasi-three-dimensional efficient model for simulating and designing the terahertz quantum cascade
laser with nonlinear axial waveguide structure, based on the finite difference beam propagation method. The traditional
beam propagation method is widely used to simulate the beam profile of the passive waveguide. In order to study the
active device, however, the current induced variation in the active region should also be considered in the numerical
simulation model. In the model presented in this paper, the phase and the amplitude of the propagating confined field in
the active waveguide are determined by a few linear and non-linear effects. The parameters relating to the linear effects,
such as the intrinsic refractive index profile and the intrinsic losses of the waveguide under zero current injection, are
calculated by using COMSOL-Multiphysics. While the non-linear effects, such as the modal gain and the refractive index
variation induced by current injection, are considered in a rigorous way by including the rate-equation set for calculating
the carrier dynamics in the active region. The parameters used in the rate-equation set are obtained by referring to the
literature and fitting the experimental results of the considered terahertz lasers. By adding the current induced gain and
refractive index variation, the presented beam propagation model is able to simulate many current-dependant properties
of a laser, such as the output power, the gain guiding effect, and the self-focusing effect. We show in this paper that the
latter two effects have influence on inner-waveguide beam profile, and the competitive balance between them determines
the output beam quality.

By utilizing this numerical model, the terahertz quantum cascade laser with tapered waveguide structure is
simulated, and the influences of the taper angle on output power and beam quality are investigated. According to
the simulation results, we find that there is an obvious increase in the output power when the taper angle is increased
from 0 to 3 degree, while the increment in the output power decreases rapidly when the taper angle is further increased.
Besides, we observe that for the far field the full width at half maximum of the output beam decreases sharply with
increasing the taper angle. However, when the taper angle equals 8 degree, multiple lateral modes are observed, which

indicates poor output beam quality of this device and poor beam coupling efficiency between this device and the power

* Project supported by the National Basic Research Program of China (Grant No. 2014CB339803), the National High
Technology Research and Development Program of China (Grant No. 2011AA010205), the National Natural Science
Foundation of China (Grant Nos. 61131006, 61321492, 61176086, 61404149), the Major National Development Project of
Scientific Instrument and Equipment of China (Grant No. 2011YQ150021), the National Science and Technology Major
Project of the Ministry of Science and Technology of China (Grant No. 2011ZX02707), the Major Project of Chinese
Academy of Sciences (Grant No. YYYJ-1123-1), the International Collaboration and Innovation Program on High Mobility
Materials Engineering of the Chinese Academy of Sciences, and the Shanghai Yang Fan Program, China (Grant No.
15YF1414400).

1 Corresponding author. E-mail: jccao@mail.sim.ac.cn
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meter. Therefore, although the simulation results show that the output power of this device is higher than that of the
device with 5 degree taper angle, the experiment results show that the measured output power is lower. So the taper
angle is not the larger the better, but there exists an optimum value, at which the terahertz quantum cascade laser can

achieve the highest effective output power.

Keywords: terahertz quantum cascade laser, tapered laser, beam propagation method, numerical

simulation

PACS: 42.55.Px, 07.57.Hm, 42.25.Bs, 02.30.Jr DOI: 10.7498/aps.64.224212
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Fig. 2. (a) Comparison of the measured 0.5 THz
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Fig. 4. The mainly results of the noise temperatures of
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Fig. 5. Measured (symbols) and calculated (lines) R-T' cuvers of the HEB mixers loaded by different LO power [13],
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quantum noise contribution of the superconducting
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Fig. 11. (a) Structure diagram of the 2.7 THz QCL; (b) the far-field radiation pattern of 2.7 THz QCL
before the simulation of plastic; (c) the far-field radiation pattern of 2.7 THz QCL after the simulation of
plastic; (d) the measured far-field radiation pattern of 2.7 THz QCL after the simulation of plastic (271,
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Fig. 12. Schematic diagram of the MKIDs.
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SPECIAL ISSUE—Terahertz physics

Terahertz high-sensitivity superconducting detectors”

Shi Sheng-Cai’ Li Jing Zhang Wen Miao Wei

(Millimeter and Sub-Millimeter Wave Laboratory, Purple Monntain Observatory, Chinese Academy of Sciences,
Nanjing 210008, China)
(Key Laboratory of Radio Astronomy, Chinese Academy of Sciences, Nanjing 210008, China)
( Received 21 April 2015; revised manuscript received 2 June 2015 )

Abstract

The terahertz regime, as a last radio window, remains to be fully explored, and astronomical and atmospheric
observations in this regime are scientifically important. Like other frequency regimes, developing high-sensitivity detectors
(coherent and incoherent) is of particular significance for both ground-based and space-borne facilities. As the coherent
detector of choice below 1.4 THz, superconductor-insulator-superconductor (SIS) heterodyne mixers have achieved as
high a sensitivity as five times the quantum limit around 1.4 THz. It is, however, still a challenge to developing SIS mixers
at frequencies beyond 1.4 THz with considerable transmission loss in superconducting circuits due to the Cooper-pair
breaking by energetic photons and increased many difficulties in designing and fabricating.

So far, superconducting hot electron bolometer (HEB) mixers have been the most sensitive heterodyne detectors at
frequencies above 1.5 THz, and successfully used to detect molecular spectral lines up to 2.5 THz from ground-based and
space telescopes. Although spiral-antenna coupled NbN HEB mixers show a good sensitivity in the whole THz frequency
range, the directly measured spectral response with Fourier transform spectrometer falls quickly as frequency increases,
especially above 3 THz.

The terahertz band is also of particular importance to observe astronomical objects such as cosmic microwave
background, early distant objects, cold objects and dusty objects. Aiming at such objects, we develop a terahertz
imaging array system by combining advanced superconducting detectors such as transition edge sensor (TES) and
microwave kinetic inductance detectors (MKIDs), thus the system has a frequency band centred at 350 pm, an operational
temperature of 0.3 K, and a sensitivity reaching background limit performance for ground-based applications. In addition,
it is expected to have some breakthroughs in ultra-sensitive superconducting TES and MKID, low noise multi-channel
readout and multiplexing, efficient terahertz-wave coupling technology, and large-scale array system integration. The
developed terahertz imaging array system will serve as the next-generation instrument of Dome A 5 m terahertz telescope,
conducting a 350 pm-band legacy survey for studying the planets, stars, galaxies and cosmology. Besides the application
in astronomy, the developed terahertz imaging array system can also be applied to some areas requiring rapid detection
such as security, deep space exploration, and biomedical imaging.

In this paper, we mainly introduce the superconducting detectors developed at Purple Mountain Observatory and

those for international collaborative projects.

Keywords: terahertz, superconductor, sensitivity, detector
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Fig. 1. (a) The optical microscopy image of the triple-
band THz metamaterials absorber; (b) measured, sim-

ulated and calculated absorption [44],
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Fig. 2. (a) The schematic of the multiple reflections,
transmission and interference at the air-spacer inter-

faces; (b) the magnitudes and (c) phase of the reflec-

tion and transmission coefficients at the interface [44].
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Fig. 3. The simulated absorption spectra of differ-

ent incident angle for (a) TE and (b) TM polariza-

tions [44],
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Fig. 4. The structure of the broadband metamaterials

absorber: (a) Schematic of the structure with 3 x 3
unit cells, and each layer is separated; (b) the layers

of a single unit cell (48],
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Fig. 5. Simulated absorptivity for single metallic bar.
The thickness of polyimide is set to 10 pm. The in-
set figure is the current distribution of the bar at the
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Abstract

In the past decades, terahertz metamaterials have attracted considerable attention due to the capability of realizing

essential terahertz functional devices and potential applications in sensing, imaging, spectroscopy and monitoring. In this

review, we first present a brief introduction to the theory and development of terahertz metamaterials, and then focus

on some terahertz devices including both triple-band and broadband metamaterial absorbers, the spoof surface plasmon

polaritons (SPP) waveguides, the SPP bend, the SPP beam splitter, and the SPP ring resonator. The metamaterial

absorbers are fabricated and measured in THz band, while the SPP devices are verified through numerical simulations.

All the designs are easy to fabricate and favorable for practical applications.
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TRl Kiffsa 38

EREE GaAs KBS Kifza iR R R

e L1

=&

(PR T RN HYER, % 710048)

(2015 4E 8 A 11 HYEl; 2015 4 10 A 8 HILBIE R )

FERFPBOCIEIR T H GaAs S HL S IT AN A% (THz) 8l R, B2 Z M T K2 B0 24,
{ELH AT Br_E#SR A GaAs Yo ST R MZME TARR, 10 GaAs ot HL T IF G 10 S B 45 18 AR R 0P i
R PR EL bk b Dh AR A R R T L AR, 124 Ok, BB AN B S (5 HLEL Y GaAs Dt it ST
FAR NIRRTV A= THz FUREARST. ASCERWT 1R S (50 TARRE ) GaAs S i R IFSRAF G 3 R4
THz BRI BetE K FE ke, @i B 04 S SEIewt /e, ARSIt ESEl 172 1) A nJ B CHEOGIA
GaAs oL TR, T AHEN T i i AR 2) GO s s 0 KBS, 7T BLE GaAs Dt 3 R EL
BT T TG R A BRI 8] (lock-on I [8]) AR%E. XA BA 5 A (5 LB GaAs Jo L @ R E

5 THz B 56 B8 1 LA

KR GaAs YL FIT R, e S RE, iU HTBE, 5 Y

PACS: 87.50.U-, 72.20.—i, 87.15.ht

15 =

FH Ot 8 5 D7 VR 7 AR R KRR 2% (THz) B RE R
A e AR R Ik v (B AP & 2 e, R THz 845
Bk, R LA SRR E. RICF TR
AR A EM R iR I, AR A A
R I TR AR 1k 55 22 UKD 43R K A SR IR
TR, PTiE OGS U7 VE T AR THz I, w2 F
R P TR 3 T 2% (photoconductive semicon-
ductor switch, PCSS) {4 THz Jt . 5 K £ (pho-
toconductive antenna, PCA), HEHUK #1174
i B WL 37 1 H R N3 I8 3 AT 4 S THz HE R %
o] WAEEE A b, PCA 2 AR A B /N 2 2
KB OK B K PCSS, BT A [F] 72 PCSS 77 £ 1Y
R L FEL DK i LE A7 2k Bl B ) T PCA P A () THz L
LR S ) E B ).

tH T GaAs PCSS A AT DALE R & 1) B AR

DOTI: 10.7498/aps.64.228702

(F. GHz—THz) F TAE. 1 HEAH ps & % ik k& 5%
Bl T e FL R A OK ) FL I K 3 RE ) 58 R 1 R
M %A H R 77 A THz B G i (1 28 %2 5y 1161,
Kk, F GaAs PCSSAE N THz JtHL T R4k (GaAs
PCA) 7= 4 15 U1 2 THz HL LB B 25 B B 52 N IR
RV Y Ie) R, NATAAA R Bt S5 A 8] J7 TR AS W
MU GaAs PCA BITERE, 4l 52 5 5 Dy 28 A5 g
kb (791,

TATHIIE, GaAs PCSS 7E A [F] B B HE A0
fil 625 N AE I A BUR AR B TAERE A 2tk
TAERE ORI i A5 18 TARR N (AR ARG 2
B e i 3 4 A B lock-on #8102 2k T AR A
AVRE SR GaAs PCSS BRI — MR T, 5%
Z AN A O, B BT A AR,
TR A T A IR 7. 4 GaAs PCSS Y
i B HL3 5 fil R G RE AN HS = T — BE R, B
THETHpAGE L R SR 1) fAER
WS BRI R, 25T GaAs PCSS BRI

* [E K G ARR RIS KR A B I L T (el 5 61427814) ER H AR 254 (L5 51377133) 1 [E TRV ELHT 7058 Kk
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—ANNEHET, #5774 103100 AN HL T -2 O, R
RERGHEFAT N, XA pJ H 5 0] BRI
S il K T B3R GaAs PCSS &N AT fg 19150 2) 7%
FE IR LT R B 5 1021 {55k N33 1 LA
10%cm /s FIE B 78 GaAs it HL 5 FF 3¢ 1) H A% 1)
B, ELas A N ER T ROWANERS R K — AN R
T, TR (B TR

AR, GaAs PCSS 15 i £ 14 T AF B =Ly
HH (R PR R bk b o R 2 d i K T L 2k AR

SR, B2 HAT, /£ GaAs PCSSE A GaAs
PCA £ THz HLREE I8 7o, 76 B bR B JE—41
41 A& Fl GaAs PCSS 125 1t T4 5 5 [1-6:22-25),
52k GaAs PCA ML, R & i el SR80, &
A NG F AR AR 103—10° ANHL T35 700, X Fh
BRI T 10T 19 A5 3 N 2SR AT LUK 48 5 GaAs
PCA &5 THz B I Th %, 245 N1k, EFr k3
AHASEHHE F N GaAs PCSSE N PCA
P2 THz HLURESE T

AT T H GaAs PCSS (155 i 4548 T /E R
AE N PCA 77 4= THz L 3 11 7T g 14 S 0T 50 gk
JE. @A M K SR A, RS FSiE T
1) FIAH nJ 4K Ok GaAs PCA i A\ i
R TAERES 2) RGO H A I 1 A A sk
LT GaAs PCA #9155 B £ 16 B = 1) 2 2L i)
8] (lock-on I [8]) A2 k5. R FH S5 B A5 5 GaAs Ot
TR0 TH FE SR B E 1 54

2 THEBIRHZQ

ZH GaAs PCSSHEJy B A & i % 1 AL 2L 1Y
THz J't M1 5 R 427 25 58 THz WL REAR T, o 20 A
GRUATN 9 5 T PR A% O 1) i

1) 1£ GaAs PCA 1 H LB T~ S5 i 1 1 2%
2 /0 231 [ B s A2 AT L 4 i i ' RE R AEL A i B HL 37
R 2% A U718 A UG, 2 GaAs PCA R B
Yy I Bk S RS B, B R O6TE N B TR
i A2 T 1l L W 2 I, A e A RO BOR HL A 9,
M BT I 5 o Al 42 oL 88 3 BRI T T
i 1 DO19=211 Sl ik v 1955 Bk PR v () 5 A%
W B AR 2 TR S L L5, %
R BN TR R)R, A IEE TR,
AN T NATT AR B QA AR 2, 2 — ot B AJG F Ao
W, PRGOS AR, B AR AR BE 7 A — A
SR LI (R 7 TR (0 L3, S PO L o, I Ah

WBEAR, HAE A7 )= S AL s W B2 f v, TOGIOR
BRI 5550 A 7 X T AR — AN 5 4 L i )
(1) RS, S T PR P 7 1Y iR, W S 0 L IR R o
Tk AR A B AR B A5 1 AR IR IR RIS AS, TOGIEUR B
W A A R AT DA — B2 T 2, 2% R H Al e
BHAR R R G AT S, GaAs /& B B R, T
RO AT W RO RO s, PRI OO T R E £,
7 o 3K 6 51—, e A AR 5 11 B 2 A A8 P i, A
13 RO6 T BURI R4 HIUE 35N T 56 7% B T BB 3 3L
(IR AR SR 1R S N W S Al e Bk B 5 i o
JEEIRF, R ' H A WA 4 AR D S R RO R A W, 5
R IS B R I RO R I 22, LIRS T
5WE NG AL T B G /T — AN B RO GRS
VEIIIRBOGIR, 1EME AR e AR i & R — A5
SR OG0 SRR IO N A] B 5% F
EILR, BV i £ 18 TR

WA GaAs PCA Ty i (5 6 RE L f iz )
{E Z Ay 2an 718) 0 B2 SRk i B A nJ R K
Otk GaAs PCA N T i, Hofw B
FL 70 B 5 L R i, XTI ) 4 S AR RN 4 2
SRt 2 — k. e ik, MR WE
M RBBOGIK M (nd) fil & GaAs PCA #E N jii i
LB EE R OIS ER

2) BIMESEIL 7 RO GaAs PCA W5
i s W (S RPN RER e W Y 9 A B eV
B (S Bk lock-on 4 R) B9 fi GaAs PCA AN
EF =B ARREGE. B, ZHS LRSIk
P2 iR THz BRI, 00 250K 5 B 37 i B 30
THIE A AEEHLE 5] N GaAs PCA 2P TAE#
b, TR T 3 't - MR 2 1 52k THz 58 55
FE— 5 KB RE T B R BUE AT, HIDEHEK
LA I 1) 7 A B R 11220210 2 GaAs R 1R 3K
m iz 77 A R GaAs PCA W v ik [ BE
I LRI FT GaAs PCA 5 i B FE 3% 11 434 LA
S N R s 6 R R e 4 07 3K, R DGOk
L, i B A KA PR A )4 o 1T ' B0l e
SRR, HoAZ L2 B GaAs I RETT 45 1) e 1t A
AN ER A O e K FRL 37 20 R 2% A4S H DG TOR e
W 5| Y B T 55 A 49 P S 5 I [R) AR AT A
GaAs PCA i & BE B A B 75 i G 208, SCRE
7 e B ARG bl A SR A S AR H RO
Jik#f (nd) fih &% GaAs PCA SEBLE 3 75 8 44 K TAE
B, RIREAR WATATHRIE.
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3 Find 84 WH H A MK GaAs PCA
AT R AR

3.1 GaAs PCA ZEfStEER &/ Seae
&

R4 GaAs PCA =5 A s 38 452 X 1) fnk 2 % e A
i B 37 R 26 2 12 i R ol R R B O L FRL )
(3G KT Rk /S, REPBOGHR 2% 1) 5 Tk v e = K 2
FEHCT nd Ao, =& ] DA A2 25 A5 3G 45 2011 1)
B 25 A T R LA IE.

MEL S E AT DU 5 H GaAs PCA 55 3 £ 14 45
X NERERITE: GaAs PCA (S fi (57
T R AR PSR RO A F e W 1 A R D)) B AE
Nt 2k GaAs P FA Y, B TR A A B
i 12

(no +ng)L > 1 x 10" em™2, (1)

Forbng A2 4825 GaAs 1 PR ARMEBIR TR E,
ng 78 MR AP ET IR TR . GaAs PCA T1E
BT AR IR, RO e AR BRI IR
R T AR TR E, B, GaAs PCA I
HFH (BERERTHENL) Ny Hng KRN

Ng = v (2)
HAV g GaAs PCA WIS S SE Ik 14 8RR
XK NSk, HaeE N E, W
H
EX

Ng = %7 (3)
A h TR, ¢ A,

WL (1), (2) F1(3) AT, 78 fIA E
WRMERS, i GaAs PCA 3N ji 35 3 B 20T 75 fid
ROGREMA B IR 292 1.1 nJ.

AL, H AT THz B 3806 1% & 48 (TH2z-TDS) H
(0 TC AP WO AR 5 2 1 Bk e A B T DA AL fik Ok
GaAs PCA ik N5 i g =,

3.2 FAnJERKMIFAMA GaAs PCA
RUSEIG LR

eSS b, Bk B AT E bR A R IE A GaAs
PCSS#E N &y i fir 38 151 20 1 o 1% ik & 6 e N
90 nJ 26l AL LG 2 Wi, A A ST A 4
) GaAs PCSS, W 1 s, B4t 4 E A 404%
FAE IRE T GaAs PCA [ [E 1 RE.

GaAs wafer  Laser pulse T};ansmlssmn line
4 /

-

- =~ Copper board
Al5O3 insulation L '

Electrondes
(Au/Ge/Ni)

K1 RHEHEM GaAs PCSSEH
Fig. 1. Schematic of GaAs PCSS with the electrodes

on different planes.

SEEG R F E AT R ) GaAs PCA, L HLAR[A]
B 0.55 mm, S5 A2 G0 1 2 o, LR
R4S 60 dB. K N 1064 nm, ik % 4 20 ps i
SRk i & GaAs PCA. 41k B L J9 4.3 KV, fil:
ROCHk e N 24.3 nJ I, GaAs PCA R AH
A A LR LA 3. gt SR NS IR
7. HAiH THz-TDS H i R B0 85 1 5 bk g
B0 DA L il & GaAs PCA 3EN T g f5 s .

‘J_LLascr pulse
Attenuator
+—"
4 MQ

PCSS

Voltage - o —— Coaxial-
source
cable DSO
o Chl

_ | | e GND

pe

K2 GaAs PCA 256K LB
Fig. 2. Experimental test circuit of GaAs PCA.

3 GaAs PCA % il {341 1 8 (y/div 500 mV,
z/div 5 ns)

Fig. 3. The output waveform of the GaAs PCA with
avalanche multiplication mode (y/div 500 mV, x/div
5 ns).

4 GaAs PCAW E fi &3 K T 1k
(LN
GaAs PCA TAE/E S A5 =Cr, sy i

TEAEAE “i 58 2B (lock-on R, B 78 S0 1) 4
FEmf AR AR R E K. X T EE R
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980 MHz ] KM BOLIR 45, FHAR Ik i () (8]
[ B2 12.5 ns. DAk, G0 S 28 — A KR ik fih &
GaAs PCAHEN T & 511550, W GaAs PCA 1)
fia HH LU T R SE S I, AR L B =AY RO
Jik b it 2 25K, GaAs PCA ASMUAS 2 i Hi ik b &3
M H< 33 GaAs PCA %8, Frbh, TAETES 3
B GaAs PCA REEE MAE 80 MHz 5 &2 4
FMRA T TAE.

FATN BRI S 58 EHESAE | GaAs PCA fF
TE NGB FEL AR B P K T AR 16— 18] . o fE =
S A AR B 26 A iR GaAs PCA, 2K
AR T A1 SRS BRI TS A 1
FIT 75 B AR 26 A1, A 2 TR 5 A 4 A8 = gk
NP B 28 O HE A% R 1A I (] Py TR 480t 1
THRESR R SR DG, S T H 0B R (0 B .
GaAs PCA KGRI ZBPET e 3, IXFOLlUK
L i W PR KA 3, A3 0 5 20507 (1) 4 e B 1) i /)
Z AR, W) GaAs PCA TARAE BB LIS Bt
HL 5 R IR LT AR KX X R gt vT DL AR AE
80 MHz [1)5 B G AR, X2 B A S 5
HLFEH) GaAs PCA.

SEHG HAT SRS FH FEAR AT BECA 0.55 mm (1) GaAs
PCA, fil & K FBEOLIE KA 800 nm, ik 4 100 fs.
WAl %, 1 GaAs PCA MRS KAV B ik
REEE N 3.5 nJ, SLIn A Rk Rl &l 2. seis ik
EMAE R A R, BRI R RO Bk ot R
TN 3.5 0, I IE 0w B, 8 R U A %%
GaAs PCAfi 3 TE. “imE B E/NT 3.41 kV I,
GaAs PCA # TAEAEL MR, Y & iR K T4
F3.41 KV I}, GaAs PCA i £ C BRI, HEANT
IR, BB i 8 2 2% FELAT R I/, A TR
JEIGE R %, 84 GaAs PCA #0155 i s it 72
S5O, I SEZH GaAs PCA [R5 A A5 88 K TAFRR
i, ERPE 3 LA 53] GaAs PCA fy i BE A
AR, SOEZRME TAERE M BIE. Bl 42 mE
BN 3.8 KV I, GaAs PCA Ho# e, HAk s
N1.25 ns, LAY A 658 ps.

xKiMEAE, B 4AFRREIEITF G2 GaAs PCA
2 MR, (B THE GaAs PCA WIS fil &
TR i F bk ) LTS, R GaAs PCA
W — AN TFA Y T2 E T 41087 -2 0K
X, ML T R RN, g — D 3 i L
FEEEFE T, LT A RONORE 3 K

L BT LY S L P U PR

4 GaAs PCA Ty jj i 3 7 S8 2k th 0% (y/div
500 mV, z/div 2 ns)
Fig. 4. The output waveform of the GaAs PCA
with avalanche multiplication quenching mode (y/div
500 mV, z/div 2 ns).

5 Effri GaAs PCARFR TIERE S

PLEWF R 45 L W], GaAs PCA IS i £ 184
PR TARREA AT DA 5 20 1) FH S ik b e &8
3.5 nJ 1 KR O fih & GaAs PCA, AT LLSZILEIR
T 0 E A, X2 H AT E PR AR ) M E;
2) GaAs PCA W5 i & 0 K TAERE S, W] RAAE
BT I AT G I RE SR [A] R 5, GaAs PCA Ref%
£ 80 MHz B EMFIRE T TAE. ik, FIH GaAs
PCA 3 jii 5 380 K TAERE, SEIL A I %
W58 THz F8 59 =2 AT 1.

SR, B A 53 GaAs PCA SEH
A, DT DL TAE.

5.1 GaAs PCA Fhp{Z18¥E KA IE LERT (8]
S5 R FEERpE

BIRE ER I3RS T GaAs PCAFET
I E R AR, Bk 58 1T 1.25 ns, (HEK
T RE AT R, &EE P IRZRIE GaAs
PCA 1S i 5 8 4 SR 2QN, B2 mi eyt Al ok o fik
T8GR A8 1 5 10 DR 3 S, A5 RS AT e R A
K L Pk 98 AR AT RE v PO A5 1 .

5.2 EEE{Z#GaAs PCAB £k &8 R
KEn

GaAs L IR TARAES B F AT, =
B LR R R RN, BITE 2R LU, 3K A S
KA EERR. RES G GaAs PCAZ
TARAES i KA, GaAs PCA HIERIN 7]
KRG, B IR 2 AL AR B i 7 X B

T G GaAs PCA1E S i it 0% K AT 19
L2 IR GaAs M RHIBAER], HOH 218
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oSt GaAs 3t PR REAN i 6 T 2R 0 fi 3l %
ST GaAs it F N HLIZ K01, I8 B0 220K
LR R 1K

6 % W

AR R 7S AT LA GaAs PCA 224 B 5 B
FESG LR 58 THz 5 i AT T 9R0F, B 7R 0

1) FnJ &% 0 R EOG Bkl DLl & GaAs
PCA BENT 53 TAEREA

2) GaAs PCA )55 i £i5 34 % K T AE 4 = nf
DU 3R T 55 0 A 1 A AE SR ) AR A, BB 1
80 MHz B & SHRA T TAE;

3) FISE i A5 AHLEE ) GaAs PCSS{E N PCA
72 A 58 THz B RESR S LA BLR A Se a6 I Atk 1, B
FE W AR PIERNFNRE G % T2 1ok, MAEA
/LR

SRR G 22 B TR 2 DO F BOR AT 5 e B A AR R4
FERT T AT B SCRE AN M.
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Research progress on avalanche multiplication GaAs
photoconductive terahertz emitter”
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Abstract

GaAs photoconductive switch illuminated by a femto-second laser has been widely used in a terabertz (THz) time
domain spectroscopy system as a THz wave emission antenna. Now, all of the GaAs photoconductive switches are used
in linear mode. However, when the GaAs photoconductive switch operates in an avalanche multiplication mode, the
power capacity of output ultrafast electric pulse is much higher than that in a linear mode. So far, nobody has proposed
the idea of generating THz waves by using the GaAs photoconductive switches in the avalanche multiplication mode. In
this paper, we report the feasibility and research progress of using the GaAs photoconductive switches in the avalanche
multiplication mode as the THz sources. By theoretical analysis and experimental research, some results are obtained
experimentally as follows. 1) The GaAs photoconductive antenna can operate in an avalanche multiplication mode when
illuminated by a femto-second laser pulse with an energy on the order of nJ. 2) The maintaining time of the avalanche
multiplication mode, i.e, lock-on period, can be reduced by the quenching mode of photo-activated charge domain. These
results lay the foundation for generating the high intensity THz emission by the GaAs photoconductive antenna with

the avalanche multiplication mechanism.

Keywords: GaAs photoconductive switch, photoconductive antenna, photo-activated charge domain,

avalanche multiplication
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Fig. 4. Antenna-coupled graphene field-effect transis-
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(b) prototype and spatial configuration of the all-optical spatial terahertz modulator [39]
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SPECIAL ISSUE—Terahertz physics

Progress of terahertz devices based on graphene”
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Abstract

Graphene has unique electronic properties stemming from a linear gapless carrier energy spectrum, and has dominant
advantages in the research of devices such as lasers, detectors and modulators in terahertz region due to its tunable energy
gap and extremely high carrier mobility. In this review, we summarize its latest progress in applications of terahertz
devices such as lasers, detectors and modulators. Terahertz lasers based on graphene can reach a gain as high as
10* cm ™!, and terahertz detectors with different structures such as a bilayer graphene field-effect transistor with top
gate and buried gate can achieve NEP (noise equivalent power) ~ nW/ VvHz. Graphene terahertz modulators, which are
equipped with transmission configuration and reflection configuration, can have a very high modulation depth. These

results may be helpful for developing the high-efficiency graphene terahertz devices.

Keywords: terahertz, graphene, terahertz laser, terahertz detectors
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