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FeSThR R B — R B S A BE 47 EL R B R R R 2 B S AR TR B
M 2005 EFRIBIE DURMIE LR, BTMEART B2 & MR B AR5
K. K% (THz) BRESYE “REUE” HEEHER, KRAMHEICHR
STHESI AL M RBEXREE. TLRRBGMRE R RIOFH R L4
ERIERAR, W HIELLSME BRI KA G EXEFESE THz Ot
WF B, PR 5 BT 2 3034 B ol SE PR & 2 BF R G i . K
B TFHBBOESS (THz QCL) & —F T 74 1A v T BRXE 48 51 AR 2Rk 1 B A%
g, BRETEEHNER. BLESRTE. BRERMARSNS, BRRE1-5
THz JeHbR R SOEH AR SR . 43CE %8 THz QCL B il Jeidi. M
KRBFREH K. FEHRARRAAH ST

1. SEIHEEN ARSI S THz QCL, AR ERESPEEA LS.
PR BAREOLE T, BUBEN R I F S B E B S T B Pidma
HBE R SEWETENIFEBRE, MHEAES Fabry-Pérot EIRERFER
HIABIMEE . % T THz QCL, 334 B BA BAIREE AR, AL
BB . LHMBRRIRS T RO RS BRI Z R K E R
PN, #A K THz QCL HEE TAER AEREE S M ZEITAE, BaR g
PENENN REFIR, FitBEERANERZE 50 GHz. #AE4H8 THz QCL
EEPREIRA T MBI, WA, FEBUEREESIE THz QCL BF 4
POk 2R ENEEEASM, FFEAFERRRARIRE.

2. H—FMFIH THz QCL f EXEH E#: & THz QCL Yt 2k 4%
TR SRR RS BT v, SR P I W N YA ) B4 U AR 2R 38 09 490 kHz . L5t
BITA RN, REF IR ANERSEUBT RS HHESEN
JeRR, FEETXT AR RS SRR THz QCL K S e 42 ThER . R, SR
FSGENBAR R R HIE IR 5, ERISERN REENAHT, X
SeArH B L HM 86 GHz B EY K Z 166 GHz.

3. ff ¥k THz QCL HFRMBALE W, LU T —Fha i Bee B R S Ak
EEE AR RS BT QCL R #HEKPE R FIRIE, LHFRER



R E T RRBOLICIR AT R

W, EEOLR BRNIRBIOARE . thsh, BEMEZEF BRI, FIA
BB R OCH TN AR AR IR T THz G E, RZIOMAESE
RS ERE S B, BIOHRENERE, FEYT REAHERG. BRHAE
b7 R VAL o

REH: KA, ETHERBOLE, T, SUHR, JUHR



Abstract

Abstract

A frequency comb is a broadband coherence source consisting of a series of equally
spaced and highly stabilized frequency lines. Since the Nobel Prize in Physics in 2005,
the expansion of frequency comb technology into various frequency bands has become
a current research hotspot. In the terahertz frequency range where abundant absorption
lines (fingerprints) of molecules are located, the frequency comb finds attractive ap-
plications in spectroscopy by employing the dual-comb technique. Different from the
traditional Fourier transform infrared or time domain spectroscopies , the dual-comb
multibeterodyne spectroscopy is a compact system that enables fast and high-resolution
spectroscopy without requiring any moving parts. Terahertz quantum cascade lasers
(THz QCL) is a unipolar device which radiates terahertz wave based on electronic tran-
sition between intersubbands. Due to high output power, broad frequency coverage,
high modulation frequency, THz QCL is an ideal candidate for developing 1-5 THz
frequency comb and dual-combs. In this thesis, we carried out a systematic study on
THz QCL high speed modulation, frequency comb and dual-comb. The main research

results and innvoations are as follows:

1. Microwave injection technology is adopted to actively modulating coupled-
cavity THz QCL to produce dense multi-longitudinal modes with equally spacing. The
radio frequency (RF) modulation is a powerful tool, which is used for generating side-
bands in semiconductor lasers for active mode-locking. The two-section coupled-cavity
laser geometry shows advantages over traditional Fabry-Pérot cavities in the RF modu-
lation efficiency, because of its reduced device capacitance of short section cavity. For
THz QCL, the two-section coupled-cavity configuration can strongly prevent the laser
from multimode emissions. This is because of its strong mode selection (loss modu-
lation), which the cavity geometry introduces. The RF modulation is efficient at the
frequency that equals the difference frequency between the fundamental and higher or-
der transverse modes of the laser, and its harmonics. When the laser is modulated at

the second harmonic of the difference frequency, the sideband generation in coupled-
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cavity terahertz QCLs and the generated sidebands are equally spaced by the injected
microwave frequency. Our results, which are presented here, provide a novel approach
for modulating terahertz coupled-cavity lasers for active mode-locking. The coupled-
cavity geometry shows advantages in generating dense modes with short cavities for

potential high-resolution spectroscopy.

2. We proposed a method for directly measuring the carrier envelope offset fre-
quency noise of THz QCL frequency comb using on-chip dual-comb. The frequency
linewidth is given to 490 kHz by double microwave injection modulation.A finite-element
analysis shows that a weak optical coupling between the two laser combs is sufficient
for generating dual-comb lines via the nonlinear multiheterodyne frequency beatings.
Furthermore, a microwave double injection is employed to stabilize the comb frequency
and broaden the optical comb bandwidth. We find that even with weak radio-frequency

powers, the optical comb bandwidth can be significantly broadened from 86 to 166 GHz.

3. We solved the key scientific problems of THz QCL self-detection, and demon-
strated a compact and real-time terahertz multiheterodyne spectrometer. Due to the fast
intersubband transitions in QCLs, the dual-comb lines can be detected by employing
the laser self-detection scheme. Furthermore, we demonstrate practical terahertz trans-
mission dual-comb spectroscopy with our device, by implementing a short air path at
room temperature. Spectra are shown of semiconductor samples and of moist air, the
latter allowing rapid monitoring of the relative humidity. Our devices should be readily
extendable to perform imaging, microscopy, and near-field microscopy in the terahertz

regime.

Keywords: terahetz, quantum cascade laser, active mode-locking, frequency comb,

dual-comb
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1.1 35|

K2 (terahertz, THz) ! S B R 8415 I 100 GHz F| 10 THz (KL 3
mm F) 30 ym), NFEKRFE SOOI MEBIETEE. BT HBHEAE KM
M, AHH 2 I S EL I B B A e R AL AN R, B AR AR TR
ERW. HBEEREYRERN . By R T A E RS /. TEAR
BRI E RN E, BEER B TERETERMERFR . (UKL
FEERFREE, TMNBEFEFTMUETERRFEE-HRE (high-speed uni-
traveling carrier photodiodes, UTC-PD). H#RFE%F —#kE (resonant tunnel diodes,
RTD) &, BRMETFHEH TR FRE., MABOLRE, S5 AL %
SRRBPUETEE. WHIE. TR, BAEE. RS ERTERRES
FEHIH L. BTREERMARGHEENIE. =R R R AH 2 BRI 4
B EEmE AR KR8 SThEe s, EEMNET L “ KL
(Terahertz Gap)”»

A 2% kA FRL R v A B R SRR T IR B A AT SRR B T KRG oA
FEEF IR EE M. FAKHEERE By L MRS & T R 5
W, AARAFERET, REREBRFHEEARF/IZBEBAHAITRNIER
4, KiIREHEANRBERERRE REENETEEFSPREER. BEfrLK
ZAE K FRE A M EAE A RS R T, 3% ERRE B TR
ZEBAMHERARTIN “BERRMF-HKBR” Z2—; BREBRARE X KH
ERARNBERABMAIE, W WANTED %I, THz-Bridge tHXI%; HAK
KEEART N “ERIFETREHRRIEER” 28

A—HH, AMEHARELLER. KERN ., THRAEEERMATEASE
PIKNAER. AELBENANKERT, SUEAESHAN, REBKUR
WAL RIRFE— B H/R, WA TRNEGCRILRERR, BarsiN
BIBERA (56) KL DLIAZREWERY,: HAMBEE AN P2 EE
HE Rk, BEERERE, ATRERBHFR, RERXAERMIER
Wo %56 HEARZ)E, 6GHARRIBTIE, WA AT A 5 s B B R 24 i B
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FEAH . KF AP B AR E B S Ar e R BB, MR E BT B mmE,
P (4G BHEAREIE L 1.8 B 2.7 GHz) =ANMFEFRU L, BEMHFTRE
BOVRFBEBEARBRMEEE FINERIR. 2R AR 11 I B R 8
BT MEERUREENARESMEFNERYFERS, BZHRE
BRIRERAE (PR ESHNER. B EERS), ERET U
BERBFEEWMZ A, BT ABEBEARNERBEHTRASBR@EP. ik
Sb, BT RMEERBEARNEIZER, MURERIIEERHER, THEHERR
HRBSIES, o LB R R B R R R 2, K, KRB
BEMRIRE GRS LATPUCRA “THz =887 FHEESREANRBD, £
TEX T BRI IR AL T, 8 E Rt bk B2 AT B P e 42 B3R TR A B R 3R e Y 5
AIN KL BT AR SR, ERFRBUEE AR, RO BELRGTHE D,
Ao RS, LA B LB IE S . KBNS TR B GRS
BHEIEHECLREDT, B8 ES AN T HBEHE. e & ER
FEERFF—ARESE, SHEBARE. SRR, 100% FHIEEP,
BeAM LB B R IE L B E AR, sl SR a At E TE
Bt EERRSETH, MWHLRIERRFEEE LR, anHA& NTT #%
REHEHER =R Hirata 5 A KA HHE UTC-PD A1 InP £ 5 8 FiE R R A4k E
(high-electron mobility transistor, HEMT) =4 120 GHz K#M%&ES, LA
1 ABAREEE T 10-Gbits/s FIEEAH A, hEB 2R LERASGSEERER
WEFLHT Chen 55 AR PR 226 F 2 BT LRI A 4 THz S0 TS
PAUE 5 I S r A iR (13141,

FEAYELUTUR, RFERBF N EWKS FHELIERGES, S
8. THIEHE. 4TRSS, REX—SESHEY S TERMERES
FFTESRER R Mg, R KR 22 S R ARE S R MBS RS BREYHT
RIAERAEERATHRRFEENNANE. MU, BT AHEEREEE
BAR (RKF2EBBH— AT REELN X-Ray B TFRENE ASZ—), EHIT
AR ER I ARSI EYH L E AR TS NGE, BIF0EEXTRE
MEITR X EEDEZRNSIS, HilCEREEMmIRRE. mEK
Fischer 1 Japsen %5 A ¥4 DNA S5 M85 B THz JiE 5 DNA i THz #8403
XTEG, RIS SURIIETE T DNA S H4iEsh 1%, St EABII A% Arbab %
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AXF THz-TDS R LHIEBAMBEG WY £ E Korter FARM T F31 0
FITEXTEPER (cysteine) MLEEE (serine) BHIRAF THz ik, Ldxtth
RIMER I LE 2R T ERET O-H @M S-H B8NS AaRERRAI, 1iE
BT R%¥ Zhu S AR RR A Y34T THz 60T, RAGER G 5%
(pharmacophore analysis) SERAMZEIFERSIARK T E SIS, LBHMEAR.
ST Zhou SE NET K24 B T R ERBOLSS AR A BLRH 24 IR R0 4%
WEZBRHERBRE, RUWXoPER. FER. ERASLEYR, AR
P R G R e R LS AT S R, TT LAV 0 4- 9% th 1E 3 41 LRI 26
LN,

FIXE, BATERHEESTRE RS S B0 EREST G RS HT # 2xt
bo, LB KRG HARAE “RERST” FEREFES THILS . BEi#T X-Ray
METT B ARG EF IRRFERAMNEA. SARREEE . HHESENE, HEB
FERERAG R BENEA . XTEEL =L BB R ER A TET A
ZEARKEIT BB RERARARIEARNAIM AT HER. EX—, BHTE
WHLR P EEKG, AEHLKESKEAR, EEFA—HRHARRSE (WNIEFE
ERBRE) SKEWRAR, KEXMZEBHRBERERX, Bafl AR
— K, mETEAFEPRETT URELR S /KE R ER AN EA LE WA
Stk EEVUEEREHREME: B2, SRS TFRSGHELESHE
HAERRBERIG IR LT B, RELHAEMALRIIGE. HERED TKTHS)
SEERGHEBEBARTR: =, BREBEER, %R R 2EIOCH R BIE
PRV SER AR, RFFE B RARNA LR BT LSS R ER X ERTEE). JE
BN ERBE: KN, BTFAREZERNETREREEFERD. FRER
LR, FTMERESRC TR BRI ZREBE REHE, KRBT i %
PN

ARZE—HRMSHHANE, £LSHRRBNRGHRHFET, SA
O&EE @iy, KES. RIIFRRAS) ISRRER MEESWE) K%
RIERNEE., EERIGRERKEET X-Ray E, BEFSTANEITERZ2E, B
JUFFEART R EGE;: X-Ray HHER, BRANMBAEHLSLERE; T
B E R ERIRA, ZRBEK. METHRERROHEZRRE, B
SEEGR T X NP R AT R A Y el R, (B R BRG] TR RIS, Ao
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&, REEREREEHMTRRERZMBIIE. KHEEF X-Ray. HE2EXE
— MRV KIRFEA RATEEANE KRR G ENEE, R LA
TR ok, RFZWMAL X-Ray, FastANEF=E56E, BRARSHERE
X-Ray IR, B2 EA =X LB BB AR AR RRRLAIIE S . ST
M, HEKERE, ATMAAEROERSHE. BTAMEERZRREN S
—ARRBETH S WRIERNM LI BE AR BOE, ENEM,. EH. Fh
SELO SRR, SEETRINENWRIRBE R, KAHEmRETUX
LTS il E T

Photon Energy(eV)
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Figure 1.1 The schematic of ultrafast dynamic processed excited by electric/optical pulse with

different wavelength %3

K ZEEARB A K A — AN AT SRR EANBERIEF B, URERZM S
PR, m S PR EGE S RN ERSI B RARNES . EEYIEE
Vi, LY DNA 456 £ THREWEL SERSNSERNHER R R
WEZFESEARAN RRZ —, EREYIRY RNGRERERFREEKR
ML B FEYELETIRE, BABRRTEIA%. BETEI%E. BIEsi I EEER
HRENFATERZ A HRNEN EIBRRAOME. DRFHEERUMEGS R
BT AN T 28, By, EREFIEN, b TYEATHRRARE, X
PR mm B, 1R URST ERFAGRZY. BEEEMAMKBEARKARE K
&, AT REZRITESR . JEEA R RAE A BRI R, ISR SR
M2 8 EREIA LA R € Kb 22 B TT ATTE AR N T BBERFI A
FIRRH], SKIKMERBRELEKRAIHR, FAARRL T SMERTE,
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IO E K25 B 5 B45%%5 (lasrer teraheriz emission microscopy, LTEMD . IE3 5%
BH A%, LTEM FIF W BOCER SRR R 7= 4 KAk g ke, B bk (s
SRR A BRA T ZEEED), BARMNERGHE TR AR
% BT Mochizuki % ASEH LTEM 9L T S/Si0, RIR T A0, B—FEZEAT
RERAFEHASHHARBEEEME (Scanning tunneling microscope, STMD #H
iy, WMELIFTREY, DULZ B A5 IR R F 500 23 18] 43 S L Sz A0
HIETIE) 4 77 B, B bR EE RRESFHNFRP, kEMERK
{35 K2 () Hegmann KA THz-STM ZEREJRFRE F R R BRI FHRF3h 7
220281, EFE BB AZF Cocker % A FKHEIKIEE THz-STM Xt & HLE 2
FHAHR, FHETEBRNTTE, BR T KHERR EWET 4 TR .
SRTT, BRI THz-STM BARZMR T A ZEHEGT R, EARLREEIH
BeS1. BT RMZHEARKBEME. KA. LS HRHNERE, KERHERE
EWE. (. EFRSHRESHIHEZ R0,

2 PR, ARERAR—NEENIIEZ XA, B EMERE. £
WIE 2%, YRR R T, Eh. Zh. iR, RlSES ERA TR,
FEE TR AR AN B, KR BRI R BEL T B, #RMARZ )
WF RZGBARGEM T RIBN . FRTTHERIERLREFATME, EIEHEATS
2 Wb . KIFEBARR BEALTEAMZ B RE SR RIS, 08
Mz ——— KR, BB ETOMRE RS, R EHAT M EE
aes.

12 K% EFRIKACH
121 KiFzziES =E B R

H T A 2GR Y6 3 B A AL, R B BT A FE A S BT A
REEE—E, HAANKRE “KHEER” AWM. ERHEETFEEINET
m, @128 iR, FRE ks SR U #E (microwave monolithic integrated
circuits, MMIC) 32!, RTD3]| %45i52 (difference frequency generation, DFG)?4 %,
BT R A 7E F ARG ERRE T, SOREER. BRESMED W
REERA. Bi%. SEERSRAEAHTABEEARNLRZER TS, B
HFEFROGEERETS N SRR RHREE R ELIEME (<1 TH2),
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Figure 1.2 Terahertz radiation generated by electronics!>

KR EAG AR IR ER PO BTG SRR, KR 8 7= A RS
Sl LR MBI R VR = B BN LR A M LS S, BAH
UM, FEZ CMOS TE . A, BERTESRA, BHNAHEIEREES.
T CMOS fE4i8% HEFE ZRESERAMHEEMSFHT AR R . HEHE CMOS
DRI 25 A5 AR AR B A R ) R BR G5 M 7T DA 4 A4S . RN BUE [ S ES IR
PR . FEEPK TEMRE, CMOS S8H454E R~ R/, B CMOS %
AR BB M B KB MEA R [E AT RERH. DEFIRFhgERRY
I 5T FIEAEE T 65 nm CMOS T Z W THRIHERER B 2255088, 553 159-169 GHz
JEHE W 5.8% iR EZE#RE 2 (Voltage Controlled Oscillator, VCO), & KXHiH
Ih&E +1 dBm, FARTHERIE 1.43%57, ETF 130 nm SiGe BiCMOS TZ,, il
FI 235 7 B bR IR K 2 T 7 A BA SR A HEHE R B S5 MY SE L4 300 GHz HY R 2%
EHAE, BOKTHER +0.2dBm, AR 0.9 %8 ETHRFE_RE. FHR
LR AR (Hetero-structure Barrier Varactor diode, HBV) K 2E 5588 7F
i IR B TAERER KR 7S 5 T G B RR, R 2R AR 38
A LMESR TES 0.1-1.2 THz #ii%, 774£ mW XM IIE. 4, FIARG
BB KIS 5 B h R E B BRI XEL R &y Rsh .
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RMIEIEIRBE T IR ERF —FEEN BT ERMEEMNE, TEEXMZ
BRI IRE F R E R P TEWE Lt \+ER, FIFH AlAs/GaAs #EHE
F LI 200 GHz IR ). BE=FEM AR KB AR KB InP
HEMBMERBRMA, KFELRBE _REH L0 AR &k 2 THz
MR U FE W B M MAMZES, RENESHAREENBETFEREM.
T EXIEIRBE S AR I TAE AN B iR LB AR EN A,
AR T —RENRRIEE WS ANA 2 RABEH, ESMREMERT,
T RABTRY, BEM T VHRY, P AEmFuRs 2. W5 S0 E r
m, JEHRBEF ARSI R, S EEEBES. FHRE. RERLE.
HLEB FEEMEREIREE, KIRMHEES . LR T R8N S SR A%
OEFEMS, EF n+ EBRNBTRENR. EBKk. REE. RS ENH
JEE, E1.3R¥%4% InP # K LEET GalnAs/AlAs # Bk R IR 2 LR 5
ZREEW. BRTER AR RMEIIRE S RET AR EEE A
I Tl K& A o BRI 0 3R T KR 149401 o [t o i B K 2 147481
%, HERRITWKRF¥H 2005 EHIERAETRERR R EILRBE —RE
FEFFREF, B RUR WIRE KA TR 5 1.92 THz MR, fEiRmHRY
THETH, ZARBEANS RN RNETHFIIEE MR, 7 620 GHz X% H
ThEE 610 W, 8 TR G R Tk K 32 RO 70 B BA K B S R 22 K v 24 L IR
F B S Vivaldi RE&ESS, LI 1.1 THz B3RS, BHhERN 40 pWHL, 3
A% b B K T 1) AR 2R 2B 5 LA FF R L S & KR 2 L iRBE o7 —
B, LI 166 GHz IR AN 170 uW M ThE M, BT R % ILREE =
BERREEE. HEMK. FERTER—EIIRKEH, ZRETFERFERES
BERMLEREY), KiFkG > S HHAGERMMANE. RTENET

BATHR FIEHE_WHE (uni-travelling-carrier photodiode, UTC-PD) 7= 1997
4% Ishibashi & AR T BEAESE PIN R E KB H DI, K00 RLE 2R MR H
P B RS EH, HRHPAIF SR P B ES KRR R SR ARE
BEEAR PIN ZARE IR RIE, 7€ UTC-PD H RE B FIEABERERR T, M
T 75 2084 7 et 22X Bl 2 R s AT AR Y, Rk s AR A g oh
%, AN AFEBRLEICEBER, 44 PIN 8 MR R EH 4T 20U



ik BT FERBOLI IR R OB R

Resistor to suppress
parasitic osc. (Bi)

RTD (GalnAs/AlAs)
~2-4um?

Left electrode
(Auw/Pd/Ti)

Slot Antenna
~10-50pm

53} 30nm
AS# 50nm
5nm spacer
1.5nm

B

Electrode
Au/Pd/Ti

5nm spacer

(a (b}

B 1.3 (a) REFERZEHNILIRBET RE (b) WH IR F RE N
Figure 1.3 (a) RTD integrated with slot antenna (b) The layer structure of RTD with
GalnAs/AlAs double-barrier structure!*’!

mANETIA], BEBG UTC-PD Mma SRR R, BEAEEK 3 dB #5052, uTCc-PD
MR g S B 1L4FTR D, K TR 2 R A: ASeT ok p BB
IR BRI R IR T, ETRIER FRE FREME, mtksTh
FRBENFERERKRERT 8, BBRETRAT. HEFRIENRIKE
RS HER T, HbBE SRR, Wb RS TR R T A,
64BN B BGMIMIREMIER T, eSS RETIRER, AT
BB IR BT R EE, BEERKERNWRERZ FIRITER, FiE
SRELSEME . UTC-PD fyma BR8] 32 22 B AR F AR ROE o B B TR i
BEHRRERN BRE, XFE7 R R, BT EEE R TR RIR T T 84
Ry B2 Ty 22 FImE R 38 . UTC-PD 1B NGRS B R RLEEE (400 GHzDY),
EHEMTIE., BHASTEE (40dBPD). BERENSETIERNS, Kk
VIS N A TRERIBE RG Y, HEsLBEE 80 Ghit/s FlEHZ b,

B T AEYEERIES 2 41, UTC-PD 3BT LAEAKH 24 BT3B R, B
i H R A R RGN 7 A KRR . UTC-PD BAE & KA 4l oh
R, REWET UBEEEZ WA FIASF LT M BMER, BRTE4EE]
BHRFHEES. H—HH, UTC-PD KIWRFT A%, 3 dB #% K, HHTF K
MRS I RAGE R .. WELSPR, RETREM UTC-PD =4 KRS 1%
H7FEDT, A 4 M A, (A4-4, AKHZER) HRRESLEBELIK
K#% (EDFA) FGEZERMBEAE UTC-PD FEERSES, B ENAMEE



F1E 4R

Photo-excited electron

diffusion barrier De E
and contact cap —

Grading layer

Depletion layer

Buffer (SI)
absorption
layer )
N-contact layer —>

B 1.4 BATHRRTE R R AT a5

Figure 1.4 The typical band structure of uni-travelling-carrier photodiode™

1o7u00 SPuyo-d

25 UTC-PD £ERIRLES . BRl, PIHANTT ATFEEENMRE
K% EH UTC-PD K ZEEaT R T HEUE T EEH#R, 02004 Fi% Nakajima
= \ ¥ UTC-PD (B 5% IRE S 0.7-1.6 THz, £ 1.04 THz &3R8 10.9 uW HIZ)
8, FEBHKE Seeds BRI —SREE 2.5 THD . EMATTH,
WYL K20 Yu 28 AT UTC-PD K Z43ESTIRSCILLE 350-475 GHz B A B =
15 120 Gbits/s AT LER R LY,

Ay~ 1.55 optical
" Shacur uTc.Pp
i module lens  Golay cell

Az~ 1.55 pm EDFA obtical e >
attenuator mm/sub-mm wave

Bl 1.5 BTRETRE RETERMHEEN KRR E T
Figure 1.5 Method for generating terahertz radiation by uni-travelling-carrier photodiode and

measuring the power by Golay Cell®”

BB F R TFEMAAMEEISEZ S, TF —HHBREOERRTE
Kik2met =, WEEFHRKE (Photoconductive Antenna, PCA). FFK
TR, ek R 02 &, Hh PCA BE TR, SETENRER TE
RiF T THz-TDS Z& i 21,

PCA EI R4 AR Al R4/ B W2 K SR B4R K o Rk R A0B LB IT R

9 .



A2 B F ZBRBULS LI AR 7L

Jer S

:%ﬂﬁ% >>¢ ' THz Rk

Cmig ° ERX
B 1.6 R REFAERH LT R A

Figure 1.6 Schematic diagram of terahertz wave generated by photoconductive antenna s>

(Photoconductive semiconductor switch, PCSS) , ﬁé#iiﬁﬁ?ﬁ%ﬁmﬁﬁﬁfﬂﬂ
BI1.6ULEH . 2Bk fs %Z&B’Jﬁﬁ%&)’ﬁ PAK Tt o8 Sop4 Rk B s 1] Bt 1Y e &= R
FERLERFHROCE MR, SRR REERERE -2 £5h
IR ERGHERAT, X8 E HASR T INE R R BARTT FE3), KGR
Wio XFHBRAR B 6 IR A AE P RO B BB B Ae AR Bk O Nl SR ST R, fs B
RHBOC KRS H B BB K SEAE ps B4R, HIRNIEFERMZEMER. Hik
HREF A, PCA KFZEMSIEH=EEHRB T 73 26RSHE. R
REMFFBRBEOCIR. B M 1984 FF Auston 5 AR FHEEIE NGRS R R
KB UKEY, FRIFEKEGER BV —ERRE B E SR
MEEREZ. NEISMEEE ST, MR SRR FTBE., fiFBk.
Fiwmig A BEARERSEE RS R R TIE ., & KERD)
£, WE. WEANEMEE (Noise-signal Ratio, NSR)1, 545 57 F itk 3448} B
TEKNER TR CEHRERRIAMI, I ass e 455
AR (SI-GaAs). RIBAEKM GaAs (LT-GaAs). InGaAs E=F kMK . H—4
MAMERRREEW, &t R TUATERFE R K JLAT R T 7] BAER K2
B R4k PCA HItERE. H W REEWMAR T BRETF. Xk, X7E
REE, PRINRELEHWEEARRR A, WERTFREEHE SR, EFTH
FRRERREF; X HURE 50 B B 45 W] ARG R B M8 o B KRR 258 5T .
BEEYIRGIEH RN E, PIRRE. AMFZPKREEHREWE P NAT PCA
d, BB REREOL S SR A EAER 0, WREERKES T
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%, Bl PCA KBS RN FEMEOCE R WBoLE, EEMAREENS
EEERLEK. R EEMTHNRE., AT RBEEESMEAERTER
Eret HHRR T, FEELRETRELTR T RR SRR, thin
GaAs R H 2448 800 nm KIYEBABA R, 1 InGaAs MFEERKHA 1.55
um 6181, ko 58 B 5 KPS EA %, BAENFEEEOL T LIREERAA.
#fiLik. 76 PCAWIMIRZ K, MERBEOLTHRIILIEE, RENHEES
MIThEM L. SRESERIET P, EFES BB SR FRELE.
e SATE R R BB R AR E RS E .

PCA K2z EaREM AN AR THz-TDS &4, KRtz sh, ETuBFR
BT EIBIR. R RBEN ABERES . EEARHZENE PCA
MEERERERL . B REEFENEME, A5 BTHREFRATEL
PEOBRER, NUBANENT REANERE, NMAGREZIRARE.

IR DK 2L ARI A . KRR T —IRE . KFEBRITHAT
S AR IR AR T K R R AR A R, R LA BRI
H TR SRR KR 2R B A AR 5%, [WIRS 3k DR 1 THz DA ERISE T
FRBITVR, X R YL K2 BT RE SRR 2 AR BRI . B
Sl B RE KM EBFERNFINE T &R RO AR R R TR 4 KM 24 5E
ST, FAGSMAYE RE. B ThRKERE R AT IR AR . 7
—REBENAHEESTERLETRME I TEHEAR, BHLIMEEARIAR
TiSR A& RWOR S, AABOLE. H B THORERN L S AR, K
KB T RS (Terahertz Quantum Cascade Laser, THz QCL) #I\ A&
1-5 THz JEFE B R BRI A 2258 91 VR,  BEF THz QCL IR SUAWTRN,
THz QCL KOtk BERWT 2R, BH RS RS R ARM A K. LH5H
ERFEH AR E— R a2 G, 2T THz QCL KIAMEI MR X BOeE
RN EBTTTREPY . AR EE TAERIAET L3 EHIRAR LI
THz QCL J68iffi, IR AL. THATH AR CHFAER, 25FH
/48 THz QCL. JEEARFIEH -

122 XifzETFRBEHASRNETS

RATTEIT SR “Terahertz Quantum Cascade Laser” —18]35kZ — /44 THz QCL
IR R

1 -



KB T RERBOE B A IEHBT

(a) 13"1 =~|;3'21 +Ta_,i;ara (b) 3
J 3 2
e 9 e-e ELO
2 lTSZN"’a“’ 3
T, K

17 (a) QCL Bk THIZM B (b) BT 3 GBS 2 BB EE R

Figure 1.7 (a) Sample model of electronr transport in QCL (b) Electron relaxation path from

level3 to level2[!

“Terahertz” BI K24, R IZRB/A T/ . ZFDSFERE, 2EA
THz QCL &ML 4 (Mid-Infrared) REMR, MXMEREEHESE, XFE
BERHEAAN—KHZEWGREK TN, RAEEN BN R R LMK
/NBL, FEIH/NEIBE R IRIRR T M LLSEIURL F 8RB KB KR T4
S, IERERE ST EIRE . WE1.7() AEFE QCL M E& Tz
B ZHEE, BFUBEREE JIEANE LK 3, RER TRE2ENKT G&
SHRIERT A 7550, [EBF 3 BRI B TSR AR (RUNISTEN 75 500 ) »
3RERM BT BHENN 3. 2BEMNBETHNA rp, KRB ZRERGHERTT
RIS 3| R LB T4 AN:

AN =2a -2 (1.1
e T32

B BRI, HEE 3 RBAEINTHRE, TE o <13, AN 3 B
fe kU, X EWRE T RES BRI BT I iz i E i BRI E LR RL T
¥. £ THz QCL 1, 42T (Longitudinal-optical phonon, LO = F) fEE
AFREBEMBIRRAG, HEFRIE LEHBTFASENN LO BT HU TR
>, BFRAERIE LO BFEdE. wEL70b) Fin, KEREBOGEG REZ
TH LR THENNRT R F- BT BF-REES . REEREUN
W LO BFEG, ZATUBREFEERBENNER, RENXT THz QCL M
BEWAEHT S, FREBNREZRKTARBHNE. RHEF-BTHHEE
teTF Ny/E;, (N, 36 3 RT3, Es, 16 2. 3 BERIAIRRD, AMREMRERST,
RSB T HE AN K, ERAT RIEOLSREIRBUN, FRAFTEEAN
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F1E Zid

KEKET, NIMEWFERARER RIS 556 BT 2. 3 6884
ZEERRARAS, SEDREHM A FEABRE®EZ —, QCL HHFLINRE RS
ZEBH A — MR W HEIRAERN S . PO, BSEMNHITHEN
THIBEX K5 B AT SEPCHE RS, (EXF THz SRS KEK, KIELH
SHEIFERRERKRT . F—FH, QCL H{H/ENHREMIIELSABLE,
FERBREZI LT RS, WKENE BRR T TH R E™E,
X%$F THz QCL i 5 2 — KBk

(@)

J E(k")
AEg
k It pzo(E)
Conduction band J\,\,\f' Eg
Ao Eb
Valence band o)
—— i l >

.AE_V[ fim E
Growth direction
r,
(b) P,p(E)
J B J\" J}Z)L : | ; I lg{E)
Conduction Band ho E
B 18 (a) @B TFHENPHF AR FENKIREE (b)) —£BTHEWbTHRET

BHREIEEM
Figure 1.8 (a)Schematic diagram of interband electronic transitions in a two-dimensional
quantum well (b) Schematic diagram of intersubband electronic transitions in a two-

dimensional quantum well "

“Quantum”, BIEF, HIFE QCL MIFHEEHWEM . TEESHIREES
HEOtHR T, B BT AT REKTIMN FIEEGET, XRBERBE TR
Jaas, GTRE (BIHR) BEBULTROLHRMEAGH TR, BRATELE
T OB SR N R R EE T A, B S A RIHEERSR/N A 40
meV, T 1 THz KL FREELIN 4.13 meV, HULT ARG H A1 BOL B E B F 4t
S EEOLT REIES Y THz 6. SRR EEERIFEA meV BRI B G RR
NRHEFLFEBORPEENR. ERREETHENS, SXREENE
B CREEAJUREL8D A TFRFERAS B KN LA T RGN, £S
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K% B T RBREOE AR R EHH L

o (B FEEERNTH, Bt SERrREEERE KR T
e E, Bik ERTUSCIE/N LA meV, RARREHINEEE AE (K AE,)
(IR IRIRG, M VEREAE T R A B ST T P e AR ), J5 () f0FH7
|B) B AR A BRIE A R X B AT 2% E1.8. Far Al L2 & & 5 7] ELE M 3
20 42 60 4EA MIT BFE A R Lax 32t B0F] F 38 H37 553 Ge Sk BIIERE R A
FFERET, £E 1971 4, FHBRIER Kazarinov A Suris 3 H AR B 41
AT DA T T SRR R ), 8 Sk B T 1970 45 Fh Esaki Al Tsu
SR, ERFRARMESESN, EEMNETFHMALTUEELREHK
Zi#U61, B F) 1994 4F, Bell 3L Faist KHA{EHET InGaAs/AllnAs/InP
FORHA R IIHI S — A QCLU . M 1971 4R HEIR T B 1994 G5B =58
—/~ QCL STifst, FE| 2002 £5— THz QCL BRI "8, &45-FRIME
(Molecular Beam Epitaxy; MBE) H AR 7 XEH/EH. QCL MAREX S H
BE LT REERHR, AT LIRETREIN, FNMNERCIIANEFH
ERE, MAEXSEELE 10 pym 4, MUk, ZHEX &N FEIIAAT
DRG] MRS R RS RN IAE, BHEEMENAETPEE., £
KEE. BRRESE - FEEEARENITE. FBAEMREKREES R
AR RN AIMNSRKERRBREEATER, aERFREX S ENE
EERiHEHRmE, T EXMRESHEEEKERANZZMEGRER, KER
BEESHHEX TSR, BN HRBSMERL, ENSBTELHR
BT HR¥, TEES . MBE 2 —MEBSESHE MBI =44 FREETF
WSEI SR BRI KRR, AN HIDKREEEKEERA SR
E%. MBE fiRE “BEfr TIE” MR SR T QCL /IR .
“Cascade”, BJZRER, R QCL 88 M A BAMERF . W L3047 “Terahertz”
—HE PR, SRR TR F S (ps BR) BEREE T RBETF-2E
WA EESNE (ns 250D, RERBENZAUL FBOGREBRTHEREZ, &
RARRERGI ENTH, NTSRE—ETFHEMES LBIRKERTIZE.
I, FHRRIBUGESEARAS KRR ALY, MRS, UHRE 2%
Hig#. QCL MARKEE 2HHATMEE FEMNERARNZEFH (Mult-
quantum well, MQW), HFSEZEMEGNMEAHP RERHKE, FFNANE
B2 ETFH, —DEREFHRESFAENAGT, RENBOHEKIER T QCL 1iiE
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(@) ZeroBias ,e-ccccnann-. (b) DesignBias ,oeceacuuaocn

XN ] xN»
13 ¥ 1
| ]
s [
[ — — —
3 3 32 T
2 2
--.1... .001 ...... J 288
— ]
@
1 k=
« electron , u T—y « electron

i

B 1.9 (a) BRET QCL ZBEHAEE (b) RET QCL RBGHREE. KFEH A
PR AT T )

Figure 1.9 (a) The cascade scheme in QCLs under zero bias (b) The cascade scheme in QCLs

uner voltage bias. The horizontal direction is the material growth direction

ST, E1OEMER T ERMEMARET QCL WEBLEH, HhKTH
FIAMEERK T, B (a)b) FHESERKBIANERLEH, AHAN. &
Ak E U B QCL I TR, H4RE1.9H R EIER QCL Rer & E .
= b, HARBFHETFRRENAFEEERX, ERHEHN EXAMER. T3
SHANBRESMELSKEREBRE FIRTSHREX S . E2REN, 8
WEMAREDN, SNAYPRH ETERSES 3. 2 5ESHEE 1 25057,
HF AT HRERENESHES 1 L. DEn—eMRER, SWEHEIMNEE
Ve T RAEMA, SHPFSMNRABFRFREB I RERL, E—RABNES
BB I 5T — AN LR SRE 3 X, BEEFREFMMEIETH 1'-3
BRIE, BHRTREE L TERSHEE 32, 2 BEAMETET LO 5 FEUNSE
PUHIPCE TR TR E | 88K, FEEE T —RHETES LRElL, Ai=EX
BRRHEET.

52, THz QCL 7I UAHEIRA R —FhE T 735 [0 i T RRIE P AR R e 8
¥ FEL IR R BRI R . ARE RN SRRy AR IRATT T LA/ H THz QCL HIHR %
HABRNEKAHEREMEASRE, MREAZETHEMD T HERER
52, Bt LR URAEE - EHSIALETH. ERBRTERRHZE
BB Z KA GaAs/AL Ga,_ As MEMEAR, —FTHRRENZMEMEAR MBE 4K
AR+, B—5HEE S GaAs/AL Ga,_ As H Al AN BT HL2ERE,
T B GaAs F1 AlAs f @A EHARZETLIL (4512 0.565 1 0.566 nm) , A LA7E
GaAs #E_EAKATE Al 1 AL Ga,_ As T T H.O M ICE F . HK—
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A% BT RBRBOLA IR X OB A

ANFIENTE N REBREH T DS N A6 T, BHREES, TUREX
M Th®E . THz QCL F — AN EEMRBETBAIENEETSE, £F
17 A R St T B )z /N T (RIS 88 M FR -2 R B A IS ], Rtk THz QCL BB TR
BRSNS hAh, THz QCL 3 A SABOLE M AMS, thin. 4
HEE,. BEER. HER%. 4% THz QCL tt B — &R FIFRAKSE, B
% THz QCL LR KB T EEBIKE RWREE) TILIE, X&H THz QCL 1)
JRHRE. HEA 1 THz KOG FRERAMEN 413 meV, MHE THRRFEE
KA 20 meV, B7LL THz QCL 75 % 18 BN S8 447 i Bh i 5 1L F 3 LIS -
MEER I F AT, HilR T LO 7 FHUR B S By & _EBUR SR T3
Wb, RFHREEMEL 4R, M-S 2 THz QCL %35 3%81, THz QCL HH IR
XERIERAE, FHERYPH. XREFERN THz QCL HFH AR k& &%
ER—A s BRE, HHlEkRERTKEFENETFRELNA o, EEFRH
THz QCL #8344+, HIMAM LSRR VEER F R R AR E KSR R IER R
BRSHHMRIEAE —EMELE, EML, WEESHEEOLESMHEL. &
R, XF AR RN R T RTAER S, anfEE RN A AR
BA— PRI N . Tish AR, Bt E £ M0 LI THz QCL ik
B, HINRAZEEXESEE W Fg B L FaRKT Y. HA B
BRI, DR T SO AR T NS B0 25050k

-

n-doped
’vwr\-
"‘\ N e X ’\h‘ ' ﬁ /'//
67L‘ . \ ! A 7 N Y %- //
oy o AR (N A g ey R, e < [ | B S
B S ke Z0 Sl R SR e ==
e 1 period

B 110 REEMEEARTHREXRHRRE, HHEEXHEANT=40K, RE 2.55kV/em™
Figure 1.10 Computed BTC energy band profile at T = 40 K, under an electric field of 2.55
KV/em®7
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\ ................................................
1~ E,, =139 meV
- z,= 6.4 nm
~ f,, = 0.96
M Calculated LO-phonon
-1 - SR ™~ scattering times:
=4 A
lTZ,_T};T_\_T_./' 4 J/\vQ\ 5 T = T PS
T \ L\ tv-:; Tysyy = 0-5P8
39.3meV[: | A A Ty o =0.5ps

=L/ e

: i
CaAsllpsCansshs 1 I

xN

periods Doped at 3x10' cm2/mod l

A L11 SHREFRBRX ST AIRE, 1EAHRE 12.2 kV/em ™
Figure 1.11 Computed PR energy band profile under an electric field of 12.2 KV/em ¥

Hit EARFBHERNEE X EHE RESAELLS (bound to continuum, BTC)
2519 87) F13L3R = F (resonant phonon, RP) %54 B8, RE#H ¥R X 45441 THz QCL
MR ZE RIB K. 2003 4E Faist 1B\ Scalari 25 A#R#E BTC Z 9523 L4
%4 3.5 THz ) QCL, 7ERKMER T, RERKALIIZE 20mW (T=20K), &
BETAEBEEIES 90K; fEELEER, (continuous-wave mode, CW mode) T, &
KEHIIE 15mW (T=10K), B&ELIERE 55 K. WE1L10577, BTC FHH
TRHFREREEREN LBRER (8% 8) MTERBEARNMT (FBZ
5. 6+ 7) Z[A), BFUSAEHHETRNRERT. £—EMmET (E1.105EMAY
fRIEA 2.55 kViem), RBZK 8 5 E— ARG OXiF, ISEHE AR E
TFHEN. ZEWRKHRBRBEMTERED, BEBRTER, 7TLRDHS
AR EF=ERNERTR. 55— 2003 4 Williams {2 H K RP 4549, B1L112%8
B &g RERE, % THz QCL T GaAs/Aly 5sGa gsAs HEMER, TAE
7£ 344 THz (142 meV LFHER), Bk T/EHEKT, &ELERE 65K, &K
TN 2.5 mW. WEILIFTR, BFEFNKTREERE S-4, B 4RE
TFEA IR FERIAEH 3, fed 3 RELK 4 WEFiET LO B FRUREHE
BFEASRER 1 MEER 2 (A 0.5ps), ESMIMmEMIERT (BL1EMRMEN
122kViem) T, B84 1 MBEK 2 fEA T —REIMBTFE, BERBEEAE
TR S. ZEWBRARANRARFIA LO & FHUNSZI B FRRERIZ,
MBS 2R 5 5884 4 Z A RBERMRBRL TR H—RARBET THE
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R B T RO R XIOHHT A

SRR SESREZ RMEEEEKR (45393 meV), T LLARBIERTHHRKX
EN, Az REXEWAFERNTERE. Kbk, BiffmIIER. mIE
{5 (¥ THz QCL F¥EX £ KRR Al RP G5B T b S5 Mg AT it 5991,

0.01
0.20 One period

e
-
[4)]

Energy (eV)
o .
>

0.05

Phonon Electric field: 6 kV/cm

0.00
0 50 100 150 - 200 250 300
Position (nm)

B 112 RASEEF 5HARF FHANARR ST REE, 1HMRE 6 kViom.

HAEHLRRBTFNRESHEESEHRIFENLT, ROFLRRBT AR
XIRBHE BB B I SMES LO B0

Figure 1.12 Conduction band structure of the hybrid active region, which combines BTC with

RP under an electric field of 6 kV/cm. The red arrow represents the photon produced

by the electron transition in BTC region, and the yellow arrow indicates that the rapid

relaxation of the electron by releasing the LO phonon 3¢

AW SCHRAK THz QCL JET R —MEEXEW, ZHEXKIT L&
RI%% SR BTC 5 RP AT RL, WEIL12FTR, KH GaAs/Aly 15Gag gsAs #14}
R R P25], B PESFERALE BTC Mo, KEZREHAEWEETEAK
£, RRERREENRS . TS ERKETFHEZETE RP By A%, HF
T m i TN R TERE. 498 3CE S iR B ORHR 22 68 & XU
R, FE THzQCL E&E=HIHEE: THz QCL ZEHHEIT THRAZR AR
Jei; THz QCL FEABMHBERAEE. BTC 5 RP SNBSS MIG T
WERSLISEOR, BAHRERMRAEKETRE K THz QCL #4F 14 R 7L T 3 Bk
ig.

THz QCL S LA R SR E, FRLELGREEE T4 (Semi-insulating
surface plasmon, SISP) # 5 P41 MixNHi £ /& (Metal-Metal, MM) i 5 P07, 3
YWHERTEE THES P EERE LBk (TVAw AT ARSI G ER R
PR, X AR REE AR, ARERNEXMRERS . TNEERKST
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B1E 4w

gfgrh, HAEEPRHE L TERE, BSRGIEFEEL L, FRXmeE
%5 THz QCL B % RE BN RERREE. HIMLRBENERLFHRE
FEREMAE 10 pm EHRBEREMT, KZENEKSESHWERTLT
F—8%, SBWH4EES THz QCL HiEZ R R E, MAZIRAR
il .

PR SRS LBEARIERIELE . AXANEETZRERT
MY, AERLERERTEXHRUERTSECRY. —RRYF4EL%
L TR SHBATEANEE L s, 2SR S. H/ET B
WEIEI S, BR=V0OZ (ETHRERERERE. SRESEEER) MR
lift-off T (CEFRATEZMERAKSEFHEKNRAL . MNHSBEKS
TEZARER Av-Au BUERE. WEEE. SHE LR, 2MEFHKS. BE
TS, BERMUOLZ (LBkERER. FHRESEBER) M—K lift-off
T% (BERAFEZMERFEIEFTHERNTHELS, Hd Av-Au BUEEEH
RENBEATZREZEXEE, NTZEHEAERY, NHESRESFEL A
GREEETHFEIEESR. B, EHEEXEHT, BEAFRRGTEENT
BEME G bR EREA S0nm, TEMEERER 400 nm), kit
EFR— S ESGRNBATHERM LS. BENTEMEN LLAEREEE
FhESEEFN, —HEEZ SRR SN T URE TENESSE, Bl
W, B—AEBENESSET URMEEFEERRS . AR EHBRRT2%
THz & B AR, FHEENEERESHEFEELEE Tz, ibT
SEBEMELR.

BRTHRRIIRE . BT R AR RAE LN TERE, A3
R 4% RSB T4 F THz QCL.

123 XHZEFREFLBNE RN

it 52 B — AN QCL TAESUA A 4.3 um, BT HOSMOLERT.
HEfrh 44k QCL B2 LM EEESLFE T/E, BAMHEIEEIFLES. HX
IR T BT S %R E PSP, R ABRKR. AT EENH THz QCL
fEE R AR T ST B R .

H M 2002 R EE—A THz QCL SZELE ST Ak, THz QCL KIPEREA BT
B, EESHREE. BHE. LRARTERRE T MERER. 2(E
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ik 2B T HERBOLS IR A IOEHBT I

B 91k, THz QCL B& T LAFE 0.8-5.4 THz i [ P SEBL 100, ZEpkmiE T
BB IIRIER 24 W (THEEE 10 UM, cw BT R Th%E 0.23
W (TAERE 15OM, ETEEEFE, Harm WIRER THz QCL & LI
BN 199.5 KI03, ZaniE 2005 4E THz QCL ZEfkF TAERR TR SR EH D
Z3%E| T 164 KU, 188 THz QCL K TARE BT 5 R 3 A 0 Fo A e 1 — 1
JRF], B RiREETIE KA EX 5 GaAs/AlGaAs #EHA R UL SLILE
IR BT 1051061 T 4438 B i THz QCL #E— S5 HE IR N A SRB8 3. H ATk
TR EEER LT Uk —EBaS 5 RS TR, ®
& THz QCL T{EIRE, 0 2008 4F Wade Z A7 16 T HiH T, Ali& 225K 1)
GaAs/AlGaAs THz QCL & LIERFE Y, —RARFWEEX LM RAH
R EMA R, GaAs B LO BT HEEN 36 meV, T4 GaN ¥ 92 meV, Hik
GaN/AlGaN 2 5H F B R TIERERH M EHERUB], £ 2019 £ Li FA
#T GaN/AlGaN ¥ THz QCL TEREREF 230 K, (B ZBOLEFIBU
FN 174 THz, BEEBSHREIREE, RETERESBRBEEI®, =g&%
FXFEAKF L4 QCL i N Z M (Difference-frequency generation, DFG) 7= A K
W7 RSB ER TAE, BRI RERBT PS5 QCL R SMERL
UL B REELUMREAMREIIR. AR, WASBRES S
ik THz QCL RETGEG B T80 — R R E, {ERME RS IS R 26
AMEREIF THz QCL TIREREAKR S, HALX THz QCL KM A4
REMW . A EAER AR, MR, SRR, SRR ST
MEEHETL THRREEEENZ.

JRERE GERFHREAMA) ®ET THz QCL 5%, REMRMBEFNRRE
ME, HTE&BRHEBENGIN, LEENTFNEEERKFEM, THz QCL Kk
RERBEBEELFEMNATR, AMUEEREZE, BERERHIP. XE&BK
FAMEEMTHE 0 7 180° VEE AHHEBERS M, BREBRENT AT,
ANTHBENERE, HWERNBRTZEEROCE TN RE&. BCRANT
mfESE. EHTRERBERSFETHRREENTR, 2018 F Wan FAX
FANEEBESREEREERNTR, RIMETAT 24°%2.6° Brzigea i,
E1.13(a)(b) S HIRBAR T ZH RAEEEMEHINRER. ZHERATHETFH
Fetk, AATEEENLF], JLTEH T THz QCL. {HE FEMBIERIERIE
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e SR
ridge reflector B

) 80 100 120

113 (a) NEERBEFERFEES (b) NHASBEFRBEEEEIEHIR (o) 3x3 14
HFREEFIHEHGER AR RE (@) HREHXE &R FER R
Figure 1.13 (a)Schematic of the MM THz QCL with a silicon lens coupler (b) Far-field beam
pattern of a MM THz QCL with a silicon lens coupler at drive current of 5 A (c¢) The
microscope image and drawing of the 3x3 patch antenna array (d) The beam pattern of

a MM THz QCL with patch antenna array!!

POt 5SEEEANT, SUSNEHREF AR BERIREEEH 2
MATF st HTiRE/IEENEEN, 25K, Matthias FAENHE
B Fim AR E1.13(c) iR FHEARL, E1.13(d) REBRKRLEE ARG
B, ZIRTREETEE (2x2 5 3x3), BREANLRERAKERE/NIZES
B, HENMRENRIFHESAM, MARGSNEASBE S AINEEERE
it 90%, HERCTTH R LI RAE SR 5 AR B H B A fgs A 1A,

5 FERWiF T EHE, Bt REFRCTREEZRARKER. ZBrofh
R (Distributed Feedback, DFB) £5#42 % — i Tt R B A6 TRk 17,
{H R T &5 B DFB 4514 BT~ 2R T R S 4% 6 17 58 A8 1) T ST R AR AR
XS, XEFBRERMERAEZ . ERA—FMERSTRE, & Tsung-Yu
Kao 7E 2010 4E42 Hi 2 T —Fr DFB %5 # KI8UHRESIH &4 THz QCLIM4, 1
El1.14(a) fimR. BASLHEFERFH—RES Kk SREREESER N DFB 5&
HE, BSBARNKEREITRAT LS TE DFB H ARG, REEAHER
i CEANE ST 49 10° BiE K BUA (Bl (b)). 2009 £ Amanti FARE=
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B 1.14 (a) ZHr4A RBBIRES) THz QCL GEED FmYeBrEARRRET [0 KRB 41

(b) ZM47RBBURRES THz QCL EHERE (EEN THz QCL HREE) (o
HWREEE T4 THz QCL GEED KzFgr i+

Figure 1.14 (a)Schematic of the second-order DFB phase-locked array THz QCL(insert) and

Far-field plots o (b) Far-field beam pattern of the third-order DFB phase-locked array

THz QCL and the inset is a schematic of the device (c) Schematic of the SSP THz QCL

(insert) and Far-field beam patter[114-116]

% DFB &/ SLBEREE (T KAL) 10°), EXFREH T —r i s
BRE HHT RS IAAMILEmAG R ER, RIEA=MAT5 R4, SEmsei
HeAEThEe 1], HaH 5imig et 1.14(b) fimx. =K DFB £5#1) THz QCL
BAERRBAZHETKENEMW, Hira Seiis/MREAN 6°x11°M181
B NSNS G AT HE— 545/ 3 6°x8°11191, 5 4t AT LUB I ZE B s S
TR T RS SE UG IR BT, XFh 7 R AR R TH S T SR R A
TERMNBHE, MASEWBOLRASK R, FE@IEMERARELRE
Ttk 5 K ZEE ARG R REARERNTTRERERFHRE Yu 7E 2010
FER B RE S E T4 (spoof surface plasmon, SSP), Z&5HE T RER T
3R (focus ion beam, FIB) EF#H &K LM% £ W3 KA, wWE1.14(c) Fr
7, EAE NG0B RFBER . BIRPIFA FIRE AR B v iE sy 11,
ELEXNMBAREERESFRE, £LTE&EEAENFEX ROL (K
RP), K R A JETRE R AT, MU s & BRGET 180°
MEESM . ERAEMTHRIEBELT, KFZER T BEERNBESHZI, TF
TR R FEE T, BXPRsERERES. MAEKSPTRNERAN
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F1E 4R

(FRX MBI ELN 3.5, FECERKRRRE. EHROEHETHEWE
R, S DAL MYERESE R (6D SIS -RENBR, IITE L KRR
ZWHS FINRESEE FENTFIAREERST AT . BIRKEE B 71
BTEOEH, BOERTISEE FEMNREBH RS .. BEXFTE, AR
FK THz QCL FIH A4, K& /8 I T i35 R M i 180° FE3] 10°, F
TEIFIHE M EL14(c) Fim. BT LRI BRB KT RIESEHZ I, &
B S5 REEE TEMRUKN PEERIMES RO, MaaBREEETHS
(Dielectric-loaded surface plasmon, DLSP)!121 &4ty FIF-3RBH/MOT IS KL
Ao

HF BAEBAMUETFARER, EE THz QCL IR HER., FREFE.
PR SR EE T R IEOESE (Vertical-external-cavity surface-emitting-
laser, VECSEL)! 22123 | B0k 38 (Random Lasers )" %3755 THz QCL ik
PHEEEERAE. 2005 £ Dunbar & A — KT HEBZ5IA THz QCL
H, 2P THz QCL (ARIEUN U2, BEE LT RALZHZ %5 & THz QCL 4
BRI RER. IR REREERN T A% THz QCL K3 i
TAERE CXFMFRNMZOCHREER RN BELD , EREFEMITIERMR
ZREHBEERENS, g4 TREEMZIE, T EH BT HE
Wi, FNEEERANSIETEE, ik -4k Tad nRABEEF=SA. it
M) ZHEEN QCL AR, SHEORS A28, ERE)
EMFM, 374 DFB 152, FH = SILR RT A RS T Rk Ts
TR LW B EM, 2018 4F Jin FAFRH M 500K DFB B& 4L T H
AT MARIE IR BRI R E (Power slope efficiency, PSE) 993 mW/A, #tiIh®
170 mW ), F4t F A BIIR TS E FEW TR AT YL T R RS T
DL A AME S BB K HDOEALE, RIEEH B TIR BRI, TRk
5 THz QCL && 54 T L HT RSN S AIRE TR, BItRE
BIY6F SR EL48 B~ THz QCL A5 A — AN #4 THI B FE 43K

PEEEAWIR B 1) THz QCL AR LB . RERER . AP FRRE. X
MAEICE SR FIRGE T RIFHIB &R . 2% THz QCL I 48R 7E B 77 Thl B3
R DA SRR B0, [ RISSIERI2, THz QCL 5—ANEFHE IR
F—— K2R RSO AR .
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Bl 1.15 MEAKFEBNT LM Wﬂiﬂ%ﬁﬁﬁ@%&ﬁ%ﬁ - R BERRCDEOLSE, 4
BAREFERLS, REGARMIERE, RAIEFBOLHE, KEINHESER
%%, HERNRIGHEHIR

Figure 1.15 Available laser souces for frequency comb in the sub-millimeter wave to near-
infrared range: femtosecond laser (bar in black), semiconductor lasers (red), mi-
croresonator (blue), difference frequency (violet), optical parametric oscillators (green),

electro-optic modulators (cyan) 132

FesA 133134 $efe S B — RV IR BE A3 A5 BARAI R R 2 MR LA
R TR A FORYR. B 20 tHEE 70 FAOEHR (SRR EOLE) B IRM
FAF TE.25 3 B 2808 B O T B I A Sk 1351361, S dFidmif R AR i
EREENTEFEARICENDN, Fr4e sl e, hiamk. M=
. OSSR R E i f#E & . John L. Hall 1 Theodor W. Hiéinsch
Bt oK B il TR i e B F B TR IRAT 2005 SE3R IURYE 2R, AR
BT HRGIBAREA R, R TR BEARIELER CERRE. THEEN
AR, SR AR N EIEERMERRE, XRALEFREAFEENNAR
X FERBEYT, S HRNBEAEYFUGERN SR ZEFEEZRN. PRI
JeRE B, VB RN—Fh N R ATIVE B &G EEOR, B B S
MY F AR BAE R RS BT R R IR B B FRe g gt . FAR i R eER
ARSI RIREG Z H], BIBTFAFEPRZES BV B BRI BT . AN B 53R ) B L I
BEEARFRGEE, RRERE R RYE. Bk, £ MKBREIHRERIE
AL EERR, B1.15% Picqué 1 Hinsch & 25 KM ZKZ BT
Sz IR R IR 152, H o BELEZILIRE T W6, a
B FEEOLE, REENEIRE N, EONEMBOCIGIR, &6
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F1E &R

RFESBIRG BCIM, FEAEEREREDUIIR. RRXHEEBOCHTLFE
P EE, EMETSORKHFEBEINSE, K2 & & A T8
FREEZERTF-BFZEMAEAERSEESFRIEE, HIR FIHRHELR
R R R, 54 IEEN (pump-probe) HiAR A LAZ Y SRR EY
Frhi i AR R E LRz ERY, i THz QCL & 1-5 THz BB W L3t
S B A R ST

(a) Time domain

E(t) —>\

,” \\ v
, . ) |
AL LA
o Ny N = I/
V V v 77 \\l v \]lv }
\\ ,I Ay ;’

14— 1/frep=T —»‘

-

e

(b) Frequency domain

Ad
feeo= o f;'ep

— feeo <'—/
1Y) \
f;ep. | /| 1. o ) o

- fm =mf‘_‘rep+ Jeeo

B 1.16 AFREE. (a) R L, BERNFIRAFEEERHES,,, MHRME (EL)
58% (B ZRAFEEEHHME A¢, HALZEERKHFIEBM (b) 25
BE, FE—RNSEHES,, SARHPE, SRARRE, BERARRKCLREM

Rf, 02
Figure 1.16 Principle of a frequency comb. (a) In the time domain, the ultra-short pulses enjoy

H i H H i

a period of T, and the carrier (solid line) is shifted by A¢ relative to the envelop (dash
line) from pulse to pulse. (b) In the frequency domain, the space of the teeth is equal to the
repetition frequency £, and the solid lines represent the teeth, dashed lines represent

the carrier-envelop offset frequency f ™

FEAT IR A IR T BUE W BRI , WRE 8 B AR, B3k 8 I fik
it RL TSR A SRS, TR Btk 2 KA ST R BURBOLEER
BAE Bk A AN EEAFE, REBEIRME. —ROEBULRUERM
B frep FEEMBIABKIRTS, frep SHOLRREIRIBEH . KRG BATHERT K,
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KB T RBRBOLE I R I HHT A

Xt et IR -
- _° '
Frep= 57 (1.2)
S TR TR .
Frep = ﬁ (1.3)

Holt o I, n REREARIGHTHE, LARK. EFES ., AIR%
Btk () 2 HMER. B—AEEOSER T ERENGRNEE, R
B SHEEAR—B, REERAEE— RIS 5L EE 5 EAKNAH A
RI%R, TSR E—AMARIE A, KRS MM AIER SR L RN %
YA B VB B B T SRR, RN R IIE £ oo

_Ad
Seeo = o frep (1.4)

R, BT DAL S ceon S rep PIBEE:

Fin= Feeo+Mfrep (1.5)

Hr, m AEBE, RECTRPIE m RAE . 2 f ceon frep BHEZE, b

FRAEME TR TF—H, SRAEEFRERHR G, sk

FNARE SRR 2 18] SRS 5t TT DA B ARG AR YE R Y AR AT SR AR KA

BERPHE [, TLLESEPOCHR _RENE, T THz QCL JefiibR, RE

U RS S REBIILAD, B4 MR BOR BR E 3, SR A B S v ol

PARTG RAE R LI frepe MHERTTT s foeo MANRERMERIF L o oo, TMEHK

FBEZ%75: (f to 2f self-referencing, -2f) W&, WE1.175 75, HEBA AR
B R A TE IR R BUE B — IR AR 15 £, R A3

2fn=2f ceo + 21 1ep (1.6)

AR 20 RFE f oy

f2n = fceo + 2nfrep (17)

521, RIREN AT B R f oo R FANURARES L BAMEES S 2Pl Fa i 141192
XA T ER I AU 5 B A E R R ER, FONRE EE DB
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:::«L:ll |lh L7
—»l ' D + * —> - + -
ﬁeo A fo =nfrept+ Jeeo f;'ep I 1 fon =2nfrep + feeo
Nd:YAG laser faoubte = Znﬁ'ep + 2fceo
1064 nm ‘\xg/—‘ Pé beat frequency = freo
(optional)

117 B2 HERAREALSRBAEREE, X NA:YAG BOLBIENTRSE, AT
HRBH= = g0
Figure 1.17 The f to 2f self-referencing method, in which Nd: YAG laser is used as an option

to assist in generating the second harmonic 2f 14}

WA BRI f-2f HIEBEf oo FHEIMYUE. NEXNMEX LV, RELIEHE
R UL R O B s BB A R AR . (ERE/ERRE, FFIE
B YR I B R B R f s BN, 202N AP IFERET [ oo
SRR EL R ISB, 5341, 1B THz QCL, B BA 5 E 5 & 1
A YR X 45 F A7 R I A ATURE IR 6 3 SE IR STAR AR AR L R M ), K R E
I TFHEH R BREMEEWRTTHE. Bk, ASCARATHEARESK THz
QCL % HA T LIAMZAIME . ET S oo BUERIAM, 7E THz QCL JeBI+ 7]
PUBE O ARG £ BRI 8%, RIS 5XHIGIE
Bk R SHGZ BIHEATE, BEERERHTE0E, HmsEBgN SR
o ARIEDAR, BESSEFRMARY.

1.3.1 KFZEIIRASEI SR

SEAH TR — N EER R, AR AE . THz QCL H
REEHFEMBOEXR EAMETR, Bl THz QCL Stk — A Bk
FIARAL R R & #) THz Bk fERF FIEAE] THz QCL ', BRATHALR R
H R4, 2010 4F Oustinov 25 ARIE T LU KRB A TR R e 1
FHF Bl THz QCL B THES . LRBEBWE18G) fix, KBHOLETEN
7 4 Pk v — 7 T R SRR O B AR B R A B R IR, B BRI KA
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(a) (b) RF pulse RF pulse
l | DG bias
JL 1

Gain Gain

b

" | ‘ T - n A
L o _/
7/

fs Sampling beam L
Deiay line fs Sampling pulse fs Sampling pulse

Femtosecond laser

Photodiode

B 118 (a) MRFTFEAEARLREE. (b) FTEEIEA THz QCL =4 KA T
mahgRi
Figure 1.18 (a) The experimental setup of phase seeding of a THz QCL (b) The process of THz

QCL generated coherent radiation by phase seeding 4

EE5HERWEEDL T RRBESR (BiasT) —FHHERM THz QCL; H—HHEE
fkrh b i B R LA M T AMEES, LY meEssa it THz QCL
d, TERFD PRI B RBH . FIMESERAEE R 4R T W& THz QCL Rt
MK E: RERIE R CIRE RS B EK AN, R TEEOL
BR—OAZ, —HMoATREBABIRE, MRANAETERL/E DR MY
HEIC RS ZnTe @ik L, FRICEE ZoTe ST H THz QCL (EH AT
KRGk, i B REURER: (electro-optic sampling) W R #FZE Bk 7E R 45 _E 2%
HllHisk. E1.18(b) BEIIR TAHAF FIEABARFAERNMZKAILRE: = THz
QCL 23 & T RER, AT RIARMLEIKMBIEANT THz QCL ', JIFFIN THz
QCL Ffnfkpf e, K FHRME. BTPIHERET QCL MiRkiEHEREBEOL
%, ANZARGISIHIRS], PRk RN B KR, B
TR RN BIRHR 2T F Bk R R T B RS, R RAR Tk &4
UK, 2P THz QCL BHEBEA TS U, P R e F A BA BRIR-
BokFa s HUEI R T CABL 3 S2 I THz QCL 3&ART4EST, AT NEZELEIRIRE
TAE, TiHIRHELT MR THz QCL Rk 5 I EF], ERHGRSHR WS KA,
HE1.18(a) TLAEH, RAFFE CHEOLE. SR RE . RS RESE, &
MR, HEHE R¥E THz QCL &M BB .

ESCIRF, A TFHEURAR THz QCL Al AR PUSHIRET/E, Hitkst
Il THz QCL YeHifi i 3 — NEE K 2 THz QCL 9. B FERHHITR:
EEhUE, BEhEUE. BT R THz QCL i N 3 25 St Fe VA ZE 1B IR i AR IR A1
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F1E 40

b, J5&RF AT RAR AR Bk E ST IE.

E THz QCL *# A5 (radio frequency, RF) ¥EABIEE A LI F )4
1, FEOLESHIIA—EHRN RF 55, MESTRLEFIYT RERME,
B SESTRE I f op (B0 1L140140) . NS A PR SR T 2RAR , R0 SR R A 1 0L
T, BTEOLRZTAEE. REBESTMANMRE, BREARIFTHESE
A, BTTEFBIN o B RERE, WRBOCRETARBBRE. SH=R
A TR TSR MR RE E SN EREFE, —HE g Emt
FRIERIRE, R L RS Fi e BRI EMEN S repr IRRIARITE
Yk, S—75 T AT ATEA VR X 00 25 1 Y B A UK B 2 VIR SR B, 7R 3R B4R
WERKEE, ST, BT HAR A RF IIRMAAD, TLUEKE S ER R LRk
%, BETLUEEBEEN R MR, EIELRER T RELIBOLES 2 HEE
G4l ik RF NS AR —F+4 RIENSUETT K.

1989 4F Bowers 25 A\ YK STAREE AR LA TR0 A& M Eh 847,
EREE RN EBUH R B FHEMRK (os B, B m N i 247
FESLIRI RIS, RGBT R EAALEB &S (WRERE) REZRK
I, SEEEEST AN 5 RN R BN T HURE B RG BRI T RS . X
HIRIIR OISR B H T EE SR E RS SE. X T THz QCL——FFlR R
TR AR SAEONS, R MR TENEEE (ps BEUS®D, HR
TFoTPEHSREEERES FEE, XE—MIHE. BERmABEIREE,
it THz QCL 7E VA S RL th R sp A EESLIR TR S, RAMPIUEABARRARR
B 0491, IR AEIERA THz QCL A ¥5 X 7T LA R =il 2R 19 RF Frifs, ([HE
HIELF T THz QCL 24, HPEEMEWE KR THz QCL Ll T E
FINBIEF A R UL R B 5 SR SR 2 2 RN FEBLILACSE . 5% THz QCL H4E
S RE A ES0EH R AR SER AN ERZ —, BER
NAKES2E VR

FEMIICE A, 2017 E£HREE LBMAGH Gu SAXRMAR—HIZH
ETHMIARTHELLELRESE FAHEST THz QCL, 2 AR A H W43/
IREHE & P B SR RBE R LR, RIEH R . RS R B 1.198T
T TEARRIRE &b, e Bk THz QCL L MAR, SRFMHARGISEEE] 11.5
GHz (3dB %), TIEWAKIXET, HT&LBE5RMER, 3dBHREN
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Figure 1.19 (a) Rectified voltage signal of THz QCL in a porbe station (b) Rectified voltage
signal of THz QCL in a cryostat[!>"

99 GHz, H4ME 6 GHz i, HMIURRMMME, X2 BT EMEME&Li S THe
QCL FHHIAILE 5] &M R R AT . @ MR E 5T THz QCL # S11 &
WK, 9 BB EEARIMR T FIREDT, ARYEZPEYUE B AT i PR UC Ao A,
MR/ ER BB S RE v N8t e S 2ma 1900, 75 3¢ RF SHARSE SR B
HIFZERE A 2017 4F Wan 5 AR FZEOR N S 4 %R IS E 74K F THz QCL #
ITEFNBM, LI 330 GHz AR B, B BRENBER 15 A3
2 44 4>, ZIBFFRON BTC HEX 451 THz QCL i 4%k, ks AR
SR A B0, 2019 4 BRHLF FE 5 0 T H AR FHTH Schwarz AR %5
ARAMLEI T THz QCL JE3bR, 5% B ARE S E 6 RS 7 ES T IR NHF
?'-‘i[ISI]D

LIGHER 5 — M T KRS PHE, 1ER—MTERNT R, HRRHBES
REH®ERFEFREESHTR, SWERE, FANENS ERFEENKE. £
REFEASIE S, BEHIESHKFEERKEE RS T THz QCL M EikE. B
AT E, Ippen R ESBURAEB SLIMI BRI 1/ | /o, TIHBIGURTTREIEE
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Figure 1.20 The THz QCL emission spectra under RF injection locked (red) and free-running
(black), measured at different current. (¢) The water absorption line in the range from

3.9 to 4.4 THz.
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BIFERI B T —MERE BEA BER TR R 545 (Graphene-integrated
saturable absorption mirror, GiSAM), B {X5Z¥ THz QCL #5114 . GiSAM &
WHE121() Bz, 15 BAEEMEUEBE T RNESBLE 0.3 mm EEH Si &
b, BEREF RN Si —HE/E AR RS, BRINERESEH, 5
—HHEERZ EARGIHR. Bt Z 38 (zscan) Bk, ARIBERMHEZRE
B2 B WAIR SR B 1.21(0) Fras. @it El1.21(c) A RBHRNE
AR, 3% THz QCL MHMMEEBES, B3N 16 ps3,

NE ine
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Figure 1.21 (a) Schematic of GiSAM (b) Normalized transmission of graphene saturable ab-

sorber (c) Experimental setup of THz pump-probe (d) The THz pulse width is measured

in time domain**

PABIR B A A B B SEPL THz QCL J64iif, BRI A RH b m
Wit. Botas B iz s e Se G MR E, X SehR i R A
FEHHIBITRPLS QCL H, BERIEL AN AR EWRMNE, oThigs
JEE G BRI U S (four-wave mixing, FWM) HLiI SEI L5k 1551561 35 fih
PRI S ROEIREE SR (BUR SR BB IO 402601, AT R
B FWM £ SR BEIR . B1.22(a) MM M AIRERL, [y
WESRBULE R H B — RIS R FHRBE 2 FHA T Q SR,
Kz B FUCREE TR RE N — /M, BZRERERIERE (©) M
K FWM, BETIF=AESGHAR . & 56 %S00 B 6 5 VO B AR AE 2 2 A TI R e, A=
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Figure 1.22 (a) Schematics of the microresonator comb. (b) How the FWM mechanism gener-

ates the comb >4

AR (EL.22(0) F (1) FiRidi2), BEEIRMHIF BRI G ST H R4
(E1.22(b) F (2) Fiadi). FAFWM ST g g iE, FtPAEme
HHRREEGHEEN ARG, BTERRMEIR. ERIXA SRR 2205
REEEREr, PREEEREELEBINEER/BLT, FWM P AERIRS
MISRENESEES, ZodEA FRIERMBARES . BOREFGHRTINE
T, FWM Fea M R 5 LR, RREGHRKAERTIEFKNE
. £ QCL # (bR FLUINER TH2), SHIETRIES B RIIA FAE T
A SR IR O LSS ISR I R I DU BB AU AR . B AR Z 2 QCL E - R
TR B RBA BTN, BT ST, £ HHIBT THELSRESHE
B, M4, 7 QCL ' FWM R U7 S ?

&%t QCL F FWM F BRI BE R BEAWIBIE, BRI Z
BEZH—MEREETEANSERIEN. B1.238#R T FWM AL L IiEA
YRR, £ () 7, QCL AZPB LT RE, BT BN AIIELK
RN, SYBEZ AR, BIER QCL NIRBIRRES. 1
() F, BT QCL AKX AFRIELME, IESE FWM AL, HER,
H1 FWM P42 53 R s B sP 1B BT AR BEAR S o 7= AR B Hr A T AR O P 52
1, REBENHER, BRELLHABEROIE. ERXFIEE BN
BRI EHJE— 2 S T RENLRME, TR HWHEENTERE, WE
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(a) multimode lasing (b) degenerate four-wave mixing generates
‘ side bands into cavity modes
N NN
2 %}i“:?‘ﬂj{ | AN |
8 LI = ‘ |
B 8 |
AL o N1
L L I\I i 'freauency frequency
not evenly spaced

(c) injection locking of the four-wave generated side bands

optical power

bw frequency
repetition rate # cavity mode spacing

B 1.23 (a) QCL ZARWSTRE (b) BN =AU, HLHRBEREERZ A
(c) PUFIREERIIL e & YR
Figure 1.23 (a) QCL lases multimodes in freerunning mode (b) FWM generates side bands into
cavity modes (c) The side bands from FWM lock the cavity modes

© Fin. BL23URR T BEBHER, EEFRTERNS . Hig EE—RYE
SR LA p 8 5 DY R A A i, TR P AN 7T Bl R 787 5 DO S VR A= AR
i, R&EULER R U EE MR RESRRC N, E28ERNESZ
JETTREEEIRRAS, XS I KRSt T A Lol 8 28 AR AL AT 1k

RIBEANBUEE IS, FWM FEROCHR #1552 7= A2 (M 1 A T R AR 52
ZW. —JrmEATAT CLEE 8 R R e T Af. AR

fron [T
Af o TER [ FWAM (1.8)
2r Icavity

Hb x REEGRY frop TR, Tewms Leaviey 70K FWM F=4 1340 H
REMFRHPERE. 1% FWM FAENGHRET DY KSiEEE, s,
FEQCL FEX AABIELNE (B P REO. B— T E R T # a8
K, FWM 7E QCL H Bt &2 IR ARSI 17, Aseditit i ie st
EEBHE (group velocity dispersion, GVD) . EELENIT ST AR K EA 4k, 4
LB RV RO, MW MEZ MR EER S REEL,, N SETEE
RV AR 58]
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generated by four wave m
—xlocked frequency comb
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E 124 (a) BEEIRPIEHSINMERIMBEBE BRI LD FEANBE () WERBHR
PEBHOLRIGE, SUERETEEEL 60 cm™! 15T
Figure 1.24 (a) The dispered cavity modes is locked by FWM mechanism (b) The spectrum of
the FWM MIR QCL comb!1551571

fER4S QCL #, BEER K ERE, HT FWM FOCHRTE 2002 £E£
W T, WNE1.24F77R, Faist 2 i@ 4040 QCL M EBULTH, LB
BEEEET 60 cm™ ! MIFEHEBEZEIS). X F THzQCLT S, AT EBEEPE
REAHMER T EMAERMES . 2014 4F Faist % A 4% THz QCL Jt
SR g, WA T E BT IR R S R A B 2
RREEA, 2019 P RBE_ LR SFT Zhou B A4 FIET ST XU H &8 B SR 44
GREEBETHRESFHMHEWETEEGTE. FRIK, FIHAERTHEREESE
B 5 B2 S BRI R LRV, WOR T SR MOAMERER A, T
RAENESREEERY, BREREHIS. EEgrMeE AT, HifEE
A5 EHk ;25145 (double-chirped mirrors, DCM)!8! i Gires-Tournois F#4% (GTI)
FIFR g US71600) i e (o BRME 451, HER AR R B A R R A AME S &
BN SHEX MR, MG EEBXT = EREmE. mE1.25a) B,
RV R ST B SR GEH,  FLSEIN A O i R AE XU TH €8 Uk 5 5 M 5 Y — S
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TEURM A7 AR ST R . MBkrRE g Wb e, KIFKKo8 (BER
RIERRED R EZEMNRSLA R ERS, MEFKSBNSERRRE
RE, METHXIANRBEKITDHSRE TRIRENKE, $Meiaichg. 8
RZEMTEILZ BT D& M AR AN T] W6 B 161, (B2 %/ NMAR I T &
B —PHREMERERENTEBEFZ £, TAREN—DMSBERSAT.
El1.26(b) /& GTI MBI, HAFm RERRB N —HEREE AR EK
MR, — RS R AERKARSR (ETR0.1), SHEEERE N
R4 CEEA 1), i3 AR R 2 BT A B 100 o7
£, #HE1.21(a) IR EN GiSAM &M+, THz QCL R, TKAIMEH Si 2
RIA R B ISR S, EREME X EBET GTI &1,

B 1.25 RS RABGMES AR E. £, FRARNEERNEEHTARRMRE
RAt. A, WRRSE SEM & 15

Figure 1.25 Schematic diagram of DCM. Left, the longer-wavelength wave reflects later (blue),
while the shorter-wavelenger reflects earlier (blue). Right, The SEM image 1561

1.3.2 SRR A

EFTFOLEZMANRKERT, SRBEIEI TR, REMNNA. EgL
(signal-to-noise, SNR) ML HERESIRH TIEFFHER. §EHA a4
Jt# (fourier transform infrared spectroscopy, FTIR) « A##2ZFH 861 (terahertz
time-domain spectroscopy, THz-TDS) i AAE N H i & A2 50 75 I A #k 2% it
B, FEREERE—PRETENEEEERNSE, XM SRR ARE
b B2 PR T AR AR o —— 16 B B S AR R A T e A B . RS R R
HAAB ARV R GERL) RKIRE S0 L 6, K Ediik
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Figure 1.26 GTI for dispersion compensation. Left, The principle of GTI. Right, THe SEM

image!16%

fIEH R i R A EEH TR EREMEEE, HEREERERE “Al” “&Hh”
AR, IXTC AT AR AN T S SRR 1] . 7E6I AR T, g bx T
FTIR RULAI ASCIL R w3, ERAHE 5EFURBTEA (FTIR K%L
) FHSEMBERR I, HERNERMNERTM, BEEANL KshRAR
ETURBRSHERN /2L, HF c HE. BT HK FTIR J6iE AT PAsE
Ul MHz B4 HI2HE, BEMETREAFENREHAM . FTIR A THz-TDS
BARMAETEAIEERILENERTEE, W Menlo System A 7] 47 ) TERA
K15 %5 ) THz-TDS 7 LUREEK T 5 THz K7 B AKT 90 dB IZhSTER .
RIFZEFCIR R ARG IE RS AL T H T 2T THz QCL St K
FIENEAFRMHIIER, MREFERA ANEAFRENMEEREE. BR
TR E I THz-TDS — RS E &, ERET FHARITIEHMNAEXA
BRRWRERIEH, JLETLRRERE 1-5 THz 2 WAERTEE W KBUE, E4
B EPREERI T RS, B EREOLREREEREAR, STBEEER ST
AR, &0H#]Z) FTIR F THz-TDS RERFH IR, i RERN H. bk
PREEB, THz QCL XFMAEE RAWMRE . 1ERA—FMEEASTIRSIE R
77, EET CAREE B AR TR E R R, REAE, XOCRBGERAREZE W L
SEPSERT AL, X% FTIR 1 THz-TDS SRit& 2 A r REREE . THz QCL St
PGS PERBR T EE R S, MERMRSHPOLRHEKRR L, BIAE
IR KRR KRR PR, BRRMNCEERATRREN K
Fabry-Pérot 5 QCL YoM, 15 mm %S EESHRLAN 2.48 GHz, %57 P
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ROLF L5 B Al FTIR 1 THz-TDS RA& K FFEFTHERE. ER 15 mm 4
ik THz QCL #$#RE KRR, BEFBMERIE. HSBEEN. AR
R MBS, R ATE ST K. @ ORI S —MIE £, F
FEAREME, FIRSETRUS (Stark shift) AISEBRT £, SRR, A
RAAEM S, THz QCL JESf i B A RAE H I 78 2596 Bl /9 A = MRl b
HIBEST .

Picqué X SEIFAE GG = H RN 73%@? REMEAS, WE127FTR 132,
KR LA ARF: BEAFASAEEERAR (B a). RF@eImLE (& b)
(ramsey-comb spectroscopy )~ BEHEA-JEAAEIEIE (B ). T T /RBTH -6
JGiE (B d) FIXOEHREE (B e). (HRTERM A B & EA TR EBER
HERAR . ARG RGP D IAER=AEERNTER: BOLIE. RN FHAR
RAT R ERET IR ME T MR RANG R, ERHEEES, RS
HIFIAWIEFFEE. BT HRSRZ SN R RBEN R SRS, LiAn7 s
77 SRR HE LG R A I B A B K 25 I B
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Figure 1.27 (a) Direct frequency comb spectroscopy (b) Ramsey-comb spectroscopy (c)

Disperser-frequency comb spectroscopy (d) Michelson interferometer-frequency comb
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1.4 Kz

SUEAR L 77 VE B HT B Schiller 78 2002 £E32 H1 162), HIEAM RN 1.27(e)
FiR. B4R XOEH B AR S, XA B AR R R
=VE, BRAGAANESMR. NTREFE, ERTHCHH 1 BRE
BERAREIAERN fooorr BEIMEA fropre. 71— NI 2, MFAEYR (Local
oscillator, LO), ERIEBERMBINEN foeonr BEIEN frepre B

frep,2 = frep,l + 5frep

AR LR 1 RBOEEERE R S LO MBOEHEIRA, Himit
155 B PR AR . 3B THz QCL XM RS, RIMSBKHRE
§bF RE BB, IETEH MR A B tR3558 T (R B bbb s AR B
ReRZAh, BT IR 77 R St K 20 BRIl 2

141 FEHIRIE

SR B A L H D 22 41 22 6 R . FRATT 43 T A SRR AU A A
BRI A K RE.

@ ., (b)
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Figure 1.28 (a)The time domain of dual-comb (b)The frequency domain of dual-comb

FERTE, AR 1 PR R & L — SR IERY 55 LO P2k Bk A A
B, AN A 6f o) f repy? TERKIIRTERIR BN, OB 1 W BkvH 545
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RESERIBA, HIB5 FTIR (3 THzTDS) WM AEL, ERIEH
HEHAREDSEAHTENEERS: BHREXHR U —FEEiS R
DU RS, AEEBBIEMG (FTIR R348 HRM I PREARERN
B BT BR . LIk, ZEHRIIEE EIRBMRLT RF WM GHz BRE S, RIS
SRE BRI HTHEART LA IR = E R

EH L, JEHH 1 AR 2 W] LAl AR A 3E X

fn,l = fceo;l + nfrep (19)

Fm2 = feeoz + miep2 | (1.10)

2 BB n=m, Y 1 ISR 2 038 o M EARI S A TR RS 2
N

fn= (fceo,l - fceo,z) + nafrep (1.11)

WU, SRBHIXOEHE S RGN, KB BRI Nf 01/ o2’
BEINFEN 6 frep- M THE THz QCL LML, % TR IE W E7E RF B
B, GHz 8. BEith, RRAEMIE AT LEEME THz QCL KIXULHi{E
T o MUGHUE 5 HERATE R SRE 506 1 fOBH 2 B EMEK, WE1.280b)
BN, RERIB RN S BOMR 1 K JURM A SREES, XRM, XL
G I T BENRL. ERRHTREMRK n=m, BIJGHH 1 FOCHH
2 XTI A. SEhF L, JEEHE 1 P RETE RRIA S L EO6HMR 2 7
AXUEHE S, BT AZEESANEBRE MRS .

KL AR LR B THz WS RF KB EH “HrR”, EdixeE
“OTRE”, KMEEGIE RGUEEB ORI A RN SR RIBR ], W7 DUR A E 0 AR
BIAS, EEHET THz QCL KB HRMEIR, LHERMES. H5h, THz 5 RFH
RER——XRK], BATRZAXCERE “HURME". KEXMHRR, RIMEE
AT DA I B R A 2 v B TR WA U B R SE OB AR 5 D AR T AR, AR
T FIXOER R AR G R R T KRR, XRAREIE T
A O e 3R B AR A FT A B BRAG Y BR AE KR 25 S B R g . 548, DOk
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WA RBERE T H e R IEESR, BRIEW EXXPNAN—F, BB RS
PR BA — AR, BB — AR B B & R RR, A
LASR1B TCIRIRROGHE .

SRS AR LA WmEAE o TR ER ] (RELRRE) . —
TENPEE SR SR RESRS, FRENEYRAMECERER
ALY
142 KFZEIEHRMARER

BRIEEASN. PO BEECDETHIOER S/ E SRS, ERE
AP B, TRHAEET THz QCL SULHKI 242 SE i IREH S22,
BRI E R EEEAH MIT £ Hul'6Y, B 3531 K2 Faist169), IARETIIA 2L
meﬂw,@Wﬁ*ﬁﬁiﬁﬁ%%%&ﬁﬁﬁ%ﬁﬁmiﬁoIEH%%
TROEH £ 426 24T ) THz QCL Ye iR & E R A A oh 2 . BIME .
T ULV, AREEEFRENERE, B RITURMAG L FEEE
FEEAMZRN S REREESRE. KRR KiFERE s
ANFEEE —EHRFRE, HLFERSNEREEL., T QCL IR
KA BT EEAR QCL+ miERNEF EBRMmES) My EXOURMF T
F. FNTRESNFXFF TR RIERNES

THz QCL A& 7T LAMERIRN S, BIEHA BN 5 BAKEE /. BIRUZE—
e RARTEATE, B ZEATHRHREGY. BHTERE IS k&
fF QCL PEREJT T 162170, e 2@ ei T3 7 34T N e Fiia sgm U7, g
THz QCL 1 F U Ge R F IR E 50, BRIt bRz A Al mT DA S R 2 B 5 i 7t /Y
b b . 7E THz QCL MR GH, N 1 FARERMEEHA — IR 2 (&
XEBRNHRZANLO) #, WM REZINERI=ERE SN LO B
62w B P S BT T 2R E 38 7 DU A POE R % 15 SRR, 2%
SRR 1 565 2 A ERMT=AERKBSE RFES, BXOMHRES.
Begh, ] CLER SRR E SRR (EEHEMES, beatnote).

THz QCL A _EXUEH AA B K TIER 2016 £F Faist F A2 172, 4
HnE1.29G) fix, WAREHEYERT (50 pmx1.9 mm) KN E/EEF
THz QCL, LA 450 um [A]BE4EHIEZE R —H+E E, HH LO comb AMUERSME
HERIRE, FRSEE T 8RB 281 AC WMiEESHE 72474, T sample comb 1X
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Figure 1.29 (a) Schematics of on-chip dual-comb (b) Finite element simulation of the dual-comb
on chip (c) The S21 paramater is displayed indicating the fraction of E-field coupling from
port 1 to port 21172

EEERRWE. BEXENS, XHA THz QCL JeHbiR A FE M R amitaE
BXEH (ZHEXHES) , EHaPOA0F BN FEEGERE, FIknE
HHET T RORRERTIE. B (a) A T A 816 B B 2 T DOGH I B
TR, ZEEEAZETEIACHANEL. B o) 2XAFRTHETR (CST
Microwave Studio) M EMMZ MHEER, HITETEFBRRSENE:
£ sample comb B —5iE AT (2-3 THz) KH%EES, ES5IEKSEEHF
R& [ HBZTE KRS, HRHE LO comb —mEWMESREHFERSNE, 48

MEGERGFITER S21 8. HTZIOREWRANEEBEE S, K
ZESHEIRRIREIER ST, 1E (2) AP RABE LR EZHIOHAE
H7R. B (0) R S21 BEMEARN L. EXBEIHE S21 ZHE T/ VEK,
R R B AR M ER T EGH R —RAESNMIEGEE,
TRAUEB AN R A < R BGR M EARVER:; —REFSERAEANR, WRMAR,
A 6 frep =0, BLIGIRTE FTH BN RF WE PO . EE LTS HE B
MFRMERXSHRRRE, X TEEME, WLUEHNERWSIER, £ THz
QCL H HEMMMESE S RXHEE R BRI MF=ELH (red shift) . {HE
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Figure 1.30 Multiheterodyne detection based on THz QCL comb + fast external detector!!¢4]
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JEFR A BiT SWIFT (shifted wave interference fourier transform spectroscopy,
SWIFT) Y& 7 LLIE B G &40 i 2 (R ) S8AR T4k, (B R %0 B 2 A X
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FRSRE S AT A B R Ag 1931991741,

[1.302 Hu % AJE 2016 4B KET THz QCL S EI L S 2618 K
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Figure 1.31 Multiheterodyne signal on the HEB (a) and schottky diode (b). (c) and (d) show

the linewidth of dual-comb frequency lines%4
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Figure 2.1 Total propagation losses for the coupled-cavity lasers!%*
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Figure 2.2 (a) Schematic of the coupled-cavity THz QCL, the inset is a scanning electron mi-
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croscope image of the fabricated short cavity and air gap of the laser. (b) Calculated
total propagation losses as a function of eigen mode frequency of the coupled-cavity with
material loss (green) and without material loss (black). The scatters are the calculated
results and the red stars are the measured lasing frequencies obtained from (d). (c) Mea-
sured light-current-voltage (L-I-V) characteristic of the coupled-cavity laser in continu-
ous wave (cw) mode at 20 K. (d) Normalized terahertz emission spectra as a function of
drive current without RF modulation at 20 K. The insets are magnified spectra to clearly

show the spectral degeneracy
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Figure 2.3 (a) Electrical inter-mode beatnote mapping of the coupled-cavity laser in free run-

ning mode at 20 K. (b) Magnified inter-mode beatnote evolutions around 4 and 8 GHz.
The resolution bandwidth used in this measurement is 100 kHz and each trace is averaged

for 20 times
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Figure 2.4 (a) Laser geometry and definitions of 7 « and f§ directions for the far-field mea-
surements of the coupled-cavity THz QCL. (b),(c)and(d) are the measured far-ficld beam
profiles at 500, 600 and 700 mA, respectively
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Figure 2.5 Near- and far-field simulation for the fundamental and higher order modes. (a) and
(b) are the calculated electric field (real part) distributions of the fundamental and higher
order modes on the laser facet, respectively. (c) and (d) are the simulated normalized far-
field intensity patterns of the fundamental and higher order modes, respectively. (e), (f)
and (g) are the composed far-field patterns by superimposing the fundamental and higher
order mode patterns with different values of R that is defined as the power ratio of the

higher order mode to the fundamental mode
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Figure 2.6 Schematic of the generation of the two-beatnote frequencies observer in fig. SHG:

second harmonic generation

El2.2(d) FIEIEENKESZ. E2.3(b) F beatnoe i BRI IMER . E2.4.
2. 5K RGN, TATN=AM BAEER S IE THz QCL & 5 =i
FINBUR. £E239, BT ~4 GHz HBUE SRS 24, BFELXZIKEBES
~8 GHz. E2.6%T THz QCL FIEX#®IELME (@), MBRHEAHIES K™
AR, WETCATE, ~4 GHz 3885 S (A) HEME oy MIEMEE oy + A H
FIEP=E, iR 1 Fir. R AGSS5ERES o) HIM, FEEE o) Z0F=
AT vy - A, WEFE 2 iR, BEUHES o) - A SENEBIE S o) + A 15T
A ~8 GHz E S (2A), Wid#E 3 Fim. FB A S5 AT UEBMEME 24,
it FE 4 Fizn. BT THz QCL BEX MIRIELME (@), XWTF 24 55 H=4E,
&3 (second harmonic generation, SHG) ZELLHFIHEMNEEH. it, &
THEXMHESEE (4O, WBIRFMNEES SRR,

A4, BEEENEZEMEN SN BEEMLIERZK, RE FXFHMERT
PEME. BRBTHIELZMRN, BEREHIFIEET RN FP EHIET K,
H LA FEF i B R R AR RBAS . L8NS, ROTFTREBHHM
EoETHmEIEEM, AMEAN RS ER TRBAEHORS (30dB), RAREBH
SEREHMAN-38 dBm. MENHE, ESCEREY 1, FP s THz QCL AfEAEEH
BHPEZ FPHIMES, AMELBORSE, HIEEWIAEIE-40 2] -50 dBm.,

FEFUHNNNIES A 524 ZRBRERIX . BT 24 BRI E 244k,

58



F2E RBEBETRHEUCHEIIHES

(b) (d)
25 dBm—’ 4274 GHz 0|25 dBm 0t25 dBm
-49 39
Ml 7]
98
20 dBm 0 20 dBm 0}20 dBm )
. -40 l
£ el “‘BM ) .
Elmy E %o 5 £ ol10d8
e 10 dBm % 0 dBm 8 % ol m
O ~ :/
S R R kA 5 -44
2 \ S 2k 2
& Y n? 08 o [N Dc_) -88
2lodBm | 0dBm 8 ol0 dBm
£ 0 =}
i A 43 ! | -42}
pVInd . lews| 86 o4
RF off -38 _RF off -24 RF off [
72
-76 Anuﬂ‘

410 415 420 425 0 5 10 15 20 4.10 4.15 4.20 425 0 5 10 15 20
Frequency (THz) Frequency (GHz) Frequency (THz) Frequency (GHz)

B 2.7 7E 500 mA IKFHHFA T, AFETIE RF EAARKHEA K THz QCL X (a) (o) M
BEHHES (b) (D). HF, (a) (b) EAFEAN A, (o) (@) FEANFRN 24
Figure 2.7 Terahertz emission spectra (a)(c) and RF spectra(b)(d) of the coupled-cavity tera-

hertz laser under RF modulation on the short section with various RF power measured
at a drive current of 500 mA. In (a) and (b), the modulation frequency is set as A = 4.274
GHz; and in (c) and (d), the modulation frequency is 2A. In each subfigure, the bottom
panel shows the results without RF modulation (RF off). The dashed lines in (a) and (c)

are used to locate the mode positions
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Figure 2.8 Terahertz emission spectra (a)(c) and RF spectra(b)(d) of the coupled-cavity tera-
hertz laser under RF modulation on the short section with various RF power measured
at a drive current of 600 mA. In (a) and (b), the modulation frequency is set as A = 4.172
GHz; and in (c) and (d), the modulation frequency is 2A. In each subfigure, the bottom
panel shows the results without RF modulation (RF off)
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Figure 2.9 Terahertz emission spectra (a)(c) and RF spectra(b)(d) of the coupled-cavity tera-

hertz laser under RF modulation on the short section with various RF power measured

at a drive current of 700 mA. In (a) and (b), the modulation frequency is set as A = 4.325

GHz; and in (c¢) and (d), the modulation frequency is 2A. In each subfigure, the bottom
panel shows the results without RF modulation (RF off).
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Figure 2.10 Effects of microwave modulation on the long cavity of the coupled-cavity THz QCL.
(a) Schematic demonstration of the measurement setup. (b) Inter-mode beatnote signal of
the laser. (c) Emission spectrum of the coupled-cavity THz QCL without RF modulation.
(d) and (e) are the emission spectra of the coupled-cavity THz QCL measured with RF
modulations at 4 GHz and 8 GHz, respectively, with a RF power of 25 dBm
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Figure 2.11 Microwave rectifications measured at QCL driven currents of 500 mA (a), 600 mA
(b) and 700 mA (c). The RF power is fixed at 10 dBm and the frequency is swept from 1
to 15 GHz. The dashed and solid vertical lines show the inter-mode beatnote frequencies

around A and 2A, respectively
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Figure 2.12 Microwave rectifications measured at QCL driven currents of 500 mA (a), 600 mA
(b) and 700 mA (c). The RF power is fixed at 25 dBm and the frequency is swept from 1
to 15 GHz. The dashed and solid vertical lines show the inter-mode beatnote frequencies

around A and 2A, respectively
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Figure 3.1 Schematic illustration of the on-chip terahertz QCL dual-comb device. The two
QCL combs with a cavity length of 6 mm and a ridge width of 150 ym are on the same
chip processed from the same wafer. The inset shows an optical photo of the mounted

dual-comb device.
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Figure 3.2 Electromagnetic simulations of the dual-comb device. (a) Calculated distributions
of the absolute value of the electric field in x-y planes with z = 5 ym in the QCL active
region (right-upper panel) and z = -100 ym in the substrate (right-lower panel). The
signel is injected from waveguide Port1 into the laser ridge and coupled to waveguide
Port2 of the other laser comb. (b) Calculated electric I.ield distribution of Combl in a y-z

plane. (c) |S21| as a function of distance between the two laser combs
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Figure 3.3 L-I (soild) and V-I (dashed) curves of the laser combs measured in cw mode (a)

and pulsed mode (b). Black and red curves denote the characteristics of Combl and

Comb2, respectively, measured when one laser is electrically pumped and the other one

is switched off. The blue curves are recorded as both lasers are pumped in parallel. In

(b), a repetition rate of 10 kHz and a duty cycle of 10% are used. All the data are taken
at 30 K.
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Figure 3.4 (c) and (d) are the measured far-field beam patterns of Comb]1 driven at 932 mA
and Comb2 driven at 968 mA, respectively. (c) The far-field pattern measured when the
two laser combs are simultaneously switched on. (d) Constructed far-field pattern by

superimposing (a) and (b). All the data are taken at 30 K
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Figure 3.5 Terahertz emission spectra of the two laser combs. (a) The free-running laser spec-
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tra measured when one of the lasers is switched on and the other one is switched off. The
inset shows an enlargement of the spectrum outlined in the dashed rectangular box. (b)
The emission spectra measured when both lasers are switched on in free-running mode
(black) and with RF injections (red). The inset shows an enlargement of the spectrum out-
lined in the dashed rectangular box. The rf injection frequencies for Comb1 and Comb2
are 6.143 175 GHz (1 dBm) and 6.136 785 GHz (-8 dBm), respectively. The currents used
for driving Combl and Comb2 are set to be 932 and 968 mA, respectively. All the data

are recorded at a stabilized heat-sink temperature of 30 K
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Figure 3.6 Dual comb. (a) Intermode beatnote spectra of the two combs in free-running mode.
The spectra are taken with a resolution bandwidth (RBW) of 100 kHz. The insets show
the internode beatnote linewidths for Combl (blue, RBW = 1 kHz) and Comb2 (red,
RBW = 300 Hz). (b) The down-converted dual-comb spectrum of the laser combs in free-
running mode measured with an RBW of 500 Hz. The inset depicts the typical linewidth
of the mode marked with a red circle (RBW = 300 Hz). (c) The down-converted dual-
comb spectrum of the laser combs under a microwave double injection measured with
an RBW of 500 Hz. The inset depicts the typical linewidth of the mode marked with a
red circle (RBW = 300 Hz). The laser Comb1 and Comb2 are injected at 6.143 175 GHz
with a power of 1 dBm and 6.136 785 GHz with a power of -8 dBm, respectively. Comb1

and Comb2 are electrically pumped at 932 and 968 mA, respectively.
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Figure 3.7 Locking bandwidth of the laser Comb1 measured at a drive current of 980 mA
at 30 K. The RF power is set to 0 dBm and the frequency is swept from 6.071 to 6.101
GHz. For reference, the bottom panel shows the intermode beat-note spectrum without

RF injection.
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Figure 3.8 Locking bandwidth of the laser Comb1 measured at a drive current of 980 mA
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at 30 K. The RF power is set to 0 dBm and the frequency is swept from 6.071 to 6.101
GHz. For reference, the bottom panel shows the intermode beat-note spectrum without

RF injection.
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Figure 3.9 Down-converted dual-comb spectra obtained at different carrier frequencies. Mid-
dle panel: intermode beatnote frequencies measured from comb1 aﬁd comb?2. Left panel:
dualcomb spectrum measured at frequencies around 5.8 GHz. Right panel: dual-comb
spectrum measured at frequencies around 6.3 GHz. All the data are recorded when the
two laser combs are operated in free-running mode at a stabilized temperature of 22 K.

The RBW parameter used for the measurement is 300 kHz.
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BRIWMNZE, WR3AFR.

% 3.18B45ThEA 1. 10 F 100 nW XTI M ER NEP

Table 3.1 Responsivity and NEP parameters of the QCL detector evaluated for optical power
values of 1, 10, and 100 nW

Power (nW) Responsivity (V/IW) NEP (pW/ @)

1 9.5x10* 0.21
10 9.5x10° 2.1
100 9.5%10% 21
x107 b
(a) 5.6 T 1 T ( )
Comb1 off: Comb2 on; T: 30 K B
52}
S .
= 4.8 e B
g ARk
o 445

)]
4.0 [[RBW: 510 Hz; Span: 5 MHz;
3 | Noise: 20 nV/Hz" |
5908 5910 5.912
Frequency (GHz)
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EAKMEEHE (b) FEAHT R HEF

Figure 3.10 Noise measurement of laser Comb2 investigated in this work. (a) Recorded trace
of the noise at a frequency of around 5.91 GHz. The laser Comb2 is operated in cw mode
at 968 mA at 30 K and Combl is switched off. (b) Photocopy of the spectrum analyzer

screen for the noise measurement
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I TAELL “On-chip dual-comb semiconductor-based terahertz sources under
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Ziping Li
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“On-chip dual-comb semiconductor-based terahertz sources under double microwave
injections,” Ziping Li, Wenjian Wan, Kang Zhou, Xiaoyu Liac, Juncheng Cao and Hua Li
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Figure 3.11 2019 ITQW Best student poster award
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Figure 4.1 Schematics of the compact terahertz dual-comb multiheterodyne system. (a) Op-

tical coupling of the two terahertz QCL combs and illustration of microwave frequency
synthesis. (b) Y-shape dual-comb geometry with a vacuum cap. (c) Photo of the Y-shape

holder. The distance between the two output laser facets is 20 mm
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Figure 4.2 (a) Light-current-voltage characteristics in continuous wave (cw) mode of the two
lasers recorded at a stabilized temperature of 3}) K (b) Far-field beam profile of Comb1
measured at 1000 mA. (c¢) Calculated two-dimensional electric field distribution of the
fundamental mode at 4.2 THz for the QCL structure. w, li, and d denote the ridge width,
the ridge height, and the depth into the substrate that the optical mode can reach, respec-

tively
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Figure 4.3 Intermode beat note mapping of laser Comb2 measured with an RBW of 100 kHz
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Figure 4.4 Intermode beat note mapping of laser Comb1 measured with an RBW of 100 kHz
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Figure 4.8 Line position dependences of the microwave and terahertz frequency link for f,,
> fio- (@) The blue reference line (Comb2) is on the left side of the red reference line
(Combl). (b) The red reference line (Combl) is on the left side of the blue reference line

(Comb?2).
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Figure 4.9 (a) Representative dual-comb spectra at approximatély 1.07 and 5.08 GHz. (b) Allan
deviation of the amplitudes of the dualcomb line, as indicated by the blue arrow in (a).
The inset shows the oscillations of the amplitude of the dual-comb line
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Figure 4.10 Allan deviation of the amplitudes of the dual-comb line indicated by a blue arrow

in Fig. 4.9a for a total acquisition time of 1 s
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dual-comb generations
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Figure 4.12 (a) Peak intensities of dual-comb spectra at different RH values. All the data were
normalized to the results measured at 1%RH. The numbers 7, 11, and 15 denote the
line index of the dual-comb spectra that correspond to the three water absorptions at
4.17, 4.193, and 4.221 THz, respectively.The inset shows a typical dual-comb spectrum
measured with an RH of 1%. (b) Power as a function of RH for lines 7 and 11. The
scatters are measured results, and the solid lines show the linear relationship between the
measured power and the RH. The horizontal line shows the noise level of the dual-comb
measurement system. (c) Transmission of a 625-pm-thick GaAs etalon measured using
the dual-comb system. The circles are the extracted peak intensities from the dual-comb

lines. The black curve is a simulation for comparison.
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Figure 4.14 Transmission of water vapors at different RH from 40% to 80% measured using
the first (a) and third (b) group of dual-comb lines. The data are normalised to the trace
measured at 1% RH. In a, the dual-comb line in the dashed circle are missing due to the
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Figure 4.15 Finite-element simulation of the feedback effect induced by the GaAs etalon. (a)
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Calculated electric field distribution when the GaAs etalon is 10 mm away from the laser
emitting facet. (b) Zoom-in of (a) in the close range of the laser. (c) Calculated feedback

power ratio as a function of distance between the laser and the etalon.
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