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Abstract

Abstract

The electrically-pumped terahertz quantum cascade laser (THz QCL) which is
characterized by higher output power and wide frequency coverage is one of the most
powerful THz sources in the frequency range between 1 and 5 THz. The THz QCL
is also an ideal condidate for achieving frequency comb operation in terahertz regime.
Due to its important applications in high resolution spectroscopy and metrology, the
frequency comb with a series of equally-spaced frequency lines has been extended to
cover the full electromagnetic spectral range. And the group velocity dispersion (GVD)
is the key factor for the broadband frequency comb. In this thesis the GVD of THz
QCL, including gain, waveguide, and material dispersions, is numerically evaluated.
The results of experiences verify the simulated results. And a dispersion compensator
is designed to make a low and flat GVD that is beneficial for achieving a broadband and

stable frequency comb operation. Main research results and innovations are as follows:

(1) The GVD in metal-metal waveguide THz QCLs is calculated by taking into
account the dispersion from material, waveguide, and laser gain. Based on the Drude
model, each layer’s refractive index including real and imaginary part is calculated that
helps to investigate the relationship between waveguide loss and a braod frequency range
by using finite element method (FEM). The energy levels of THz QCL’s active region
decide the laser gain which could be calculated which are calculated by the transmission
matrix method (TMM), then the gain of active region is got based on Fermi’s gold rule.
But according to the gain clamping effect, the intersubband absorption needs to be study
in consideration of the influence of eleven energy level. Both losses are combined and
a mirror loss is added in order to get the precise clamped gain. And the material loss is
calculated by the reststrahlen band due to lattic vibrations appears as absorption bands in
the infrared region attributed either to a first- or second-order electronic dipole moment
or to anharmonic terms in the potential energy. The GVD from material, waveguide,
and laser gain are calculated by Kramers-Kronig relationship between the real part and
the imaginary part of refractive index. Both GVD are added to get total GVD and the
result shows total GVD is dominated by the contribution from the gain GVD, but the

gain GVD is strongly affected by the waveguide loss which leads GVD that doesn’t
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show big variations.

(2) By fixing the model of metal-metal waveguide THz QCL's GVD, the ridge
width effect on comb operation in single plasmon waveguide THz QCL based on
100 pm+ 150 pm. 200 um ridge width THz QCL. The work prosents that due to a
narrow waveguide in single plasmon waveguide compared with metal-metal waveguide,
there is an oscillating behaviour in the frequency-dependent waveguide loss. And the
unexpected oscillation also leads to an oscillating feature in the clamping gain. That
makes the 100 um ridge laser having strong GVD. The results of inter-mode beat note
mapping and single-shot spectra that 150 pm ridge show much narrow inter-mode beat
note than other two ridges prvoe the simulations, although the L-I-V characteristics
for the three lasers confirm uniform threshold current density which indicates that the

material growth and device fabrication processes are uniform.

(3) For dispersion compensator structure, we investigate a design of the Thz QCL
based on Gires-Tournois interferometer (GTI). The GTI structure is coupled into a QCL
gain cavity by using etching process to get a air gap that is more flexible and feasible. By
conducting the length and position of the air gap, the developed numerical simulation
shows that by carefully designing the geometry of GTI, the dispersion of a THz QCL

can be compensated for achieving broadband terahertz frequency combs.

Keywords: Terahertz, Quantum cascade laser, Dispersion
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R (22) FHMERH AR —MEH, TR —AEHERRNE, B
B HIREE R — N SRR RNE, EETGVD. BEBLT, U
AR (2.3) RRAE—H|HHIGVD:

Jd 1

D=—
GV Ow Vy(w)

(2.3)
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RN E TR BOLSAER N S BIA

UK, HEGVDHIBE LB SMEMAMITHER I n(w), HBHK
WIS EMNRWEE, SEESEBRRNRE, BBFEK—82 RS HRRIK
BEWA, XN BEAEIHE = n+ ik OXFER. R EHaRRmITN
E, BEkECHECER, wRh Q4 i, Efe(w)RnmFElEEam, =
FATRFER, CAEE, MR EN, OvfiE.
_a(w)x 4
4
AR #EKramers-Kronigk &, ATUAR (2.5) #5LHAEHHEBREK. Kramers-
Kronigk RRE—HMNAKER R, FHTHEDERFTHESFMLE, Xt
NMFRERY, FEXRREWESTIEES, RERK, oWEFFEE%REH
RREMBERAMPREREXRS, HPEXNEGUPFHRITERFETHLER
Bk FEITH R, FRA L E BT R s A% B L BRI T I

k

(2.4)

1 [ wk(w) - wk(w)
J

n(w) = n w? - w?
AR, BE—ANREFTHEESHEMRNGHRERE ELXHFHLRL
Wi (2.5) ATLABRIE SIS RLIMARML, RER (2.2) (23), X
KA FHEGVD, BB TMEXRR. X T—THz QCLIIRM, HXE
SHEEMES,., = c /2ng’f LE A RRBIENSRITHE, RAFBFNE
Ko SFF—ADEERTEN, REEHEN—AEE, BERETGVDRIRM,
LUITHRRE N EHRMRNE, BAEEREFHEERERERML, N
TOAIR T 2348 AR e 1R B30,

dw’ + ngy 2.5)

D= .
GV Ty (2.6a)
eff
anslf ~ 26 A (2.6b)
¢ 7 fs '

AR (2.6) U EBTGVDEBNEm MEXRENIREBA, Hif=
me frep e HMMER G o ORISR R, and’ ZRBETGVDEIEME
T A4k, E2.145H T 4GVDET10 x 10° fs2/mmft, FEmAMER K AL FISRER
B, ALK, BEETHz QCLAEM ML SRMTE, MmBAN, KA
PREBASHSRERK, NTEESRGNReERERE, EIH ZREHRIK
R, BAEZGERB[/AREZMERKITIRE.
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F2& WHEEFSEHTHz QCLI AR

020 T 1 T I ! 1 ! 1

o
N
(&)

Frequency offset A
o o
o a
(&) o

o
o
S

-20 -10 0 10 20
Mode number m
E 2.1 B TOVDE BHMEMRBASE A EmMIXR, FiMEmEK, ABX

AR B S W 4B i S 4 THz QCLKIGVDHHTHUE T H . ##FKHE
VB X 544 115 2% X #Wan et al. POFTR, SRARRIRAS B ELSKEIMILR
EFRRSEN, XMEWN TERER RERRE EEEELKIEP.
MR HGaAs/AlGaAstE R, HBEKFTHNTE E—NEAHHERN: 4.1/3.8/1/
23.6/1/13.8/2.1/11.8/3.1/9.6/3.1/8.7/3.17.7/3.1/17.2/3.4/14 8 nm. #&F KK N6 mm,
WIE 4.2 THz. BRAVE T E BB 4HESHFE. MERE. FHEXER=
AMEEFEIGVD, HrbEEBM S MHMNN, FIRXEEWTHETRT
Rl B SHEE. SRESFEATA .

221 EBinFE

THz QCLB M SHES R FEWETIMR. B EERRNLEHE
Py RS TR SEWNMNTE RN SFEMS), HLSLAZREEH
FHhESER, HTHSESTRE, WHLEKFEMWKTHz QCLESE S
FERE, EEEEEOHAREEER, KSREEMRECS. FHEENE
47 B R TTHE(FEM) 34 COMSOLST 3K Fi XU € 8 I 3 45 1 I THz QCLIEAT
W, EiEREEd, NTRMERZHHHEL, FIMEHENTE, FE
BRI R E AR AR A, A4 i A RN SR (FIT) A
B EFEDTD), X FARKERTEW, ARNEEGEEREMEREAR.
— TS, XTERRTERE B RT K TS0 T500F 8 K), HigekE
ERBEEER, BEHEMATENEFRERED, ERNBREREENT
R TR BB ERES; SIS EERARKRENMEEFEM, BETH

11



RGBT REBOCB AR KK BRETR

WA R B Ek, UMM BEEE, BEREEIRENTTE, /SR%
ERRIEH— 0. B TFEMBBAM, HMNABEEAULRREZ HFHTT
2, Bib HEARM T TEE A LA FAFEMSRAF. FER, MHETRTHEE, FEMAE
PR B BL SR 0 2 S AR 40/ N E (=44, TRATRAKR AR (C
4T R (= 4E), FFEMRERREEEGF TRAT. REEENZ, FEMET
PURE S, FWAETES—FRrEERSR, MERENBLT, FEAEHL
TR ZREEA BRI RSN, TWFITE THERER, RETHRE
B AR A R - RIETEE NS R, AT FRFEMAE & E N
RIBEES, FEMNEGRENERS, RITEECOMSOLR A FH#ITER)E,
X FiLivelink for MATLABIIRE, fEMATLABSEHUG B KM, MMTRAMULF A
AR ENRE. MR BR T BB EREEEENEWH. W TREE
WENKGE, ATHREEIBHNSER, RINFELRTASIMENSHES
WRMK ARG, EXESEATON, WEEE RS 55E.

BN EEETEEE (Drude) HWETHBGENHIWEFHREHME
1K % . Drude?HI7E19004F fHPaul Drude® i, B /57E19054F HHendrik Antoon
LorentzBE T3 B, FE LB H#R NDrude-Lorentzi5 %, FRMEBREFEMEFH
etk ge Y, e R E R P T R ORAT AR DA & S BRI, B
BT BT AE P ABRE T2 AT AKEEEER, iR T 5HAEE—
AR EE A 2B SREMN . AXEEWEEFZERE&#E. mt 2.7)
X 2.8) IR AR EEEREENENBER, HELHMERSHEEY]
k. Hfe NEMTHAMNBEER, NABTFIRE, RyxBETHRENE,
m* BB E.

ew)=€6 +ig (2.7a)
N 2

Wy = — (2.7b)
€m

wpt?
€] = € — T oir (2.8a)
. (2.8b)
@2 = w(l + w?t?) )

MR (2.7) R (2.8) KEE, BRITTUBZBEEEM B E I R LHITH
o EEEEREKT LS B (2.9)

2 2
.‘,61 t+6 +6

n= —'—2—‘—— (293)
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#2E WNHEEKRBEHTHz QCLIN AR

JE+E—§ .95

2
DAEEKAE, BETR (2.9, E2248H THEREXEIHFERRLE (LHE8)
R (BEmg) MMERNEL. BERENAR, ARXETNRIRER
Wi EF, BEEEETHRRITS R, FRXEFRSREREH TE, EH
HIET0.

k=

3.60 ———————r————————
x 3.58 - ' _ ]
© 3.56 | - -
k= | ]
o 354 F ——thereal part n ]
T 352} — =—the image part k
© I )
% 3.50 L L
; \
a 0.004 | N .
Q. U, - ~ -
= ~
S ' ~

0.002 | ~ o -

0000 Lo o v v v oy

30 35 40 45 50 55 6.0
Frequency (THz)

B 2.2 ZFDrude#i®!, HHEBINFEXZITHEREMREURR

Xt 83445 B A B A FIDrude B M E R B S St R 5MERR R G, AT
FI A R 7o vE T 2 5 44-COMSOL Mulitiphysics#E4T 8 #47 E. COMSOL Multi-
physics/& AFEM YA, 3830 RIA RIS 7 TR B R TR 5 75 FE A SR SE B T
R E, BIETMATLABRK A fiToolbox. ZHMHEFERB 2. RiE. HH
sat s, 235K E, BWECERAEENIFESR, L TREER. AvEd
B, BB, SRS S MERD A KRESMERD, WA RRE
TR YBEGEEE.

#3% B 2411457 F§ COMSOL Mulitiphysics 7 F 3 SR, DL K& Livelink For MAT-
LABIIES, XA SEHHTERGE. WEREATZE RSN TH
% (Au, 1 um/F), #E (Si, 150 um/E), TEAE (50 mm/E), HIEX (10
umBE, FEN150 yum), LEME (50 nmE), LHEIR (A, 1 umE). H
EHEREN, AuBBHRENEERSE, MUEGHEEZEARN, SH%
&RE, NHHBEEZEREERNMAZT, FENSAFERETRERENTSE
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PN AR R Ol e e S

Top Au

l

Active region

Substrate

& 2.3 MAERTEN S 34.2 THZ T 884 B HIHEy 2 4

LERZE, BIRFEEE N, BHEaRil, ATBEREES ARG EE,
FEINAESEFRER. WE230R, BATAH T 347E4.2 THzE F KB 2 37
SBEyRI A, BEZEREHRHEETHEREXA, REEFELl. fEE
BHE, MEHRNEWL, F—/UAEHHNKSHARERMAHIE LRERT
FIAERE . E2.445 1 T 3.9 THz~4.45 THZSAZE TG B N S HiFaw (B2.42) L
B SEMITHE (E24b) SHMEMXRR. ERFEFHELEEN, HEEM
R, HSWEHBT TR, SRITHEZE LA, BETHRENEEY
BRI GaAsHIAT 87 3.6, AEBITHRMESEM AR REERENEFTE
B, FESTREBREE, S40IEREEEER.

102 : . 3591 :
= (a) S (b)
g £ 3.588}
S 400t 0
)] =
8 T 3585}
o 98} ";‘,
2 = 3582}
> g
© 96} b=
© 8 3.579}
= =

9.4} W

. . . 3.576} . . )
3.8 4.0 4.2 4.4 3.8 4.0 4.2 4.4
Frequency (THz) Frequency (THz)

24 NESTFESHENXR: O)ATETHSTRTER NN FER G L L
L ESE YU S
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FoE WH4EREKSLEWTHz QCLIK AR

222 PRI

HHETF—M ek =k B ERAE S R P B I, el T IR
BB AR RSO (BRTEEALHER), BRI R X (rest-
strahlen band). FERIKH LW XK, BUGHSERNEEIRNHELIER, AT
FEAEPIRERL: (1) T BRI A SRR 5 R B R R g 58, ()8
TR AE BT RAE B U BlEGaAsH B, —BERELT AR
FRR BRI FHERNEEAEFE PFEEEERORE, XSERBEGRER
SBERIRAE, RN/ R . X, RAMEABalkanskiti®, KA A
B Hle(w) B 8-

€(w) = €.(1 + %) =€ +i6 (2.10)
HAe NEMTHHNMNBEER, wro MHERIEZES FHZE (transverse-optical s
TO), wroNKEFKIZFHE FIMZE (long-wavelength longitudinal-optical, LO),
yNETHEEH. BEENE R = Je(w)u, SHTTHz QCLEM, HAEEXHM
B EENGaAs, HMENUSEL—BRIANETL, FHEERQI10RITETLUE
B L 5 2R I ST AT B9 FnF I RV D't R Bk

- 41
2
2 2
1'61 + € + &

n=|l—— (2.11a)

Nl—=

/2 2
€ t+e6 —¢g

> (2.11b)

WFEEX TEHSGaAsH B, wio—BKIAAET290.96 cm™, wro% T
267.59cm™, e, = 12.96, BHARAIITEB B GaAsh B E I F LI MK
Rk RIE2.50T R, FEEMEN LF, BTRKFLRFTHER, HRBSEXH
SEREREA, ERERILMEE SN, FAEMBIFERRITHE.

223 T FERITRK

R, FHETFHRIEA TSP _ERTEZRNER. £33
Fhr, BTRRITUREENHTSSHZE GRED, W REENTR
SWHMREHZE R B, TTHz QCLAR R —FE T ¥ A B FERIEH
ESAREOLRE, RESMEHZETFHEN FRENBRERE. RITEER
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KRR F RS ALK AEET A

4.40F

435}

430F

4,25}

Refractive index

420}t

4.15}

o 1 2 3 4 5 6 7
Frequency (THz)

B 2.5 AR A ST E R TSR BT R EMRX R

FA B850 M 77 3:(TMM) R THz QCLBFHIBE R £, X T —4HESEER
T8, WREY ()R
-nd 1 d
872 dlm*(l) dl
HhFREPRESR, mRAERRE, VERIMNESR, EAKIERE, R
TEBEXHEE. mEEAERXIEBLAN=3500F, HAELERTELEN
JEjAN -1 B I 2 -

+ V()| PQ) = E¥() 2.12)

¥ (l-1) =50 (2.13a)
1 d 1d
e dl [¥5-1-0] = 25 5 [ 0) (2.13b)

NP —EESEEE IR, —RIAERNEAA:

(1) = A;e™ O + Bje P10 (2.14)
Hr
Loj j=0
Py() = (2.15a)
F](l - lj—l) ] > 0
_ |8n%m;
I =i\ —5(E-V) (2.15b)

S BBV BRI AL AT V(L €) = V(L0) — g - 1 - & HAPERFIMINEG IR
B, qRRBAEAEE. BRQIB)MQIHAEENEARR:

Aj+l
Bj+1

Aj
B;

=M;- (2.16)
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25 WHE Bk BEHTHz QCLIM AR

AT T EBNFIRXNE:
AN My Moty M ) = |72 @.17)
Byn_; B; an axn| |Bo
EZIEFND R EM A = 0O KBy =0, ARQ.17)F 7] LIEER]:
an(E)=0 (2.18)

FIF BRITVE, EAMNEBEE = 6 x 10° ViemER T, SH T — BN REE42
THZHIQCL— A A e R G, IE6FTR. B LA s TR T
SRR T, WS — RSB SR, BRI B
G, RS THEABEN T — A

0 0.01 0.

02 - R
0.20 one i
— A |! 'i.
E0.15 | B Iill
£ 0.10 | UU |
c i
w
0.05 '
Phonon Electric field: 6 kV/cm
0.00

0 50 100 150 200 250
Position (nm)

[ 2.6 THz QCLIREH 4B, L EIETHAER, BENRE TR EER

R feR ERBRTFAN SR TRITRREE, Ffbatn EFRERiksEE,
M FH R TRER . BRINETIRESE NN HHITEN, FHTK
e, BT E A,

1
R =2 = 2= 3 i 1wl N p (Ey = E; ~ o) (2.19)

T
FHETRKarTUEANSHAENRE, SAKESHREERIATTUSN:
P/S =Imp (2.20)

[F] B I i 5 R A R
I= %eon,efcf 2.21)
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K% BT RBEBO S L F SRR

Hothin,  RRFHE, cRntiE. Ed RERBMNIT I BREEEREET
WHRG . LERMGEESRNENREETER

2RA
arp(w) = eonref(::)fz (2.22)
BRQ20AR(Q2.23)FER LAE R
(@) = —2— " (i |Hinel )1 p (Ef = E; — hw) 6(ky — ki) (2.23)
€NrerC 7

HefpFoR B EREPREEE, sREFRREBHMAERE, T RemiRa
s, HFwR TR RRAN:
2

(@) =~ 2 n;6 (Ey = E; — hw) (2.24)
€NyefC

Horbin Filn R RiRRE S M BT 5L, 2, BRI R R MBRIERE T, 6 (Ef - Ei - hw)
kgl Uﬁﬁyaﬂf%miﬁfﬁ%%ﬁmﬁlﬁy HyRongedik o, AT
AR BT BT R REHON:

qzwzizjni y

€NrefC (Ep — E; — hw)” +y?
StF A SCHF R I THz QCLESE, st B FREF A B 105K e (LR B)ANEE9% AE
(TR, BEBFEmMAES L)L TFASE5TH QCLY BT fiadrE, Bk
11 E—NEAAMIILES)E, TEASFHETFRIBIE R E2. 75

AN

(2.25)

ap(w) =

-
o
o

-
o

M ] M 1 i
5 10 15 20
Frequency (THz)

Intersubband absorption (cm-1)

-
o

B 2.7 T i FROE RIS HERIIR R
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25 WHEBIE LM THz QCLEI B

St FTHz QCLZ M, H-FIREFREEST LA RT RN T, HE
T H— BRI R E T/ NIRERARKIEE Y, HEALOFE FRUNHI LaEZ, &
WLOE FESH EHAT — A, HkRFEELPELOE FHEMNM LT
%, TGaAsHILOFS TEUS N335 , AN B TFEETFREEETTD, BHT
] BT BT R i E AR 7E0~2 TH2MI8~10 THz.

224 BEX#ERD

5t FTHz QCLERM, HAVEXIYZAN FNGaAs/AlGaAs/A ML, BT
B RAT R BRI, AR X SR EE H VR XA R RS R SRR
S EER. ER, EAT/EF, BTTHz QCLAIREX LRI # A HGaAsA
W, BTCAET ST YR X 38 28 B0 AORHR S T B B PR TR A RKAT . IR$E TR
KELEMAMRN(2.18), BAMHEEATLLEH:
2rg*anz: |y
€Mref LA (E — hw)® + 2
RQ2NFLEAFEXWEE, ARSHR GBI MENT, anRrnBht LT 6
FHBE TR, B9x10°cm™2, 23RBS L T8RN ERERT, HTMMYT
BHERE, ERRBAMEAENNKEE, ARRANERRER. &4
HHEERNEQE)HBAMBHR, HEKXENRT &4 KB %42 THz,
BREBEITEREIENEHRN, AREERERERELRANE, BEFX
XM BRI RN ERFBHERFTEGRANER: £—, —BBOLEHEN
FPTIA S RERRE, HESELXB T, MXSHATTIAER, RNXE
BN B SEBR TAERS: B, ARQ2NFATULEI, AREHHI MR
REFBREXMAKERE. HESHEX, XRKRENRARNFJERAERNSE
BX i, SaEHEMERE, XHESERAYE, BEERLF, BRI
EEIRFENGEX MR, BB, L e(w) KT REH
Hegm(w)E, BRSNS BIREREE SN, SENREE S FHET
FKER W asn HEHFew EHB oy =W HR WRQ2)FRM. H
FONREIE T, RIEESEWEBRZRHWEREXWEEN, ENHERES
i — A ER 1.

g(w) = (2.26)

aw + Gy + op
gm(w) = T

g SHfidey HARTIEITESZ], ME24 @FTxR; FiBEFERIEREH
RQ2DIEERR, WEL7fR; EEHRFER FTERR:

_ [=In(RiRy)]
a 2L

(2.27)

am (2.28)
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RihdEEF HRBOL R FR R SR

LSRR, oTUEERESEWNTHz QCL W —B5 & <&M,
EWR, = R, = 0.64, 7 EBFNEERFEay = 1.6 cm™. RABIHEE I
K28R B s2eE Fim, S nE2 8 stk FiR. T THz QCLE:
I T B 0 BT BRI R AR 4R, DU T B TR R (E A R
FERTEMSTAE b, SEURE NS A IEE H AT BT 3504 I R S o 18 20 O VA
DAL 5 FR A 41 5 18 28 B RO G VDA B R B ARG RUR, FESER.

140 T v T T v T Y v T T
120 | o = = unclamped gain =
L P wmmee tofal lOSS J
100 F R . === clamped gain i
‘T’\ I . s
E 80F . . -
o ' .
£ 60 ’ )y -
© L ’ 4
\
O 4} p -
! / }
OF -
3.0 3.5 4.0 4.5 5.0 55 6.0
Frequency (THz)

2.8 REHIKIG . BIERE A DL R AR B2 SR MR RS

225 BHEHER

— A ATHz QCLE M MIGVDEE Mk SHFE. AR R L LA YR X 3
B=TAABEM. %221, 222012247 hiHH B BB SHFE. MRRIL
Fnt 25 3 AN RQ)F RN KRB AL &%, FF FKramers-Kronigk & Rf
R(2.5), RSB THFENM 55 FRMITERNZN, BEHGVDRIEXA(2.2)
FRQIE I RBRE SR MR AEXEEIENGVDANE2.9F &
. &, AEESITT), B=F RS8R ERENE2.9F B ik
WFTR). THERE, 8B4 EKNGVDEUE B T% T84 )E 118 2 5/ B2 AIGVD,
T3 25 4 AR, SRR AE AR S AR MHE B R R IIGVD, &2 HIFR& 1 284
HIATIL 52 B, I SHFES| B IIGVDMIRTE /D, X H T A OB O W & & 3
SEEMHAB TR BIFIAMA, B2 M THRHEIRNSEIETRER,
i S FREMGVDKRE L BEEMTER, RN —MERRNIEHA
SRS SR A0 T 5, ANSPEERNGVD, RTRASET —E
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25 WHE BB EWTHz QCLKEAE

*ﬁﬁ#%ﬁ%;%#Mﬂ%&%@%mm%%ﬁﬁﬁ¢,@%M@wﬂﬂ,
WMRBHENTIERRELE, GaAsH BTG EKGVDRTIEZ, M EHEEH
WAELNS, XNREEEESENME.

10 T
= = gain GVD
8 — — waveguide GVD b
- = material GVD 4
6F —— TotalGVD
4k
2

GVD (10° fs¥/mm)
o

oL
4}
6F
8}
-10 1 ] Il L L
3.9 4.0 4.1 4.2 4.3 44
Frequency (THz)
B 2.9 B S4RFE. MEHREE. HHEHNAEEX A SR AR RSB LN GBS RER
KA

23 INGE

fERED, BAGH T ABES, URREHFEREN. T THz QCL#
f, HEEHFEREE=HS: BSRA. Malil. FRKER. RITE
SEETDrudeti B H T84 & EM BT AR SHRNRR, XRETHIH
P E R, MER A RITES N 2B K S & W ET @ = 5,
MBS BB PR BRI RHF LRI ESE], X TTHz QCLAF
FRKX, EMEEERSNGaAsh B, B4 TEMEEEAN, H3IEHGVDH
AREERS: BENEBEETHRRESENTHESE, E%EEITHz QCLAF
PR e 2 RIS, BATE AW E T PR TFREREMEESIFE, Mt
FRRFEEICABIRMEYS, ATEIETHAKEE. RERITEEFIAE.
PR . IR X 8 25 SR K A BRI AT A BB 4 B R, ERRUIRMT
BRGARSHEEEESENABMEY, ANEMESARNEFEERNE
B, MEEWT SRR,
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B35 YRS E TR FITHz QCLIEEL

F3E PREFHETHLSHITHz QCLIVE R

31 3

i

BNEL—ZFRAT LT NEEBEFEMTHz QCLEFRIBEL. X<
FTHz QCLE B4 H, BRI TR AENESBEBE FMNLLGEHTEIPHM
L, NEERESEWAERBHET, REEESHNIEEEARE
KR, WESRESENGVDENEMA, HRATHISEARE, Z/MTTHz
QCLB MRS MB B K, BHEVDEMATHERFE/TIEARRERE, HA
R TR A. B3R, NHEERBESEMWTHz QCLIE R RIER Kk,
JUFREEATT RS THZ T, XA THz QCLISEFRRL Ak T IR KA. &
ﬂﬁﬁﬁﬁ%%m$@,¥%%%E?%@%W%T%WE#ETE,—&%
SEER, NMEABIFHTREEHRAE: EPhifThetay 1], THzGH LIHEFR
FIFE20-30° I LN, XS B R RI M IR B T BRI KM, R, 4%
LB RESEHHRFFEFRK, XRRERIFREIREEZHPIERX,
RIS 4 S5 T S B RERMEENFREEREE, FLRFRFELE
BT SR T THz QCLE+ 4 EEM . EAEF, RAITKEBIE
WHEBESEMHEEERFEELNATRPELEEFRSEN, AR
SEME X RPN, F A RAT RIS TR A REAT T Wik

metal-metal waveguide single plasmon waveguide

Theta (Deg)
Theta (Deg)

50 0 -50 -100 30 20 10 0 -10 -20 -30 40
Phi (Deg) Phi (Deg)

& 3.1 LR XUE &8 B S ¥ L% S 73 S THz QCLIZE R A E.
Phifli Thetas} 3l R/ FAT T2 B FEOL A 1R X KI5 Mz PN ERE 7 7 8 A B
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A R S e NN

32 BEFBETNEHEIFN

BTl sl T S ARG BRI R RS, BREeEEXNT
SRR EEEENEW, ESNHRE. BREET. RENTE
5 AF M 10668, BATE ST EARER FEAGZSH TR FEWIITHz
QCLI ik, A9 % ITHz QCLAS M s K896 mm,F %2 7 /9100 pm, 150
LmAI200 pm. =FHESEEERH F—RATET AR, S A B T 2R AL
BRI R T A AR T S U R T Z%EE 5.

fEEE R, BRATSH T NHL BN FLEWTH QCLIEH, M TF4%
LB T SAEMTHz QCL, ZEWKMRER . BENERA=ZMIHN: B
SARFE. MBI, HHEEREEXIEN. TR SHEE, 8RB Drudet
7, HFRENSEMRIEREESL, FME22 N FE T DrodeE A BT
R REEBTE., HRHAERTET SRS ENTH: QCLAENFRE T
Wk SR, WE32 @FR. TR ILE100 um 58 I THz QCLARF A AR
£, 150 pmH1200 umIS 4 I3 S IRFENEE MR ARR— A R R IREEE
#, SRTT100 pmISFEEITE3. 65143 THZRR AFERY . EEX S E 4
BT R, 3.2 (AR, 1E3.8F04.0 THZHUA T, HTHEGaAsH RN
EERER, BETE SR ETEM, BT 100 pmdsF B FHE
HETES. SF150 umF1200 pmBSf, TEMEST MG E A N —ERF AR,

St SRR R AT B2, RNETIAEEEN, BRQ2DHERE,
ME3.2 O)FREEEFR. AT ENFELREER, AhETHREAEE
92.25 % 10° em™2 » BT RIS SE TR, B3-S4 KRGS R
see—, EEREERQ2)RE, BTREGEE FHSEWRE BN
e NS B S AW, FRLRERSER = R, =032, RNRQ.28)F
HIFR &R FIH1 FER0.25. REAETRQ2NBAITE T ZMEE THFLL
S u T S THz QCLAM AR B RO S, BRIFHHE 2 e B HI1E4.0554.35
THZIEE A, 763.3.3/N B si il BR T MRIEIZER. B32 O)F4aH TR
S EIERS, RS TR B B RFR(E & RN LR A S R . AT BURIL,
STF100 umEe 4k, 4HEIERES M EERMTRSRENES, X2hTHEE
SR, B RIRE SRS ALK, AN HTRHETTNT LES S H
2 b B T e HS I 28 B T Ok, IRBIE TS, B IRAER
A R IR R R o
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838 Yo B TR S THz QCLI A

D

— Gain ' ' Totél loss
5 — 40F .- without clamping - =100 um
g 5 ‘TE —— 100 ym - = 150 pm
~ o —— 150 pm = = 200 um
2.4l ;’30‘—200um e =]
o 17} AR N e
o @ ] ==
g, 3 20 :,=—"”_'gﬁ
3t ° 1 |
c .
% 2l -((TD’ 10} 4
= (a) - (b)
1 1 1 1 0 1 1 1
3.6 3.9 4.2 4.5 4.8 3.6 3.9 4.2 4.5 4.8
Frequency (THz) Frequency (THz)

(©) 100 pm ~ (e) 200 pm

i

42THz 42THz 42 THz

3.2 (a) FRE R T LALLSE T STHz QCLIE SIMFESMEMIRR; 0) FRAFET
HEBIMRMFIER. HRENEE, URBRBFRESHENRR: ©OMEORFE
R TARR T =M RN L AL E T3 S 4 W THz QCLA M K =48 iin /3 47 1)

BT =F8 % MITHz QCLEMF AR X MBI R R AR, Bk2.2.2%
HEBB MM ERKRTBR. E83IBM4NEFHFE. MRS fE
AEXHEE, FARQMEIMAREG=FrBFHEHR. B33 @%H T AR
BETHEFHERSENEE. BTESTEHETHNED, 100 umaF4FH
28 5| #2MGVDEL150 um#200 umBFAFRIEE R, FEWEKR. MIHE. HAHE
HIGVDE RS R MM HE N T BE RN REEA BESE. RE=MaFEn
BEMGVDHE W B £ R Fi Z 2K STRENEWE, ER=MHFFHFHAES
EHMGVDHE A HENER. WE33 G)FFin, ZMEESHETESHRR
B BIGVDH LB F g R S B . B3.3 O)F FEBKT ZEABHF KSR
FeSEMGVD, TLARII00 umB B TH FHFENEY, H5ENGVDK
REFE—EREEY, XM EYSANE MM BRBOR, TR 1 51
MGVD=E T EXKE M. B33 OHAHTETRHAFATERTHERB/IN
AR X GaAstH BRI 5 RIGVD.



A28 T RBBU SRR GBI

BEEXRES. WL, MERIKSIENGVDAEINE, ETURE=
P 5 THz QCLA MG S, WE33 ©FFim. 5E_EFNHERKFEN
FTHz QCLIIBEKL, MFE—MERT, LAEEETEHMWTHz QCLKE
AR 1 B A S RO 25 R . SRTT100 um ¥ FE AU THZz QCLAIGVD S AR,
DL F SRR MRS, 150 um¥ % HITHz QCLIRI HE A TIE. 2
B /NOIGVD, RSB ZEMR IR MEAELE %, 200 um# M THz QCLRIL
HIGVD BARIUK T 150 um S RO B4, (BRIEFALEFE T FLEMTHz QCL,
TEHESEEEASERFEX HIENE.

20

Gain GVD
(10° fs?/mm)
o

-10
-20 . : : ' '
3.9 4.0 4.1 4.2 4.3 4.4
10
(b)
Material GVD
O 5¢
> — /
o E
% N\E 0 I
£ Py
20 o 2}
T — _ |===——100pum oS of
= St—150um %é’jz \—-
e 200 M 5T 41 42 43
10 |§ Frequency (THz)
3.9 4.0 4.1 4.2 4.3 4.4

s N
o o
l ' o~
\&\O
g

— 100 pm
[ 150 pm
e 200 pm

Total GVD
(10° fs2/mm)
()

L
o

Lasing range

_20 1 1 1 )
3.9 4.0 41 4.2 4.3 44

Frequency (THz)

E 33 AREENGVDIHHELER: (fb)S v SR, KSR, MRS
SHIGVD, Rt T BAK SRS ENGVDIIBKESG: (o HBEIAN RS % T THz
QCLEM A ML, HPPES,FRBLS N TERREES
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I3 Yoyl TR MTHz QCLI A EL

3.3 AREETHRHFIMRK

NTHE—BRIFRANINGE T EER, BRIOVEN =FF S THz QCLEEAT
—RFILY, SFER-BH-BEINRC--V). S 55 R KRR R (map-
ping)Pk. FHE S L 5 MK (single-shot). FHIE 5 H B [H] 8 %€ 1 M X (max-
hold) PA &z =AM S8 B0 g, EHHAE SRR ERENERIE, H
MAEMRFE R MEH, FRRARF R LI 8 UL X NE R TI#E
IR 30, =R R R RALLELZSE FRSEM, WE3457R.
RS BIHN100 gmy 150 pm. 200 pmbh, =ARGEHTERE. LASHK
4 MF. BHTTHz QCLE—MET S F B FIRRIENS4, HETENK
THERZETHSEMENERE R E. ERMFRESIELESKTEHT,
BB EE—HKRAE A Gk, BREEE/NT1 om. MEMEXEHE L
T B HIGaAs/AlGaAsH BRI R, EEEATF10 pm. HEHE4ERENFRXA
KRS TR FEMBE)E %, BB SEMRREREENRE. B
M LR R BRI KSR P EREE; RAXHEATH. ETFH1EMS
(AFM). H#is4 (SEM). BEHHEE (TEM). ZE/RIURA S HroEr LA
4. A, REHR. AETPREE. BRRESSH, ERTINHERESK
R T EmBEENERXEMEK.

BRI ES AL-LVIR. AHESIR. BiEESUE=AJ7E:
L-I-VIURRF B — 4 B sy T B B S L SR R AR BITh 20 SRl E; 41
FiE SR B EEE TN E; GiEE B R RGENE, K
AVHE T =/ PR e A fE .

3.4 PALG ST S THz QCLM AR R B
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KRB F RO IR M BT T

3.3.1 ERMFRTHE-BIR-REMR

A TE St SR 58 R AT LIV DU A SR I B E A AN T AR R
FXg. WRRGMES.SHR, BT RIFNTHz QCLEFRIKE T TIERI AT,
T E AT IR . B LR R AR Yanis 2 T R LAV EE B E FIST-1001E R 4=, N
T B R UIREIN B TR AR W, SIRER RERATERWALR, #&
g 5 23 FT LA 45 884 T /R IR B AR 7ELS Ko A BSMHBU R MITHZR X
YI10°HIP B, IR — AR R AT M R T SR SEEL R A,
THZWE 23 8 — AN B E 55 BV TR, BEdE By es
EREEHET, DRTEHERESHRRNEES. B BHBYERIK
5P FEAE90% LA b, BRI B T LU R R EE B HORE S . TRt
SO0phir/d B 324 B0 7 R S B R k Th i, TR R ATHRIZRI3 W,
AESRIHIER

E 35 LIVIIBLRREE, BMRSGETEANRBEAFEARIFREE, THz QCLUT
VEFE BB PAENT

mE3SHFR, BMRRSWEBEERNW, HRmRARS, WANFEH
VBB HIRH<10%, #34F TIERRERHITEISK, 2SR B ERITIE Keysight 2
TME3CA4AETRIE, TAEFEERER, BAEBEN VESIEMEZA6 V., &
K:50.05 V. BEJRF S HLabview KR, AWTISEIL A 3R
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3T FAGTE THEMTHz QCLETEH

Voltage (V)
| w
Power (mW)

0 rd 1 | N 2
0.4 0.8 1.2 1.6 2.0

Current (A)

B 3.6 635403 FUEBFI100 pm(B ). 150 pm(ZL ). 200 pm(H )2RFFHIL-1-V i
£, FrANREEISKFRTE

BANMRLE R E3.6Fa, 100 um. 150 pum. 200 pmZ&F KB E B H 7
B550.37. 0.56710.76 A, B{ERRHEE N6 Alem?, XRW=MHE ERIA4F
EME AT EEREERE 8. BEHNRRIEEIZB3 mWZE. BHT
EERST, PRAMZ AMEENFEEEKNNE, HtESBET, Bk
a3 R KRN, BIAEZE S L PR SZ(NDR), 140t T-200 pm 5 K1 2%
e, BTEBFRXF.9 ARG, BEMMNRTESSM4TIERR TR, HiE
HELTEEE L. R, AE36HFTLLRIL, 150 um 52814 FIL-TH £
5100 pmH200 pumEBS WL THEF BRI ER . =FE8FERRET R 54
R ELdRAeHANTEZHE BERBTFEASMAESENARME, X6
LBHLILHER. BRBHNLIHESEER, BARXHASEMESF I
ERiThEE, BRATEET —/DFHENEANTER. FEEBHNE, ERIER
MIL-I-VIRR RS, BEUTIIARREHRLMRE R ()S4ERXH
Pt B T AN, BARFREEREE, AREMMYEEAN TR
FTAWETITHz QCLE H KIEE: QB MMy maFERIIm T EinE; 3)E
ERXAMERZEETH, RETHAAR ZEMEHERRSHENE, B
REERFE: ORZUFEETEFRXREHERBARAS, BLERIETEMLE
R CLERKR) KB
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K2 E T HFEBOLRIEMNEEE A

3.32 RIS SN

ST EOLSFRR, ET HRNOHEESEAEA THEMXRNREE
M. RNT H—F R =S % THz QCLIAE B M, BAVKEST 34 1mE S
TIE, B3 PGS ERGTERRNXER. HAGESHELENE. 1M
TSR AREE=A . MRRGWERTHR. WERN ARG 4G
S B 223 A B FING020A, HH %% 520 HzF26.5 GHz. BT 100 pumA1200 pm#$
RIS 5885, AETIRAT KE 7 248 A 1 55 0930 dB R A TROK 2% (Photline 2
", %5 ADR-AN-20-MO). E i NKeysightA 7 ME3644AERIR, &=
M VI B E; SR B L (Bias-T) NSHFA & (BT45B, B LW &R K16VH]
HRBEES. 20 kHzE45 GHz 5305 S8 .

/ DC bias \
W ' Top electrode
Spectrum ¢ Bias-T
Analyzer Lateral
\_ 20 Hz ~ 26.5 GHz AC+DC electrode /

3.7 THz QCLE M HE 5 ¥R EE

E3.8/E R T =FE B8R EHIE S 5 HRMR R URE A A RRE E
THHESKLE. HPE3S8 (2),0b)F )77 R100 ym. 150 ym. 200 ym#F
HHFE S S HRKNA R, JUESHTCFIRBWR & 9300 kHz. ] LLKHEL, Xt
F100 um+ 200 pm* 5% HITHz QCL(E3.8 (a)FlI(c)), HA LTI B E BRE 4
HRAENTHE S, JE SR AR BEXIERE (E3.8 (). EARZH TR
WX, 100 um. 200 umE 5 KITHz QCLIAFE B 14k % il % (B R ER),
T LU EM G, EMER 2R R R, B3.8 b)RILH150
S 5 I THz QCLE[ 7R 5 5 i) T/E BRI AT (95 AJem?)ER B R AL R UG
Z. EHTGVDESMREX AR SMEM K, HEEEW T SFLIME
FiDiRERIRe B A Stk . 3.3 (o) A AR IL150 pm’F 5E THz QCLEKGVD R
mEREREERDS, REEEHTLOMERTIE, RN E3.891@). (b).
©RAE T X—Wm. FH—FEPFATURM, EFRIE A BEHE X, 200
S % KITHz QCLIAH(E SR MR RS, XK#E—FRIET B33 F
200 pum#& 24 FIGVDEMR F100 umBF T 4F. FEERNR, EHEFTES
BAVFRA R T/ERBEXNGVDIEME, HiftRERENFEREETEN
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B3%E PALKTE THLMTHz QCLIEE

5 T fe F R F B SER T, 76100 um. 200 pumEBSHIIER, RATEMT —
430 dBHOIRIE RS, X HTF7E100 pm. 200 S AERIHBE 2T F 8
%, WRAER RIS BRI B R. BRIINARBLHR— N
B, (BRI E RS IRRY, 3B IR SRR
MiRsENE, R AR WTHz QCLIKTAE A

100 pm 150 pm 200 ym
Current (mA) Current (mA) Current (mA)
500 700 900 "3‘3”‘ , 700900 1100 4900 1300 1700 d‘%m

Frequency (GHz)
Frequency (GHz)
Frequency (GHz)

6 ' 9 6 -1 6 ;
80 105 130 155 80 95 110 125 80 100 120 140
Current density (A/cm?) Current density (A/cm?) Current density (A/cm?)
(d) — (e) - (f) —————
76 Alcm? 120 Alcm? — 85 Alem?
o 40F ~60| 40| 4
) . . [a) .
) LW: 18 kHz % a0 [LW: 175 kHz ] B LW 13kHz
v 20 ] H N H '6 20 1
g Q 60110 Alom? ] =
2 0 S ltw:124 kHz g o
o 40| 67 Alem? Q301 ] © 0|75 Alcm? ]
Q Oriw:14kHz 2o —— : 2 7 [Lw: 11 kHz
=] S . [100 Alem
< 2r 5 €0F vy 4.9 kHz ] 3 2} A
4 2 sop 4
0 14 0 ML
200 -100 O 100 200 Qo0 <100 0 100 200 200 -100 O 100 200
Frequency (kHz) Frequency (kHz) Frequency (kHz)

& 3.8 B5K6 mm, =F¥E FTHz QCLEIIHHE SR (2),(0)F(c)9100 pym. 150 ym. 200
BT IE S 5 RENXER, SHPFERBW)RE N300 KHz, HHFE100 pmAi200
pmE AR B T — /M35 930 dB KR S UK 28 (DR-AN-20-MO);  (d),(e)F(f)9100
pum. 150 pm. 200 pmBSEHIE S ML R . RFEESHFREH, RBWHEE N1 kHzM5
kHz, FiESERTEESEHEET, IWERRHAMESHFELFEFEWVHM)

FEE3.8 (d) (eF@OF, RAWET100 um. 150 pym. 200 pmeFH TIE
7E LA B Y B YR 25 A S 5 1 2L 1 4 SE(FWHM) . v R 2[FWHMIN B {XFE
REMBFESBRENT/EBRBRT. 4150 um ETHz QCLLIETE IR E K
100 AJem?BY, PURBRA FIHHHE S FIFWHMUN4.9 kHz. BB, T
AR ISR B MIF WAL T RATOBETEER. ERNMNRERRAXN T
oG T P EMTHz QCL, H R SEMEIBM4KGVD, i+
SRR, ESRERFERAALS0 umITHz QCLE & & SLIMEFITIEE,
XEAD T LRRFHREN. BRL-IM&F150 ums % HTHz QCL5100 um.
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A2 B T REBRBU S BRI & BT 7T

200 BB A MEE, ERETNENMEEHATE. AREKI150 pm# 5
(9THz QCLEEATIR, RIEATHIL-I#E 5100 pm. 200 pmAR B, RIS
tHEAE IR E MHE S .

RIRE, FRATF A SRE 4347 B "max hold"ThBE U B34 50 1 HAHUE 5 IR,
395 . Sk 4T ) "max hold"BIRETF B J5, ERREHIE, HATWLIE
ElEEHBR A, B EERMNE SR AT rREE, FRdnr g
TR TAER R AHHEEnER. BEZRNE, HAGESERNAED
BENERSESBAN TEBRT. WERTLAI, 150 um# $ETHz QCLAIH
WEEEBAN TR TEH+akE, CRIEME/MEA300 kHz, BRI FHF
TEFE122 AJem?, 100 um® FTHz QCLEHHIE S, ERGARFFBRERIME
BRTERRT, BEBRKWMZREYR, RIERHEER XHRNHELE
GVDL = B RN R A T et . %4 -F200 um™ $EHITHz QCLARF,
S S R ERE AR EREET, 24NTERRER, RSEZI18A,
X TR S TER O AEFAEIER K, TTHz QCLE —FM TEEIRERKIE T
(EefE, KmHA TIEERRESH B oM, AISET &4 TIENARE
5E o

po (b) ©

3 67 Alem? 601100 A/cm? 40} 77 Alom?
. 0 KH
80 2 MHz 5 700 KKz 60 1.8 MHz
£ -75 £ ~ " =
Q 90 28 4511 Alem? 95 .40} 133 A/em? 600 KHz
T 60 = 60 560 KHz et
E177 Alem? 9 .75 o
3 g
o

@ 60
3
<)
g -75 700 KMz & 451122 Alcm? 300 KHz -40{145 Alcm?
-60 60 2.5 MHz
-90 -75
2 1 0 1 2 10 05 00 05 10 3 2 1 0 1 2 3
Frequency (MHz) Frequency (MHz) Frequency (MHz)

] 3.9 I F S5 42 H7 X "max hold" DAL BB K3 £ S 5 HIRE

3.3.3 SRUFAISLIRMIL

THz QCLES {4 B MR 3 E & T 41 SME S i B AU (FTIR) . 73K
AT IR BT S B 1 B9 48 S I Y6 18 4% 9 Bruker /A 7 3% 41 AP FTIR G 35 {X (Vertex
80V), HIE3.10 ()FFiR. MUTHz QCLK ST H THz WOt REFHARFTIR/E,
ZWET RGBT AL T, RETHIEE M R4 B TE
., VRS F A MIFTIR 6 V8 AT 3554000-4.5 cm ™, bR E280.1 em ™,
=owRINRER. AR ZERE TR RENENER, W EFEEA
FIRHIEEE S .
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3% YA SE TR THz QCLE Y

(b)

Interferometer compartment

s Mifror Beam Port
Transl-é&-!;é: l """ 1=
mirror MOT::\ """ 1 1THZ QCL
) ‘ SRC=0
) Kk MOT2 APT ©561

Sample compartment

)|

3.10 ()L BB ASEE N R GLAIE; (OFTIRARZEH A L E

Detector

FTIR i P9 #5054 40 B13.10 (b)FT7R, K THz QCLA At RAEFIFTIRAMAE
BEO, ZEONRZEME, FIETTHZERRWZEN R, THOLHEA AR
FE2IMmEREE, UWRTREAHESRBGS)F, 4 RBETHDLT M
W, —IRFEE 14 (mirror), — A% 2E05%(translating mirror). HEFBNERIIK
BRRE T HIENTEE, SRR e TRIEMa PR, XRRGHT
F¥, THENESRELSEHERSFENRNE, FRURESREREILHAE
ARG . E3.10 ()T “SRC=0” F1 “SRC=1" RGN B KNI,
EEAFURPHARASTE. BEERNLE, X TFARARAERES, REATEL
FARKRE. ST TFRIRNESE, BTHERES, IBELE-PRFESH
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K2E BT RBBO SRR SR T

HNMRENERSH T8, REATERENSEEBER, ZEKX TR
K. 4THz QCLIRE BN MRLES), TTLCRALKERMEN, 3]
EARAMBHMREAHETHE. HHTSEAMER, KEAREREE
WEEENR, BELLVIIRE R, tiEnRwXALEAHER. B4 W
R EMRTHz QCLAK M BSHER, AT FERME EFHMTHE S, KITKE
WSFTIRAX HO3THE 2= % B 18 T THz QCLI KRR, XA LMRIEEFTIRIA R
(e, /T DURIE]— IR THzRk . ZEART Mo skit, BT RxiEs
POLIENE, WAFE LRERE.

100 pm

1 T 7 1

200 um
§47d A (a)]

1960 mA L ()]

Intensity (arb. units)
Intensity (arb. units)
Intensity (arb. units)

0

4041424344 40 41 42 43 44 40 41 42 43 44
Frequency (THz) Frequency (THz) Frequency (THz)

3.11 =F8 58 1 THz QCLIGEN R, ZEEN100 um, 205150 pm, 9200 um

= 5 THz QCLYGHE MRS RInE3. 115N, WOLES K LR A
4.2 THz, BEESMETEBRRK LR, BS4MREFE—ENERIR. T4
FLi =R YIS T AR IR, BAR100 umA200 pms BB LRI T
B Y658 (100 umBEEFE910 mA, 200 umZRfE7E1410 mA), HEZEE3S,
B B TSRS S, R SRR S, (HR LA [ BRI
FHE, XMEREETAENGEIES, BIK100 pmF200 um %454 KIS
GBS, XFMEERTHz QCLA & 7 LS5 M FiThEE. 100 pmFH200
w8 TAEAE RS SR A TERRE, HMiE%ENA150 GHz,
TI150 pmE 55 3844 § 3 55 B ) 2200 GHz, [FIBS 1R K ARFEZNASIRA,
150 p’E 55234 (¥ AR HE 58 75 7T LAR R 2330 GHz.
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35 FHLTE THEMTHz QCLI &

3.3.4 S LTRISEEL

EF100 pum. 150 um#200 pm’s 5834 HIHHUE S W, 7 LAWEIAL50
s 5 THz QCLEE E/MGVDU R EREWHMAES, FEERNE,
MRBFHRMGAE RFUHHRES, HARKRERE— LI T HEHIIRE,
ERZEAESTRRARFANPEENRERGEFETH. ATH—THHIA
ST T REMTNEE, ST ELIIOEHE A BN AL T R
BEUN, SRR AR B E3.120TR, HRAEEMERSHEL, Ko
IR — PR R AR, b — MREREE AN 5 S — AR
ML ZH, FEREERRRAMB LM E WP, HmE(E
BBASrep = frepn = frepts Jfrept T8 frepa 23 BINT ARSI E LA . X TAICHE
R HITHz QCL, FEH % K4.2 THz, EEHFLN6.2 GHz, HIHLWIFE LI
Fe G T LAEGHZHTE P AR B B B AR b ik 24 B RIS A

‘ ; : : : f;ep%
GHz THz
) 3.12 THZAUE R A B

BN =FE E RS IR ST, BRATEREL50 pmF % MTHz QCLK LI
Wtk B3.13 (P AH T RSP T 68 B AN THz QCLIYL-I-VIlliK,
P /ANTHz QCLEIE #9150 pum, BEKN6 mm, EHTIZRESHER, B
AMQCLMEEMEARTREE—H, HREGHRKMBUNME, 6 LA
R ELAER. WRAKESE3S—K, REBHEK. LRI, M
FE3.65HMIRAI150 pumBSfE, SETIOEHKI AN FRIL-I-VT A ERLLIT100
pmH1200 um K84, BB/ ANL-IVITAAREHESEGRBRES, EA%
M E S BRI Th AE.  B3.13 )RR MO A TR 961 mA (AL
) 1014 mA (I )R fO63E, TE IR KA L TAE i 2845
RE—CERENERIL, X5E3.1FEEMNRERE K. AMITEHRERRA
394.2 THz, WMRHEED20 dBRFRMERE, SMFE1TME, WREEE0
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N AR Ry e RN T

dBRIZEIRTEE, B4 MA 1ML,

Current density (A/cm?)

(a) 60 a0 120 150
T ' i I T 1 T 3
6 —— Laser1
- - Laser2
Lt @30K .
S 5 12
>k E
g, 5
O
> 3
41 a
3
2 . : 0
0.6 0.9 1.2 1.5
Current (A)
(b) | — Laser1: 961 mA (|107 Alcm?), Laser2 off l
——— Laser2: 1014 mA (113 A/lcm?), Laser1 off
0
g 13 modes in each laser comb
, are above the -10 dB line
o b -7edB AR AR - - - - -
©
~ 17 modes in each laser comb
_-é" are above the -20 dB line
w ______
c
(O]
[ e}
£

405 410 4.15 4.2014.25 4.30 4.35.

Frequency (THz)

3.13 ()F A LA SEIROEAR B4 IL-LVIR; (o) B38040 Al TARFE 961 mA(Z)F1
1014 mA (B )R HIGEIR, BALERH#ITTH—L, KEERSHRRRAETR-10

dBF-20 dBRH AL B

S A SR PR L6 mmIFHEE S AE F — R b, BATRL ST T W
KiTheE, 45EME3.1457R. THz QCLIAME 5 KIIAIFEN13.2 MHz (B13.141 ),
BT ARSI HE I B B % 5912.8 MHz (B3.1440 ) , TIE3.9F KT 150
pm R () "max-hold" MR, 7T BAR ILBAEFIIAE 5 HAH 700 kKHZ R,
B EREAMERTUESH, XERAEICHER & H ARG
= SVEHHTHAEAE ., FTHHERFEER—IHEBEN, X5HMFIERNR
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B3E PHGEE THEMTHz QCLET &

W4 (-10 dBRH B 12 AK), IXRB150 pmE TEAF RIS T X0
WTIEE, HEIRAZFRMIIEE, 100 umA1200 umd 55 B B84 TE RHEAT to K
R TVESE IR T RS, X WIESE T RAVTEWTEISR, SFHGVDE
e 4 7 B PR ) AR A T B

-72 - . : l ; 7 . : . -30

Laser1: 961 mA
: Laser2: 1014 mA
’é‘ -76 + 300 kHz RBW 4-45 ’E‘
[0a) 28 K , 13.2 MHz 4
S [ 128MHz N =)
S -80+ & - 160 ©
= 2
) o)
o o
-84t {1758
uu\“
_88 N 1 N ] N ///./ 1 2 1 _90
47 4.8 4.9 6.1 6.2
Frequency (GHz)

& 3.14 ZE A —#YT L EFH A6 mmEBE, 150 pmE % AITHz QCL, #/NQCL4 7 LE
75961 mAFI1014 mA, TIERER28K, {4 TIEAEESEREANTT. HPEEIHIHE
MHFES, EOaeR TEFENIOLHES, JRATHKRBW 4300 kHz®)

3.4 NG

EAZG, RMNETUHEEEH $THz QCLERKTHE T E, TR T F
YL T B MThz QCLARKITERE R, BIFfENETE THRIHERE
%$THz QCLS gt m. FIFFEMAE ERWEENE R SBE 44
R HIIENE, BT RERNAEER, ATESSFRSRERERY .
WS AN, R LRSS EWE R4S, RN R THEEZ
SE T SERNRHE TR, BSRENBEESBIRIN, W7 2844
#5123 EMGVD, BT EERRFS4HMEEIKA B fE R RE,
(B 23 SIRFEL X 24 B F7 £ BRI m, R SR FE = GVDAIR &
/Mo HER100 pm. 150 pm#200 um& 58 HITHz QCLERAHIBBUTRSER, XK
1150 ym& 5 EEE/IHIGVD, EEALIMMERIIGE. BERINHITT —F
FISERAE Tt ESE R, =8 EHSAL-I VAR H A G H AN RERRE
B, WHRANAEAKMTIZESE K, XREBMFE—NEFNREFTR. M
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Kidt & FRBFBIR AR B A

=SSR ERA LR, #8150 um# WTHz QCLEH EREHMES, Wik
TRAMELE R, HHES HFWHMILRFEFSEH T 150 um™ i THz QCLIA
PSS M4 T /NTF 100 pmA200 umBSfE, #—BIESE T GVDRBIM RS
IR BR MBS AT s IS S O ER R R B H 150 pmF 58 K THz QCLE R
Bep7E KB A T/ TR ERTIRE. 85, BATW=FF %K THz QCLAE
TR, 4555 05 5 (0 B 1 7E4.05 THz34.35 THz, X S5IATTHHE M 5=
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W, RECHMASMEMR, XEFERRT G. T MEERGTIEH,
HGVDEE FHt, AYSCTINKERKE, AT BBIMIASIEHEE, A
5 YETEGTIHR AR — YR IR (] L% /N F N SHE R Bk 52 8. X FTHz QCLE1T,
HEORIK R E— B Eps B, XBEWEGTINKEREEK. HEAGTIKGVD
B AMEEGTINKERIEMXAR, HknREEACGTIHMER KBRS
GTI K ENAEEE, XAGTINEHHEE TRENER. AN, ETHENN
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