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Single mode terahertz quantum cascade lasers based on distributed
Bragg reflector
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Abstract: In the conventional semiconductor distributed Bragg reflector (DBR) lasers, to obtain stable single mode
emission, the gain section should be short enough to make the free spectrum range larger than half of the bandwidth of
the reflection plateau caused by the DBR. This constraint severely limits the threshold and the output power of the la-
sers. In this work, single mode terahertz DBR quantum cascade lasers (THz-DBR-QCLs) that break the above con-
straint are realized. The lasers are based on the ridge waveguide, and exploit a cleaved facet and a DBR mirror to con-
struct the resonator. Exploiting the intrinsic narrow gain spectrum of the THz-QCL, we tailor the reflection spectrum of
the DBR so that the high reflection plateau and the gain spectrum are partially overlapped, obtaining the THz-QCLs
with single mode emission. Such strategy enables single mode emission with a significantly elongated gain section, far
beyond the constraint of the free spectrum range. In experiments, we realize the single mode THz-DBR-QCLs, whose
gain section is as long as 3. 6 mm. The emission frequency is about 2. 7 THz, and the side mode suppression ratio
(SMSR) exceeds 25 dB. The measured threshold and temperature characteristics of the THz-DBR-QCLs are compara-
ble to the Fabry-Perot THz-QCLs fabricated with the same material. Our work suggests a novel approach to realize the
high performance single mode THz-QCLs.

Key words: semiconductor lasers, quantum cascade, terahertz, distributed Bragg reflector, single mode, photonic
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Fig. 1 The schematic diagram of the structure and principle of the DBR laser: (a) the three—dimensional structure of the device,
with the absorption boundary, DBR reflector and straight waveguide gain region from left to right in the x—direction, and the terahertz
wave emitting from the right cavity surface, the electromagnetic field is resonant in the straight waveguide region, with reflections pro-
vided by the DBR and the cavity surface on both sides, respectively, (b) the x—z cross section of the device with a grating period of
A, an air slit width of W, and a thickness of the active region of t,,, and a length of the straight waveguide region of L, (¢) the sche-
matic diagram of the device, the black line is the reflectivity spectrum of the DBR R,,,(f), and the blue region represents the effective

gain spectrum g Bﬂ(f ) of the active region
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Fig. 2 The finite element simulation results of the DBR structure with a period 4 of 16. 6 um and a slit width W, of 3 um: (a) the

photon energy band diagram of the DBR structure, the gray area represents the first forbidden region, and the horizontal axis k repre-

sents the wave vector, (b) the reflectivity spectrum of the DBR structure with 30 periods, (c¢) the reflectivity spectrum of the FP cavi-

ty surface, (d) the electric field (IE] component) distribution of the incident wave inside the DBR grating when the incident frequen-

cy is 2.2 THz and 2.6 THz in the DBR structure
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Fig. 3 The experimental flow as well as the resultant diagram: (a) the schematic diagram of the cross—sectional structure of the ma-
terial after bonding and thinning, (b) the specific process flow diagram of the prepared DBR laser, (¢) the SEM diagram of the DBR

laser, and the inset is an enlarged view of the DBR reflector area
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Table 1 Parameters and performance characterization data of FP cavity and DBR devices

Current Density J,, / Maximum Operating

Types of structure Ly, /mm Al pm . Power P /mW
(Arem™) Temperature T /K
FP 2.9 — 132 1.1 60
DBR-A 3.7 18.6 124 2.5 82
DBR-B 3.5 16.6 127 2.0 70
DBR-C 3.6 16.0 124 2.6 90
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Fig. 4 The power-current-voltage test plots of FP cavity as well as DBR laser: (a) the power—current—voltage test plots for the FP

cavity device of the L970 material bimetallic waveguide, (b)-(d) the power—current—voltage test plots of the DBR laser with periods

A of 18.6 pm, 16.6 pm, and 16 wm, respectively, with the black dots representing the spectral current positions in the lower plots



6 FALRT 55 3 T AR IR S B0 B B B T B 7% €03

QCL A7 U8 DX 1) 1 5 135 ] 187 £k 3 AL 3848 2% 43 10 o
P R R A 80, 7 15 5 (b) H, R ATT A A% 2. 7
THz  WE{H 3 25 26 em™ 2 /& 42 58 0. 25 THz M Al it
(B, A B0A TAE BT A0 A TR X A3 250 . 75 2
i R R, R SR T AR 45 AP S s Bk A
O A SCHk B 1 B B 5(b) KPR 3R
IRTHAAS ) FP 0GR SIRFE , 29 13 em™ . FHRHE
25 KT FPIOG AR B FE 1 903 5 Bl B0 A A8 %00 25
DX, oy L v o DX T 7, RS b G 3 T E 2. 6~
2. 8 THz i [ N A 350 25 SR E R

K 5(c)-(e) W, BAL TR T DBR G
(4543500 A B .C) I s, ot g 4 oh it 5
F3 B AR DBR Y B2 SR 855, 100 0 €0, DX dlo0) iy 1 5]
5(b) AR £5 KT 0 i 453 . 3X 341> DBRIOG
AW B IATTIR E R 20 KA, 56 R
MO I R L A DR —r 22— Bl 5(c) i
7N EFRHEOE S DBR-A(A=18. 6 wm, W, =5 pum) , A
S0 25 36 B Ab 7F DBR 15 S 96 ety iy N O H 0
X, IO AR S I 2 B OGS R A A
AYCHE 25 30 L DBR 1 SS9 2ty 19 8 28 DX,
B BB > F FP OB . B 5(d) 8w, Y
DBR #06#% (DBR-B) H DBR Y A MK &= A=16. 6
pm BF, DBR A9 1 S S5 1] = 8 51, (A5 OB 2 1)
A B 25 S5 BB AL T DBR 5 SR N, {H R
DXk, SR, OB RA 3BT Y el
B4 25 R AR S S A A BRI it — 25 s
DBR (1 Ji 4 B2 i A5 0O 25 A 30 42 X 5 DBR &
S AR 43 F W, WO A% DBR-C(A=16.0
wm, W, =4 wm, & 5(e) ) T 7w 19, 06 8 />
LA —A, B IR . S XHEOE 2% DBR-
C, WS A [l A b 7 A 200 25 5 e R B 1Y
DX 3k, W B 31 AR 281 %) A 30 o A Y RS R T
(i) BE, {H 52 55 Sk 7 0O i b 78 52 1 B IR
Ao WESCe) WHE E BT 7S , IR BRASTRL I Y 12 A5 41
il tb ik 2] 25 dB, S IUEAF A BB . Y FRATIE
DBR-C (13K gl FL i 8 Jin 28 WAE TR i, OGRS 558
TR BRI (R B LR R R K299 dB. K
AR AT R R SR AT 24>« He— OGRS MR A AL
B 50 B 1 IR AR 26N 4 T SR AR A o 7R
T DBROYGH A IE S B T 3 BRARE S0, S B0
T S T Y R 4 B S BRSO s B S 5 A AL
1 25 MR A B /NI EAA . Xt nT DL R
TR G W E 5(e) B, i3 15 5] DBR IR i Y

RATRRIREN 0. 8, I HAR S5 A S0 5B &E S, A
SRR AP IR 2 B IS A0 5 (4 B A K

RS, A DBR OGRS, 7 5 ]
If L A5 4 v A %4 45 R DBR R S ik Bh 4 T
PO AR 25 A R A B 2L DBR R X
SR 50 RO SR AR X I8, BT AR A RO 25
T KT [ PR G ) I Ao S B PR, L st A
T 5 3 10 LD DI T A5 AU ) B A PR
R R OB TR

A1 7 925 10 e BR A AR BRAE 5 A7 Y IX b 4
8 2538 4 b 55 DBR S5 Y 5 B Gl EE A, AT
SE LRI P 25 (WA . g paiz nl i, JRAT T4 T
B 25 R BE AR, A0 &1 6 BT, IR s M 22 B0 AR U
WG A A DBR T, 50 5 X A7 il DBR2., [A]
6 H 5 BUAG S0 AN R) A9 2, T B 7 i 4% 18 AN [
FHF 3% DBR 88, 220 DBR1 S 3 455 5 AR 512
56 SR FH 1 45 K4 A0 ), A O SR FH ) 04 B0 b 1Y
DBR2, 115 5 5t RIEAE (R, /N T 19 Ho I 47
(AT R 5 22 DBR AF7E W 25 . 7T LAV DBR1
A DBR2 f J&] 1A (75 19 35 1 s S5 J 45 (R AR S L
JENG /N IF H S A TR XA R A 3 25 I T A
U, B AT LRI FH A T DR b 1 8 25 D4 AL, ST DA 2R
1% F1 PR (1R A BRI, A2 44K ) B rh AR A S
1A, 375 5 38 ek DBR2 1 R b 2% % 38 3 1 T P G
e o B ERDER R R B T 24 DBR
SEE% , ey Bk G S PR A 3T PR BT A HE AT A G
B TAEIEAETT R o

3 it

A SCAE By DBR 4544 £ 1 O30 01E T 55 B SRR
5 THz-DBR-QCL B 387 J7 % . FATAIH DBR FlHgL
W FARES FPISOGHS 09— s T 1R R S 45, AT
{45357 T DBR e S ST 584 1 PN A A X AR
(T B8 . FIFH THz-QCL [ BPARAE (1 25 33 | Of:
fii DBR A = S5 5 543 U5 X 36 25 14y 5 A, TR
7E DBR 28717 96 B 25 R T WA B b i (a) BE A9 1 50
TARAE TR BRI o % VA O A A
ZEUNYRTE b NN R S NTE S = 8 & o))
R FRATRIHZ 7 AR5 T A e ik 51 25 dB
1) PSS TR 2% 1 T IR PO AR  WOEHIR 4 R 2.7
THz, F Ty 340 DRI B 5 1 55 A0 (R4 BT o 4%
() FP i ZB0HOGERAH 2 o A SR T W0 Y 52
¥ 07 %, BDF W~ DBR S5 BE i 414, v] 780 )
FHAT U DX 1 25 WA, IR 28 0% 1 vy 33 ) B g B o



804 g hh 5 2 oKk I e 42 %

. 30
g o
: 5
25 t
: g
: [=I1)
=
0.0l *33 24 26 28 30 32 34
22 24 26 28 30 32 34 - ' Fre v
26 283 Frequency/THz
(a) N
— Spectrum o Kol
e Rcﬂcmv.}}}: 1.0 Lo Reflectivity 1.0
= : : . :
3 # I :
> E 8 § Z
gos 053 Fos |2
K| . ) : &
0.0kLii Hi 0.0 0.0k : : T4
e 32 34 U732 24 26 28 30 %2 %4
Frequency/THz Frequency/THz
- (d)
—_ Spectrllﬂ]
Lo Reflectiv: 1ty _____ - 1.0
25 dBI :
(o) 24 27 ,"E
5 Frequency /THz) E g
= i 5
= Z
7 0.5 :
: B
: -

0 1%
22 24 26 28 0 32 ’%4
requency.

(e)

K5 SRLREINAEE R « (a) BB LOT0 B XL & FPIERIOLHE , (b) AR (a) HRAOLIEE L L A B8 SO LI U5
MR 25 2k, iEAACER FPIEAYHRFE , (¢) DBR JEIWIA S 18.6 pum, 25 SBREE R SEHE W 5 pum 24 0 5638 5T ﬁ?ﬁﬂsﬁf
Z4S DBR Y ST % , 5 (0 XU AR ] (a) Bt OB 25 Y FEL, (d) 0 Ce) [RVAE I 17 AN 0 A4 D' 1% A K2 X 2 DBR A4 B 3%
MIBIJEIIA 235004 16.6 pum K116 pum , 28 SBREERT GEE W 20 528 3 pum KT 4 pm, (e ) AR 0 RCDE 1%

Fig. 5 Results of the spectral tests of the laser: (a) the spectrum of the FP cavity of material L970, (b) a rough fit of the material
gain curve based on the spectral range in (a) and the available paper data, and the dashed line represents the loss of the FP cavity,
(¢) the spectrum of the device with DBR period A of 18.6 pm and slit width W of 5 um. The dotted line is the reflection spectrum of
the corresponding parameter DBR, and the blue region is the gain range marked according to (a), (d) and (e) also show the spectra
of the two devices and the reflectance spectra of the corresponding DBR with periods A of 16.6 pm and 16 pwm, respectively, and slit

widths W of 3 wm and 4 um, respectively, the inset in (e) is the logarithmic axis spectrum
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