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1. Introduction

2. Recent developments

a. Low electrical dissipation

b. Master-oscillator power-amplifier (MOPA)
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1.1 Interband vs. intersubband

S I J\E / E
. /
P -
- - l—» k" k||
= |Interband (IB) = Intersubband (ISB)
Absorption above E = hv — Absorption at E = hv
Broad absorption features — Narrow absorption features
Long lifetime (>1 ns) — Short lifetime (<1 ps)
Very high radiative efficency — Very low radiative efficiency
Transition energy <->gap — Transition energy <->QW

thickness

Freitag, 9. August 2013

B. Hinkov / IQE Faist/ TDLS Moscow (2013)
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1.1 What is a Quantum Cascade Laser’

Mid-IR/THz emitting semiconductor laser (3 — 300 pm)

= Based on intersubband

transitions ’_E .

N
= \: tailorable by 1, ‘:
bandstructure engineering SN ™ e
= Cascade of optical T .5
transition regions ~

“Faist et al., Science 264, 553 (1994)

Freitag, 9. August 2013 B. Hinkov / IQE Faist/ TDLS Moscow (2013)
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1.2 Motivation

= Spectroscopy of different molecules:

Freitag, 9. August 2013 B. Hinkov / IQE Faist/ TDLS Moscow (2013)
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1.2 Motivation

= Spectroscopy of different molecules:

4
N=N—O"

+
“N=N=0

1
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1.2 Motivation

= Spectroscopy of different molecules:

/ N
N=N—0" —C=0

g
+

N=N=0 asymetrlc (2335 cm!) €-> bending (670 cm™)
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1.3 Properties

= Key properties for detection systems:
.

1

tranamittance

[=]
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1.3 Properties

= Key properties for detection systems:
.
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1.3 Properties

= Key properties for detection systems:
I. single-mode device =» mode-selection
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1.3 Properties

= Key properties for detection systems:
I. single-mode device =» mode-selection
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1.3 Properties

= Key properties for detection systems:
I. single-mode device =» mode-selection
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= Key properties for detection systems:

single-mode device =» mode-selection
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= Key properties for detection systems:

single-mode device =» mode-selection
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1.3 Properties

= Key properties for detection systems:
I. single-mode device =» mode-selection
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1.4 Mode control in semiconductor-based lasers

Fabry-Pérot devices
- broad spectral emission

wavelength (um)
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1.4 Mode control in semiconductor-based lasers

Fabry-Pérot devices
- broad spectral emission
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1.4 Mode control in semiconductor-based lasers

Fabry-Pérot devices
- broad spectral emission
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1.4 Mode control in semiconductor-based lasers

Fabry-Perot devices DFB devices
- broad spectral emission - single-mode emission
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1.4 Mode control in semiconductor-based lasers
Fabry-Perot devices DFB devices
- broad spectral emission - single-mode emission
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1.5 Distributed feedback gratings

DEB-QCL: different orders N, |N % = Nesr - A

1st order 2nd order 3rd order

T O O Y O

= A‘,\'l\ll 17 o
;;5\\\\\“ gy, ) s,
‘ extended contact — " > :
: 3 = ‘ e S T R A W Y W

A5um
Fre=y I s vmmen e § SN FN I DY S Y S

hstrats

| 239 i1+ a0 P p—— [y
| WO 30wy L LR ] Tew 152852

J. Faist et al., APL 70 (1997)
D. Hofstetter et al., APL 75 (1999)
D. Hofstetter et al., PTL 12 (2000) M. I. Amanti et al., Nature Photon. 3 (2009)
S. Kumar et al., Opt. Express (2007)
Q. Lu et al., APL 98 (2011) J. P. Commin et al., APL 97 (2010)
E. Mujagic et al., APL 93 (2008)

B. Hinkov et al., El. Lett. 48 (2012)

Freitag, 9. August 2013 B. Hinkov / IQE Faist/ TDLS Moscow (2013)
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1.6 External cavity systems

= Main components
QCL
Collimating lens
Diffraction grating

= Littrow configuration

= Bragg condition = tuning

= Front/back extraction

Freitag, 9. August 2013 B. Hinkov / IQE Faist/ TDLS Moscow (2013)
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1.7 Singlemode emission

= Key properties for detection systems:
I. single-mode device =» mode-selection

T T T T T
2160 2180 2200 2220 2240 2260

Freitag, 9. August 2013 B. Hinkov / IQE Faist/ TDLS Moscow (2013)
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1.3 Properties

= Key properties for detection systems:

li.a ii.b li.C i.d
tunability |low el. dissipation | high power multicolor

Freitag, 9. August 2013 | B. Hinkov / IQE Faist/ TDLS Moscow (2013) | 25
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1.4 Performance-discussion of QC lasers

= Threshold current from rate-equation approach:

A | gnl A(27.,,) cert
_ p 32 therm
eff L ﬂqO 232

= QOptical output power:
Pin"—'Np'thoton'S'Wact S"'(]—]th)

Popt
U-1

= Wallplug efficiency: Ty =

Freitag, 10. Mai 2013 B. Hinkov /{QE Faist/ CLEO Europe (2013)
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1.4 Performance-discussion of QC lasers

= Threshold current from rate-equation approach:
wavelength

A _gon%%/ 32) rherm—
I; = A T P a’tot +q0n2
ef L Fq oL Z3;

= QOptical output power:
Pin—_'Np'thoton'S'Wact S"’(I—]th)

Popt
U-1

= Wallplug efficiency: [ —

Samstag, 11. Mai 2013 B. Hinkov / 1QE Faist! CLEO Europe (2013)
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1.4 Performance-discussion of QC lasers

= Threshold current from rate-equation approach:
wavelength broadening

A
APt
. 2 therm
/ X yor T G,

o L 4rq,l z3,

= QOptical output power:
Pinsz'thoton'S'Wact S"’(I—]th)

Popt
U-1

= Wallplug efficiency: [ —

Samstag, 11. Mai 2013 B. Hinkov / 1QE Faist! CLEO Europe (2013)
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1.4 Performance-discussion of QC lasers

= Threshold current from rate-equation approach:
wavelength broadening

2
A &g n[}t} ‘@‘ therm
[, = &, tagn

th — 2
A @ )

dipole matrix el.

* QOptical output power:
Pinsz'thoton'S'Wact S"’(I—]th)

Popt
U-1

= Wallplug efficiency: -

Samstag, 11. Mai 2013 B. Hinkov / 1QE Faist! CLEO Europe (2013)
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1.4 Performance-discussion of QC lasers

= Threshold current from rate-equation approach:

wavelength broadening therm. backfilling
A P
Y _gonL ,@)
/ th — 4 a’tot T qO
Ter L Mo @ )

dipole matrix el.
* QOptical output power:

Pinsz'thoton'S'Wact S"’(I—]th)

Popt
U-1

= Wallplug efficiency: -

Samstag, 11. Mai 2013 B. Hinkov / 1QE Faist! CLEO Europe (2013)
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1.4 Performance-discussion of QC lasers

= Threshold current from rate-equation approach:

area  wavelength broadening therm. backfilling
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dipole matrix el.
* QOptical output power:

Pinsz'thoton'S'Wact S"’(I—]th)

Popt
U-1

= Wallplug efficiency: -
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1.4 Performance-discussion of QC lasers

= Threshold current from rate-equation approach:

area  wavelength brc;adening ther}r'n. backfilling

4
overlapp factor dipole matrix el.
* Optical output power:

Pinsz'thoton'S'Wact S"’(I—]th)

Popt
U-1

= Wallplug efficiency: -

Samstag, 11. Mai 2013 B. Hinkov / 1QE Faist! CLEO Europe (2013)
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1.8 Performance-discussion of QC lasers

= As expected for a layered semiconductor media:
CHTR A CINy

gro
dire

= Typically Gy, ||/ Gy L = 3.3%

*A. Lops et al.,
J. Appl. Phys. 100 (2006)

Freitag, 9. August 2013 B. Hinkov / IQE Faist/ TDLS Moscow (2013)
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1.8 Performance-discussion of QC lasers

= As expected for a layered semiconductor media:

G > G 1L 4 — 380 . T . =362K 30
th, || th, L s o] Tonax = 385K I g ofTm .
i | uo
w5 L (el :
& 320
= o1 = :
gro " 5 10 5 0 5 10 16 %
dire y tum]
d)
10
< T Isso z
e =5 e
3 5 1320 3
B To %
£ 310 E
[ 5 [
%0
0O 65 10 1%
y [bm]

[ Typlca”y Gth’ ” / Gth’ L — 3.3* Fig. 2.14: Temperature mappings of the front facet of identical QC laser structures

(with 12 gpm-wide and 3 mm-long waveguides) and an input electrical power of
*A. Lops et al 8.8 W (24.4 kW/cm®). Conventional ridge waveguide with 0.3 pm Si;N, passivation
J. Appl. Phys. 100 (2006) and 0.2 pm (a) and 4.0 gm (b) top gold. Buried waveguide heterostructure (BH)

waveguide design for epi-up (c¢) and epi-down (d) mounting.

A. Wittman , PhD thesis 18363, ETHZ (2009)

Freitag, 9. August 2013 B. Hinkov / IQE Faist/ TDLS Moscow (2013)
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1. Introduction

2. Recent developments

a. Low electrical dissipation

b. Master-oscillator power-amplifier (MOPA)

current density (kA/cm?)
0 1 2 3 4 5 6 7

—— —— ——— 1200
16 F4 pm x (1.25+4) mm - AR-coated - epidown 11100
H-‘!OOns-‘l%dc 11000
c. Dual color DFB = ]
_ - 4800
S 10} ~— 410 £
S 8l ~ {600 E
3 Z 4500 =
. g 6 Jaoo o’
3. Conclusion ‘ : Jao0
2 J200
. — 1
Active W) ;l"'ﬂ Qe &\ ;00
INP region 00 02 04 06 08 10 12 14 16
InP:Fe cladding current (A)

insulator

Freitag, 9. August 2013 B. Hinkov / IQE Faist/ TDLS Moscow (2013)
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2. Recent developments:
= Widely tunable devices (ext. cavity):

EC-QCLS AR
Pulsed
430cm
DFB-QCL [|ec-QcL
CW 10cm'| |1 AR
-18 1 L 1 ; | C:\"V 120cm .‘ 1
10 - o<>
4 N20
2 C2H4
107+ NH3 :

SF6
03

900 1000 1100 1200 1300
Wavenumbers (cm")

Line Strength (cm"/molecule cm'z)

A. Hugi et al., Semicond. Sci. Technol. 25,
083001 (2010)

Freitag, 9. August 2013 B. Hinkov / IQE Faist/ TDLS Moscow (2013)
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2. Recent developments:
= Widely tunable dewces (ext cawtv)
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2 02_‘ 025v % 4: N20
2 2 C2H4
| { [ _g 1074 NH3 3
ool ML LI LI AR oo i o ’
900 1000 1100 1200 1300 3 |
Wavenumbers (cm ) 5 107 (4l \ 3
g
Pulsed operation: 5 }
- 21§ gL A

432 cm-ttuning (7.5um —11.4pum) |~ ® eo 1000 1100 1200 1300
Wavenumbers (cm )
1 W peak power

A. Hugi et al., Semicond. Sci. Technol. 25,
A. Hugi et al., Appl. Phys. Lett. 95, 061103 (2009 083001 (2010)
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2. Recent developments:
= Widely tunable DFBs

« Sampled DFB gratings

« Two different grating periods

- T v L T
114 nm (50 cm*) T=298 K
Continuous Wave

Laser 1:
Grating period=753 nm
Mot —3. 788 um

102 nm (43 em')
—

Laser 2:
l Grating peniod=768 nm
o A~ 48 “m ‘J Acerse=3.85 pm
85 nm (35 cm'’)
« 50 cm gap-free tuning W
Grating penod=783 nm ‘
Moot =4.96 pm J ‘
« 100 mW CW power - - L ol
4.7 48 4.9 5.0

Wavelength (.m)

S. Slivken et al., Appl. Phys. Lett. 100 (2012)
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gain phase

2. Recent developments:
= Widely tunable DFBs

« Sampled DFB gratings
« Two different grating periods
10~ L - 500
08 i 1 = 400
of T v 1 T é - 'S -
114 nm (50 cm*) T=298 K a g
Continuous Wave | 9_&’ 06 . ! 300 7
Laser 1: ?; %
’ Grating period=753 nm T'EE 04 o0 %
Aot =4.788 pm s 2
102 nm (43 cm) a4 . 1%
l Laser 2: 0.0 ! bk - ot 0
Grating peniod=768 nm 1140 1160 1180 1200
° }\‘ ~ 48 “m ‘J A erter—4.85 pm Wavenumber (cm™)
85 nm (35 cm'’) ¢ }\‘ ~ 85 ”m
« 50 cm gap-free tuning W
Grating penod=783 nm ‘ b 63 Cm_l tur“ng
e ™4.96 pm ‘
. 100 mW CW power e 4'91 L
| Wavelength () ' « 100-500 mW peak power
S. Slivken et al., Appl. Phys. Lett. 100 (2012) T. Mansuripur et al., Opt. Express 20 (2012)
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1. Introduction

2. Recent developments

a. Low electrical dissipation

b. Master-oscillator power-amplifier (MOPA)

current density (kA/cm?)
0 1 2 3 4 5 6 7

—— —— ——— 1200
16 F4 pm x (1.25+4) mm - AR-coated - epidown 11100
H-‘!OOns-‘l%dc 11000
c. Dual color DFB = ]
_ - 4800
S 10} ~— 410 £
S 8l ~ {600 E
3 Z 4500 =
. g 6 Jaoo o’
3. Conclusion ‘ : Jao0
2 J200
. — 1
Active W) ;l"'ﬂ Qe &\ ;00
INP region 00 02 04 06 08 10 12 14 16
InP:Fe cladding current (A)

insulator

Freitag, 9. August 2013 B. Hinkov / IQE Faist/ TDLS Moscow (2013)



ETH ALP=S
— ga—
Eidgendssische Technische Hochschule Zirich s -_
Swiss Federal Institute of Technology Zurich e - o O

nano-tera.ch

2. Recent developments:
= a. Low electrical dissipation
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2. Recent developments: Pingiss = 1.5 W, Pyiss max = 5 W

Current density [kA/cm?]
0.0 0 S 1 0 1.5 2.0 2.5

= a. Low electrical dissipation T pann aAnaA MRS T

12.7 um -wide ndge
CW, HR coated

5 8 263 K __ ez %’
-2 = &
3 3
> 4 3

2

0 ' X 0

0 100 200 300 400

DC Current [mA]

Wittmann et al., Photon. Technol. Lett. 21 (2009)
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2. Recent developments:
= a. Low electrical dissipation

< KTI/CTI

T, ¢
g

nano-fera.ch

Pindiss = 1.9 W, Pgissmax =2 W

Current density [kA/cm?]

0.0 0.5 1.0 1.5 2.0 2.5
]2 Fvevvfvsrrrvrrvrrrrrty T
12.7 pym-wide ridge
10 = CW, HR coated 100
5 8 303 K] 80 §
& g 323 K{ 60
© —
5 3
> 4k 40 =
2y 20
0 ' el Lacl LIP3
0 100 200 300 400

DC Current [mA]
Wittmann et al., Photon. Technol. Lett. 21 (2009)

I:)th,diss ~11W, I:)diss,max >1.6W

Threshold current density (kA/cm?)
19.0 05 10 156 20 25 30 3.54

CW operation (b) 205K
10 0.5mm long, 9.35um wide /_,/" 242K
Both facets HR coated _—" §
PRI N
< 8 o // E
> P 257K =
P ~~ 0108A, 295K CW g
o 6}/ 2 2
8 f a
S I 2L [
= L
4 280K |, =
-~ 11 8
/7 \
2@ 55 538 530 532 534 7/ 205K
Wavelength (um) y
V'R " ' < 74 'S A 0
8.00 0.04 0.08 012 0.16

Current (A)
R. Cendejas et al., Photon. J. 3 (2011)
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2. Recent developments: Pingiss = 1.5 W, Pyiss max = 5 W

Current density [kA/cm?]

1 . - - 0.0 0.5 1.0 1.5 2.0 2.5
= a. Low electrical dissipation 1T pnnieoqn Mnaasat
) 10 = CW, HR coated . 100
3 8 303K]80
g 6 323 K{ 60 i
: 2
> 4 40 =
2 20
i (.
0 100 200 300 400

DC Current [mA]
Wittmann et al., Photon. Technol. Lett. 21 (2009)

I:)th,diss ~11 W’ I:)diss,max > _1-6 W Pth,diss ~ 0.7 W, Pdiss,max ~24W
Threshold current density (kA/cm?)
90 05 10 15 20 25 30 35, ,2 »
CW o;;eratnon' ’ (b)' ' 29§/K"/ i 10°C &
10 [0.5mm long, 8.35um wide et 242K 0 40°C we [©0F
Both facets HR coated § - E.
Q—/J A ] 3 E 2— 8 20°C 50 ;
< 8 o // e ° £
2 /./’ 257K = o 40 8_
o ~~ 0108A, 295K, CW o | £°6 KiRe 8
& 6}/ 12318 8
8 / a 4 40°'C =
s ¥ 273K| — 28
> 4 3 ;
280K |, = i 10
2} 55 538 530 532 534 ‘ 'f29\5K © 0 0
Wavelength (pm) 4 0 005 01 015 02 025
8 A " A £ 4 A 0 W(N
00 004 0.08 012 0.16 F Xie et al
: Current(A) J. selected topics in
R. Cendejas et al., Photon. J. 3 (2011) Ouantum. Electron. 18 (2012
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2. Recent developments: Pingiss = 1.5 W, Pyiss max = 5 W

Current density [kA/cm?]
0.0 0.5 1.0 1.5 2.0 2.5

= a. Low electrical dissipation PP RAmAAARR ARaRE A [

12.7 pym-wide ridge
CW, HR coated

1.5cm_

Voltage [V]

0 100 200 300 @00
DC Current [mA]
Wittmann et al., Photon. Technol. Lett. 21 (2009)

Pingiss = 1.1 W, Piss max > _1'6 W Pihdiss = 0-7 W, Pyiss max ~ 2.4 W Pihdiss = 0-7 W, Pyiss max ~ 1.4 W
Threshold current density (kA/cm?)
90 05 10 15 20 25 30 35, ., » =120
CW operation ’ (b) 205K~ ; 10°C " oy '
0.5mm long, 9.35um wide 242K 1 . ~ '
10 Botr:rfr;c‘:rt‘ngR couar?ec S et §‘ . ke 10C - E % 15 r »\Q- C’,‘ 15
P . 13 S 2 8 20°C 5 o |— .
- 8 / A= © g o
® 7~ 0108A, 295K, CW @ | £6 0c a g 10
g 6/ 25 |2 |8 |
G / 213k| 2 . a°C » 5 |®
S 4 3 ; = 5}
280K |4 = 2 0 =
2| 555 538 530 532 534 '/ 208K © 0 0 @ y
Wavelength (pm) 0 005 a1 015 02 025 % i Iyt 0
. e =0 . 002040608101214
8'00 A Cu(:}git A)0A12 N F. Xie et al., Electrical Dissipation (W)
. ( J. selected topics in
R. Cendejas et al., Photon. J. 3 (2011) Ouantum. Electron. 18 (2012 B. Hinkov et al., El. Lett. 48 (2012
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2a. Low dissipation — AR design

= MBE: 35 X Ing 435G8, 365AS / Al 6651Ng 335AS ONn INP substrate
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2a. Low dissipation — AR design

= MBE: 35 X Ing 435G8, 365AS / Al 6651Ng 335AS ONn INP substrate

= Genetic algorithm for optimized AR-design
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2a. Low dissipation — AR design

= MBE: 35 X Ing 435G8, 365AS / Al 6651Ng 335AS ONn INP substrate
= Genetic algorithm for optimized AR-design

= Wallplug efficiency as merit function

Freitag, 9. August 2013 B. Hinkov / IQE Faist/ TDLS Moscow (2013)



ETH ALP=S

— ga—
Eidgendssische Technische Hochschule Zirich s -_
Swiss Federal Institute of Technology Zurich : - o O

nano-tera.ch

2a. Low dissipation — AR design

= MBE: 35 X Ing 435G8, 365AS / Al 6651Ng 335AS ONn INP substrate
= Genetic algorithm for optimized AR-design

= Wallplug efficiency as merit function
0.20

Merit function

e T 1

+ ety pc S 2 2
0'000 40 80 120 160 200 240
Individuals # (sorted by merit)

A. Bismuto et al., Appl. Phys. Lett. 101 (2012)
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2a. Low dissipation — AR design

= MBE: 35 X Ing 435G8, 365AS / Al 6651Ng 335AS ONn INP substrate

15|||||||||||||||||||2.5

= Genetic algorithm for optimized AR-design "}

W)

= Wallplug efficiency as merit function

4]

Voltage (V)
IS
L \ T

®
9]
35
@
=
ol
<
o
=A

|

(=] th

Peak power (

[ I
o : :
w

0.20 i NN
i Reference design ]
0 el U TN T [N T T TN I TR TR TN N U R A D
0 2 4 6 8 10
Current density (kA/cm®)
20 T T T T T I T I

[ Reference design
15 after growth optimization) ]

Merit function

g 2T

o

210¢ :f‘ .
go It Genetically opt.

v . | : N | | K | )
00040 80 120 160 200 240 of [/  Referencedesign
Individuals # (sorted by merit) 0 2 4 6 8 10
Current density (kA/cm?)

A. Bismuto et al., Appl. Phys. Lett. 101 (2012)
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2a. Reduce the electrical dissipation:

= Buried heterostructure: "—*

=>» better thermal management PR o T R

=» reduced laser threshold _
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2a. Reduce the electrical dissipation:

= Buried heterostructure: ‘*—‘

=>» better thermal management P - E
=» reduced laser threshold
= Small devices: (2.5-5pum x <2 mm)
=>» short: - less current consumption
-> strong gratings

&Nk, A(2
I . A 0 P ( 7/32) atOt _I_qon;herm

Tet | 47ZQOFZ§2
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2a. Reduce the electrical dissipation:
= Buried heterostructure:
=>» better thermal management
=» reduced laser threshold
= Small devices: (2.5-5 um x <2 mm)
=>» short: - less current consumption
-> strong gratings
=>» narrow: - lat. mode suppression
- heat-extraction

e nL A(2
= 2| D) gy

Tet | 47ZQOFZ§2
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2a. Reduce the electrical dissipation:
= Buried heterostructure:
=>» better thermal management
=» reduced laser threshold
= Small devices: (2.5-5 um x <2 mm)
=>» short: - less current consumption
-> strong gratings
=>» narrow: - lat. mode suppression
- heat-extraction

@ _Eoanﬂ(ZQ/?)Z) therm
= 5 Ot T (N,
Tett | 4m9,1'Z;,
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2a. Reduce the electrical dissipation:
= Buried heterostructure:
=>» better thermal management
=» reduced laser threshold
= Small devices: (2.5-5 um x <2 mm)
=» short: - less current consumption
-> strong gratings
=>» narrow: - lat. mode suppression
- heat-extraction

- e,nL A(27.,,) -
Ith — @ > - 232 atot +q0n;h
Tet | 4”Qo®232
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2a. Reduce the electrical dissipation:
= Low AR-doping: 6.7x1010 cm-2

= Target values: P,,;>5mW, el. power <1.5W, (CW, RT)
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2a. Reduce the electrical dissipation:
= Low AR-doping: 6.7x1010 cm-2

= Target values: P,,;>5mW, el. power <1.5W, (CW, RT)

current density (kA/cm?)
00 05 10 15 20 25 30 35

3 pm x 1 mm (+HR) - episide up - CW _
15} 4120
, 2?0 115
T |, =73.2 mA ~ -10°C
< P 4. = 1064 mW o . g
> al.d : &% 10.,C {10 B
= 7 20C =
5 ‘.\1\ y : SOLC n“0
‘ \. 2 =0°C 45
0 d / L Ny " L 0
0 25 50 75 100
| (mA)

¢ Py giss = 729 — 1064 mW

Popt > 5 MW up to ~313 K

B. Hinkov et al., El. Lett. 48 (2012)
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2a. Reduce the electrical dissipation:
= Low AR-doping: 6.7x1010 cm-2

= Target values: P,,;>5mW, el. power <1.5W, (CW, RT)

current density (kA/cm?) 240 260 280

300
00 05 10 15 20 25 30 35 T v T
3 pm x 1 mm (+HR) - episide up - CW _
15| 20 19 . 1.9
10 + W= 73.2 mA b 3
S P, 4 = 1064 mW s < .
< o, 10°c 10 T z i
o 20°C = g 17 1.7
? 8 > T =24
5 30°C Q° g i ,=245K
v 1O g
50°C . S ' - p e
0 : 0
0 100 -
15 A 1 4 1 n 1.5
240 260 280 300
— Temperature (K
* Pth diss — 729 — 1064 mW perature (K)

« High T, =245K
Popt > 5 MW up to ~313 K (interband lasers typically ~ 55K™)
B. Hinkov et al., El. Lett. 48 (2012) "W. W. Bewley et al., Opt. Express 20 (2012)
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2a. Reduce the electrical dissipation:
= Low AR-doping: 6.7x1010 cm-2

= Target values: P,,;>5mW, el. power <1.5W, (CW, RT)

current density (kA/cm?) current density (kA/cm?)
00 05 10 15 20 25 30 35 00 05 10 15 20 25 30 35 40 140
3 um x 1 mm (+HR) - episide up - CW ' 151 4.5 um x 1.5 mm (+HR) - episide up - CW
151 120 0°C 4120
: -20°C
_2n° 107C 100
R 10 b :« .\)..v.‘n‘ ) <l - R ln= 127 1‘11A 10°c 180 s
=S l"'_. dis = 1064 mW 10°C ; > P g = 1608 mW 5 20°C [=
& an e 140 E — \ 160 =
- 20°C = 2 30°C &
o s a
5 30°C al 5t o S 140
45 = 50°C
)*°C
’ 120
0 A ! 0 0 . 1 - A L . L " 0
0 25 100 0 50 100 150 200 250
I (mA)
* Py giss = 729 — 1064 mW + Poy > 25 mW (323 K)
~ ~ /A0
Popt >5mW up to ~313 K ¢ Nwallplug 4%

B. Hinkov et al., El. Lett. 48 (2012)
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2a. Results Il: spectra and tunability
Temp.:

wavelength (um)

4,51 4,50 4.49 4.48
3 pm x 1 mm (+HR), episide up, CW. P, = 1.2 W
= - Av=119cm’ .
] = | 1 1.
2 10500 ‘ " ' ’ a0c]™®
k3 iR
| s : | |
=
X 2 o5t N ,‘. {05
- | J | |
| |
E E " | ‘ ‘| |'
D g { | \‘ | || ‘
: SV VYU
0.0L DA A 10,0

2220 2225 2230 2235
Wavenumber (cm™)

234 — ” ’ . - - T T T y 2234
O } 3umx 1 mm (+HR), CW,P_=12W ]
zZRrE- - -4' 2232
' ) |
W I
2236 - 4 230
E = | |
4 M AT = 1 |
R S, 228 " wiaT =-0.148 cm /K 1
- 3 3 |
§ 2226 b=, 4 2228
g } - l
S 2224} § 2224
g . 1
93 L . ! 2202
e - e
[ )
220} » 120
! A I — A ) I I L '} — 2 A 1

243 230 W0 2N ®|0 260 300 310 320 330

Temperature (K)

B. Hinkov et al., El. Lett. 48 (2012

B. Hinkov / IQE Faist/ TDLS Moscow (2013)
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2a. Results Il: spectra and tunability

[emp.: Power:
wavelength (um) wavelength (um) F
451 4,50 449 448 4500 a.498 4.280 2485 4,480
L L} T ) L] 3 T
3 pm x 1 mm (+HR), episide up, CW.P, = 1.2 W t 270 o |
= - Av=119cm’ - ed 1 1%
%) 1-0 PRI | | o~ | 1.0 ‘l ' " X
B 50 ' -30°C ~ | |
F e \ ‘ 2 o8t | 403 E
: } =1 | STmA
2 | £ o
| ) | | £ | 1N _ D
] ~ 06 | 408
= | | l = | | ‘i
X 2 05} | i 105 £ | ML
] || | ‘ f f = 04} / "I 404
E - (| .' , £ | | l '/' ‘ T
| | 1 i .1 | PN
=} | | | 02 + | | 402
D = | |: | / L Y,I ‘ L I' | | { ‘ E
0.0 L o - 0.0 0.0 L._._A;‘..*-_;__Al __')—l_LhL—_L_.,‘_‘AL. Joo M
2220 2225 2230 2235 2z 2 22 nM 208 02W 0 2R 24
P Wavenumber (cm™) Wavenumber (cm ') P
234 — . : . r . r . ' , 2234 2229 - ™ ~ T v T 229
O { Jumx 1 mm (+HR), CW,.P_=12W ] Jumx 1 mm{+HR}, CW, 283 K E
zZRrE- - -4' 2232
W " L ] 2228 L o - J 2228 R
23 - 4z
E = | oy : i " \WAW = -4.86 om W A
E zmi - awiAT =-0.148 cm K 4 2228 S
= | ~ | = "
R 2 t - .‘l B nn pa2! T
& 2226 | N | 2228 g
2 | . ! £ d U
§ 2224 'r ‘]’ 2224 F L
{ = i > e 4 2220
2 } = ] 2222 ' R
|
20} » Ja E
{ 1 I == L 2 X 1 ! _— ‘_J‘ 2225 _‘ " " 2225
240 250 260 20 280 200 0 310 30 30 oA 12 14 1
Temperature (K) Elecincal Power (W)

B. Hinkov et al., El. Lett. 48 (2012
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2a. Results Il: spectra and tunability

n L
[emp.: Power:
wavelength (um) wavelength (um)
451 4 50 449 448 4508 PPy 4280 2488 4580
L] L} X T ] { L] 3 T T
3 pm x 1 mm (+HR), episide up, CW. P, =12 W t =229 em’
= - w=11.9cm"’ - 101 1
| . 410 | R
2 +50° | -30°C - |
F El \ ‘ £ ost | & {03
: g { as mA
£ } ‘ z {
| & SERE | £ o | /]
= [ [ I = | I |
X 2 05¢ | [ | 105 2 : \ | #
@ | | | 2 | |
- | | | = 04t f | 1] 404
£ yulr g | | =3 | |
E ; [/ ‘ | E ( )’I
D g e | || ‘ = I ‘u‘ (f 402
= ;l L1 I )‘ L 'v| ‘ L t . | /’ ‘
0,0% 7 — - ! L 0.0 0.0 ISP ¢ A 5 P4 . (R T G S 00
2220 2225 2230 2235 2z 2 22 nM 208 02W 0 2R 24
P Wavenumber (cm™) Wavenumber (cm')
234 - - - - . + . . 2234 2229 - 1 - f ' - 220
O Jpmx 1 mm(+HR), CW,P_ =12 W ! 3 pmx 1 mm (+HR), CW, 283 K
232 - .'»., 4223
W F | o
2236 ¢ 4223 2228 | = 1 292
E - 1 o 3 1 é AWAW = -4.868 cm /W
E 2 - awiAT = -0.148 cm K 4 2228 S
R = | | ~ -
< ¢ , 1 g o 2221
é 2226 b=, 4 2228 £
=
Z L 4 c
c f “ | ®
@ sl ! > "
> 2224 » - 2224 2 L
£ l = i > e d - 2220
2222 + - 4222
! 4
20} Y P
L == 2 L A L P 2225 ‘, ,‘. * l.. “ ) 2225
40 250 260 2 280 200 N0 310 30 3N o " 14 4
Temperature (K) Electrical Power (W)

OmX-—m

MmIOTCH>»20mMmUum-

= Single-mode + mode hop free tuning (SMSR >27 dB)

B. Hinkov / IQE Faist/ TDLS Moscow (2013)
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2a. R Its IIl: Thermal ductivit
a. ReSUILS Il ermal conauctivity
254 — y . - - = = , 2234 " . v v
Jpmx 1 mm (+HR), CW,P_=12W Jumx 1 mm{+HR}, CW, 283 K
£ ‘ o WAW = -4.86 om /W
E z awiAT = -0.148 cm 'K 2 3 awe 4
& L
- § - e
25 = “ “
g2 N Aqous E
g §
g 22 4 2224 =
o o)
= > 4 2220
2222 4 2222
220 b 4 2220
‘ | 2028 s e

I
1.2

Temperature (K) Electnical Powaer (W)

‘G _Mi_i(ﬂj .(ﬂ b 2
th AT A A AT . AW . 9 Gth — 1200 W/K cm
ﬁT:mp ﬂF_%fwer

*Beck et al., Science 295, 301 (2002)
=» therm. conduction: ratio of direct heating & current-heating

=> very high G, (jJunction-up!)
=>» junction-down (G, ~ 50% higher) = lower power-tuning!

B. Hinkov / IQE Faist/ TDLS Moscow (2013)

Freitag, 9. August 2013



=1 |
ETH ALP=S

— ga—
Eidgendssische Technische Hochschule Zirich s -_
Swiss Federal Institute of Technology Zurich : - o O

nano-tera.ch

1. Introduction

2. Recent developments

a. Low electrical dissipation

b. Master-oscillator power-amplifier (MOPA)

current density (kA/em?)
3 4 5 6

D e e e p 0
16 F4 pm x (1.25+4) mm - AR-coated - epidown 14100
c. Dual color DFB = 1=
. ~— Jaoo
R 12} ~ 1800
2 10} —— {700
g of 7 {w &
S 1500 =
. S & {400 o’
3. Conclusion " 120
- 5 3 zw
Active ‘ et V4 <4100
InP region %0 02 04 06 08 10 12 14 1,(9
InP:Fe cladding current (A)

insulator

Freitag, 9. August 2013 B. Hinkov / IQE Faist/ TDLS Moscow (2013)
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2. Recent developments:
= b. High optical output power

Freitag, 9. August 2013 B. Hinkov / IQE Faist/ TDLS Moscow (2013)
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2. Recent developments:
= b. High optical output power

CW:
Popt = 2.4 W
Nmax = 10%
Pgiss = 20 W
(@
121 cw operation 25
i L=5 mm, W=11 um ' -
= epilayer-down 2.05
2 8f 5
e 1.5 E
& 6t ]
K= =14 A | l4o®
> 4t | 1.0%
@]
40.5
2r I=1.4 A'
0 0.0

00 05 10 15 20 25
Q. Y. Lu et al., Appl. Phys. Lett. 98 (2011)

Freitag, 9. August 2013

B. Hinkov / IQE Faist/ TDLS Moscow (2013)
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2. Recent developments:
= b. High optical output power

OrE=2c  KTI/CTI

CW:.
Popt =2.4W
Nmax = 10%
Pgiss = 20 W
(a) L} L)
121 cw operation 25
10 L=5 mm, W=11 um -
= epilayer-down 2.05
< 8f 5
X 153
& 6t ]
g al |:1.tux1 _1_0§
) S
40.5
2r I=1.4 A
0 - 3 ‘! A A A 0-0
00 05 10 15 20 25

Q. Y. Lu et al., Appl. Phys. Lett. 98 (2011)

Freitag, 9. August 2013

Pulsed:

Popt =2.7W-10W
array of tapered DFBs

duty cycle: 0.025%

413 38 55231 6862436627 104 f?l'.m‘
o 23 23 25 23 25 27 X% 20 26 24 ;):‘l:':-
310 : | 1a¥
o
- 107 ‘
]
E . ’
25_,10 : |
A O T VI I
107 Ly ‘l‘ﬂ“‘.hlt ‘ﬁh"l]l'[ “1 Al
1020 1040 1060 1080 1100

Wavenumber {em™)

P. Rauter et al., Opt. Express 21 (2013

B. Hinkov / IQE Faist/ TDLS Moscow (2013)
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2. Recent developments:
= b. High optical output power

OrE=2c  KTI/CTI

CW:
Popt = 2.4 W
Nmax = 10%
Pgiss = 20 W

D
S’

12} cw operaiion 25
10 L=5 mm, W=11 um -
= epilayer-down 20 E
< 8} P
X 153
& 6t ]
g al |:1.tux1 _1_0§
) S

40.5

2r I=1.4 A
0 - 3 ‘! A A A 0-0
00 05 10 15 20 25

Q. Y. Lu et al., Appl. Phys. Lett. 98 (2011)

Pulsed:

Popt =2.7W-10W
array of tapered DFBs

duty cycle: 0.025%

e
456 mwwwm

24 Tk Vaze
= e

-
o
]

41 3 34 3
23 23 25 23
‘ » |

1 68 136627
3 27 ] 26
%0
l » } ‘ Y
! |
|

)

|

1100

Normalized Intensity
= 3
4

oLl ] ||
| ’ | ‘I ‘
107 |.ll‘ﬂ“‘.hlt ‘ﬁh"l]l'[
1020 1040 1060 1080
Wavenumber {em™)

P. Rauter et al., Opt. Express 21 (2013

%

voltage (V)

- o O

ey
nano-tera.ch

Popt =1 W

Narrow (~4 um) single-emitters

duty cycle: 1%

current density (kA/cm?)
0 1 2 3 4 5 6

\J Al L Ll v B T 1200
16 4 um x (1.25+4) mm - AR-coaled - epidown 11100
14-100"5-1%“ 11000
<4 200
12t — Je00
10} — 263K . 4700 2
— 260K
8 — 273K 4600 é
— 278K 4500 =
283K é
6 — 288K 4400 o
o =k {20
5 — 303K <4200
i — 8K/
MIK S 1100
0 0 A n ' e 1 A i 0
0, 02 04 06 08 10 12 14 16
current (A)
. Hinkov et al., unpublished

Freitag, 9. August 2013
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2b. How to increase the DFB output power

= 1St approach:
scale up the length of a DFB device

= Surface DFB grating (complex coupling)
- lifts degeneracy (0.4 cm- discrimination)
1 A
K=" z 2> k~1.37cmi (a)1z-cv;opera;ion ' -
A My 1o L=5 mm, W=11 yum 17
= epilayer-down 120 E
2 8} =
- B k coupli ded, ¢ =
ut weak coupling k needed, s .| w144 1103
very susceptible to defects 2f | 105°
0 400

00 05 10 15 20 25
Q. Y.Lu et al., Appl. Phys. Lett. 98 (2011)

Freitag, 9. August 2013 B. Hinkov / IQE Faist/ TDLS Moscow (2013)
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2b. MOPA™
Alternative: two sectional device

*M. Troccoli et al., APL 80 (2002)

= DFB: singlemode seed

FP: amplifier section

= AR-coating:
a. suppress FP-selflasing & additional FP-modes within

stopband
b. suppress spatial hole burning in the FP-section

B. Hinkov et al., under review
B. Hinkov / IQE Faist/ TDLS Moscow (2013)
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= A.DFB: 5.25mm, x ~ 1.4 cm B

= Mode-discrimination: bi-mode " meeiet] " Jussas | f
0.14 cm- (FP-level) c Jozs 3
0.1 cm! (non-stopband mode) WE 'MNM)W\MM)\;J”" W ‘w""""m

2205,0 22075 22100 22125 22150
wavenumbers (cm™)

B. MOPA: 5.25 mm (1.25 mm DFB), k ~ 35 cm-!

= Mode-discrimination: oo s _asd 08 e ase_us
] MOI;A*XR c;atirrtg rrrrrrr

2.8 cm™ (FP-level) s | — i

. -

1.6 cm® (non-stopband mode)  § « .| I"“ X
= | = 2%

-

- > 1 order of magnitude higher ‘W«»WJ\M B

0
22000 22025 22050 22075 22100 22125 22150
wavenumbers (cm™)

B. Hinkov et al., under review
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= Spectral coverage dependson: . . emee L

T
D g, ) t "
gDFB( > g max Q jTune the laser by changing the optical feedback

-E: 20 =
XprB App
@)

. Y G o] 3
« DFB: Zee” > 094
g(lmax) : 103

T T T ,L. i aatiaas ™ T

Wavenumber (cm')
1200

10 1 lll_l_l | 130( 1400
9prs(D) -
= MOPA: 55— > 049 E
—_— g (/‘lmax) F . fTuning limit y
"‘3..| ..... Y TrTTTTY T YT T TrTTTTY
120 120 140 150 160 170 180
Energy (meV

B. Hinkov et al., under review Courtesy of S. Riedi
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2b. MOPA vs. DFB nano-tera.ch

4,535 453 4,525 4.52 4515
] ] T X T
DFB

= Spectral coverage depends on:

............ ed. “lidccresrenng250

=
o
r~
Le]
3'_
’ " .-
-
-
[
'3
o
(2]
3
modal losses (cm™)

9prs (/1) > Y (Amax)

Aprp Upp

4225

100:4
0% rU MMAMAAM" ‘I‘ Pl” I , ll “
ll I( l
025P \AA/ } ‘ l “
2,00

2205,0 22075 22100 22125 22150
wavenumbers (cm™)

Transmission

9prs(L)
- : JDFB\""J 94
DEB gL ) > 0.9

= MOPA: Zezx® 5 49 gDFBA gﬂ'max

9,0

_>_

B. Hinkov et al., under review DFB CouEBsy of S. Riedi
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2b. MOPA
= Non-tapered device, 4 ym x (1.25+4) mm + AR-coatin

1500 mA. S0 ns, 1% do, 283K

Poptpeax = 1 W (1% duty cycle)
= Continuous tuning (263K - 313K) n I

= symm. farfield TMyy: FWHM (25° / 27°)  sesssmmiingy=es=s

Horgontal Angle (deg)

current density (kA/cm2) wavelength (um)
0 1 2 3 4 7 1200 16 4,54 4,535 453 4,525 4,52 4515
16 |4 pm X (1 25+4) mm - AR-coated - epldown 7__‘ 11100 4'pm X (1 42]5+4)'mmt» AR-coated - 'epidz;wn )
100 ns - 1% dc = - 1 50ns-1%dc-1.5A
14+ 11000 i 3 ~ ~\
12 12 273 [ [
i ]800 Y e i 1 |
2 10p — 263K 1700 =3 ¥ S0aK | : |
o o ie00 E | & |
o 8F/ 273K 4 ~ 0.01 { ' |
2l == {50 i | |
S 8 L 288K 1400 o ’_'-‘ - ‘,'t f |I
4 293K 1300 1E-3 { ‘ l‘ | A "\_ ,~| | !
300K ; O
2 = jan S il iy m\ P A
308K ) ] W AR ;
| S . _(1)00 1E-4 § ‘\ T [ m n } ‘ |
00_0 02 04 06 08 10 12 14 16 2202 2204 2206 2208 2210 2212 2214
current (A) wavenumbers (cm’')

B. Hinkov et al., under review
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1. Introduction

2. Recent developments

a. Low electrical dissipation

b. Master-oscillator power-amplifier (MOPA)
current density (kA/em?)

0 1 2 3 4 5 6 7

LS L L T ¥ Al L 12(]0
16 F4 pm x (1.25+4) mm -ARmated-epldovm = 11100
o [ 100 ns - 1% de — _:1000
c. Dual color DFB = Yoo
o » - 4800
= 10} A Ll I
S s} =120 E
B! g Z 1500 =
. g 6 Jaoo o
3. Conclusion ; Ja00
3 4 200
. 4100
Active N S L3 /7 A R 0
InP region 00 02 04 06 08 10 12 14 16
InP:Fe cladding current (A)

insulator

Freitag, 9. August 2013 B. Hinkov / IQE Faist/ TDLS Moscow (2013)
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2. Recent developments:
= ¢. Dual colo
S
g _ d
5 g £
: § 3
] - :
£ o
el ~ 3
Tio 10 20 20 00 B €
Energy (meV) g : %
2o g

= A~52&8um

= Simultaneous emission

C. Gmachl et al., APL 79 (2001)

Freitag, 9. August 2013 B. Hinkov / IQE Faist/ TDLS Moscow (2013)
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2. Recent developments:
= ¢. Dual color

wavelength (um)

1pr—rrrrrr T T . 64 63 62 61 54 53 52
. % 112'um x (2.5 + 2.5) mm - 253 K :
% = < 1475ns- 111 kHz
5 b g 3
) ) o 2 ]
g, oy @ % 0.1 4 A
g ® g 3 A~ 300 cm
g Ik
g o _g 0,011‘
2
gl F
W 1E-3 4
P P P PR a8 TR U RS R R R 'Tg' §— 3
100 150 200 250 300 ‘;!,’ g
o~ 1E-4
Energy (meV) g . o 1550 1575 1600 1625 1850 1875 1900 1925 1950
g @ wavenumber (cm™)
£

2 electrically separated
DFBs

= A~52&8um

= Simultaneous emission % can be adressed
individually or in parallel

C. Gmachl et al., APL 79 (2001) P. Jouy et al., unpublished
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5.1 Dual color DFBs - concept

= Dual single-wavelength emitting devices (A/4-shifted)
= Detection of two different species from one optical waveguide

= Species can be separated by very different wavelengths

[ — 1900cm?
| 1600 cm

:q_? 1600cm ' and 1900 cm'’
=
=
e’ :
<
(14}
(&)
c
§ X = -
8 = Active
E InP  region
= , ~~ InP:Fe cladding
= insulator

-1
Wavenumbers (cm )

Freitag, 9. August 2013 B. Hinkov / IQE Faist/ TDLS Moscow (2013)
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5.2 Dual color DFBs - results
= Two color active region: 1600 cm* (NO,) & 1900 cm* (NO)

= 2 electrically separated sections

wavelength (pm)
6,4 6.3 6.2 6.1 54 53 52
v ' N |l

12 ym x (2.5 +2.5) mm - 253 K

= Both wavelengths can be addressed 7™ """}
individually or in parallel 3 -
5 |
= 1E-3 |
= 300 cm! separation

1560 1575 1600 1625 1850 1875 1900 1925 1950
wavenumber (cm™')
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1. Introduction

2. Recent developments

a. Low electrical dissipation

b. Master-oscillator power-amplifier (MOPA)

current density (kA/em?)
3 4 5 6

D e e e p 0
16 F4 pm x (1.25+4) mm - AR-coated - epidown 14100
c. Dual color DFB = 1=
. ~— Jaoo
R 12} ~ 1800
2 10} —— {700
g of 7 {w &
S 1500 =
. S & {400 o’
3. Conclusion . 120
- 5 3 zw
Active ‘ et V4 <4100
InP region %0 02 04 06 08 10 12 14 1,(9
InP:Fe cladding current (A)

insulator
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6. Conclusion:

= QOverview of recent developments in DFB QC lasers
(tunability, el. dissipation, high output power, dual-wavelength)

= 3 examples in more detail:
1. low dissipation DFB QCL (< 1W, P cyy >> 10 mW)
2. MOPA QCL (new design, P, e ~ 1W untapered)

3. Dual-color DFB QCL (selective dual-A, 300 cm! separation)

Freitag, 9. August 2013 B. Hinkov / IQE Faist/ TDLS Moscow (2013)



