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Quantum Cascade Lasers (QCLS)
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Main Properties

Energy

 INTERSUBBAND transitions

« UNIPOLAR : only one type of carrier used (e)

CB

§hn

Distance (z)
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Quantum Cascade Lasers (QCLS)
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Active Region (AR) grown by o
Molecular Beam Epitaxy (MBE) ~ Transport zone Emission zone
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Recycling of carriers
N periods = N photons per carrier
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Spectral range of QCLs
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GaAs/GalnAs  |np/GalnAsP
GaN/AllnGaN GaAs/AlGalnP
’——RA

uv —ﬂ il | . INear IR >

0.5 1 15
_ / Quantum Cascade Lasers
Classic Laser - GalnAs/AlINAs/InP ; GaAs/AlGaAs ; InAs/AISb
Diodes ] 3 5 um <| <24 ym and | > 65 um
aSb PbSe C — D

Mid IR Far IR THz

0 5 10 15 20 25 100
Wavelength (um)

Applications:

Spectroscopy and high sensitive Gas detection

Environmental, Medical, Security

Free space optical communication

Atmospheric transparency windows : 3-5 um and 8-12 um

Optical countermeasures
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Bell Labs

QCL in
GalnAs/AlInAs/InP

1994
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QCL History
Thales Thales / CEM?
QCL in QCL in
GaAs/AlGaAs InAs/AISb
1998 2003
2002 2005
Room temperature CW 400mW room
operation for temperature CW

GalnAs/AlInAs/InP QCL

operation for

GalnAs/AlInAs/InP QCL

150K CW

operation QCL in
GaAs/AlGaAs QCL

CW: Continuous Wave
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First Laser
operation

78K

From intersubband emission
to CW laser operation

First CW
operation

Pulsed operation CW operation
78K 300K

Quantum engineering of Active Region

Waveguide design optimisation

Thermal management
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Gain optimisation

First laser
operation

78K 78K

GaAs/AlGaAs
QCL

1998
(Thales)
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From intersubband emission
to CW laser operation

First CW
operation

CW operation
78K 300K

Pulsed operation

2000 (30K)
(TU Wien)

Thesis S.Barbieri - C.Becker ‘

Quantum engineering of Active Region

Waveguide design optimisation

InP-based
QCL

1994
(Bell Labs)

Heat dissipation management

1995 (80K) 2002
(Bell Labs) (Neuchatel)
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GaAs based guides (plasmon enhanced) / Limitations
AlGaAs and GalnP Guides
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Selective current injection by proton implantation
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J
QCL Pulsed operation QCL devevopment:
AR Reduction of the threshold current density J,,
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S—___ Claddingn, Guiding condition : n;>n,
) Coren;
\Ij’ / Cladding n,

Waveguide optimisation by numerical simulations :

e 1D Simulations : Transfer Matrix Method (TMM)

choice of _ _
appropriate layer Increase figure of merit Decrease
compositions and c=G/a, Jin=(@a,.a,)/9G

thicknesses

12
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Current GaAs QCL waveguides (1)
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[ GaAs Plasmon enhanced waveguide with highly doped cladding IayersJ

neff:3.19

a=17cm? c=1.7 . ' ' ' ' ' 0
G =28% J.;,=15kA/cm 2
| =9.4um ;.~o.8- 3
S
2
%0.6F 6
> Advantages e n* AR n*
e straight-forward MBE growth =
: . ©04r 4
e good electrical characteristics i
o
OO"_\_ /GaAs . < GaAs\
= Drawbacks R n ?
e free carrier absorption (FCA) losses
T 0 A . . . . 0
in highly doped layers -12 -10 -8 -6 -4 -2 0

Distance (um)

Refractive index
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Current GaAs QCL waveguides (2)
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~ 03; 135 . )
5 ™[ LOC=3,5;a=17cm; G=28%; c=1,7 2071 7T T T 1 T T T ]20
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Distance (um) LOC, GaAs thickness (um)

The c optimisation is a trade-off between :
» G decreasing with the GaAs thickness
*a, mainly due to FCA

THALES

THALES Research & Technology
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Normalised optical intensity (a.u)
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Distance (um)

Dielectric waveguide optimisation

35

[12.5

Xapul aAloRIeYy

=» Plasmon enhanced waveguide
strengthened by dielectric layers :

O AlGaAs layers
d GalnP layers

Maximum growth thickness ~10um
> hganstpie=3,5HM

THALES

THALES Research & Technology
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Normalised optical intensity (a.u.)
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Al,Ga, As cladding waveguides
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With x,, 2:
ID D‘]GaAs/AIGaAs 7 ID G2
P a N (mode overlap with highly doped layers reduced) P c=Ga 7

h AiGaas (M)

0.3

o
N
T

Xapul aAIoel)oY

Figure of merit, c

o
-
T

- GaAs waveguide -
l|||||||||||||||||
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N

-10 -8 -6 -4 -2 0 0

2
Distance (um) NGans (HM)

THALES

THALES Research & Technology



tel-00084018, version 1 - 5 Jul 2006

ni-v lab . .
Al,Ga, As cladding waveguides
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With x,, 2:
ID D‘]GaAs/AIGaAs 7 ID G2
P a N (mode overlap with highly doped layers reduced) P c=Ga 7

Limitations : lattice mismatch constraint = Al Ga, , As thickness limit ~1/x,,

Normalised optical intensity (a.u)

h Aigaas (MM)
3 2 1 0
03 4|||||||||||||||||
B = x=20%
e .
o o
0.2F S Er —
= o [
< e -
. 5 L
S
@ =
0.1 . i=)
C
— GaAs Wave?uide .
1||||||||||||||||
0 1 1 1 1 0
-12 -10 -8 -6 -4 -2 0

2
NGaas (MM)

THALES
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Al 0,Ga, o6As cladding waveguides / QCL AL94
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Aly 04Gag g6As cladding waveguide

35

Distance (um)

c=2.9

=> J;, ~2 times smaller than that
of the GaAs plasmon enhanced
waveguide.

—. 03 r r . T .
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2 devices grown and processed identically:

= GaAs : GaAs waveguide
2AL94 1 Al 4,Ga, ;As waveguide

* Identical 3 quantum-well AR ( same growth set )
* Double trench ridge devices

* H" implanted for selective current channelling
» Low duty cycle to avoid device heating

H* implantation
(insulating)
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06— 7 7 T 5kHz-100ns
s | - AL 200K |
< | - - GaAs g
204 .
2041 240K ]
s | 200K
o | AT
o 7
<02 n
02 L .
2 [ ) ]
8 .7 300K 240K

L Y _ - T

0 L1 1 T R DR ol NN SR N N
0 5 10 15 20

Current density (KA/cm?)

Good optical performances for OCL AL94:

tel-00084018, version 1 - 5 Jul 2006

=> Significant reduction of Jy,

= Agreement with simulations:
J.(GaAs) /], (AL94) @c(AL94) /c(GaAs) @2
=>» Higher optical peak power

19

QCL AL94
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QCL AL94
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Current density (KA/cm?)

Good optical performances for OCL AL94:

tel-00084018, version 1 - 5 Jul 2006

=> Significant reduction of Jy,

= Agreement with simulations:

J.(GaAs) /], (AL94) @c(AL94) /c(GaAs) @2
=>» Higher optical peak power
=» 300K operation

20

Current (A)

Poor electrical characteristics for OCL AL94:

=>» Abnormally high knee: V.=14V (V_(GaAs)=5V)

Bad ohmic contacts?

Bad grading between GaAs and AlGaAs layers?
= Higher differential resistances

3x higher for AL94 device compared to GaAs QCL
=>High operating voltage
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Al, 5Ga, ,AS cladding waveguides

Al 36Gag g4AS cladding waveguide

N AiGaas (HM)
3 2 0
4 [ [ | [ [ [ [ | [ [ [ [ [ [ [
B = x=20% 7]
- - x=36% | S
o T = x=70% &
= X=94%— 2
- (7]
g 5
Y— £
o —
> o
Lt (@)
£
(@)
d GaAs waveguide - <
1 [ T T N NN N N R [
0

2
NGaas (HM)

Electrical conductivity better

than Al 9,Gag ogAS layers:
better e mobility
lower effective mass

=
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=
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=
-
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a=15cm1; G=37%; c=2,5
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Distance (um)

c=2,5

THALES
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~ __AL94

5 10 15
Current density (kA/cm?2)

o

o

Good optical performances for OCL AL36:
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= J,, significantly lower than J,,(GaAs)
=> J,;, slightly higher than J,;,(AL94)
=>» Higher optical peak power

P.ax(AL36)=250 mW at 300K

22

5kHz-100ns O T 7 T T ]
N AL36 240K ]
30 ) ]
B / i
S _ ~ 260K:
8o ALY 7 280K]
o 7 - .
S - =" 300K]
L/ j ]
10 e -
B T GaAs ]
'_ -
0 | | | | | | | | | | 1

0 2 4

Current (A)

Electrical characteristics dependant on the
temperature:

=> Higher differential resistances
>dV/dI=f (T) for AL36 QCL: E_=132meV
=>» High operating voltage for T<260K
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Ga, -, Iny 4oP cladding waveguides

> Gayg,lng 0P refractive index @Al ,:Ga,-As refractive index
=> Good Dng sqcanp fOr iImproved confinement: c=2,9

» Good electrical conductivity
> Ga,g,Ing 0P @ lattice matched to GaAs

Norm. optical intensity (a.u)

=
w

=
(¥
:

2
s

=» no thickness limitation

c=2,9

N a=13cm: G=38%: c=29

I

Distance (um)

3.5

Xapul aAIeIjoY

Drawback : Ga, ,In, ,,P re-growth
by MOVPE at Thales

= growth in 3 steps

THALES

THALES Research & Technology
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0.8 I L L 5kHz-100ns
—~ [ = 240K AL36 A
[ — ]
‘%’o.es ~ ~ 300K e - GalnP
o i i
2 | / 3
<04 / -
© i i
s | / AL36
g 0.2 — _
2t / e 1GalnP
i / / /:
0 D LL I I R R
0 5 1 20

10 5
Current density (kA/cm?2)

g
o

Good optical performances for OCL AL36:
= J,, significantly lower than J,,(GaAs)
= Jin(GalnP) higher than J,,(AL36)

=>» High optical peak power at 78K
P (GalnP)=1,9W at 78K

=>» Optical peak lower than QCL AL36 at RT

P__(GalnP)=150 mW at 300K N A A
0 5 10

=
(&)
T

Optical peak power (W)
© =
ol o
—

15 20
Current density (kA/cm?2)

24
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240K
300K
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Optical peak power (W)
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__ AL36

E
|
-
:

Good optical performances for OCL AL36:

10 15
Current density (KA/cm?)

5kHz-100ns

GalnP

15

QCL GalnP

TZSPQK

AL36

0

1 2 3
Current (A)

N

Electrical characteristics :

tel-00084018, version 1 - 5 Jul 2006

= J,, significantly lower than J,,(GaAs)

= Jin(GalnP) higher than J,,(AL36)
=>» High optical peak power at 78K

P, . (GalnP)=1,9W at 78K

=>» Higher knee bias: V.=7V (V_ (GaAs)=5V)

=» Lower differential resistance than AL36
=> Higher operating voltage than GaAs

=>» Optical peak lower than QCL AL36 at RT
P.a(GalnP)=150 mW at 300K

25
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N T | T T T T T T ‘ T | ]
14

- ©® GaAs PY ]

12 @ GalnP -

C ® AL36 ]
10 o AL94 10kA/cm?2

S oF . _-

< ¢ ]

X - 3

Z 6 ° -

=k ® .

4= ° ® ]

2 - =

- | | | | | | | | | | | | .

100 200 300

T (K)
Reduction of threshold current densities:

= Low Jy,

= Agreement with our predictions

for AL94 and AL36:
J,(GaAs) / J, (Diel.) @c(Diel.) / c(GaAs)

Best waveguide device :
QCL AL36

26

Summary of laser performances

T=240K
10 :I T T [ T T T T [ T T T T [ T T T T [ 11 l%

S - GalnP -
T os[ ~ AL36 =
e - = AL94 -
O L - ]
Sosf O =
5 :
S 0.4 - —
2 r .
c—;s 0.2 | -

= 0,1%
0 I T N I I,/VI I O |/I/IJ;, Ll 1 T
0 1 2 3 4 5

Current (A)

Better Wall-Plug efficiencies than LCQ GaAs

2> WP(GalnP)=1%= 10xWP(GaAs) at 240K

Electrical
degradations

Optical
performances @

improvements

Best QCLs :
QCL AL36 for T> 250 K
QCL GalnP for T< 250 K
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Waveguide losses a, determined from

J.,=f(a,,) plot:

J=(a,*+a,)/gG

a'W
T<180K | T3 180K
AL36 - 19 cm™
GalnP |12cm™t |21 cmt
GaAs |20cm? -

1

Reduction of a, at low
temperature compared
3 to QCL GaAs

Waveguide loss measurements

OCL GalnP

20 T T | LI | LI | T T 1 | T T 1

a,=2lcm

[E
(&)

62

Jin (KAlcm?)
o
rrrrr17 17T rT T T T

300K

240K

180K
4 150K

78K

ap, (cm)

‘ a, increase at T 3 180K
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J,,=f(a,,) plot = gG=f(T)

‘ Observation of 2 operating regimes

Carrier leakage into the continuum ?

ool T — E DEact:58meVS b

Energie (meV)
S
:
q
4
/
w

200

[

~—

0 20 40
28 Distance (nm)

0

Gain coefficient

o Arrhenius diagram
T I T | T | T [ T [

([Ceamsazne)

i ® ®

| e GalnP |

B e AL36
I | I | I |

2 I | I |
0.002 0.004 0.006 0.008 0.010 o0.012

1/T (K4)

L1l @]

g.G(cm/kA)
N

Carrier leakage into
the continuum

Limitation of the conduction band
discontinuity of GaAs/AlGaAs for room
temperature operation
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GaAs based QCL

N
a1
T

mm) Significant reduction of J

N
o
L B

[EEN
o1
T

) Best performances (J,,, P,4) ON

GaAs-based QCLs

max

Ji, (KAlcm?)
S
T | T TT

(63}
L B

o
UL

Application of these waveguides

on a bound-to-continuum AR QCL 1998 2000 2002 2004 2000

year

mm) Degradation of the electrical transport

- Limitation from the conduction band discontinuity of
GaAs/AlGaAs underlined for room temperature operation

mm) High optical losses at Room Temperature

29
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1. Introduction

2. Waveguide Optimisation in GaAs/AlGaAs QCLs

GaAs based guides (plasmon enhanced) / Limitations
AlGaAs and GalnP Guides

3. Enhancement of thermal dissipation properties of GalnAs/AllnAs/InP
QCLs

Selective current injection by proton implantation
Thick electro-plated gold

4. Conclusion

THALES

THALES Research & Technology
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Application to InP-based QCLs
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Active Region: | ~9um Vertical Wavequide Structure: c~12
4 Quantum Wells G~69%
a~6 cm!
= 0.5 T T T T 4
= n_=3.220; a=6 cm™'; r=69%; z=12.0
(-5 (=]
= 04f 8
7))
C
e 13
Minigap < 03} !
} 3 InP NP |n*ll2s
o 02} sSubstrate -
| S 2
| &
< 01
. I e AR
1l >
Z
I I 10 6 4 2 0
Distance (um)

;1) Becketal., Science 295, 301, (2002)

Xapul aAnoeijey
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Standard ridge wavequide

!

i

InP d

No lateral heat dissipation

Heat management in QCLSs

InP based QCLs

—

GaAs based QCLs

—

Buried heterostructure

N b
— Al "
/l\ InP

Good lateral heat flow

Selective current injection

N AL 7

H* implantation
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Selective current injection
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Lateral mode profile

[
N AT

H* implantation

Intensity (a.u.)

-3 . 0
Distance (um)

Semi-insulating layers using proton implantation

=) decrease electrically pumped area

For W_56 0.5 P Pumped area (A) N - -50%
D14 P Modeoverlap (G N - -20%

P J.u UG A +20%

P 1y=Jnx A N -40%

Decrease of injected electrical power
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Y = Selective current injection in InP QCLS:

P - fwm%%x
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Current Density (kA/cm?)
0 1 2 3 4 5 6 7

—

10 IIII|IIII|IIII|IIII|IIII|IIII|II I|IIII I_
5KHz - 100ns -0
— o
b .
S o
8 ]
S —Ho
Ho
2 IIII| II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_

0O 01 02 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0
Current (A)

) @78K: 1;,=135 mA, J;,=1,1 kA/cm?

34

(V)

il

(M) Jamod [eondo

L-I-V pulsed characteristics

Current Density (kA/cm?)
0 1 2 3 45 6 7 8 9 10 11 12
10 T | T | T | T | T | T | T | T | T | T | T | :
405
1 O
. 240K 04T
> 260K 175
o 280K 1 2
5 300k 49373
o 1 5
> 320K 0.2 %
1 =
0.1~
1 1 L 0
0 1.5

0.5 0
Current (Ai

) @300K: 1;,=500 mA, J;,=4,3 kAlcm?

Abnormally high increase of I, with temperature
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J 4 (KA.cm-2)

T, characteristics

Implanted structure

! | ! ! ! ! | ! ! ! | !
e |InP without H* ' ®
e InP with H*

;

<« H
LEAKS LEAKS

Standard ridge wavequide

100 200 300
T (K)

T,: Characteristic temperature
from fit : 3, = Jy0. XP(T/T)

Contact (Gold
SiO, (Insulator) L ( )

n-InP
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IIeaks

Current leakage — implantation breakdown

LCQ

Active Region

o
w

o
N

T,.,.~1023K

act

E_.=86meV

act

o©
[EEY

Normalised resistance (W.cm?)

100 200 300
Temperature (K)

H* implantation creates shallow defects in n-doped InP material

GaAs

E

n-InP
- E
Implantation / ¢
works well in
GaAs but not E,

In n-InP

a1
o

o
aouRISISaYy

any

[EEY
o
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Selective current injection for InP-based QCLs ?
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‘ Selective current injection by H+ implantation inefficient in InP-based QCLSs

‘ Future : use of Fe-doped InP as insulating layer

- Deep defects in InP bandgap
- Fe cannot be deeply implanted =» growth of Fe-doped InP layer

\__/ \__/ — Fe doped InP




tel-00084018, version 1 - 5 Jul 2006

n-v lab . .
CW operation for H* implanted InP-based QCLs
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Electroplated Au Device

mm) Very good heat dissipation device

SlOz; 5, Gold
| N\ \M«ilfﬂ;?‘ ""’ ] 20.um Best performances obtained on QCLs
, with this type of device

Slivken et al, APL (2004)

4 experimental arrangements:

Without Au With electroplated Au

RYAYA epi down epl down -
i l}f_ epi up L AA | ATA* mirror

L1 L2 L3 L4

39
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e Effect of Thick electroplated Au
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Effect of Thick electroplated Au
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Effect of Thick electroplated Au
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Effect of Thick electroplated Au
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- Thick electroplated Au - Summary
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R,, (K.cm/ W)

L1 [ epiop 6
-50%
U
L2 epi up 2,9

i ~ -40%
L3 epi down 1.8 0

L4 epi down 18

+ mirror

Buried Heterostructure 1.45
(Beck et al, Science295, 2002)
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Thick electroplated Au - Summary

ALCATEL-THALES

R, (K.cm/W) Max. CW
th temperature
|
L1 \erI up 6 3
L2 ep| up 2,9 130K

L3 P down 1.8 240K

L4 epi down 1.8 278K

+ mirror

Buried Heterostructure 1.45 313K
(Beck et al, Science 2002)
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ALCATEL-THALES

1. Introduction

2. Waveguide Optimisation in GaAs/AlGaAs QCLs

GaAs based guides (plasmon enhanced) / Limitations
AlGaAs and GalnP Guides

3. Enhancement of thermal dissipation properties of GalnAs/AlInAs/InP
QCLs

Selective current injection by proton implantation
Thick electro-plated gold

4. Conclusion

THALES

THALES Research & Technology
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Conclusion

ALCATEL-THALES

‘ Significant performance improvements realised in GaAs-based QCLs owing
to waveguide optimisation

=) Use these waveguide on a bound to continuum structure
‘ Breakdown of selective current injection (H*implanted layers) in InP-based QCLs
=) Application of Fe-doped InP layer

‘ Significant thermal improvements realised with thick electroplated Au

m) R,, close to that of buried heterostructure

Thick electroplated Au on selective current injection devices

THALES

THALES Research & Technology
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—— Mid IR QCL Material ?

. ALCATEL-THALES

GaAs has an intrinsic lower gain than GalnAs (m*>m?¥)

Increase in Jy, —  loperation (Small dynamic current range)

! !

Higher doping in the active region

Higher losses <4——
J and the claddings
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Mid Infrared :

AllnAs/GalnAs/InP QCLs
InAs/AISb QCLs

Which material for which wavelength ?

o I1I-V compounds
Atmospheric wmdows phonon bands

<> <>

I Peltier

- GaAs based lasers
' InP based Iasers \ |

ﬂ

10 20 50 %
Wavelength ("m)

Far Infrared (THz) :
GaAs/AlGaAs QCLs
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THALES Thesis directed by Carlo Sirtori

THALES Research & Technology

Simulation direction:

Epitaxy realised by:

Devices processing:

A. De Rossi
X. Marcadet (MBE)

M. Lecomte, O. Parillaud (MOVPE)

M. Calligaro, M. Carbonnelle
Y. Robert, C. Darnazian

Characterisations realised with the help of :
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C. Faugeras, L. Sapienza,
S. Forget, E. Boér-Duchemin

Contributions to this work...
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