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Quantum Cascade Laser

Conventional lasers/light sources

Use optical transitions in atoms, molecules, lattices,...
» Usually in infrared, visible or ultraviolet regime

= Scientifically underdeveloped terahertz gap

= No practical compact diode lasers in mid-infrared

Quantum cascade laser (QCL)
Use nanostructure as “artificial atom”

» Wavelength does not depend on material,

<1

~ 40
Position [nm]

= QCL covers terahertz and mid-infrared

Use many transitions in a series (“cascade”) Q
> A single electron can emit multiple photons _5&&,

— NP
= Increased optical power and efficiency iﬂvag _'@Uﬁ_
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Quantum Engineering of Active Region

e Optical gain characteristics can be custom-tailored
= Mid-infrared and THz ranges become accessible

. 7 = e

- PR
T AT
(]

AL

10‘THz 390 GHz 300 MHz 3 Hz

30 EHz 300 PHz 3 PHz 800 THz 400 THz

Mid-infrared (>3 um): * Terahertz gap”:
No practical compact diode lasers Almost no practical light sources

 Atrtificial giant optical nonlinearities can be integrated

Frequency conversion structures Mode-locking & frequency combs
» Based on frequency mixing » Based on nolinear coherent interaction

Spectral Power

Tl_m Technische Universitat Minchen
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Ensemble Monte Carlo (EMC)

Carrier transport simulation

Schroédinger

Wavefunctions/
eigenenergies

Potential
profile

Poisson

-

Level populations
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Boltzmann Equation and Scattering

( Optical phonons ) Boltzmann equation for carrier distribution (Electron-electron’
Phonon emission fu;j?t'on fr ik (D):
K
i d?z = z Z (ka’nkfm,k’ - Wnkmk’fn,k) NE
s mk’ 1
AE / \
{ >
\Phonon absorpt.SJ K g )
r - N[ Impurity )
Alloy disorder
AE e - N
#

k > > k
k Kk
G J
\, J
Tlm Technische Universitat Minchen
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Inclusion of Optical Cavity Field

C. Jirauschek, Appl. Phys. Lett. 96, 011103 (2010) C. Jirauschek et al., Opt. Express 21, 6180 (2013)
A. Matyas et al., J. Appl. Phys. 110, 013108 (2011) C. Jirauschek et al., Opt. Express 23, 1670 (2015)
C. Jirauschek, Opt. Express 18, 25922 (2010)
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Carrier-Light Coupling in Monte Carlo

_80]
®
2 60

3 40|

& N .

£ 20| N A - [fi(2)-f3(2) ]ru(2)

0 = : 4 7i12(8)+|:a)—(Ei—Ej )zlhz]
0O 20 40 60 80 100

Position [nm]
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Simulation of High Efficiency Mid-Infrared QCL

1)

/ Electric field [kV/cm] \
116 120 124 128 132 136 140 144

2

0.9 =10
Experiment T gl
0.8 Simulation =
Simulation (no lasing 26
0.7 8 il
I s
20.6 o 2
E 0.5 g 0
= > |
3 04 §GO
0.3 2
' 40
0.2 330’
220 |
0.1 =" 5
10 ]
=y
050 21 22 23 24 925 0 01 0.2 0.3 04 05 0.6 0.7 0.8
\ Voltage [V] / \ Current [A] /

Design: Y. Bai et al., Nat. Photonics 4, 99 (2010)
A. Matyas et al., J. Appl. Phys. 110, 013108 (2011)
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THz Difference Frequency Generation QCL Structure

|Ideal THz source
 Room temperature operation
« Broadband tunability

e THz output power in mW range

Tl,m Technische Universitat Minchen

THz DFG OCL source

M. Belkin et al., Appl. Phys. Lett. 92, 201101 (2008)
1.0-4.6 THz

Q.Y. Lu et al., Appl. Phys. Lett. 101, 251121 (2012)
1.7-5.25 THz

K. Vijayraghava et al., Nature Comm. 4, 2021 (2013)
1.9 mW pulsed, 3 pW cw (at room temperature)

M. Razeghi et al., Opt. Express 23, 8462 (2015)
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I\/Iodeling of Nonlinear Susceptibility

it (]
11 1]
11 1]
py |

N |

1 - -
1) = reety 2 it [ i (Ko — Kot .

| | 1 1
{mh (ﬂ'}?’.'f. — 1 — @ " Wy + 1Youm T f'*}) (f'jmf — 1Y +— (0 ” Wy — Ve — W )

Lp: Period length Ymn (£):  Optical linewidth

: Kinetic energy o — Dipole matrix element
fm (£): Distribution function Wi - Resonance frequency
n2’ =m*/ (wh?): 2D density of states wi2/w:  Mid-IR/THz frequencies
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Multi-Domain Simulation Approach

Quantized energy Carrier and_photon Resonator and
states dynamics optical nonlinearity

Schrddinger _I\Aonte=CarIo Mode solver

/\ = Suscep-
/.‘d,il tibility

4 N

LR TA

avity loss

Wave
AT functions/
- ﬂ 1111 Nenergies

profile
Poisson

Wave functions, energies
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Comparison Simulation - Experiment

Mid-infrared results THz results
4 ‘ ‘

s

I I
|Ideal surface outcoupling

=
O
=
o
Q
i
p=

1

Experiment*

—— P, (32 THz) —= 1.9 mW output power
—— (pulsed) at 293 K meanwhile
P, (28 TH2) experimentally demonstrated!

| 0)
0 100 200 300 0 100 200 300
Temperature [K] Temperature [K]
*Q. Y. Luetal., Appl. Phys. Lett. 99, 131106 (2011)
Extracted parameters in good agreement with experimental estimates:

* Nonlinear susceptibility [x| = 44 nm/V
THz waveguide loss a = 150 cm  C. Jirauschek et al., Opt.

]
Institute for Nanoelectronics T}

Conversion efficiency [MW/W 2]

0

Tlm Technische Universitat Minchen



http://portal.tum.de/begruessung

Temperature Degradation of THz Power

 Susceptibility ¥ does not 3

degrade with temperature g 50

N
o
QYO

* THz loss a1, moderately
Increases with temperature

o
o

THz loss [cm'l] IX(Z)I [

o

* MIR powers Py, P, strongly &~ &
decrease with temperature =

»THz power Py, strongly
degrades with temperature

35 36 37 38 39
Bias [kV/cm]
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Contributions of Individual Subband Triplets

~
ol
~
ol

o)
o

50

—— M

N
T
=
>
(@]
(e
(¢D)
-
(@
(¢D)
| -
LL

Frequency [THZ]

N
ol
N
ol

34 36 38 40 0 50 100 150 34 36 38 40
Bias [kV/cm] Position [nm] Bias [kV/cm]
C. Jirauschek et al., Opt. Express 23, 1670 (2015)
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Susceptibility of Widely Tunable THz DFG Structure

8.2 um design 9.2 um design
5 60
50
N —
T 4 : >
= 40 =
> =)
U —
o 130
5 3 =
LL 20
10
d
30 40 50 30 40 50
Bias [kV/cm] Bias [kV/cm]

Design: K. Vijayraghava et al., Nature Comm. 4, 2021 (2013)
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Extended Maxwell-Bloch Equations

Field:

Polarization:

Inversion:
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Rate Equations

[nversion: Oy A
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Coherent Effects

Polarization: 0on

[nversion: Oy A
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Manifestation of Coherent Effects

¢ | Pulse on Depha . R
N\ S'/ng i
c Ime
9
L
< Rabi oscillations:
= *Quantum beat between two states
*Oscillatory driving field
\ Time ] y
4 Optical Frequency (THz) )
34 35 3& 37
3 M 20 ' | |
1.96 =] . b
—— 2xRabi frequency, theory
1.80 ~ = Spectrum splitting, experiment
o Tl1.5
= 167 —
DO- 1.55 ;
= c1.5
kS 1.43 L
o O
1.31 (b)
O ;0.5
1.22
Vig=1.20 | 0.0
1110 1150 1190 1230 0 2 4 6 8
\_ Wavenumber (cm1) Power2 (mw?72) y

C. Y. Wang et al., Phys. Rev. A 75, 031802(R) (2007)
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Simulation of Actively Mode-Locked QCLs

Simulation Experiment

|

0 5 0 5 10 15 -15 10 5 0 5
Delay [ps] Delay [ps]
Simulated Pulse Train

AN

100 120 140 160 180 200 220
Time [ps]
V.-M. Gkortsas et al., Opt. Express 18, 13616 (2010)
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Multi-Domain Simulation Approach

Maxwell-Bloch approach requires lifetimes/ EMC self-consistently evaluates scattering

transition rates as input parameters based on the corresponding Hamiltonians

» Empirical or guessed values are used, » Computational burden impedes inclusion
affecting the quantitative accuracy of the full spatiotemporal dynamics

N

Coupled Maxwell-Bloch/EMC approach

rS(:hr('jdinger-Poisson Ensemble Monte Carlo Maxwell-Bloch )
% = Transitio
% rates
‘ ‘ ‘ \ Level Average
= popula- optical
tions power
\,

Wave functions, energies
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QCL-Based Frequency Combs

Periodic waveform Discrete optical spectrum
2 frequency comb

1

Spectral Power

) S

(( i Frequency

« Compact QCL-based frequency
combs in mid-infrared/THz range

* Precision spectroscopy, molecular
fingerprint detection (strong
rotational—vibrational bands of many
molecules at these frequencies)

* Modeling based on Maxwell-Bloch/
EMC approach

TUT] Technische Universitat Miinchen stitute for Nanoelectronics 1 iy
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Terahertz Frequency Comb

Simulation
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Design: D. Burghoff et al., Nature Photon. 8, 462 (2014)
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Conclusion

Ensemble Monte Carlo Method Inclusion of Optical Cavity Field

Schrédinger A ( Carrier transport simulation )

AN =====

e i (1t (D, VD o
~ P o~ |Wavefunctions!
T Mlaigenenergies

—Wmmnm Potenhal

—| profile ’—

Po isson

evel populations|

C. Jirauschek. Appl. Phys. Lett. 96, 011103 (2010) C. Jirauschek et al., Opt. Express 21, 8180 (2013)
) \ J A, Matyds ot al, J Appl. Phiys, 110, 013108 [20-11] C. Jirauschek ot al., Opt. Express 23, 1670 (2015}
C. Jirauschek, Opt. Express 18, 25822 (2010)

THz Difference Frequency Mixing | I\/IaxweII-Bloch Equations

8.2 um design 9.2 ym design ep;,as"g
= Pmb
5 £
2 Rabl oscillations:
= *Quantum beat between two states
. *Oscillatory driving field
4 \ Time )
= 's A
— Optical Frequen .
= 34 p 315EI [:%é'ﬂ'l ! 37
g TH et [ B
g_ 3 - 180 A__A %‘-1 5 —— Spectrum =plitting, expenment
o 2 e =
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HIRT 3
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Design: K. Vijayraghava et al., Mature Comm. 4, 2021 (2013 C.*.Wang et al,, Phys. Rev. A75, 031802(R) (200?,:

C. Jirauschek and T. Kubis, Appl. Phys. Rev. 1, 011307 (2014)
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