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What does a QCL look like?

Laser = Gain Medium + Optical Cavity

1. Inject current

2. Light comes out




Interband vs. Intersubband
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* Intersubband: wavelength determined by layer thickness, not by the bandgap of the material!
 QCLs can be designed to emit from 3 to 300 um

M. Razeghi et al., SPIE Newsroom (2006)



It’s a little more complicated, but keep it simple.
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These picosecond time-scales make the QCL very different from other lasers.



A zoology of spectra
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Dispersion engineering enables the formation of a frequency comb.

Reﬂector
Waveguide design

Material Gain medium

A. Hugi et al., Nature, 492 (2012) G. Villares et al., Optica 3, 252 (2016) Y. Bidaux et al., Laser & Photonics Reviews 12, 1700323 (2018)

J. Faist et al., Nanophotonics 5, 272 (2016) Y. Bidaux et al., Opt. Lett. 42, 1604, (2017)



Dispersion engineering enables the formation of a frequency comb.

Reﬂector
Waveguide design
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A. Hugi et al., Nature, 492 (2012) G. Villares et al., Optica 3, 252 (2016) Y. Bidaux et al., Laser & Photonics Reviews 12, 1700323 (2018)
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A guantum cascade laser renaissance

New physics that was hidden in plain sight

Quantum Cascade Lasers (1994-present)
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A zoology of spectra
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What is the second mode to lase?

Increase slowly the DC current in the laser
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The discovery of the harmonic state
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Observations in other groups
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The origin of the harmonic state — 1. Population grating

\( Standing-wave cavity A/2
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T. S. Mansuripur et al., Phys. Rev. A, 94, 063807 (2016)




The origin of the harmonic state — 1. Population grating

\( Standing-wave cavity A/2
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T. S. Mansuripur et al., Phys. Rev. A, 94, 063807 (2016)




The origin of the harmonic state — 1. Population grating
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The origin of the harmonic state — 2. Population Pulsations

Single-mode

N

LALAALARARRAARARIARN . o
VTVTVRTIVTTRTa

w

T. S. Mansuripur et al., Phys. Rev. A, 94, 063807 (2016)




The origin of the harmonic state — 2. Population Pulsations
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The origin of the harmonic state — 2. Population Pulsations
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Population pulsations and population grating work in tandem to
create the harmonic state.
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Linear analysis of the instability: a perturbative approach
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Linear analysis of the instability: a perturbative approach
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Linear analysis of the instability: a perturbative approach
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Space- and time-domain QCL simulator
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Y. Wang, A. Belyanin, Opt. Exp. 23, 4173 (2015)




Space- and time-domain QCL simulator
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Space- and time-domain QCL simulator
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Space- and time-domain QCL simulator

Experiment
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Mode skipping does not imply mode locking.
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Mode skipping does not imply mode locking.
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Are the modes locked?
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Multi-heterodyne detection
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Spacing uniformity of the harmonic comb

Frequency counting
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Prospective applications of the harmonic state

Microwave and THz generation Pump-probe spectroscopy Broadband spectroscopy
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A new route in QCLs

Quantum cascade laser transmitter Quantum cascade laser receiver
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THz wireless communication

Base station connection, device-to-device communication
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THz wireless communication

Increasing the bandwidth W increases the communication capacity:

THz band: 0.1-10 THz C (bit s1)=W log,(1+S/N)

Why THz? UNITED |
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Can we tune the spacing of the harmonic comb?




Can we tune the spacing of the harmonic comb?

Many free spectral ranges
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Can we tune the spacing of the harmonic comb?

The spacing of self-starting harmonic combs is fixed by fundamental laser parameters:
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Introducing an optical seed in the cavity
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Simulations by Y. Wang, A. Belyanin (Texas A&M)




One seed to rule them all
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This corresponds to skipping between 44 and 171 longitudinal modes







Back to basics

The first lasing mode in a standing-wave laser induces a static population grating:

N\NANANANS

burnt hole —

AdAAAA

Cavity position

Intensity

AN %)



Back to basics

Adjacent cavity modes will be able to extract gain from the medium and start lasing:

burnt hole —

AdAAA
e ——

Cavity position, x

ANB(X,t) ANS(X) Intensity

A time-dependent population inversion grating oscillating at the beat frequency is then produced



Probing dynamic population gratings in a QCL
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M. Piccardo et al., Optica 5, 475 (2018)




Probing dynamic population gratings in a QCL
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Analytical model of the dynamic gratings
Ingredients:

E\/ﬁ adERVAVAVAV, E>(\/\/\/\/) fB

Counter propagating
waves

Filter
beatnote
(Fourier

series)

Cavity modes Total field intensity

M. Piccardo et al., Optica 5, 475 (2018)




Analytical model of the dynamic gratings

Ingredients:
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M. Piccardo et al., Optica 5, 475 (2018)




fg =5.6 GHz

LI I IIII|IIII|IIII|IIII L LI
® exp
——theary
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
U 1 2 3 4 a) 6 [ 83
Cavity position (mm)
fE=’11.BGHz
IIIIIIII|IIII|IIII|IIII|IIII|IIIIIIII
® exp
——theary
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

0 1 2 3 4 5 6 7 B
Cavity position (mm)
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In a device operating at optical frequencies new microwave
applications are enabled

M. Piccardo et al., Optica 5, 475 (2018)




The QCL as a microwave quadrature modulator
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M. Piccardo et al., Optica 5, 475 (2018)




A microwave engineer’s perspective

The dynamic grating can be seen as two internal radio frequency generators connected in series

ANg(X,t)

Cavity position, X

The continuity of the top electrode bounds microwave radiation inside the device



Towards wireless emission...

Introducing a gap in the top contact opens the possibility of radio wave emission

Gap

ANg(X,t)

Cavity position, X



Towards wireless emission...

Introducing a gap in the top contact opens the possibility of radio wave emission

Gap

ANg(X,t)

Cavity position, X
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