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Motivations for high frequency modulation

* Free space communications

High resolution and high
* Frequency combs sensitivity spectroscopy

"

P. Del’Haye, et al., Physical Review Letters 107 063901

(2011) . .
A. Schliesser, et al., Nature Photonics 6 440-449

(2012)

* Mode locking



Ultrafast unipolar optoelectronics



Rate equation analysis
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Small amplitude analysis

Small signal approximation
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0.5ps < 7, < 1ps
J. Faist, Quantum Cascade Lasers (2013)

0.1ps < 74, < 100ps A. Yariv, Photonics (2007)
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Frequency response function of a diode laser : H(®)

_ H(w) describe the efficiency of transferring
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Frequency response function of QC lasers

I
T3~ 1pS = upper state lifetime ‘ T3~ Ts ~ T

=) Short non-radiative lifetime ~ 1ps = no relaxation oscillations!
The system acts as an over-dumped oscillator

=) Short stimulated lifetime ~ 1ps = very wide band of modulation
The cascade enhance the number of photon in the cavity

[ THz QC laser; T, = 2ps; 1, = 5ps
- 50um x 12um 2-metal ridge

(L= T S N n
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[ ——P_,=10mW (P, _=100mW)-->t_=0.5ps
| —P = 1TmW (P __=10mW)-->1 =5 ps
[ ——P__ =100pW (P. = 1mW)-->t_=50 ps
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Calculated frequency response for a “real” QC laser

20GHz
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A. Calvar et al., Applied Physics Letters 102, 181114 (2013)



High frequency modulation band-width
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Performance comparison between DLs and QCLs

(State-of-the-art)
I
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Y. Bai, et al., APL 93, 21103 (2008)



L’effet cascade



Cascade injection

Electron recycling due to a sequence of active region in series

Threshold and slope efficiency are functions of the number (N
repeated active regions

o) Of
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Quantum efficiency = N /N, > 1

Ny =%d—r ~ 10 at room temperature



Sawtooth to staircase transition

Electron recycling and
Trading current for voltage

Unbiased: V=0 Ww

e
1By

Biased: V> V,, 33@232 % s




QC lasers as a function of the number of period
I

Experimental evidence of V-I trade
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Cascade

Cascade: répétition d'une période
-> 1 électron peut générer plusieurs photons



100GHz band width?

1 1

wcut_offz ZﬂRC ( )C~ 20— 30 GHz




Absence of relaxation oscillations

e Modulation up to 3GHz (-3dB) 1.25mm x 4.5mm ridge

>

fae ~2-5GHZl R. Paiella et al., Appl. Phys. Lett. 77, 169 (2000)

R. Paiella et al., Appl. Phys. Lett. 76, 2526 (2001)

® Modulation bandwidth limited by RC time constant (C~10pF)

® Number of sidebands increases significantly at the roundtrip



THz quantum cascade laser

S. Barbieri, M. Ravaro, G. Santarelli



THz Waveguide and pi-wave transmission line

=» MM THz QCL waveguide =» Thin-film p-wave micro-strip line
~ 10 um l ~ 50 pm metal " 10 um l ~ 10 um

T

THz QCL active region (GaAs) metal alumina

Main differences

| %

e Dielectric: doped heterostructure ¢ Insulating dielectric

e Dielectric etched on both sides e Semi-infinite dielectric plane



Computed 2-D mode profiles

> 2.3THz » 20GHz
1.0 l 53um
0.5 ﬂm )
0.0 le_um

What is the impedance of Metal-Metal THz QCL waveguides at
microwave frequencies?



Impedance measurements
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Modualtion of THz- QC lasers

S. Barbieri et al., Appl. Phys. Lett. (2007)

W.Maineault et al., Appl. Phys. Lett. (2010)

Rectified Voltage (pV)
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Modulation up to > 20 GHz

using a shunt-stub matching
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Intermodal (round-trip)
injection locking @ THz



Phase locking on a mode only...

f2r= 10 — 50 GHz

free running
spectrum

frr

How to stabilize f;; the round trip frequency



Amplitude modualtion
I

Amplitude modulation at frequency Q :

Monochromatic lasers E cos (awt+q)

Modulation at Q of the laser (E sin(awt+¢)) (A+B cos(£2t) )=
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Intermodal injection locking at 34.7GHz
I

Intensity (dBm)
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(a) f_: 34.706 GHz . (b) |  RF power: -2dBm
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Locked beat-note linewidth

Intensity (dBm)
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Injected optical spectrum

The spectrum has several modes due to the RF injection at the round trip
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S. Barbieri et al. Nature Photon. 5, 306 (2011)
C. Sirtori, et al. Nature Photon. 7, 691 (2013)



Coherent detection of THz QC laser mode-locking
I

» Active THz QCL mode-locking measured by an asynchronous optical sampling

o
T

Pulse width: 10ps

Measured pulse train

(3]
T

Pulse train calculated by supposing
a negligible phase dispersion
(transform limited pulses)
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S. Barbieri et al. Nature Photon. 5, 306 (2011)
C. Sirtori, et al. Nature Photon. 7, 691 (2013)



Intermodal (round-trip)
injection locking in the mid-IR

M. Amanti, A. Calvar, M. Renaudat



Let us copy ! ...
THz quantum cascade laser



QC laser embedded within a microwave strip
I
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High frequency response (comparison)

.
Calvar et al. APL 102, 181114 (2013)
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Monitoring the laser modes separation

Optical spectrum is wide in QC lasers
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65 GHz band QWIP detector
(courtesy loan of H.C. Liu)



Stability of the cavity modes

Optical spectrum : Microwave spectrum :
Aw Aw=13.5 GHz
r———g
> >
‘ The shape of the beatnote gives an insight of the noise behavior of the
laser modes
3 2

FWHM 1,3 MHz FWHM 100 kHz



Beat note injection experimental data in the Mir
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M. Renaudat et al., Laser Photonics Rev., (2014)



Beat note injection experimental data in the Mir
I

/

Strong discontinuity at the
Injected power of the locking




Mid-Infrared pulses?

No pulses have been measured!
(we have used a second order correlation using a two photon QWIPA)...

What is the difference between MIR and THz devices:

In the THz the upper state the lifetime can much longer than in
the mid infrared

e @ THz (bound to continuum) ~ 10 - 20ps
e @MIR~0.5-1ps



Mode-locking of QCLs

Mirror

Barbieri et al. Nature Photon. 5, 306 (2011)

J. Freeman et al. OPEX. 21, 16162 (2013)

Tomorrow talk of J. Faist

System not favourable for pulse generation
- phase relation arising from FM

Mirror



Conclusions

‘ Modulation of QC lasers has been measured above 30GHz

‘ QC lasers embedded in double metal waveguides can be easily injected at
the round trip frequency and can give rise to frequency combs without
generating pulses

‘ Mode-locking of QC lasers seems possible only if the lifetime exceeds
tens of ps



Frequency Comb Spectroscopy

Dual comb spectroscopy:

2 lasers with two different repetition rates

g

2 combs slightly different mode separation

Optical spectrum

* The optical absorption spectrum is mapped
into the radiofrequency domain

Microwave



