GHz modulation of THz quantum cascade lasers
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e Relaxation oscillations and Modulation bandwidth in
QCLs

¢ Intracavity non-linear up conversion
e GHz sideband generation

e Microwave rectification

e Possible applications

e Conclusions and perspectives
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Rate equations and relaxation oscillations ?

I e

(Ss - photon density

O] > current density
® Frequency response () > modulation frequency

S 2 _ 1 1 < Tp-> photon lifetime =
Jj 12 1 2 ’ ’ 2 T stimulated lifetime
Qz - * QZ — t— T~-> upper state lifetime

G- cross section

1
oS S- photon density

Ts T3
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Interband diode lasers: t; ~ 1ns
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Quantum cascade lasers: t1; ~ 1ps
I

e “low” power regime
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« “high” power regime

|:>QR= 1

== No relaxation oscillations, thanks to small ,
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== Modulation bandwidth increased, thanks to small t; and/or z,
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GHz modulation of mid-IR QCLs MPQ
I e

e Modulation up to 3GHz (-3dB) 1.25mm x 4.5um ridge
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e Modulation bandwidth limited by RC time constant (C~10pF)

* Number of sidebands increases significantly at the roundtrip
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Probing high f. modulation by THz up-conversion in the near-IR G’
I e

By up-converting the THz field in the near-IR the GHz sidebands can be
measured in a few seconds, and resolved spectrally with a high-resolution optical spectrum
analyser - Af ~ 1 MHz. This is much better than the resolution of the FTIR &> Af ~7 GHz

0,3= 0+ Qg
Top metal contact ' ™y

o, = near-IR (1.5um)
Q, > 2.9THz (100um)

0,

0= 4 = 2y

QsA THz QCL

Active region

NIR guiding
layer
Bottom

metal contact _
S. Dhillon et al., Appl. Phys. Lett. 87, 071101 (2005)

S. Dhillon et al., Nature Photonics 1, 411 (2007)
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THz + GHz sidebands on a telecom carrier

aaaaaaa

o Experimental setup
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Continuous sideband tuning up to ~13GHz

e Pre = 20dBm
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Resonance effect at the round-trip frequency
I e

* Number of sidebands increases
at f and f /2

roudtrip roudtrip

- Signature of mode-locking frr/2 = 6.05GHz frr = 12.3GHz
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Measuring the GHz response by microwave rectification

aaaaaaa
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By measuring the rectified voltage one has in principle access to H(f) x C(f)

12

H. C. Liu et al., IEEE J. Quantum Electron 32, 1024 (1996
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Measuring the GHz response by microwave rectification

aaaaaaa

e Modulation up to 11GHz (-10dB) limited by wire-bond inductance
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|. Doerr et al., Proc. El. Components and
Techn. Conf. 51, 831 (2001)
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Why high frequency modulation?

aaaaaaa

e mid-IR QCLs -+ Free space communications

» Spectroscopy

e THz QCLs

» Spectroscopy
 Imaging

» Telecom applications
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Integrated amplitude modulator and

tunable THz frequency shifter at 1.55 mm ME.
GHz sidebands
Q, +0), Q, Qp o,
— — : :
2 Optical Fibre Optical filter

GHz

amplitude
modulation
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Photodiode iz
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Conclusions & Perspectives fj\KN\f

16

aaaaaaa

e 13GHz modulation of 2.9 THz QCL demonstrated
e Enhanced modulation amplitude at roundtrip
e Further work aimed at improving device packaging

e Microwave rectification studies at low QCL power

e Modulation on DFB THz QCLs
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The device: no need for exotic packaging MEQ

I e
* Double metal QCL; f=2.9THz The relatively large width allows
3mm x 30um x 12 um ridge bonding directly on top of the ridge,
C =1pF whilst keeping a low capacitance
thanks to the thick active region

* 1.25 mm long ridge with Chalcogenide
glass insulation layer to reduce device
capacitance to C = 10pF
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Measurement of the round-trip frequency
I
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