
G. Scalari, THz Quantum Cascade Lasers, Winter College on Optics, ICTP 2023

(THz) Quantum cascade lasers:
Basics

G. Scalari
J. Faist 

THz Quantum cascade lasers:
High performance and

last developments

G. Scalari
J. Faist 



G. Scalari, THz Quantum Cascade Lasers, Winter College on Optics, ICTP 2023

Gain medium design: in the THz is challenging

• Emission of optical phonon by thermal 
electrons (~0.5 ps)

• Absorption of optical phonons (2-5 ps)
• electron-electron scattering  (~5-40 ps)
• impurity scattering, interface roughness (~10-

30 ps)
• acoustic phonons (~300 ps)
• photons (~10 µs)

Elastic processes: they thermalize but they do not cool down electron distribution

Photon energy smaller than the phonon in the host material
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From mid-IR to THz: lifetimes

Mid-IR: 
- Optical phonon dominated
- Weak temperature dependence

THz:
- Optical phonon dominated at high T
- Strong temperature dependence
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Tmax ~ 65K
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The probability of injecting the electron
in the upper state of the lower miniband is
very small. However, once there, the electron
has a large phase space to scatter out of this
state.

Phase space in superlattice:

MINIBAND

MINIGAP

32t

Population inversion by phase space
engineering

Köhler, Tredicucci et al., 
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The key is the low loss waveguide…..

αw = 16 cm
−1

Γ = 0.42
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Surface-plasmon waveguide in the THz

R. Köhler et al., 

The overlap with the undoped
substrate is virtually lossless

Figure of merit              still good at these frequenciesΓ/α
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Reduction of matrix elements due
to a decrease overlapp between
wavefunctions.

Diagonal transitions in real space:
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Electron lifetime on excited subbands
is a function (~k  ) of the momentum
exchanged with the lattice by the
emission of an optical phonon.

Phonon momentum transfer:

2
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Population inversion:
Phase space + diagonal
transition

Bound-to-continuum: play on the diagonal transition
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Limit of pure bound-to-continuum structures

∆ >> Γ

∆

∆ > kT

Γ Broadening of the levels

When 

∆ ≤ hν

But the photon energy is 
15 meV and so T is 
limited around 100 K     
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High confinement factor, intrinsical high reflectivity due to 
impedance mismatch 
Highly patterned far field: subwavelength aperture as a laser 
facet

The advent of the double metal waveguide

B. Williams Nat. Phot, 2007
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Double-metal waveguide: fabrication technology

SI GaAs

n+ GaAs

Thermocompression
Au/Au bonding

Mechanical and chemical 
substrate removal.
Etch stop layer

After substrate removal, standard processing (ridges, grating, contacts...)

Unterrainer (2002), then Williams (2003)
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K. Unterrainer et al., Appl. Phys. Lett. 80, 3060 (2002)
B.S. Williams et al., Appl. Phys. Lett. 83, 2124 (2003)

R. Kohler et al., Nature 417, 156 (2002) 

J. Ulrich et al., Physica B, 272, 216, (1999).

Growth axis

THz waveguides comparison
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“High temperature design”

Potential drop per period > optical phonon energy

Unfavorable ratio 
of lifetimes

Use selective depopulation of lower
State by resonant tunneling
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Principal design strategies 

•Lower current densities (no LO phonon),
•Lower applied bias 
•longer lower state lifetime (elastic 
scattering and tunneling, Tmax 100 K)
•So far, lowest frequency demonstrated

•Higher current densities 
•Higher applied bias 
•shorter lower state lifetime
•So far, highest Tmax demonstrated

τ
qnJ s=

R. Kohler et al., Nature 417, 156 (2002)
G. Scalari et al., Appl. Phys. Lett. 82, 3165 (2003)
Walther et al., Appl. Phys. Lett., 91, 131122 (2007) 

H. Luo et al, Appl. Phys. Lett. 90, 041112  (2007)
M.A. Belkin et al., Opt. Express 16, 3242 (2008)
S. Kumar et al., Appl. Phys. Lett. 94, 131105 (2009)

No LO 
phonon LO phonon
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High Tmax with diagonal 3 W

Cu-Cu 
waveguide 
instead of Au-
Au
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Design evolution: progressively reduce the number of wells 

7 QW 6 QW
4 QW

3 QW 3 QW

….

Kohler et al. Walther  et al. Williams et al. 

Luo et al. Kumar et al. 
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Two quantum well laser: direct phonon depopulation

G. Scalari et al. Op. Express 18, 8043 (2010)

GaAs/Al0.15 Ga0.85As

220 periods
Lp=34.5 nm

•Strongly diagonal, 
enhance upper state 
lifetime
•No more resonant 
tunneling for the 
carrier extraction

F=14 kV/cm
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Two well: results in pulsed operation

Standard double metal waveguide

Wide dynamic range: 60 % at low T
Tmax = 125 K
Jthresh

10K=250 A/cm2

..but…T0= 64 K
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higher  Al (25%) content  in the barriers

Two-well optimized with NEGF method
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Thermoelectrically Cooled Laser Box

5.5 cm

9 c
m

9 cm
Peltier cell

Laser box size
W×L×H = 9×9×5.5 cm³

4-stage 
thermoelectric cooler 

ΔT=130 °C
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Cu-Cu waveguides: thermoelectrically cooled THz QCL up to 210 K

Full cryo-free operation 
and detection at 207 K

L. Bosco et al., Appl. Phys. Lett. 115, 010601 (2019) 
s
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Recent results: up to 250 K!!!! (actually 261 K still unpub..)
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Two wells over 10 years evolution…..

Year 2010 2019 2020

Material composition GaAs/Al0.15Ga0.85As GaAs/Al0.25Ga0.75As GaAs/Al0.30Ga0.70As

Tmax pulsed 125 K 210 K 250 K (260)

Waveguide Au/Au wet etch Cu/Cu dry etch Cu/Cu dry etch

Eex 32 meV 41 meV 55 meV
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Bandstructure Computed absorption

- Diagonal transition
- Scale extraction energy

Transfer of oscillator strength

Low frequency  THz QCLs

Difficult to use direct phonon depopulation: selective injection is
The challenge
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Scalable design (1.2-2THz)

G. Scalari et al, Laser & Photonics reviews, (2009)
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Marginal population inversion: wide Stark tuning of the gain curve

• Strong Stark shift of gain curve, 16% of center frequency
• Lasing on Fabry-Pérot modes of the cavity (1mm x 165µm)

C. Walther et al., Appl. Phys. Lett., 91, 131122,   (2007)
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Pumps

w1
w2 wTHz=w1-w2

Difference Frequency Generation (DFG)

Use intra-cavity DFG in 3-15 μm QCLs to create room-
temperature sources in 60-300 μm (1-5 THz) range

THz QCL source based on intra-cavity DFG

• Dual-frequency mid-infrared QCLs with  giant c(2)

• Coherent THz output at room temperature

• THz output tunable over the entire 1-5 THz range

w1
wTHzw2

Belkin lab, UTA
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c(2) with population inversion

Laser action instead of absorption!w1

w2

wTHz
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wTHz

w2

Active region design

Section 1, c(2) and w1

Section 2, c(2) and w2

( ) ( ) ( )÷
÷
ø

ö
çç
è

æ
G+-

+
G+-G+-

´=
iii

zzzeN
THz

e
21213123

312312

0
2

3
)2( 11

wwwwwwe
c

!



G. Scalari, THz Quantum Cascade Lasers, Winter College on Optics, ICTP 2023
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Laser gain
Assuming 

�G=10meV

l1=8.9 µm

1

2345

c(2)-section design

c(2)»1.5´104 pm/V

l1=8.9 µm

l2=10.5µm
lTHz=60 µm

1

3
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wTHz

Ne»1´1015 cm-3
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30 cm-1
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Performance (1mm-long, 35μm-wide device)
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Vijayraghavan et al., Appl. Phys. Lett. 100, 251104 (2012), higher power from 
Northwestern University, Lu et al., Appl. Phys. Lett. 101, 251121 (2012)
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External cavity: tunable source
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High power THZ QCLs 
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Courtesy R. Colombelli
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M. I. Amanti IQCLSW 2010
Amanti et al. Optics Express, 18, 6390 (2010)

Wavelength in the material
λ/n ~30 μm

Waveguide width:
15 μm/5 μm for the wide/narrow 

region

THz photonic wire laser

+-+
-+

l/
2

12°X14°
FWHM
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THz VECSEL Metasurface laser
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High power (2W!!) single frequency phase locked array
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Planarization allows antenna integration 

T. Olariu et al., to be submitted
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Why are intersubband QCL so good for broadband

l Atomic-like joined density of state

- Transparent on both sides of the transition

- Possibility to combine active regions at different colors

- Low dispersion of the gain

l Flexibility in design broadband active region

- Bound-to-continuum have very broad gain inherently

A. Hugi, et al., , Semicond Sci Tech, vol. 25, no. 8, p. 083001, (2010).
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Broadband gain medium: engineering the intersubband gain

Intra-period inhomogeneous broadening
(Faist et al., APL, 2001)

Bound-to-continuum

Different active region designs in the  same 
device (Gmachl et al., Nature, 2002)

Heterogeneous cascades

Combine these two elements in a broadband, cutoff-free double metal waveguide resonator
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Modelling of the structure: three different substacks

Simple model, no rate eq., only gc

gtot
c =

N∑

i=1

Np,i · gc,i

FWHM: 1.6 THz

D.Turčinková, G. Scalari et al., 
Appl. Phys. Letter 99 191104 
(2011)
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Octave spanning laser

M. Roesch, G. Scalari et al., Nature Photonics 9, 42 (2015) 

First electrically injected octave spanning laser
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What is a comb?

Source of electromagnetic radiation with equidistant modes in the frequency domain
The modes are phase coherent

Demonstrated in optical,UV, IR and microwave domains

f(n) = f0 + n⇥ frep
f

frep
|E|2

f0 fn
Frequency ruler

S.Diddams, JOSA B, Vol. 27, Issue 11, pp. B51-B62 (2010)
T.Hänsch, Rev. Mod. Phys., Vol 78 (2006)
T.Udem et al., Nature 416, 233 (2003)
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Frequency domain looks the 
same

Equidistant modes locked in 
phase

Different comb “families”

Figures from Kippenberg et al., Science (2011)

Mode locked lasers: same phases, pulses in the time domain

Gain (slow) Saturable absorber (fast)

Kerr combs/QCL combs: non-trivial phases
almost constant output in the time domain
(still periodic)

f(n) = f0 + n⇥ frep

AM combs FM combs
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Quantum cascade laser: direct mid-IR and  THz comb generation

Intersubband transitions
Mid-infrared operation

Broad gain 
High power

A. Hugi, J. Faist et al., Nature, vol. 492, 229–233 (2012)

RF Beatnote
Spectrum

2THz
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THz QCL  combs

not comb but probably soon…
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Monolithic dispersion compensation strategies

Gires Tournois interferometer
(Mid-IR/ THz)

G. Villares, JF, et al, Optica 3, 252 (2016).

The profile of the fundamental mode (at the lasing fre-
quency of 1250 cm−1, blue curve) was computed and is shown
in 1D along the vertical axis in Fig. 1(a) and in 2D in Fig. 1(c).
Because of the addition of a highly doped InP layer, the wave-
guide can also guide a surface plasmon mode. The profile of the
plasmon mode (at the frequency of 700 cm−1, red curve) was
also computed and is shown in 1D along the vertical axis in
Fig. 1(a) and in 2D in Fig. 1(b). The refractive indices of
the doped layers are obtained using the Drude–Zener theory
[18], and the optical modes are obtained using a COMSOL
electromagnetic module.

In order to study how the coupling of these two optical
modes influences their dispersion, their effective refractive in-
dices were computed as a function of the optical frequency for
various top cladding thicknesses (T ! 1.0 − 3.0 μm). The
dispersion of both modes is shown in Fig. 1(d). The GVD
of the fundamental mode was computed for each step and
is shown in Fig. 1(e). The coupling of the fundamental mode
to the plasmon mode is proportional to the overlap factor
between the fundamental mode and the highly doped InP layer
(red area). This reflects on the dispersion. When the top clad-
ding thickness is reduced, the coupling of the modes is in-
creased, and the GVD of the fundamental mode is reduced.
This is shown in Fig. 1(f ), demonstrating that the coupling
to the plasmon mode allows us to tune the dispersion of the
fundamental mode of the waveguide.

A QCLwith an active region based on a single-stack double-
phonon QCL design emitting at 7.8 μm was grown. The band
structure of the device is reported in [21]. The device was proc-
essed to a 10.5 μm wide Fabry–Perot ridge buried in InP [22]
and cleaved to a 3 mm long bar. The waveguide design is de-
tailed in Table 1. The device was soldered epi-up on a copper
submount, and the facets were left uncoated. The gain and the
dispersion of the device were measured using the so called
Fourier–Transform technique [23], and the deduced net modal
gain and spectrally resolved GVD at −20°C for a current of
275 mA are shown in Figs. 2(a) and 2(b). The measured
GVD crosses zero at 1250 cm−1 confirming the low dispersion
of the fabricated device. The uncertainty of the measurement
was estimated to 150 fs2∕mm by performing three subsequent
measurements. It should be noted that the dispersion of the
device might change for the above threshold operation.
However, the method used is limited to subthreshold operation
currents. The waveguide dispersion was computed taking into

account the materials dispersion [18], while the gain-induced
dispersion was computed using the Kramers–Kronig relation
[24] from the experimental gain curve integrating from
1060 to 1460 cm−1. The total GVD is displayed on Fig. 2(b)
and shows a good agreement with the measured value).

The output power of the device was then measured as a
function of current for heatsink temperatures ranging from

Table 1. Schematic Vertical Cross Section of Laser
Structure Waveguidea

Material Thickness Doping Refractive Index

Au 0.3 μm 50
InP 0.4 μm 1e19cm−3 1.3
InP 0.5 μm 5e18cm−3 2.4
InP 0.4 μm 1e17cm−3 3.08
InP 2.0 μm 2e16cm−3 3.09
InGaAs 0.25 μm 3e16cm−3 3.44
Active Region 2.3 μm 3.35
InGaAs 0.2 μm 3e16cm−3 3.44
InP 2.5 μm 2e16cm−3 3.09
InP Substrate 4e18cm−3 2.54

aThe refractive indices are computed at the laser central frequency of
1250 cm−1.

Fig. 1. (a) Refractive index profile along the growth axis (black
curve) and 1D computed waveguide fundamental mode at
1250 cm−1 (blue curve), and plasmon mode at 700 cm−1 (red curve).
The red area indicates the highly doped InP layer, the black area in-
dicates the top cladding layer, and the blue area indicates the active
region. (b) and (c) 2D profiles of the plasmon and fundamental modes.
(d) Effective refractive index of both the plasmon and fundamental
modes as a function of the optical frequency for a top cladding thick-
ness varying from 1.0 (shaded red and blue) to 3.0 μm. (e) GVD of the
fundamental mode. (f ) GVD of the fundamental mode as a function
of the overlap between the fundamental mode and the plasmonic layer
at the lasing frequency (1250 cm−1).

Letter Vol. 42, No. 8 / April 15 2017 / Optics Letters 1605

Plasmon enhanced waveguide
coupled waveguides (Mid-IR)

Y. Bidaux, JF, et al. Opt Lett, vol. 42, 1604, (2017).

Doubly Chirped mirrors 
(THz)

Burghoff et al. Nat. Phot. (2014)

Gain engineering
(Mid-IR/ THz)

M. Roesch, G.S. et al., Nature Photonics 9, 42 (2015) 
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Narrow waveguides                    passive 
waveguides

Planarized platform for THz coherent photonics

Ring THz combs

Active Y-Split

Harmonic combs

A. Forrer, APL 2021

P Micheletti APL Photonics 2021
P Micheletti, under review (2022)

U Senica, in preparation (2022)

Regenerative ultrafast THz detectors

THz solitons in rings

U Senica, in preparation (2022)
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New waveguide geometries

ARBCB

integrated THz photonics
+ 

improved RF properties

Planarized
Waveguides
with BCB1,2

U. Senica, et al., in preparation

[1] C. Bonzon, et al., Applied Physics Letters 104, no. 16 (April 21, 2014): 161102
[2] L. Bosco, et al., Applied Physics Letters 109, no. 20 (November 14, 2016): 201103
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Narrow planarized ridge (40 μm)

U. Senica, et al., in preparation

• Free-running comb: >800 GHz, 
>-55 dBm RF

>800 GHz
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Narrow planarized ridge (40 μm)

U. Senica, et al., in preparation

> 1 THz
Free-running comb: >800 GHz, 

>-55 dBm RF

Free-running harmonic : 1 THz span
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Narrow planarized ridge (40 μm)

Free-running comb: >800 GHz, 
>-55 dBm RF

Free-running harmonic : 1 THz span

RF-injected: 1.6 THz span

U. Senica, et al., in preparation

>1.6 THz
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RF: -2 dBm

Pulses with active mode locking

RF: +35 dBm

RF control of the laser  dynamics 

U. Senica,…., G.S., Light: Science & Appl., (2022) 


