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aser action at THz frequencies has recently been demonstrated in quantum cascade 
(QC) structures, thanks to the use of superlattice active material and to the implemen-Ltation of a waveguide concept based on surface plasmon propagation. Since then, 

improved fabrication has led to continuous-wave operation and high output powers. 
Thanks to the introduction of new design concepts, lasers operating at ever longer wave-
lengths and higher temperatures are being realized and the first practical applications are 
being developed. 

Here we present recent advances in technologically relevant aspects like single-mode 
devices and tuneability. In particular distributed optical structures are analysed, as well as 
the potential of external cavity set-ups. We also discuss issues in laser design related to the 
emission frequency, and demonstrate the excellent control achievable through quantum 
engineering and MBE growth.

Stable single-mode emission at a precisely 
designed frequency is highly desirable for 
most applications. For this purpose, the 
concept of distributed feedback (DFB) can 
be successfully implemented also in THz 
QC devices [1-8]. 

The peculiar surface-plasmon structure 
of the waveguide requires the realization of 
rather unconventional DFB gratings for the 
diffraction of light propagating along the 
laser ridge. In the first devices a periodic 
corrugation has been etched into the thin 
highly-doped semiconductor contact layer 
underneath the top metallization. This 
causes a modulation of the real part of the 
modal refractive index; lasers featuring 
such grating still display a regularly spaced 
Fabry-Perot spectrum, but with two modes 
strongly suppressed, as can be seen by the 
red curves in Fig. 1. This is a typical feature 
of index-coupled DFB lasers with only 
moderate coupling strength but strong 
reflectivity at the Fabry-Perot facets. 

In order to enhance the coupling 
constant and increase mode discrimina-
tion, an additional loss modulation was 
introduced by depositing and annealing 
GeAu/Au contacts selectively on the crests 
of the etched grating. Thus, complex-
coupled DFB resonators, which are much 
more effective in achieving single-mode 
operation than bare index-coupled 
devices, are obtained with an estimated 

-1coupling constant of 4 cm . Figure 1 
shows the spectra (blue lines) of two such  

Fig. 1
Spectra of five different DFB 
lasers with grating periods of 
9.4, 9.2 and 8.6 µm, 
respectively, collected at
an injection current close to 
the maximum output power. 
Red lines correspond to 
spectra recorded from 
devices in which the 
distributed feedback was 
implemented only by 
removing 150 nm of the top 
contact layer. Blue lines are 
spectra recorded from 
devices in which an 
additional loss-modulation 
was introduced by an 
annealed-contact grating.
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devices (length 3.2 mm and L = 9.2 µm in 

one device and 4.4 mm with L = 9.4 µm in 
the other). 

Lasing takes place within the previously 
observed stop-band, as expected for a 
complex-coupled DFB laser. The coupling 
is now sufficient to achieve single mode 
operation under all injection currents and 
operating temperatures.

The technique just described produces 
gratings with rather limited coupling 
coefficients, thereby making long laser 
cavities necessary for the achievement of 
single-mode operation. This affects device 
performance, increasing driving currents 
and hindering lasing in continuous wave 
mode. The issue becomes more and more 
relevant going towards longer emission 
wavelength as the DFB grating period has 
to be proportionally enlarged. 



An elegant way of realizing a one- It is interesting to notice that, contrary to 
dimensional photonic crystal for surface the one depicted in Fig. 2, the first devices 
plasmon modes  has been recen tly featured a top-metallization extending to 
demonstrated [9]. A slit opened in the the very edge of the ridge, in order to leave 
metallic layer acts as a barrier for the wave a larger area for bonding. However, they 
propagation as no surface plasmon is frequently showed operation on more than 
supported there. Part of the light is reflected one transverse mode, as exemplified in the 
back, part transmitted by tunneling across right inset of Fig. 3; a narrower metalliza-
the slit, and part is scattered out of the tion has then been adopted to solve this 
interface mode. issue. The procedure can be further 

A periodic series of slits acts then as a simplified avoiding the lift-off step. In this 
photonic crystal structure, and, if the slits case the resist used in the lithographical 
are sufficiently thin (much narrower than process fills the slits, with the final gold 
the wavelength), this can be accomplished layer covering everything. While the 
with minimal scattering losses. operating principle is analogous, this 

We have applied this idea to the possibility simplifies bonding and in 
fabrication of DFB quantum cascade general yields better performance, 
lasers emitting near 2.5 THz (a relevant probably owing to decreased scattering 
frequency for ozone detection). The losses. The output power of one such DFB 
procedure follows the one of Ref. 10 until laser, approximately 2 mm long, is plotted 
the deposition of the last metallic layer. as a function of drive current in Fig. 2. The 
This is in fact patterned by electron-beam emission is single mode in the whole 
lithography with a series of slits at the L/2 current and temperature ranges, with 
DFB period (see inset of Fig. 2). E-beam about 8 mW measured at 10 K and a low 
lithography, while not necessary for threshold current density of about 100 
resolution reasons, is very useful in this first A/cm2. 
experiment to easily vary the grating period The successful development of THz QC 
and test different slit widths. For the latter, lasers towards widespread use in real-
the best compromise between grating world applications has also to go through 
strength and diffraction losses is found at the establishment of various technical 
approximately 2 µm width (close to 10% of details, which become of relevance when 
the period length). Single-mode operation the production of commercial systems and 
is obtained in pulsed and continuous- devices is considered. The versatility of 
wave, with a side-mode suppression ratio frequency design is now clear, with the 
of at least 20 dB, as can be seen in the whole range from 2.1 THz to 4.8 THz well 
spectrum of Fig. 3. The position of the coverable. An important aspect, however, 
emission peak shifts with the grating is the reliability, precision, and repeatabi-
period, in reasonable agreement with the lity of the relation between predicted and 
computed modal refractive index of 3.65. actual emission wavelength.

Fig. 2
Light-current characteristics 
of a 2.5 THz DFB QC laser. 
Blue lines refer to pulsed 
operation with 5% duty-cycle
and were collected from one 
facet with f/1 parabolic 
optics on a calibrated pyro-
elelectric detector; red lines 
were obtained mounting a 
Winston cone in front of the 
laser and using a pyro-
electric power meter (33% 
estimated collection
e.ciency). The inset shows a 
scanning-electron 
microscope picture of a 
surface-plasmon DFB 
grating.

Fig. 3 
Single-mode emission 
spectrum in logarithmic 
scale of a 2.5 THz DFB laser 
with a 16.5 µm slit 
periodicity and narrow top 
metallization. It was 
collected in pulsed mode at 
1% duty-cycle and 0.92 A 
drive current, close to the 
maximum output power. In 
the left inset we plot the 
spectra of three lasers with 
different DFB periods and 
wide metallization. The
upper two were collected 
close to threshold, while the 
lowest one at a higher 
current in order to well show 
the DFB mode here 
somewhat detuned from the 
maximum gain (hence the 
presence also of Fabry-Perot 
modes). The right inset 
shows a spectrum at higher 
current of the 16.4 µm laser 
of the left inset. The 
appearance of a second 
transverse mode is clearly
evident.
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 As an example we show in the Fig. 4 low threshold currents and high output 
the spectra of two lasers realized for the powers, as can be seen in Fig. 5. It is also 
desired frequencies of 4.76 THz (important worth remarking that the design of the 
for monitoring atomic oxygen) and 2.31 active region of the 2.3 THz sample was 
THz. Obviously the experimental results derived from the 2.5 THz one by just 
are very much on target with the expecta- increasing the thickness of two barriers of 1 
tions, but there are a few further characteri- Å each and that of a well of 3 Å the 
stics that have to be pointed out. Both injection barrier had to be reduced by 3 Å 
lasers are based on the same BTC concept to fit the modified active region). The 
for the active material and on the conven- precise shift  of emiss ion frequency, 
tional waveguide design, which testifies corresponding to about 1 meV, and the 
their broad applicability. In reality the 2.3 very similar performances attest the high 
THz laser waveguide features two buried reliability and control of modeling and 
highly-doped layers, instead of the usual growth, and of their mutual relationship, 
one, under the active core. This solution even at this rather extreme level.

The ability to tune the emission allows the possibility of controlling 
wavelength of single-mode devices is separately the boundary conditions of the 
fundamental for spectroscopic applica-surface plasmons on the two sides, thereby 
tions.  THz DFB lasers can be tuned by resulting in a better compromise between 
temperature or drive current much in the optical losses and confinement factor. In 
same way as conventional DFB laser the case of the 2.5 THz sample a confine-
diodes. The limited range of operating ment factor of about 48 % is reached, with 

-1 temperatures and the low emission 10 cm  absorption losses. These values 
frequency results, however, in a small easily permit the use of such waveguides 
tunability of only a fraction of cm-1. even at long wavelengths, providing very 

Fig. 4
Fabry-Perot emission spectra 
of quantum cascade lasers 
operating near 2.3 THz and 
4.8 THz.

Fig. 5
Continuous wave light-
current characteristics (33 % 
estimated collection 
efficiency) of a 3.2 mm long 
quantum
cascade laser operating 
near 2.5 THz. In the inset a 
typical emission spectrum is 
displayed.
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This number could still be reasonable 
in some applications, but poses a too 
precise requirement on the fabrication side 
to be feasible in a relatively high-yield 
manufacturing effort. It is therefore crucial 
to implement cavity solutions allowing for 
broad tunability on ranges comparable to 
the gain width. The simplest idea would be 
to use an external cavity set-up with a 
rotating diffraction grating as is often done 
with visible and near-IR diode lasers. 
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Here complications arise from the 
absence of good refractive optics, the 
large divergence of the output beam, and 
most of all from the di.cult implementation 
of anti-reflection coatings, necessary to 
suppress Fabry-Perot oscillation on the 
internal cavity modes and to reduce 
reflection losses. 

In Fig. 6 we show preliminary spectra 
from a 4.4 THz QC laser within an external 
cavity in the Littröw configuration. In this 
case the facet facing the diffraction grating 
was angled at 5°, still away from the 
Brewster angle but enough to reduce the 
strength of Fabry-Perot modes. Light was 
collected with a f/0.75 off-axis paraboloid 
and sent on a grating with 20 grooves/mm 

and a blaze wavelenght of 46.67 mm. The 
spectra clearly still show the internal Fabry-
Perot structure, but the intensity can be 
shifted from mode to mode by rotating the 
external grating, and the power output is 
enhanced in the best situation by an order 
of magnitude with respect to the no-
grating configuration.

Fig. 6
Emission spectra from a 4.4 
THz QC laser in an external 
Littröw cavity. The output has 
been collected from the
laser back-facet, opposite to 
the one facing the grating. 
The three curves have been 
obtained varying the angle 
between grating and laser, 
and are normalized for 
clarity.
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 two dimensional electron gas (2DEG) immersed in a strong perpendicular magnetic 
field can display the characteristic manifestations of the fractional quantum Hall A(FQH) effect. FQH liquids are remarkable emergent states driven by electron-

electron interactions. The fundamental charged excitations of FQH liquids are predicted to 
display fractional charges and fractional statistics. In addition, the one-dimensional (1D) 
edge states flowing at the boundary of incompressible FQH phases are expected to be 

equivalent to chiral Luttinger liquids (cLL), and thus to display a non-Fermi behavior.

Non-Fermi liquid behavior of edge states 
[1] can be probed by inducing a controlla-
ble inter-edge scattering at a nanofabrica-
ted quantum point contact (QPC) constric-
tion. This system was previously used to 
measure line-shapes in resonant inter-
edge tunneling [2] or to infer the charge of 
the quasi-particles [3] in shot noise 
measurements [4]. Together with experi-
ments in anti-dot configurations and in 
cleaved-edge overgrowth systems[5] [6] 
[7] these findings have uncovered some of 
the most remarkable manifestations of 
edge state transport in the FQH regime. 

Here we report the investigation of the 
unexplored non-linear inter-edge scatte-
ring at a QPC constriction in the FQH 
regime (see Fig.1). Our measurements 
represent a finite-bias spectroscopy of the 
inter-edge tunnelling and offer new 
insights on the out-of-equilibrium proper-
ties of highly-correlated one-dimensional 
edge states. The results reviewed here 
reveal a rich behavior of the backscatte-
ring current and have led to a new 
interpretation of inter-edge tunnelling at a 
QPC constriction that involves a charge-
conjugation argument.  

Stefano 
Vittorio 
Giorgio 
Lucia 
Fabio 

Roddaro 
Pellegrini  
Biasiol 

Sorba
Beltram

Luttinger liquids probed by artificial impurities 
in fractional quantum hall states

These results are stimulating significant 
theoretical efforts on FQH edge state 
dynamics [8].

We recall that standard cLL theory 
predicts that constrictions in the FHQ 
regime should display a peculiar zero bias 
anomaly corresponding to a low-energy 
suppression of the transmission (enhanced 
reflection) through the constriction (see 
Fig.2 panel a). Our experimental results 
have shown that contrary to this usual 
assumption, the transport through the 

Fig. 1 
Constrictions can be 
exploited to induce a 
controllable backscattering 
center between two counter-
propagating edge channels. 
The inter-edge tunneling 
current is measured by 
means of a phase-locked 
technique.

Fig. 2 
Both transmission 
enhancement (panels a,b,c) 
and suppression (panels d,e) 
can be observed as a 
function of the split-gate 
parameters. These 
backscattering curves are 
obtained for an experimental 
condition compatible with a 
local constriction filling 
factor n*=1/5 and to its 
conjugate filling n*=2/7. 
The filling factor of the bulk 
is n=1/3.
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