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Chip-Scale Terahertz Frequency Combs through Integrated
Intersubband Polariton Bleaching

Francesco P. Mezzapesa, Leonardo Viti, Lianhe Li, Valentino Pistore, Sukhdeep Dhillon,
A. Giles Davies, Edmund H. Linfield, and Miriam S. Vitiello*

Quantum cascade lasers (QCLs) represent a fascinating accomplishment of
quantum engineering and enable the direct generation of terahertz (THz)
frequency radiation from an electrically biased semiconductor
heterostructure. Their large spectral bandwidth, high output powers, and
quantum-limited linewidths have facilitated the realization of THz pulses by
active mode-locking and passive generation of optical frequency combs (FCs)
through intracavity four-wave-mixing, albeit over a restricted operational
regime. Here, an integrated architecture is conceived for the generation of
high power (5.5-8.0 mW) THz FCs comprising an ultrafast THz polaritonic
reflector, exploiting intersubband (ISB) cavity polaritons, and a broad
bandwidth (2.3-3.8 THz) heterogenous THz QCL. By tuning the
group-delay-dispersion in an integrated geometry, through the exploitation of
light-induced bleaching of the ISB-based THz polaritons, spectral reshaping of
the QCL emission and stable FC operation over an operational range up to
38%, characterized by a single and narrow (down to 700 Hz) intermode
beatnote are demonstrated. This concept provides design guidelines for a new
generation of compact, cost-effective, electrically driven chip-scale FC sources
based on ultrafast polariton dynamics, paving the way toward the generation
of mode-locked THz microlasers that can strongly impact a broad range of
applications in ultrafast sciences, data storage, high-speed communication,

nanoscale, for quantum metrology,?! for
communications,! and for multiplexed
analysis of gas samples requiring narrow-
linewidth and a tight control of frequency
jitter.*] The most common technique to
generate an FC in a solid-state laser is
through mode-locking:[>¢! the longitudi-
nal modes of the laser cavity are locked
in phase by means of an external (ac-
tive) or internal (self- or passive) modu-
lation mechanism, giving rise to a train
of equidistant and intense pulses with a
repetition rate equal to the inverse cavity
round-trip time. Although mode-locked
lasers have been widely demonstrated in
the visible and near-infrared frequency
ranges,>’] engineering passively mode-
locked lasers in a compact and minia-
turized architecture, across the THz fre-
quency region of the electromagnetic
spectrum, remains elusive.

Quantum cascade lasers (QCLs) have
become, in the last decade, the most
prominent electrically driven source of

and spectroscopy.

1. Introduction

The generation of stable frequency comb (FC) synthesizers
with large optical powers per comb tooth,[!l at terahertz (THz)
frequencies (wavelength 300-30 pm), is fundamental for the
investigation of light-matter interaction phenomena at the

THz radiation, owing to their inherently

high quantum efficiency,®?) compact-

ness, and spectral purity.'®) There is a
fundamental obstacle preventing mode-locking with passive gen-
eration of ultra-short pulses in the semiconductor gain medium
of a THz QCL: owing to the intersubband (ISB) architecture, the
carrier relaxation is extremely fast (5-10 ps)."! As such, the gain
recovery time is shorter than the cavity round-trip time (=70 ps
for a 3 mm cavity),['?! complicating the generation of stable ultra-
fast laser pulses.
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However QCLs, with specially designed heterogenous!!3-¢! or
homogenous!'’] active regions (ARs), can perform as chip-scale
THz FCs, characterized, in the frequency domain, by a set of
equidistant spectral lines, which share a well-defined and stable
phase relationship between one another. This is enabled by the
large third-order nonlinear susceptibility of the active medium,
which gives rise to the interaction between adjacent modes
via four wave mixing (FWM)[#19 that generally results in a
frequency modulated FC, i.e., a quasi-continuous wave (CW)
output. In a THz QCL, the behavior is, in reality, more complex
where both frequency and amplitude modulation are generally
present,?%! and act simultaneously.

One of the major drawbacks of THz QCL FCs is that the
bias-dependent group delay dispersion (GDD) usually com-
promises phase-locking of the laser modes over most of the
laser operational range, therefore requiring proper dispersion
compensation strategies. Successful approaches, commonly
adopted in homogenous FCs, include waveguide re-shaping,**!
or integration with biased external elements.[?!] Coupling with
an unbiased external gold mirror has been conversely adopted to
modify the reflectivity of heterogenous FCs,[??! providing disper-
sion compensation, although only over a limited portion of the
QCL operational bandwidth. Dispersion is indeed very complex
in heterogenous THz QCLs and a simple metallic mirror cannot
compensate the GDD over the entire laser bandwidth.

Semiconductor mirrors, relying on inherently fast ISB polari-
ton dynamics, could be in principle ideal, in this respect. They
simultaneously provide an easier self-integration in the QCL
cavity, while still maintaining a significant flexibility in terms of
design and spectral bandwidth. Furthermore, recently, we have
demonstrated that by strong coupling of ISB transitions!?*?*l of
semiconductor quantum wells to the photonic mode of a metal-
lic cavity, we can custom tailor the population and polarization
dynamics of ISB cavity polaritons in the saturation regime.!?>2¢]
This results in efficient solid-state mirrors operating in the 2-3
THz range(?>2% that can provide a strong modulation of the
optical response on sub-cycle timescales, accompanied by a
recovery time ~3.3 ps.

In the present work, we conceive an all-solid-state archi-
tecture in which the polaritonic mirror is integrated with a
set of broadband heterogenous THz QCLs, having dissimilar
dimensions. We first match the polaritonic doublet with the
heterogenous QCL bandwidth. Then, by exploiting the complex
reflectivity change associated with the light-induced bleaching
of ISB polaritons, we tune the GDD, achieving compensation
over a bandwidth and a current range much larger than that
reached so far in any bare THz QCL FC. The fabricated devices
show stable operation as optical FCs over an operational range
> 35%, significantly larger than that spontaneously achievable
(12%-15%) from the corresponding bare QCL." They deliver
up to 8 mW of CW output power, with ultra-narrow (760 Hz) in-
termode beatnote linewidths (LWs), and > 80 equally spaced
optical modes, covering a maximum bandwidth of 0.85 THz in
the comb regime and of 1.5 THz in the dispersion dominated
regime. Furthermore, we show that the integrated polaritonic
mirror can reshape the QCL emission spectrum leading to a
significant mode proliferation at half of the laser operational
range (i.e., current density [ = 1.43 J,, where J,, is the threshold
current density), with a corresponding narrow intermode beat-
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note. This is the signature of phase locking of the laser modes
in a regime where the heterogenous nature of the gain media
spontaneously entangles the dispersion dynamics.

2. Experimental Results

2.1. Samples Description, Experimental Setups, and Simulations

The polaritonic mirror is based on a semiconductor multi-
quantum-well (MQW) heterostructure, resonant at the [SB tran-
sition frequency v,y = 2.7 THzI?>?%] having a doping concen-
tration of 1.0 x 10!° cm™? charge carriers per QW, carefully
optimized to achieve an optically pumping-induced reflectivity
change (polaritonic bleaching) at reasonably low pump intensi-
ties I, ~ 11 W cm~2.1°l The MQW stack is embedded in an ~2 pm
cavity, consisting of a back Au reflector and a top Au grating with
period 16 pm. The latter provides the required optical coupling
to the MQW. When radiation polarized orthogonal to the grat-
ing lines (p-polarization) impinges at normal incidence, a fringe
electric field is localized within the MQW heterostructure at the
metallic edges of the grating. This field distribution satisfies the
ISB transition selection rule in the near-field via the nonvanish-
ing component E, along the MQW growth direction.[?!

The reflectance of the polaritonic mirror, measured in vacuum
atlow temperature (6 K) for normal incidence (Figure 1a), reveals
a characteristic polaritonic doublet'?”! separated by a Rabi fre-
quency of 0.18 THz. We exploit the ultrastrong light-matter cou-
pling of the designed ISB transition (black curve Figure 1a) to the
near-field of the metallic grating; the strong field enhancement
induced by the reduced mode volume significantly enhances the
optical absorption when compared to the bare electronic transi-
tion, therefore leading to a reduced saturation power in the two-
state polaritonic system. By pumping the polaritonic mirror with
a CW, 2.75 THz laser, we observe a spectral change of the re-
flectivity at intensities larger than 7.8 W cm™2, reflected in the
bleaching of the upper polaritonic mode.!2] This results in a visi-
ble reflectivity change in the 2-3 THz spectral window, as shown
in Figure 1a, where three prototypical reflectivity curves, corre-
sponding to driving currents of the incident QCL of 520, 580,
and 632 mA, are shown.

Such an effect can be innovatively exploited to tailor the in-
tracavity dynamics of broadband QCLs by modifying their cavity
dispersion. To this end, we use the polaritonic mirror as the back
mirror of a set of free-running THz QCL FCs (Figure 1b), ex-
ploiting two different heterogenous ARs, which allow broadband
operation over a bandwidth (2.3-3.8 THz) that matches, on its
low frequency side, the spectral position of the polaritonic dou-
blet (Figure 1a). This ensures that the reflectivity spectrum of the
polaritonic doublet partially overlaps with the gain profile of the
QCLs used (Figure 1c). The variation of the peak value of the gain
profile is used in the simulations to reproduce the increase of
the dispersion for higher currents, which occurs even though the
maximum gain is clamped to the total losses.!*®]

The two GaAs/AlGaAs QCL heterostructures each comprise
three active modules, exploiting alternating photon- and longitu-
dinal optical (LO) phonon-assisted interminiband transitions,*’’
individually designed to operate at a different central frequency
(2.5, 3.0, 3.5 THz). The two ARs differ in the doping concentra-
tion (ny = 3.2 x 10'® cm™3 for laser A, and ny = 4.0 x 10'® cm™3

© 2021 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 1. a) Reflectivity spectra of the polaritonic structure measured at T =300 K (blue curve), and at T = 6 K while pumping on it a continuous-wave
QCL (laser A) driven at [ =0 mA (red curve), I = 520 mA (green curve), | = 580 mA (pink curve), | = 632 mA (black curve). b) Schematic diagram showing
the experimental arrangement. c) Gain profile of laser A, extrapolated from the corresponding experimental emission spectra collected at driving currents
In =520 mA; I, = 580 mA; I, = 632 mA (from bottom to top). d) LJV characteristics of laser B. Analogous plots for laser A are reported in ref. [14].

for laser B), which is optimized to achieve a flat gain bandwidth
(Figure 1c for laser A) and uniform power output across the
whole spectrum, and to obtain two equivalently high dynamic
ranges of current density, defined as the ration between the
maximum current density (J,,,,) and the threshold current den-
Sity (Joax/Jmn = 2.9). Both lasers are fabricated in a metal-metal
waveguide configuration with a set of nickel side absorbers!'*
that have the specific purpose of inhibiting lasing from higher
order lateral modes. Laser A is 85 pm wide and 2.9 mm long,
laser B is 50 pm wide and 2.3 mm long. The comparison between
the light—current density—voltage (LJV) characteristics of laser
A%l and B (Figure 1d) reveals a doping-dependent threshold
current density increase, varying from 150 A cm~? in sample A,
to 175 A cm~2 in sample B.

The polaritonic mirror is mounted, together with the QCL, on
the copper cold-unit of a helium-flow cryostat and tightly coupled
to the QCL back-facet at a distance d. ~ 50 + 2 pm, determined
by a fixed spacer. This defines a Gires-Tournois interferometer
(GTI) created by the external cavity between the QCL back-facet
and the surface of the polaritonic sample,?*??l which is inten-
tionally predefined to create a chromatic dispersion opposite to
that arising in the QCL cavity, within the frequency range of in-
terest. The polaritonic grating is oriented in a direction orthog-
onal to the QCL light polarization axis (p-polarization) to excite
the MQW ISB transitions.

To show the effect of dispersion compensation from the po-
laritonic mirror, we perform numerical simulations of the GDD
(see the Supporting Information). The frequency-dependent and
QCL driving-current-dependent reflectivity change provided by
the polaritonic mirror plays a major role in compensating dis-
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persion over a broader spectral window with respect to what
demonstrated so far with a standard GTI comprising a gold
mirror.[?2]

Figure 2a—c shows the dispersion profiles due to the gain and
the material (in black), the GTI with the polaritonic mirror (in
blue), and the sum of all the contributions (in red), calculated at
different driving currents, for laser A. The reduction of the overall
dispersion was evaluated by computing the average of the abso-
lute value of the dispersion profiles in the lasing range (2.55-3.25
THz). Without the GTI, the average dispersion due to the gain
and the material increases from 4.99 x 10° fs2 at I, = 520 mA to
5.58 X 10° fs? at I, = 580 mA, and then to 6.18 x 10° fs2 at I,
= 632 mA. By employing a GT1I, the average dispersion is 3.03 x
10° fs2 at I, = 520 mA, 2.27 X 10° fs2 at [, = 580 mA, and 4.11 X
10° fs2 at I, = 632 mA. The driving current where the lowest dis-
persion is achieved is ~580 mA; that is also where the LW of the
experimentally measured beatnote approaches 700 Hz.

We then run a further set of simulations while driving laser A
at higher currents. Figure 2d shows the simulation results at I,
= 800 mA. As clearly visible from the plot, the polaritonic GTI
is unable to compensate or even significantly reduce dispersion,
except in a small spectral window (2.8-3.1 THz), with a visible
major GDD increase at frequencies <2.8 THz, meaning that no
major effects on the QCL mode behavior is expected in such a
biasing regime.

3. Results and Discussion

The QCLs are electrically driven in CW at a heat sink tempera-
ture T; = 15 K, over a bias-tee, which allows the free running

© 2021 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 3. Laser A. Spectral characterization and intermode beatnote spectroscopy. a) Electrical RF intermode beatnote map measured at 15 K, as a
function of the QCL bias current for a 2.9 mm long, 85 pm wide laser bar coupled at a distance d. = 50 pm to a polaritonic saturable absorber mirror;
b—e) FTIR emission spectra collected at 15 K, while driving the QCL in CW at b,c) I, = 650 mA and d,e) at I, =800 mA in the coupled b,d) QCL-polaritonic

mirror system and in the c,e) bare laser A, respectively.

electrical beatnote of the QCL combs to be monitored using
an radio frequency (RF) spectrum analyzer (R&S FSW43). The
output radiation is aligned with an in-vacuum Fourier transform
infrared spectrometer (FTIR, Bruker Vertex 80v), with a reso-
lution of 0.075 cm™'. Under this experimental configuration,
we can simultaneously record the output THz spectrum of the
sources and their RF power spectral density.

We first test the operation of the polaritonic mirror by cou-
pling it to laser A, which naturally behaves like a comb in

Laser Photonics Rev. 2021, 2000575 2000575 (4 of 9)

the current ranges I, = 430-536 mA and 540-543 mA.["*] The
multimode THz spectrum consists of equidistant modes, which
beat together, causing a modulation of the laser intensity at a fre-
quency in the range 13.7-14.0 GHz. We span the operation cur-
rent of the laser A (I,) over the whole dynamic current range (AI,
= 670 mA) while collecting the intermode beatnote and the cor-
responding FTIR emission spectra.

Figure 3a shows the intermode beatnote map of the coupled
system, as a function of I,. A single beatnote is observed in a

© 2021 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 4. a) Stacked electrical intermode beatnotes acquired at T,y = 15 K, while driving the bare laser A and the same laser coupled with the polaritonic
mirror at driving currents of 650 mA. The RF spectra have been shifted vertically by 15 dBm. b) Intermode beatnote linewidth of laser A coupled with the
polaritonic mirror under p-polarization (red) or s-polarization (blue), plotted as a function of the driving current. The blue curve is almost coincident
with that retrieved on the bare laser A.[??] ¢) Intermode beatnote measured while driving the coupled laser system at a current of 550 mA. The shaded
areas, labeled as I, 11, Il in panel b) identify different transport regimes in which the laser intracavity dynamics changes.

continuous range between 430 and 543 mA, then again over
a small current portion (568-575 mA), and finally from 582 to
660 mA.

Overall the single beatnote persists over 30% of the laser
dynamic range, i.e., over a region twice as wide as that retrieved
in the bare laser A; this is a signature that the dispersion
compensation induced by the polaritonic reflector allows phase
locking of the lasing modes over a wider operational regime. A
dual beatnote is then observed in the current range 543-568 mA,
i.e., over a current portion slightly larger than that retrieved on
the bare laser.['* Such a regime reflects the dual comb nature
of our heterogenous active core, with the two families of optical
modes centered at ~3.1 and ~2.7 THz (Figure 3b-d) clearly
visible at low driving currents. Finally, at currents larger than
660 mA we observe a broad beatnote, which is the signature of
a lasing regime where the GDD is large enough to prevent the
FWM from locking the lasing modes, in both frequency and
phase, simultaneously.

The comparison between the FTIR spectra of the bare laser A
(Figure 3c,e) and those of the coupled laser system (Figure 3b,d)
do not reveal any visible change both in the regime where the
coupled system shows a single beatnote (Figure 3b,c) and in the
high current regime, dominated by dispersion (Figure 3d,e). Con-
versely, the comparison between the corresponding beatnotes
(Figure 4a) clearly shows the efficacy of the proposed approach.
At I, = 650 mA, a single, 30 dBm intense RF signal is retrieved,
while the bare laser A shows a very broad beatnote.!'*]

To confirm that the measured phenomena are correctly
ascribed to the ISB polaritonic grating, we repeat the same
experimental procedure after turning the polaritonic absorber by
90°, so that the polarization of the incoming THz beam is unable
to activate ISB transitions in the MQW grating structure (s-
polarization). In this configuration, which basically corresponds
to the case of a reflecting gold grating (the ISB absorption is
strongly suppressed?®]), the beatnote spectrum remains unal-
tered with respect to that of the bare laser.'*] The analysis of the
beatnote LW across the current dynamic range of laser A coupled
to the polaritonic mirror in the p- and s-polarized cases is shown
in Figure 4b. We evaluate the beatnote LW by fitting the acquired
RF spectra with a Lorentzian distribution (in the case of single

Laser Photonics Rev. 2021, 2000575 2000575 (5 of 9)

beatnote) or by determining the half-width-at-half-maximum
(HWHM) of the power spectral density distribution (in the cases
of broad beatnote). The coupling with the polaritonic mirror (p-
polarization) efficiently reduces the intermode beatnote LW over
the whole laser dynamic range, with respect to the case of a QCL
coupled with a gold grating double metal cavity (s-polarization),
which conversely does not induce any change on the intermode
beatnote LW with respect to the case of the bare laser.?2] At
currents I, < 543 mA (region I, Figure 4b), the RF spectrum
shows a single narrow beatnote for both p- and s-polarizations,
meaning that laser A is behaving like a comb, regardless of the
coupling configuration adopted. Such an effect is expected since,
even if the ISB transition is not activated, the polaritonic grating
is here behaving as a gold-like reflector which, when in the
“on-resonance” GTI configuration??] (d. ~ 50 pm), is expected
to compensate the QCL GDD, although over a partial frequency
window (2.7-3.1 THz), as we experimentally demonstrated on
the same laser bar.?”l However, once coupling the QCL with
the polaritonic mirror (p-polarization), the LW is significantly
reduced by more than a factor of five, reaching a minimum of
760 Hz at I, = 550 mA (Figure 4c).

This result is explained by the simulation of Figure 2a, which
shows that the reflectivity of the ISB polaritonic mirror induces a
reduction of the total GDD with respect to that of the bare laser A
over a wider spectral window (2.55-3.15 THz), matching 80% of
the spectral emission of the coupled system (Figure 3b). The LW
of the main beatnote (even when a double beatnote appears) re-
mains < 850 Hz until a driving current of 582 mA. Above 582 mA
neither the bare QCL nor the QCL coupled to the s-polarized mir-
ror presents an individual narrow beatnote. This means that the
group velocity dispersion is sufficiently strong to break the in-
termode coherence generated by the intracavity FWM process!'*!
and that the GTT comprising the gold grating structure even in
the on-resonance condition is unable to compensate dispersion.
The latter effect is in full agreement with previous experimental
reports.[?2) However, in the coupled system comprising the QCL
and the polaritonic mirror in p-polarization, at 582 mA, the nar-
row individual beatnote regime persists, which is signature of
the fact that the GDD is compensated by the modulation of the
losses induced by the polaritonic mirror. This is reflected in the

© 2021 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 5. a) Intermode beatnote linewidth plotted as a function of the
driving current of laser A coupled with the polaritonic mirror under s-
polarization and while placing the polaritonic mirror at 55 pm distance
or at 80 pm distance from the back QCL facet. b) Intermode beatnote
linewidth plotted as a function of the driving current of laser A coupled
with the polaritonic mirror under p-polarization and while placing the po-
laritonic mirror at 80 pm distance from the back QCL facet.

simulation results (Figure 2b) which show that, at 580 mA, the
total GDD is drastically reduced and compensated over a spectral
window extending from 2.55 to 3.2 THz, i.e., matching almost
the whole emission bandwidth of the QCL (Figure 2b). At driving
currents in the range 582—-660 mA (region II, Figure 4b), the beat-
note LW slightly increases (900 Hz to 7 kHz) as a consequence of
the predicted GDD increase (Figure 2c), but remains single, con-
firming the prediction of the simulations (Figure 2c). The latters
indeed show that the total GDD of the integrated QCL-polaritonic
mirror system remains lower than the GDD of the bare laser over
a slightly smaller spectral window 2.58-3.1 THz.

Finally, at currents larger than 660 mA (region III), the
beatnote becomes wider. Interestingly, a visible reduction of the
phase noise (by more than one decade) is observed. In contrast,
the GTI comprising the QCL and the gold-grating double metal
cavity (s-polarization) does not show any beatnote for any current
value in the 550-1050 mA range (Figure 4b, regions II and III).

To further confirm our claim that the GDD is sensibly compen-
sated by the modulation of the losses induced by the polaritonic
mirror, we repeat the same experiment by varying the distance be-
tween the polaritonic mirror and the QCL back facet under both
polarizations (p-pol and s-pol). First, we slightly detun (by 5 pm)
the position of the mirror and collect the bias-dependent inter-
mode beatnote under the polarization state where ISB absorp-
tion is not activated (s-pol). The intermode beatnote linewidth re-
mains practically unperturbed with respect to the bare laser case
(see Figures 4c and 5), confirming that the mirror is here behav-
ing as a simple gold mirror in an on-resonance GTI configura-
tion, in complete agreement with previous reports.[??! We then
vary the distance of the polaritonic mirror up to 80 pm, therefore
defining an off-resonance GTIL.[??l We collect the beatnote map
under both polarizations (Figure 5). The results clearly show that
no dispersion compensation is achieved either in p-pol or in s-pol
configurations, meaning that the off-resonance GT1is ineffective
to induce a visible dispersion compensation either in the case of
light-activated ISB transitions, or when the mirror is behaving as
a simple gold grating.[??]
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In addition to GDD compensation, the coupling with the
nonlinear polaritonic mirror also induces non negligible effect
in the QCL cavity with respect to designs relying solely on
incoherent absorption. Strong-field excitation by single-cycle
THz waveforms recently unveiled coherent nonlinear dynamics
in the employed polaritonic grating,[*! including four-wave and
six-wave mixing processes, which lead to a transient collapse of
light-matter coupling on sub-cycle time scales.?®] The retrieved
FWM and six-wave mixing nonlinearities might contribute
to FC stabilization through the same mechanism as the fast
saturable gain in the QCL AR, forcing the THz QCL into
frequency-modulated operation.*!]

We then couple the polaritonic mirror with laser B. We first
characterize the spectral behavior of the bare laser. By spanning
the driving current Iy, over the whole dynamic current range,
ie., from 200 mA (threshold current) to 490 mA (roll-off cur-
rent), we find four distinct lasing regimes. The laser is initially
single mode (emitting at 3.23 THz) for I; < 210 mA (Figure 6a).
Then, up to Iy = 270 mA, only the higher-frequency stage of
the heterogenous active medium is above threshold, with modes
separated by the cavity round-trip frequency f, = 17.0 GHz
(Figure 6D). In this regime, the RF spectrum shows a single and
narrow beatnote at ~#17 GHz; the intermodal frequency varies
from 16.2 GHz at I; = 210 mA to 17.5 GHz at I; = 270 mA,
with LW ~ 20 kHz (Figure 6e). At higher I; (between 270 and
320 mA), the lower-frequency AR module crosses threshold.
In this range, the QCL operates in an harmonic state,[!7:3234]
where the spacing between adjacent modes is 2 f;, for the higher
frequency AR module, whereas it is equal to 6 f,, for the lower
frequency module (Figure 6c¢). This regime is driven by the in-
terplay of the third-order population pulsation (PP) nonlinearity
and the population grating (PG) induced in the cavity by the
primary mode of the lower frequency AR,[3?! the intense mode
at 2.73 THz in Figure 6c¢. Basically, this single-mode instability
is the result of the standing-wave of the primary mode, which
induces a spatial modulation of the population inversion (spatial
hole burning), whose interaction with adjacent optical modes
can suppress neighboring Fabry—Perot modes, while favoring
sidebands that are some (or several) f, apart. The third-order
nonlinearity of the active medium can simultaneously give rise
to a temporal modulation of the population inversion. As a result
of the PP and PG combination, the QCL shows a beatnote, which
can be the signature of an amplitude modulation (AM) of the
THz wave in the time domain if the PP effect is dominant or
of a frequency modulation (FM) when the PG is dominant. We
argue that in our device both mechanisms are simultaneously
present.[?8]

The RF spectrum in this regime is characterized by a narrow
beatnote at a frequency 2f,,. Our experimental arrangement does
not allow us to determine whether there is another beatnote at
6f,, and no beatnote is observed at 17 GHz. The RF spectrum is
shown in Figure 6f, with a stable and narrow beatnote with LW
~8 kHz, demonstrating the coherence of the adjacent modes in
the high frequency portion of the spectrum. It is worth mention-
ing that laser A is never driven in a stable harmonic comb state,
but at a driving current I, = 512 mA we observe emission with
spacing between adjacent modes of 4 f,, for the lower frequency
AR module, whereas it is equal to f;, for higher frequency module
(Supporting Information).
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Figure 6. Spectral characterization and intermode beatnote spectroscopy of laser B. a-d) FTIR emission spectra of the bare laser B, recorded at T, =
15 K and at driving currents of a) 210 mA, b) 240 mA, c) 305 mA, and d) 480 mA. e) Intermode RF spectrum recorded in the range 210 mA < I <
335 mA; f) beatnote map recorded when laser B is operated in the harmonic comb regime (260 mA < Iz < 325 mA), showing a visible peak at ~35 GHz.
For a small current range 260 mA < Iz < 270 mA, the beatnotes at 17 and 34 GHz coexist. g) Intermode beatnote linewidths plotted as a function of
the driving current (green dots indicate the standard FC, orange dots indicate the harmonic state). The gray shaded area shows the region in which the

device behaves as an FC, showing a single, narrow beatnote.

For Iy > 320 mA, all the modules of the heterogenous AR are
activated and a broad (1.5 THz, with a continuous sequence of
equally spaced optical modes covering 1.38 THz) and dense spec-
trum is observed up to I; = 480 mA (Figure 6d), corresponding to
an emitted optical power of 7.2 mW. In this regime, dominated by
cavity dispersion, a broad beatnote is retrieved, which is the sig-
nature of the lack of phase coherence between the lasing modes.
The plot of the f, beatnote linewidths (Figure 6g) shows that
laser B is behaving as a stable FC over a dynamic current range
(AI) = 15%.

We then couple laser B with the polaritonic mirror, at a
distance of 50 pum, both in the conventional orientation (p-
polarization) and in the s-polarization configuration where the
ISB transition in the polaritonic region cannot be activated. The
comparison between the intermode beatnote maps (Figure 7a,d)
shows that, in the s-polarized case, the behavior of the QCL ap-
proximately matches that of the bare laser B, with a single beat-
note persisting in the 220-275 mA range. The beatnote LW val-
ues are also comparable (~10 kHz) with those found in the bare
laser B (Figure 6g). Similarly to what happens in the case of the
bare laser B, when I is driven above 270 mA, the QCL shows
15 optically active modes separated by 2f,, (Figure 7f). At currents
larger than 270 mA, the laser does not behave as a comb over the
remaining current dynamic range.

The picture drastically changes when the polaritonic mirror is
integrated with the QCL, with the opposite coupling geometry (p-
polarization). The intermode beatnote map shows an individual
narrow (LW ~ 10 kHz) beatnote for I; < 270 mA, as shown in
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Figure 7c,d. A second beatnote (at 17.6 GHz) appears in a very
small current range (275-280 mA), just above the onset of laser
action of the second AR. This is a signature of the persistence
of a dual-comb operational regime, in which the two AR stacks
are individually locked in phase with slightly detuned intermode
frequencies, although not phase-locked together.

Then, for 280 mA < I; < 320 mA, the beatnote returns again
to be single and narrow (2.5-8 kHz) and a large number of lasing
modes (40), spectrally spaced at f,,, appear (Figure 7e); therefore,
the polaritonic mirror allows the laser to be driven from a har-
monic comb state (Figures 6¢) to a phase-stabilized FC. Corre-
spondingly, a visible intermode beatnote LW reduction down to
2.5 kHz at I; = 305 mA is detected (Figure 7g). This result is as-
cribed to the nontrivial response of the polaritonic mirror to the
amplitude modulation of the harmonic comb output. The optical
feedback from a simple reflector, such as the s-polarized grating
or a gold mirror is insufficient to compensate the single-mode in-
stability that drives the laser in the harmonic state. On the other
hand, the strong compensation of the GDD induced by the p-
polarized polaritonic mirror is capable of preventing the instabil-
ity from taking place. In this regime, simulations predict a visible
reduction of the GDD (see Figure S1b, Supporting Information).

Finally at I; = 320 mA, when the third stage of the AR
(centered at 3.0 THz) reaches the lasing threshold, the single
beatnote frequency abruptly shifts to 17.9 GHz, while still pre-
serving its narrow nature. For currents > 320 mA, the coherence
between the modes is lost and a broad beat note (LW > 100 MHz)
is observed, in agreement to what predicted by simulations (see
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Figure 7. Spectral characterization and intermode beatnote spectroscopy of the integrated laser system. a) RF beatnote map recorded as a function of
the driving current when the polaritonic mirror is positioned at the QCL back-facet in s-polarization. b) Beatnote LW for coupling under s-polarization.
The gray shaded area indicates the regime of stable comb operation. c) Beatnote LW for coupling under p-polarization; and d) corresponding beatnote
map. The comb operation is extended over the current range 270-320 mA. The transition from the lower FC current range (region 1) to the higher FC
current range (region I1) is marked by the presence of two narrow beatnotes at 17.3 and at 17.6 GHz (yellow shaded area, in panel (c)). e,f) THz spectra
recorded at Ty = 15 K, while driving the QCL in CW with a current of 305 mA for e) p- and f) s-polarization states. g) Stacked RF spectra measured while
driving the QCL in CW with a current of 305 mA for the p- (red trace) and s- (blue trace)polarization states. h) FTIR spectrum recorded in CW at I =

480 mA, while keeping Ty = 15 K.

the Supporting Information). The corresponding laser spec-
trum (Figure 7h) shows 80 optically active modes, covering a
bandwidth of 1.25 THz (2.3-3.55 THz).

Remarkably, the integration with the polaritonic mirror leads
to an overall increase of the comb dynamic range operation from
13% in the case of the bare laser to #30%, in full agreement with
that measured with laser A. As a common characteristic between
laser A and B, when coupling of the QCL back facet with a reflec-
tor having a frequency and light-intensity dependent reflectivity,
the optical power emitted by the integrated QCL comb increases
by 35% in both lasers, reaching a maximum value of 5.5 mW in
laser A and 8.1 mW in laser B.

4, Conclusions

In conclusion, we demonstrate that by engineering an ISB po-
lariton saturable absorber reflector, with dynamics considerably
faster than the gain recovery time of QCLs,!?”] and by coupling
it with broadband THz QCLs, stable optical FCs are generated,
characterized by narrow free running intermode beatnote LWs
(700 Hz) and up to 8 mW of emitted optical power, spread over >
40 teeth. We show that the polaritonic mirror behaves as a novel
and efficient dispersion compensator of the complex gain profile
of a heterogenous QCL. As a future perspective, the presented
ISB polaritonic mirror can be eventually electrically driven to
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exploit a further tuning of the GTI GDD via the quantum Stark
effect.

Further, as the polaritonic mirror can simultaneously act as a
saturable absorber mirror,[?’] our experimental results can poten-
tially open a path toward passively THz mode-locked microcavity
lasers in a monolithic single-chip design with wide implications
for: metrology, where laser excitation can match the energy levels
splitting of molecules and its pulsed nature can down-convert the
spectrum to the RF domain; ultrafast communications, where
THz frequency carriers are requested for high-bandwidth data
transfer; and, THz quantum optics, where high-power pulses can
drive molecular samples out of equilibrium.

5. Experimental Section

QCL Fabrication: The QCL was processed in a double-metal configu-
ration starting from Au—Au (400 nm/400 nm) wafer bonding via thermo-
compression on a highly doped GaAs carrier (or receptor) wafer. The bot-
tom highly doped GaAs contact layer was then exposed through a com-
bination of mechanical thinning and selective wet-etching, after remov-
ing the Al ;GagsAs etch-stop layer. The 17 pm thick AR was then de-
fined by dry etching in an inductively coupled plasma reactive ion etch-
ing facility. Dry etching allowed almost vertical sidewalls, which resulted
in uniform current injection and reduced lateral optical scattering. A
Cr(10 nm)/Au(150 nm) top contact was then defined by a combination
of optical lithography (SUSS MicroTec M)B4), thermal evaporation, and
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lift-off. The top contact was intentionally patterned narrower than the ridge
top surface, allowing thin nickel side-absorbers (setbacks) to be deposited
via optical lithography on the uncovered portion of the ridge surface, using
a laser writer (MicroWriter ML3 Durham Magneto Optics).["! The side-
absorbers were 5 pm wide and 5 nm thick for laser A, and 2 pm wide
and 5 nm thick for laser B. Laser bars were finally cleaved, mounted on
a copper bar with an indium-based thermally conductive adhesive paste,
wire bonded with an ultrasound wedge bonding and connected to high
frequency coplanar waveguides.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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