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We demonstrate dispersion compensation in mid-infrared quantum cascade laser frequency combs emit-
ting at 7.8 µm using the coupling of a dielectric waveguide to a plasmonic resonance in the top cladding
layer of the latter. Devices with group velocity dispersion as low as -40 fs2/mm were fabricated and nar-
row beatnotes with a FWHM linewidth below 1 kHz were measured on the whole operation range. The
optical output power reaches 275 mW and the optical spectrum spans 60 cm−1. The multi-heterodyne beat-
ing spectrum of two devices was measured and spans 46 cm−1, demonstrating the potential of dispersion
engineered waveguides for the fabrication of highly stable and reliable quantum cascade laser frequency
combs with high output power across the mid-infrared. © 2017 Optical Society of America
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Quantum cascade lasers [1] (QCLs) are wavelength-agile
semiconductor devices. Unlike quantum-well semiconductor
lasers, QCLs have the flexibility to operate at any wavelength
within a broad spectral range in the mid- to far-infrared. After
years of active development, multi-watt level output powers at
room temperature [2–4] as well as high efficiency [5, 6], low con-
sumption [7] and broad tuning ranges [8, 9] are available across
the whole mid-IR. Because of these unique features QCLs have
become one of the most used light sources in the mid-infrared.
Recently, it has been demonstrated that QCLs can operate as
frequency combs (FCs) both in mid-infrared [10, 11] and THz fre-
quencies [12, 13] and their usability in dual-comb spectroscopy
setups has been demonstrated [14, 15]. These hold the promise
of high resolution and high sensitivity spectrometers with no
moving parts. Thanks to the cascading scheme of the QCL mul-
tiple active region can be heterogeneously stacked in a single
waveguide and yield ultra-broadband lasers. The gain of QCLs
can therefore reach 10% of the central wavelength. However,
FC operation of QCLs is typically limited to a small portion of
the dynamic range of the laser. For large optical spectrum spans
the combs have the tendency to be destabilized and to enter
the so called high phase noise regime [16]. Nevertheless, it was
recently shown that the performances of QCL FCs can be im-
proved by compensating their dispersion using Gires Tournois

effect. Multi-layer dielectric coatings (GTI) were deposited di-
rectly on the lasers back facets [16]. The coated devices featured
a low group velocity dispersion (GVD) and frequency comb op-
eration was observed on the complete dynamic range. However,
the fabrication of high quality GTI coatings is challenging since
due to the optical absorption of the materials used they overheat
and burn. These are therefore incompatible with high optical
output power and alternative solutions are required.

In this work we investigate how the dispersion of QCLs can
be controlled by waveguide engineering. Similar work has been
done in the past in the field of optical fibers in order to obtain
zero dispersion fibers for telecommunication applications. For
example, designing an optical fiber based on a triple clad index
profile allowed to take advantage of the coupling of the core and
ring modes of the fiber in order to achieve wideband dispersion
slope compensation [17]. At 7.8 µm the GVD of InP is positive
[18] the waveguide GVD should therefore be made negative
in order to compensate for the material dispersion. However,
a standard narrow ridge waveguide naturally has a positive
GVD due to the increasing leakage of the optical mode into the
waveguide sidewalls for longer wavelengths [19]. In this work
we use a plasmon-enhanced waveguide. In such a waveguide
the active region is placed between two low doped InP bottom
and top claddings. In the last layer of the top cladding the
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doping is increased in order to shift the plasma frequency close
to the laser frequency. The high decrease of the refractive index
in this layer has the effect to increase the confinement of the
fundamental mode and decrease optical losses associated with
the metallic top contact of the device [20]. The design of the
waveguide used is detailed in Table 1.

Material Thickness Doping Refractive index

Au 0.3 µm 50

InP 0.4 µm 1e19 cm−3 1.3

InP 0.5 µm 5e18 cm−3 2.4

InP 0.4 µm 1e17 cm−3 3.08

InP 2.0 µm 2e16 cm−3 3.09

InGaAs 0.25 µm 3e16 cm−3 3.44

Active region 2.3 µm 3.35

InGaAs 0.2 µm 3e16 cm−3 3.44

InP 2.5 µm 2e16 cm−3 3.09

InP Substrate 4e18 cm−3 2.54

Table 1. Schematic vertical cross section of laser structure
waveguide. The refractive indices are computed at the laser
central frequency: 1250 cm−1.

The profile of the fundamental mode (at the lasing frequency:
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 waveguide can also
guide a surface plasmon mode. The profile of the plasmon mode
(at the frequency: 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).

In order to study how the coupling of these two optical modes
influences their dispersion, their effective refractive indices were
computed as a function of the optical frequency for various top
cladding thickness (T = 1.0 to 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 pro-
portional to the overlap factor between the fundamental mode
and the highly doped InP layer (red area). This reflects on the
dispersion. When the top cladding thickness is reduced, the cou-
pling of the modes is increased 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 to tune the dispersion
of the fundamental mode of the waveguide.

A QCL with an active region based on a single stack double-
phonons QCL design emitting at 7.8 µm was grown. The band
structure of the device is reported in [21]. The device was pro-
cessed 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. The gain and the dispersion of the device were mea-
sured 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 Fig. 2 (a) and (b). The
waveguide dispersion was computed taking into account the
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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 indicates the top cladding layer and the blue area
indicates the active region. (b) and (c) 2D profile of the plas-
mon and fundamental mode. (d) Effective refractive index of
both the plasmon and fundamental modes as a function of the
optical frequency for a top cladding thickness 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).

materials dispersion [18] while the gain induced dispersion was
computed using Kramers-Kronig relation from the experimental
gain curve. The total GVD is displayed on Fig. 2 (b) and shows
a good agreement with the measured value). At 1250 cm−1 the
measured GVD is -40 ± 150 fs2/mm confirming the low dis-
persion of the fabricated device. The uncertainty was deduced
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comparing three subsequent measurements.

(b)

(a)

Fig. 2. Measured gain (a) and GVD (b). The gain induced dis-
persion was computed using Kramers-Kronig relation from
the gain curve and added to the computed waveguide dis-
persion (red curve). At 1250 cm−1 the measured GVD is -40
fs2/mm (blue curve). The shaded area indicates the measured
frequency span of the FC.

The output power of the device was then measured as a
function of current for heatsink temperatures ranging from -20
◦C to 50 ◦C. It reached up to 275 mW at -20 ◦C as shown in
Fig. 3 (a). Comb operation was characterized. The beatnote
frequency was measured with a resolution bandwidth (RBW)
of 200 Hz varying the heat-sink temperature from -20 ◦C to 10
◦C for various currents and is displayed in Fig. 3 (b). The beat
frequency tunes with temperature (1.5·10−3 GHz/K) and current
(9.7·10−2 GHz/A) as shown in Fig. 3 (b). This corresponds to

a tuning rate of the group index of 1
ng

dng
dT = 10−4 K−1 which

is higher than the tuning rate of the effective index in QCLs
1

ne f f

dne f f
dT = 8 ·10−5 K−1 [22]. This allows to approximate the

tuning rate of the carrier envelope frequency of the QCL FCs to
0.8 GHz/K.

The optical spectrum of the device was measured using a
FTIR. At -20 ◦C and for a current of 750 mA an optical frequency
span of up to 60 cm−1 was measured. The spectrum is displayed
in Fig. 4 (a). The corresponding RF spectrum was measured with
a RBW of 200 Hz. The spectrum displayed in Fig. 4 (b) shows a
FWHM of 690 Hz which suggests comb operation of the QCL.

In order to demonstrate the capabilities of the fabricated de-
vices for dual-comb spectroscopy, the multi-heterodyne beating
spectrum [15] of two of the devices was measured. The heatsink
temperature was set to -15 ◦C and the lasers current optimized
in order to maximize the span of the multi-heterodyne beating
spectrum. The first laser (FC1) current was set to 782 mA and
the second laser (FC2) current to 697 mA. The mixed optical
beam was focused on a MCT detector, recorded using an oscillo-

(b)

(a)

(b)

Comb Regime

Single mode Regime

-20 C

50 C

Fig. 3. (a) Current-voltage-light characteristics of the laser
in CW for different submount temperatures. (b) Recorded
beatnote frequency as a function of operating current and
submount temperatures. The beat frequency is tuning with
temperature (1.5·10−3 GHz/K) and current (9.7·10−2 GHz/A),

corresponding to a tuning rate of the group index of 1
ng

dng
dT =

10−4 K−1.
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Fig. 4. (a) Optical spectrum measured for a current of 750 mA
at a heatsink temperature of -20◦C. An optical frequency span
of up to 60 cm−1 is measured. (b) Corresponding RF spectrum.
A beatnote with a FWHM of 690 Hz is measured with a RBW
of 200 Hz.

scope and Fourier transformed at a repetition rate of 10 kHz. 93
modes are observed on the multi-heterodyne beating spectrum
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displayed in Fig. 5 (b). As the comb free spectral range is approx-
imately 0.49 cm−1, this corresponds to an optical bandwidth of
46 cm−1. The FWHM of one line is 400 kHz, which corresponds
to a temperature or current drift of approximately δT = 0.26 K or
δI = 4 mA respectively.
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Fig. 5. (a) Optical spectrum of FC1 for a current of 800 mA and
FC2 for a current of 700 mA. (b) and (c) The multi-heterodyne
beating spectrum of the two FCs measured spans 46 cm−1 and
has a FWHM of 400 kHz.

To conclude, by taking advantage of the dispersion of plas-
mon resonances we were able to engineer the dispersion of
mid-infrared QCL FCs. The fabricated devices have a very low
GVD and no high phase noise regime was observed. This leads
to comb operation in significantly wider range of currents and
temperatures. In particular, an output power of 275 mW was ob-
tained for an optical frequency span of up to 60 cm−1 at 7.8 µm.
Finally, the capability of the devices for dual comb spectroscopy
was demonstrated by measuring the multi-heterodyne beating
spectrum of two devices which covers a span of 46 cm−1.
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