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ABSTRACT

Increasing the output power of semiconductor laser frequency combs, while maintaining a single-lobe far-field characteristic is of great inter-
est for mid-infrared sensing applications. Broadening of the ridge waveguide represents the most common approach for power scaling, how-
ever, the excitement of higher-order transverse modes often limits general applicability. Here, we demonstrate that the coherent control of
the longitudinal laser modes enables control over the transverse modes of a quantum cascade laser. Modulating the laser in a frequency range
606 3MHz above the free-running laser beatnote and applying modulation powers above 25 dBm provides reliable fundamental transverse
mode operation, observable as single-lobe, Gaussian-like characteristic in the recorded far-field. Furthermore, coherent comb operation for
both fundamental and higher-order transverse mode states is demonstrated.

VC 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0098474

The quantum cascade laser (QCL) has been established in a
diverse range of novel spectroscopy, sensing, and diagnostics applica-
tions as a reliable and compact source of coherent mid-infrared (MIR)
and terahertz light.1–4 Furthermore, QCLs possess a large resonant
optical non-linearity, which facilitates the spontaneous formation of
free-running optical frequency combs,5 rendering QCLs appealing as
broadband frequency rulers for metrology and spectroscopy.6,7 A
more refined insight intoMIR frequency comb formation mechanisms
has led to novel findings and advances in the field, including self-
starting harmonic frequency combs,8 frequency combs triggered by
phase turbulence,9 and the emission of dissipative Kerr solitons.10 The
ability to control and produce this wide variety of states on demand is
of utmost importance for potential applications. Radio-frequency (RF)
modulation of the laser driving current was proven to be of great use
to achieve this. Coherent RF injection locking of the laser repetition
frequency has enabled stable and robust Fabry–P�erot (FP) combs,11

switching between frequency-modulated (FM) and amplitude-
modulated (AM) synchronization states,12 active mode locking, the
emission of pulses,13–15 and significant spectral broadening.16,17 Based
on the manifold possibilities for tailoring of comb states in FP-QCLs

employing RF-modulation, the findings presented in this article can
further enhance the quality of comb operation in terms of perfor-
mance and most notably in combination with mode locking and spec-
tral broadening under high power RF-injection.

High performance and high output power remain one of the
main driving forces behind QCL development, and output powers up
to several Watt per facet have already been demonstrated.18–20 Besides
implementing laser arrays,21–23 one way to achieve this is by increasing
the QCLs ridge width. While combination of individual narrow ridge
QCLs can provide similar performance in terms of power, it is signifi-
cantly harder to achieve a frequency comb output for such configura-
tions. In comparison, increasing the ridge width of a FP-QCL enables
power scaling, while still providing the possibility for coherent comb
operation. However, broad ridges often lead to the excitement of
higher-order transverse modes, manifested as two or more separated
intensity lobes with minima in between that can be observed in their
far-field characteristic.24 This behavior is known to be undesirable for
many applications where a single-lobe fundamental mode is
favored.25–27 In this work, we investigate the impact of RF-modulation
on transverse cavity mode switching in a 12 lm wide ridge waveguide
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FP-QCL. In order to gain more insight into the supported transverse
cavity modes, we utilize a custom two-dimensional cavity mode solver
tool. The wet-etched QCL waveguide passivated using MOCVD InP
regrowth is implemented into the mode solver tool including the cor-
responding frequency-dependent effective refractive indices of the
QCL structure. The QCL ridge waveguide outlines are shown in Figs.
1(a) and 1(c), superimposed with the simulation results of the sup-
ported transverse mode profiles in the active region (AR). The simula-
tions indicate that the modeled cavity supports at least two transverse
modes. Most importantly here are the fundamental mode with a
single-lobe, and a second-order mode comprised of two lobes with an
intensity minimum in between. This is shown in Figs. 1(a)–1(c). The
repetition frequency frep, which is equal to the free spectral range of
the FP cavity, is calculated using the group refractive index given by

ngð�Þ ¼ neff ð�Þ þ � dneff ð�Þ
d� . Here, neff is the effective refractive index of

a simulated transverse mode and � is the optical frequency. By utiliz-
ing the calculated mode-specific ng, we find that the frep of the funda-
mental mode is located several MHz above the frep of the second-order
mode in the free-running laser as illustrated in Fig. 1(d). The numeri-
cal values of frep and ng obtained from the mode solver tool are shown
in Figs. 1(a) and 1(c).

For any laser that emits a coherent frequency comb, all evenly
spaced modes in the optical domain beat together and create a beating
at the difference frequency between the modes located at the FP cavity

round trip frequency that can be easily accessed in the RF domain.
This is the so-called laser beatnote. In our case, the two separated beat-
note frequencies associated with the two corresponding mode profiles
lead to the assumption that RF-modulation at the correct frequency
can be exploited to excite the fundamental mode in the cavity while
suppressing higher-order modes. The suppression of higher-order
transverse modes is proven to be advantageous for most applications.
A Gaussian beam shape facilitates an increased overlap of the mode
with the QCL’s active region, increasing lasing efficiency.
Furthermore, fundamental mode operation aids in increasing the
focusing quality of optical components and, thus, simplifies simulation
and design of more complex optical MIR systems.28,29 The ideal beam
characteristic would be represented by a diffraction-limited Gaussian
beam-shape.30 Given the importance of the far-field intensity charac-
teristic, different concepts and approaches for higher-order mode
suppression in high-power, broad-ridge waveguide QCLs have been
investigated and demonstrated successfully in the past. Examples
include tapered waveguide QCLs,31 corrugated sidewalls in broad area
devices,32 integrated planar horn structures,26 and the use of short
trenches to create lateral constrictions in the waveguide33 enabling
high-power operation while maintaining the desired Gaussian-like
single-lobe far-field characteristic. A downside to these methods, how-
ever, is the need for often complex processing techniques and special-
ized designs. In contrast, here we demonstrate an approach where any
device optimized for RF-modulation can be adapted easily for high-
power operation by just increasing the waveguide ridge width. The
desired single-lobe far-field operation is achieved simply by injecting
an RF signal at the repetition frequency of the fundamental transverse
mode. We experimentally confirm our hypothesis by employing the
setup illustrated in Fig. 2(a). In order to increase the efficiency of the
RF injection, the QCL waveguide is comprised of two electrically sepa-
rated top contacts: a longer gain section (mm range) and an additional
short modulation section (300 lm). The QCL is mounted epi-side up
on a copper submount and driven at a stabilized temperature of 16 �C.
The short modulation section is contacted with an RF-probe [see
Fig. 2(a)] and additional to the bias voltage, an RF-modulation signal
is superimposed using a bias-Tee. To evaluate the far-field characteris-
tic, a 200MHz VIGO MCT photodetector is mounted on a rotational
stage with the detector input located at a distance of 10 cm parallel to
the front facet of the laser. The photodetector output voltage is moni-
tored with a Keithley SMU for every step of the rotational stage over a
radial range from �50� to þ50� relative to the emission axis. An
experimentally recorded dual-lobe far-field characteristic of the free-
running QCL is shown in Fig. 2(b) for a gain section bias of 1250mA.
In order to determine the exact mode switching conditions, the detec-
tor remains parallel to the front facet of the laser [see inset on bottom
right in Fig. 3(b)] corresponding to the minimum of the dual-lobe far-
field state given in Fig. 2(a). As a first step, the position of the free-
running QCL beatnote, which corresponds to the dual-lobe state from
Fig. 2(b), is evaluated over the gain-section bias range of interest
(1150–1350mA). The recorded beatnote frequency varies from
12.214 GHz close to threshold (1150mA) to 12.189 GHz close to
roll-over (1350mA) as shown in Fig. 3(a) and the LIV characteristic in
the inset on the bottom left in Fig. 3(b) corresponding to a representa-
tive laser on the chip used for the far-field sweep. The DC-bias of the
modulation section was set to 64mA for all following measurements
to ensure frequency comb operation of the QCL, evident from the

FIG. 1. Simulation results: (a) and (c) show the intensities of the simulated transverse
modes overlapped with the QCL structure. The shape and dimensions of the active
region after wet etching of the QCL are illustrated. The waveguide supports the funda-
mental mode, observed as a single lobe in the far-field, and a higher-order mode,
observed as a dual-lobe far-field state. (d) Repetition frequencies calculated using the
resulting group refractive ng index obtained from the mode solver tool with a frequency
difference between the two repetition frequencies of several MHz. (b) Mode normal-
ized power plotted along the red and blue lines indicated in (a) and (c).
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stable and narrow beatnote signal over the entire gain section bias
range. The second step consists of sweeping the frequency of the mod-
ulation signal over a range from 12 to 13GHz around the free-
running laser beatnote frequency for every increment of the QCL gain
section bias. We show the MCT-PD output signal in Fig. 3(b), depend-
ing on the injected RF-modulation signal for each bias point. The inset
on the top right illustrates the change in detector signal in dependence
of the modulation frequency for one bias point along the white-dotted
line. An increase in signal, thus, indicates a shift toward the single-lobe
state in the far-field. We then use a peak-finding algorithm to find

both the position of the free-running beatnote and the maximum of
the PD signal under RF-injection indicating fundamental mode opera-
tion [red dots in the heatmaps of Figs. 3(a) and 3(b)] for every bias
point. The difference between the frequency of the free-running beat-
note and the evaluated RF-modulation frequency for single-lobe oper-
ation yields the mode switching frequency range. The range could be
pinpointed to 606 3MHz above the free-running laser beatnote of
the intrinsic dual-lobe state over the entire investigated lasing bias
range. This result is in good correspondence with the simulation
results predicting the repetition frequency for fundamental mode
operation above the repetition frequency of the free-running QCL
according to the group refractive index ng of the respective modes.
Plot (c) in Fig. 3 shows the recorded far-fields of the investigated QCL
for three different gain section bias points (1150, 1250, and 1350mA).
The black lines represent the far-field for the free-running laser. The
intrinsic dual-lobe, higher-order transverse mode is evident for all
three investigated bias points. Injecting an RF signal of intermediate
strength (15 dBm modulation power, indicated with the green line)
induces a transition state between the higher-order and fundamental
transverse mode, already hinting that we are on the right path.
Injecting a stronger signal (above 25 dBm depicted as red and blue
lines) clearly shows the desired single-lobe behavior of the fundamen-
tal transverse mode. The dual-lobe state is successfully suppressed by
the applied RF-modulation signal at the mode switching frequency.
An extended study on wider ridges and also other types of lasers is
ongoing. The main limitation of moving to even wider ridges is
imposed by thermal dissipation, which makes it necessary to investi-
gate broad lasers in epi-down configuration.

Another important metric used to characterize frequency combs
and their viability for sensing applications is their coherence. For this
purpose, we perform a Shifted Wave Interference Fourier Transform
Spectroscopy (SWIFTS) measurement34 of both the higher-order and

FIG. 2. Experimental setup: (a) THe two section FP-QCL is aligned onto a mercu-
rium cadmium tellurite (MCT) detector mounted on a rotational stage (RS) for analy-
sis of the far-field. The detectors DC output signal is monitored with a Keithley
Sourcemeter Unit (SMU) while rotating the stage. The QCL waveguide consists of
two electrically separated sections, a gain section and an RF-optimized modulation
section. Both sections are biased independently and an RF signal can be injected
additionally over a bias-tee (BT) into the modulation section. (b) Measurement of
the dual-lobe far-field of the free-running QCL without modulation recorded with the
setup given in (a).

FIG. 3. Transverse mode switching condition: (a) heatmap of the free-running QCL beatnote recorded with a spectrum analyzer while sweeping the bias of the gain section.
(b) Heatmap of the MCT-PD signal at the center position (see inset bottom right). The QCL gain section bias is swept from 1150 to 1350 mA corresponding to 50 mA above
lasing threshold up to roll-over at 1350mA (see LIV characteristic inset bottom left), while sweeping the modulation frequency from 12 to 13 GHz for every bias point. The red
dots in (a) and (b) indicate the results of the peak finding algorithm. The frequency of the position of the free-running QCL beatnote is subtracted from the modulation frequency
for maximum PD signal to obtain the mode switching frequency shown in the figure as 606 3 MHz above the free-running beatnote. (c) Recorded far-fields over a range
of6 50� around the center of the emission axis for no modulation applied (higher order transverse mode) and three different modulation powers (transition to fundamental
transverse mode) at three different gain bias points.
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fundamental transverse mode induced by RF-modulation. Figures 4(a)
and 4(b), therefore, show the recorded intensity spectrum and the
reconstructed SWIFTS spectrum of the QCL for the free-running case
(higher order transverse mode) in (a) and the case where RF-
modulation in the mode switching frequency range was applied (fun-
damental transverse mode) in (b) for a gain section bias of 1250mA
and modulation power of 32 dBm. From the identical envelopes of
both the intensity and SWIFTS spectra, one can infer that the QCL
operates in the frequency comb regime. The coherence of the state,
indicated by the stable equidistant comb modes, remains high after
applying RF-modulation. Thus, the laser is forced to emit a single-lobe
far-field, while retaining a high degree of coherence, both characteris-
tics which are highly appealing for sensing applications.

In conclusion, we have presented a reliable technique to provide
high-power broader ridge waveguide QCLs, which emit in the funda-
mental transverse mode state. The excitation of undesired higher-
order transverse modes is eliminated by employing RF-modulation.
The conditions for higher order mode suppression were evaluated
with a straightforward technique. We demonstrate an excellent single-
lobe far-field characteristic for modulation frequencies 606 3MHz
above the free-running laser beatnote for modulation powers exceed-
ing 25 dBm. Furthermore, we preserve coherently locked frequency
comb operation of the laser under modulation, rendering this tech-
nique suitable for power scaling of semiconductor laser frequency
combs.
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5N. Opačak, S. Dal Cin, J. Hillbrand, and B. Schwarz, Phys. Rev. Lett. 127,
093902 (2021).

6B. Bernhardt, A. Ozawa, P. Jacquet, M. Jacquey, Y. Kobayashi, T. Udem, R.
Holzwarth, G. Guelachvili, T. W. H€ansch, and N. Picqu�e, Nat. Photonics 4,
55–57 (2010).

7T. Udem, J. Reichert, R. Holzwarth, and T. W. H€ansch, Phys. Rev. Lett. 82,
3568 (1999).

8D. Kazakov, M. Piccardo, Y. Wang, P. Chevalier, T. S. Mansuripur, F. Xie, C. en
Zah, K. Lascola, A. Belyanin, and F. Capasso, Nat. Photonics 11, 789 (2017).

9M. Piccardo, B. Schwarz, D. Kazakov, M. Beiser, N. Opačak, Y. Wang, S. Jha, J.
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