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ABSTRACT
Quantum cascade lasers (QCLs) have emerged as promising candidates for generating chip-scale frequency combs in mid-infrared and ter-
ahertz wavelengths. In this work, we demonstrate frequency comb formation in ring terahertz QCLs using the injection of light from a
distributed feedback (DFB) laser. The DFB design frequency is chosen to match the modes of the ring cavity (near 3.3 THz), and light from
the DFB is injected into the ring QCL via a bus waveguide. By controlling the power and frequency of the optical injection, we show that combs
can be selectively formed and controlled in the ring cavity. Numerical modeling suggests that this comb is primarily frequency-modulated
in character, with the injection serving to trigger comb formation. We also show that the ring can be used as a filter to control the output
of the DFB QCL, potentially being of interest in terahertz photonic integrated circuits. Our work demonstrates that waveguide couplers are
a compelling approach for injecting and extracting radiation from ring terahertz combs and offer exciting possibilities for the generation of
new comb states in terahertz, such as frequency-modulated waves, solitons, and more.

© 2023 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/10.1063/5.0173912

I. INTRODUCTION

Integrated chip-scale frequency combs have diverse appli-
cations, including communication,1 frequency synthesis,2 optical
ranging,3 and gas spectroscopy.4–9 In the terahertz (THz) and mid-
infrared (MIR) regions, the primary compact source for generating
frequency combs is the quantum cascade laser (QCL).10–12 While
QCLs do not easily form pulses due to their short gain recovery time,
other kinds of combs, such as frequency-modulated (FM) combs,
still readily form.12,13 Within a Fabry–Perot QCL cavity, fast gain
dynamics lead to strong spatial hole burning,14,15 and the asymmetry
of the field at the facets gives rise to phase potentials. This nonlinear-
ity is balanced by the cavity dispersion, and this balance enables the
generation of phase-coherent FM combs.15–17

An alternativemethod for generating frequency combs involves
the use of an integrated QCL ring, which could potentially
offer additional advantages due to the lack of strong coupling
between fields traveling in counterpropagating directions. Addi-
tionally, rings’ integrated natures and potential for dissipative Kerr
soliton generation make them particularly intriguing. Dissipative
Kerr solitons are ultra-short pulses capable of propagating through
a dispersive, nonlinear medium while retaining their shape and
amplitude.18–20 The generation of solitons relies on a delicate bal-
ance between dispersion, Kerr nonlinearity, parametric gain, and
cavity loss.18,21 Recently, THz QCL ring frequency combs have been
demonstrated using both defect14 and defect-free cavities.22 In a cav-
ity with defects, the ring resonator still produces spatial hole burning
(SHB) due to a reflection point within the defect. On the other hand,
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in a defect-free cavity, the absence of SHB, combined with anoma-
lous group velocity dispersion, enables the generation of solitons in
ring QCL microresonators.23

All these configurations utilize the ring QCL by itself without
the need for external pumps. This letter discusses another approach,
incorporating an integrated external source on the chip. We demon-
strate that by injecting the microresonator externally, a broadening
of the ring spectra is observed, which is consistent with comb forma-
tion. Additionally, a bus waveguide is included to facilitate light cou-
pling in and out of the microresonator, resulting in improved power
extraction. Although our experiment did not reveal any cavity soli-
ton formation and primarily shows FM comb formation, this design
topology has the possibility of generating solitons using schemes
similar to those employed in the mid-infrared regime.18,24–26 Addi-
tionally, we demonstrate that the ring can be used to selectively filter
the output of the DFB, which could be useful for mode selection on
multimode devices.

II. DESIGN
Figure 1(a) provides an overview of the fabricated device struc-

ture, consisting of three key components: an integrated external

pump in the form of a distributed feedback (DFB) laser, a bus
responsible for coupling with the ring QCL, and the ring itself.
All three parts are fabricated on the same QCL gain medium,
a GaAs/AlGaAs heterostructure, which is designed to offer gain
within the frequency range of 2.5 to 4 THz. The DFB laser is biased
above its threshold to ensure efficient coupling into the bus and
effective pumping of the microresonator. In contrast, the bus is
biased at or slightly below the threshold, allowing it to act as highly
transparent waveguides rather than active media. The DFB laser
is designed to lase at 3.29 THz and is configured as a first-order
DFB,27 ensuring appropriate coupling into the bus. Simulation of
the device’s eigenmodes was carried out using a commercial finite
element method (FEM) solver (COMSOL). The DFB was fabri-
cated with a periodicity of 13.5 μm, with each section measuring
6.75 μm. Figure 1(b) presents the simulated eigenmodes. The lowest
loss eigenmode obtained in our design corresponded to a frequency
of 3.29 THz, representing the second (asymmetric) lateral mode.

Ensuring the proper coupling of light between the bus and the
microresonator is of utmost importance. This is achieved through
careful design considerations and simulations. Specifically, a con-
sistent 2 μm gap between the distributed feedback (DFB) laser and
the bus is maintained, with the coupling validated through FEM

FIG. 1. (a) Optical image of the device, with insets showing close-up scanning electron microscopy (SEM) images of the structure. (b) Eigenmode analysis results of the
distributed feedback (DFB) laser showing simulated mode profiles of both even and odd modes. The lowest-threshold mode appears at 3.29 THz. (c) and (d) Variation of the
ring-to-waveguide coupling as the distance between the bus and the ring is adjusted. (c) Coupling from the second-order lateral bus mode to the second-order ring mode.
(d) Coupling from the second-order lateral bus mode to the first-order ring mode. (e) Corresponding transmission of a field at resonance. Critical coupling at 3.3 THz occurs
at a distance of 3 μm. (f) Calibrated light–current–voltage (LIV) characteristics of the ring. (g) Calibrated LIV curve of the DFB.
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simulations. Additionally, coupled mode theory simulations28 are
employed to assess the coupling between the ring and the bus,
exploring the impact of different distances on the degree of light cou-
pling into the microresonator. Various configurations are devised
to achieve different critical coupling points based on the round-trip
loss of the resonator. In the presented study, Fig. 1(e) demonstrates
the simulation results, indicating critical coupling at a distance of
2.6 μm between the bus and the ring. Notably, in the specific device
demonstrated, the distance is set at 2 μm, resulting in an over-
coupling. By appropriately biasing the bus and microresonator, we
possess the flexibility to adjust the round-trip loss according to
our needs. At threshold, the quality factor (Q) of the resonator
becomes essentially infinite due to gain clamping. Figures 1(f) and
1(g) present the light–current–voltage characteristics of the ring and
the DFB, respectively, as measured using a calibrated detector. The
calibrated power curve provides important insight into the power
extraction efficiency of our bus waveguide structure. Because our bus
is kept below threshold, some of the ring power is lost in transit, and
only 120 μW is observed outside the bus. The maximum power of
the DFB is considerably smaller, only 14 μW, implying that the cou-
pling between the bus and DFB is limited. In this work, comb states
were observed for injected DFB power levels of around 10 μW and
ring cavity power levels of 70 μW (outside the cavity).

In addition to proper coupling, another crucial factor is the
resonance matching between the DFB laser mode and the mode
of the ring. Compared with mid-infrared QCLs, THz QCLs offer

much less tuning, as the same change in index results in a lower
change in frequency. For these DFB lasers, only several hundred
MHz of tuning were available. To ensure this resonance was aligned
and effectively coupled into the microresonator, we fabricated mul-
tiple devices with slight variations in the ring radius. Experimental
evidence demonstrated successful light coupling into the microres-
onator when the modes were matched appropriately. However, one
downside of this approach was that rings have large areas when com-
pared with Fabry–Perot lasers, so sweeping the ring radii consumed
a significant amount of area on the chip. This necessitated the use of
lower-diameter devices. This makes direct detection of the beat note
difficult in these structures.

III. RESULTS
In our device, when the DFB laser is activated and the bus

is maintained slightly below its threshold, we observe a comb-like
broadening of the ring spectra. We decided to experimentally verify
the proper coupling of light to the ring. To this end, we conducted
tuning experiments by varying the ring bias while keeping the DFB
bias constant. Throughout the measurements, the bus was held at a
threshold, and the light was collected from the output facet of the
bus. The presence of a resonant dip in transmission through the bus
indicates successful light coupling into the resonator, as shown in
Fig. 2(a). We repeat this experiment for different DFB biases and
normalize the output by dividing it by the DFB laser power when

FIG. 2. (a) Normalized output light power collected from the bus as the ring bias is swept up to its threshold. Each curve corresponds to different DFB biases, while the bus
is held constant at slightly below its threshold. The DFB and ring modes are matched in this device, leading to a noticeable dip in transmission through the bus. (b) Same
experiment conducted on a different device, where the modes of the DFB and the ring are further apart. Unlike in (a), no dip in transmission through the bus is observed.
This indicates that the coupling between the DFB and ring modes is not as effective in this device due to the larger separation between the modes. (c) Spectrum of the
DFB and ring individually (i.e., when the other device is not on). A difference of 15 GHz is observed. Note that the spectra are taken with different resolutions. (d) Beat note
map between the DFB mode and ring mode as the DFB is swept. (e) Tuning of the observed DFB laser frequency, both from the heterodyne beat note and from the optical
spectrum. Both show a similar trend with a similar tuning coefficient.
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the ring is off. The results reveal a decrease in coupled light as the
DFB bias increases.

We also perform a similar experiment on another device where
the modes are further apart. In this case, no dip in transmission
is observed, except for minor variations within the experimental
noise range for different DFB biases. Figure 2(c) displays the spec-
trum of the DFB mode and the ring modes, obtained individually
with the other section turned off while the bus is biased. The modes
exhibit a relatively close separation of 15 GHz, with the DFB peak at
3.284 THz and the ring peak at 3.269 THz. However, we were unable
to resolve each peak when both were on. To better understand the
difference between the mode lines, we examine the heterodyne beat
note between the DFB and ring, as measured using a bias tee off the
ring. Figure 2(d) presents the beat note map, where we vary the DFB
bias while keeping the ring bias constant at 104 mA. As evidenced
by the beat note frequencies, the modes progressively separate as the
DFB bias current increases. This observation is consistent with the
transmission data, which shows reduced light collection from the
bus output at higher DFB biases.

Importantly, our experimental results reveal a clear trend of
increasing separation between the DFB and ring modes as the DFB
bias current is tuned to higher values. This trend is supported by
both the beat note frequencies and the transmission data, indicat-
ing reduced light coupling into the bus output with higher DFB
biases. It is noteworthy that the beat note experiment provides a
more accurate representation of the mode separation compared to
the individual spectrum data, as it allows simultaneous observation
of both modes. The observed linear trend in both the beat note and
spectrum experiments further confirms the gradual shift between the
two modes.

Figure 3(a) displays the spectrum of the device output. The ring
is maintained at a constant bias of 104 mA while the bus is held
at threshold. The output spectra are presented as the DFB bias is
varied from 30 to 35 mA. Figure 3(b) illustrates the corresponding
mode difference between the ring and DFBmodes. In the absence of

FIG. 3. (a) Output spectrum of the ring as the DFB is turned on and swept. The
ring spectrum broadens as DFB light is injected, with additional changes occurring
as the DFB bias is swept. (b) Corresponding beat note between the DFB and ring
modes. As the DFB is detuned from the ring, fewer modes are generated.

injection, the ring operates in a single mode, as depicted in Fig. 2(c).
However, in the presence of the pump, we observe a broadening
of the ring spectrum. The highest-bandwidth spectrum is obtained
when the modes are closest together. As the modes move further
apart, a smaller number of modes are observed to be lasing. The
broadest bandwidths occur at low injection powers (around 10 μW
from the DFB, as measured externally), whereas much more power
is present in the ring (around 70 μW).

A common method to verify the formation of a comb out-
put is by measuring the beat note on a fast detector.11,29 A narrow
beat note and low phase noise usually indicate comb formation,
although additional coherence measurements are usually needed to
verify this.30 However, due to the high mode spacing of this design
(required by the sweep), we were unable to perform this experiment
on the current device. Instead, we used a superresolution approach
to analyze the peak data in the spectrum, zero-padding the interfer-
ogram and fitting a parabola to each individual peak to determine
the position of the mode peaks to an uncertainty smaller than the
instrument resolution.31 While this approach cannot resolve peaks
that are separated by less than the instrument resolution, it can find
the centroid to a precision determined by the signal-to-noise ratio.
Figure 4(b) presents the peaks of each mode, and Fig. 4(c) shows
the difference in frequency between each pair of modes. All of the
difference frequencies agree with each other within the error, with
the exception of the peak that corresponds to the combined DFB and
ring mode. Since the DFB mode and ring modes cannot be resolved
in this way, the calculation yields a difference that differs from the
others by around 2.5 GHz. This value is essentially a combination

FIG. 4. (a) Output spectrum when the DFB is biased at 30 mA and the ring is biased
at 104 mA. (b) Observed peaks of each mode in the spectrum. (c) Difference
frequency between each successive mode. The difference frequencies are all in
agreement, except at the frequency where the DFB is injected (and both spectra
are contained within the peak).
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of the two signals and is consistent with the observed heterodyne
beating.

IV. THEORY AND DISCUSSION
To gain further insights into the process of comb formation in

ring QCLs, we conducted extensive numerical simulations of our
structure. Similar simulations32 have previously been undertaken in
both mid-IR33–35 and THz QCL14,22 studies to enhance our compre-
hension of the underlying dynamics of QCL systems. In this particu-
lar investigation, we utilized a master equation formalism previously
derived from a two-level Maxwell–Bloch formalism.15,36,37 Essen-
tially, the idea is to replace the full Maxwell–Bloch equations in
the adiabatic limit (expanding in ∂/∂t). The result is that light in
the cavity is described by a pair of equations for the forward and
backpropagating waves (A±) as

(
1
vg

∂

∂t
±

∂

∂t
)A± = [

i
2
k′′(ω0)

∂2

∂t2
−
αω
2

+
g0
2
(L(−i

∂

∂t
) −

1
Psat
(∣A±∣2 + 2∣A∓∣2)

−
1
Psat
((2T1 + 3T2)

∂A∗∓
∂t

A∓ + (T1 +
5
2
T2)

× (A∗∓
∂A∓
∂t
+ A∗∓A∓

∂

∂t
+ A∗±A±

∂

∂t
)

+ (T1 +
3
2
T2)A±

∂A∗±
∂t
))]A±,

(1)

where the first line contains dispersion k′′(ω0) and waveguide loss
(αw), the second contains the line shape of the gain medium L(ω)
and the effect of gain saturation (which reduces the small signal gain
g0 in proportion to the saturation intensity Psat), and the last lines
contain the five first-order terms resulting from the beating of the

FIG. 5. Numerical simulation of the injected ring QCL based on two-level master equations. (a) For a ring initialized with a sufficiently flat field in the forward direction, only
CW light is generated. (b) A similar effect happens in the reverse direction, demonstrating bistability. (c) When the field is initialized with a sufficiently varying field, a comb is
instead produced. This comb has a mix of amplitude and frequency modulation. Alternatively, this state can be triggered using optical injection. (d) Experimental spectrum of
a low-injection comb from Fig. 4(e) table of parameters for simulations. The small-signal gain (g0) was chosen to be 20 cm−1 above the threshold, and the coupling efficiency
θ was chosen to be 50%. (f) Effect of sweeping the power of the injected light on the comb, demonstrating a low-injection regime where comb operation is triggered, a
moderate injection regime where the bandwidth is reduced, and a high-injection regime in which the spectrum becomes multimode. (g) Representative spectra of these three
regions, showing spectra at 0, 5, and 17 μW of injection, respectively.
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gain grating, which in turn depends on the respective upper state
and dephasing times of T1 and T2. In this formalism, injection and
out-coupling are controlled through boundary conditions using the
coupling θ [computed in Fig. 1(c)]. Note also that in QCLs, the pres-
ence of ultrafast carrier lifetimes often leads to asymmetric gain in
the active region,38 which is modeled using a linewidth enhancement
factor22 incorporated into the small-signal gain (g0 → g0 + iα). The
last line couples forwards- and backwards-propagating waves and is
responsible for FM comb formation in Fabry–Perot lasers. However,
in rings, the coupling between forward- and backward-traveling
waves is weak and can only occur by light escaping the system and
reflecting within the lossy bus waveguide. As a result, light in one
direction will generally dominate, leading to bistability. Figures 5(a)
and 5(b) show the impact of initialization on the field. When the
field is initialized to a CW wave in the forward direction (and no
light is injected), the ring produces only a CW wave in the for-
ward direction. Similar behavior holds true for CW light initialized
in the backward direction. This essentially occurs because cross-
saturation occurs at twice the strength of self-saturation, promoting
one direction at the expense of the other.

In fact, there is additional multistability present. This structure
actually predicts the formation of comb states in lasers even without
injection, primarily controlled by initialization. Such a state is shown
in Fig. 5(c), which is initialized with non-CW light and eventually
evolves to a stable comb state with both FM and AM characteristics
[simulation parameters are given in Fig. 5(e)]. As it is still unidi-
rectional, it can be modeled by dropping the counterpropagating
terms from themaster equations and leaving only the self-steepening
terms. If T2 ≪ T1, this can be further simplified as

(
1
vg

∂

∂t
±

∂

∂t
)A± = [

i
2
k′′(ω0)

∂2

∂t2
−
αω
2
+
g0
2

× (L(−i
∂

∂t
) −

1
Psat
∣A±∣2 +

T1

Psat

(A∗±A±
∂

∂t
+ A±

∂A∗±
∂t
))]A±. (2)

For mid-IR rings QCLs, the self-steepening terms are negli-
gible, as the gain recovery time T1 is typically very short. In this
case, there has been significant theoretical interest since the result-
ing equation is essentially a complex Ginzburg–Landau equation
(CGLE), and injection leads to effects such as the formation of soli-
tons and Turing rolls.33–35 However, for THz QCLs, the situation
is quite different, as the gain recovery time is considerably longer.
In this case, these dynamics cannot be neglected. In fact, these
terms actually dominate in these systems, leading to the produc-
tion of a novel type of frequency-modulated combs (with significant
amplitude modulation resulting from gain curvature). This state is
distinct from the FM states present in Fabry–Perot lasers, where the
FM nature comes from cross-steepening at the facets. It is nonlin-
early chirped, resulting in one side of the spectrum rolling off faster
than the other, consistent with our measurements. The dynamics of
these systems merit significant theoretical investigation, as the self-
steepening present in lasers is inherently large compared with that
of passive materials, and new effects can arise that are not present
in other laser systems. Moreover, unlike passive resonators, ring

lasers can abide high out-coupling losses—in fact, this is desirable
for power extraction.

To investigate the role of the injection, we show in Figs. 5(f) and
5(g) the effect of sweeping the injected signal power on the comb
formation. At very low injection powers, the comb is unchanged
from the free-running comb that can be present without injec-
tion. This suggests that the broadening that occurs when the DFB
is turned on comes primarily from the perturbative effect of the
injection, shifting the free-running CW state into the comb state.
As injection power is increased, the comb begins to narrow, con-
sistent with the measurements, and beyond 7 μW of injection, the
comb instead enters an incoherent multimode regime, no comb is
formed, and the multimode spectrum narrows and becomes chaotic.
(At even higher injections, the DFB completely saturates the gain
medium and generates a CW output that merely reflects the injec-
tion itself.) Furthermore, analytical investigation is needed to fully
understand the scaling laws underlying comb formation in this cou-
pled QCL system. Although an analytical theory for ring QCLs has
yet to be developed when self-steepening is included, it is likely the
case that the dynamics can be governed by a generalized nonlin-
ear Schrödinger equation with a phase potential (as in the case of
Fabry–Perot FM combs).

While in this work, we focus on the merits of this structure
for comb formation, it has prospects beyond this behavior. For
example, as we showed in Fig. 2(a), the presence of the ring cou-
pled to the bus waveguide can be used to make frequency-selective
filters, potentially of value in future terahertz photonic integrated
circuits. Additionally, such a structure could, in principle, be used
to implement nonlinear elements, primarily by exploiting the non-
linear properties of the ring.39 Future efforts will primarily focus
on optimizing the device design to expand the DFB tuning range
and minimize the need for sweeping, facilitating smaller free spec-
tral ranges and enabling direct measurements of the intermode beat
note. Additionally, although the bus in this system is lossy, we esti-
mate that as much as 25% of the incident injected light could reflect
off the end facet and be reinjected into the ring in the backward
direction, creating unwanted spatial hole burning that is difficult to
model. Although the backscattered light experiences higher losses
due to the increased cross-saturation, it could be suppressed even
further through the use of tapes or inverse-designed facets40 that
could lower the reflectivity.

V. CONCLUSION
In this work, we presented a device designed to investigate

comb formation in a ring terahertz quantum cascade laser system.
The device consists of three components, all fabricated from the
same QCL material. The DFB laser is used to inject a single-mode
frequency into the ring QCL, and a long bus waveguide facilitates
the coupling of light from the DFB laser to the microresonator and
enables efficient light extraction at the output facet. Our results con-
firmed the broadening of the ring spectrum and the emergence of
additional lasing modes upon injection of light from the DFB laser.
Although direct beat note measurements were not feasible in this
work, the observed broadening of the ring spectra and the agreement
in the difference frequencies between the modes strongly indicate
the formation of a frequency comb. The conducted numerical sim-
ulations also exhibit moderate agreement with the observed data.
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Given appropriate design and development, these structures hold
the potential to be a flexible platform for generating a variety of
comb states.
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Schwarz, and F. Capasso, “Semiconductor ring laser frequency combs with active
directional couplers,” arXiv:2206.03379 (2022).
40U. Senica, S. Gloor, P. Micheletti, D. Stark, M. Beck, J. Faist, and G. Scalari,
“Broadband surface-emitting THz laser frequency combs with inverse-designed
integrated reflectors,” APL Photonics 8(9), 096101 (2023).

APL Photon. 8, 121302 (2023); doi: 10.1063/5.0173912 8, 121302-8

© Author(s) 2023

 14 D
ecem

ber 2023 21:37:02

https://pubs.aip.org/aip/app
https://doi.org/10.1126/science.aad4811
https://doi.org/10.1364/ol.30.002909
https://doi.org/10.1109/5.104225
https://doi.org/10.1038/nphoton.2014.85
https://doi.org/10.1038/nphoton.2014.85
https://doi.org/10.1364/oe.23.001190
https://doi.org/10.1038/nphoton.2014.279
https://doi.org/10.1063/5.0134539
https://doi.org/10.1063/5.0134539
https://doi.org/10.1103/physrevlett.126.173903
https://doi.org/10.1515/nanoph-2020-0409
https://doi.org/10.1016/j.chaos.2021.111537
https://doi.org/10.1364/oe.445570
https://doi.org/10.1038/s41586-020-2386-6
https://doi.org/10.1103/physrevlett.127.093902
http://arxiv.org/abs/2206.03379
https://doi.org/10.1063/5.0163337

