
Research Article Vol. 12, No. 7 / July 2025 / Optica 985

Continuously and widely tunable semiconductor
ring lasers
Johannes Fuchsberger,1,*,† Theodore P. Letsou,2,3,5,† Dmitry Kazakov,2,4

Rolf Szedlak,1 Federico Capasso,2,6,† AND Benedikt Schwarz1,2,7,†

1Institute of Solid State Electronics, TUWien, 1040 Vienna, Austria
2Harvard John A. Paulson School of Engineering and Applied Sciences, Harvard University, Cambridge,Massachusetts 02138, USA
3Department of Electrical Engineering andComputer Science,Massachusetts Institute of Technology, Cambridge,Massachusetts 02142, USA
4Currently at IMEC, Leuven, Belgium
5tletsou@g.harvard.edu
6capasso@seas.harvard.edu
7benedikt.schwarz@tuwien.ac.at
†These authors contributed equally to this work.
*johannes.fuchsberger@tuwien.ac.at

Received 19 February 2025; revised 10 June 2025; accepted 11 June 2025; published 9 July 2025

Tunable semiconductor lasers are indispensable for applications ranging from spectroscopy to telecommunications,
yet achieving continuous, mode-hop-free tuning across broad frequency ranges in a compact, robust device remains
challenging. Here, we present a ring-array quantum cascade laser (QCL) architecture that combines the single-mode,
smooth tuning of distributed feedback lasers with an extended tuning range greater than 10 cm−1, all within a compact
chip-scale format. Our ring-array laser employs multiple small, independently addressable ring QCLs. These rings, cou-
pled to a shared bus waveguide, have different radii, resulting in distinct lasing frequencies. This configuration enables
multi-ring spectral sweeps with stable emission facilitated by unidirectional lasing. In contrast to traditional tunable
lasers, our device achieves mode-hop-free tuning over broad bandwidths, is resilient under high levels of optical feed-
back, and supports beam combining for broadband spectral coverage, resulting in a combined tuning range of 33 cm−1

from three different rings. This versatile platform offers a pathway for scalable, compact spectroscopic sources, with
potential applications across the mid-infrared and beyond. © 2025 Optica Publishing Group under the terms of the Optica

Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.559884

1. INTRODUCTION

Tunable lasers play a pivotal role across a wide range of applications,
from spectroscopy to telecommunications. The ability to precisely
adjust a laser’s output wavelength is essential for precision mea-
surements, high-resolution imaging, and efficient communication
systems [1–3]. The market for tunable lasers has grown dramati-
cally since their advent in 1966 [4], and they are now commercially
available across a range of gain media and laser configurations, such
as gas lasers, fiber lasers, optical parametric oscillators (OPOs),
and semiconductor lasers [5–9]. Despite the extensive variety of
tunable lasers, a fundamental trade-off persists between the tuning
range and tuning accuracy; achieving continuous tuning over a
broad frequency range remains challenging.

This limitation highlights the unique advantage of tunable
semiconductor lasers, which excel in compactness, broad wave-
length accessibility (spanning from the visible to the terahertz
range), and high output power—often reaching watt-level emis-
sions [10–16]. Tunable semiconductor lasers are typically designed
in one of four primary configurations [17]. For brevity, we will
limit our discussion to two main geometries. The first is the

distributed feedback (DFB) configuration, where a periodic grat-
ing is fabricated along the laser ridge [18]. This grating provides
frequency-selective optical feedback, amplifying a single wave-
length in the gain medium while suppressing all others. Tunability
is achieved by adjusting the laser’s drive current or its temperature.
The second configuration is the external cavity setup, where a
rotating diffraction grating reflects a single wavelength into the
laser cavity, causing it to lase. The reflected wavelength is tuned by
mechanically adjusting the angle of the grating [19].

Each type of tunable semiconductor laser has its advantages and
disadvantages. On the one hand, DFB lasers require complicated
fabrication protocols and can only tune a small amount around
their center wavelength. For example, commercially available DFB
lasers can often only provide a tuning range of∼3− 6 cm−1 [20].
This narrow tuning range can be compensated for by coupling
multiple DFB lasers together on-chip and combining their output
with free-space or integrated light multiplexers [21–23]. On the
other hand, they tune without mode hops, making them excel-
lent mid-IR sources for probing narrow absorption features, and
go-to sources for telecommunication applications. External cavity
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Fig. 1. Ring-array laser. (a) Shows the geometry of a single ring laser element. The laser consists of four straight sections of length d , connected by four
quarter circles of radius r . Here, d = 50 µm and r spans from 260 to 220 µm, for this particular chip. (b) Shows a microscope image of an example ring-
array laser. Each ring is connected together through a bus waveguide. The bus waveguide is separated by an air gap of 1 µm along the straight section of the
ring lasers. (c) Shows a light–current–voltage (LIV) curve for an example ring with an output power exceeding 0.5 mW. (d) Three ring QCLs from a single
array span over 1 THz of optical bandwidth without mode hops around a center wavelength of 8 µm. Each ring (r = 260, 230, and 220 µm) is tuned by
increasing its bias current as shown by each y axis. This tuning is compared with that of a commercial external cavity QCL (only a small subset of the tun-
ing range is shown) and a commercial distributed feedback (DFB) QCL in (e), both of which emit on the order of 100 mW in continuous-wave operation at
room temperature. The ring-array laser displays mode hop-free tuning over three times the spectral bandwidth of the DFB QCL. Small side modes present
in the spectral sweeps are a result of artifacts in the FTIR.

configurations are also difficult to fabricate but provide much
larger tuning ranges compared to DFB gratings, often exceeding
hundreds of cm−1 [24]; however, they require mechanically mov-
ing parts and are often susceptible to mode hops. The mechanical
grating can be replaced by two photonic integrated double-ring
mirrors acting as a Vernier feedback filter [25,26]. This allows one
to achieve broad tuning ranges without the need for mechanically
moving parts. Despite this, these so-called “Vernier tunable lasers”
are still susceptible to mode hops.

In this work, we introduce a novel type of tunable semiconduc-
tor laser that combines the smooth tunability of the DFB laser over
an extended spectral range, while preserving the chip-scale foot-
print and straightforward fabrication of a simple edge emitter. Our
device comprises multiple small ring lasers, each with a distinct
radius, all coupled to a common bus waveguide fabricated from
the same quantum cascade laser (QCL) active material [27–31]. A
cartoon schematic of a ring element in the ring-array laser is shown
in Fig. 1(a), where r is the radius of the ring, and d is the length of
the straight section connecting to the bus waveguide. Each ring
has a slightly different perimeter (see Section I in Supplement 1),
resulting in a unique lasing wavelength for each ring, which can
be smoothly tuned over a range of 10 cm−1 by adjusting the laser
bias. This results in a combined mode hop-free tuning range of
over 33 cm−1 (∼1 THz) over three rings in our ring-array laser.
This tuning range is on par with multi-section DFB lasers without

the need to fabricate a unique grating along the active region of
each laser or a specially designed arrayed waveguide grating. The
single-mode emission is ensured by the unidirectional operation
of the ring lasers, which prevents the formation of a gain grating.
Furthermore, parametric single-mode instabilities—commonly
known to destabilize single-mode lasing in QCLs—are avoided by
fabricating small rings with free spectral ranges (FSRs) outside the
parametric gain bandwidth [32,33]. The unidirectional operation
of our laser chip maintains a stable wavelength output even under
intense optical injection (Pinjected = 75 mW) onto the laser facet.
Finally, our design is modular; ring lasers can be operated individu-
ally or simultaneously, which allows us to combine the output of
several rings into one beam emitted from one facet.

2. FREQUENCY TUNING OF THE RING-ARRAY
LASER

An example ring-array laser is shown in Fig. 1(b). The device
comprises five ring QCLs, each with a distinct radius r ranging
from 220 to 260 µm and a coupling section of 50 µm. Each ring
radius satisfies the round-trip lasing condition with a unique
wavelength close to the peak of the gain. This design allows us
to span a large portion of the QCL gain bandwidth by changing
the ring size (see Section II in Supplement 1). Our ring QCLs are
fabricated using a dry-etch process and show excellent performance
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with epitaxial side-up mounting on copper submounts. Separate
electrical contacts are fabricated for each ring QCL and the bus
waveguide. This flexibility allows us to partially reduce the optical
loss of the bus waveguide, which is approximately 1.5 cm−1 [34],
(or amplify the light emitted from the rings) through electrical bias
(see Section III in Supplement 1). A single-ring QCL is capable
of emitting up to 0.5 mW of optical power in continuous-wave
operation at room temperature [Fig. 1(c)] when the bus wave-
guide is biased to 300 mA. The low-threshold QCL wafer used
in this initial demonstration (J th ∼ 1 kA cm−2 at 8 µm) provides
a wide dynamic range of bias. A typical ring tunes >10 cm−1

from threshold to rollover. Sequentially biasing three rings allows
us to smoothly sweep >33 cm−1 of optical bandwidth (ring
1 : 8.87 cm−1 266 GHz, ring 2 : 14.81 cm−1, 444 GHz, and ring
3 : 13.16 cm−1, 395 GHz) with minimal spectral overlap between
each ring, only 2.89 cm−1, as shown in Fig. 1(d).

For a direct comparison with commercially available QCL-
based tunable lasers, we used an external cavity QCL that emits at
8 µm (DRS Daylight Solutions, ECQCL) and a DFB QCL that
emits at 10 µm (Thorlabs, DFB), with all comparisons made in
spectroscopic wavenumbers (cm−1). Figure 1(e) shows a spectral
sweep of the ECQCL and a spectral sweep of the DFB on the left
and right sides of the figure, respectively. The ECQCL is capable
of tuning >200 cm−1 around its gain peak by adjusting its grat-
ing angle (only a small subset of the full spectral sweep is shown
here; the full spectral sweep can be found in the supplemental
materials of [34]), but has discontinuities in spectral tuning due to
mode hops. The commercial DFB QCL, on the other hand, tunes
smoothly with bias current, but only over ∼4 cm−1. The output
of a single ring in our ring-array laser can tune without mode hops
over a greater spectral range than the DFB QCL. The broader
tuning range of the grating-free rings is partially attributed to their

lower losses compared to DFB lasers, which allow them to lase over
a larger temperature range, approximately 153 K (see Section I
in Supplement 1). However, we should note that state-of-the-art
DFB QCLs have integrated heaters fabricated adjacent to their
active cores, extending their tuning ranges to over 12 cm−1 [35].

The main difference between our ring-array laser and other ring
QCLs is the method of light emission. Most compact ring QCLs
are either surface emitting [36,37] or substrate emitting [38,39].
On the other hand, our ring-array laser is facet-emitting through a
bus waveguide [27], permitting beam-combining. In addition, the
ability to bias our ring-array laser in continuous-wave operation
results in a stable frequency output over time [40,41]. In contrast,
other demonstrations of surface-emitting ring QCLs often exhibit
frequency chirping during the duration of a pulsed bias [42].

3. BEAM COMBINING

Traditional tunable lasers emit a single wavelength at a time. In
contrast, the modularity of ring-array lasers enables multiple rings
to operate simultaneously, with each ring having independent
electrical contacts for individual or concurrent biasing. Single-
facet emission of multiple laser colors is achieved by combining
beams from each ring into a single bus waveguide using evanes-
cent directional couplers along straight sections of the lasers [27].
Similar beam-combining techniques have been employed in tun-
able lasers to combine the outputs of multiple DFB QCLs using
passive waveguides [43] or active Y-couplers [44]. The bottom
three plots of Fig. 2(a) show the normalized power spectral density
(PSD) measured for three different rings (190, 210, and 220 µm)
under a single bias condition. As expected, each ring emits at a
different wavelength due to variations in their radii. The top plot
of Fig. 2(a) displays the PSD of the ring-array laser with all three

Fig. 2. Beam combining in the ring-array laser. (a) The ring-array laser can be operated either individually, with a single ring laser active at a time, or col-
lectively, with all rings operating simultaneously. The bottom three plots show the normalized power spectral density (PSD) of three individual rings in the
ring-array laser (190, 210, and 220µm). The top plot displays the laser spectrum when all three rings are operated simultaneously, demonstrating that each
ring’s wavelength remains stable regardless of emission from neighboring rings. This stability enables multi-ring spectral sweeps, as shown in (b). Here, two
rings (220 and 250µm) are biased from 150 to 450 mA, causing both to sweep spectrally at the same time.
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Fig. 3. Feedback-insensitive tuning of the tunable source. (a) Shows the setup used to experimentally characterize the stability of our ring-array laser. An
external cavity QCL (ECQCL) serves as a powerful seed laser injected into the facet of the waveguide of the ring-array laser. The power of the seed laser is
controlled by adjusting the relative orientations of a polarizer–analyzer pair. A beam splitter is used to simultaneously measure the output spectrum of the
ring-array laser as a function of bias while injecting the seed laser. (b), (c), and (d) show spectral sweeps of the ring-array laser for seed injection powers of 25,
50, and 75 mW, respectively, both of which are labeled with a dashed white line. The spectral sweep of the ring-array laser remains identical regardless of seed
power.

rings biased simultaneously. Although the rings lase at slightly dif-
ferent wavelengths, compared to individual operation because of
small ring-to-ring coupling through the bus, they maintain similar
spectral profiles measured from a single facet of the bus wave-
guide. The ability to combine the output of multiple rings into a
single waveguide enables multi-ring spectral sweeps. Figure 2(b)
shows a heat map of the PSD measured from two rings as their
bias currents are simultaneously swept from 150 to 450 mA,
from below their lasing thresholds to near their thermal rollovers.
Each ring tunes >10 cm−1 independently during the current
sweep without destabilizing in the presence of emissions from
the other ring. This beam-combining effect can be used to probe
multiple absorption lines simultaneously—without switching
the source—enabling fast, broadband spectroscopy. In particular,
wavelength-modulation spectroscopy (WMS), which requires
continuous tuning over a narrow absorption feature [45], stands to
benefit significantly from the ring-array laser’s broad, multi-color
tuning. Furthermore, spectroscopy using the ring-array laser may
provide an alternative to dual-comb spectroscopy, a technique
commonly implemented using QCL-based frequency combs [46].

4. FEEDBACK INSENSITIVITY

A key difference between the ring-array laser presented here and
other types of tunable semiconductor lasers is its unidirectional
mode of operation. Tunable lasers that use Fabry–Perot bars as
a gain section are inherently bidirectional, with the laser field
propagating in both directions along the cavity. This bidirectional
behavior significantly impacts laser emission, often resulting
in a multi-mode spectral output due to the formation of a gain
grating within the cavity in the absence of a frequency-selective

grating. Another consequence of bidirectional behavior is an
increased sensitivity to optical feedback, leading to mode desta-
bilization and increased intensity noise in DFB lasers [47–49]. In
principle, external isolators or feedback control mechanisms can
suppress feedback effects to maintain stable operation; however,
isolation optics are often bulky and can reduce output power in
laser systems, especially in the mid-infrared spectral range where
transmissive optics are less readily available compared to telecom
wavelengths. In contrast, the unidirectional nature of the ring-
array laser naturally mitigates feedback sensitivity, eliminating the
need for feedback-control optics. Any back-reflections or external
signals re-entering the cavity through the bus waveguide travel
in the opposite direction of the lasing field and, therefore, do not
couple to or destabilize the laser field [50].

We perform a simple injection experiment, as shown in
Fig. 3(a), to demonstrate the stability of our ring-array laser under
high levels of optical injection. Light from an ECQCL, referred to
as the seed laser, resonant with the emission wavelength of the ring-
array laser, is injected into the facet of the ring-array laser through
a beam splitter. The power of the seed laser is controlled using a
polarizer–analyzer pair, while we measure a spectral sweep of the
ring-array laser. Back-reflected light from the seed laser off the facet
of the bus waveguide enables simultaneous spectral acquisition of
both the seed laser and the ring-array laser. Figures 3(b)–3(d) show
heat maps of the PSD of both lasers as a function of ring current
under three levels of optical injection (25, 50, and 75 mW, respec-
tively). The ring-array laser tunes smoothly over 5 cm−1 regardless
of the power of the seed laser, even when the seed laser and the
ring-array laser are fully resonant with each other. Interestingly,
back-reflections from the waveguide facet begin to destabilize the
seed laser, as indicated by the spectral jitter in the seed laser line.
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This demonstrates that the ring-array laser could be an ideal source
for heterodyning, as its spectrum remains single-mode and stable
under high amounts of optical injection. In stark contrast, other
sources used for spectroscopy, such as QCL frequency combs based
on Fabry–Perot geometries, suffer catastrophic optical feedback,
collapsing their outputs to a single frequency [51].

5. CONCLUSION AND OUTLOOK

We introduced a tunable semiconductor laser source that com-
bines broad spectral coverage (over 33 cm−1) without mode hops.
The ring-array laser is ideally suited for mid-infrared applications
such as multi-line gas spectroscopy—for example, wavelength-
modulation spectroscopy of CO2 and CH4—and can also support
free-space links in the 3–5 µm window via wavelength-division
multiplexing, all emitted from a single facet.

The ring-array laser is remarkably stable under high amounts
of optical injection, tuning identically under 75 mW of resonant
injection as it does under no optical injection, which makes it
an excellent candidate for heterodyne or multi-heterodyne mea-
surements. In practice, one can operate more than three rings at
once—limited only by the number of low-noise current drivers and
the chip’s thermal management—to further extend the spectral
coverage without significant additional complexity.

The integrated bus waveguide, which connects each ring in the
ring-array laser, serves as both a method for beam combining and
amplification, enabling facet emission of multiple laser frequencies
simultaneously. Importantly, all components of our ring-array laser
can be defined using a single photolithography step, without the
need for a feedback grating using e-beam lithography. As a result,
the ring-array laser is highly compatible with wafer-scale fabrica-
tion [52]. Furthermore, several engineering improvements can be
easily implemented in the ring-array laser with little change in the
fabrication protocol. Antireflective facet coatings and epi-down
mounting for added thermal dissipation can lead to higher output
powers, while S-shaped cross arms with Y-junctions can be utilized
to enforce the lasing directionality of each ring [53]. Finally, while
our initial demonstration uses a QCL active region operating
at 8 µm, we believe the ring-array laser is agnostic to the center
emission wavelength and even the type of the semiconductor gain
medium. The ring-array laser geometry can be transferred to other
semiconductor platforms, such as interband cascade lasers, quan-
tum well lasers, and quantum dot lasers, extending the spectral
coverage of the ring-array laser beyond the mid-infrared.
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