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A hybrid integrated high-precision tunable semiconductor laser
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Abstract: Thin-film lithium niobate has become a promising platform for integrated photonics due to its outstanding
electro-optic and nonlinear properties. However, the development of on-chip tunable lasers, which is essential for a
plethora of applications ranging from optical communications and sensing to metrology and quantum technology,
remains limited. Current solutions fall short in either wavelength tuning range or precision, and frequently relies on
complex control strategy. Here, we demonstrate an integrated electro-optically tunable narrow-linewidth IlI-V laser,
achieving a tuning range of ~51.8 nm, an intrinsic linewidth of ~1.21 MHz, and high tuning precision of ~0.03 nm.
Specifically, our external cavity uniquely combines highly reflective Sagnac mirrors and a series of unbalanced inter-
ferometers which together offer a spectral response in favor of single-longitudinal-mode narrow-linewidth lasing
operation, evidenced by not only experimental demonstration but also insightful theoretical analysis.

Keywords: hybrid integrated laser; high-precision tuning semiconductor laser; thin-film lithium niobate

DOI: 10.29026/0ea.2026.250274 |

CSTR: 32247.14.0ea.2026.250274

Citation: Zhu YR, Fu BT, Fang ZW et al. A hybrid integrated high-precision tunable semiconductor laser. Opto-Electron Adv 9,

250274 (2026).

1 Introduction

Miniaturized wavelength tunable lasers of narrow linewidth,
wide tuning range and high tuning speed and efficiency are
highly in demand for a plethora of applications ranging
from optical communications and sensing to metrology and
quantum technology'~’. Thanks to the rapid development of
photonic integration technique, external cavities lasers
composed of photonic integrated circuits (PICs) and semi-
conductor optical amplifiers (SOA) provide a promising
solution to realizing compact and low power consumption
narrow-linewidth lasers. So far, most on-chip tunable laser
solutions that hybrid integrate SOA chips with PICs typi-
cally utilize one or two tunable, micro-ring resonators® 2.
However, limited by the free spectral range (FSR) and the
high out-of-band rejection ratio of micro-ring resonators, it
is generally difficult to attain laser tuning precision at the 0.1
nm scale. Achieving high-precision tuning across wide spec-
tra thus remains challenging.

Recently, low-loss waveguides, micro cavities and electro-

optic modulators based on thin-film lithium niobate
(TFLN)*-?® have been intensively investigated because
TFLN has prominent ultra-wide optical bandwidth and
ultra-high electro-optic efficiency”*. In this work, we
propose a unique tunable Sagnac loop reflector (TSLR)
based on TFLN composed of an unbalanced Michelson
interferometer (MI), unbalanced Mach-Zehnder interferom-
eters (MZIs) and Sagnac loop mirrors®*. By directly
butt-coupling TSLR with a C-band high-reflectivity semi-
conductor optical amplifier (RSOA), we construct a tunable
Fabry-Pérot cavity laser. The laser realizes a single-mode
output with a maximum on-chip power of 102.7 yW and an
intrinsic linewidth of ~1.21 MHz. The laser incorporates
both electro-optic tuning and thermo-optic tuning. This
combination achieves a wide tuning range of ~51.8 nm, with
the highest tuning precision of 0.03 nm and continuous
tuning range of ~3.5 pm. This design successfully realizes a
stable wide-range, high-precision, single-mode on-chip
tunable laser. Furthermore, we reformulate a theory of
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semiconductor lasers, which shed new light on hybrid inte-
grated high-precision tunable lasers.

2 Design and theoretical analysis
2.1 The design of hybrid integrated laser

As shown in Fig. 1(a), RSOA (AE5T315BY20P, Anritsu),
which provides the electrically pumped optical gain, is a C-
band single-angled facet gain chip incorporated with curv-
ing ridge waveguide and an anti-reflection coating to
suppress the reflection. On the other side, a reflection coat-
ing with approximately 95% reflectivity serves as an end
mirror of the F-P cavity. The TSLR is fabricated on an 800
nm thick TFLN substrates (800 nm thickness TFLN, 2 pm
thickness SiO,, and 525 pm thickness Si, NANOLN) using
the photolithography assisted chemo-mechanical etching
(PLACE) technique**. More technical details of PLACE
and the fabricated TFLN chip can be found in the Supple-
mentary Information.

Figure 1(b) illustrates the main architecture of our laser,
which consists of an RSOA and two TSLRs on TFLN. The
Sagnac loop reflector (SLR) are formed by connecting the
two output ports of the 2x2 3 dB couplers to create a loop
path. Here, we construct the 2x2 3 dB couplers simply with
directional couplers (DCs). When the two outputs beams
propagate through the loop, they both introduce a phase
delay. The two beams interfere upon passing through the

DC again. When two light beams generate the n/2 phase
shift and the coupling ratio of DC is 50:50*, almost all of the
light returns to the input waveguide so that the Sagnac loop
reflector can behave as a perfect reflecting mirror. The
reflection coating on the left end of RSOA and the Fresnel
reflection at the interface of RSOA and TFLN chip form a
low Q F-P cavity with an FSR of 0.2852 nm, providing a
coarse mode selection capability. On the other side, the two
TSLRs are in parallel and combined into a Michelson inter-
ferometer using a 3 dB DC. The Michelson interferometer is
intentionally designed to be unbalanced with a small length
difference of 100 um between the two arms. The two TSLRs
form two cavities with the interface of RSOA and TFLN
chip, respectively, featuring slightly different FSRs of 0.0283
nm and 0.0282 nm. Such configuration effectively results in
a Vernier effect that enables narrow-band mode selection
over a wide spectral range. The lower panel of Fig. 1(b)
shows the combined effect on mode selection of these three
cavities.

The TSLRs have a broad reflection bandwidth. The reflec-
tivity of the Sagnac loop reflector gradually decreases from
nearly 100% at 1550 nm to 95% at 1520 nm and 1580 nm.
For further improving the fine-tuning ability of our laser, we
add electrically-tunable MZIs and Michelson interferometer
into the main architecture of the external cavity. As
illustrated in Fig. 1(c), the laser beams returning from the
two TSLRs will pass through the two arms of the 100 pm
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Fig. 1 | Schematic view of the hybrid integrated laser. (a) Schematic view of hybrid integrated I1l-V laser based on TFLN. (b) Illustration of the Vernier effect

by calculating the FSR of the superposed resonances from TSLRs and RSOA. (c) lllustration of the interference superposition by calculating the transmission

of interferometers and reflectance of Sagnac loop reflector.
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unbalanced Michelson interferometer. In each arm of the
Michelson interferometer, the 30 um unbalanced MZIs is
inserted near the TSLR. The 100 um unbalanced Michelson
interferometer and 30 um unbalanced MZIs will give rise to
their characteristic transmission spectrum with modulation
periods of 16 nm and 40 nm, respectively. As a result, the
interference superposition provides a broad-range reflectiv-
ity modulation for the laser mode selection. By applying
electro-optic tuning or thermo-optic tuning to three unbal-
anced interferometers and Sagnac loop reflectors, we realize
a tunable on-chip laser with multi-scale wavelength tuning
capabilities, as we will demonstrate below in both experi-
ments and theory.

2.2 The mode competition calculation of hybrid
integrated laser

In the hybrid integrated F-P laser system, one mirror is
provided by the reflection coating on one side of the RSOA,
while the other one is determined by the TSLR that we
designed. The laser cavity size of on-chip lasers is much
smaller than that of conventional lasers, resulting in fewer
resonant modes. Therefore, we do not require extremely
sharp filtering to establish loss differences among all reso-
nant modes in on-chip laser systems.

In a multiple-longitudinal-mode semiconductor laser, the
rate equations for carriers under steady-state condition can
be approximated as:

N,-N

r
Ta

e
" <N;\1]’m — 1> N_ Nth,m +
where, N;, N and A,, represent the injected carrier density,
carrier density and mode loss, respectively. The constant a,
I represent the optical gain factor, the optical confinement
ra.
4’ VAL®
senting the spontaneous emission factor, in which V repre-
sents the active region volume. Ny, , represent threshold
carrier density, and the fundamental mode (m=0) achieves a
minimized threshold carrier density among all longitudinal

factor. The constant 3 takes the form ff = repre-

modes.
Under the congiition N; > Ny, the solution exists for

Nth,m 1 - 0
Do N >0 Ag illustrated in Fig. 2(a), ansatz

N = Ny, — &, € can be expressed as:
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The photon densities of different resonant modes S,, can
be expressed as:

nﬁeﬁNﬂ‘ao 1 _ nﬁeff 1
act  Npw — Npo+e  act (Nth,m 1)
N

1%

Sim

; 3)

where, T represents carrier lifetime, the constant ¢, n repre-
sent the speed of light in vacuum and the refractive index of
the medium.

So, the photon densities of different resonant modes are

Nth,m

determined by { 7~ ~ 1

. Therefore, when the optical

gain exceeds the minimum threshold, fundamental mode
effectively suppresses competing modes through gain
clamping effect. As illustrated in Fig. 2(b), the lowest thresh-
old results in the highest photon density and the limited
photons are redistributed to other modes. So, the single-
mode lasing will be triggered, as shown in Fig. 2(c). This
constitutes the fundamental mechanism of mode competi-
tion. In principle, mode competition and gain narrowing
originate from the same physical mechanism*. The resolu-
tion of mode competition can be quantified by utilizing Q
factors, spectral linewidths 8w and mode decay rate y as:

i 1
_Botiy  Sw 1

. 4
y y Q ®)

n=1
Hybrid integrated F-P resonators typically exhibit high Q-
factor, enabling the realization of mode threshold disparity
using filters with gradual spectral transitions, such as unbal-
anced interferometers. Deatailed calculations can be found
in the Supplementary information. As shown in Fig. 2(d)
and Fig. 2(e), we can calculate the cavity Q-factor by neglect-
ing external cavity transmission loss and coupling loss. By
applying a m-phase shift to the 30 um MZI and 100 um
unbalanced MI, the wavelength corresponding to the peak
Q-factor can be dynamically tuned 17 nm and 10 nm
through phase modulation, respectively. Instead, the limited
tuning range of a single unbalanced MZI can be substan-
tially extended through connecting two 30 um unbalanced
MZIs in parallel using non-commensurate 100 pm unbal-
anced Michelson interferometer. As demonstrated in Fig.
2(f) and Fig. 2(g), the wavelength corresponding to the peak
Q-factor can be tuned over 36 nm through cooperative
modulation achieved by simultaneously applying interre-
lated phase shifts to all unbalanced interferometers. Contin-
uous tuning of the wavelength corresponding to the peak Q-
factor can be achieved by applying fine phase adjustments to
the interferometers.

3 Results and discussion

In fact, it is known that the transmission loss and coupling
loss cannot be totally neglected, resulting in cavity Q-factor
degradation. Despite this, our laser still demonstrates high-
resolution Q-factor discrimination capability. The experi-
mental setup for characterization of the laser performance is
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Fig. 2 | Tuning demonstration of the hybrid integrated laser. (a) The threshold carrier density of different longitudinal modes. (b) Mode competition mech-
anism of semiconductor lasers. (c) The calculated result of triggered single-mode lasing. (d) The theoretical Q-factor modulation of the hybrid integrated F-
P resonator integrated with 30 um unbalanced MZI. (e) The theoretical Q-factor modulation of the hybrid integrated F-P resonator integrated with 100 um
unbalanced M. (f) Wide cooperative phase modulation of the two 30 um unbalanced MZIs in parallel using non-commensurate 100 um unbalanced M. (g)

Slight phase cooperative modulation of all interferometers.

shown in Fig. 3(a). When the 180 mA direct current is
applied to RSOA, the integrated laser demonstrates single-
mode operation at 1551.59 nm wavelength, as shown in Fig.
3(b), achieving a maximum on-chip power of 102.7 pW with
side mode suppression ratio of 39.65 dB. The intrinsic
linewidth of the laser is measured as 1.21 MHz using a self-
built delayed self-heterodyne interferometer as shown in Fig.
3(c), in which the frequency shift of the acousto-optic
modulator (AOM) is 100 MHz. As shown in Fig. 3(d), it is
observed that the laser can be stably operated without mode
hop for up to 30 minutes as measured using a wavemeter
(WS6-200, TOPTICA Photonics). By applying a DC voltage
(IPMP250-1 L, INTERLOCK, %30 V) to the MZIs and
Michelson interferometer as well as the Sagnac loop reflec-
tors respectively, a tuning range of laser wavelength of 51.8
nm is measured using an optical spectrum analyzer (OSA,
AQ6375B, Yokogawa), as shown in Fig. 3(e). Slight varia-
tions to the applied voltage enable tuning precision of ~0.16
nm, as shown in Fig. 3(f), and even higher precision of ~0.03

nm, as shown in Fig. 3(g). The tuning precision is ultimately
limited by the FSR of TSLR. The electro-optic tuning modes
are discrete resonant modes. Because the gain spectrum of
the RSOA and the reflectivity of the TSLRs are not symmet-
rically centered at 1550 nm, the symmetry of unbalanced
MZIs tuning is highly susceptible to disruption. As a result,
the actual tuning range exceeds the theoretically predicted
36 nm. To achieve continuous tuning of laser wavelength,
we conduct thermo-optic tuning on the Sagnac loop reflector.

While electro-optic tuning enables a broad tuning range,
achieving continuous tuning requires the use of thermal
tuning due to minimum tuning step of the DC voltage. As
shown in Fig. 4(a), We connect a thermal probe with a single
electrode on the right-handed side of Sagnac loop reflectors
as the heater. In this way, the thermal probe can efficiently
heat the gold electrode and in turn raise the temperature of
the Sagnac loop for wavelength tuning. Thanks to the excel-
lent thermal conductivity of gold, we realize localized ther-
mal tuning of Sagnac loop reflectors. This configuration of
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Fig. 3 | Multi-scale wavelength tuning capabilities. (a) Schematic view of laser testing system. (b) Single-mode laser at 1551.59 nm wavelength with a maximum
on-chip power of 102.7 uW and side mode suppression ratio of 39.65 dB. (c) The linewidth of 1.21 MHz is extracted by a self-built delayed self-heterodyne
interferometer. (d) Long term mode-hop- free operation of the laser measured using a wavemeter. (e) The laser exhibits a wide wavelength tunability of
51.8 nm, while the tuning range of DC voltage is =30 V to +30 V. (f) The precise tuning of ~0.16 nm scale. (g) The precise tuning of ~0.03 nm scale.

two electrodes enables heat to be conducted through the one
electrode to the other where it dissipates, effectively confin-
ing heat transfer within the Sagnac loop reflectors. Thermal
image (VCr580, Infra Tec) shown in Fig. 4(b) confirms that
no obvious temperature changes can be observed in MZIs
and Michelson interferometer. As illustrated in Fig. 4(c), a
continuous tuning range of ~3.5 pm can be achieved when
the electrode temperature is increased by ~5 °C through
probe heating. Throughout the heating process, we monitor
the laser with an OSA to ensure mode-hop-free operation.

4 Conclusions

In this work, we demonstrate an integrated TFLN/III-V
lasers based on TFLN, achieving a maximum on-chip power
of 102.7 uW at 1551.69 nm, an intrinsic linewidth of ~1.21
MHz, a tuning range of ~51.8 nm, a tuning precision of 0.02

nm and continuous tuning range of ~3.5 pm. Benefiting
from the linear electro-optic response of TFLN and the low-
loss TSLR based on TFLN fabricated by the PLACE tech-
nique, this unique external cavity can be effectively inte-
grated with RSOA to accomplish a wide-range, high-preci-
sion, single-mode on-chip tunable laser. Moreover, our
external cavity is exclusively built upon single-mode-waveg-
uide-based photonics structures, ensuring that the laser
beam only propagates in the fundamental mode within the
resonant cavity without interference from the higher-order
modes. This design significantly enhances the operational
stability of the lasers while offering wide system-level toler-
ance, thereby relaxing fabrication requirements. Further-
more, the reformulated theory of semiconductor lasers not
only provides design inspiration for hybrid integrated lasers
but also offers critical insights into on-chip self-injection
locked laser. Since the gain clamping effect does not relies
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Fig. 4 | Continuous wavelength tuning capability. (a) Schematic view of localized heating. (b) Thermal image of laser continuous tuning testing system. (c)
The maximum laser continuous tuning range of ~3.5 pm and whole process lasts ~150 s.

on the pumping mechanism, i.e., electrical pumping or opti-
cal pumping, our theory also provides theoretical guidance
for the design of rare-earth-ion-doped monolithic laser.
Lastly, the laser output power has significant potential for
further improvement. In our future work, we will design and
fabricate spot size converters (SSCs) to improve the coupling
efficiency between the RSOA and TFLN and between the
TFLN and output fiber, with the goal of achieving higher
output power and narrower intrinsic linewidth.
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