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ABSTRACT 

Chip-scale optical frequency combs (OFCs) enable integrated solutions for various applications among optical communications, 
LiDAR, spectroscopy, and radio frequency signal generation. Among integrated OFC platforms, III-V semiconductor mode- 
locked lasers provide gigahertz repetition rates but often suffer from limited power and tunability due to narrow driving current 
ranges. Hybrid integration with thin-film lithium niobate (TFLN) has been explored to address these limitations, but previous 
III-V/TFLN mode-locked lasers exhibited narrow spectral widths, constrained by gain bandwidth and cavity dispersion. This 
work demonstrates broadband III-V/TFLN integrated actively mode-locked lasers at the telecom band, leveraging a broadband 
multiple-quantum-well reflective semiconductor optical amplifier (RSOA). A mode-locked laser with a high-reflectivity TFLN 

mirror generates a 45-nm-span spectrum with a 10-dB bandwidth of 19.1 nm and a beat-note contrast exceeding 60 dB, while 
another laser with a low-reflectivity RSOA output facet achieves an off-chip output power of 26 mW with a 10-dB bandwidth 
of 11.4 nm. Numerical simulations based on the Haus’s master equation and the generalized nonlinear Schrödinger equation 
confirm the role of slight inhomogeneous gain in supporting stretched-state pulse solutions and overcoming dispersion-limited 
spectral narrowing. This work demonstrates outstanding spectral performance and provides a promising route toward broadband, 
high-power OFC sources for integrated photonic applications. 
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 Introduction 

ptical frequency combs (OFCs), consisting of a series of evenly
paced and coherent spectral lines, serve as a stable and precise
ridge between optical and radio frequencies (RF). Since their
mergence, OFCs have demonstrated transformative potential
n a wide range of fields, including optical communication [ 1–
 ], optical frequency synthesizers [ 4, 5 ], ranging [ 6–8 ], comb
pectroscopy [ 9, 10 ], astronomical detection [ 11, 12 ], integrated
hotonic computing [ 13, 14 ], and the generation of ultrastable
icrowave signals [ 15, 16 ]. Recent progress in integrated photonic
2026 Wiley-VCH GmbH 
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platforms has enabled the realization of chip-scale OFC sources.
In comparison with conventional tabletop comb systems, inte-
grated solutions offer substantial improvements in compactness,
power consumption, and stability, which significantly enhance
the potential for the practical deployment and large-scale imple-
mentation of OFCs in a wide range of applications such as
navigation and remote sensing [ 17 ]. Moreover, optical micro-
combs typically operate at repetition rates ranging from gigahertz
to terahertz, far exceeding those of conventional counterparts,
which makes them uniquely suited for applications like optical
communications [ 18 ]. 
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reat
s chip-scale OFCs advance from proof-of-concept demon-
trations to practical application deployment, their spectral
haracteristics have become key determinants of system per-
ormance, particularly in high-capacity optical communication
nd microwave photonic systems, where the comb’s spectral
andwidth directly influences the number of usable channels
s well as the frequency achievable in RF signal generation
nd processing. Consequently, the realization of stable mode-
ocked integrated OFCs with spectral spans ranging from tens to
undreds of nanometers has become a pivotal research frontier
n integrated photonics. 

ntegrated OFCs can be realized through two main technological
pproaches: Kerr frequency combs rely on nonlinear optical pro-
esses in high-Q microresonators, which typically require high
ump power and complex soliton-trapping dynamics [ 19 ]. Chip-
cale ultrafast mode-locked lasers, which integrate mode-locking
echanisms within the cavity to directly generate gigahertz-
epetition-rate pulse trains with intrinsically equidistant comb
pectra, offer an alternative approach to integrated OFCs. In
articular, owing to their higher output power and greater
ntegration level compared with Kerr microcombs, chip-scale
ode-locked lasers demonstrate remarkable potential for power-
ntensive applications such as dense wavelength-division multi-
lexing and optical interconnects [ 20–23 ]. III-V semiconductor
ain media have been widely adopted in integrated mode-locked
asers due to their high optical gain and high saturation power.
arly work centered on monolithic multi-section III-V devices
hat realized passive mode locking via an integrated saturable-
bsorber section, which was typically an active region operated
nder reverse bias [ 24 ]. With the pursuit of higher performance
nd the continuous advancement of fabrication technologies,
ybrid integration has become a major topic of investigation. III-
 gain chips have been integrated with external cavities based
n a variety of low-loss platforms such as silicon [ 25–28 ], silicon
itride [ 29–32 ], and other material systems through approaches
ncluding direct growth [ 25, 27 ], butt-coupling [ 30 ], and micro-
ransfer printing [ 29, 31 ]. Researchers have demonstrated low-
oise mode-locked lasers enabled by external-cavity feedback
 28–31 ]. Although passive mode locking remains the most widely
mployed strategy [ 33 ], its stable operation is typically confined
o a narrow window of driving current and reverse bias voltage,
hich inherently limits the tunability and output power of
ntegrated mode-locked lasers. 

ecently, hybrid integration platforms combining reflective semi-
onductor optical amplifiers (RSOAs) with thin-film lithium
iobate (TFLN) have attracted significant interest, as they lever-
ge the high gain of RSOAs along with the efficient electro-optic
odulation capability of TFLN to provide ideal conditions for
ctively mode-locked laser operation [ 34, 35 ]. An electrically
umped actively mode-locked laser based on an RSOA and an
xternal TFLN cavity has been demonstrated, generating optical
ulses with a repetition rate of approximately 10 GHz and a
entral wavelength around 1065 nm [ 34 ]. Nevertheless, the optical
pectrum has been limited to approximately 5 nm due to limita-
ions in the gain bandwidth and cavity dispersion. The spectrum
an be broadened by exploring the Kerr effect in a ring resonator
ith feedback locking, enabling a ∼ 45-nm-wide mode-locked
icrocomb, but this requires precise dispersion engineering of
he waveguide and complex electrical feedback control [ 35 ]. 
of 11
In this work, we report hybrid III-V/TFLN phase-modulated
mode-locked lasers that achieve broadband spectral coverage
and high fiber-coupled power. Our design leverages the intrinsic
coexistence of homogeneous and inhomogeneous gain in a broad-
band InGaAsP multiple-quantum-well (MQW) RSOA to access
a stretched-state solution predicted by Haus’s master equation
(HME). By integrating the RSOA with the TFLN chip through a
spot-size converter, we demonstrate two complementary cavity
configurations to achieve broadband optical spectra and high
output power. The mode-locked laser with LN-side output (LN-
MLL) employs high-reflectivity mirrors on both the TFLN chip
and the RSOA chip to realize broadband comb generation, while
the mode-locked laser with RSOA-side output (RSOA-MLL)
incorporates a low-reflectivity output mirror on the RSOA chip to
enhance off-chip power. These designs optimize the performance
of integrated III-V/TFLN actively mode-locked lasers and reveal
the significant potential of broadband mode-locked lasers for
applications in data communications, LiDAR, and spectroscopic
sensing. 

2 Principles 

The mode-locking mechanism of the phase-modulated mode-
locked laser is depicted in Figure 1a . When the phase modulation
frequency is matched to the free spectral range (FSR), the
sidebands of each longitudinal mode generated through phase
modulation can be efficiently injected into adjacent modes,
enabling intermodal phase synchronization and resulting in a
periodic pulse train in the time domain. Phase-modulation-
induced spectral broadening is ultimately limited by the gain
bandwidth, establishing a frequency-domain equilibrium that
supports the generation of a stable mode-locked laser. In the
absence of dispersion and nonlinearity, pulses can form at either
of the two extrema of the modulation cycle, and experimen-
tal observations have shown that the mode-locked pulse train
randomly switches between the two temporal locations [ 36 ].
The opposite directions of instantaneous frequency variation
introduced by the phase modulator at the two extrema result
in pulses with opposite chirp signs. In the presence of cavity
dispersion, the same chirp sign from the dispersion and the phase
modulation leads to pulse stretching, whereas an opposite chirp
sign results in pulse compression. The pulse in the stretched state
exhibits a broader optical spectrum but experiences greater loss
due to gain filtering, causing the laser to preferentially operate
in the compressed state, where the spectrum is narrower, and
the loss is lower [ 37 ]. However, when an inhomogeneous gain
distribution exists, frequency-selective amplification can provide
higher net gain for the broader-spectrum laser, enabling the
stretched state to become a new steady operating point. In this
section, we verify this behavior through theoretical analysis and
numerical simulations. 

When nonlinear effects are neglected, the dynamic evolution of
a phase-modulated mode-locked laser can be described by HME
[ 38, 39 ], which is expressed as: 

𝑇R 
𝜕 𝐴( 𝑇 , 𝑡) 

𝜕𝑇 
=
[ 
𝑔( 𝑇) − 𝑙 + (𝐷g + 𝑖𝐷)

𝜕2 

𝜕𝑡2 
± 𝑖𝑀 cos (𝜔m 

𝑡) 

] 
𝐴( 𝑇, 𝑡) 

(1)
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FIGURE 1 (a) Schematic and mode-locking mechanism of the phase-modulated mode-locked laser. (b) 10-dB spectral bandwidth and (c) temporal 
duration of the pulses in the compressed state within a normal-dispersion cavity when M = π, fm = FSR = 6.8 GHz, l = 0.98. (d) 10-dB spectral bandwidth 
and (e) temporal duration of the pulses in the stretched state within a normal-dispersion cavity when M = π, fm = FSR = 6.8 GHz, l = 0.98. 
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ere, TR denotes the round-trip time of the laser cavity. g ( T ) repre-
ents the gain coefficient, and l represents the loss coefficient. Dg
 g /( πΔfg )2 accounts for the gain dispersion, where Δfg denotes
he 3-dB gain bandwidth. D represents half of the round-trip
roup delay dispersion (GDD) of the cavity. M = πVpp /Vπ denotes
he modulation depth of the phase modulator. ωm 

= 2 πfm 

is the
ngular frequency of the phase modulation. A ( T,t ) describes the
volution of the pulse envelope as a function of the slow time
 ≫ TR and the fast time t ≪ TR . 

ssuming a steady-state solution in the form of a chirped
aussian pulse, the analytical expression for the 10-dB spectral
andwidth Δf10-dB of the mode-locked laser can be derived as
ollows: 

Δ𝑓10 − dB = 

√
2 ln 10 

𝜋

⎡ ⎢ ⎢ ⎢ ⎣ 
𝐷2 + 𝐷2 

g ± 𝐷
√ 

𝐷2 + 𝐷2 
g 

𝐷g 

⎤ ⎥ ⎥ ⎥ ⎦ 

1 

2 

×
⎡ ⎢ ⎢ ⎢ ⎣ 

𝑀𝜔2 
m 

4(𝐷2 + 𝐷2 
g )(

√ 

𝐷2 + 𝐷2 
g ± 𝐷) 

⎤ ⎥ ⎥ ⎥ ⎦ 

1 

4 

(2)

ccording to Equation ( 2 ), we draw the pulse temporal duration
nd 10-dB spectral bandwidth in a normal-dispersion cavity
epending on the cavity dispersion D and the gain bandwidth Δfg .
igure 1b,c present the characteristics of pulses in the compressed
tate, highlighting that the opposite chirp sign introduced by
ispersion and phase modulation causes detuning between the
odulation frequency and the cavity mode spacing, which in turn
imits the spectral broadening achievable with increasing gain
aser & Photonics Reviews, 2026
bandwidth. As a consequence, achieving broadband performance
in the compressed state requires careful dispersion engineering.
In contrast, Figure 1d,e show the characteristics of pulses in
the stretched state, where the spectral bandwidth increases with
the gain bandwidth without being constrained by dispersion,
which enables broadband comb generation. The pulse duration,
however, is limited by both the gain bandwidth and cavity
dispersion, resulting in relatively broad chirped pulses. Both the
spectral bandwidth and pulse duration scale with one-fourth
power of the modulation depth M , thus being weakly affected by
it. 

To illustrate the pulse formation mechanisms at different tem-
poral positions and the intracavity field evolution dynamics,
we numerically solve Equation ( 1 ) using the split-step Fourier
method. Considering gain saturation and the combined homoge-
neous and inhomogeneous broadening of the gain medium, the
intracavity gain can be expressed as: 

𝐺 ( 𝑓) = ( 1 − 𝛼) 𝑔homo 𝑔shape ( 𝑓) + 𝛼𝑔inho ( 𝑓) (3)

Here, α∈[0,1] describes the proportion of the inhomogeneous
gain component. gshape ( f ) is the normalized Gaussian function
used to limit the gain bandwidth Δfg . The homogeneous gain
component ghomo = g0 /(1 + Pav / Psat ) distributes the total available
gain uniformly across the entire frequency range, where g0 
denotes the small-signal gain coefficient, and Psat represents the
total saturation power. In contrast, the frequency-selective inho-
mogeneous gain component follows a local saturation model,
ginho ( f ) = g0 gshape ( f )/[1 + P ( f )/ Psat ( f )], where P ( f ) denotes the
spectral power at a specific frequency. 
3 of 11
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FIGURE 2 Numerical simulation of pulse formation from noise. (a–c) Temporal and (d–f) spectral evolutions of the intracavity field under different 
gain inhomogeneity conditions. (a,d) Results for α = 0, representing purely homogeneous gain. (b,e) Results for α = 1.5%, with the laser operating at 
the stretched-state extremum of the phase modulation cycle. (c,f) Results for α = 1.5%, with the laser operating at the compressed-state extremum. The 
simulation parameters for (b,e) and (c,f) are identical except for the initial noise. 

T  

c  

α  

n  

t  

t  

u  

g  

u  

d  

o  

m  

s  

i  

b  

i  

b  

c  

t  

t  

s  

f  

t  

e  

s

3

I  

g  

a  

m  

n  

r  

m  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4

 18638899, 2026, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/lpor.202501886 by Shanghai Jiaotong U

niversity, W
iley O

nline L
ibrary on [19/06/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reat
he temporal and spectral evolutions of the intracavity field
orresponding to the case with purely homogeneous gain (i.e.,
= 0) are shown in Figure 2a,d , respectively. After the initial
oise evolves over 3000 round-trips, a mode-locked pulse spon-
aneously always forms at the pulse compression state due to
he higher loss experienced by the broader spectral components
nder gain filtering. When a small fraction of inhomogeneous
ain is introduced, e.g., α = 1.5%, the intracavity dynamics
ndergo significant changes: the mode-locked laser can ran-
omly operate at either the stretched-state (see Figure 2b,e )
r compressed-state (see Figure 2c,f ) extrema of the phase
odulation cycle. These two states are obtained under identical
imulation conditions, with the final results determined by the
nitial noise. Pulses in the stretched state exhibit significantly
roader temporal and spectral bandwidths compared to those
n the compressed state. The additional amplification provided
y the inhomogeneous gain to the broader spectral components
ompensates for the gain filtering loss of comb lines away from
he central frequency, and helps overcome the intrinsic limita-
ion of purely homogeneous-gain media, in which narrowband
pectra tend to exhibit lower intracavity loss. Supported by the
requency-selective amplification of the inhomogeneous gain,
he stretched state can achieve a net gain comparable to or
ven greater than that of the compressed state and consequently
tabilizes as an alternative steady-state solution. 

 Experiment and Results 

n a InGaAsP MQW RSOA, a broadband homogeneous back-
round gain naturally coexists with inhomogeneous broadening
rising from microscopic variations in quantum well thickness,
aterial composition, and interface quality [ 40, 41 ], as well as
onlinear gain effects induced by spectral hole burning [ 42 ],
esulting in the mixed-gain spectrum. The integrated actively
ode-locked lasers consist of a 1-mm-long RSOA directly butt-
of 11
coupled to a TFLN nanowaveguide through a spot size converter,
with a simulated coupling loss of approximately 1.3 dB. Two laser
configurations are investigated in our experiment. The LN-MLL
delivers laser output from the TFLN chip to facilitate broader
comb generation, while the RSOA-MLL outputs the laser from the
low-reflectivity facet of the RSOA chip to achieve higher output
power. 

Figure 3a shows the schematic of the LN-MLL. A Sagnac loop
mirror on the TFLN chip serves as a broadband reflector with
approximate 70% reflectivity, forming a Fabry–Pérot (FP) cavity
with the high-reflectivity facet of the RSOA chip, resulting in
an FSR of 6.8 GHz. The laser output is emitted from the TFLN
chip, with the output waveguide tilted at 20◦ to suppress Fresnel
reflection at the LN-air interface. The coupling loss between
the LN nanowaveguide and the optical fiber is approximately
7 dB/facet. Photographs of the device and the coupling region
are shown in Figure 3b , where the RSOA facet is butt-coupled to
the TFLN waveguide via an index-matching liquid ( n ≈ 1.414) to
reduce interface reflections. The amplified spontaneous emission
(ASE) spectra of the RSOA are measured without an external
reflector, as shown in Figure 3c . The oscillations observed at the
top of the ASE spectra result from weak reflection at the coupling
fiber facet. At a driving current of 100 mA, the 3-dB bandwidth
reaches approximately 75 nm. When the current increases to
260 mA, the 3-dB bandwidth extends beyond 100 nm. 

A broadband mode-locked laser is generated by driving the
phase modulator using an external RF signal whose frequency
is matched to the FSR of the cavity. The RF power is set to
be 30 dBm, corresponding to a modulation depth of approx-
imately M ≈ π. At a driving current of 100 mA, the optical
spectrum of the mode-locked laser is shown in Figure 3d . A
magnified view of the comb structure is provided in the inset,
highlighting the detailed features of the uniformly distributed
comb lines. The time-domain pulse train is measured using an
Laser & Photonics Reviews, 2026
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FIGURE 3 (a) Schematic of the broadband actively mode-locked laser (LN-MLL). (b) Experimental photograph of the mode-locked laser. Inset: 
the photo of the coupling region. (c) Amplified spontaneous emission (ASE) spectra of the RSOA measured under free-running conditions without an 
external reflector at different driving currents. (d) Optical spectrum of the LN-MLL at a driving current of 100 mA, with a 10-dB bandwidth of 9.8 nm. 
Inset: time-domain pulse train measured by an optical sampling oscilloscope of 500 GHz bandwidth. Zoom-in: detailed spectral structure with uniformly 
spaced optical modes. (e) Electrical spectrum of the beat note at a driving current of 100 mA (RBW: 50 kHz). (f) Narrow-span electrical spectrum at a 
driving current of 100 mA (RBW: 200 Hz). (g) Optical spectrum of the laser at a driving current of 280 mA, with a 10-dB bandwidth of 19.1 nm. (h) 
Electrical spectrum of the beat note at a driving current of 280 mA (RBW: 30 kHz). (i) Single-sideband phase noise of the RF source and the beat note of 
the laser. 
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rea
ptical sampling oscilloscope of 500 GHz bandwidth (Alnair-lab,
YE2000C), as shown in the inset of Figure 3d . The spectrum
pans approximately 30 nm, featuring a 10-dB bandwidth of
.8 nm that contains 164 comb lines. The off-chip output power
s 0.94 mW. The electrical spectrum is detected using a high-
peed photodetector (PD) and an electrical spectrum analyzer
ESA), as shown in Figure 3e , revealing the fundamental beat
ote at 6.80 GHz along with the second and third harmonics.
he fundamental beat note exhibits a high signal-to-noise ratio
SNR) of 62 dB, as illustrated in Figure 3f , clearly indicating
aser & Photonics Reviews, 2026
the establishment of a stable mode-locked state with sustained
stability over an extended observation period. When the driving
current is increased to 280 mA, the optical spectrum is centered
at 1625 nm, spanning 45 nm in total, with a 10-dB bandwidth of
19.1 nm that contains 318 comb lines, as shown in Figure 3g . The
off-chip output power reaches 2.4 mW. The electrical spectrum
measured by ESA, as shown in Figure 3h , clearly exhibits
peaks at the fundamental frequency and its second and third
harmonics. The single-sideband phase noise (SSB-PN) of the
fundamental RF beat note and that of the RF source are measured
5 of 11
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FIGURE 4 (a) Measured off-chip output power with respect to driving currents, indicating a threshold current of 20 mA. (b) Laser output spectra 
at various driving currents. (c) 10-dB spectral bandwidth of the laser spectra at various driving currents. 
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sing an ESA (R&S FSUP50), as shown in Figure 3i . The SSB-
N is dominated by the RF source but is reduced at certain
requencies by the filtering effect of the actively mode-locked
aser [ 43 ]. 

he off-chip output power depending on the driving current
s shown in Figure 4a , with the laser exhibiting a threshold
urrent of 20 mA. As the driving current increases, the 10-dB
pectral bandwidth broadens from 5.6 nm at 40 mA to 19.1 nm
t 280 mA, accompanied by a redshift of the spectral center
rom 1613 to 1625 nm, as shown in Figure 4b,c . The increase in
pectral bandwidth is primarily attributed to the expansion of
he gain bandwidth with increasing current and temperature.
owever, at driving currents of 190, 200, 230, and 250 mA, the
0-dB bandwidth deviates from the general trend, which may be
aused by coupling-state variations between the two chips due to
hermal expansion and vibrations. This deviation remains under
nvestigation. The observed redshift of the lasing wavelength
elative to the ASE spectrum arises from carrier clamping near
hreshold, which maintains a lower carrier density during lasing
 44, 45 ]. The lasing spectral redshift with increasing driving
urrent is primarily attributed to localized temperature rise [ 40 ].
n terms of the central wavelength, bandgap engineering of the
SOA can shift the gain spectrum toward shorter wavelengths,
nabling lasing near 1550 nm. As the driving current increases,
he laser operation gradually becomes unstable due to mechanical
nstability induced by enhanced thermal effects. By packaging the
hip on a thermally stabilized platform to mitigate these effects,
asers with broader optical spectra and higher output powers can
e achieved. 

oreover, lowering the TFLN mirror reflectivity can enhance
utput power but increase the intracavity loss, thereby reducing
he achievable spectral bandwidth and compromising the laser
tability. During the establishment of the mode-locked state,
hase-modulated light from the TFLN chip is injected into the
SOA to facilitate phase synchronization among longitudinal
odes. As the phase-modulated light experiences propagation
oss within the TFLN nanowaveguide and coupling loss at
he TFLN-RSOA interface, further reduction of the reflectivity
n the TFLN chip may result in insufficient feedback power,
aking it difficult to suppress perturbations, for example, reflec-
of 11
tions occurring at the TFLN-RSOA interface, thereby hindering
the formation of a stable mode-locked state. Accordingly, we
further developed the RSOA-MLL based on a low-reflectivity
FP cavity, where a high reflectivity is preserved at the TFLN
chip to ensure sufficient feedback, while the RSOA facet is
coated with a low-reflectivity film ( ∼ 6%) to enable efficient laser
output. 

The structure of the RSOA-MLL is schematically illustrated in
Figure 5a . An external RF driving signal matched to the FSR
of the cavity is applied to the phase modulator to generate a
stable actively mode-locked laser. At a driving current of 300 mA,
the optical spectrum spans from 1608 to 1635 nm, with a 10-dB
spectral bandwidth of 11.4 nm and an off-chip output power of
26 mW, as shown in Figure 5b . Correspondingly, a beat note at
6.10 GHz is detected from the beating between the comb lines, as
shown in Figure 5c , exhibiting an SNR of 48 dB, which indicates
the establishment of a mode-locked comb state. The measured
SSB-PN, illustrated in Figure 5d , closely matches that of the
RF source without introducing additional noise, indicating high
coherence in the laser emission. Moreover, Figure 5e presents the
variation of the off-chip average output power as a function of the
driving current, showing a threshold current of 30 mA. Figure 5f,g
illustrate the output optical spectra and the corresponding 10-dB
spectral bandwidths, respectively, measured at driving currents
ranging from 100 to 300 mA, demonstrating spectral broadening
and redshift characteristics similar to those observed in the LN-
MLL. The periodic modulation observed on top of the spectra is
attributed to FP cavity interference, which arises from localized
reflections introduced by fabrication imperfections in the device.

The RSOA-MLL incorporates a low-reflectivity output mirror to
boost output power, while enhanced coupling efficiency at the
output facet further increases the optical power delivered into
the fiber. TFLN nanowaveguides typically feature widths of 1–
2 µm and thicknesses below 1 µm, which are poorly matched to
the 2–-3 µm mode-field diameter of lensed fibers, resulting in
fiber-to-chip coupling losses of 6–-9 dB/facet without spot-size
converters. Edge coupler designs can significantly reduce cou-
pling loss but often rely on multilayer waveguide structures
that increase fabrication complexity [ 46–49 ]. In contrast, RSOA
waveguides exhibit larger mode sizes, enabling coupling losses
Laser & Photonics Reviews, 2026

tive C
om

m
ons L

icense



FIGURE 5 (a) Schematic of the high power and broadband actively mode-locked laser (RSOA-MLL). (b) Optical spectrum of the laser at a driving 
current of 300 mA, with a 10-dB bandwidth of 11.4 nm. (c) Electrical spectrum of the beat note at a driving current of 300 mA. (d) Single-sideband phase 
noise of the RF source and the beat note of the laser. (e) Measured off-chip output power with respect to driving currents, indicating a threshold current 
of 30 mA. (f) Laser output spectra at various driving currents. (g) 10-dB spectral bandwidth of the laser spectra at various driving currents. 

FIGURE 6 (a) 10-dB spectral bandwidth obtained from both experimental measurements and numerical simulations as a function of driving 
current. The simulations account for inhomogeneous gain but exclude Kerr nonlinearity. (b) Relationship between 10-dB spectral bandwidth and 
off-chip output power from both experimental measurements and numerical simulations. The simulations account for Kerr nonlinearity but exclude 
inhomogeneous gain. 
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s low as ∼ 2 dB/facet. The use of a low-reflectivity mirror
nd laser emission from the RSOA facet enables higher fiber-
oupled output power, offering increased power margin and
nhanced system performance for integrated mode-locked lasers
n applications such as high-capacity coherent communications,
icrowave photonic signal processing, and precision optical
requency comb metrology. 

 Discussion 

o further investigate the impact of various intracavity effects,
e developed a numerical model based on the generalized
onlinear Schrödinger equation (GNLSE), closely reflecting
he actual experimental system. The intracavity optical field
equentially propagates through the modeled components to
omplete a full cavity round-trip, iteratively repeating until a self-
onsistent steady-state solution is obtained, from which the stable
ode-locked pulse characteristics are analyzed. Specifically, the
imulation accounts for the dispersion, propagation loss in the
FLN nanowaveguides, gain in the RSOA, electro-optic phase
odulation, mirror loss, and interface coupling loss between the
SOA and TFLN chips. 

he simulation is performed using the estimated parameters
f the LN-MLL. The intracavity effects governing the spectral
andwidth of the mode-locked laser are primarily the gain
andwidth and Kerr nonlinearity whose respective contributions
re investigated through two sets of numerical simulations,
s shown in Figure 6a,b . The spectral characteristics of the
ode-locked laser at the two operating points are shown in
igure 6a . When the pulse forms at the pulse-stretched position,
he optical spectrum broadens significantly with increasing gain
andwidth, with the 10-dB spectral width expanding from 0.9
o 2.1 THz as the gain bandwidth increases from 5 to 12 THz.
n contrast, the comb spectrum formed at the pulse-compressed
osition remains limited by dispersion, with its 10-dB bandwidth
ncreasing only slightly from 0.58 to 0.59 THz. These results are
onsistent with the trends observed in Figure 1b,d . Self-phase
odulation (SPM), another well-known mechanism affecting
pectral broadening, is further included into the model. The
PM contributions from the TFLN and RSOA segments are
onsidered separately in the model, considering their different
err nonlinear coefficients and peak powers caused by coupling
oss. The Kerr nonlinear coefficient n2 is set to 1.8 × 10− 19 m2 W− 1

or TFLN and − 2 × 10− 17 m2 W− 1 for the RSOA [ 50 ]. Further
ncreases in n2 for the RSOA lead to non-convergence of the
umerical solution. In the absence of inhomogeneous gain, the
imulated spectral bandwidths shown in Figure 6b indicate that
he optical spectrum broadens slightly with increasing intracavity
ower. This limited broadening is primarily attributed to the
ormal dispersion in the TFLN nanowaveguides. Although some
pectral broadening occurs within the RSOA segment, it is
ubsequently compressed in the TFLN nanowaveguide due to its
ormal dispersion. The longer interaction length of the TFLN
anowaveguide, combined with the peak power reduction caused
y coupling losses at the RSOA-TFLN interface, further sup-
resses the spectral broadening effect of SPM. The experimentally
bserved spectral broadening with increasing driving currents is
rimarily attributed to the broadening of the gain bandwidth,
ather than to SPM effects. 
of 11

t

The differences between simulation and experimental results
may arise from uncertainties in parameter estimation, such as the
accurate modeling of inhomogeneous gain, the Kerr nonlinearity,
the dispersion of the RSOA, and the carrier dynamics in the RSOA
that are not included in the model, which are difficult to measure
reliably in experiments. Despite these limitations, the simulation
provides meaningful qualitative insight into the influence of the
gain spectrum on the spectral characteristics of phase-modulated
actively mode-locked lasers. 

5 Conclusion 

In conclusion, we have demonstrated hybrid III-V/TFLN phase-
modulated mode-locked lasers that achieve broadband optical
spectra and enhanced fiber-coupled output power. The LN-MLL,
employing a high-reflectivity TFLN mirror and a high-reflectivity
facet on the RSOA, produces a stable broadband frequency
comb spanning 45 nm, with a notable 10-dB spectral bandwidth
of 19.1 nm and a stable mode-locking beat note SNR exceed-
ing 60 dB. The RSOA-MLL, designed with a low-reflectivity
mirror on the RSOA chip, achieves significantly higher off-
chip output power (up to 26 mW) with a 10-dB bandwidth of
11.4 nm, effectively alleviating coupling-loss limitations inherent
to TFLN integrated photonic platforms. Experimental results
indicate that the spectral bandwidth increases with the driving
current, primarily because the RSOA gain spectrum broadens
with increasing current. Numerical analysis based on HME and
GNLSE models clarifies that the coexistence of homogeneous
and inhomogeneous gain components within the RSOA plays
a significant role in effectively overcoming dispersion-induced
bandwidth limitations and facilitating broadband comb gener-
ation. The demonstrated dissipative mode-locking state allows
broadband spectral generation in cavities with relatively large
dispersion, without requiring near-zero dispersion engineering. 

This work reveals the potential of III-V/TFLN integrated actively
mode-locked lasers for chip-scale OFC technologies, particularly
for broadband, high-power applications in optical communica-
tions, LiDAR, and metrology. Furthermore, the TFLN platform
supports the integration of diverse nonlinear optical function-
alities [ 51 ], including supercontinuum generation [ 52 ], pulse
compression [ 53 ], and second-harmonic generation [ 54–56 ]. The
integrated actively mode-locked lasers demonstrated in this
work provide a feasible approach toward realizing chip-scale
OFC sources compatible with these functionalities, creating new
opportunities for advanced integrated photonic systems [ 57, 58 ],
and enabling scalable solutions for a broad range of applications.

6 Method 

6.1 Device Fabrication 

The devices are fabricated on a 600-nm-thick X-cut magnesium
oxide (MgO)-doped TFLN. The nanowaveguide structures are
patterned using electron beam lithography and defined through
an Ar-ion milling process, with an etching depth of 300 nm.
The Sagnac loop reflectors incorporate directional couplers with
a waveguide width of 1 µm, a coupling gap of 800 nm, and
coupling lengths of 15 and 25 µm, corresponding to reflection
Laser & Photonics Reviews, 2026
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atios of approximately 70% and 96%, respectively. An 800-nm-
hick SiO2 cladding layer is deposited over the entire chip, after
hich electrode windows are defined using UV photolithography.
ubsequently, 800-nm-thick gold electrodes are formed via UV
hotolithography and electron-beam evaporation. The phase
odulation features a length of 6.5 mm, with an electrode gap
f 5 µm and a waveguide width of 1.4 µm. 
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Appendix A: Values of Parameters used in the Simulation of 
Figure 2 

Parameter Value Unit 

g 0 2.3 / 
P sat − 7 dBm 

λ 0 1620 nm 

T R 147 ps 
l 0.98 / 
Δfg 5 THz 
D 2000 fs2 

M π / 
f m 

6.8 GHz 
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Parameter Value Unit 

TFLN nanowaveguide propagation 
loss 

1.5 dB/cm 

Single-pass small-signal gain of 
RSOA 

20 dB 

Coupling loss between TFLN and 
RSOA chips 

2 dB 

Length of the RSOA 1 mm 

Length of the TFLN nanowaveguide 8.2 mm 

Fraction of inhomogeneous gain 1.5% / 
TFLN nanowaveguide dispersion 100 ps2 /km 

RSOA waveguide dispersion 1200 ps2 /km 

Mode area of TFLN nanowaveguide 0.93 µm2 

Mode area of RSOA waveguide 8 µm2 

Modulation frequency 6.8 GHz 
Modulation depth π / 
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