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laser gain and an efficient mode-locking m %‘:}%Caﬁgr
anism on integrated photonic platforms. .
though III-V semiconductor gain media can
be electrically pumped and exhibit a very high
gain per unit length and high saturation powers
(8), the conventional method of achieving mode-
locking and short pulse generation on the same
semiconductor chip requires a narrow range of
pumping current, thus substantially limiting
the output power and the tunability of the in-
tegrated MLLs (9, 10).

To realize high-peak-power integrated MLLs,
a promising approach consists of the hybrid
integration of a semiconductor gain medium
and an external mode-locking element based
on electrooptic (EO) or nonlinear optical effects.
Thin-film lithium niobate (TFLN) has emerged
as a promising integrated nonlinear photonic
platform with access to power-efficient and
high-speed EO modulation (71, 12) and strong
quadratic [X(Z)] optical nonlinearity (13, 14).
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Mode-locked lasers (MLLs) generate ultrashort pulses with peak powers substantially exceeding their
average powers. However, integrated MLLs that drive ultrafast nanophotonic circuits have remained
elusive because of their typically low peak powers, lack of controllability, and challenges when integrating
with nanophotonic platforms. In this work, we demonstrate an electrically pumped actively MLL in
nanophotonic lithium niobate based on its hybrid integration with a lll-V semiconductor optical amplifier. Our
MLL generates ~4.8-ps optical pulses around 1065 nm at a repetition rate of ~10 GHz, with energies
exceeding 2.6 pJ and peak powers beyond 0.5 W. The repetition rate and the carrier-envelope offset
frequency of the output can be controlled in a wide range by using the driving frequency and the pump
current, providing a route for fully stabilized on-chip frequency combs.

ode-locked lasers (MLLs), which gen-
erate intense and coherent ultrashort
optical pulses on picosecond and femto-
second timescales, have enabled nu-

are expensive, power demanding, and bulky.
Realizing MLLs on integrated photonic plat-
forms promises widespread use of ultrafast
photonic systems that are currently limited
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merous sciences and technologies in
photonics such as extreme nonlinear optics (Z),
supercontinuum generation (2), optical atomic
clocks (3), optical frequency combs (4), biological
imaging (5), and photonic computing (6). Today’s
state-of-the-art MLLs are based on discrete fiber-
based and free-space optical components and

to table-top laboratory experiments. However,
the performance of integrated MLLs has not
been on par with their table-top counterparts,
lacking the required peak intensities and de-
grees of controllability required for on-chip
ultrafast optical systems (7). A major challenge
lies in the simultaneous realization of large
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Fig. 1. Principle and design of integrated actively MLL laser. (A) Diagram of active mode-locking through intracavity phase modulation. (B) lllustration of mode-
locking in the time domain. (C) lllustration of mode-locking in the frequency domain. (D) Schematic of the integrated actively MLL.
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Hybrid integration of semiconductor gain
with TFLN enables a strong interplay between
the laser gain and the EO or nonlinear effects
to achieve active or passive mode-locking with
high efficiency and tunability. Moreover, many
of the nonlinear and ultrafast optical function-
alities such as supercontinuum generation (75),
optical parametric oscillation (76-18), pulse
shortening (19), all-optical switching (20), and
quantum squeezing (2I) can be realized in
quasi-phase-matched LN nanophotonic devices
with orders-of-magnitude lower peak powers
compared with other platforms. Therefore, de-
veloping high-peak-power MLLs integrated
into nanophotonic LN can enable a suite of
nonlinear and ultrafast optical phenomena
on a chip, promising integrated photonic sys-
tems with unprecedented performance and
functionalities. In this work, we demonstrate a
high-peak-power, electrically pumped, inte-
grated, actively MLL by hybrid integration of
III-V semiconductors and LN nanophotonics.
Our MLL exploits the high laser gain of III-V
semiconductors and the efficient active optical
phase modulation in LN nanophotonic wave-
guides as the mode-locking mechanism. Such
a design eliminates the complexities associated
with realizing gain and saturable absorption on
the same semiconductor chip, allowing a much

A

Fig. 2. Integrated actively MLL laser on TFLN. (A) Cross-sectional view of the PM
region and the distribution of microwave field (white arrows) at 10 GHz and the optical field
of the fundamental TE mode (color map) at 1065 nm. The RF electrodes are marked in
yellow. |E|, normalized electric field. (B) False-colored SEM image of the PM region in the
fabricated device. The RF electrodes are marked in yellow and the optical waveguide is
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higher output power and a wider tunability of
the laser.

Mode-locked laser operating principle
and design

Figure 1A shows the concept of active mode-
locking by intracavity EO phase modulation. In
the time domain, when a phase modulator (PM)
is driven by a sinusoidal radio frequency (RF)
signal at a frequency f;,,, the intracavity phase
modulation is equivalent to the cavity length
modulation. Therefore, the laser cavity can be
considered as having a moving end mirror
with a sinusoidal motion at frequency f;,,. When
an optical signal inside the cavity strikes this
moving end mirror and gets reflected back,
its optical frequency acquires a Doppler shift.
After successive round trips, these Doppler
shifts will accumulate, resulting in no steady-
state solution. However, when a short circulat-
ing pulse strikes the end mirror at either of the
“turning points” where the mirror reverses its
direction (the extremum of the phase varia-
tion as shown in Fig. 1B), it will not acquire a
Doppler frequency shift, but instead, a small
quadratic phase modulation or chirp (22). Thus,
a steady-state optical pulse can be maintained
in the laser cavity after successive round trips.
Although in principle, optical pulses can occur
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at either of the two phase modulation extrema
and acquire chirps of different signs, the dis-
persion in the cavity can compensate for the
chirp imposed by the PM at one extremum,
and further chirp the pulse formed at another
extremum (23). The mode-locking mechanism
can also be understood in the frequency do-
main (Fig. 1C). When the intracavity phase
modulation frequency f;,, matches the cavity
free spectral range (FSR), the sidebands pro-
duced by each of the running axial modes are
injected into the adjacent axial modes, result-
ing in the phase locking of adjacent modes.
Notably, in MLLs, these modes will lase be-
cause of the presence of laser gain within the
cavity, whereas in EO comb sources, they are
generated by dispersing the energy from a
single pump laser line (24-27).

Figure 1D shows the design of our integrated
MLL based on this principle. In our MLL, an
electrically pumped single-angled facet (SAF)
GaAs gain chip is butt-coupled to a TFLN chip
that contains an integrated EO PM and a
broadband loop mirror. A Fabry-Perot laser
cavity configuration is formed between the
reflective facet on the left end of the SAF gain
chip and the broadband loop mirror on the
TFLN chip. Here, an integrated PM is preferred
over a Mach Zehnder interferometer (MZI)-

marked in blue. (C) SEM image of the broadband loop mirror. (D) The curved coupling
region of the broadband loop mirror. (E and F) The fundamental TE mode profile at
1065 nm in both the (E) SAF gain chip waveguide and (F) TFLN waveguide taper.
(G) Optical microscope image showing the coupling region between the two chips.
(H) Dark-field optical microscope image of the integrated MLL when operating.

2 of 6

$202T ‘11 YOIBJA UO AJISIOATU() PIOJUB)S I8 SI0°00USIOS MM //:SANY WOILf papeo[umo(



RESEARCH | RESEARCH ARTICLE

A

RF signal
generator

®

50 Q load

1060 1062 1064 1066 1068 1070
Wavelength (nm)

60 -40 -20 0
Time (ps)

20 40 60

Fig. 3. Characterization of integrated actively MLL. (A) Schematic

of the experimental setup. CTL, continuously tunable CW laser;

FPD, fast photodetector; OSA, optical spectrum analyzer; ESA, electrical
spectrum analyzer; YDFA, ytterbium-doped fiber amplifier. (B) The optical

based intensity modulator (IM) because the
PM offers a lower insertion loss and avoids
effects from the dc bias drift of the MZI mod-
ulator (28). For the PM, we used an RF coplanar
waveguide (CPW) design with ground-signal-
ground (GSG) configuration to ensure the
transmission of the RF wave with minimal
radiative loss.

Characterization of mode-locked lasers

We fabricated our devices on a 700-nm-thick
X-cut magnesium oxide (MgO)-doped TFLN
on a SiO,/Si substrate. In the PM region (Fig.
2A), the RF CPW was fabricated on top of the
SiO, cladding layer. Such a design allowed us to
achieve high modulation efficiency (simulated
V.L = 1.1 V.cm) by having a small gap (4 um
here) between the ground and signal electrodes
and a significant overlap between the RF field
and the optical field in the waveguide (12, 29).
We designed the geometry of the RF CPW to
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ESA

ensure a 50-Q impedance around 10 GHz.
Figure 2, B to D, shows the scanning electron
microscope (SEM) images of the fabricated
PM and the loop mirror. We adopted a curved
coupling-region design in the loop mirror to
ensure broadband reflection (see supplemen-
tary materials section I for details). Based on
the length (1.5 mm) and the refractive index
of the SAF gain chip around 1065 nm, we es-
timate that a ~3-mm-long TFLN waveguide in-
cluding the loop mirror section can lead to a
laser cavity FSR of ~10 GHz.

Figure 2E shows the 1065-nm fundamental
transverse electric (TE)-mode profile in the wave-
guide of the SAF gain chip. To minimize the
coupling loss between the SAF gain chip and
the TFLN chip, the top width of the input facet
of the TFLN waveguide was tapered out to be
10.3 pm. The 1065-nm fundamental TE-mode
profile in the tapered TFLN waveguide is shown

in Fig. 2F. This design ensures a maximal over-
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spectrum of the MLL output as a function of the RF driving frequency f,.
(C) Intensity autocorrelation of the MLL output as a function of the f,.
(D) Laser average output power versus /give When f, = 10.17 GHz.

Iy, threshold driving current.

lap with the optical mode produced by the SAF
gain chip. We estimate a chip coupling loss of
3.4 to 3.9 dB in our experiments (see supple-
mentary materials section II for details). The
chip coupling loss can be further reduced by
using a mode-size converter based on an in-
verted taper edge coupler embedded in a poly-
mer waveguide (30, 31). Figure 2G shows the
microscope image of the chip coupling region
after the alignment. When the SAF gain chip
is electrically pumped with a driving current
(Iarive) 0f 160 mA, we observed green light (the
second harmonic of the 1065-nm light) inside
the laser cavity (Fig. 1H), which indicated a
high intracavity power around 1065 nm and a
good alignment between the two chips.

‘We characterized the integrated actively MLL
using the optical setup shown in Fig. 3A. We
applied a ~280-mW sinusoidal RF signal to the
left end of the CPW of the PM using the RF
probe. The right end of the CPW is terminated
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Fig. 4. Finding the mode-locking regime of integrated MLL. (A) lllustration
of the generation of heterodyne beat notes. (B) Evolution of heterodyne

beat notes with the f,,. The mode-locking regime is marked by the white dashed
box. (C) Heterodyne beat notes measured at f,, = 10.17 GHz. (Insets) Zoomed-in
view of the two beat notes at f; = 3.68 GHz and f, = 6.49 GHz. Blue symbols
represent measured data and solid red curves indicate Lorentz fits. (D) Output
optical spectra of the MLL when the RF drive at 10.17 GHz is on (red) and off

by another RF probe with a commercially avail-
able 50-Q2 load resistor. While the gain chip was
pumped with an I4,ive 0f 185.2 mA, we simul-
taneously collected the laser output spectra, the
intensity autocorrelation of the laser output,
and the heterodyne beat notes between two
neighboring laser emission lines and a narrow-
linewidth (~10 kHz) reference continuous wave
(CW) tunable laser. As shown in Fig. 3B, when
we scanned the f;,,, the laser output exhibited a
clear spectral broadening between 10.1 and
10.4 GHz (labeled by the white dashed box).
Within this f;, range, two distinct intensity
autocorrelation peaks separated by ~98 ps
emerged (Fig. 3C), indicating that optical
pulses are formed. At an f;,, of 10.17 GHz, we
measured the laser output power from the
output facet of the TFLN chip. As shown in
Fig. 3D, the laser exhibits a low threshold Z4;iye
of 22 mA. Given the measured coupling loss of
~11 dB between the TFLN waveguide and the
single-mode lensed fiber, the on-chip laser out-
put average power is more than 50 mW when
the Iy is greater than 180 mA.

Heterodyne beat notes were used to char-
acterize the mode-locking and resulting fre-
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quency comb. As illustrated in Fig. 4A, when the
frequency of the reference CTL is resting in be-
tween the two neighboring comb lines of the
MLL near the center of its spectrum, two RF
beat notes at f; and f are generated on the fast
detector. As shown in Fig. 4B, when f;, is be-
tween 10.165 and 10.173 GHz, as labeled by the
white dashed box, two spectrally narrow beat
notes are observed. This suggests that within
this range of f;,, the laser operates in the mode-
locked regime, producing ultrashort optical
pulses with high coherence. When f;,, is slightly
detuned between 10.165 and 10.173 GHz, f; and
/5 can shift significantly with f;, (Fig. 4B). This
indicates that the carrier frequency of the MLL
sensitively depends on f;,,. However, when the
Jfm is further detuned from the cavity FSR, the
MLL exhibits a transition to a turbulent re-
gime (32), which is manifested by multiple
noisy beat notes around f; and f; in Fig. 4B. In
the turbulent regime, the laser can still emit
ultrashort pulses as shown in Fig. 3C, albeit
with low coherence.

As shown in Fig. 4C, at f;,, = 10.17 GHz, we
obtained two spectrally narrow RF beat notes
at fi = 3.68 GHz and f, =6.49 GHz, with full
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(blue). The side lobes around 1062.7 and 1067 nm can be due to the reflections
in the gap between the gain chip and the TFLN chip. The fast modulation can be due
to the reflections within the gain chip. (E) Intensity autocorrelation traces of the
MLL output measured at f,, = 10.17 GHz with (red) and without (blue) the external
pulse shaper. Symbols represent measurement data and solid curves indicate
Gaussian fits. a.u., arbitrary units. (F) Dependence of pulse width on Pgg. The red
dashed line represents the 1/{/Pgr scaling law according to the HME.

width at half maximum (FWHM) linewidths
of 3.95 and 3.91 MHz, respectively. Given that
the RF drive has a very small phase noise, and
no active locking of the laser cavity was used
here, the linewidths of the heterodyne beat
notes can be mainly limited by the drift of
pulse carrier frequency. As shown in Fig. 4D,
when a 280-mW RF drive at 10.17 GHz was
applied to the PM, significant spectral broad-
ening was observed. The pulse spectrum was
centered at 1064.9 nm and the FWHM of the
spectrum was 0.35 nm. Meanwhile, the inten-
sity autocorrelation trace (Fig. 4E) indicated
that the MLL produced one strong pulse at
one of the modulation turning points, where-
as the other pulse was significantly suppressed.
We fit the intensity autocorrelation trace with
a Gaussian function becasue active mode lock-
ing produces Gaussian pulses according to the
Haus master equation (HME) (33). The fitting
yielded a pulse width of 4.81 ps with the ex-
ternal pulse shaping, and 5.03 ps without. Be-
cause the pulse shaper can compensate for the
chirp on the output pulse and the additional
chirp imposed by the fibers and the YDFA, we
expect the output pulse width directly after the
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Fig. 5. Current tuning of integrated actively MLL. (A) The optical spectrum of the MLL output as a
function of Iqve. (B) Autocorrelation trace of the MLL output as a function of /4. a.u., arbitrary units.
(C) Tuning of the heterodyne beat notes by the Igive. In (A) to (C), f,, is fixed at 10.18 GHz. (D) Dependence

of optimum f, for mode-locking on /4ive.

MLL facet to be between 4.81 ps and 5.03 ps. The
pulse width of 4.81 ps after pulse shaping cor-
responds to a time-bandwidth product of 0.445,
which is very close to the transform-limited
time-bandwidth product (0.44) of a Gaussian
pulse (34). To conservatively estimate the pulse
energy and peak power, we used the measured
output average power of 53 mW at Igive =
185.2 mA and assumed that both pulses exist
in the cavity. Hence, the output pulse energy
of our MLL was at least 2.6 pJ and the pulse
peak power was greater than 0.51 W.

We further studied the pulse width limits of
our MLL. First, we found that the measured
pulse only slightly decreased when the RF
driving power Prr was increased (Fig. 4F),
which is in good agreement with the 1//Prr
scaling law (red dashed line) according to the
HME (35). We also found that further increas-
ing the RF power will not shorten the pulse
significantly. Instead, it can lead to laser in-
stability due to RF heating. The HME with cavity
group velocity dispersion, neglecting non-
linear effects within the laser cavity, predicts a
minimum pulse width of ~2.5 ps (36). The ex-
perimentally measured pulse width was wider,
likely due to several factors that are not cap-
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tured by the HME such as the complex carrier
dynamics and two-stage gain recovery in the
II1-V gain medium (37) and gain bandwidth
narrowing from intracavity etalon (22) or hole
burning effects (38) (see supplementary mate-
rials section IV for detailed analysis).

Electrical tuning of mode-locked lasers

The I4,ive can serve as an important tuning knob
of our MLL. Figure 5, A and B, shows the de-
pendence of the output spectra and autocor-
relation of the MLL on the I3y, with 280-mW
RF drive fixed at 10.17 GHz. Within a wide
range of I4ve (140 to 205 mA), optical pulses
can be formed inside the laser. In addition, the
carrier frequency of the MLL blueshifted by
~0.3 nm as the I,y Was increased from 140
to 200 mA (Fig. 5A). This was likely caused
by the blueshift of the peak wavelength of
the gain spectrum owing to band filling and
screening effects induced by carrier injection
(39). We also investigated the effect of I,y On
the coherence property and the fi., of the
laser. We kept the RF drive fixed at 280 mW
and 10.18 GHz. As the g,y Was tuned from
189.6 to 194.6 mA, the laser transitioned from

the turbulent to the mode-locked regime, and
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then back to the turbulent regime (Fig. 5C).
These results suggest that, with a frequency-
stable reference CW laser and active feedback
on I4ive, it may be possible to lock the carrier
frequency of the MLL and operate the device
as a stable frequency comb, as the repetition
rate (fiep) of the MLL has already been locked
by the external RF oscillator. As shown in Fig.
5D, when we widely varied I4,iye from 144 to
204 mA, the optimum f;,, that enables mode-
locking with high coherence could be varied
from 10.04 to 10.23 GHz, indicating that the fi;,
of the laser could also be adjusted by ~200 MHz.
Moreover, the optimum f,,, increased almost
linearly with Iy, Which resulted from an
increase of the cavity FSR caused by carrier
injection in the gain medium. Although fur-
ther increasing the /4. would not lead to laser
output power saturation, we did not observe
pulse formation at higher 4,4, beyond 205 mA.
This is likely attributed to the significant de-
tuning of the cavity FSR or the instability of
laser mode-locking due to more pronounced
self-phase modulation in the gain medium (37).

Conclusions and outlook

We have demonstrated an integrated actively
MLL in nanophotonic lithium niobate oper-
ating around 1065 nm, which offers the high-
est output pulse energy and peak power of any
integrated MLLs in nanophotonic platforms
(fig. S9 and table S2). Our MLL allows for a
wide tuning range of the laser f;, of ~200 MHz
and precise control of the laser’s coherence
properties. The current tuning capability of
our MLL indicates that active feedback to
I4ive can achieve simultaneous locking of the
carrier frequency and f., of the MLL. This
allows the MLL to operate as a stable fre-
quency comb with locked carrier frequency
offset (fcro) and frep. Finally, seamless integra-
tion of our high-peak power MLL with other
X(2> nonlinear optical functionalities provided
by TFLN offers opportunities for realizing
new integrated photonic systems, such as fully
integrated supercontinuum sources, self-referenced
frequency combs, and atomic clocks.
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