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Materials and Methods

Device fabrication: We fabricated the integrated waveguides, phase modulators, and broadband loop mirrors on
a 700-nm-thick X-cut MgO-doped LN thin-film on 4.7-pm-thick SiO5 on top of a silicon substrate (NANOLN). We
first patterned the waveguides using e-beam lithography by employing Hydrogen Silsesquioxane (HSQ) as the e-beam
resist. The designed top width of the LN waveguide is 800 nm. The LN layer was etched by 350 nm using Ar™
plasma. This etching process yields a waveguide sidewall angle of ~60°. Next, we deposited an 800 nm SiO4 cladding
layer using plasma-enhanced chemical vapor deposition (PECVD). Another e-beam lithography step was used to
pattern the RF metal electrodes on top of the cladding layer, in which PMMA was used as the e-beam resist. Then,
we deposited Cr/Au (10 nm/300 nm) using e-beam evaporation. Metal electrodes are formed after metal lift-off in
acetone. To ensure a 50 ) impedance around 10 GHz, the width of the RF signal and ground electrode are designed
to be 8 um and 28 um, respectively. The gap size between the signal and ground electrodes is 4 ym, and the thickness
of the electrodes is 300 nm. Finally, the waveguide facets were mechanically polished to enable good light coupling
efficiencies.

Optical measurements: For butt-coupling the SAF gain chip (Photodigm Inc.) and the TFLN chip together, the
SAF gain chip was placed on a 6-axis nano-positioning stage (Thorlabs) and the TFLN chip was clamped on a fixed
sample stage. The two chips could be visually aligned by using a microscope from above. After visual alignment, the
alignment was further optimized by maximizing the output power measured by a power meter, which is related to the
intra-cavity optical power of the laser. The output power of the MLLs is probed by a single-mode lensed fiber (OZ
optics Ltd.) connected to an optical power meter (Thorlabs). The RF drive is provided by an RF signal generator
(Rohde & Schwarz SMA100B) and is subsequently amplified by a high-power RF amplifier (Mini-Circuits ZVE-3W-
1834). The input RF power is calibrated by an RF power meter (Ladybug). For the results in Fig. 3-5, the laser
output spectra were collected by an optical spectrum analyzer (OSA) covering 600-1700 nm (Yokogawa AQ6370B)
with a 0.01 nm resolution bandwidth. The heterodyne beat notes between two neighboring laser emission lines and
a narrow-linewidth (~10 kHz) reference CW tunable laser (CTL, Toptica) were collected by a fast photodetector
(Thorlabs DXM30AF). The RF spectra of the heterodyne beat note were collected by an electronic spectrum analyzer
(Rohde & Schwarz FSW) with a 100 Hz resolution bandwidth. In order to get intensity autocorrelation with a good
signal-to-noise ratio, we pre-amplified the laser output power by a Ytterbium-doped fiber amplifier (YDFA, Pritel
Inc.). We also used a pulse shaper to compensate for the group velocity dispersion (GVD) imposed by the phase
modulator, YDFA (Pritel), and the single-mode fiber.

Numerical simulations: The optical and RF field distributions shown in Fig. 2a in the main text were simulated
by COMSOL Multiphysics. We also used commercial software (Lumeriacl MODE, Ansys Inc.) to solve for the
waveguide modes in order to design the waveguide taper and obtain the dispersion characteristics of the waveguide.
In the simulation, the anisotropic index of the LN was modeled by the Sellmeier equations[40].



Supplementary Text

I. DESIGN OF THE BROADBAND LOOP MIRROR

Achieving uniform mirror reflection that covers the entire laser gain spectrum is crucial for short pulse generation in
integrated mode-locked lasers. In integrated photonic platforms, integrated loop mirrors can offer a broad reflection
bandwidth. However, the reflectance of a loop mirror is determined by the coupling ratio of a directional coupler,
which is typically wavelength-dependent. To mitigate this wavelength dependence and achieve broader reflection
bandwidth in the loop mirror, we adopted a curved directional coupler (CDC) design as elaborated in Ref.[41, 42].
As shown in Fig. S1, our integrated loop mirror has a CDC region with a bending radius of 600 um. The total length
of the curved coupling region is 50 um.

Figure S2 compares the performance of loop mirrors with different directional coupler configurations. The operating
wavelength range of interest is from 1020 to 1100 nm. As shown in Fig. S2a, with a straight direction coupler, the
reflectance of the loop mirror strongly depends on the operating wavelength. With a CDC of bending radius of 600
nm (Fig. S2c¢), the loop mirror almost exhibits no wavelength dependence within the wavelength range of interest.
With a coupling length of ~45 pm, near 100% reflection is achieved across the desired wavelengths.

In addition, as shown in Fig. S3, our designed loop mirror has a negligible reflection at 532 nm, which is the second
harmonic of the 1064 nm laser. This particular attribute plays a crucial role in preventing resonance of the generated
532 nm light within the laser cavity. Such resonance has the potential to induce photorefractive damage to the LN
waveguide and disrupt the optimal functioning of the gain medium.

II. COUPLING BETWEEN THE GAIN CHIP AND THE THIN-FILM LITHIUM NIOBATE CHIP

The TFLN chip is butt-coupled to an edge-emitting semiconductor optical amplifier (SOA). To maximize the power
coupling, it is pertinent to ensure the mode overlap between the SOA output and the TFLN chip waveguide facet is
maximized. Implementing an adiabatic taper is one method to achieve this. This style of taper improves the mode
overlap in one dimension, which can significantly increase the total mode overlap. Alas, the mode mismatch in the
remaining transverse dimension can not be accommodated for by such a simple adiabatic taper. For this reason, it
is important to carefully select a source such that the mode mismatch in this constrained transverse dimension is
maximized to begin with. To select a proper source, an estimate of the mode size at the output of the source is
needed. With this, it is possible to determine if the source is a good choice for the designed waveguide mode of the
photonic chip. A commonly listed specification for commercial sources is the far-field divergence angle of the full-width
half-maximum intensity profile. The following discusses how to estimate the output mode size of a source given this
specification. As the gain chips considered for this design all exhibited a single spatial mode, single-mode Gaussian
profiles are assumed in this analysis. This estimation is then used to inform the choice of gain chip implemented in
the design. Next, mode overlap simulations are performed using Lumerical MODE to optimize the taper width such
that the mode overlap in the unconstrained dimension is maximized. Finally, the length of the adiabatic taper is
designed to ensure high transmission. This straightforward process enables efficient coupling between the gain chip
and the photonic circuit.

A. Single mode Gaussian beam divergence

For Gaussian beam diffraction, the beam radius at the 1/e point of the electric field is given by,

1y @n” 1)

where n is the refractive index of the medium the beam propagates through, X is the free-space wavelength, z is the
2
axial distance from the beam’s waist, wo is the waist radius [43]. In the far field (z > T50%), we can simplify Eq. 1

to

w?(2) = wp

(2)



Additionally, the far-field diffraction half-apex angle at the 1/e point of the electric field, 6., can be defined as,

tan(0,) = 3)

Then, we can express the waist (radius) of the 1/e point of the electric field as

A
O tan(6,) )

B. Electric field and intensity relationship

Specification sheets for commercially available semiconductor gain chips typically list the divergence angle of the
FWHM far-field intensity profile. However, up until this point, the equations listed are based on the 1/e point of the
electric field. So there is a need to connect the equations above to the specification sheets of these gain chips. At a
specified propagation distance, the Gaussian profiles of the electric field and intensity are related by,

E(r)= e /20" (5)

I(r)  |[E(r))? = /7 (6)

where the magnitudes of the profiles have been neglected. To determine the relationship between the half-apex angle
of the electric field at the 1/e point and the half-apex angle of the FWHM intensity profile, a relationship between
the waist radii at each of these points must be established. Since the radii at which each of these profiles achieves
a specific value is different, r in equations 5 and 6 must be replaced with r; or 7. respectively. The FWHM of the
intensity profile becomes,

L=t (7)
r? = —In(0.5)0? (8)
The 1/e point of the electric field profile becomes,
é — o Te/207 (9)
r2 =202 (10)

The ratio of the FWHM intensity and 1/e electric field radii is

o /~1n(0.5)/2 (11)

Te
Now, both of these radii will occur at some shared propagation distance z away from the beam waist, given as

r

: tan(6) (12)
So we can find the relationship between the radii and their half-apex angles as,
T Te
= 13
tan(6;)  tan(6.) (13)
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== (14)
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where 6, is the half-apex angle of the 1/e point of the electric field and 6; is the half-apex angle of the FWHM point
of the intensity. Gathering equations 4, 11 and 14, the waist of the electric field can be expressed as

A A 1 A /—1n(0.5)/2

wo mtan(6.) wnretan(d;) wn  tan(6;)

So finally, taking n = 1, we can convert directly from the spec sheet parameter of divergence angle at FWHM of the
intensity to the waist (radius) of the electric field as

A —1n(0.5)
7 tan(6;) 2

Wy ~ (15)

With this estimation, we can now quickly evaluate which gain chip options have a high mode overlap in the constrained
dimension with our chosen waveguide structure.

C. Chip coupling loss calculation

The single-angle facet (SAF) gain chip (Photodigm) used in the experiment is listed as having a full-apex divergence
angle at the full-width half-maximum (FWHM) point of the electric field as 26° in the fast-axis (vertical) and 6° in
the slow-axis (horizontal). This gain chip emits around 1064 nm. Using = to denote the horizontal axis and y to
denote the vertical axis, we can express the half-apex angles as 0; , = 3° and 0, , = 13°. Using equation 15, we find
the mode waist of the electric field at the 1/e point to be

—ln 1064 —ln
Wo, & tan(d \/ = o 3 \/ = 3.804 um (16)
—ln 1064
= 864 1
\/ ﬂtan 13 \/ = 864nm (17)

for the y-axis. The constrained (vertical) dimension for this gain chip is found to have a high mode overlap with our
chosen TFLN waveguide structure, making it a good choice for our application. A TFLN adiabatic taper can then
be implemented to match the remaining horizontal dimension. To do this, mode overlap simulations are performed
using Lumerical’s finite-difference eigenmode (FDE) solver. The power coupling can then be calculated for various
waveguide taper widths. To optimize the taper width, the power coupling is calculated as the taper width is swept,
as shown in Fig. S4. Assuming there is no vertical misalignment, horizontal misalignment, and gap between the gain
chip and TFLN chip, a waveguide taper top width of 10.3 um yields a coupling loss of 1.73 dB.

for the x-axis and

Woy T tan

However, in practical experiments, the coupling loss induced by mode size mismatch may exceed 1.73 dB due to
various factors, including vertical misalignment, horizontal misalignment, and the gap between the SAF gain chip
and the TFLN chip. As can be seen in Fig. S5a, when the SOA is misaligned vertically from the adiabatic taper, the
coupling loss increases significantly. However, as shown in Fig. S5b, the coupling loss is less sensitive to horizontal
misalignment. This is due to the strong vertical confinement of fundamental TE modes within both the SAF gain chip
and the TFLN chip, whereas their horizontal confinement is comparatively weaker. Moreover, Fig. S5c shows that
when there is 1 um gap between the two chips, the coupling loss increases from 1.73 dB to 2 dB. In our experiments,
we carefully reduced the gap size below 1 um, as can be seen from Fig. 2g in the main text. However, due to the chip
facet quality and imperfection of vertical and horizontal alignment in our experiment, we expect that the coupling
loss due to mode size mismatch is ~ 2.5 to 3 dB.

The dominant coupling loss mechanism is the mismatch in light field confinement between the SAF gain chip and
the TFLN chip in the vertical direction, as the TFLN layer is thinner than the active layer in the SAF gain chip.
To further increase the coupling efficiency between the two platforms, we can employ an inverted taper edge coupler
embedded in a polymer waveguide on TFLN [30]. This design can further expand the light field within the TFLN
waveguide along the vertical axis, which enables a better match of the mode size in the SAF gain chip. It has been
shown in the silicon nitride platform that the technique can result in a 90% mode overlap between both chips, yielding
a coupling loss of ~1 dB [31]. Moreover, this approach can also significantly reduce reflection at the air/LN interface.



D. Design of the linear taper

All that remains is determining a proper taper length to ensure high transmission. Burns et al. provided a design
rule for tapered waveguides that describes the maximum allowable taper angle needed for adiabatic mode conversion
[44]. For a waveguide of width W, the maximum half apex taper angle is approximated by

Ao
2nW

emax ~

(18)

where \g is the freespace wavelength, and n is the bulk index of the medium. As the waveguide width expands, the
maximum allowable angle flattens out leading to a parabolic taper profile. However, in the linear case, the taper
angle is chosen to satisfy this condition at both the input and output taper widths. This condition is then set by the
widest part of the taper which results in the most stringent maximum angle condition. In our case, the taper has a
maximum width of 10.3 pm, which results in a maximum half-apex angle of 1.32°. Tapering from 10.3 pm down to
the waveguide width of 800 nm at a maximum half-apex angle of 1.32° requires a minimum taper length of ~200 pm.
For this design, the taper was chosen to be 250 um to ensure adiabatic mode conversion and high transmission.



IIT. CALCULATION OF CAVITY GROUP DELAY DISPERSION

As illustrated by Fig. la in the main text, the laser cavity is composed of five sections: 1) a 10.3 pm-wide waveguide
input region with a length of ~ L, = 1 mm, 2) a linear waveguide taper section with a length of Ly = 0.25 mm, 3)
a straight waveguide section with a length of Ly = 1.5 mm, 4) a directional coupler section with a length of 50 pum,
and 5) a loop mirror section with a length of L; = 440 pym. The total group delay dispersion (GDD) of the cavity can
be estimated by the sum of the GDD of each section. We employed ANSYS Lumerical MODE to simulate the group
velocity dispersion (GVD) of the fundamental TE mode in each section by considering the waveguide cross-sectional
geometry. As shown in Fig. S6, at the laser center wavelength of 1064.8 nm, the straight waveguide yields a normal
GVD of 131.1 fs?/mm, the loop mirror section with 70 ym bending radius has a normal GVD of 135.7 fs?/mm.
Moreover, the widest region (10.3 pm in top width) of the linear waveguide taper has a normal GVD of 108.5 fs? /mm.
Assuming the GVD in the waveguide taper region varies linearly with the waveguide top width, the averaged GVD in
the waveguide taper region (GVDy) can be estimated as (131.1+108.5)/2=119.8 fs>/mm. Since the directional coupler
section is very short compared to other sections, its contribution to the total GDD is negligible. The total GDD per
cavity round trip is estimated by GDDyoundirip = 2 X (GVDy, - Ly + GVDy - Ly + GVDg - L) + GVD; - L; = 861 fs.



IV. ANALYSIS OF LASER OUTPUT PULSE WIDTH
A. Pulse width limit estimation using Haus’s master equation

In this section, we estimate the fundamental pulse width limit of our actively MLL by considering the simplest
case, which neglects the nonlinear optical effects in the laser cavity, and the complex carrier dynamics in the gain
medium. In this case, the output pulse width can be analytically solved from Haus’s master equation (HME). The
HME considering the total pulse shaping due to gain, loss, cavity dispersion, and intra-cavity phase modulation can
be written as [33]:

2
9ATY) =[g(T) -1+ (Dg + zD)a— F iM cos(wmt)]A(T, t) (19)
oT ot

where Tg is the round-trip time of the laser cavity, g(T) is the time-dependent gain, D, is the gain dispersion, D is
half of the cavity round-trip GDD, M = 7V,,,/V; is the modulation index of the phase modulator, and wy, = 27 fi
is the angular frequency of the RF signal applied to the phase modulator. The two signs on the phase modulation
term indicate solutions may exist at each extremum of phase variation. The time scale t describes the detailed time
dependence of the pulse envelope A(T,t), and the longer time scale T describes the temporal changes over the course
of several resonator roundtrip times Tr (i.e. ¢ < Tg and T > Tr). We then simplify Eq. 19 by assuming a fixed
saturated gain value in the steady state (g(T) = g). We expect the pulses will have a width much shorter than the
round-trip time Tg. They will be located in the minimum or maximum of the intra-cavity phase modulation, where
a Taylor expansion to second order of the cosine function gives cos(wmt) ~ 1 — (wmt)?/2. We thus obtain

TR

0A(T,t) 0% 9,9
where Dy = g/(mAfg)? is the gain dispersion and Af, is the 3 dB gain bandwidth. The solution ansatz of Eq. 20,
which satisfies the steady-state condition TROA(T,t)/0T = 0, is a chirped Gaussian pulse in the form of:

A(t) = Ag exp [—”2(1 - w)} (21)

2712

where § is the chirp parameter. Substituting Eq. 21 to Eq. 20, and solving for the chirp parameter produces

Dg erzn’7'4 D+ D2 + Dg
Ba=+ S . (22)

D*+D2 4 D,

It can be seen from Eq. 22 that two distinct solutions arise from the HME with GDD. In one case, the phase
modulator compensates for the chirp imposed by the cavity GDD while in the other case the phase modulator adds
to the GDD chirp. The resulting pulses have FWHM Gaussian pulse durations of

1/4
(D*+ DZ)(,/D? 4+ D2 + D)
7 = V8In?2 D2, : (23)

In section IV, we calculate a round-trip GDD of 861 fs? for the TFLN chip. We also estimate the GDD of the SAF
gain chip by using a bulk GVD value of 3725.6 fs?/mm for GaAs at 1065 nm. For our gain chip length of 1.5 mm,
the round-trip length is 3 mm, so the round-trip GDD imposed by the gain chip is 11176.8 fs?. Thus the total cavity
GDD is 12037.8 fs?. Given the calculated V; of our phase modulator of 10.67 V, with 280 mW RF driving power
(Vop = 3.74 V), the modulation index (M) is estimated to be 1.1. In steady-state, the saturated gain g must equal
the round-trip loss [. Since g is the round-trip exponential gain coefficient for the electric field, we may calculate
its steady-state value given the power loss per round-trip, denoted T, as g ~ | = —In(v1—-T) = —In(1 —T)/2,
where the factor of two comes from taking the square of the electric field to translate from power loss to field loss.
Considering the round-trip power loss of 90% due to chip-to-chip coupling loss, the output coupling loss, and the
waveguide propagation loss, the saturated gain ¢ is found to be —In(1 — 0.9)/2 = 1.15. Moreover, the 3 dB gain
bandwidth of our gain chip is ~ 4 THz. At an RF driving frequency of f,,, = 10.17 GHz, these parameters result in
Gaussian pulses with characteristics listed in Table S1. These results suggest that cavity dispersion can compensate
for the chirp of the phase modulator to create near transform-limited pulses.



B. Pulse width limit estimation using split-step Fourier transform simulation

Next, we investigate the discrepancy of predicted pulse widths with those that were observed in the experiment. We
compare the analytic results to a split-step Fourier transform simulation of the HME with GDD. This approach does
not make use of the approximations that led to the above analytic equations. However, for the same parameters, we
find good agreement with the analytic expressions. Figure S7a and S7d show the chirped and transform-limited pulses
for the f_ and [y solutions, respectively. In addition to finding the steady-state solution for the cited experimental
parameters, we also sweep loss and gain bandwidth to show their effect on pulse width and chirp. These sweeps
demonstrate how uncertainty in these parameters leads to significant deviation in the pulse width and chirp predicted
by the HME in some cases by greater than a factor of two. Pulses on the order of 4-5 ps, as observed experimentally,
can easily be observed when larger loss and smaller gain bandwidths are considered. This points to gain narrowing
mechanisms as a potential culprit for the discrepancy between the used HME model and the experiment.

In all cases, varying the gain bandwidth and loss to produce roughly 5 ps pulses results in significant chirp, sug-
gesting the model is not fully capturing all the dynamics in the experiment. Another process easily introduced to the
model is self-phase modulation (SPM). SPM is known to significantly disperse high-intensity pulses. In our model of
SPM, we split the round-trip equation from the HME into two sections: the first simulates the pulse evolution in the
gain chip while the second accounts for the round-trip propagation in the lithium niobate device. The SPM term is
only included in the gain chip segment, as the coupling loss between the gain chip and LN results in reduced peak
power in the LN section, such that we observe the SPM effect in LN to be comparatively negligible for reasonable
values of ny. The gain chip portion is additionally split into 10 steps; this enables the SPM to be more accurately
modeled given the rapidly increasing pulse amplitude in the gain chip from the high gain. With reasonable estimates
for gain saturation and gain chip mode size, the effect of varying ns is shown for both the f_ and S solutions in Fig.
S8a and S8b, respectively. It is worth noting that relatively large values of no on the order of 107!® m? /W have been
used. Here, we find that positive SPM results in strong pulse compression but quickly becomes unstable for both the
B and B4 solutions while negative SPM causes the broadening for the S_ solution and pulse shortening for the S
solution, with the S_ solution becoming unstable before the 3, solution. Here, we again observe strong chirp for the
broadened pulses, suggesting a discrepancy between the HME prediction and our experimental results.

In general, the inconsistencies between the HME results and our observed experimental results can be attributed
to an admixture of difficulties in precisely quantifying certain system parameters, such as the nonlinear index of
the gain chip, and the limitations of the HME itself. For example, the HME model treats the roundtrip as a single
element, which ignores system dynamics occurring on faster timescales. Our breaking the round-trip propagation into
segments for more accurate modeling of the SPM in the gain chip is an example of how one must be careful when
making such a simplification in a system such as ours with such high gain and high loss. In addition, there may exist
other effects in the semiconductor gain medium that are not captured by this simple model, such as the complex
carrier dynamics and two-stage gain recovery in the I1I-V gain medium [8, 37], and spectrally selective cavity loss
from intra-cavity etalon[22] or hole burning effects[38].

As such, the HME is useful in providing intuition behind the qualitative behavior of our device, such as the
power scaling law shown in the main text Fig. 4F, and how the interplay between cavity dispersion and phase
modulation leads to the pulse formation in our device. Meanwhile, its quantitative predictions should be viewed with
the understanding that uncertainties in the measured system parameters exist, and the simplistic model does not
account for all relevant phenomena that affect pulse formation. Further improvements to the model are needed to
better capture the underlying physics of the experiment to more accurately predict the pulse characteristics of this
device.
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FIG. S1. Design of the broadband loop mirror with curved directional coupler. The inset shows the cross-section of the CDC
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FIG. S2. Dependence of loop mirror reflectance on coupling length for (a) straight directional coupler, (b) curved directional
coupler with 800 um bending radius, and (c) curved directional coupler with 600 pm bending radius.
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FIG. S3. Simulated loop mirror reflection as a function of coupling length at 532 nm. The loop mirror has a curved directional
coupler with a bending radius (R) of 600 pm.
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Dependence of coupling loss on the gap distance between the gain chip and the TFLN chip.
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FIG. S6. Dependence of loop mirror reflectance on coupling length for (a) straight directional coupler, (b) curved directional
coupler with 800 um bending radius, and (c) curved directional coupler with 600 pm bending radius.
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FIG. S7. Results from split-step Fourier simulations of the HME with GDD. In the top row, the S_ solution is shown where
the phase modulator compensates for the cavity GDD. The bottom row shows the S4 case, where the phase modulator adds
to the chirp of the cavity GDD. The profile of the chirped and transform-limited pulses where g = 1.15 and the FWHM gain
bandwidth is 4 THz are shown for the (a) S— and (d) 8+ solutions. The pulse width as a function of loss (1) or gain with the
gain bandwidth held constant at 4 THz is given for the (b) S— and (e) 8+ solutions. Finally, the pulse width as a function of
gain bandwidth with the loss held constant at 1.15 is shown for the (¢) 8- and (f) 8+ solutions.
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TABLE S1. Pulse characteristics of steady-state solutions of HME with GDD. The pulse width, chirp parameter (3), time-

bandwidth product (ATAv), and transform-limited pulse width 7 are listed for each solution.

Parameter B B+
T DS 2.51 3.65
B -0.471 2.122
ATAv 0.488 1.035
Tor [ps] 2.27 1.56




TABLE S2. Performance comparison of nanophotonic waveguide-integrated mode-locked lasers
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Material platform Ac (nm) frep (GHz) Pulse width (ps) On chip peak power (mW) Footprint (mm?)
III-V QW/TFLN (this work) 1065 10.17 4.81-5.03 500 1.5x4
III-V QW/SIN [31] 1610 3 8 250 9.5x0.6
IIL-V QW/SiN [9] 1567 2.18/15.5 3.1 8.32 N/A
III-V QW/SIN [10] 1064 4.06/6.09 6.032 80 N/A
LV QW/Si [45] 1588.5 30 7 8.57 N/A
-V QW/Si [46] 1604.5 40 4 16 N/A

LV QW/Si [7] 1573 20 0.9 98 N/A
1LV QW/Si [47] 1600 1 7 50 N/A

III-V QD/GaAs [48] 1293 20 5.3 56 N/A
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