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Femtosecond laser pulses enable the synthe-
sis of light across the electromagnetic spectrum
and provide access to ultrafast phenomena in
physics, biology, and chemistry. Chip-integration
of femtosecond technology could revolutionize ap-
plications such as point-of-care diagnostics, bio-
medical imaging, portable chemical sensing, or
autonomous navigation. However, current chip-
integrated pulse sources lack the required peak
power and on-chip amplification of femtosecond
pulses has been an unresolved challenge. Here,
addressing this challenge, we report >50-fold am-
plification of 1 GHz-repetition-rate chirped fem-
tosecond pulses in a CMOS-compatible photonic
chip to 800 W peak power with 116 fs pulse dura-
tion. This power level is 2-3 orders of magnitude
higher compared to those in previously demon-
strated on-chip pulse sources and can provide the
power needed to address key applications. To
achieve this, detrimental nonlinear effects are mit-
igated through all-normal dispersion, large mode-
area and rare-earth-doped gain waveguides. These
results offer a pathway to chip-integrated fem-
tosecond technology with peak power-levels char-
acteristic of table-top sources.

Introduction

Femtosecond laser pulses with high-peak power are a fun-
damental resource in photonics. By temporally concen-
trating laser light, they provide unique access to ultra-
short time-scales and nonlinear optical effects and have
found applications across many disciplines including bio-
medical imaging [1-3], femtochemistry [4, 5], optical preci-
sion spectroscopy, molecular sensing, low-noise signal gen-

eration and time keeping [6-8]. Recent developments of
photonic-chip integration of femtosecond sources via mi-
croresonators [9-11], on-chip mode-locked lasers [12-15],
and integrated electro-optic pulse generators [16], have
created tremendous opportunities for femtosecond tech-
nology to become accessible at low-cost with high-volume,
compact footprint and beyond specialized laboratories.
These developments hold potential for large-scale societal
benefits such as advanced point-of-care diagnostics, dis-
tributed environmental monitoring, and mobile applica-
tion such as signal generation for navigation and com-
munication. A current roadblock, however, is the low
output peak power of chip-integrated femtosecond sources
(around 1 W, or much below that), which is often too low
for their envisioned application. Thus, almost all proof-
of-concept demonstrations with ultrashort pulses from on-
chip sources have critically relied on table-top optical am-
plifiers. Integrating these pulse amplifiers on a chip, is a
long standing challenge.

Previous work has already demonstrated chip-
integrated (quasi-) continuous-wave amplifiers based on
rare-earth-doped waveguides [17-26] sustaining power
levels up to 1 W [27], heterogeneous semiconductor
integration [28-31] or nonlinear parametric gain [32-34].
However, the amplification of femtosecond pulses in an
integrated photonics setting has remained challenging,
with nonlinear pulse distortion already at low peak power
levels of 20 W [25]. Indeed, the strong light confinement
in integrated waveguides results in strong nonlinearities,
typically 1000-times higher than those in optical fibers.
While often advantageous [35], e.g.  for broadband
supercontinua [36-39], nonlinear optical effects during
the amplification process can lead to the irreversible
degradation of the pulse within sub-mm propagation
distances.
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Figure 1 | Ultrafast pulse amplification on a chip. a, Photograph of the chip, hosting several amplifiers. Low energy chirped pulses
are amplified 50-fold. The output pulse is a high-peak power, nearly time-bandwidth-limited femtosecond pulse. b, After temporally
stretching (chirping) the input pulse, it is coupled to the amplifier chip, where it is gradually amplified and compressed, avoiding
strong nonlinearities until passing the output section. ¢, Composite photograph of an amplifier structure, consisting of large mode-area
(LMA) gain waveguides, folded into a small 15 mm?-scale footprint. The waveguides are defined in a silicon nitride (SizN.) layer,
where within the area of the gain waveguides, an active thulium-doped alumina layer (Tm®*":Al;03) is used as a top cladding; in the
input and output sections a silica (SiO2) cladding is used. d, Layer structure in the LMA gain waveguide section. Intensity contours
of the optical mode illustrate that most of the power is propagating in the gain layer for optimal amplification. e, Same as (d) but
for the bent waveguide sections. The mode is strongly confined to the SizN4-core, enabling low loss propagation through the bends.

Tabletop laser systems have historically faced a simi-
lar challenge. Nonlinear optical effects would prevent the
amplification of pulses or even result in damage of the
amplifier itself [40]. A major breakthrough came through
the demonstration of chirped pulse amplification (CPA)
[41]. In CPA the pulse is temporally stretched (chirped)
to lower its peak power, amplified, and then temporally
re-compressed only after amplification. While stretching
can be readily accomplished at low power levels through
a dispersive optical element, amplification and compres-
sion require advanced optical setups to manage nonlinear-
ity, group velocity dispersion (GVD), and for ultra-short
pulses, also higher-order dispersion.

Here, we demonstrate femtosecond pulse amplification
on an integrated photonic chip to hundreds of Watts of
peak power (Fig. la), a previously lacking cornerstone
for chip-scale femtosecond technology. Our approach pur-
sues a concept that resembles CPA to mitigate the strong
nonlinear optical effects that are usually associated with
integrated photonics. Pre-chirped input pulses propagat-
ing through the amplifier are simultaneously amplified and
temporally compressed by managing nonlinearity and dis-
persion so that ultrashort pulse duration and high-pulse
peak power are reached at the amplifier’s output facet
(Fig. 1b). In this way, we achieve >50-fold amplification of
ultrashort pulses from a 1 GHz femtosecond source (cen-
ter wavelength 1815 nm) to 800 W peak power and a final
pulse duration of 116 fs. Our experimental results are in

excellent agreement with a numerical pulse propagation
model that includes the dynamics of the Tm-doped gain
medium.

Results

The amplifier (Fig. 1lc) is fabricated in a CMOS-
compatible, scalable silicon nitride (SizN4) photonic-chip
platform (here with a 800 nm thick waveguide layer). The
total length of the amplifier waveguide structure is 12 cm,
which is integrated in a 15 mm?-scale footprint. It com-
prises a total of ~10 cm of straight waveguide sections
that provide gain and curved waveguide sections for com-
pact integration. To achieve on-chip gain, the silica (SiO3)
top cladding is selectively removed in the amplifier section
down to 200 nm above the SisN4 layer. In a next step,
a 1000 nm thick thulium-doped alumina (Tm3":Al;O3)
gain layer is deposited. The refractive index of the gain
layer n = 1.72 is between that of Si3Ny and SiO;. The
estimated Tm concentration is 3.5-10%°cm 3. A 1000 nm-
thick silica layer is deposited on top for protection (see
Methods for more details on fabrication). In the straight
gain sections the width of the SizN4 waveguide is reduced
to 300 nm, resulting in a single-mode waveguide with large
mode-area that is mostly contained in the active alumina
gain layer (Fig. 1d). Such large mode area (LMA) gain
waveguides [14] can provide high-gain per unit length, low-
nonlinearity, and high saturation power [27], and have al-
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Figure 2 | Amplifier design. a, Relative power fraction in the transverse magnetic (TM) mode that is contained in the Tm®*":Al, 03
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Methods for definition of the mode-area.

the gain layer (dashed black contours) in dependence of the
The locations of the
the parameter space are indicated. b, Group velocity dispersion
¢, Simulated intensity profiles for different SisN4 waveguide

widths as they occur in gain, bent and tapered waveguide sections. Their positions along the adiabatic taper-profile are indicated.

The simulations are based on a finite-element method model.

ready enabled Q-switched lasers with nanosecond pulse
duration [42, 43]. In the curved sections the waveguide
width is 1000 nm for strong mode confinement (Fig. le)
and low-loss propagation; Euler-bends with a minimal ra-
dius of 200 ym guarantee an adiabatic low-loss transition
to the bends [44].

The amplifying and bending waveguide sections are con-
nected by straight adiabatically tapered waveguides. To
increase mode confinement for low reflections and scatter-
ing at the cladding material transition, input and output
waveguides are 2000 nm wide. Inverse tapers at the facets
of the chip enable low-loss coupling from and to optical
fibers or free-space. The footprint of the entire amplifier
structure is below 15 mm?. The choice of Tm-doping is
motivated by its large gain bandwidth [21, 42, 43, 45, 46]
and its importance for emerging applications such as laser
ranging, free-space communication [47] and mid-infrared
supercontinua [48]; however, the amplifier platform can
also support erbium-doping for operation in the telecom-
munication wavelength window [49], and likely other rare-
earth dopants such as neodymium and ytterbium for op-
eration around 1 pm wavelength.

The design of the geometry of the amplifier is based
on numerical simulation of key waveguide parameters ob-
tained through a finite element electro-magnetic mode
solver. For these simulations to be accurate, we utilize
wavelength dependent refractive index data that was ob-
tained for all involved materials through broadband ellip-
sometry. Fig. 2a,b show, for the fundamental transverse
magnetic mode (TM), the relative optical power in the

gain layer and the GVD as a function of the SizN, waveg-
uide width and the Tm3":Al,03 layer height. To achieve
high gain and high saturation power, a large power frac-
tion of the optical mode in the Tm3":Al,O3 layer is gen-
erally desirable. This also reduces the impact of nonlinear
optical effects by (1) lowering the intensity through a large
mode-area, (i) a 10-fold reduced nonlinear material index
of the gain layer compared to the silicon nitride waveg-
uide, and (iii) by achieving high-gain amplification over
short distances. However, a too large mode-area (and the
correspondingly high number of excited ions) would in-
crease the minimum signal input power required to avoid
excessive spontaneous emission or parasitic lasing, partic-
ularly in a co-propagating (forward) pumping scheme. In
addition to a high power fraction in the gain medium,
we aim at an all-normal GVD along the entire amplifier
structure to achieve monotonous temporal pulse compres-
sion and robustness against pulse breakup by nonlinear
modulation instability (MI) [50]. As Fig. 2a and b show,
it is indeed possible to simultaneously fulfill these criteria
for the gain-waveguide, taper and bend for a Tm3t:Al, O3
layer thickness below 1200 nm. Here, we use a chip with
a layer thickness of 1000 nm in the normal GVD regime.

The location of the gain waveguide, bends and connect-
ing tapers in the design parameter space are indicated in
Fig. 2ab and their mode profiles are shown in Fig. 2c.
In this design the effective mode-area in the gain layer
is ASS™ ~ 7 pnm? with an effective nonlinear parameter
of v = 0.007 W tm™! (in the 1000 nm wide waveguide
v = 0.7 Wtm™!) (see Methods). The group-delay dis-
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Figure 3 | Experiments. a, Experimental setup. CW: continuous-wave; ATT: attenuator, COL: collimator; S: beam-splitter; L:
lens; PM: power-meter b, Amplifier output power and on-chip net gain as function of the on-chip pump power. ¢, Optical spectra
before and after amplification; PSD: power spectral density. d,e,f, Frequency resolved optical gating (FROG) traces showing second
harmonic intensity as function of FROG delay (256x256 data points) and reconstructed temporal pulse (power and phase) of the
original, the pre-chirped input and the output pulses. Dots and solid lines represent measured and smoothed measured data, dashed

lines represent simulated data. The respective FROG errors are 1

persion (GDD, i.e. the length-integrated GVD) of the
amplifier chip is 7.79-10726 s, which is large enough to
allow pre-chirping to pico-second duration pulses. For ul-
trashort pulses, besides second order dispersion (GVD),
third order disperison can be important. As we show in
the Supplementary Information (SI, Section 1, Figure S1),
the distinct third order dispersion characteristics of bends
and tapers can be leveraged to minimize detrimental im-
pacts of third order dispersion.

The experimental setup for testing the amplifier is
shown in Fig. 3a, including the input signal pulse and
the 1610 nm continuous-wave (CW) pump sources that

.282-107°, 2.75-107%, and 1.19-107°,

are externally combined and coupled to the chip. For
convenience, the pump source is here implemented via a
diode laser that is amplified in an erbium-doped fiber am-
plifier. Future integration may utilize high power single-
mode laser diodes, which are commercially available with
power levels of larger than 400 mW, and which could
be combined in a polarization multiplexed and/or bi-
directional pumping configuration. Alternatively, 790 nm
pump diodes may be used to excite the gain medium via
power-efficient cross-relaxation processes; given the signif-
icance of Tm-doped gain materials, we anticipate high-
power pump diodes to become readily available. The
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Figure 4 | Numerical simulation. a, Evolution of the tempo-
ral pulse power while propagating through the amplifier chip in a
co-moving reference frame. One sequence of the alternating gain,
bend and taper sections is indicated. The contours indicate the
full-width-half-maximum (FWHM) pulse duration. b, Pulse dura-
tion and pulse peak power while propagating through the amplifier
chip. ¢, Evolution of the pulse’s dispersion length Lp and non-
linear length Lyi, while propagating through the amplifier chip.
The blue background color highlights where the propagation is
dominated by linear optical effects (Lp < Lnt); nonlinear optical
effects dominate only in the last 1.5 mm of the entire >12 cm
long propagation distance (red background color). d, Magnified
portion of panel ¢, where the gain section and taper to the output
waveguide, the passive output waveguide, and the inverse taper
for chip-output coupling are indicated. See Methods for details
on the simulation.

output of the amplifier is collected via free-space optics
to avoid additional dispersive or nonlinear optical effects
and characterized via frequency resolved optical gating
(FROG) [51]. As input pulse source we use a femtosecond
laser source (cf. Methods) providing close to bandwidth-
limited pulses of 80 fs duration at a central wavelength of
1815 nm and a pulse repetition rate of 1 GHz of which we
couple 1.81 mW of average power (1.81 pJ pulse energy)
to the chip. Prior to coupling the pulses to the chip, they

are pre-chirped in a short stretch of standard anomalous
dispersion optical fiber. The fiber can easily be adjusted in
its length to explore different levels of pre-chirping. How-
ever, we emphasize that such pre-chirping can also be im-
plemented on-chip without suffering from nonlinear effects
owing to the low pulse energy prior to amplification. Rel-
evant approaches include strongly anomalous dispersion
waveguides [16], Bragg-gratings [52-54], or coupled grat-
ings [55, 56].

As an aside, we note that it is in principle also possible
to send the pulses directly, without pre-chirping, into the
amplifier and to perform re-compression after the ampli-
fication (SI, Section 2, Fig. S2). However, this would re-
quire dispersion compensation at higher power levels after
amplification, which, in contrast to pre-chirping at lower
power, is challenging due to non-trivial nonlinear compres-
sion dynamics. If carefully optimized, self-similar nonlin-
ear pulse amplification in the normal dispersion regime
[57, 58] , followed by anomalous dispersion and/or non-
linear pulse compression may results in pulse shortening;
however, this is not pursued here and only works for very
specific input pulse parameters.

Fig. 3b shows the average power of the amplified pulses
as well as the on-chip net gain for different levels of pump
power. For the highest on-chip pump power of 700 mW,
we observe an on-chip output signal power of 95 mW and
a maximal gain of 17 dB, i.e. a factor of 52 (see Methods
for details on calibration); the optical spectrum before and
after amplification is shown in Fig. 3c. Next, we vary the
length of the pre-chirping fiber and measure the tempo-
ral characteristics of the output pulses directly after the
chip via FROG. For an optimal pre-chirping fiber length of
146.5 cm, commensurate with the opposite amount of total
dispersion along the amplifier chip, we obtain an amplified
and compressed pulse directly at the output facet of the
chip of 116 fs duration. The temporal characterization of
the original, pre-chirped and amplified pulses are shown
in Fig. 3d,e and f, respectively. The pre-chirped pulses
have a duration of 2.5 ps and a markedly quadratic tem-
poral phase. In contrast, the output pulses of the amplifier
are 116 fs in duration and exhibit a largely flat temporal
phase indicating that they are close to time-bandwidth-
limited. The asymmetric low intensity tail of the recon-
structed pulse (and a ‘butterfly’ shape in the FROG trace)
hints at a weak residual third order dispersion. In total,
this experiment signifies the successful more than 50-fold
amplification of a femtosecond pulse in an integrated pho-
tonic chip. The obtained on-chip pulse energy of 95 pJ
and peak power of > 800 W are well-suited for photonic
chip-based spectral generation from infrared to ultraviolet
wavelength [59, 60] or self-referencing [61] for absolute op-
tical metrology. In integrated microwave photonics [62],
ultrashort pulses could improve shot-noise limited perfor-
mance by several orders of magnitude [63] with impact
on navigation and communication applications. If higher
average output power is needed, a longer amplifier struc-
ture and larger mode-area gain waveguides can be used.



We note that the final output pulses of 116 fs duration
are longer than the 80 fs input pulse. This correlates well
with their respective spectral bandwidth of 5.1 THz and
3.5 THz, respectively. We therefore attribute the increase
in pulse duration to a finite gain bandwidth, but also to
residual third order dispersion. Potentially, although less
likely, nonlinear spectral compression could play a role
[64].

Complementing the experiment, we perform numerical
simulations of on-chip pulse amplification based on
the nonlinear Schrédinger equation (NLSE) combined
with a thulium gain model (see Methods). Using the
experimental parameters of the input pulse, pump power
and waveguide parameters, we simulate the pulse am-
plification and compare it with the experimental data
in Fig. 3d,e,f (bottom). The simulation is in excellent
agreement with the experimental observations and we
can use it to gain further insights into the pulse propa-
gation during the amplification process. Fig. 4a shows
the simulated temporal dynamics of amplification and
pulse shortening. We extract the pulse duration as a
function of propagation distance and confirm the intended
monotonous pulse compression that permits to keep the
pulse peak power P, and the impact of nonlinear effects
low throughout most of the amplifier length (Fig. 4b).
To illustrate this point, we plot in Fig. 4c the nonlinear
length Lxi, = (yP,)~!, the characteristic propagation
length scale on which nonlinear effects become relevant.
It can be seen that Lyi, is consistently longer than the
stretches of propagation to which it applies, indicating
the limited impact of nonlinear effects. We also indi-
cate the characteristic length scale of dispersive effects
Lp = TBP?/(Af?|GVD|), which is significantly shorter
than Lyp, for most of the propagation, confirming that
pulse propagation is dominated by linear optical effects
(Af is the spectral bandwidth of the pulse as obtained
from the simulation data at each point of the propagation
and TBP is the time-bandwidth product, here set to
0.315).

Discussion

In summary, we have demonstrated ultrashort femtosec-
ond pulse amplification in an integrated photonic chip.
The central challenge of strong optical nonlinearity inher-
ent to integrated photonics is effectively addressed through
tailored large mode-area gain waveguides and the design of
the waveguide’s dispersion, permitting stable pulse propa-
gation and compression, including in the tightly confining
bends. The achieved 50-fold on-chip amplification leads to
a peak power of 800 W. Longer amplifying waveguides and
larger mode-area can support even higher average output
power, accommodating higher pulse repetition rates. As
we discuss in the SI (Section 3, Fig. S3), substantially in-
creasing the peak power while avoiding nonlinear effects
would require a design with increased waveguide disper-

sion, or shorter pulses which are, in principle, supported
by the Tm-doped gain medium. Future work, may also
leverage deliberate nonlinear effects such as self-similar
pulse amplification in the normal dispersion regime [57, 58]
followed by anomalous dispersion and potentially nonlin-
ear compression to provide high-power few-cycle pulses
[65]. As such, our results open new opportunities for
scalable high-power fully-chip integrated ultrafast sources.
More broadly, they bring femtosecond technology with
pulse peak-power otherwise only attainable in table-top
systems to the chip-level.

Methods

Sample fabrication. The passive SizNy chips were fabri-
cated by Ligentec SA using UV optical lithography, based on
a 800 nm-thick SizN4 waveguide platform embedded in a silica
cladding. In the area of the gain waveguides, the top silica
cladding is removed (a 200 nm silica spacer layer remains). A
Tm?": Al,O3 gain layer with a thickness of 1000 nm is then de-
posited in the local opening using radio frequency sputtering
technique [66] with an estimated Tm3*" ion concentration of
3.5-10%%cm™>. The gain layer is cladded with a 1000 nm-thick
silica layer on top for protection. Finally, the chip is annealed
at 500 °C for 6 hours to reduce the OH and water absorption
in the cladding layer.

Nonlinear coefficient and effective mode-area. The

nonlinear coefficient v of the waveguides is [67]

_ aws [ n’(z,y)na(z, y)[E(x,y)| dzdy
poc | [ Re [E(z,y) x H*(z,y)], dedy|”

where the integral extends over the entire heterogeneous mate-
rial geometry. E and H are the complex electric and magnetic
field vectors, z and y the transverse spatial coordinates. The
effective mode-area A%3™ in the homogeneous gain medium is

(i 1B, ) Pelacly)
[T i B, )Py

gain __
Aeff -

where the integration is restricted to the Tm3":AloO3 gain
layer.

Ultrafast signal source. 150 fs, 1 GHz pulses at 1560 nm
are launched into a highly nonlinear fiber (HNLF) to gener-
ate a Raman-shifted soliton pulse centered at a wavelength of
1815 nm. A free-space 1700 nm long pass filter (LPF) is used
to remove residual short wavelengths contributions.

Power calibration and gain measurements. Pump
and signal fiber-to-chip coupling losses are measured using pas-
sive (no gain layer) waveguides and a symmetric lensed fibers
configuration for input and output coupling. Measured pump
and signal coupling losses are 2.9 and 4.2 dB per facet, re-
spectively. We extract the net gain by directly comparing the
output and input signal powers after calibrations and after fil-
tering out the transmitted pump using a free-space long-pass
filter.



Model for the amplification dynamics. Based on the
NLSE, our model for propagation and amplification of the sig-
nal pulses combines effects of nonlinearity, gain and dispersion.
The optical nonlinearity is treated in the time domain

0A(2)
0z

where Ag(z) is the complex temporal field amplitude of the
signal, defined in the co-moving time frame on the discrete
temporal points T (k=0,1,2,.., N — 1) and normalized such
that >, |Ak(z)|> AT is the pulse energy at position z with
AT = Tyy1 — Tk. Dispersion and gain are treated in the fre-
quency domain

= i7|Ak(2)|* Ak (2),

DA;(2) _ 984 (2) Aj(2) +i Z %(Wj —ws)"Aj(z)

0z 2 =

where A;(z) is the discrete Fourier-transform of Ag(z), with
frequencies w; (j = 0,1,2,.., N — 1), and wg is the signal’s
center frequency. The frequency resolution is Aw = %7 the
signal gain is gs,;(z), and the 3, describe the dispersion.

We model the optical gain by accounting for the populations
in the first three lower-lying levels (3H67 3F, and 3H‘L—,). The
gain model also accounts for the fractions f, and f; of active
and quenched ions (fs + fg = 1), respectively. Assuming a
steady state for the gain medium, the rate equations includ-
ing energy transfer upconversion (ETU) process for 1610 nm
pumping are given by [18, 68]:

dN27a/ (Z) 2 1
Tq :WETUNl,a/q(Z) — gNz’a/q(Z) = 0
ANy 4/4(2
#‘1) :RPaa/q(z) - RS,a/q(z) - WETUNia/q(Z)
1 1
—Ns g, - Ni g =0
+ T2 2,0/q(2) Tia/q 1,a/4(2)
farq(2)Na =Noasq(2) + Nl,a/q(z) + N2a/q(2)
1 PP(Z)
Rpo/g(z) =— —F7——
Pl =Fo ()
% [70(@P) Noja/q(2) = 0e(wr) Ny asa(2)]
1 Psyj (Z)

RS,a/Q(Z) = ; ﬁwis Acff(ws)
X)) Nr,a/a(2) = 70 () No.asa(2)

where the concentrations Np 1,2 describes the populations in
the levels ®Hg, 3F, and 3 Hs, respectively, the subscripts a/q
denote the active or quenched ions and Ny is the total ion con-
centration; 7; is the luminescence lifetime of level ¢ and Wgry
is a parameter accounting for the ETU processes >Fy, 3F; —
®Hs, ®Hg [18, 69]. R, ./q and Rs ./ are the pump and signal
rates. The pump power Pp is monochromatic with frequency
wp and the signal power contained in the spectral discretiza-
tion intervals is Pg;(z) = ATTQM](Z) 2o = N™24;(2)%
For the pump and signal intensities, we neglect the transverse
spatial intensity profiles (orthogonal to the propagation direc-
tion) and instead approximate them via effective mode areas
Aeti(wp) ~ Aer(ws) =~ 7.5um?. Further, 0. and o, are the
frequency dependent effective emission and absorption cross-
sections and & is the reduced Planck constant. The propaga-
tion equations of the pump and signal power, which describe

the gain along the propagation direction z are

PPI(Z) dP;Z(Z) =I'p [UE(UJP) (Nz,a(z) + Nqu(z))
— oa(wp) (No,a(z) + Nqu(z))} N
and
st(z) deiij:(Z) =Ig [oe(w]-)(Nl,a(z) + Nl,q(Z))

— 0s,a(wy) (No,a(z) + No,q(z))} —a.

Here, I's and I'p are the power fractions of signal and pump
in the gain medium, respectively, and « describes the propa-
gation loss which we assume to be the same for both pump
and signal. While the pump propagation equation is used di-
rectly to model the evolution of Pp(z), the evolution of the
signal is modeled via its field amplitude as described above

. dPg ;(2)
using gs,;(z) = PS;(Z) e
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1 Third order dispersion

For ultra-short pulses in the femtosecond regime, their large spectral bandwidth implies that third order dispersion effects become
relevant. In our case, as evident in Fig. 3f in the main text, not perfectly compensated third order dispersion after compression
leads to an asymmetric low intensity tail in the output pulse (and a ‘butterfly’ shape in the FROG trace). Complementing
main text Fig. 2b, Figure S1 shows the third order dispersion in dependence of the silicon nitride waveguide width an the Al2Og3
layer height. While the gain waveguides show close to zero third order dispersion, waveguide bends and tapers can exhibit
considerable amounts of third order dispersion. Importantly, both signs of third order dispersion occur along the taper, so that
they can compensate each other. In our case, although peak dispersion values exceeding 10 psg/km occur along the taper and
during the bend, their mean value is much smaller and the different contributions approximately compensate each other (mean
third order dispersion along a taper ca. 1.6 ps3/km; mean dispersion in a bend ca. 7 ps3/km; per straight gain waveguide the
amplifier comprises ca. 2 x 3 mm of taper and a bend length of ca. 1.5 mm).

2 Amplification without pre-chirping

As mentioned in the main text, it is also possible to send the input pulses directly into the amplifier without pre-chirping. Due
to the normal dispersion the pulses will spread in time before their gain in energy would cause substantial nonlinear effects.
Figure S2 presents a numerical simulation of signal pulse amplification without pre-chirping the pulse, in the same representation
as Fig. 4 in the main text). Figure S2a reveals the temporal dynamics of amplification and pulse broadening due to normal
dispersion of the amplifier. To obtain short pulses, dispersion compensation would now be required after amplification, at higher
power levels. In contrast to pre-chirping at low power, this is more challenging due to the non-trivial power-dependent nonlinear
compression dynamics.

3 Critical power: Ly;, = Lp

To provide an estimate of the maximally attainable peak power in a linear pulse propagation regime, we consider the critical
power where nonlinear and dispersion length are equal Lni, = Lp. Figure S3 shows this critical power for different pulse duration
(impacting Lp) and gain layer height (impacting Lp and Lnt), where we have assumed a fixed silicon nitride waveguide width
of 300 nm. Figure S3 shows that a ~100 fs pulse can be amplified and compressed to its time bandwidth limit with peak
power levels of approximately 900 W, while remaining in the linear pulse propagation regime. For higher peak power levels
nonlinearity will start contributing. Shorter pulses, which can in principle be supported by the Tm-doped gain medium could
support higher peak power, in principle exceeding 10 kW, while remaining in the linear regime. To reach these power levels a
careful management of higher order dispersion would be needed.
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Figure S1 | Third order dispersion in dependence of the silicon nitride waveguide width an the Al2O3 layer height. Along the taper,

both negative and positive third order dispersion are present and can compensate each other. Specifically, the taper profile may be
chosen to obtain a net-zero third order dispersion amplifier.
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Figure S2 | Numerical simulation of signal amplification without pre-chirping. a, Evolution of the temporal pulse power while
propagating through the amplifier chip in a co-moving reference frame. One sequence of the alternating gain, bend and taper sections
is indicated. The contours indicate the full-width-half-maximum (FWHM) pulse duration. b, Pulse duration and pulse peak power
while propagating through the amplifier chip. ¢, Evolution of the pulse’s dispersion length Lp and nonlinear length L, while
propagating through the amplifier chip. The blue background color highlights where the propagation is dominated by linear optical
effects (Lp < Lwu); nonlinear optical effects dominate only in short section within the last 1.5 mm of the entire, >12 cm long
propagation distance (red background color). d, shows a magnified portion of panel c., where the gain section and taper to the output
waveguide, the passive output waveguide, and the inverse taper for chip-output coupling are indicated.
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Figure S3 | Critical power in dependence of the pulse duration and the Al>O3 layer height (assuming 300 nm wide silicon nitride
waveguide). The achievable peak power scales quadratically with the inverse pulse duration and linearly with the (absolute) value
of the GVD. For a layer height of ~ 1200 nm, the GVD is close to zero and hence the critical power low. Higher critical power is
achieved for shorter pulses and layer heights that exhibit larger GVD (cf. Fig. 2b in the main text).



