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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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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 Schrödinger 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 Pp 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 LNL = (γPp)

−1, the characteristic propagation
length scale on which nonlinear effects become relevant.
It can be seen that LNL 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
LD = TBP2/(∆f2|GVD|), which is significantly shorter
than LNL for most of the propagation, confirming that
pulse propagation is dominated by linear optical effects
(∆f 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 Si3N4 chips were fabri-
cated by Ligentec SA using UV optical lithography, based on
a 800 nm-thick Si3N4 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
Tm3+: Al2O3 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
3.5·1020cm−3. 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 γ of the waveguides is [67]

γ =
ǫ0ωs

µ0c

∫∫

n2(x, y)n2(x, y)|E(x,y)|4dxdy
∣

∣

∫∫

Re [E(x, y)×H∗(x, y)]z dxdy
∣

∣

2

where the integral extends over the entire heterogeneous mate-
rial geometry. E and H are the complex electric and magnetic
field vectors, x and y the transverse spatial coordinates. The
effective mode-area A

gain
eff in the homogeneous gain medium is

A
gain
eff =

(

∫∫

gain
|E(x, y)|2dxdy

)2

∫∫

gain
|E(x, y)|4dxdy

where the integration is restricted to the Tm3+:Al2O3 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.
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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

∂Ak(z)

∂z
= iγ|Ak(z)|

2
Ak(z),

where Ak(z) is the complex temporal field amplitude of the
signal, defined in the co-moving time frame on the discrete
temporal points Tk (k = 0, 1, 2, .., N − 1) and normalized such
that

∑

k|Ak(z)|
2 ∆T is the pulse energy at position z with

∆T = Tk+1 − Tk. Dispersion and gain are treated in the fre-
quency domain

∂Ãj(z)

∂z
=

gS,j(z)

2
Ãj(z) + i

∑

n≥2

βn

n!
(ωj − ωS)

n
Ãj(z)

where Ãj(z) is the discrete Fourier-transform of Ak(z), with
frequencies ωj (j = 0, 1, 2, .., N − 1), and ωS is the signal’s
center frequency. The frequency resolution is ∆ω = 2π

N∆T
, the

signal gain is gS,j(z), and the βn describe the dispersion.
We model the optical gain by accounting for the populations

in the first three lower-lying levels (3H6,
3F4 and 3H5). The

gain model also accounts for the fractions fa and fq of active
and quenched ions (fa + fq = 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]:

dN2,a/q(z)

dt
=WETUN

2
1,a/q(z)−

1

τ2
N2,a/q(z) = 0

dN1,a/q(z)

dt
=RP,a/q(z)−RS,a/q(z)−WETUN

2
1,a/q(z)

+
1

τ2
N2,a/q(z)−

1

τ1,a/q
N1,a/q(z) = 0

fa/q(z)Nd =N0,a/q(z) +N1,a/q(z) +N2,a/q(z)

RP,a/q(z) =
1

~ωP

PP (z)

Aeff(ωP )

×
[

σa(ωP )N0,a/q(z)− σe(ωP )N1,a/q(z)
]

RS,a/q(z) =
∑

j

1

~ωS

PS,j(z)

Aeff(ωS)

×
[

σe(ωj)N1,a/q(z)− σa(ωj)N0,a/q(z)
]

where the concentrations N0,1,2 describes the populations in
the levels 3H6,

3F4 and 3H5, respectively, the subscripts a/q
denote the active or quenched ions and Nd is the total ion con-
centration; τi is the luminescence lifetime of level i and WETU

is a parameter accounting for the ETU processes 3F4,
3F4 →

3H5,
3H6 [18, 69]. Rp,a/q and Rs,a/q are the pump and signal

rates. The pump power PP is monochromatic with frequency
ωP and the signal power contained in the spectral discretiza-

tion intervals is PS,j(z) = ∆T2

T
|Ãj(z)|

2 ∆ω
2π

= N−2|Ãj(z)|
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
Aeff(ωP ) ≈ Aeff(ωS) ≈ 7.5 µm2. Further, σe and σa 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

1

PP (z)

dPP (z)

dz
=ΓP

[

σe(ωP )
(

N2,a(z) +N2,q(z)
)

− σa(ωP )
(

N0,a(z) +N0,q(z)
)]

− α

and

1

PS,j(z)

dPS,j(z)

dz
=ΓS

[

σe(ωj)
(

N1,a(z) +N1,q(z)
)

− σs,a(ωj)
(

N0,a(z) +N0,q(z)
)]

− α.

Here, ΓS and ΓP are the power fractions of signal and pump
in the gain medium, respectively, and α 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

using gS,j(z) =
1

PS,j(z)

dPS,j(z)

dz
.
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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 Al2O3

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 ps3/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× 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: LNL = LD

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 LNL = LD. Figure S3 shows this critical power for different pulse duration
(impacting LD) and gain layer height (impacting LD and LNL), 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 S3 | Critical power in dependence of the pulse duration and the Al2O3 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).
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