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Abstract

High-power tunable lasers are intensely pursued due to their vast application potential such as in telecom, ranging,
and molecular sensing. Integrated photonics, however, is usually considered not suitable for high-power applications
mainly due to its small size which limits the energy storage capacity and, therefore, the output power. In the late 90s,
to improve the beam quality and increase the stored energy, large-mode-area (LMA) fibers were introduced in which
the optical mode area is substantially large. Such LMA fibers have transformed the high-power capability of fiber
systems ever since. Introducing such an LMA technology at the chip-scale can play an equally disruptive role with high
power signal generation from an integrated photonics system. To this end, in this work we demonstrate such a
technology, and show a very high-power tunable laser with the help of a silicon photonics based LMA power
amplifier. We show output power reaching 1.8 W over a tunability range of 60 nm, spanning from 1.83 um to 1.89 um,
limited only by the seed laser. Such an integrated LMA device can be used to substantially increase the power of the
existing integrated tunable lasers currently limited to a few tens of milliwatts. The power levels demonstrated here
reach and surpass that of many benchtop systems which truly makes the silicon photonics based integrated LMA

device poised towards mass deployment for high power applications without relying on benchtop systems.

Introduction

High-power systems are indispensable for the next
generation systems for commercial and scientific pur-
poses. For example, coherent communication systems as
well as frequency modulated detection and ranging
applications require high power tunable lasers to increase
the receiver and the target range, respectivelyl_g. Space
agencies are interested in integrating high power lasers in
miniaturized satellites for low-earth-orbit and deep space
planetary observations*~’. Moreover, to handle the arti-
ficial intelligence driven heavy data center traffic, the
emerging co-packaged optics technology requires inte-
grated high-power lasers to satisfy the link budget®’.
Traditionally, high-power tunable lasers and amplifiers

Correspondence: Neetesh Singh (neetesh.singh@desy.de)

'Center for Free-Electron Laser Science CFEL, Deutsches Elektronen-
Synchrotron DESY, Hamburg, Germany

“Integrated Optical Systems, MESA+ Institute for Nanotechnology, University
of Twente, 7500AE Enschede, The Netherlands

Full list of author information is available at the end of the article

© The Author(s) 2025

are considered to be in the realms of benchtop fiber and
solid-state systems. Owing to their large system volume,
they allow for large energy storage capacity and high gain
saturation power and therefore high output signal power.
In integrated photonics on the other hand, one of the
main challenges is that it still lacks high-power lasers and
amplifiers, which is mainly due to the tight modal con-
finement, that affords integrated photonics devices a small
footprint and compact circuitry, but this fact comes into
conflict with the large energy storage volume requirement
and therefore the power of these lasers is usually limited.
Even after decades of research, most of the integrated
photonics demonstrations to date rely on benchtop fiber
and solid-state lasers and amplifiers. Integrated semi-
conductor lasers and amplifiers are being used quite
regularly in silicon photonics; however, they still face
challenges with the low yield, high cost and complex
heterogeneous integration. A bigger concern, however, is
that the optical power from the semiconductor devices
integrated to silicon photonics remain low, in the range of

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction
BY in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


www.nature.com/lsa
http://orcid.org/0000-0001-9105-647X
http://orcid.org/0000-0001-9105-647X
http://orcid.org/0000-0001-9105-647X
http://orcid.org/0000-0001-9105-647X
http://orcid.org/0000-0001-9105-647X
http://orcid.org/0009-0008-6058-2002
http://orcid.org/0009-0008-6058-2002
http://orcid.org/0009-0008-6058-2002
http://orcid.org/0009-0008-6058-2002
http://orcid.org/0009-0008-6058-2002
http://orcid.org/0000-0003-0470-9714
http://orcid.org/0000-0003-0470-9714
http://orcid.org/0000-0003-0470-9714
http://orcid.org/0000-0003-0470-9714
http://orcid.org/0000-0003-0470-9714
http://orcid.org/0009-0007-4912-4652
http://orcid.org/0009-0007-4912-4652
http://orcid.org/0009-0007-4912-4652
http://orcid.org/0009-0007-4912-4652
http://orcid.org/0009-0007-4912-4652
http://orcid.org/0000-0003-3490-0288
http://orcid.org/0000-0003-3490-0288
http://orcid.org/0000-0003-3490-0288
http://orcid.org/0000-0003-3490-0288
http://orcid.org/0000-0003-3490-0288
http://orcid.org/0000-0001-8829-5461
http://orcid.org/0000-0001-8829-5461
http://orcid.org/0000-0001-8829-5461
http://orcid.org/0000-0001-8829-5461
http://orcid.org/0000-0001-8829-5461
http://creativecommons.org/licenses/by/4.0/
mailto:neetesh.singh@desy.de

Singh et al. Light: Science & Applications (2025)14:18

tens of mW"'%"'%, This has caused researchers to explore
ways to integrate high power semiconductor optical
amplifiers (SOA)**~'%, which work very well as standalone
devices'®2?, but their integration with silicon photonics
has proven to be quite challenging. On the other hand, to
repeat the success of rare-earth-doped (RED) fiber lasers
and amplifiers, and to seamlessly integrate with fiber optic
systems, integrated RED devices were explored in the last
several decades®?*, as they have the potential for low
noise and thermally insensitive signal generation com-
pared to their semiconductor counterpart, a fact which
was identified even before the invention of the fiber
amplifiers (which also initiated research towards doping
semiconductor materials with RE ions**~?”). However,
complex and compact circuitries were hard to achieve
with such platforms and mass production seemed not
possible which resulted in a gradual decline in research in
those systems>>**?*73%_ Over the last two decades, silicon-
photonics based RED lasers and amplifiers have been
explored®*™!, where one has recently reached a power
level up to 140 mW** (albeit with a slightly complex
fabrication process).

To reach power levels in integrated photonics similar to
a table-top system, a device that can support large energy
storage and high gain saturation power will be required.
Large-mode-area (LMA) technology introduced in the
late 90s in fiber systems, thanks to the large optical
mode, has substantially increased the stored energy and
extractable power from fiber lasers and amplifiers*>*?,
Recently, we have shown a design of an integrated pho-
tonics based LMA waveguide®™ which has been used for
high energy pulse generation and pulse amplifica-
tion*>~*’. In this work, we show a high-power continuous
wave (CW) tunable laser based on silicon photonics high
power LMA amplifier which increases the output power
of the tunable laser up to 1.8 W. The device has a foot-
print of 4.5mm?® The power level demonstrated sur-
passes that of many commercial benchtop lasers and is
comparable to many benchtop amplifiers. Such an inte-
grated LMA device can be used to substantially increase
the power of the existing table top lasers as well as
integrated photonics-based lasers where the power is
limited to a few mWs to around 100 mW"'*~?, Espe-
cially, in the long wavelength window (up to 2 pm)—
which has various medical, defense, and space applica-
tions, such as in laser surgeries (thanks to strong water
absorption), greenhouse gas monitoring in earth and
planetary space missions, and even in the next generation
gravitational wave detection®**">*—the power levels in
integrated lasers as well as benchtop semiconductor
lasers'®”>™>" are severely limited. The integrated LMA
technology can be used here not only to increase the
power of such systems substantially, but it can also allow
devices with lower cost, size, weight, and power (SWaP)
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that can be mass produced and replace many of their
benchtop solid state and fiber counterparts.

Results

The device is a hybrid device with an active medium on
top of a passive layer’>*”*%~% It is fabricated in two
steps for the passive and active parts. The passive part
consists of a silicon substrate, 4 pm thick bottom oxide
layer, 800 nm thick SiN layer and a 6.6 um thick top
oxide layer which is selectively etched down to 300 nm
thickness to create an opening in the gain layer region.
The gain waveguide cross-section is shown in Fig. la.
Once the passive fabrication step is completed we coat
the device with a gain layer. We use thulium-doped
alumina gain film as it has a wide gain bandwidth ran-
ging from 1.7 to 2.1 um, which is important for mole-
cular fingerprinting®"°%, making it valuable for various
medical, sensing, defense and space application. Addi-
tionally, due to such a large gain bandwidth high reso-
lution LIDAR (with CW laser of wide tuning range) and
ultra-short modelocked laser pulses can be realized. We
deposited the thulium doped alumina gain layer
(Tm®>"*Al,03) on a passive chip with radio frequency
magnetron sputtering tool (details of the deposition
process can be found in®?). The targeted thulium con-
centration was 6 x 10?°/cm?® and the film thickness was
1.35 um. The device essentially consists of a strong mode
confinement region and a weak mode confinement
region. The strong mode confinement region which is
based on SiN waveguides fully cladded in silica is for
launching and collection of the pump and signal on and
off the chip, and for facilitating compact bends to con-
nect LMA gain sections, see the schematic in Fig. 1a. In
the LMA sections the optical modes interact mainly with
the gain-ion-doped alumina layer for high power signal
generation. In the LMA, the calculated effective mode
area of the pump mode is 33.5 um?” and it ranges from 29
to 28 um? for the signal mode (from 1.8 to 1.95 um). The
optical mode confinement in the alumina layer ranges
from 90 to 95% and 0.7 to 0.25% in the SiN layer over the
wavelength range from 1.95 to 1.61 um. The effective
refractive index of the modes at the pump and around
the signal wavelength window is 1.63 and ~1.61,
respectively. The mode area is larger for the pump than
the signal in the LMA section due the fact that the
refractive index at the shorter wavelength is higher than
that at longer wavelength, which causes the pump mode
to be pulled up in the alumina layer more than the signal
mode which results in a slightly larger pump mode. The
weak mode overlap with the SiN layer helps to reduce
the scattering loss due to SiN sidewalls and therefore the
loss is mainly defined by the alumina film loss. The LMA
sections are connected to each other with adiabatic
tapers and circular bends. The measured taper loss is
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Fig. 1 The device and a potential application. a A conceptual high-power tunable laser with an integrated high-power amplifier, pump, and seed
tunable laser (TL). The amplifier has large mode area sections where, w =280 nm, t = 1.35 um and h = 800 nm. In the tight confinement region, the
w="1um. b A simplified energy diagram showing the pump and the signal levels. The signal gain bandwidth spans from 1.7 to 2.1 um where the
strong absorption lines of green-house gases and molecules essential for living organisms exist. ¢ An artistic impression of a potential application of
the high-power tunable laser where it is integrated to satellites for space applications, such as planetary exploration

around 0.05-0.1 dB/taper and the bend loss is between
0.003 and 0.008 dB/180° (see Supplementary).

The pump and tunable seed lasers are launched into the
chip as shown in Fig. 2a (see Supplementary for the details
of the setup). Due to the lack of a suitable commercial
tunable laser, for the experiment we used a home-built
laser®* which could be tuned from 1830 nm to 1890 nm.
Fine tunability can be achieved with an intracavity narrow
bandpass filter and by purging the cavity of water vapor
present in air. The fiber-to-chip coupling loss of the pump
and the signal to the device were roughly 2.2 and 2.4 dB/
facet respectively. We measured the device in counter-
propagating pump configuration (pump and signal from the
opposite side of the chip), however, the copropagating
pumping (pump and signal from the same side of the chip)
gives the same results. This is due to the fact that the
amplified spontaneous emission (ASE), which usually takes
away the gain from a weak signal (in small signal gain
testing), is dominated by the stronger seed signal used

here®®. We obtained the maximum gain when the pump
and signal were launched in the same polarization. The
polarization extinction ratio was measured before and after
the chip to be >30 dB. The input and output polarization of
the signal and pump after propagating through the chip
were measured to be the same, showing no signs of polar-
ization conversion. We tested devices with several lengths,
of which the 6 cm long device produced the highest power.
The seed wavelength range was from 1833 to 1889 nm
limited only by the tunability of the home-built laser. To
demonstrate the high-power signal generation and high gain
saturation power capability of the LMA device, we launched
the maximum seed power possible from our tunable laser
which ranged from 80-115 mW, which is also close to the
maximum output power of tunable lasers in integrated
photonics’, allowing us to demonstrate the readiness of the
LMA device for full integration with the best existing inte-
grated tunable lasers for high power amplification. The
experimental results are shown in Fig. 2b—e. The measured
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Fig. 2 High power output results. a A schematic of the counter propagating scheme where the pump is launched from the opposite direction than
the tunable seed laser. The seed tunable laser Ss is amplified to high power (Sas) through the LMA amplifier (see Supplementary for details of the
experimental setup). b Amplified signal output power of the seed laser as a function of coupled pump power for signal tuned from 1.83 to 1.89 um
with on-chip seed input power ranging from 81 mW to 115 mW. ¢ Net gain as a function of pump power. The error-bars include an uncertainty in
coupling power of 0.3 dB, especially at high output power. d Broadband optical spectra taken of the amplified seed laser show the presence of
negligible ASE pedestal between the pump and the signal (which is mainly due to the use of high-power seed source). e Optical spectra of the
amplified output (taken for a net gain of 10-12dB) and the input signal from 1830 nm to 1890 nm
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amplified output power is between 1650 and 1800 mW,
corresponding to a net gain of ~11.5-13.5dB. Such high
gains for high power seed lasers were only possible with
table top fiber-based power amplifiers or semiconductor
amplifiers before. Even higher gain, up to 16-17dB is
achievable, beyond which parasitic lasing from the facet
reflections happens®"*>%¢, Such parasitic lasing, (a) in a free
space system can be circumvented with high power index
matching glues at the facets or angled input/output couplers
(for example in booster amplification), and (b) will not be
present in a fully integrated systems where LMA amplifiers
will be seamlessly integrated with integrated tunable lasers.
The pump power required for the high-power signal gen-
eration was higher than expected, which was due to a
slightly higher passive film loss (0.25dB/cm @ 1.85pum)
which can be reduced with an optimized film deposition to

be below 0.1 dB/cm which is routinely obtained with RF
sputtering®”. The experimental results match well with the
simulation performed with a set of steady state rate equa-
tions (see Supplementary). A wide bandwidth spectrum is
shown in Fig. 2d spanning from the pump wavelength to
1950 nm. Here we see no signs of ASE pedestal (lower than
70dB) for the signal amplified around 1850 nm at high
power which demonstrates a clean amplification of the
signal (here the OSA, Yokogawa AQ6376, measures only a
fraction of the total output power, see supplementary). The
measured optical spectrum of the signal at the input and the
output is shown in Fig. 2e. Here, we observe that the signal
to noise ratio is high after amplification (up to 70 dB) and a
slight broadening of the spectrum happens, which is mainly
due to the feedback resulting from the reflection of the
amplified signal from the output facet of the chip back to
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the seed laser, which can be avoided as mentioned above.
We also tested longer devices, for example, an 11 cm and a
15 cm long device was measured, giving 0.5dB and 0.8 dB
lower gain than the 6 cm device. At higher pump powers,
however, the gain will be higher for longer devices simply
because of a higher total number of ions that the signal can
interact with. Furthermore, we tested the stability of the
device, and it showed negligible variation in performance
over several hours of testing.

We measured the noise figure (NF) of the amplifier as a
function of gain, seed power and wavelength. The NF is
obtained by using the relation,NF = [Psg/(hvAVG)] + 1/G.
Here, Pagg is the ASE power measured over 0.5 nm band-
width (Av) with the OSA, hv is the signal photon energy and
G is the linear gain (ratio of amplified signal output to input
seed power).

To get the correct estimate of the ASE power, Pasg is
measured in the spectral window very close to the signal
wavelength (~4 nm away from the signal). We chose two
wavelengths of the seed laser for the NF measurement,
namely 1845 nm and 1888 nm. This is because the laser
remained most stable at these wavelengths during the
entire NF measurement, and since they are very close to
the other tested wavelengths, 1830 nm and 1890 nm, the
data is representative of the entire tunable laser band-
width. The experimental data is shown in Fig. 3 where the
gain and NF are in logarithmic scale. The signal gain for
all the measurements was varied with the pump power.
The NF vs gain for different seed power at 1845 nm and
1888 nm are shown in Fig. 3a, b. The NF reduces with
gain by 1-2 dB over the measured range. The NF is high
at low gain because it is inversely proportional to gain and
due to weak inversion of the gain ions (due to weaker
pumping), which increases the spontaneous emission
factor (ng,) which is directly proportional to the ASE

power, P ASE~nsp65. The NF is lower for higher seed power,
which is also expected simply because the seed with
higher power dominates over the ASE in pulling down the
ions from the upper state compared to weaker seed sig-
nals. The NF is almost the same for the two wavelengths
(1845 and 1888 nm) for similar seed powers.

Furthermore, we measured the luminescence properties
of the Tm®" ions. In the photoluminescence (PL) mea-
surements, to avoid effects such as, reabsorption, ASE and
wavelength dependent loss in the waveguide we measured
the luminescence with an out-of-plane setup (see Sup-
plementary). In this scheme, the pump is launched into
the chip with end-fire coupling; however, the light from
the excited ions is collected from the top of the chip. The
measured spectral and time domain responses are shown
in Fig. 4a, b. The shape of the PL spectra shows negligible
dependence on the pump power, and the total power of
the PL increases with the pump power. This increase in
PL power is due to the high saturation power afforded by
the LMA design.

The 1/e lifetime reduces with the pump power from
around 1.8 ms to 0.7 ms mainly due to energy transfer up-
conversion of ions. In that, the excited ions at the ®Fy4 level
transfer their energy (non-radiatively) to neighboring
excited ions, raising them to the *H, state (1.58 eV) and
thus effectively increasing the non-radiative decay rate
from the °F, level causing a reduction in the overall
fluorescence lifetime. We fit the lifetime curves with
Zubenko’s model®® and extracted the intrinsic (fluores-
cence) lifetime to be 2.5 ms, which is dependent on the
radiative and phonon assisted non-radiative lifetime.
Absolute emission and absorption cross-section values
(0em and o) of the active material were determined from
intrinsic saturation power measurements (°°, see Supple-
mentary) which were applied to Fiichtbauer-Ladenburg
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technologies

relation to extract the radiative lifetime to be 4.2 ms. The
measured 0., and o, are shown in Fig. 4c.

We plot the output power from silicon photonics based
integrated lasers and amplifiers demonstrated in the last
few decades (Fig. 5). Here we can see how the power has
increased from the early works of ref. ° on hybrid inte-
gration of semiconductor lasers on silicon chip. The rare-
earth devices integrated onto silicon photonics platform
have seen a growth in the output power since around
2013-2015 and have reached beyond 100 mW recently™'.
Similar growth pattern is seen for the devices operating at
longer wavelength around 2 pm (Fig. 5b). In comparison,
our work has significantly improved the output power
from a silicon photonics device, regardless of the

wavelength of operation, making it comparable to many
benchtop systems.

Discussion

In conclusion, we have demonstrated a very high-power
tunable laser based on integrated silicon photonics based
LMA amplifier with output power reaching close to
1.8 W. Tunability from 1830nm to 1890 nm has been
shown, with the potential for high power amplification
even over a broader bandwidth (to exploite the wider gain
window of thulium gain system). Such a device can sub-
stantially increase the power of not only an off-chip
tunable laser, as shown in this work, but also an on-chip
tunable laser such as the ones based on semiconductor or
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rare-earth gain which are currently limited to within 1 to
100 mW of output power. Achieving that will significantly
simplify the system as the light from an integrated tunable
laser can be seamlessly launched into an LMA amplifier
without suffering from parasitic Fresnel reflections (as is
the case with the off-chip tunable lasers). The measured
optical-to-optical and importantly the electrical-to-optical
conversion efficiency (wall-plug efficiency) can be sig-
nificantly improved with the co-integration of the high-
power pump diode, which is currently limited by the off-
chip pump laser (see Supplementary). For application
requiring high small-signal gain (high gain for a weak
input signal), the limitation imposed by the parasitic las-
ing due to facet reflections can be avoided by anti-
reflection coating at the chip facet or by employing high
power index matching fluid, allowing one to achieve net
gain beyond 30 dB. Such a high power, fully integrated
amplifier will find various applications, for example, in
medical surgeries where currently big systems based on
holmium and thulium lasers are used®>. The LMA high
power lasers can significantly reduce the system size and
cost allowing large scale deployment. Such systems can be
implemented not only for terrestrial air pollution control,
for example, harmful gas emission from combustion
engine’' "%, but space agencies are highly interested in
integrated photonics-based devices especially with watt
level capability for space communications and projects
where cost-effective observation of greenhouse gases in
the atmosphere with high precision using small satellites
is a major challenge. Moreover, molecules important for
biological processes such as ammonia and water can be
explored in outer space for signs of life with the miniature
satellites and space probes installed with high power
integrated lasers. Next generation gravitation wave
detectors will benefit from miniature high-power lasers
operating around 1.9 um, which can be used with cryo-
genically cooled silicon mirrors replacing silica mirrors to
reduce thermal and quantum noise, extending the horizon
of gravitation wave detection®. Such devices can be used
not only in earth observatories, but can also play a key
role in space-based gravitation wave detectors where the
system-size reduction is of utmost importance. Moreover,
such devices can be scaled to other wavelength windows,
such as the high-power laser window at 1 pm and the
telecom window around 1.3 um and 1.55 um. Therefore,
we believe such a silicon photonics device as a stand-alone
unit can replace many fiber-based tunable lasers and
amplifiers with the potential for mass production, ele-
vating the integrated photonics application landscape to
unprecedented levels.
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