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A B S T R A C T

Fiber-based passive mode-locked lasers (MLLs) are a well-established technology for high-speed optical com
munications, capable of generating ultrashort pulses with high energy. While most commercial MLLs operate at 
repetition rates around 100 MHz, increasing this frequency to the GHz range introduces significant challenges, 
including polarization control, efficient saturation of the saturable absorber, heat dissipation and the achieve
ment of a high free spectral range (FSR). To address these limitations, we propose a system consisting of a 
metalens and a 3D-printed fiber-tip collimator. The metalens is designed to selectively focus one polarization 
while diverging the orthogonal component, thereby addressing the polarization control. To enhance its perfor
mance and increase tolerance to positional offsets and angular tilts, we fabricated a fiber-tip collimator using 
two-photon polymerization (TPP). Our model suggests that this integrated system could enable the miniaturi
zation of fiber-based MLLs while controlling polarization, enhancing the efficiency of the saturable absorber 
through better heat dissipation, and increasing the FSR with a shorter fiber length.

1. Introduction

In recent years, the field of nanophotonics has seen significant ad
vances, particularly in the development of metasurfaces which manip
ulate light with subwavelength structures [1–3]. These innovations offer 
compact and efficient alternatives to traditional optical components. 
Metasurfaces, consisting of arrays of subwavelength scatterers, can 
impart spatially varying phase, polarization, or amplitude responses to 
incoming wavefronts, effectively replicating and integrating function
alities of conventional optical elements such as lenses [4,5], beam de
flectors [6,7] or polarizers [8]. A particularly promising area of 
application for metasurfaces is in performance enhancement of 
mode-locked laser systems, which are essential tools in ultrafast optics 
providing pulses of light with durations in the femtosecond to pico
second range [9,10].

Mode-locked lasers are critical in various scientific and industrial 
applications, including precision metrology [11], medical imaging [12], 
and materials processing [13]. The integration of metasurfaces into 
these laser systems can offer significant advantages, such as compact
ness, reduced complexity, and enhanced performance. Metasurfaces can 

replace or augment traditional optical components like mirrors, polar
izers, and lenses within the laser cavity, leading to improved control 
over the laser beam properties and more efficient pulse generation.

Fiber passive mode-locked lasers typically use an erbium-doped fiber 
(EDF) as the gain medium, which, once pumped, emits light at 
communication wavelengths and initiates the pulsing mechanism 
[14–16]. Also critical in a mode-locked laser is the saturable absorber 
(SA), which initiates and sustains pulsed operation by providing 
intensity-dependent loss. While various alternative SAs, such as 
MAX-phase materials, doped fibers, and thin-film composites, have been 
proposed [17–21], they are generally limited to Q-switching or 
MHz-range repetition rates and remain incompatible with compact GHz 
fiber architectures. In this work, we use SESAMs (semiconductor satu
rable absorber mirrors) from BATOP GmbH, which are specifically 
designed for GHz operation. Their use has been validated in previous 
GHz-repetition-rate mode-locked systems [22–25], confirming their 
suitability for integration in high-speed, passively mode-locked fiber 
lasers.

However, polarization rotation of light within the cavity and failure 
to saturate the semiconductor saturable absorber mirror (SESAM) to 
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initiate the pulsing mechanism are issues that need to be addressed. 
Polarization rotation within the cavity leads to frequency sidebands, 
which deteriorates the pulse quality, energy efficiency, peak power and 
the stability of the laser. These sidebands originate from the formation of 
polarization-rotating vector solitons, which induce spectral interference 
and dispersive-wave-like coupling within the cavity [26,27]. This can be 
compensated by introducing a polarization filter inside the cavity, which 
resets the polarization state each roundtrip. However, traditional bulky 
polarizers, such as Glan–Taylor or polarizing beam splitters (PBS)-based 
elements, pose an integration challenge for lasers operating at high 
repetition frequencies (above 1 GHz), where the cavity length is small. 
In addition, a conventional filter is bulky and introduces losses inside the 
cavity [28].

On the other hand, to saturate the SESAM more rapidly with a short 
cavity length (high-frequency, long-duration pulses), the fiber and 
SESAM must be in close proximity to minimize the effective beam area 
and maximize power density. However, this approach often reduces 
system durability, as the SESAM can burn out from direct contact during 
pulsing.

To overcome these challenges, we seek an approach to simulta
neously decrease the effective incidence beam area on the SESAM and 
suppress polarization rotation. To this end, we propose a system 
combining a 3D-printed collimator lens on the fiber tip and a metalens to 
selectively focus light based on polarization. We detail the design 
methodology, simulations results, fabrication and experimental char
acterization of the fiber collimator and the polarization-selective met
alens. The proposed full setup integration device is described and 
simulated with ray tracing software in Section V and the experimental 
implementation is subject for future studies.

Previous studies have demonstrated the feasibility of integrating 
metalenses with fiber platforms in the context of optical systems, 
including laser-based applications. For example, Wang et al. [29] pre
sented a monolithic metalens-fiber configuration for broadband beam 
shaping, and Yang et al. [30] introduced a photonic crystal fiber 

metalens capable of compact focusing and imaging. While these works 
illustrate the potential of metalens integration within laser-related 
platforms, they do not address the specific requirements of 
mode-locked operation. In contrast, our approach targets GHz passive 
mode-locked fiber lasers by combining polarization-selective focusing 
and effective beam confinement to enhance SESAM saturation and 
suppress polarization-induced sidebands, advancing the integration of 
metasurfaces in high-repetition-rate laser architectures.

2. Concept

To establish a reference configuration, we first consider a conven
tional mode-locked laser system where a continuous-wave pump at 980 
nm excites an EDF as a resonant cavity between a 99/1 with a mirror, 
and a SESAM. This setup is illustrated in Fig. 1(a). The laser output is 
shown in Fig. 1(b) and (e) in the wavelength and frequency domains, 
respectively. Fig. 1(b) shows a spectral profile with the typical sech- 
squared shape associated with soliton pulses, confirming the mode- 
locking operation. On the other hand, Fig. 1e highlights the central 
spectral component used later to analyze sideband formation. Fig. 1(c) 
zooms into the critical cavity region between the fiber and SESAM, 
where our optimization will take place. Typically, the approach involves 
placing the fiber in direct contact with the SESAM to maximize cavity 
flux and achieve earlier saturation as shown in Fig. 1(c). However, this 
direct contact leads to heat accumulation in the SESAM, causing burn 
spots as illustrated in Fig. 1(d). Since the SESAM dissipates optical en
ergy as heat, direct contact with the fiber hinders thermal dissipation, 
ultimately reducing the lifetime of the system.

Additionally, increasing the PRF requires higher pump power and a 
shorter active fiber length. As a result, the residual pump power that 
affects the butt-coupled SESAM increases because of the reduced ab
sorption by the active fiber. This raises the fiber core temperature, 
further transferring heat to the SESAM.

In conventional methods, to maintain fiber-SESAM alignment, the 

Fig. 1. (a) Fiber-based passive mode-locked laser setup. (b) Simulation (red) and experimental (blue) results of the soliton mode of the mode locked laser with sech2 

shape. (c) Schematic of an EDF fiber passive mode-locked laser (PMLL) termination. (d) Burning spot observed in the SESAM. (e) Side bands caused by polarization 
rotation inside of the cavity. (f) Design proposed in this work to simultaneously control polarization and focus light, which reduces the effective beam area on the 
SESAM and suppresses side bands. This approach allows for a shorter cavity length, resulting in a higher repetition frequency as demonstrated by Equations (1) and 2.
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SESAM is sandwiched between two zirconia ferrules [31,32]. However, 
the low thermal conductivity of zirconia restricts heat dissipation. 
Introducing a small gap between the SESAM and the fiber allows heat 
sinks, as seen in BATOP designs, to significantly improve thermal 
management.

Intracavity polarization rotation causes the polarization to become 
elliptical instead of linear when incident on the SESAM. As a result, side 
bands emerge in the main harmonics, as illustrated in Fig. 1(e). 
Furthermore, when we separate the fiber from the SESAM, the laser light 
diverges as it exits the fiber. Therefore, the effective incident beam area 
increases, which reduces the optical power density when reaching the 
SESAM. That is why to minimize beam spread, SESAM and EDF are often 
in physical contact with each other, which tend to cause damage due to 
hot spot formation.

To make a more robust approach, we should keep some distance 
between the SAM and the fiber. However, this would reduce the cavity 
flux and therefore we won’t be able to saturate the laser as desired.

In order to keep some distance but achieve the cavity flux, we pre
pare the focusing metalens to reduce the effective area.

The SESAM saturation flux FCAV defined by the equation [33]: 

FCAV =
PAVG

fREPAEFF
(1) 

Where PAVG is the average power inside the cavity, fREP is the repe
tition frequency of the pulses and AEFF is the effective beam area incident 
on the SESAM. Clearly, decreasing the effective beam area AEFF increases 
the SESAM saturation flux, thereby improving the pulsing initiation. 
Also, we note that the repetition frequency can be defined from the 
cavity parameters as [33]: 

fREP =
c

2nEFFLCAV
(2) 

Where c denotes the speed of light in vacuum, nEFF is the effective 
index of the fiber mode and LCAV the length of the cavity. The factor 2 
applies for a linear cavity and vanishes in the case of a circular cavity. 
Therefore, if fREP increases, LCAV decreases and it becomes more difficult 
to reach the average power needed to saturate the SESAM with less gain 
medium.

Introducing a focusing metalens between the fiber and the SESAM 
allows for more efficient saturation of the SESAM using the same 
average power and avoiding direct contact. Fig. 1(d) illustrates our 
system design concept, addressing both polarization control and 
focusing functions. The collimator lens was printed on the fiber tip using 
TPP and serves to enhance the system’s tolerance to misalignment be
tween the fiber and the metalens. Fiber tip collimators and their appli
cations to fiber lasers have been previously reported in the literature 
[34–37] although a fiber-tip collimator in a passive mode-locked laser 
has not yet been demonstrated to address this issue.

The Supplementary Material explores alternative solutions to this 
challenge, providing a comparative analysis of their respective pros and 
cons.

3. TPP collimator

The lens collimator was designed using the ZEMAX ray tracing 
module. Fig. 2(a) and (b) show the design and simulation results. The 
aspheric lens material is IP-S resin and its optimized design parameters 
are: a thickness of 158 μm, a radius of − 50 μm, a conic constant of − 462 
μm, and a 4th order term of 0.96 μm. This design results in a lens that 
collimates light while providing better tolerance to misalignment.

Fig. 2(d) showcases a collimator lens directly printed onto a fiber tip. 
This was accomplished using a fiber aligner to manually align the tip of 
the fiber with the stage of a TPP NanoOne printer, as detailed in the 
experimental section. The inset of Fig. 2(d) reveals the measured beam 
profile at 130 mm distance from the collimator. In addition to the central 
collimated spot, a halo is also visible likely due to the diffraction in TPP 

stepping resolution. Improved fabrication accuracy will suppress the 
halo formation.

Fig. 2(c) shows a comparison of the experimentally measured di
mensions of the spot and the theoretically calculated spot of the fiber 
without the collimator at the given distance. The calculated spot without 
the collimator has a radius of 21.5 mm. On the other hand, we measure 
that the halo has an inner radius of 1.8 mm and an outer radius of 3.44 
mm while the collimated spot has a radius of 0.9 mm. Despite the 
presence of the halo effect, the collimator produces a significantly 
smaller spot size compared to a cleaved fiber, while maintaining the spot 
dimensions over a long distance. Further investigation and refinement of 
the manufacturing process are necessary to minimize these halo effects 
and enhance the overall performance of the collimator.

4. Polarization dependent metalens

Our objective here is to create a lens capable of focusing TE-polarized 
light and making TM-polarized light diverge, effectively diminishing the 
power density of the orthogonal polarization. We selected a-Si (n = 3.54, 
thickness = 997 nm) to fabricate the meta-atoms and a substrate of fused 
silica (n = 1.443, thickness = 3 mm) as shown in Fig. 3(a).

These values correspond to the target working wavelength of 1567 
nm. Fig. 3(a) shows the geometry of the meta-atom with a pitch equal to 
800 nm. The length and width of the meta-atom were parametrized from 
100 to 700 nm and the corresponding transmission phase and amplitude 
are shown in Fig. 3(b) and (c), respectively.

These meta-atom simulations have been performed using RCWA for 
these parameters. In addition, we computed the phase difference be
tween both polarizations in Fig. 3(d). The result shows that we can cover 
0 to 2φ phase difference, which enables phase control between the two 
polarizations for this focusing-diverging case. The metalens has a radius 
of 60 μm and a focal length of 220 μm which results in a NA of 0.273. The 
wrapped hyperbolic target phase profiles for the two orthogonal polar
ization are shown in Fig. 3(e) for TE polarization and Fig. 3(f) for TM 
polarization. The focusing phase profile follows the well-known formula 

φ(x, y) = 2π
λ

(
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
f2 + x2 + y2

√
− f

)

, with λ being the designed wave

length, f the focal length and x,y the metalens inplane coordinates. The 
diverging phase profile adds a minus sign. The left halves of the plots 
represent the target phase profile while the right halves indicate the 

Fig. 2. Design, fabrication and characterization of the TPP collimator. (a) 
Simulated collimator design in ZEMAX. The radius of the cylinder corresponds 
to that of a commercial EDF of 60 μm and the height of the pilar is 120 μm. (b) 
Optimized aspheric lens sagitta. (c) Schematic of the spot produced by the fiber 
(NA = 0.13) at a distance of 100 mm (outer ring), compared with the experi
mentally observed collimated spot and the diffraction halo at the same distance 
(inner ring). (d) Microscope image of the collimator printed on the EDF. The 
inset displays the experimental result of the collimated spot and the diffraction 
halo described in (c). Scale bar = 1 mm.
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phase profile obtained with the simulated meta-atom responses. Our 
design follows the approach discussed in [38], which defines a 
figure-of-merit as follows: 

FOMTE = Tavg,TE

(
sin
(
2
〈⃒
⃒ϕmeta,TE − ϕtarget,TE

⃒
⃒
〉

2
〈⃒
⃒ϕmeta,TE − ϕtarget,TE

⃒
⃒
〉

)2

(3) 

FOMTM = Tavg,TM

(
sin
(
2
〈⃒
⃒ϕmeta,TM − ϕtarget,TM

⃒
⃒
〉

2
〈⃒
⃒ϕmeta,TM − ϕtarget,TM

⃒
⃒
〉

)2

(4) 

FOMEFF =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
FOMTE⋅FOMTM

√
(5) 

Where the target phase profiles are represented by ϕ(target,TM) and 
ϕ(target,TE), and the simulated phase profiles based on the meta-atom se
lections are indicated as ϕ(meta,TM) and ϕ(meta,TE). Meta-atoms that maxi
mize FOMeff were chosen in our design.

Fig. 4 presents simulations showing light propagation through the 
metalens for TM and TE polarizations. These results were derived using 
the Kirchhoff diffraction integral applied to the respective phase profiles 
[39]. The diverging behavior for the TM polarization is clearly observed 
in Fig. 4(a), (c) and (d).

Conversely, for the TE polarization (Fig. 4(b) and (c)), a pronounced 
focusing effect is observed, with significant power concentration at the 
focal spot. For this polarization, the lens exhibits a focusing efficiency 
(η = I5FWHM

Iincident
) of 0.931, where I5FWHM represents the sum of the intensity 

within a region equal to five times the full width at half maximum 
(FWHM), and Iincident denotes the total incident intensity summed over 
the entire lens width. In the focusing case, the FWHM is 1.6 μm so the 
sum intensity calculated for the efficiency is performed over a spatial 
width of 8 μm. With focusing, the effective beam area in the SESAM 

(AEFF) is significantly reduced by the metalens. Without the metalens, 
the beam exiting the fiber (numerical aperture NA = 0.13) diverges over 
the 220 μm distance to the SESAM, resulting in an approximate spot 
radius of 28.8 μm and an effective area of AEFF,1 = 2.61 × 10− 9 m2. 
With the metalens (NA = 0.273), the diffraction-limited spot radius is 
reduced to approximately 3.2 μm (see Fig. 4(c)), yielding AEFF,2 =

3.85 × 10− 11 m2. This corresponds to a reduction factor of approxi
mately 68.

Since the SESAM saturation fluence (FSAT) is inversely proportional 
to AEFF, this reduction dramatically increases by 68 times the incident 
power density at the SESAM surface, enabling more efficient and faster 
saturation. For a given average intracavity power, this enhancement 
lowers the threshold for mode-locking and contributes to maintaining 
stable operation even at GHz repetition rates.

In terms of polarization performance, the design yields 16.3 dB 
contrast between the peak intensities of the TE and TM polarizations on 
the focal plane, effectively suppressing intra-cavity polarization 
rotation.

Several studies have demonstrated that improving polarization 
discrimination within the laser cavity (using intracavity polarizers, 
polarization-maintaining fiber, or polarization-sensitive nonlinear ele
ments) can substantially suppress spectral sidebands, often by more than 
15–20 dB. For instance, Lei et al. [40] employed a fiber-integrated po
larization filter to achieve >20 dB suppression of Kelly sidebands in a 
soliton laser system, while Avazpour et al. [28] demonstrated compa
rable reduction using a polarization-imbalanced nonlinear loop mirror.

In our case, the metalens achieves a polarization contrast of 16.3 dB, 
in linear scale corresponding to a suppression ratio of approximately 
43:1 for the orthogonal polarization component. This level of polariza
tion selectivity is consistent with thresholds reported in the literature for 
effective sideband suppression. Unlike conventional polarizing optics, 

Fig. 3. Design of the polarization-dependent metalens. (a) Meta-atom configuration with fused silica as the substrate and a-Si as the meta-atom material. The di
mensions lx and ly represent the lateral size of the meta-atom. (b) Parameter sweep of the phase response of the meta-atom for a range of 100–700 nm for lx and ly for 
TE polarization. (c) Parameter sweep of the amplitude response of the meta-atom for a range of 100–700 nm for lx and ly for TE polarization. (d) Phase difference 
between two orthogonal polarizations (TE and TM). (e) Target phase profile for TE polarization aimed at focusing the light. (f) Target phase profile for TM po
larization aimed at diverging the light. In figures (e) and (f), the left halves show the target phase profile, while the right halves display the simulated result with the 
selected meta-atoms.
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the metalens operates entirely in the transmission mode, selectively 
focusing the desired polarization while scattering the orthogonal 
component outside the mode volume. This allows for polarization con
trol without introducing reflective feedback or additional insertion loss, 
features particularly advantageous in compact, high-repetition-rate 
laser architectures.

Next, the metasurface was fabricated following protocols detailed in 
the Experimental Section. Fig. 5(a) shows scanning electron microscope 
(SEM) images of the fabricated metasurfaces. To characterize the 

metalens, we evaluated the focal spot and divergence for both polari
zations with a polarizer placed before the metalens. The measurement 
setup, illustrated in Fig. 5(b), involved a 1567 nm laser and a collimator 
mounted on a rail. The focal spot was magnified using a pair of lenses 
arranged as a telescope assembly and captured with an infrared camera. 
The focal spot images for both TE and TM polarizations are presented in 
Fig. 5(c) and (d).

The results show a well-defined focal spot for the TE polarization and 
apparent beam divergence for the TM polarization, validating the ability 

Fig. 4. Simulation results of the metalens. Optical intensity distributions along a longitudinal section for (a) TM and (b) TE polarizations. The metalens is located at z 
= 0. The TE polarized light converges, with a focal length of 220 μm, consistent with our target. Transverse optical intensity distributions on the focal plane for (c) TE 
and TM polarizations normalized to the maximum amplitude in the TE case. (d) Zoom of the TM case.

Fig. 5. Fabrication and characterization of the metalens. (a) SEM images of the fabricated metalens. (b) Setup employed to characterize the beam quality. (c-d) Beam 
profiles captured for (c) TE polarization on the focal plane (inset shows the section of the focusing profile) and (d) TM polarization at the same position (diverged area 
is encircled). The four spots at the corners are due to light scattering at the alignment marks patterned on the same substrate as the metasurface. Scale bars = 1 mm.

D.M.G. de la Sacristana et al.                                                                                                                                                                                                                Optics and Lasers in Engineering 195 (2025) 109279 

5 



of the metalens to selectively focus light based on polarization.
Notably, due to initial design simplifications, the metalens is opti

mized for a specific wavelength, while mode-locking is characterized by 
a broad spectral window. Simulations in Supplementary Material B 
show that the focusing spot offset remains below 10 µm across a 60 nm 
wavelength bandwidth, comparable to the MLL bandwidth. While the 
impact is expected to be minimal, future designs could further enhance 
achromatic performance.

5. System modeling

To evaluate the performance of the proposed design within a mode- 
locked aser, we simulated the entire collimator-metalens-SESAM as
sembly in ZEMAX, as illustrated in Fig. 6. The metalens was imple
mented as a binary surface using a polynomial approximation of the 
calculated focusing phase profile. Fig. 6(a) plots the TE polarization 
focal spot profile on the SESAM in the absence of misalignment. In this 
simulation, our goal was to assess the tolerance of the system to offset 
and tilt, defining the limit in a Strehl ratio lower than 0.9. The Strehl 
ratio is calculated based on the Optical Path Difference (OPD) of the 
wavefront relative to an ideal diffraction-limited wavefront. The system 
shows good tolerance in response to transverse offset between the 
collimator and the metalens as shown in Fig. 6(b) and (e). For instance, 
under conditions of maximum offset (16 μm, typically < 5 μm in prac
tice), we still observed acceptable ray paths and a slightly distorted spot. 
Similarly, the effect of tilt is shown in Fig. 6(c) and (f), showing that the 
system maintains good focusing characteristics even at a tilt angle (8.3◦) 
well beyond the normal operational range (typically <1◦ for the fiber).

These specifications comfortably exceed the offset and tilt tolerances 
observed in commercial aligners (e.g.: F-131, PI or FiberPort Aligner, 
Thorlabs), confirming the practicality of the design for experimental 
implementation. Such mechanical compatibility is particularly relevant 
in the context of GHz mode-locked laser systems, where compact cav
ities amplify sensitivity to misalignment. Unlike their MHz-rate coun
terparts, where alignment margins are more forgiving due to longer 

cavities and larger beam sizes, GHz systems generally require micron- 
scale precision and tight angular control to maintain optical stability 
[41,42]. As summarized in Table 1, our system achieves tolerance levels 
typically tighter than those required in MHz systems but more relaxed 
than those demanded by conventional GHz architectures. This favorable 
alignment margin, enabled by the printed fiber collimator, enhances the 
manufacturability and robustness of the laser system without compro
mising optical performance.

These positive results underscore the important role of the collimator 
in achieving not only excellent metalens performance but also robust 
tolerance to potential offsets and tilt in real-world system 
implementations.

6. Conclusion

In this work, we proposed a system architecture designed to enhance 
laser saturation time by reducing the effective incidence area through 
polarization-dependent focusing. By selectively focusing one linear po
larization while diverging the orthogonal component, the system also 
acts as a filter to suppress side lobes. We experimentally characterized 
the performance of the polarization-dependent metalens and fiber-tip 
collimator.

Future work will focus on integrating the proposed system into an 
MLL architecture to further validate the model. This experimental 

Fig. 6. ZEMAX simulation of the collimator-metalens-SESAM assembly. The mirror-symmetric configuration is used to emulate mirror reflection on the SESAM. Ray 
trace simulations of the assembly (a) in the absence of misalignment; (b) with 16 μm fiber offset along the transverse direction; and (c) with 8.3◦ tilt of the collimator 
lens. (d-f) Simulated TE polarization focal spot profiles on the SESAM corresponding to (a-c).

Table 1 
Alignment Tolerances in passive fiber MLLs.

Parameter Commercial MHz 
MLLs [43]

GHz MLLs [41] This work

Tolerance 
(lateral offset)

Tens to hundreds of 
micrometers

Typically few 
micrometers

± 16 µm (Strehl 
ratio > 0.9)

Tolerance 
(angular tilt)

Several Degrees Typically < 5◦ ± 8.3◦

Alignment tool 
resolution

Manual or coarse < 1 µm, sub- 
degree

< 1 µm, < 0.1◦
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implementation presents challenges, as it requires precise alignment 
control and dedicated setup adjustments. However, to anticipate prac
tical constraints, we analyzed the system’s tolerance to tilts and offsets, 
achieving a Strehl ratio above 0.90 in simulations for tilts up to 8.3◦ and 
offsets of 16 µm. These results highlight the potential of this architecture 
to improve the performance of passive mode-locked lasers for high- 
frequency operation, opening the door to future experimental 
implementations.

Beyond these specific results, the work presents several broader 
technical contributions. First, it demonstrates the co-design of a fiber- 
integrated collimator and a dielectric metalens capable of 
polarization-selective focusing in a compact and manufacturable form 
factor. This combination enables both increased power density at the 
saturable absorber and suppression of polarization-induced sidebands, 
two key bottlenecks for GHz-range passive mode-locking. Second, we 
validate through ray-tracing simulations that the proposed system offers 
substantial tolerance to mechanical misalignments, with performance 
margins that exceed the resolution capabilities of standard commercial 
alignment tools. This robustness is critical for enabling scalable and 
reproducible integration into practical laser systems.

The relevance of this work is further supported by comparison with 
the state of the art and alternative approach ideas as detailed in the 
Supplementary Material. Unlike conventional collimation and polari
zation filtering schemes, which rely on bulk free-space optics with strict 
alignment demands, our approach provides a flat-optics solution that 
reduces both footprint and complexity while preserving performance.

While the polarization contrast and effective area reduction were 
experimentally demonstrated and modeled, full system integration with 
a functioning mode-locked cavity remains a topic for future investiga
tion. Additionally, direct measurement of spectral sideband suppression 
and long-term thermal reliability will be important steps in validating 
real-world performance.

Overall, the results presented here support the feasibility of 
metasurface-assisted engineering of mode-locked cavities and establish 
a new design pathway toward compact, robust, and efficient GHz- 
repetition-rate fiber laser systems.

7. Experimental section

Metalens fabrication: The amorphous Si with 450 nm thick was 
deposited on a 0.5 mm thick fused silica wafer by plasma-enhanced 
chemical vapor deposition (STS PECVD). Then, the wafer was diced 
into square size of 12.5 mm as the metalens substrates. To fabricate the 
metalens, the electron beam resist (ma-N 2402, Micro Resist Technol
ogy) and then a thin layer of conductive polymer (ESpacer 300Z, Showa 
Denko America, Inc.) were spin-coated on the substrates for electron 
beam lithography (EBL). The EBL was written at a voltage of 50 kV and a 
beam current of 1 nA (Elionix HS50). Then, the sample was put in the 
developer (AZ 726 MIF Developer) to produce the mask patterns and 
gently rinsed with deionized water. To etch the amorphous Si, the dry- 
etching was performed by dual plasma sources and dual gas inlets with a 
mixture of SF6 and C4F8 (SPTS Rapier DRIE). Residual electron beam 
resist was stripped by O2 plasma ashing. Areas on the substrate not 
occupied by the metasurface were subsequently covered by a metal 
mask to prevent stray light. To fabricate the metal mask, photoresist of 
AZ nLOF 2035 was spin-coated on the metalens at 3000 rpm. The resist 
was soft baked at 115 ◦C for 1 min, exposed to UV light on a MLA150 
Maskless Aligner, and then post-exposure baked at 115 ◦C for 1 min. The 
photoresist was developed by immersing the sample into Microposit MF- 
319 developer for 1 min and gently rinsed with deionized water. Then, a 
200 nm thick Au layer was deposited by electron beam evaporation at a 
rate of 2.0 A s-1 in a Sharon electron beam evaporator. Finally, the 
photoresist was removed in solvent stripper (Remover PG, MicroChem) 
to pattern the metal mask by lift-off.

TPP collimator fabrication: The collimator was fabricated using a 
NanoOne TPP printer from UpNano GmbH, a printer equipped with a 

femtosecond fiber laser operating at 780 nm capable of achieving up to 
1000 mW of time-averaged optical power with pulse length of 90 fs. 
First, the fiber was stripped and cleaved using an automated fiber 
cleaver (CT50 from Fujikura), followed by mounting on the fiber and 
ferrule holder available from UpNano. The collimator was made of IP-S 
(Nanoscribe GmbH), a resin with refractive index of 1.5 at 1550 nm that 
known for its smooth surfaces which is often used for micro-optics. 
Printing was done using the 40x objective and adaptive resolution, a 
method where the outline of a shape is printed with fine details while the 
inside bulk is printed more with a more defocused beam at higher power 
so as to increase printing throughput. The printing parameters used to 
expose the resin were 100 nm of in-plane hatching distance and 300 nm 
of out-of-plane slicing distance, with a scan speed of 100 mm/s and an 
optical averaged power of 10 mW for the outline, and 1 μm hatching 
distance, 0.5 μm slicing distance, 150 mm/s at an exposure power of 20 
mW for the bulk. To finish, the collimator was washed in 2 baths of 
PGMEA (10 min each), and two more baths of IPA (2 min each).

Metalens characterization: The metalens sample was positioned on 
a three-axis translation stage and illuminated from the substrate side 
with a collimated laser beam (Keyseight Agilent B163B). The focal spot 
produced by the metalens was magnified using the telescope assembly 
composed by a first lens of 15 mm and a second lens of 75 mm. The 
magnified image of the focal spot was captured by a thermo-electrically 
cooled InGaAs detector with 320 × 256 pixels (Xeva-1.7-320, Xenics 
Infrared Solutions).
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