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A B S T R A C T

With increasing demands on data processing speeds and the correspondingly high requirements for data transfer 

bandwidth, research is focusing on replacing pluggable optical transceivers with co-packaged optics architectures. 

Vertical-cavity surface-emitting lasers (VCSELs) have been considered a promising candidate in such configura-

tions, but traditional optoelectronic packaging approaches—such as flip-chip and wire-bonding—fall short of 

meeting the low-cost and high-speed requirements. In this paper, we present the integration of bare-die VCSEL 

arrays into femtosecond laser-fabricated fused silica microwells, combined with direct on-VCSEL fabrication of 

micro-optics using two-photon polymerization-based direct laser writing. The 1 × 4 VCSEL arrays, operating at a 

wavelength of 850 nm, are aligned in a face-up configuration and are electrically interconnected within a 5.5 µm 

passivation layer with photolithographically defined copper tracks. Efficient beam shaping is demonstrated by 

3D nanoprinting 200 µm tall refractive and diffractive focusing microlenses directly onto the integrated VCSELs 

with an in-plane pitch of 250 µm. The emitted beams are focused into a 5 µm diameter Gaussian spot and are ef-

ficiently coupled into a single-mode fiber. This scalable packaging approach highlights the potential for compact, 

high-density solutions for co-packaged optics architectures with glass interposers.

1. Introduction 

1.1. Background

The rapid growth of data traffic in data centers—driven, among 

others, by high-performance computing, artificial intelligence appli-

cations, and cloud-based services—has intensified the need for ad-

vanced optical transceiver technologies. To address these needs, optical 

packaging has shifted toward co-packaged optics (CPO) architectures, 

offering high bandwidth, increased integration density, low latency, 

cost-effectiveness, and improved energy efficiency [1]. Parallel to sili-

con photonics research, which aims to leverage existing complementary 

metal-oxide-semiconductor infrastructure for creating photonic inte-

grated circuits [2], there is increasing interest in VCSEL-based CPO 

solutions. Researchers have identified cost and power efficiency as 

key strengths of this approach [3,4], supported by advancements in 

VCSEL-based transceiver research [5–12]. Nevertheless, VCSEL-based 

CPO remains in the research and development phase, with packaging 

challenges standing as a primary barrier to its wider adoption [13].

An important element of the packaging approach is the material of 

the interposer, which serves as the base platform for integrating VCSELs, 

photodetectors, and application-specific integrated circuits. Glass is fre-

quently chosen due to its high thermal stability, electrical insulation, and 

precise dimensional control for optical alignment [13,14]. The integra-

tion of through-glass vias further enhances these advantages by enabling 

compact and efficient electrical interconnections [15]. While the rela-

tively low thermal conductivity of glass might pose a challenge, solutions 

such as incorporating metal layers for heat dissipation and optimizing 

cooling microvias have shown potential for mitigating these limitations 

[16]. Furthermore, successful integration of VCSELs on glass interposers 

has been demonstrated, keeping glass in the foreground [17,18].

Another aspect of the CPO architecture is the spatial arrangement of 

the optoelectronic components with respect to the surrounding chips 

and the interposer. Firstly, flip-chip bonding has been used for its 

scalability potential and ease of assembly and has been leveraged to in-

tegrate photonic integrated circuits on glass in CPO architectures [19]. 

Although flip-chip has been reliably demonstrated on glass for VCSELs
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as well [20], it renders the emission region inaccessible for further 

processing and limits the optical coupling options. One alternative is 

flip-chip bonding of VCSELs emitting through the backside—which 

has been demonstrated for longer wavelengths than the conventional 

850 nm [6,9,10]. However, bottom-emitting chips are not yet standard-

ized. Furthermore, face-up assembly with wire-bonding—as in [21], for 

instance—is generally unsuitable for CPO due to the physical complexity 

of the interconnect layout—requiring out-of-plane arcs—and its limita-

tions in complying with high-density and high-speed requirements [22].

1.2. Integration and technology overview

In this paper, we propose a packaging scheme consisting of face-up 

VCSEL integration in glass, followed by the fabrication of micro-optical 

elements on top of the VCSELs (Fig. 1). More specifically, we use fem-

tosecond laser irradiation assisted chemical etching (FLICE) to create 

microwells at the surface of a fused silica substrate. The microwells act 

as housing receptacles in which the VCSEL arrays are precisely placed 

and bonded. An electrical redistribution layer (ERDL) is created, i.e. a 

galvanic fan-out to connect the small-scale VCSEL pads (µm-scale) to 

the larger-scale driver instrumentation (mm-scale). The ERDL forma-

tion steps entail spin-coating of a passivation layer, microvia drilling, 

metal sputtering and photolithography, similar to previously reported 

work [23,24]. At this stage, the VCSEL arrays have been fully packaged 

and the emitted beams are characterized. The characterized beam infor-

mation is used to design two focusing microlens counterparts (refractive 

and diffractive) for single-mode fiber (SMF) coupling. To demonstrate ef-

ficient beam shaping, the microlenses are subsequently fabricated on the 

packaged VCSEL arrays using two-photon polymerization-based direct 

laser writing (2PP-DLW). Finally, the focused beams are characterized

and subsequently coupled into SMFs. Contrary to wire-bonding-based 

solutions [21,25], this assembly approach maintains the flip-chip ben-

efits, whilst allowing direct access to the VCSEL emission region, and 

can be used with standard chips with top contacts without the need for 

intricate custom designs, hence reducing both time and cost.

As described above, the two core technologies that synergistically 

facilitate the proposed integration process are FLICE and 2PP-DLW. 

Generally, laser-based light-matter interaction has long been a valuable 

tool for the precise modification of dielectric materials, enabling pro-

cesses such as ablation [26] and welding [27]. Specifically for FLICE and 

2PP-DLW, laser irradiation is delivered in the form of ultrashort pulses. 

In FLICE, as the pulse durations approach the femtosecond scale, nonlin-

ear photon absorption enables spatially confined material modification 

without inducing heat transfer or damage to the surrounding area [28]. 

By focusing femtosecond laser pulses in fused silica glass, researchers 

have successfully fabricated waveguides [29] and later combined this 

approach with chemical etching to create 3D geometries in amorphous 

silica [30]. The mechanism of FLICE is primarily believed to be at-

tributed to the formation of nanogratings [31], along which etching is 

greatly accelerated while leaving unexposed regions effectively (but not 

entirely) unaltered. KOH is often the preferred etching agent due to its 

high selectivity [32] and has been widely utilized in recent applications 

[33–35]. Similarly, non-linear photon absorption in the femtosecond 

pulse regime is utilized in 2PP-based DLW [36]. A near-infrared beam 

is tightly focused into the bulk of a liquid, negative-tone photoresist, 

locally solidifying it by a polymerization interaction initiated by two-

photon absorption (approximately 200 × 200 × 500 nm 

3 voxel size). 

By raster-scanning the focal spot in a layer-wise fashion within the 

photoresist volume, 3D structures can be realized in the sub-micrometer

Microwell Adhesive VCSEL array

Passivation layer

Metal deposition

Microvia drilling

Photolithographic patterning

Fused silica

Adhesive droplet

Polymer
microlens Focused beam

Micro-optics fabrication

Fig. 1. Cross-sectional illustration of the chip and micro-optics integration process. First, a microwell is formed using femtosecond laser irradiation assisted chemical 

etching. Subsequently, adhesive is deposited and the VCSEL chip is fitted into the microwell. A passivation layer is then spin-coated, followed by laser drilling 

of microvias for interconnects. Metal sputtering is used to deposit conductive layers, and photolithographic patterning defines the galvanic tracks for electrical 

connectivity. Finally, beam shaping micro-optics are 3D-nanoprinted on top of the integrated VCSELs.
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scale [37]. This technique allows for quick prototyping cycles, offers 

great flexibility in the design of the beam-shaping elements, and has 

therefore been extensively used in the fabrication of various micro-

optic elements, such as photonic wire-bonds [38], free-form holograms 

[39], planar waveguides [40], refractive microlens stacks [41], and 

meta-lenses [42].

The paper is structured as follows. In Section 2, we present the use of 

FLICE to optimize the fabrication of microwells on the surface of fused 

silica. We detail the embedding and electrical interconnection of the 

VCSEL arrays within the microwells, followed by the characterization 

of their emission characteristics. In Section 3, we describe the design 

of refractive and diffractive focusing microlenses for coupling the beam 

emitted by the VCSELs into SMFs. In Section 4, we present the fabri-

cation of the microlenses directly on the chip, after optimizing the 2PP 

fabrication process on planar glass substrates. Then, we characterize the 

focused beam profiles to evaluate the performance of the integrated mi-

crolenses. Finally, we evaluate the coupling efficiency of the focused 

beams into an SMF for both the refractive and diffractive designs.

2. Integration of optoelectronic devices 

2.1. Optimization of surface microwells for VCSEL integration

For the FLICE exposure step, we used a 1030 nm Satsuma laser (from 

Amplitude Laser), with a second harmonic generation module, housed 

in the microSTRUCT-vario platform (3D MICROMAC), along with a 

series of optical components for beam shaping. Most importantly, a half-

wave plate and a quarter-wave plate were used to tune the polarization 

and a 40×, numerical aperture (NA) 0.55 objective lens (5722-A-H by 

Newport) was used to focus the beam onto the working plane of a motor-

ized stage, allowing to move the sample with sub-micrometer precision. 

For the experiments discussed below, we used circular polarization, a 

pulse duration of ≈300 fs and a repetition rate of 500 kHz.

To accommodate the 1 × 4 VCSEL arrays (from Vertically Integrated 

Systems), cuboid microwells were fabricated on the surface of fused sil-

ica glass, using FLICE. The microwell design dimensions were initially 

tailored to the chips’ (nominal) footprint of approximately 1 mm × 

250 µm with a thickness of 150 µm. The in-plane dimensions were 

extended by 10–20 µm to provide a narrow margin for precise chip 

placement. To accommodate a thin dispensed adhesive layer beneath 

the chips, the microwell depth was set to be ≈10 µm greater than the 

chip thickness.

Although the etching time is an order of magnitude longer than the 

laser exposure step for our microwells, the latter remains the processing 

bottleneck. This is because multiple samples can be etched in paral-

lel, whereas laser modification is a sequential process—although recent 

research aims to achieve laser processing parallelization, as well [43]. 

Thus, the primary goal of our FLICE optimization was to minimize expo-

sure time while ensuring precise shape definition and preventing crack 

formation.

Firstly, the desired 3D cuboid shape was defined by following an 

outline inscription approach (only the base and sidewalls), rather than 

exposing the entire volume, effectively minimizing the lasing time (see 

Fig. 2). The base thickness was set to ≈10 µm, filled with 3–4 parallel 

planes, alternating between horizontal and vertical in-plane lines. The 

20 µm wide sidewall contours consist of outlines with 2 µm in-plane 

pitch, connected by 30 µm radius arcs instead of sharp vertices. Theses 

contours are replicated out-of-plane connecting the top of the base to 

the surface. This allows the etchant to penetrate first through the four 

sidewalls and then diffuse through the base (under-etching), eventually 

detaching the unexposed block from the glass bulk.

Parallelly, the laser inscription parameters were optimized, focusing 

on the focal spot scanning speed (defined by the relative movement of 

the motorized stage under the focused laser beam) and the laser expo-

sure average power. Reducing the scanning speed generally improved 

trajectory accuracy—minimizing the momentum from the moving stage

inertia—achieving an excellent match (<1 µm) between the written 

lines and the design. However, reducing the speed below ≈1 mm/s pro-

vided no further observable improvement and increased exposure times. 

Therefore, the final scanning speed was set to 1 mm/s. On the other 

hand, increasing the power generally accelerated subsequent etching, 

but also led to after-exposure cracks at higher power levels. At a scan-

ning speed of 1 mm/s, crack formation was observed at average powers 

of ≈60 mW or higher. Therefore, the average power was set to 50 mW. 

Accordingly, replacing sharp corners with rounded counterparts, re-

duced the transferred energy density, thereby lowering the induced 

stress in the glass bulk [44], and eliminating crack formation. The final 

laser exposure duration achieved for each microwell was 35 min. Process 

repeatability was demonstrated by fabricating more than 50 microwells 

under these conditions, consistently achieving defect-free results.

Finally, the microwell was formed after the sample was submerged 

in aqueous KOH solution (30 % w/v, at 85 

◦ C) for 8–12 h (Fig. 3). As 

expected, despite its high selectivity, unexposed SiO 2 

was still etched at 

a significantly slower, but non-negligible rate. This, combined with the 

progressive etching from the sidewalls to the base, led to foreseen, sys-

tematic differences between the inscribed outline and the substracted 

volume extent, which can be summarized as follows: (a) lateral ex-

pansion of the shape outline at the glass surface, (b) a reduction in 

the microwell depth, and (c) a narrower floor compared to the surface 

outline (shape tapering out-of-plane). The first was quantified by in-

termediate microscopy measurements during etching. Specifically, the 

length and width at the surface plane increased at a rate of ≈1 µm/h. 

The average depth was measured with white-light interferometry (WLI) 

and was found to be ≈5 µm smaller than the inscribed contour. The floor 

topography exhibits a height variation of ≈4 µm and a surface roughness 

of ≈0.5 µm. For quantifying the tapering effect, the glass was diced and 

the cross-section was examined microscopically. The length and width 

at the base plane were found to be 8 ± 2 µm and 5 ± 1 µm smaller than 

at the surface plane, respectively (average ± standard deviation, across 

12 microwells). Finally, by adjusting the design accordingly, the target 

surface outline and average depth were achieved with an accuracy of 

1 µm, which is comparable to the focused fs-beam spot size. Residual ta-

pering and floor surface topography were found to have no measurable 

impact on subsequent integration steps and were therefore not adjusted 

for.

2.2. VCSEL integration in fused silica

2.2.1. Chip embedding

The steps we followed for embedding the VCSEL arrays into the fab-

ricated microwells are schematically shown in Fig. 1. To secure the chips 

within the microwells, the thermally curable two-component epoxy 

353ND by EPOTEK was used. This adhesive was chosen for its high-

temperature resistance of up to 350 

◦ C, which is required for the curing 

of the passivation layer in subsequent processing steps (Section 2.2.2). 

The dispensing technique was a combination of screen printing and pin 

transfer [45,46]. Using polyimide (PI) foils as spacers on a carrier sub-

strate, a 75 µm adhesive layer was formed, through which a pin was 

swept, accumulating a droplet around the tip. Subsequently, the pin was 

inserted into the microwell, transferring the adhesive to the base and in-

ner walls. The face-up assembly of the VCSEL into the cavity was done 

using a TRESKY flip-chip bonder. The chip was picked up by a vacuum 

chuck, and a split-view camera facilitated accurate alignment between 

the chip and the microwell. The chip was then lowered into the recess 

until a certain force feedback (≥10 mN) was sensed by the integrated 

force sensor. Finally, the adhesive was cured at 150 

◦ C for 1 h.

With the chip securely bonded, we proceeded with the character-

ization of its orientation and placement accuracy. The topography of 

the embedded array and the surrounding glass surface was measured 

using WLI, allowing us to quantify the chip’s tilt, tip, and maximum 

feature protrusion (MFP) relative to the glass surface. To ensure com-

plete coating in the next step, an upper threshold of 5 µm was set
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Fig. 2. Overview of the optimized outline inscription approach. In (a), the substrate and the laser-exposed outline are depicted in an isometric view. For illustration 

purposes, the unexposed block is shown in a darker shade, and the exposed outline appears to be already etched. In (b), a cross-section cut (in pink) is used to visualize 

the base and the sidewalls, which are more clearly shown in a sectional view in (d). (c) Top view of the substrate. (e) and (f) depict the laser trajectories in detail 

and correspond to the views of (c) and (d), respectively (not to scale). More specifically, the sidewalls’ contour in (e) is replicated out-of-plane layer-wise to create 

the sidewalls. Accordingly, the inter-layer structure geometry is depicted in (f).

200 m

Fig. 3. Microscope images of a fully formed cuboid microwell on the surface of 

fused silica, after etching in KOH for 8 h. The top view surface outline is shown 

(top), as well as the diced cross-section (bottom).

for the MFP, based on the nominal thickness of a spin-coated PI layer 

(5.5 µm). The MFP was measured to be 2.4 ± 1.1 µm (n=10), meeting 

this criterion, and the tip/tilt angles did not exceed 0.4 

◦ , consistently 

confirming precise placement (Fig. 4).

2.2.2. Electrical interconnection

For the ERDL formation, PI was selected as the passivation layer 

material due to its compatibility with the various requirements of the 

substrate and chip materials, as well as the subsequent processing steps. 

Specifically, the PI we used (PI-2611 from HD Microsystems) exhibits 

adequate adhesion to the glass substrate after silanization with (3-

Aminopropyl)triethoxysilane, and possesses a low coefficient of thermal 

expansion. This minimizes delamination risk due to thermal variations 

during its own curing, subsequent processing, and VCSEL operation. 

Furthermore, it is suitable for via ablation and provides an excellent 

medium for photolithography and wet etching, as it does not react with 

photoresists, developers, metal etchants, or stripping solvents.
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Fig. 4. WLI measurements of the chip topography before and after embedding in the fused silica microwell. (a) Perspective view of the bare chip, showing pronounced 

topography variations; the inset displays a top microscope view. (b) Characterization of the embedding accuracy, with tilt measured along the X-axis and tip measured 

along the Y-axis. Due to height differences, some features protrude above the glass surface plane, while most of the chip remains below. The MFP is extracted by 

masking out areas below this plane.

200 m

Alignment marks

Cu PI

Vias

Fig. 5. Embedded 1 × 4 VCSEL array with patterned ERDL fanout (Cu), in a 25 × 25 mm 

2 square fused silica sample. For each of the four VCSELs, the anode (upper 

side) and the cathode are connected. The alignment marks are defined with the picosecond-laser in the same step as the via opening, for increased lithography 

accuracy. Albeit metalized, the PI-filled, recessed regions between the chip and the glass surface are oblique, making it hard to capture with optical microscopy, and 

appear as dark bands.

First, PI was dropcasted on top of the silanized substrate with the 

embedded chip, followed by a settling time of 10 min to ensure the 

PI filled the potential gaps between the chip, the microwell sidewalls, 

and the cured epoxy. Afterwards, a 5.5 µm PI layer was formed by 

spin-coating and was cured by gradually heating to 350 

◦ C in an inert 

atmosphere, for approximately 5 h. Next, access holes with a diameter of 

40 µm were created through the PI layer with picosecond laser drilling. 

An Nd:YAG laser with a third harmonic generation module was used 

(355 nm, Duetto, Time-Bandwidth Products), with parameters set to 10 

iterations at a repetition rate of 50 kHz, total average power of 20 mW, 

and scanning speed of 60 mm/s. The next phase involved copper sput-

tering and lithographic patterning. To improve adhesion, the PI surface 

was slightly roughened by performing reactive-ion etching (RIE) with 

a gas mixture of O 2 

and CHF 3 

for 1 min. The RIE step also assisted in 

the removal of any minimal redeposited, decomposed PI material from 

the pad surface, following via drilling. Then, a 25 nm layer of TiW and 

a 1 µm layer of Cu were sputtered. Electrical tracks were defined on 

this uniform Cu layer by photolithographic patterning of a positive-tone 

photoresist (AZ4562, MicroChemicals), followed by metal etching. The 

fully embedded sample is shown in Fig. 5.

2.2.3. Optical characterization of the integrated arrays

To accurately design the micro-optic elements, it is essential to char-

acterize the emission properties of the individual lasers (emitters) within 

the integrated VCSEL arrays. Specifically, we require precise data on 

the wavelength, near-field beam profile, and polarization across vari-

ous driving currents, as well as verification of stable intensity over time. 

First, the operation of the VCSEL was verified by measuring the opti-

cal output power (L) and voltage (V) along the full operational current

extent (I). The power was captured by coupling into a 50 µm core-NA 

0.2 multimode fiber connected to a power meter (Thorlabs, PM400). 

The L-V-I curves are shown in Fig. 6(a). The regime in which each 

VCSEL operates in single-mode was identified by analyzing the emis-

sion spectrum across a range of driving currents. Secondary modes were 

distinguished by the appearance of additional peaks in the spectrum as 

shown in Fig. 6(b). The measurements were conducted using an optical 

spectrum analyzer (Agilent 86142B). The single-mode operation current 

range was determined for each emitter, with peak emission wavelengths 

centered around 846 nm. The VCSEL beam was then captured at the near 

field using a beam profiler consisting of a 40 × NA 0.65 microscope ob-

jective, a prism-based variable optical attenuator, and a Charge-Coupled

Device (CCD) camera (SP620U by Ophir-Spiricon). The near-field profil-

ing revealed a beam diameter of approximately 2.8 µm. Additionally, by 

interposing a rotating polarizing filter, the linear polarization was found 

to be oriented along the long side of the array (X-polarization).

Additionally, the integration process may induce mechanical stress 

to VCSEL arrays. Stress-induced strain can affect VCSEL emission char-

acteristics, particularly wavelength and polarization [47]. Therefore, 

comparing post-integration characterization results to a pre-integration 

reference is essential. Establishing a reliable pre-integration reference 

was not feasible, as direct electrical probing of the VCSEL pads prior to 

integration introduces mechanical stress to the chip, contrary to post-

integration measurements via copper fanout probing. As an alternative, 

we compared the post-integration spectra, L-V-I characteristics, and 

polarization with the values provided by the manufacturer. The post-

integration electro-optical characteristics matched the reference data 

closely, suggesting that the integration process does not significantly al-

ter device performance. For completeness, it is important to emphasize
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Fig. 6. Experimental emission characteristics of a fully embedded VCSEL array. (a) L-V-I curves for the four emitters within a single array (Em.1–Em.4, from left to 

right in the physical layout, as depicted in Fig. 5). (b) Emission spectra of a VCSEL at 1 mA, 3 mA, and 5 mA. The emergence of a secondary mode at higher currents 

is evident, as well as the known wavelength dependency on current intensity.

that this conclusion is based on L-V-I characteristics and spectra acquired 

under direct current operation, and the polarization of the primary 

mode—manifesting for low current values. Other VCSEL performance 

aspects relating to optical response under signal modulation, such as 

modulation bandwidth, were not assessed in this study. Finally, inten-

sity stability over time was quantified with optical power measurements 

spanning a few minutes, for various driving currents within the previ-

ously identified single-mode regime. The coefficient of variation was 

systematically below 1 %, confirming stable emission over time.

3. Design of micro-optic focusing elements

We designed two types of focusing lenses—refractive and 

diffractive—to match the 5 µm mode field diameter (MFD) of an 

SMF at 850 nm (Thorlabs, 780HP). An ideal refractive interface is 

formed by a continuous surface, whereas a diffractive surface presents 

abrupt height discontinuities along the optical propagation direction. 

These two inherently different geometries were chosen to highlight the 

design versatility which 2PP-DLW offers as a fabrication technique. To 

evaluate the design performance, we used the modal overlap integral 

(OI)—calculated with the fundamental mode of an SMF—as the primary 

merit function. For the diffractive element—being inherently more 

susceptible to losses—we also monitored the conversion efficiency and 

the signal-to-noise ratio (SNR) to ensure sufficient light was directed 

to the region of interest. For the definitions and more details about the 

above-mentioned merit functions, see Appendix A.

3.1. Diffractive microlens

In order to achieve adequate phase modulation, it is necessary to 

increase the beam diameter before introducing it into the diffractive 

surface. To efficiently capture the impinging light, the diffractive surface 

should be sufficiently larger than the expanded beam. On the other hand, 

the lateral extent of the 2PP-printed micro-optics must be smaller than 

125 µm, allowing fabrication on adjacent emitters situated at a pitch 

of 250 µm. These considerations led to the choice of an expanded beam 

diameter of 50 µm and a diffractive lens diameter of 100 µm, resulting in 

an analytically calculated loss of less than 0.04 % of the impinging light. 

The simplest way to achieve the intended beam expansion is to let the 

VCSEL beam expand in a uniform medium as dictated by the Gaussian 

beam propagation equation in free space (Eq. 1, [48]).

𝑤(𝑧) = 𝑤 0

⎡

⎢

⎢ 

⎣ 

1 + 

(

𝜆𝑧
𝜋𝑤 

2
0

)2 

⎤

⎥ 

⎥ 

⎦

1∕2

(1)

where 𝑤(𝑧) is the beam radius, 𝑤 0 

is the beam waist radius, 𝜆 is the wave-

length of the beam in the medium, and 𝑧 is the distance from the beam 

waist plane. The refractive index of the medium (≈1.544 at 846 nm) is a
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Fig. 7. Merit functions for different implementations of the IFTA at various prop-

agation distances. The optimal OI of ≈97 % is achieved at a propagation distance 

of 230 µm, indicated by the dashed line. At this distance, the conversion effi-

ciency remains above 90 %, and the SNR shows higher values in the same region, 

ensuring an adequate amount of light is directed into the area of interest.

first order interpolation based on data from Nanoscribe [49] and litera-

ture [50] for fully cured IP-Dip2, at 589 nm and 1550 nm, respectively. 

Based on (1), the required expansion region thickness is calculated to be 

200 µm.

We designed the diffractive element using the Iterative Fourier 

Transform Algorithm (IFTA) [51] with VirtualLab Fusion (LightTrans). 

The IFTA iteratively applies Fourier and inverse Fourier transforms to 

determine the phase retardation profile required at a given input field 

to achieve a desired output field over a specified propagation distance. 

Then, the phase map is turned into a height profile based on the thin-

element approximation, as shown in our previous work [52]. While 

not the simplest or fastest method for designing a diffractive focusing 

lens in the paraxial regime, the IFTA’s flexibility and compatibility with 

beam splitting and complex beam shaping make it well-suited for our 

future work. The design of the focusing lens comprises eight discrete 

levels—as an optimal compromise between performance and fabrica-

tion time—and a lateral resolution of 200 nm. Evaluating the design 

algorithm across multiple propagation distances revealed an optimal dis-

tance of 230 µm, where the diffractive element focuses the expanded 

beam down to a 5.2 µm diameter spot. At this distance, the evaluation 

metrics conversion efficiency, SNR, and OI were 90.2 %, 34.1 dB, and 

97 %, respectively, as shown in Fig. 7.

3.2. Refractive microlens

For the refractive microlens design we used the Physical Optics 

Propagation engine of Zemax OpticStudio. To match the diffractive 

counterpart, the lens’ total height was set to 200 µm and the propagation 

distance (i.e. the distance from the lens vertex to the focal plane) was set
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Fig. 8. (a) To-scale cross-section schematics of the refractive element (top) and the diffractive element (bottom). The inset illustrates the diffractive microlens profile 

(not to scale). The vector ⃗ z indicates the beam propagation direction. All dimensions are in µm. (b) Corresponding normalized intensity of output beam profiles at 

their focal planes. The diameter symbol (∅) denotes the 1∕𝑒 

2 normalized intensity diameter.

to 230 µm. Leveraging the design flexibility of 2PP-DLW we improved 

the microlens performance by changing the optical surface geometry 

from spherical to aspherical, as described by Eq. (2).

𝑍 𝑠𝑎𝑔 =
𝑟 

2 ∕𝑅 𝑐

1 + 

√ 

1 − (1 + 𝑘)(𝑟∕𝑅 𝑐 

) 

2
(2)

where 𝑍 𝑠𝑎𝑔 is the sagitta of the lens, 𝑅 𝑐 

is the radius of curvature, 𝑟 

is the radial lens distance from its vertex, and 𝑘 is the conic constant. 

Exploring the parameter space, we found an optimal combination to be 

𝑅 𝑐 

= −45 µm and 𝑘 = −0.925, achieving a focal spot beam diameter of 

4.9 µm and an overlap integral of 99.6 %. The optimized micro-optics 

are shown in Fig. 8.

4. Fabrication and characterization of focusing microlenses 

4.1. Fabrication optimization on planar substrates

Before nanoprinting on the embedded chips, the 2PP parameters 

were optimized on silanized fused silica substrates. We made use of 

the Photonic Professional GT+ system, and the IP-Dip2 photoresist, 

from Nanoscribe [49]. The exposure dose (energy absorbed per unit 

volume) was varied by combining different scanning speeds (1 mm/s– 

40 mm/s) with varying laser power (10 %–70 %), the latter expressed 

as a fraction of the maximum average laser power the system can de-

liver (≈50 mW). We used the highest NA objective lens available (63×, 
NA 1.4) in the dip-in laser lithography (DiLL) configuration to achieve 

the finest feature definition, which is especially important for the height 

discontinuities of the diffractive structures. After printing, the microlens 

arrays were developed by immersion in propylene glycol methyl ether 

acetate (PGMEA) for 20 min and rinsed with isopropanol.

We measured the height profile with WLI and compared it with 

the designed geometry. We found that, generally, as the exposure dose 

increased, the fabricated geometry more closely matched the design. 

However, increasing the dose was limited by the emergence of micro-

explosions and micro-bubble formation at elevated laser powers due to 

overexposure. Although the micro-bubbles do not necessarily affect the 

quality of the lens surface, they introduce beam distortions as the beam 

propagates through the improperly polymerized medium. Therefore, we

chose the highest dose that systematically did not lead to overexposure. 

Under these conditions, the exposure of a refractive and a diffractive mi-

crolens was completed in 19 and 17 min, respectively. The topography 

characterization results are shown in Fig. 9.

4.2. On chip fabrication

With the optimal 2PP-DLW parameters determined, we proceeded 

with the fabrication of the micro-optics on the embedded chips, us-

ing DiLL. To ensure adhesion when printing on low refractive index 

substrates, it is a standard practice to initiate writing slightly within 

the substrate and gradually move the focal plane outward. However, 

this approach was unsuitable for VCSELs due to the reflective nature of 

the top distributed Bragg reflector, which caused beam reflection, self-

interference, and thus regions of higher energy, leading to overexposure 

at otherwise optimal dose parameters. To address this, the first polymer-

ized layer was very accurately placed within the thin PI layer above the 

emitter rather than directly onto it. Additionally, the laser power was 

reduced by ≈3 % for the first 5–10 µm at the base of our structures. The 

resulting structures are shown in Fig. 10.

The alignment of the fabricated microlenses relative to the underly-

ing VCSELs was assessed using WLI measurements. The average angular 

misalignment—defined as the angle between the substrate normal and 

the microlens symmetry axis—was found to be 3.1 ± 0.7 

◦ (n=10). 

Based on our simulations, this level of misalignment mainly results in 

a lateral shift of the focal spot on the focal plane by ≈12 µm, which 

would significantly impact SMF coupling efficiency. However, for our 

application—free-space coupling into an SMF—this issue can be eas-

ily mitigated by adjusting the position and orientation of the collecting 

SMF. As a reference, respective simulations at an angular misalignment 

of 3.5 

◦ showed that proper SMF repositioning can recover the cou-

pling efficiency, reducing the loss to 2.2 % for the refractive microlens 

and 4.9 % for the diffractive microlens, relative to the perfectly aligned 

configuration.

4.3. Beam profiling and fiber coupling

To begin with, we utilized the beam profiling setup described in 

Section 2.2.3. The beam profile was captured at various distances by 

translating the beam profiler along the propagation direction (Z-axis).
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Fig. 9. Topography characterization with WLI for microlenses printed on glass substrates. The designed and processed measured height profile of the diffractive lens 

is shown in (a) and (b), respectively. More information about the processing of (b) can be found in the supplementary material (SM1). (c) An extended-depth-of-focus 

(EDF) microscope image of the refractive lens. A profile line is drawn through its vertex (dashed). In (d), the corresponding WLI profile line data is fitted with the 

aspheric model Eq. (2) to reveal the parameters 𝑅 𝑐 

, 𝑘. Note that the fitted line and the design are indiscernible due to their excellent match. The fitted parameters— 

with the 95 % confidence intervals as error bars—are plotted against different laser powers (with laser scanning speed fixed at 40 mm/s). For doses corresponding 

to laser powers above or equal to 62 %, overexposure was observed during polymerization.

At each position, the beam profile was recorded, and the beam diameter 

was determined by fitting a circle to the 1∕𝑒 

2 normalized intensity 

points. The diffractive and refractive lenses produced focal spot diam-

eters of 5.1 µm and 5.0 µm, respectively, with a corresponding OI of 

98.5 % and 99.3 %. These results are summarized in Fig. 11.

For fiber coupling, we first used a multimode fiber (OM4 50/125 

MM) connected to a photodiode (S120C) and a power meter (Thorlabs, 

PM400). The VCSELs were driven within their single-mode regime, 

with the multimode fiber positioned close to the lenses to maximize 

coupling efficiency. Each measurement lasted 2–5 minutes, establishing
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Fig. 10. Scanning electron microscope imaging of the refractive and diffractive 

microlenses fabricated using 2PP-DLW on a fully integrated functional VCSEL.

a reference for the coupled power (𝑃 𝑅𝐸𝐹 

), which ranged from 150 to 

400 µW at 0.6–1.0 mA. The coefficient of variation over time was less 

than 1 %, indicating stable power measurements after 2PP-printing of 

the micro-optics on top of the VCSELs.

(a)

2 μm

(b)

Diffractive Refractive

2D-OI
98.5%

0 1

2D-OI
99.3%

2 μm

0 1

Fig. 11. Characterization of the VCSEL beams focused by diffractive and refractive microlenses. (a) The measured beam diameter is plotted along the propagation 

direction and compared with the simulations. The beam spot size reaches a minimum at the focal plane of the microlenses. The insets show the normalized intensity 

distribution at the focal plane, with a horizontal X-profile line drawn. (b) At the focal plane, the X-profile is compared with an equivalent Gaussian beam having the 

same full width at half maximum (FWHM). The 2D modal overlap integral between the measured beam intensity profile and a 2D Gaussian beam with an MFD of 5 

µm is also calculated, yielding overlap values of 98.5 % (diffractive) and 99.3 % (refractive), demonstrating good Gaussian-like beam quality.

Subsequently, a Thorlabs 780HP SMF was aligned with the mi-

crolenses, and the power was similarly measured (𝑃 𝑆𝑀𝐹 

). The SMF 

coupling efficiency 𝜂 𝑐 

was calculated as 𝜂 𝑐 

= 𝑃 𝑆𝑀𝐹 

∕𝑃 𝑅𝐸𝐹 

. We achieved 

an optimal 𝜂 𝑐 

of 0.83 ± 0.011 for the diffractive lens and 0.99 ± 0.007 

for the aspheric lens. The uncertainty figures denote the propagated er-

ror over time. The superior performance of the refractive lens in terms of 

coupling efficiency can likely be attributed to its reduced susceptibility 

to scattering and far-field distortions, effects that are more prominent 

in diffractive elements. Specifically, light captured by the multimode 

fiber (NA 0.2) is not captured by the single-mode fiber (NA 0.13), which 

impacts the coupling efficiency to the latter.

5. Conclusion

We demonstrated the face-up integration of VCSEL arrays with 

3D nanoprinted micro-optics, utilizing FLICE-fabricated fused silica 

microwells and two-photon polymerization-based direct laser written 

micro-optics. The high lasing accuracy combined with the superior KOH 

selectivity facilitated the precise definition of the housing microwells 

with an accuracy of 1 µm. This allowed for accurate chip insertion and 

bonding (maximum feature protrusion of ≈2.4 µm) and minimal chip 

tip/tilt (less than 0.4 

◦ ). The arrays were covered and electrically inter-

connected with an ERDL, which was fabricated through a multi-step
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process comprising substrate silanization, spin-coating and curing of a 

≈5.5 µm thick PI layer, picosecond laser microvia drilling, RIE, TiW/Cu 

sputtering, and photolithography. Optical characterization of the VCSEL 

emission confirmed stable power over time (relative standard deviation 

<1 %), and identified key beam attributes: 2.8 µm waist diameter, X-

polarization, and single-mode operation for driving current intensities of 

0.6–1.0 mA, at a wavelength of 846 nm. Additionally, comparison with 

manufacturer-supplied values indicates a strong match between pre- and 

post-integration characteristics, suggesting that the integration process 

does not introduce significant strain on the embedded devices.

Subsequently, diffractive and refractive microlenses were designed 

to efficiently focus the integrated VCSEL beams for SMF coupling. Both 

elements have a total height of 200 µm, a diameter of 100 µm and focus 

the beam to a 5 µm diameter spot over a propagation distance of 230 

µm. After optimizing the nanoprinting parameters on planar glass sub-

strates, the microlenses were fabricated directly on top of the embedded 

arrays using 2PP-DLW. Using WLI, a misalignment of about 3 

◦ was mea-

sured between the microlenses and the substrate normal, indicating that 

proper SMF repositioning would be necessary for efficient coupling—at 

a cost of roughly 2 %–5 % relative to the ideally aligned case. The con-

sistent misalignment direction, both within individual substrates and 

across different substrates, suggests a systematic source related to the 

printing setup. However, since substrate tilt correction is a standard 

feature in state-of-the-art equipment, we did not explore the alignment 

improvement further.

Subsequently, the focused beams were characterized using a CCD-

based beam profiler, confirming efficient focusing. Specifically, at the 

focal plane, the refractive and diffractive elements achieved spot di-

ameters of 5.1 µm and 5.0 µm, respectively. The overlap integral with 

the mode field of a single-mode fiber (5 µm MFD Gaussian) was calcu-

lated, yielding values of 98.5 % for the refractive element and 99.3 % for 

the diffractive element. Finally, the SMF coupling efficiency was evalu-

ated, achieving optimal values of 0.83 ± 0.011 and 0.99 ± 0.007 for 

the diffractive and refractive microlenses, respectively. It is worth not-

ing that although both microlenses achieve the desired 5 µm diameter 

spot at the designed focal distance, the diffractive one exhibits inferior 

SMF coupling performance. This is attributed to increased scattering, 

suggesting that the refractive counterpart would be more suitable for 

applications where optical losses mitigation is critical.

To conclude, by combining the flexibility of 2PP-DLW with the 

advantages of face-up assembly on a glass interposer, this approach 

presents a possible solution for compact, high-density photonic systems. 

Future work could explore more complex micro-optic designs for si-

multaneous coupling of multiple emitters into in-plane waveguides or 

photonic integrated circuits – with the use of photonic wire-bonds, for in-

stance. An additional natural direction would be extending the presented 

methodology to larger VCSEL arrays. The simultaneous operation of 

multiple devices could challenge the thermal management capabilities 

of the glass interposer and should be preceded by a thorough assessment 

of heat dissipation and long-term reliability. Furthermore, future work 

may extend the investigation beyond direct-current operation and as-

sess the high-speed performance characteristics of the integrated VCSELs 

to evaluate their suitability for data communication applications, com-

pared to unpackaged ones. Finally, further integration of VCSEL drivers 

and signal modulation capabilities could expand its application scope in 

VCSEL-based co-packaged optics solutions.
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Appendix A. Merit functions

When comparing the output field to the desired one, we make use 

of merit functions, to assess the optical system by expressing its perfor-

mance as a single number. We succinctly present the merit functions that 

are used in our work. Since the definitions slightly vary in literature, we 

will follow the way merit functions are calculated in the software mostly 

used for the diffractive design (VirtualLab, LightTrans) [53].

In the definitions below, we assume a desired output field (𝑈 𝐷 

) and 

an input field (𝑈 𝑖𝑛 

); 𝑈 is used to denote power. The diffracted output 

field (𝑈 𝑜𝑢𝑡) is projected in the window that contains the evaluation/sig-

nal/desired region (𝐷). This is typically the optimization region, slightly 

larger than the desired focal spot. The complex optimal scale factor is a 

type of average value and is calculated as:

𝑎 = 

𝐼 𝑜𝑢𝑡⋅𝐷
𝐼 𝐷 

(A.1) 

where 𝐼 𝑜𝑢𝑡⋅𝐷 = ∫ 𝐷|𝑈 𝑜𝑢𝑡||𝑈 𝐷 

| and 𝐼 𝐷 = ∫ 𝐷|𝑈 𝐷 

| 

2. ∫ 𝐷 denotes integra-

tion over the signal region, whereas ∫ will indicate integration over the

whole field plane.

Conversion efficiency (CE). Measures the portion of the incident field’s

power (𝑈 𝑖𝑛) that flows into the signal area (𝐷): 

𝐶𝐸 = |𝑎| 

2 

𝐼 𝐷
𝐼 𝑖𝑛

(A.2)

|

2where 𝐼 = ∫ 𝑈 | 

2and ∫𝐷 𝐷  

 

𝐼 𝑖𝑛 

=  |𝑈 |𝐷 𝑖𝑛  .

Signal to noise ratio (SNR). Shows the correspondence between the

desired output field (𝑈 𝐷 

) and another, noise-affected field (𝑈 𝑜𝑢𝑡 

):

SNR = 

𝐼 𝑜𝑢𝑡
𝐼 𝑛𝑜𝑖𝑠𝑒

(A.3) 

( )

 𝐼 = 2
 ∫ |𝑈 | 

2where and 𝐼 = ∫ − 

 

|𝑈 | 𝑎| |𝑜𝑢𝑡 𝐷 𝑜𝑢𝑡 𝑜𝑢𝑡 𝑈𝐷 .𝑛𝑜𝑖𝑠𝑒 𝐷  It is usually

expressed in dB as 10 ⋅ log 10 

(SNR).

Overlap integral (OI). It is not one of the merit functions usually used 

in the general design and optimization of diffractive structures, but it 

provides a useful comparison between two light distributions (such as 

the matching of optical modes) and is used in this work. Let 𝐸 𝐷(𝑥, 𝑦), 
𝐸 𝑜𝑢𝑡(𝑥, 𝑦) be the desired and output field, the overlap integral is given

by: 

𝜂 = OI =
|∬ 𝐸 

∗
𝐷 ⋅ 𝐸 𝑜𝑢𝑡 dxdy| 

2

∬ |𝐸 𝐷 

| 

2 dxdy ∬ |𝐸 𝑜𝑢𝑡 

| 

2 dxdy 

(A.4)

where ∗ denotes the complex conjugate.
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Appendix B. Supplementary data

Supplementary data to this article can be found online at doi:10. 

1016/j.optlastec.2025.113415.

Data availability

Data will be made available on request. 
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