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Abstract: Using the optical feedback interferometry (OFI) technique, we demonstrated a miniaturized
and compact sensor system based on a dedicated optical source for flowmetry at the micro-scale. In the
system, polymer microlenses were integrated directly on a VCSEL (vertical-cavity surface-emitting
laser) chip and the microfluidic channel chip surface using polymer-based micro-fabrication
technologies. In particular, at a post-process stage, we integrated a collimation lens on a VCSEL chip
of small dimensions (200 um X 200 pm x 150 um). This process was enabled by the soft-printing
of dry thick resist films and through direct laser writing technology. We performed flow rate
measurements using this new compact system, with a conventional bulk glass lens configuration
for system performance evaluation. A maximum 33 dB signal-to-noise ratio was achieved from this
novel ultra-compact system. To our knowledge, this is the highest signal level achieved by existing
OFI based flowmetry sensors.

Keywords: microfluidic; doppler; laser sensing; integrated microoptics; micro-nano; technology;
VCSEL; laser beam shaping

1. Introduction

The development of micro-nano technologies, integrated microfluidic systems has emerged as a
widely used scheme for “lab on a chip” device miniaturization. Such systems have been used in various
medical and chemical applications, e.g., chemical analysis and synthesis, two-phase mixing, and particle
sorting [1-3]. Many of these topics, such as flow cytometry, particle counting, and droplet generation,
require the accurate measurement and control of flow rate within the microfluidic channels [4-7]. Thus,
a flowmetry sensor is an essential component in the microfluidic systems.

Given its own intrinsic advantages, in particular, lowered cost, design simplicity, and high
accuracy, optical feedback interferometry (OFI) has drawn great attention in metrology research [8-12].
In an OFI sensor, a part of the laser radiation is reflected or back-scattered from the distant target,
and the back-propagating radiation re-enters the laser cavity where it interferes with the original laser
wave. It results in a variation of the laser output power or its junction voltage [13,14]. In the case of a
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velocity measurement, the back-scattered wave frequency will be shifted due to the Doppler effect.
Thus, the laser power variation will be a periodic function with a frequency fp that can be expressed as:

2V-sin0
fo =32, M

where A is the laser wavelength, V is the target velocity, 0 is the incident angle formed by the laser
propagation axis and perpendicular to the channel chip.

OFI based microfluidic sensors have been reported since the last decade [15]. Using this technique,
Campagnolo et al. implemented a flowing velocity profile measurement system. This was done
in a polydimethylsiloxane based elastomer (PDMS) microchannel with a 320 pm internal diameter,
thereby achieving a clear and outstanding Doppler spectral peak in the signal spectra [16]. Miquet et al.
enabled the velocity profile measurement of milk-oil two-phase flow in a Y-shaped microchannel [17].
In a previous publication, the authors had demonstrated a reasonable OFI based on a flowmetry
spectral signal in a 100 X 100 pm square microchannel [18]. However, in the existing sensing systems,
the optical configurations were bulk and suffered from a delicate alignment of free-space optics to
couple the laser beam to the microchannel. Thus, a miniaturized OFI sensing system without the bulk
optics, that can be integrated with the microchannel, is preferable. Milan Nikoli¢ et al. [19], for the
first time, facilitated the miniaturization of the OFI sensor using an optical fiber coupling inside the
channel chip and achieved reasonable measurement results. However, in their work, the signal level
was considerably lower than the standard bulk configuration, where a maximum 15 dB signal-to-noise
ratio (SNR) was reached. Therefore, sensitive and robust integrated OFI flowing sensor systems are
still required.

In this work, based on the use of the vertical-cavity surface-emitting lasers (VCSELs), we proposed
the design of a micro-scale OFI flowmetry sensor system by integrating micro-optical elements directly
on the top surface of the VCSEL chip and on the microchannel surface. We describe the fabrication
process, discuss the technological constraints that were addressed, and present a set of results that
highlight the experimental performances of our novel home-made system. The paper is constructed as
follows: first, the fabrication procedure of the micro-scale component (lens on laser and microfluidic
channel) is described in detail. Second, the electronic and optical characteristics are investigated to
analyze the laser output performance. Finally, the flowmetry measurement is performed using this
new compact system. The results are compared with the ones obtained using a traditional bulk glass
lens pair to investigate the system sensitivity.

2. Device Fabrication

As shown in Figure 1, the miniaturized OFI sensor microfluidic sensing system consists of two
parts. First, a VCSEL-based OFI sensor with an integrated micro-lensing system for beam collimation.
Second, a microfluidic chip on which a micro focusing lens has been deposited. This geometry
presents many advantages. First, it is very compact as it does not require any macro-optical elements.
Second, as the laser beam is collimated, the distance between the source and the channel is not a critical
parameter to obtain a sharply focused spot (size <20 pm) at the channel center.
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Figure 1. Schematic of the miniaturized optical feedback interferometry (OFI) flowmetry sensor system.

2.1. Fabrication of the Collimated VCSEL on PCB

As low power consumption devices with a circular output beam shape and ease of coupling
to optics and fibers, VCSEL chips offer unique advantages for fabricating compact optical sensors.
We chose polarization-stable VCSEL chips (referred to as ULM850-A4-PL-546XZP Philips, CO., LTD)
emitting at 850 nm. The natural full far-field beam divergence angle (1/e%) was measured to be about
14°. To reduce this value, we integrated a polymer collimation microlens directly above the chip after
the dicing step. It was composed of a microlens deposited on a pedestal with a high aspect ratio [20]
and a typical height of at least 100 um. The micro-scale component dimensions (pedestal diameter
and height, lens radius of curvature, and height) were optimized using the ZEMAX optical software.
This was done to minimize laser beam divergence (<3°) and beam size (<60 um) at a distance of 1 mm
(corresponding to the distance to the surface of the microfluidic channel).

In the literature, the direct integration of microlens on VCSELs is only reported at the wafer-scale,
mainly using standard photolithography [21-26]. As these methods are not applicable to single chips,
we developed an alternative method (as shown in Figure 2) to enable similar integration on single
VCSELSs chips of a very small size (200 pm X 200 pm x 150 um). It was based on three micro-optical
fabrication steps: soft thermal printing (alternative to standard spin-coating), direct laser writing
(alternative to standard UV-photolithography), and inkjet printing.

First, the VCSEL chip was assembled on a printed circuit board (PCB) (Figure 2a). Three commercial
dry thick photoresist films (DF-1050) were then transferred onto the VCSEL chip surface using
soft-thermal-printing by means of nanoimprint equipment (Nanonex NX-2500). This equipment is
suitable for handling brittle and small-sized samples (Figure 2a—d). This technique was previously
developed by the authors to optimize the uniformity of thick resist layers on GaAs samples (a quarter
of a wafer with a surface of a few cm?) [27]. As the nominal thickness of a single DF-1050 film is only
48 um, three films had to be successively printed on the chip to obtain a pedestal height greater than
100 pm.

Moreover, it is worth noting that due to the higher pressure applied during printing on the
very small-sized VCSEL chip (compared to printing on a sample of a larger surface), the final
film height measured after development was lower than the expected value (136 um instead of
144 pm). Nevertheless, this height was found to be reproducible (standard deviation: +5 pum).
Moreover, this parameter is not critical as the lens curvature radius can be adjusted in the final step as
a function of the effective pedestal height (see step (g)). Then, using direct UV laser writing (DILASE
750), high aspect-ratio cylindrical pedestals were photo-patterned in the printed films (typical diameter:
80 pum). This technique provides the same alignment precision to standard photolithography (+1
um), leading to good pedestal centering with the VCSEL source located 136 pm below (Figure 2e).
After pedestal development and curing (Figure 2f), the inkjet printing technique was used to dispense
commercial SU8-based liquid microdroplets of low viscosity (PriElex, MicroChem Co., Ltd.) on the
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pedestal surface (Figure 2g). This technique leads to a self-centering of the polymer microlens obtained
after UV-curing. The radius of the curvature of the lens was controlled precisely by the number of
printed droplets, and it was previously calibrated using confocal optical microscopy. Finally, wire
bonding could be performed to connect all the lensed-lasers (Figure 2h).

(a) VCSEL chip assembly on a PCB (b) Soft thermal printing of a DF 1050 film (c) Liner peeling
¥4 ¥ 1

200pm } Dry film ‘ }
VCSEL rj J L L? j
R ' Iﬂl

tot ot

(d) After 3 DF-1050 films printed (e) Direct UV laser writing of DF pedestal (f) Pedestal Hard Bake

= R

1

1
I —— 1

I 136pmi5um

(g) Inkjet of microlens (Prielex) with (h) Lens UV curing and wire bonding
self-centering * * ‘

Figure 2. Process flow for microlens integration on a single vertical-cavity surface-emitting laser (VCSEL)
chip already assembled on printed circuit board (PCB): (a) VCSEL chip assembly, (b) Soft-thermal
printing of DF-1050 dry photoresist film, (c) Peeling of the liner’s film, (d) Result after 3 soft-printing
of DF-1050 films, (e) Direct UV laser writing on the printed films for pedestal definition, (f) Pedestal
hard-bake, (g) Inkjet printing of Prielex resist on the pedestal surface, (h) UV curing of microlens and

™\

wire bonding.

Figure 3 shows the SEM (scanning electron microscope) images of a device after pedestal fabrication
(Figure 3a) and after lens integration (Figure 3b), as well as a zoom illustrating the good surface quality
of the lens (Figure 3c) and a general view of different VCSELs chips after wire bonding (Figure 3d).
Such technology offers a new, efficient, cheap, and straightforward solution for single or multiple
VCSEL chip(s) collimation(s) at a post-dicing stage.

To verify the collimation effect of our microlens, we measured the divergence angles of the bare
VCSELs and lensed VCSELs in the same mode. The applied current in both cases was fixed at 3 mA,
and the typical divergence curves obtained before and after lens integration are shown in Figure 4a.
The full 1/e? divergence angle of the VCSELSs could be effectively decreased from 14° (in red) down
to 2.9° (in blue). The maximal variation observed on the final beam divergence of the five different
VCSEL chips shown in Figure 3d was 2.68 + 0.27°, demonstrating the good reproducibility of the
developed fabrication method. We also performed light-current characterizations to evaluate the
VCSEL performances after lens integration. As seen in Figure 4b, only a slight modification of the L-I-V
curve was observed. The threshold current of the VCSEL without lens was around 1.3 mA, while the
current for the lensed-VCSEL was 1.5 mA. This phenomenon was linked to the presence of polymer
material at the VCSEL surface, as microlens insertion slightly changed the reflexion coefficient of the
top mirror [28]. Finally, we checked that the DOP (degree of polarization) of all VCSELs was kept
higher than 75% after lens integration.
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Figure 3. Scanning electron microscope images of VCSEL chip, including a micro-optical element.
(a) after 80 um-diameter DF-pedestal fabrication, (b) after lens fabrication with self-centering on
the pedestal surface, (¢) zoom on microlens profile, (d) general view of lensed-devices after final

bonding step.
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Figure 4. Characterizations of VCSELs without microlens (in blue), with microlens (in red). (a) Full
1/e? divergence angles at 3 mA current (b) Output current plotted as function of the current applied to

the VCSEL.

2.2. Fabrication of the Microfluidic Channel with Integrated Focusing Microlens

For the reactor, a 192 pm X 192 um square microchannel chip was fabricated by stacking four
DF-1050 films using standard photolithography and lamination techniques on a glass substrate.
A microlens of the same size as the VCSEL (diameter 80 pm) was printed on the top surface on the
chip for laser beam focusing at the center of the channel. A general view of the microfluidic platform
is shown in Figure 5a. In this case, microlens centering on the channel was achieved by means of
localized surface treatment (SAM, for self-assembled monolayer) applied before the inkjet printing
step. Figure 5b shows an image of the lenses fabricated on the top surface of the central part of the

microfluidic channel.
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(b)

Figure 5. Photograph of the microfluidic chip: (a) View of the entire serpentine channel chip and size

comparison with a coin of 0.7 inches in diameter (b) Zoom on the central part of the microchannel with
focusing microlenses deposited on the surface. The lenses are positioned at the center of the channel in
the X direction and spaced 500 um apart in the Y direction.

To optimize focalization, we simulated using the ZEMAX software, the laser beam propagation
along the Z-direction through the channel via the microlens scheme. We also compared this
configuration to the case of a conventional C240TME-B commercial bulk lens pair. In Figure 6a,b,
in the micro-scale scheme, the focused spot size in the cross-section of the channel (X-Z plane) close to
the channel was distinctly smaller than the one in the bulk case (by a factor 130). Moreover, the laser
incident beam focusing effect on the channel was significantly higher (Figure 6¢). This improvement was
expected to provide a much better spatial resolution and, as a consequence, a higher OFI signal level.

Cc
L@ 50 19
—— micro lens
0 = 25
5 bulk lens
R 50 100 150 820 .
£ S front interface
E o 5 10 15 o T 15 )
* (b) - @ rear interface
5 (2]
© 10
0 “o
< 5
-5
0 50 100 160 0 | - |
o 0s 1 15 2 25 0 0.05 0.1 0.15 0.2
z fum) x10° Z (mm)

Figure 6. Modeling of laser incidence irradiation profile in the cross-section of the microchannel (X-Z
plane) (ZEMAX). (a) Via bulk glass optical setup, (b) via miniaturized microlens set-up, (c) laser beam
waist radius profile through the microchannel along the Z direction in both cases.

3. Microfluidic Flowmetry Measurements

Here, a series of flow rate measurements inside a 192 x 192 um DF micro-channel were applied
to investigate the sensing performance of two OFI systems. First, we tested a standard VCSEL chip
in TO46 package mounted onto a laser mount (224 TEC TO-Can Laser Mount, Arroyo Instruments)
without microlens on the laser and no lens on the channel. This basic setup served as a reference,
and it is shown in Figure 7a, where the inset indicates the bulk glass lens pair. In the secondary
measurements, we used the new miniaturized system proposed above as the sensor scheme. The
entire setup is sketched in Figure 7b. In both cases, the incident angle between the laser axis and the
normal to the channel was around 10 degrees. This value was selected because, for the integrated lens
system, it is a good trade-off between the Doppler frequency shift and the minimum possible distance
from the PCB to the channel chip. In this configuration, the distance from the integrated sensor to
the channel top surface was around 1 mm, and the collimation beam diameter was approximately
40 um. The focusing lens could efficiently collect this on the channel surface. Of course, because of the
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bulk optics, the operating distance for the basic setup is much higher (around 8 mm). In both optical
configurations, the sensor position was controlled by micrometric translation stages. It was set so that
the acquired signal spectrum showed the highest amplitude in the frequency domain of interest.

(b)

(a)

Figure 7. Comparative schematic of the OFI flowmetry sensor setups in microfluidic measurements.
(a): Conventional commercial bulk lens-pair-based system. The inset presents the optical arrangement.
(b): Integrated VCSEL-based system involving the sensor and a micromechanical stage for lateral
position adjustment. The inset displays the fluidic platform and the backside of the PCB with
lensed VCSEL.

The tracing object, 4.89 um Polystyrene Spheres (PS) aqueous solution with a concentration of
0.1% w/v was pumped into the channel using a syringe pump (PHD 22/2000 Harvard Apparatus).
By precisely varying the pumping flow rate, we could verify the system sensing performance robustness
over a flow rate ranging from 5 to 30 uL/min. The OFI signal was acquired through the junction
voltage of the VCSEL. The signal was amplified using a custom made amplifier and using a National
Instrument acquisition card (NI USB 6251) at a sampling frequency of 400 kHz. Processing of the signal
consisted of 30 averagings of the fast Fourier transform (FFT) of 2!° samples length. Thus, the total
acquisition window length was 983040 (30 x 2!°). A dedicated LabVIEW program automates all the
data acquisition procedures and processing.

We evaluated the signal visibility over the available laser biasing current range to find the
optimal current value at which the OFI sensors could lead to the maximal signal. The OFI flowmetry
measurements were repeated within applied laser operation currents ranging from 1.5 mA (threshold
current value) to 3.5 mA at a 10 uL/min flow rate. The resulting OFI signal frequency spectra are
depicted in Figure 8. It should be noted that when the current was set to be 1.5 mA, the OFI modulation
was too weak. The OFI frequency spectral signal was overwhelmed by the system noise floor and it
could hardly be observed. Moreover, all over the considerable current range, the spectrum presented a
well-defined Gaussian-shaped peak. The Doppler frequency and the signal level can be calculated
automatically by fitting a Gaussian function [16].

The signal level profiles as a function of the current are depicted in Figure 9. The spectral signal
increases with the current, whereas when the current was set at 3 mA, the OFI signal level achieved a
maximal value (around the 33 dB). This signal level was 16 dB higher compared to the bulk lenses.
Moreover, even when the current is continuously increased beyond 3 mA, the OFI signal remains
constant [29].
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Figure 8. Frequency spectra at different currents. (a) The miniaturized lensed system, and (b) bulk

glass lens system.
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Figure 9. The signal level measured as a function of the current with error bars: miniaturized lensed

system (in blue), bulk glass lens system (in red).

With the microlens, the much shorter working distance (within 2mm) can efficiently reduce the
light loss during the round-trip propagation and enhance the light collection efficiency. Consequently,
our system can increase the OFI signal level, especially for high currents, where there is higher

initial divergence.

4. Conclusions

To summarize, a compact VCSEL laser diode-based OFI microfluidic flowmetry sensor system
was fabricated using innovative additive manufacturing techniques based on commercial photoresists.
To achieve maximal sensitivity, an integrated collimating microlens on the VCSEL chips, as well as a
focusing lens on the top surface of the channel chip, were designed and fabricated using dry thick
resist film soft-transfer, direct laser writing, and inkjet printing. We obtained a significant reduction of
the laser beam divergence (division by 5), as well as an efficient beam focusing at the center of the
channel (beam size <20 um).

To validate the sensing capability of this new system, we performed flow rate measurements in
a microchannel with polystyrene particles as the tracing targets. The proposed miniaturized lensed
system exhibited an outstanding signal level (higher by 16 dB compared to the standard bulk glass
doublet lenses configuration tested under similar experimental conditions). These results demonstrated
that our sensor could satisfy the flowing sensing requirements even in extremely tiny channels. To the
best of our knowledge, this is the highest signal level in the existing relevant literature. We believe this
miniaturized system can be a potential tool in the design of future lab-on-a-chip devices requiring
precise and sensitive flowing velocity monitoring.
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