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Abstract: This paper presents a transparent microfluidic chip designed for continuous-flow
photochemistry applications with integrated electrical sensing. The transparent chip design allows
for microscale photochemistry, and permits direct, real-time visual/electrical observation.
The microchip uses optically transparent indium tin oxide (ITO) electrodes for reagent and phase
tracking. High-speed videography was performed to validate the electrical measurement data.
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1. Introduction

The use of integrated electrical sensors for microfluidic chips has received ever greater attention
recently, since visual inspection is not always quantitatively sufficient for process characterization [1].
Several groups in the last decade have demonstrated new designs in the field of analytical
microfluidics. PDMS/glass systems are the most common substrates for such “Lab-on-a-Chip”
platforms, however they are not suited for many applications with harsh chemical or thermal
conditions [2]. In this work, we are interested in developing a platform based on borosilicate glass
and SU8 which is suited to carry out gas/liquid photochemical reactions, specifically
photosulfochlorinations and photosulfoxidations. Electrical sensing on gas/liquid flow has been used
in several prior designs for use in droplet content and void fraction sensing [1,3-6].

2. Working Principle and Microchip Design

The microchip prepared in this work aims to fulfil two main goals: (1) transparency allowing
UV exposure for photochemical reactions (photsulfochlorinations and photosulfoxidations of
n-dodecane and cyclohexane; A =350 to 400 um) and (2) electrical monitoring of phases and reagents.
The microreactor construction must be chemically compatible for such harsh reactions.

Microreactor Chip Design

The microreactor design is shown in Figure 1, and consists of a stack of Pyrex chips and SU8
passivation/structural layers. The working electrodes as well as the common ground electrode are
protected from direct contact to fluid in microchannel by a thin SU8-3005 layer (Figure 1b). Electrodes
are fabricated out of indium tin oxide (ITO) on both Pyrex chips, which is an optically transparent
conductive material. The two Pyrex chips are bonded with an offset of 4 mm in order to allow access
to the respective electrode contact pads from both sides. A T-junction geometry is used for gas bubble
injection (Figure 1c).
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Figure 1. Microreactor design. (a) Exploded view; (b) Cross sectional schematic (not to scale);
(c) Microchannel geometry; (d) Plan view of the assembled microreactor chip with integrated
electrodes.

3. Microfabrication Process and Experimental Test Setup

3.1. Microfabrication Process

The reactor chips (signal electrodes, ground electrodes) were fabricated in a wafer-level process
and then diced before bonding (Figure 2c). Both 500 um thick Pyrex wafers were spin-coated with a
thin layer of SU8-3005 as a passivation layer. SU8-3050 also formed the microchannel structural layer.

The working electrode chip fabrication is shown in Figure 2b. 700 nm ITO is sputtered on a Pyrex
wafer and etched using chemically assisted ion beam etching (shown in Figure 3). The photoresist
AZ1518 was used as the ITO dry etch mask. A layer of SU8-3005 (5 pum) was then spin-coated at
4000 rpm as the passivation layer and patterned to allow access at the contact pads (exposure
270 mJ-cm™). In order to fabricate a 200 pm thick microchannel, SU8-3050 was then spin-coated onto
the working-electrode chip in two steps: the first layer was spun at 1000 rpm for 45 s and softbaked
for 25 min at 95 °C then the second layer was spin-coated at 1500 rpm for 45 s and softbaked for
45 min at 95 °C. The SU8 was then exposed in order to pattern the microchannel (1620 m]J-cm2). After
development, a final hardbake was performed at 120 °C for 10 min. Due to high thickness of these
layers, cooling down after each baking step was performed in ramp steps until wafer reached room
temperature.

Fluid/gas inlet and outlet holes were fabricated in Chip 2 by etching with 50% HF solution at
room temperature for 42 min (450 nm polysilicon as wet etching mask). The polysilicon layer was
deposited using LPCVD process and dry etched with RIE-ICP (AZ-1518 as dry etching mask mask).
After HF wet etching, the polysilicon layer was removed with 25% TMAH solution at 75 °C for
25 min. After fabrication of the holes, ITO was sputtered and patterned with chemically assisted ion
beam etching (CAIBE). The 5 pm passivation layer of SU8-3005 was then spin-coated and patterned
and the wafer was diced into chips. SU8-3005 was also used as an adhesive material for bonding the
diced chips due to its chemical stability for the final application and proper adhesion on other SU8
layers. In the bonding step, Chip 2 was spin-coated and pressed against Chip 1 in a homemade
alignment jig at 3 bar and 95 °C for 15 min.
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Figure 2. Fabrication process flow. (a) Working electrode chip; (b) Ground electrode chip.

Figure 3. (a) On-channel dry etched ITO electrodes; (b) Dry etched ITO electrode connection traces;
(c) Dry etched ITO electrode contact pads.

3.2. Hydrodynamic Test Setup

A housing for the reactor chip was made of PEEK; electrical connections were established using
spring probes contacting the ITO contact pads, which connected to a HIOKI IM3536 LCR-meter.
Continuous impedance measurements (20 kHz applied signal) were performed. The liquid (25% DI
water-75% ethylene glycol) flow was provided via a syringe pump and gas for bubble generation was
provided from house nitrogen, regulated through a gas flow meter (0.5 to 2 bar). Video of the two-
phase slug flow with 1000 fps was recorded (MotionBLITZ EoSens mini2). A captured picture of a
bubble with 2.3 mm length passing under a connected electrode is shown in Figure 4b.
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Figure 4. Analysis of a bubble passing under the electrode. (a) Bubble signal model; (b) Bubble photo
captured by highspeed camera; (c) Impedance signal fitted to model; (d) Phase signal fitted to model.
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In this step of the development, recorded frames with highspeed camera were used in order to
correlate the electrical measurements. In Figure 4a, a model of the form of the electrical signal is
presented. The relevant time points, however, are extracted from the video frames: t1 indicates the
entry of the bubble cap under the working electrode, t3 the beginning of the bubble body, t4 entry of
the trailing cap and t6 exit of the trailing cap. It is thus defined that the time point t1 (video timeframe,
bubble cap entry to measurement region) is coincident with the start of the rise in the impedance
values. Due to delay in the communication between the camera and the computer, there is a delay in
the respective timelines.

The shown pulse model in Figure 4a was swept over the measured impedance signal, similar to
a cross correlation. The variances of the data in three plateau regions (start-t1, t3-t4, to—end) for each
variation of the sweep were calculated and summed. The minimum value of the variance array
(average of impedance amplitude and phase angle signal) was considered the best fit. Using the
assumed model and fitting algorithm, the integrated electrica 1 sensor ove r the microchannel is
suitable for two-phase flow detection and modeling.

4. Conclusions

This paper presents a glass/SU8 based microreactor with parallel plate ITO sensors on channel
for studying bubble transport in a microchannel. The substrates are suitable for harsh photochemical
reactions planned for future work. Using post-processing algorithms, the chip is able to analyze
bubble geometry while allowing exposure for the photochemistry with transparent ITO electrodes.
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