Chapter 33

Liquid-Flow Measurements in Silicon
Dioxide Channels with Micron-Sized
Dimension

G. Barillaro, A. Diligenti and L. M. Strambini

Abstract Flow measurements on silicon dioxide microchannels featuring inner
cross-section as low as 16 pm? and aspect-ratio as high as 50 have been performed
using liquids with different dynamic viscosities. The microchannels, arranged in a
square array with density of 1 x 10° channel/cm?, are embedded into a silicon
substrate and connected to a reservoir grooved on the backside of the substrate.
Flow measurements were performed by using an original, purposely designed
system. In this work, details on both the measurement systems and the flow
properties of such a small channels are reported and discussed.

33.1 Introduction

In last two decades, driven by the development of microfluidic systems for bio-
medical and optofluidic applications, significant attention has been paid to liquid-
flow in microchannels. Although the liquid-flow properties of tubes with inner side
(diameter) of tens of microns have been extensively studied [1-4] and reported to
obey the Hagen—Poiseuille (H-P) law, only a few studies on circular tubes with
inner diameter of a few microns have been reported so far. On the other hand, due
to the trend of scaling-down both microfluidic devices and systems, understanding
fluid-flow in micron-sized tubes is becoming more and more important.

In this paper flow measurements on silicon dioxide microchannels with length
of 200 pm and inner side of 4 um (square section) are reported, along with a brief
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Fig. 33.1 Sketch of the silicon chip used for fluid-flow measurements, consisting of an array of
microchannels embedded into a silicon substrate in communication with a reservoir etched on the
backside of the chip: a rop-view of the chip; b bottom-view of the chip

description of the fabrication process. Moreover, the experimental system pur-
posely set up to perform flow measurements is also described.

33.2 Fabrication Process

Figure 33.1 shows a sketch of the silicon chip used for microchannel liquid-flow
characterization. The chip consists of an array of high-aspect ratio (up to 50)
hollow silicon dioxide channels, with inner side of 4 um, length of 200 pm,
density of 10° needles/cm?, embedded into a silicon substrate and in communi-
cation with a reservoir grooved on the backside of the chip.

The fabrication process consists of the following main steps: (1) photo-elec-
trochemical etching (PEC) of a n-type silicon substrate ((100) oriented, with
resistivity of 3-8 Q cm and thickness of 550 um) allowing a deep, ordered
macropore array to be etched [5-8]; (2) wet thermal oxidation of the macropores to
obtain silicon dioxide micropipes, still closed at their bottom-side; (3) anisotropic
silicon wet etching (TMAH) on the backside of the substrate to define a reservoir,
and (4) silicon dioxide wet etching (BHF) on the backside of the substrate to open
the micropipes bottom-side and obtain hollow microchannels in communication
with the reservoir.

Vertical and horizontal uniformity of the channels basically depends on two
technological steps: (1) the electrochemical etching step and (2) the thermal
oxidation step. If good uniformity was expected for the PEC step, due to the
feedback mechanism ruling macropore growth [5-8], the same result was not
easily predictable for thermal oxidation of deep macropores. Measurements of the
oxide thickness along the pore axis, performed by SEM observation of the cross-
section of oxidized samples, confirmed that no appreciable changes in the oxide
thickness occur along the macropore axis, at least for depths up to 200 pum.
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Fig. 33.2 (left) Experimental setup used for liquid-flow measurements. (right) Flow rate versus
pressure drop for an array of 38,000 silicon-dioxide tubes with square section for three different
solutions

33.3 Experimental Set-Up and Flow Measurements

The experimental setup used for liquid-flow measurements is sketched in
Fig. 33.2. The silicon chip (inset in Fig. 33.2 left), containing the microchannel
array with geometrical characteristics as here above described, was put at the end
of a graduated pipe, which was filled with the liquid under investigation. A number
of couples of electrodes placed at regular distance (2 cm) along the pipe were used
to monitor the liquid level by resistance value measurements. A constant differ-
ential pressure drop Pp = P;, — P, (P, being the reference atmospheric pres-
sure) was maintained between the top of the liquid column and the chip outlet
during the whole experiment, thanks to a reservoir with a volume (4,300 cm®)
much larger than the pipe (about 10 cm?®). A maximum relative pressure variation
AP /Py, of about 2 x 10~ was measured during experiments.

Liquid-flow measurements as a function of the pressure drop were performed
with deionized water (DI H,O) and, NaCl (4 mol kg_l), D-glucose (1.5 mol kg_l)
acqueous solutions, which have dynamic viscosities of 1.0, 1.5, 2.24 mPa s,
respectively [9]. The viscosity of the three test solutions was measured by means
of a standard viscosimeter and resulted in good agreement with literature values
[9]. Liquid-flow measurements were carried out using differential pressures Pp in
the range 100—1,000 mbar.

In order to avoid partial or full obstruction of the channel array during mea-
surements, the solutions were filtered with 0.22 pm filters before their introduction
in the graduated pipe. Moreover, in order to verify possible channel obstruction,
before and after each measurement cycle (with a given liquid in the whole Pp,
range) a control measurement was performed at Pp = 500 mbar using DI H,O.
Control measurements confirmed that the same number of channels in the array
was actually active during flow measurements with the three tested solutions.
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Experimental results on the three tested solutions are resumed in Fig. 33.2,
which shows the liquid-flow rate F versus the differential pressure Pp, both for the
whole microchannel array (left scale) and the single tube (right scale). Measure-
ment results highlight a linear relationship between F and Pp, for each microtube,
according to the Hagen—Poiseuille law:

_aw;

F=_""h
LCfr.u

Pp (33.1)

where A is the cross-section area, L is the channel length, D, is the hydraulic
diameter, C;. = 57 is the friction coefficient for square section, and u is the
dynamic viscosity, even if the channel section is only a few (less than 16) pm?.
The number of active channels is about 38,000, as obtained both by SEM obser-
vations and by best-fitting of experimental data using the Hagen—Poiseuille law.

33.4 Conclusions

In this work the liquid-flow properties of high aspect-ratio microchannels have
been experimentally investigated using three test solutions with different dynamic
viscosities. Flow measurements, to our knowledge performed for the first time on
channels with cross-section of a few square microns, highlighted that: (i) the
Hagen—Poiseuille law still holds for tubes with such a reduced cross-section area;
(i1) an array of 38,000 channels with cross-section of about 16 umz allows solu-
tions of sanitary interest to be delivered at rate comparable with that of commonly
used macroscopic hypodermic needles. The latter result is very important for drug
delivery application, as the microchannel fabrication process reported in this work
can be easily modified for the formation of an array of pain-free microneedles to
be inserted in the outermost layer of the skin for transdermal drug delivery.
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