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Abstract: This paper presents a new method for the CMOS compatible fabrication of microchannels
integrated into a silicon substrate. In a single-step DRIE process (Deep Reactive Ion Etching) a
network of microchannels with High Aspect Ratio (HAR) up to 10, can be etched in a silicon
substrate through a mesh mask. In the same single etching step, multidimensional microchannels
with various dimensions (width, length, and depth) can be obtained by tuning the process and
design parameters. These fully embedded structures enable further wafer processing and
integration of electronic components like sensors and actuators in wafers with microchannels.
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1. Introduction

The field of microfluidics is rapidly expanding, and as a result the need for advanced
microchannel fabrication technologies. The majority of the silicon based microfluidic devices,
especially those with wide and/or deep microchannels like for instance integrated circuits for cooling
or gas chromatography, are still sealed with wafer bonding techniques [1,2]. This cumbersome
method limits miniaturization and further system integration possibilities.

Previous studies have already shown that it is possible to fabricate CMOS compatible
microchannels that allow for the addition of actuators/sensors [3,4]. Furthermore, a recently proposed
method for a two-step fabrication of sealable microchannels through a mesh mask, facilitates
the development of the silicon based platforms like for instance Lab-on-a-Chip (LOC) or
Organ-on-a-Chip (OOC). These high resolution silicon based microfluidic devices enable
miniaturization and allow for further wafer processing and thus integration of actuators or sensors
for in-situ stimulation or measurement. However, the major drawback of this method is the limited
depth of the microfluidic channels, with maximum aspect ratio of 4, due to the saturation in the DRIE
(Deep Reactive lon Ethcing) of narrow trenches at a depth of about 40 um [5].

This paper introduces a new CMOS compatible method for the fabrication of fully embedded
multidimensional microchannels with high aspect ratio (HAR) in a single DRIE step.

2. Materials and Methods

The fabrication starts with the depositions of a 2 pum thick layer of low-stress PECVD SiO2 on a
silicon substrate. At the location of test channels, rows of parallel arrays with 56 different
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combinations of sub-micron size rectangular slits are dry-etched in the silicon dioxide using standard
photoresist mask. The slits dimentions (see Figure 1) are varried as follows:

*  Slitlenght (L): 6.0 pm; fixed,
*  Slit width (W): 0.8 um, 1.0 ym, 1.2 um, 1.4 pm, 1.6 um, 1.8 um, 2.0 pm; variable,
*  Slit distance (D): 0.6 um, 0.8 um, 1.0 pm, 1.2 pm, 1.4 pm, 1.6 um, 1.8 pm, 2.0 um; variable.

Subsequently, channels in the silicon are etched through the meshed SiO: hard mask in a single
DRIE using the Bosch process. In this process cycles of: dry silicon etch (using SFs), walls passivation
(using CsFs), and break-through the passivation layer on the bottom of the trench; are alternatively
performed and repeated in number of loops. This results in deep trenches with straight walls in the
silicon. Figure 1 shows the graphical representation of the fabrication stages.
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Figure 1. HAR, embedded microchannels fabrication stages: (a) deposition of the silicon dioxide;
(b) patterning the SiO2 hard etch mask; (c,d) simultaneous etch of trenches in the silicon and walls
between them in the tuned single-step DRIE process; (e) closing the channels with a PECVD SiO..

The duration of the silicon etch cycle varries from 1.5 s through 4 s up to 8 s. The number of etch-
passivation loops, and thus the total etch time, is increased from 10 loops up to 150 loops for long
etch cycles (8 s) and up to 500 loops for short etch cycles (1.5 s). The total etch time is limited in such
a way that at least 500 nm of the silicon dioxide hard mask is preserved on top of each channel. The
preserved mesh mask is closed with a 2.5 um thick layer of PECVD SiO: to form the embedded
network of microchannels.

The cross-section of each fabcricated channel is inspected in 45° and 90° tilt with SEM (Scanning
Electron Microscope) to determin its depth and shape, and to examine the silicon dioxide mesh mask
before and after closing the channel.

3. Results and Discussion

A number of microchannels were etched in silicon through the 2 um thick hard etch mask of
silicon dioxide. At first it was observed that very uniform (approximately 590 pm long and 6 pm
wide) channels with a depth of almost 60 pm were etched in the silicon when the walls between
single trenches were removed (Figure 2a). This results in aspect ratios of up to 10. The maximal
reached depth of the trench was limited only by the thickness of the SiO2 mask, which had to be
preserved in order to allow for CMOS-compatible and low-topography sealing of the structures with
PECVD SiO: (Figure 2b,c).

The mechanism of etching trough the fine mesh mask and related to it walls removal was further
studied in respect to process parameters: the etch cycle time and the number of etch-passivation
loops; and design parameters: the slits width and the distance between the slits (slits length is fixed).
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Figure 2. SEM image of 6 um wide and 57 um deep vertical microchannels etched through an oxide
mesh mask in a single-step DRIE process: (a) cross-section through channels with preserved thin
silicon dioxide mesh mask; (b) cross-section through a row of parallel channels after sealing them
with PECVD SiOz; (c) cross-section through a sealing of an embedded channel.

3.1. Process Parameters

To test the influence of process parameters on the channels formation and their etch rate, three
series of wafers with etch cycle times te = {1.5 s; 4.0 s; 8.0 s}, and increasing number of etch-
passivation loops were etched through the oxide mesh with the same, fixed slits dimensions. The
dependence on the trench depth from the total etch time, twwm was calculated from:

tiotar = number of loops * (tetcn + toveretch) 1)

where toereten is the time of the silicon etch during the passivation break-through cycle after the
passivation layer has been removed (fovereten = 1 s), was ploted in Figure 3a. For short total etch time
(tora <250 s) the etch rates and reached depths are comparable for all three series. For longer total etch
time (twora > 250 s), the walls between trenches with smaller scallops (tew: = 1.5 s) are still present, and
a slight trench depth saturation can be observed. For trenches with bigger scallops (e = {4 s; 8 s}) the
walls were removed at tot = 800 s and tow = 400 s respectively (the exact wall removal moment is
hard to determine as it is a gradual process). The walls removal is directly connected with the shift
in the etch rate curve allowing for achieving HAR structures without noticeable saturation signs
within this experiment.
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Figure 3. (a) The influence of the etch parameters on the channels formation and the etch rate of the
structures (fixed design parameters); (b) The influence of the design parametrs on the channels
formation and the structures depth (fixed process parameters).
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3.2. Design Parameters

In the second experiment the process parameters were fixed (90 loops, fecn = 8 s) while the mesh
mask design parameters were varied: W [um] = {0.8; 1.0; 1.2; 1.4; 1.6; 1.8; 2.0}, D [um] = {0.6; 0.8; 1.0;
1.2; 1.4; 1.6; 1.8; 2.0}; resulting in channels with various depths. The dependence of the trench depth
on the slit parameters: width W and the distance between the slits D is plotted in Figure 3b. The trench
depth is directly proportional to W, corresponding to the open mask area, and inversely proportional
to D, corresponding to the trench wall thickness. The increase of the channels depth with decreasing
slits distance is only noticable after the walls removal and thus formation of the channel. The thinner
the walls between trenches is, the faster they merge into channels preventing its DRIE etch saturation.

4. Conclusions

With the new single-step DRIE process presented in this paper, it is possible to etch
multidimetional microchannels with a uniform detpth and high aspect ratio of up to 10. By modifying
the hard etch mesh mask design parameters (slit dimensions) and the Bosch process (DRIE)
parameters, it is possible to simultaneously etch trenches and remove the walls between them
forming a channel underneath the hard etch mesh mask. The channel formation underneath the mask
changes the etching mechanism preventing DRIE etch saturation and therefore allows for the
fabrication of HAR microchannels. After etching, the remaining mesh mask can be closed with
PECVD SiOzto form the embedded microchannels. Channels with different dimensions can be etched
in the same single-step process by tuning the mask design parameters.

Future work will include application studies, such as the integration of sensors on top of the
embedded microchannels, and optimization of the mask in order to be able to reach even higher
aspect ratios.
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