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Abstract — In this paper we report the thermal stress
characteristics of multiarray cantilever beam and the result
of experimental researches. The cantilever beam was
fabricated using poreus silicon micromachining techniques,
surface tension and the difference in the thermal expansion
coefficients between the two films on the cantilever beam.
Then the height of the curled cantilever beam is measured as
a function of the annealing temperature and time. Using
these results, Piezoresistive flow sensors with micro
cantilever structure were fabricated using (100}, n/n*/n three
layer silicon wafer and their characteristics were then
investigated. The proposed micro flow sensor consists of four
identical silicon cantilever beam with piezoresistors. The
total resistance and sheet resistance were obtained about
1KQ and 508/ respectively. The results show the
dependence of the senmsitivity on cantilever length and
geometry.

Index Terms — Cantilever Beam, porous silicon
Micromachining, thermal stress, micro flow sensor

1. INTRODUCTION

The recent development of the microelectromechanical
systems MEMS) technology and LIGA process has made it
possible to fabricate three-dimensional micro size structures. The
minimum size of these structures is on the order of nm and the
maximum overall size is on the order of 2 mm [1-2]. Cantilever
beams were first introduced to the nanotechnology field with
their use as force sensors in atomic force microscopy (AFM)[3-
4). The techniques for fabricating cantilever beams have been
extensively used, for example, various micro-sensor applications,
micromechanical voltage-controlled switches and silicon micre
probe cards [5-8]. This type of structure offers some additional
specific features like IC process compatibility, small size, high
accuracy, high reliability and low cost. In recent years, micro
cantilever structures have been found to be suitable structures for
silicon sensors and actnators. There are many further

applications of a cantilever beam utilizing a thermal stress [9-10].

One of the most important demands of industry is the
measurement of flux and speed of running fluid. Recently the
demand for this has been increasing. The two main ways of
measuring micto flow rate were using thermal and mechanical
sensors. The mechanical sensors usually had a mechanical force
sensing structure and a piezoresistance network. A mass flow rate
was first converted to the deflection of the structure, and then
detected by the resistance network[11]. Thus, mechanical sensors
generally have a simpler fabrication process.

In this paper we have studied the use of one of these three-
dimensicnal structures, the cantilever beam, for micro flow
sensing application. Firstly, cantilever beam consisting_of array
of beams, having different thickness and lengths, was fabricated
on a silicon substrate. The height of the curled cantilever beam
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was measured as a function of the annealing temperature and
time. Using these results piezoresistive flow sensors with micro
cantilever structure were fabricated using (100), n/n"/n three
layer silicon wafer and their characteristics were investigated.
The width and thickness of micro flow sensor were 155um and
8um respectively.

2. DESIGN AND FABRICATION

2.1 Fabrication of silicon cantilever beam

We were fabricated multiarray cantilever beam using porous
silicon micromachining, reactive ion etching(RIE) and silicon
deep-RIE technique. Fig. 1 shows a schematic diagram of silicon
cantilever beam. Cantilever beams are curled up as a result of
surface tension and the difference in the thermal expansion
coefficients between the two films on the cantilever beam.
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Fig. 1. Schematic diagram of silicon cantilever beam

Table 1. Process conditions of fabricated silicon wafer

Process Step Process conditions
1y Wafer double side POCL, Deposition
- 1000°C, 20min
(a) N* Diffusion | 2) Wafer double side UDO Deposition
Layer - 4300(:, SiH, : 02

3) N* Diffusion Drive-in
- 1200°C, 16hr

1) 100% HF remove—SC-1 cleaning
2) 1130°C, Growth Rate 1.5um/min
- SiHCl;, PHs 50ppm/H,, latm

(b) N EFI layer

1) SC-2 Cleaning

2) Wafer double side Si;N4 Deposition
- 800°C, 0.5torr, 30min
- NH;:SiH,;Cl,

{c) SisN,
Deposition
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Table. 1 shows details of the processes involved in the
fabrication of the cantilever beam from silicon. The sheet
resistance of n' diffusion layer was 348/ . The starting material
was a double-sided polished (100) n-type silicon wafer. First, the
fabrication began with diffusion to make highly doped n' layer
over an n-type substrate and subsequently lightly doped »
epitaxial layer(Processes (a) and (b) of Table 1). The highly
doped n” layer was used sacrificial layer in order to form three
dimensional cantilever beams using an isotropic anodic reaction.
The n" layer thickness has 20um and the n-epitaxial layer has a
thickness of 2um, 5pm, 7pum, respectively. Then a silicon
nitride(Si;N,) was deposited by LPCVD on both sides of the
wafer(Processes {c) of Table 1).

Fig 2. shows a flow chart for fabrication of cantilever beams.
The substrate for fabricating the cantilever beam was (100)
silicon n/n+/n wafer. Thé silicon nitride of 1,500 A thick was
deposited by LPCVD7(Fig. 2a). First, the Au(2,000ANi-
Cr(2,000A) were deposited on the Si;N4. Further Ni-Cr was used
as a thin film to create thérmal stress for deflection of cantilever
beam. Then aluminum was deposited by evaporation (Fig. 2b).
The metal lines were patterned by photolithography. Next,
cantilever beams werecpatterned and deep-RIE was then
performed (Fig. 2c). A porous silicon layer(PSL) was formed on
an n* diffused layer by:anodization. The anodic reaction was
performed in aqueous HE(HF:H,0 = 3:1) solution for 25min at
room temperature by applying a constant voltage of 0.7V to the
wafer. A current density. of 10mA/cm’ was used (Fig. 2d). The
PSL was removed in a 5%t.% NaOH solutien (Fig. 2¢). Since the
doping concentration in the n* diffused layer is much higher than
that in the n-epitaxial layer and substrate, the anodic reaction
only occurs in the 1 diffused layer. The formation of three-
dimensional microstructure was controlled by the n" diffusion
region and thickness of n-epitaxial layer. Finally, to obtain even

more curled cantilever beams, we are performed an annealing
process.

(¢) Microstructure défine (d) PSL formation

(e) PSL etching
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Fig 2. Fabrication process of cantilever beam

2.2 Fabrication of Micro Flow sensor

Micro flow sensor structure was fabricated by unique silicon
micromachining techniques using porous silicon etching and RIE
process. Fig. 3 shows a structure of flow sensor composed of
four silicen cantilever beams with piezoresistors,

The starting material was (100)-oriented n/n+/n-sub silicon
from which the cantilever beam was fabricated. The beam’s
width and length of flow sensor were 155um and 1,050um
tespectively. In the first process, the piezoresistor was patterned
by photoresist and Si;N, was etched using RIE. Piezoresistors
were formed by boron diffusion. Next, the cantilever beam was
etched by deep silicon RIE etcher after patterning Then
aluminum was deposited as the back side ohmic contact using an
evaporator to provide a uniform current density during
anodization. The anodic reaction was performed in aqueous HF
solution and removed in a Swt.% NaOH solution. The anodic
reaction is used multi-step process for cantilever beam of three-
dimensional structure. Finally, micro flow sensors were
constructed by porous silicon micromachining and curled by
annealing using the difference in the thermal expansion
coefficient between silicon and metal.
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Fig: 3. Schematic diagram of flow sensor

3. Results and Discussion

A total of two photolithography processes were needed in the
fabrication process of cantilever beam. .

The condition for porous silicon formation was as shown in
Table. 2. The input voltage ‘was a constant voltage of 0.7V and
individual process time was Smin. The current of table: 2 shows
measurement data of final current at individual step.

Table 2. Condition of porous silicon formation

Istep . ZSt;sp 3step | 4step { Sstep

Valtage(V) 0.7 0.7 0.7 0.7 0.7

Current(mA) 0.9 0.94 1.10 1.64 1.99

Fig. 4(a) shows SEM image of n diffused layer used
sacrificial layer after anodic reaction. The depth of sacrificial
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layer was 15um~20um. Fig. 4 (b) shows SEM .image of
cantilever beam fabricated by anodic reaction. The cantilever
beam was formed by anodic reaction of. multi-step and shows the
uniformity of multi-array cantilever beams.

()
Fig. 4. SEM image of cantilever beam after anodic
reaction (a) N+ layer (b) Tip of beam

(b)

Fig. 5. SEM images of cantilever beam after

aninealing (a) 5pm (b) 7pm

Fig. 5 shows SEM images of cantilever beam afier annealing
process. The basic structure is AwWN:Cr/Si;Ny/n-epi. The
thickness of Au, the top metal layer, is 2,000A. The thickness of
Ni-Cr and 8i3N, are 2,000A and 1,500 A respectively. Silicon
epitaxy layer thickness is 7 pm[fig. 5(2)] and Sum[fig. 5(b)]
respectively. Annealing process is performed for 30min at 500°C.
The width and length of cantilever beam are 40pm and
600pum~1,000um. The cantilever beam was more curled due to
the difference in the thermal expansion coefficient between the
two films.

The height of the curled cantilever beam is measured as a
function of the annealing temperature and time. The results of
varying epitaxal layer thickness are plotted in Fig. 6 and Fig. 7.
In Fig. 6, the annealing time was fixed for 30min. The height of
beam increases linearly with decreasing silicon epitaxy layer
thickness. Fig. 7 shows the height of cantilever beam annealed
for 30min at 500°C. The height of beam increases linearly with
increasing beam length.
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Fig. 6. Height of beam according to annealing time
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Fig. 7. Height of beam according to length variation

Fig 8. shows the basic structure of the designed flow sensor.
The width and thickness of cantilever beam involved metal line
are 155um and 8 um respectively. The length of cantilever is
1050um. One of flow sensors composed o silicon cantilever

beam and piezoresistors for flow detection,
Fig. 9 shows SEM image of fabricated micro flow sensor. The
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sensor was fabricated by porous silicon etching process using
anodic reaction and annealing process using thermal expansion
coefficient between the two films. The sensor was loaded on the
inner surface of a tube and tested by varying N, gas flow rate
from 0 to 20NL/M(normal liter per minute). A wheastone bridge
was formed with two. piczoresistors and two fixed resistors and
its output voltage was amplified 1000 times using differential
amplifier. Fig. 10 shows the output voltage vs. flow rate relation
of cantilever beam. The output voltage increases linearly with
increasing flow rate.

Fig 8. The basic structure of micro flow sensor

Fig 9. SEM photograph of the micro flow sensor

0 & 1 i 25

Fig 10. Output voltage vs. N, flow rate

4. Conclusion

In this paper, we have fabricated multi-array cantilever beam
using ancdic reaction, RIE and silicon deep-RIE process. In
order to make porous silicon, anodic reaction process was used
five- step. The cantilever beam was performed annealing process
to measure the height of curled cantilever beam according to .
temperature and time variety. The height of beam increased
linearly with decreasing silicon epitaxial layer thickness and
increasing beam length. The results show that the curvature of
cantilever beam depends on the difference in the thermal
expansion coefficient between the two films. Using these resuits
we fabricated a micro flow sensor. Fabrication process of this
sensor is much simpler and less expensive compared to other
flow sensor. The total resistance and sheet resistance obtained
were about 1KQ and 508}/ respectively. The output voltage
increases linearly with increasing flow rate. The results show the
dependence of the sensitivity on cantilever length and geometry.
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