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Abstract

A new full-dry processing method has been
developed that includes a new sacrificial layer dry
etching technique, which enables the microscopic
structures used for microsensors and micro-
electro-mechanical systems (MEMS) to be
released from silicon substrates with high
repeatability, and a new water-repellent dry
coating technique, which prevents the released
structures from sticking to the substrates during

operation. The usefulness of this full-dry
processing method from etching to coating, with
respect to the length of releasable cantilevers, was
evaluated by comparison with the conventional
wet method. It was confirmed that the full-dry
processing method permits sustainable cantilevers
to be about three times longer than those released
using the conventional wet method.
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1. Introduction

Surface micromachining techniques for forming
microscopic movable structures on silicon substrates
are widely applied to the development of
microsensors and MEMS. Each of such micro-
structures is fabricated by undercut etching of an
underlying layer called a sacrificial layer.
Conventionally, a solution for etching the sacrificia
layer is selected from hydrogen fluoride or alkaline
solutions, depending on the materials of the
sacrificial layer and the microstructures. However,
in the drying process after rinsing with deionized
water that follows wet etching, the structure sticks to
the silicon substrate due to the surface tension of the
water, if its rigidity is low. In addition, even if the
structure is formed successfully, there is a possibility
that it may stick to the substrate during operation.
This sticking occurs because the sticking force, such
as the intermolecular force, is greater than the
restitutive force of the structure. These difficulties
limit the formation of low-rigidity structures, which
are needed to improve the sensitivity of micro-
sensors, when using the conventional wet method.

To overcome these difficulties, dry-phase
sacrificial layer etching techniques, which do not
require the rinsing and drying processes after
etching, have recently been proposed.*®

A full-dry micromachining method that includes
sacrificial layer dry etching and water-repellent dry
coating to prevent sticking after release has been
developed. Use of a water-repellent coating is one
method that prevents sticking by reducing the
surface energy of the structure. We have previously
reported on a water-repellent silanization dry coating
technique using organosilicon compounds.‘” When
the substrate is coated with an organosilicon
compound, a film composed of regular arrays of
long-chain alkyl groups standing vertical to the
substrate is formed. This is referred to as a self-
assembled monolayer. Because it is a mono-
molecular layer, the mechanical properties of the
structure are scarcely changed by the water repellent
processing, which could make this coating technique
effectivein forming low-rigidity structures.

This paper begins with a discussion of the
micromachining system for full-dry processing, and
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then proceeds to the basic features of sacrificial
layer etching of silicon dioxide using a mixed gas of
anhydrous hydrogen fluoride (HF) and methyl
alcohol (CH;OH). This is followed by an
examination of the sacrificial layer etching of
polysilicon (poly-Si) using xenon difluoride (XeF,)
gas, and water-repellent coating using (tridecafluoro
- 1,1, 2, 2 - tetrahydrooctyl) trichlorosilane
(CgF15H,SICl,) gas and water vapor (H,0). The
paper concludes with a discussion of the usefulness
of the full-dry processing method from etching to
coating.

2. Micromachining system

Figure 1 shows the overall appearance of the
micromachining system. The system consists of a
main body that contains an etching and a coating
chamber, a cylinder cabinet that houses an HF
cylinder, a waste gas abatement system, and a
controller. The dimensions of the system are 1.9m
W, 1.3m D, and 1.7m H.

Figure 2 is aline diagram of the micromachining
system, in which an etching and a coating chamber
are ingtalled. A mixed gas of HF and CH;OH and
XeF, gas can be separately fed into the etching
chamber. In order to etch poly-Si with XeF, gas, it
must be stripped of its natural oxide. For this
pretreatment, a diluted HF solution is conventionally
used. The new system enables dry-phase
pretreatment using a mixed gas of HF and CH;OH.
In addition, both the mixed gas and XeF, gas do not
etch aluminum. This permits sacrificial layer

aste Gas Abatement System

Main Body

Fig.1 A photograph of the micromachining system.



etching at the end of the sensor process after the
formation of aluminum wiring.

The exhaust system consists of a vacuum purge
line with a rotary pump and a turbo-molecular pump
and a treating line with a dry pump. Acceptable
wafer sizes are 4, 5, and 6 inches. A customized
Visual Basic program was used to control the
treating process.

3. Characteristics of sacrificial layer etching of
silicon dioxide with HF/CH;OH mixed gas

3. 1 Etching procedure and samplesfor
evaluation

As shown in Fig. 2, HF and CH;OH gases are
separately fed into the etching chamber while the
flow rate is controlled by a mass flow controller.
The pressure in the chamber can be adjusted with a
throttle valve. The mechanism of silicon dioxide
(SiO,) etching with the HF/CH3;OH mixed gas can
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be expressed by the following equations:
2HF+M - HF, + MH" [IIIIIIIIIIII1111)
SO, + 2HF, + 2MH" - SiF, + 2H,0 + 2M
[CITTIITIIITIIIITR)
where, M represents CH;OH.

Figure 3 shows the process of fabricating the
samples used to evaluate the performance and
progress of SiO, sacrificial layer etching. The
silicon substrates used were p-type(100)-oriented
wafers with a resistivity of 10 to 20Q-cm. The
process is summarized as follows.

(@) An SiO, sacrificial layer is deposited on the
silicon substrate.

(b) A poly-Si layer, which is resistant to the
HF/CH;OH mixed gas, is deposited on the SiO,
coated substrate by low-pressure CVD.

(c) The poly-Si layer is partially etched by reactive
ion etching (RIE) to make a round hole of 10um in
diameter.

Heating Area

XeF, Source

\
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N : Air Driven Valve
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Fig. 2 A schematic of the micromachining system.
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(d) The SiO, is undercut etched with the
HF/CH;OH mixed gas.

The progress of undercut etching was eval uated by
observing the dark field image under a metallurgical
microscope as shown in Fig. 4. The undercut
etching distance was measured with a micrometer
attached to the microscope. Etching characteristics
were investigated in terms of the etching rate
obtained, by dividing the SiO, undercut etching
distance by the etching time.

3.2 Test results

Figure 5 shows the relation between the
CH3;OH/HF flow rate ratio and the undercut etching
rate. The HF flow rate was fixed at 400sccm, while

SiO, (thickness 1.0 pum)
|

T S|

Poly-Si (thickness 0.5 pm)

(b)

Etch-hole (diameter 10 gum)
\

Undercut Etching Distance
HEF+CH,OH Gas

v

(d)

Fig. 3 Process sequence for fabrication of an SIO,
sacrificial layer etching sample.

“Terminus of Undercut Etch it

i Etch-hole (diameter 10 um)

Fig.4 A top view photomicrograph of an etched SiO,
sacrificia layer.
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the CH,;OH flow rate was varied from 0 to 400sccm.
The other conditions were a gas pressure of 30Torr,
a sample temperature of 30°C, and an etching time
of 60min. It was found that the undercut etching
rate shows a maximum at a CH;OH/HF flow rate
ratio of 0.6.

Following this test, the dependence of the undercut
etching rate on gas pressure, gas flow rate, and
sample temperature was investigated to determine
suitable treating conditions for SiO, sacrificial layer
etching. The suitable conditions obtained are listed
in Table 1. Under these conditions, the SiO, sacrifi-
cial layer etching rate was 115nm/min.

4. Characteristics of sacrificial layer etching of
polysilicon with XeF, gas

4.1 Etching procedure and samplesfor
evaluation
The poly-Si sacrificial layer etching was
performed by “pulse etching,” in which the sample
is alternately exposed to XeF, gas and a vacuum.
An outline of the steps involved is as follows. XeF,
gasisfed into the etching chamber until the required

Flow rates of HF gas: 400 sccm

Flow rates of CH;OH gas: 0 - 400 sccm

200 Etching gas pressure: 30 Torr

Sample temperature: 30°C
I

100 ~o—]
50 4 /
/

o,
00

Undercut Etch Rate
(nm/min)

0.2 04 0.6 0.8 1

Gas Flow Rate Ratio (CH;OH/HF)

Fig.5 Dependence of the undercut etch rate on gas flow
rate ratio (CH;OH/HF).

Table 1 Suitable treating conditions for SIO, sacrificial

layer etching.
Flow Rates of HF Gas 200 sccm
Flow Rates of CH;OH Gas 120 sccm
Etching Gas Pressure 30 Torr
Sample Temperature 30°C




gas pressure is reached. It is then held for several
minutes. Finally the gas is exhausted with a dry
pump. This is performed automatically by opening
and closing an air driven valve. The silicon (Si)
etching mechanism with XeF, gas is expressed by
the following equation.”

2XeF, +Si - 2Xe+ SiF, (ITITIIITITITIT{3B)

Figure 6 shows the process of fabricating the
samples used to evaluate the characteristics and
progress of poly-Si sacrificial layer etching. The
silicon substrates used were p-type(100)-oriented
wafers with aresistivity of 10 to 20Q-cm. The proc-
essis summarized as follows.

(8 An SIO, layer, which isresistant to XeF, gas, is
deposited on the silicon substrate.

(b) A poly-Si layer is deposited on the SiO,-coated
substrate as a sacrificial layer by a low-pressure
CVD process.

(c) A silicon nitride (SIN) layer, which is resistant
to etching, is deposited on the poly-Si-coated
substrate by a plasma CVD process.

(d) The SIN layer is partially etched by RIE to
make around hole of 10um in diameter.

(e) The poly-Si is undercut etched using XeF, gas.

4.2 Test results

To investigate the effect of XeF, gas pressure on

Si0, (thickness (.05 pam)

Ol B

Poly-Si (thickness 0.5 pum)

SiN (Ihi{ Kness 1.0 pm)

Etch hole (diameter 10 pm)

Undercut Etching Distance
XeF, Gas

141

Fig.6 Process sequence for fabrication of Poly-Si
sacrificial layer etching samples.
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the progress of poly-Si sacrificial layer undercut
etching, the undercut etching distance per pulse of
etching was measured under conditions of a XeF,
gas duration time of 1 min and a sample temperature
of 25°C. Figure 7 shows the undercut etching dis-
tance with respect to the number of etching pulses
with XeF, gas pressure as a parameter. From the
figure, it is apparent that: (1) the higher the XeF, gas
pressure, the faster the progress of the undercut
etching; and that (2) the undercut etching distance
increases as the number of etching pulses increases,
although the rate of increase decreases with the
progress of etching and the progress becomes
saturated. It was presumed that (2) was caused by
the feed rate of the XeF, gas. In addition, the effect
of XeF, gas holding time on the progress of undercut
etching was evaluated to determine suitable treating
conditions for poly-Si sacrificial layer etching. The
suitable conditions obtained are listed in Table 2.

XeF, GasDuration: 1 min
Sampletemperature: 30 °C

Q

e

5 60 | XeF, Gas Pressure (Torr)
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Fig. 7 Undercut etching distance vs. number of pulses
with different XeF, gas pressure.

Table 2 Suitable treating conditions for Poly-Si
sacrificial layer etching.

XeF, Gas Pressure 1.0 Torr
XeF, Duration Time 3 min
Waste Gas Exhaust Time 5min
Sample Temperature 25°C
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5. Characteristics of water-repellent coating
using Cg4F,5H,SICl; and H,0 gases

5.1 Coating procedure and evaluation

The procedure for the coating is as follows. The
coating chamber is fed with H,O gas until the
required gas pressure is reached. This pressure is
then held for a specified time, after which the gasis
exhausted from the chamber for a specified time
with adry pump. Subsequently, CgF1;H,SICi; gasis
fed into the chamber in the same manner as the H,O
gas. Thiscycleisautomatically repeated by opening
and closing an air driven valve. A schematic
representation of the silanization coating reaction
using CgF;5H,SICl; and H,O gasesisshown in Fig. 8.

The water-repellency characteristics were
evaluated in terms of water contact angle. Water
was dripped onto the surface of a water-repellent
coated silicon substrate. Figure 9 shows the
photomicrograph of a water droplet on the silicon
surface after a silanization coating of 10 iteration,
indicating that the water contact angle is 102
degrees. When the water contact angle is greater
than 90 degrees, sticking on wet samples can be pre-
vented.

R
H,0  SiCl, HCI

X W/

(o)

R R R
_éii_o_éli_o_éi_o

Fig.8 A schematic of the silanization reaction.

Water Silicon Substrate

Fig.9 A water contact angle with a silicon substrate
after silanization coating of 10 iteration.
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5.2 Test results

To investigate the dependence of water repellency
on the frequency of the coating, the water contact
angle at each treating cycle was measured. Table 3
shows the conditions for the water-repellent
treatment. For these experiments, p-type(100)-
oriented silicon wafers were used as substrates. Asa
pretreatment, the substrates were stripped of natural
oxide using a diluted HF solution (HF/H,O: 1/50,
dipping time: 30s).

Figure 10 shows the dependence of the water
contact angle on the frequency of the coating. The
initial water contact angle is the value just after
dipping in diluted HF. It was found that the water
contact angle increases as the frequency of the
coating increases, exceeding 100 degrees at four
cycles.

6. Evaluation of usefulness of the full-dry
processing

The usefulness of the full-dry processing method
was evaluated by comparing the new dry method
with the conventional wet method, with respect to
the length of releasable cantilevers.

Figure 11 shows the schematic structure of the
cantilevers used for the evaluation. A cantilever
pattern made in the silicon layer was released from
the silicon substrate by etching the SiO, sacrificial
layer. The cantilevers were 5um wide, 15um thick
and 25 to 1000um long. The gap between the
cantilevers was 5mm. Since the rigidity of the
cantilevers is lower in the horizontal direction than
in the vertical direction with regard to the substrate
surface, they stick more readily to each other than to

120
D
100
807
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Contact Angle (degree)

0 2 4 6 8 10

Iteration Number of Coating Process

Fig. 10 Water contact angles of silicon substrates treated
by the silanizatuion coating.



the substrate.

The lengths of the released cantilevers formed by
the dry method and the wet method were compared.
In the wet method, the SiO, sacrificial layer was
etched for 30 min with surfactant buffered
hydrofluoric acid (LAL-1000 made by Hashimoto
Kasel Kogyo), rinsed in deionized water for 10 min
and was then left to stand to dry. In the dry method,
the SiO, sacrificial layer was etched for 30 min
under conditions of an HF flow rate of 200sccm,
CH3OH flow rate of 120sccm, a gas pressure of
30Torr, and a sample temperature of 30°C. Figure
12 shows the released cantilevers fabricated by both
the wet and the dry methods. The cantilevers
fabricated using the wet method that are longer than
260um stick to each other. On the other hand,
cantilevers fabricated using the dry method that are
up to 1000um in length, are released without any
trouble. This proves that the dry method enables the
fabrication of releasable cantilevers that are about
three times longer than those fabricated using the
wet method.

To evaluate the usefulness of the water-repellent
coating, cantilevers of up to 1,000um in length were
released by the dry method. Half of these
cantilevers were coated five times with the water-
repellent coating, under the conditions shown in
Table 3. Then, these two groups of samples were
immersed in water for 1 min and left to stand until
dry. Next, the retainable cantilever lengths of the
two groups were compared. The cantilevers that
were longer than 290um without the water-repellent

5 pm

25 ~ 1000 pm

Layer
15 pm
, Sacrificial Layer

2 pm Silicon Substrate

Fig. 11 A schematic perspective view of an experimental
sample.
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coating stuck to each other. On the other hand, the
cantilevers whose length was up to 1,000um with
the water-repellent coating did not stick to each
other. These results indicate that the full-dry
processing method from etching to coating permits
sustainable cantilevers to be about three times longer
than those released using the conventional wet
method.

~A—* 77777777

B L s Cantilever (Iength 1000 pm)

(b)

Fig. 12 SEM photographs of the fabricated silicon
cantilevers: (a) wet etching (b) dry etching.

Table3 Silanization coating conditions.

H,O Gas Pressure 1.0Torr
H,O Duration Time 1min
H,O Exhaust Time 3min

CgF,3H,SiCl; Gas Pressure 0.1 Torr
CgFi3H,SiCl; Duration Time 10 min
CgF13H,SiCl; Exhaust Time 3min
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7. Conclusion

A new full-dry processing method has been
developed that includes a new sacrificial layer dry
etching technique, which permits the microscopic
structures used for microsensors and MEMS to be
released from silicon substrates with high
repeatability, and a new water-repellent dry coating
technique, which prevents released structures from
sticking to substrates during operation. This full-dry
processing method from etching to coating, permits
sustainable cantilevers to be about three times longer
than cantilevers released using the conventional wet
method. The full-dry processing method is expected
to be useful for improving the sensitivity of
microsensors and MEMS.
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