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Abstract: A piezoresistive silicon accelerometer fabricated by a selective, self-stopping porous silicon (PS) etching
method using an epitaxial layer for movable microstructures is described and analyzed. The technique is capable of
constructing a microstructure precisely. PS is used as a sacrificial layer, and releasing holes are etched in the film.
TMAH solution with additional Si powder and (NH4)25:05 is used to remove PS through the small releasing holes

without eroding uncovered Al. The designed fabrication process is full compatible with standard CM OS process.
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1 Introduction

Relevant researches of micro—electromechnical
systems have emerged in recent years as a result of
the urge of product of miniaturization. Microsen—
sors are essential to the integration of electric and
mechanical systems and consist of microstructures,
displacement transducers, and signal amplifiers,
which can be easily integrated into a single chip by
using the existing manufacturing processes, such as
bulk—= and surface-micromachining techniques.
However, in bulk-micromachining, besides the fol—
lowing drawbacks (for instance, the mask pattern
on the backside of a wafer should be larger than
desired frontside pattern, this limits the maximum

packaging density), the main problem is that the
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technique is not compatible with the standard
CMOS process, so it is difficult to get MEMS and
IC integrated. All these drawbacks can be over—
comed by using surface-micromachining technolo-
gv- In this technology, a sacrificial layer is deposit—
ed, and the maximum distance from the microstruc—
ture to the substrate is given by the thickness of
the sacrificial layer. It is limited to a few microme-
ters'''. The usual polycrystalline silicon widely
used in surface-micromachining has poor mechani-
cal properties compared to those of single-crys—
talline silicon.

Using PS as a sacrificial layer can overcome all
the above-mentioned drawbacks. PS is produced by
electrochemical dissolution of silicon in HF. Its for—
mation rate depends on the concentration of HF

and the current density. as well as the impurity and
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concentration of the substrate'”. Generally speak—
ing, the order of its formation rate is:n” > p" > p>
n'". So highly~doped areas can be locally defined
on the Si substrate by diffusing or ion implanting.
PS may be first generated in the highly-doped re-
gions quickly, which expresses the selectivity of PS
formation. In this technique, single-crystalline epi-
taxial silicon can be used as a structural layer, and
the sacrificial layer may be removed in TMAH or
weak KOH at room temperature instead of aggres—
sive HF.

In this paper, a piezoresistive silicon ac—
celerometer based on PS etching method is ana-

lyzed and discussed.

2  Structure design

There have been many structures for piezore—
sitive accelerometers. T hey are common beam-mass
structures, such as single beam, double beams, four

. . 4~ f
beams, twin-mass five beams slt'ucture[ ]

sete.

In piezoreisistive accelerometers, the piezore—
sistive element is formed in the supporting beams.
The device sensitivity is defined as the relative

change of resistance per unit of acceleration g.

AR
: 1= 1
3 Rg (1
where AR/R= Ke. The factor K depends on the
orientation of piezoresistors relative to the crystal

and its doping level, and the strain € is linear func—
tion of the stress. In most cases of MEMS, the
main contribution is the normal direction. T here-
fore, the normal stress € in the place of piezore-
sisors can be approximated by ou,

fort

; (2)

where E is the Young’s modulus of the material.

E=

Combining Eqs. (1) and (2), and introducing K =
K/E ,the physical sensitivity of the device is

s= Krou
which means that the device sensitivity of an ac—
celerometer is proportional to the normal stress in

the place of the piezoresistive element. T herefore,

the analysis of the stress distribution is necessary
and finite-element analysis (FEA) has shown that
the maximum normal stress due to bending is con-
centrated at the root of supporting beams.

Figure 1 shows five basic suspension configu—
rations of accelerometer mechanical structures, and
all the supporting beams and seismic masses are of
the same size separately. In order to calculate the

stress theoretically at the root of the beams, we ob-
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(a) Cantilever-type beam

(a)

(b) Bridge-type beams
() Two Cantilever beams
[ll} Four beams , fixed at two sides

(e} Four beams, ixed at four sidex

(=)

Fig. 1 Schematic diagram of mechanical structures

tain the simplest ‘heam and mass ” model: the
weight of the supporting beams is negligible com-
pared with the seismic mass that can be considered
as a particle, the deflection of supporting beams ob-

In

case, for instance, the maximum normal stress of

serve linear elasticity and Hooke’s law. this

the structures of Figs. 1 (a) and (b) due to bend-

ing is:
On = :;)f;:?( 2L+ L)) (Cantilever—ype)
Ow = %fz}a[u ( Bridge-type)

where m and L2 are the mass and length of seismic
masses; b, h, and L1 are the width, thickness, and
length of supporting beams separately; a is the ac-
celeration. It is obvious that because the cantilever
beam offers the highest degree of freedom and bet-
ter sensitivity when compared to other structures
such as the bridgetype beams, the maximum stress

at the root of cantilevertype (single beam struc-
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ture) is much larger than that of other structures,
which can be also verified by finite-element analy-
sis.

FEA of the structures in Fig. | are carried out
with Ansys5.7, and the results of maximum nor-

mal stress are given in Table 1.

Table 1 Results of finite-element analysis of structures
Nao. Maximum normal stress/( 10" °N * ym™ %)
(a) 1. 44326
(b) 0. 23625
L) 0. 90294
(d) 0. 11330
(e) 0. 12024

Table 1 shows that device sensitivity of single—
beam and double-beam structures are better than
that of four-beam structures, and they are simple in
structure design. But their across sensitivities are
very large, which can hardly be ignored. On the
other hand, the centered seismic mass suspended by
four beams will only vibrate along z-axis with neg-
ligible motions in other direction.

So, considering the across sensitivity, we adopt
the accelerometer configuration of four beam sus-
pensions as shown in Fig. 2. FEA for this structure
is carried out in details, and the results are shown
in Fig. 3. The stress is concentrated in a very small

area at the root of the beams, with little stress in

Y X . .
L. : Stress cancentration region

L~

MR.\.\

Beam

\

Rim

\

Fig. 2 Schematic diagram of the accelerometer me-

chanical structure

other regions of the beams. Meanwhile, the stress
has good direction. Figure 3 shows that the x direc-
tional stress is several times larger than the y di-
rectional stress, which explains the main stress is

most significant for the mass-beam piezoresistive

effect, other stresses can be ignored. T herefore, dif-
ferent resistors lying in the same beam are affected
by the same stress, only when piezoresistive coeffi-

cient is different, piezoresistive effect is different.

Stress/(10°°N-pm )

0 30 &0 %0
Length of beam/pum

Fig.3 Stress distributing of an accelerometer beam

3 Technique of using PS as a sacrifi-
cial layer in MEMS

3.1 PS preparation and forming selectivity

PS is produced by electrochemical dissolution
of silicon in HF, and the electrochemical cell used
in fabricating PS is shown Fig. 4. PS is formed in
the surface of silicon substrate towards the cath-

ode.

Seal ring Fixed plank

Y
L~

+

Si waler

g |~ Platinum pole

/ HF solution

Fig.4 Electrochemical cell used in fabricating PS

PS forming selectivity is studied in detail.
( 100 ) -oriented, 14~ 20Q * c¢m,

wafers were used as starting materials. A 4pm

n-type silicon
thick n” region, which serves as a sacrificial layer
and yields the air gap, was selectively formed by
phosphorus implantation followed by an annealing
in N2 atmosphere. LPCVD poly silicon and silicon
nitride were deposited respectively and structured.

The silicon nitride layer serves as a masking layer
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for the protection of poly silicon in PS formation.
PS was then formed in the highly-doped regions.
Figure 5 can show PS forming selectivity definite—
ly: the lateral size of PS under poly silicon film is
approximately 15pm and the depth 4pm, which is
consistent with the outline of the highly-doped ar-

eas.

Py S

Cross—sectional SEM view of PS

Fig. 5

3.2 PS sacrificial layer removing

Generally speaking, PS can be removed in ev-
ery anisotropic silicon etchant, including inorganic
aqueous solutions of KOH, NaOH, and NH4OH, as
well as organic aqueous solutions, such as TMAH
and ethylenediamine pyrocatechol (EDP). To re-
move PS quickly, 0. 5% ~ 1% KOH solution is rec—
ommended because of its high etching rate and low
cost. However, it is not compatible with the stan-
dard CM OS process. So, in order to achieve CMOS
compatibility, TMAH solution can be used'”. The
use of TM AH solution for etching is gaining popu-
larity for its relative non-toxicity compared to EDP
and its CMOS compatibility because it has no K*
ion. At the same time, dissolving some silicon parti-
cles in TMAH can decrease the aluminum etching
rate. Researchers have reported a silicon etchant
with zero aluminum etching rate. This etchant con—
TMAH solution, 1.4wt. %
above) dissolve silicon, and 0. 4wt. %~ 0. 7wt. %
(NHas) 25205 oxidant additive'™. In this way, a full

CM OS compatible process of sacrificial layer etch-

sists of Swt. % (or

ing can be achieved.
In order to obtain a wide-dimensional free—
standing microstructure film, regularly ranged re—

leasing holes may be made in the microstructure

film to provide flowing access of the anodization
current. More important, PS under the film will be
etched via the releasing holes. The distributing of
releasing holes has to be considered seriously to as—
sure the efficiency of PS removing, as well as the
reliability of the structure. After TMAH etching
via releasing holes, a freestanding structure will be

achieved.

4 Fabrication and test

A highly selective PS surface-micromachining
technique without any undercutting problem in
fabricating piezoresistive accelerometer with four
beams is developed. Based on the experiment on PS
fabrication and removing., we designed a new
method to fabricate the single-sided Si accelerome-
ter. The designed sequence for the fabrication is
shown in Fig. 6. It starts with ( 100) -oriented, 10~
20Q * em, n-type silicon wafers.

A 10um thick n” region, which serves as a sac—
rificial layer and yields the air gap, is selectively
formed by phosphorus implantation. The doping
density of the n” -buried layer must be higher than
1X10"em” *, high enough to be anodized in HF so-
lution. T he backside of the wafer is also heavily im-
planted with phosphorus to provide a uniform cur—
rent density during anodization (Fig. 6(a)).

A low-doped n-type epitaxial layer, which is
used for movable microstructures, is deposited on
the substrate. The piezoresistors are formed by
boron ion implantation and followed by annealing
at 1150°C in N: atmosphere. The desired junction
depth and sheet resistance of the piezoresistors are
about lpym and 200Q/0. respectively (Fig. 6(b)).

A 20nm thick silicon dioxide is thermally
grown on the substrate as a low -stress layer. 80nm
thick LPCVD SisN4, 150nm poly silicon, and then
120nm SisN4are deposited respectively, which serve
as a masking layer for PS formation (Fig. 6(c)).

The masking layer is patterned by plasma and
wet chemical etching, and the uncovered part of n-

epitaxial silicon layer is removed by ICP. Some
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holes are made in the microstructure film to pro-
vide flowing access of the anodization current and
also serve as releasing holes for PS (Fig. 6(d)).

PS is formed by etching in 10% aqueous HF
solution at room temperature with a constant cur-
rent density of 20m A/em’( Fig. 6(e)).

LPCVD LTO 500nm, and then lum thick alu-
minum is spattered and etched (Fig. 6(f)).

5% TMAH solution (also consists of 1.6%
dissolved silicon and 0. 6% (NH4)25:20s) is used to
remove PS via releasing holes, and the small Si is
attached on the film to improve the weight of the

mass. (Fig. 6(g) ).
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Fig. 6 Fabrication process of the accelerometer

Therefore, the completed accelerometer con-—
sists of a loaded mass at the centre of the struc-—
ture, four beams supporting a mass. The ac-

celerometer detects excited motion with a full-

bridge circuit, composed of four piezoresistor arms
on the cantilever beams. Figure 7 shows the linear
characteristic of the device in the acceleration range
0~ 10g. The output deviation of each bridge was
about +3%, possibly due to misalignment betw een
the center of the mass and the center of the mass
paddle and variations in piezoresistors. As shown in
Fig. 7, a linearity test for the microfabricated ac-
celerometer results in a sensitivity of 100uV/g at a
resistor bridge input voltage of 3V, and 350uV /g at
the input voltage of 5V.

35 ¢
30
25}

20t

Output voltage/mV

Acceleration/g

Fig. 7

Linearity of the accelerometer response for

the acceleration range 0~ 10g

S Conclusion

This paper presents the fabrication of an ac-
celerometer, and PS is used as a sacrificial layer.

The designed mechanical structure with four
beams not only can decrease cross-axis sensitivity,
but also utilize full strain caused by the accelera—
tion. Using finite-element analysis software, we did
strain simulation to analyze the stress distribution,
and the result agrees with theory analysis very
well.

PS is used as a sacrificial layer. The highly se—
lective, self-stopping PS surface-micromachining
technique on a selectively implanted ( 100) -oriented
n/n" /n substrate without experiencing any lateral
etching or undercutting problem makes it possible
to define precisely the dimensions of the beam and

the air gap of the microstructure by controlling the
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