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Abstract: Silicon-on-Insulator (SOI) pressure sensor diaphragm is a composite structure of the buried oxide and the
SOl layer. This paper brings out the inadequacy of the existing analytical model in describing the deflection response of
SOI square diaphragms and focuses on development of new improved analytical model that describes the load-
deflection performance of SOl composite diaphragm. This improved model is able to predict the small scale as well as
large scale deflection accurately when compared with deflection obtained by IntelliSuite FEA. Further, the new model
has been demonstrated that the existing analytical model overestimates the deflection and hence inadequate for
application to SOI pressure sensors.
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I.  INTRODUCTION

In the last decade significant research works have been carried out on micro machined diaphragm-type pressure sensors
that are fabricated by using new technologies like bulk micromachining, surface micromachining or combination of
both techniques. Most of them use silicon for diaphragm and piezoresistive property of silicon or polycrystalline silicon
as sensing mechanism [1-7]. The interest of using Silicon-on-Insulator (SOI) material for CMOS production has
considerably increased in the recent years because of the advantages of SOI-devices can offer in terms of reduced
leakage currents and parasitic capacitances. The technology for producing high quality SOI wafers has also developed
rapidly and SOl wafers are commercially available in a variety of sizes and film thicknesses. Thicker films are
normally needed for micromechanical applications and SOI layers with thicker films are manufactured by fusion
bonding where the device layer is bonded to handle wafer with an oxide between them, called Bond and Etch back SOI
(BESOI). The inherent structure of an SOI material is attractive for Micro Electro Mechanical Systems (MEMS)
manufacturing. SOl material provides features as thin silicon device layers which are interesting for bulk
micromachining, inherent material etch stop due to the insulating buried oxide layer and adds functionality such as
inherent overload protection, squeezed air film damping and packaging features to MEMS devices. The details of the
fabrication and performance of piezoresistive and capacitive pressure sensors realized on SOl wafers can be found
widely in the literature [7-11]. The combination of SOl material with wafer bonding can further allow building
complex multi-material structures, thereby increasing the flexibility in forming microsystem structures such as sensors
and actuators. Though SOI technology pressure sensor has been reported widely, the deflection performance is still
defined by the Pressure - deflection equation available in the literature [10-12] for square and circular single layer
silicon diaphragms. But, the diaphragm in SOI pressure sensors is heterogeneous since it is made of silicon and SiO;
layers. In practical situations, thick layer of silicon along with very thin buried oxide layer is used as the diaphragm and
therefore the oxide layer thickness can be neglected. However, the required silicon layer thickness in the SOI low
pressure sensors is smaller and under such a circumstance the thickness of the oxide layer can not be neglected since it
becomes comparable with silicon layer thickness. Therefore, the load-deflection performance has to be determined
taking this oxide layer thickness also into account and it becomes necessary to develop analytical model for deflection
in SOl composite diaphragms. In this paper, the authors present an improved analytical model for deflection of SOI
diaphragm that incorporates the buried oxide thickness also in the modelling along with Si layer.

II. DEFLECTION RESPONSE OF CONVENTIONAL PRESSURE SENSORS

The pressure-deflection response of a flat square diaphragm of a silicon pressure sensor realized using bulk
micromachining as shown in Fig. 1 is given as [11]
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where
P - Applied pressure in Pascal
y - Centre deflection of the diaphragm in pm
a - Half of side length of the diaphragm in pm
E - Young’s modulus in GPa
hs; - Thickness of the S; diaphragm in pm
U - Poisson’s ratio of the diaphragm material
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Fig.1. Structure of SOl MEMS pressure sensor.

The first term in the above equation represents the Small Scale Deflection (SSD) that is very small compared to the
diaphragm thickness (deflection is less than 25% of the diaphragm thickness) where as the second term gives the Large
Scale Deflection (LSD), the condition in which the deflection is larger than the diaphragm thickness.
Il.  ISSUES WITH APPLICATION OF EXISTING THEORY TO SOl STRUCTURE

However, there are issues with applying the above said theory to pressure sensors realized on SOI structure depicted in
Fig.1. The direct application of this analytical model to SOI structure may not be accurate since the buried SiO- layer
between the substrate and the diaphragm is not considered in this model. In such a situation, Finite Element Analysis
(FEA) is an efficient design tool since it can estimate the deflection of the diaphragm and total stress developed
accurately irrespective of the structure and dimensions of the various layers. In order to justify this point, the deflection
at various pressure levels have been estimated using the conventional Small Scale Deflection Theory (SSDT) and
electro thermo mechanical module of IntelliSuite for conventional and SOI pressure sensors with buried SiO-

thicknesses (hox) from 0 to 2 um for diaphragms with a side length of 500 um and thicknesses of 15 um and 3 pum.

IntelliFab module has been used to build the SOI pressure sensor structure for analysis. The results presented in the
form of a graph as shown in Fig.2(a) and Fig.2(b) respectively demonstrate that SiO- thickness has a role in deciding
the deflection of the diaphragm and it clearly does not match with the values obtained using conventional SSDT [11].
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Fig.2(a). Deflection of the diaphragm versus thickness of SiO..
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Fig.2(b). Deflection of the diaphragm versus thickness of SiO».
IV. MODIFIED ANALYTICAL MODEL FOR DEFLECTION OF SOl DIAPHRAGM

The pressure deflection response of a flat square diaphragm made of a single material whose edges are not free to move
is given by equation (1) [11]. This equation has been obtained by solving the equation for the deflection curve of the
elemental strip [13] represented in the following form:
2
DI M )
dX 2
where D = Flexural rigidity, M = Bending moment in the elemental strip
For a single layer diaphragm of thickness /1 and side length 2a, D is derived to be

Do_EN® @3)
12(1-02)

where » is the Poisson’s ratio and E is the Young’s modulus of the diaphragm material. Hence, the equation (1) can
be re-written as

P:42;<#y ....................... (4)

for small scale deflection case. In the case of SOI composite diaphragm present in the SOI pressure sensor as shown in
Fig.1, the boundary conditions remain the same as single material diaphragm and the difference lies only in the flexural
rigidity since the composite diaphragm is heterogeneous. Therefore, the only change that is predicted in the load—
deflection relationship described by equation (4) under small scale deflection condition is the flexural rigidity (D) since
all other conditions remain the same as the single layer diaphragm. Therefore, the flexural rigidity has been obtained

for SOI composite diaphragm ( Dgqy ) so that the applied load (P) can be related to the small scale deflection (y) by
just replacing the D by Dgq, in equation (4). The flexural rigidity of SOI composite diaphragm with the cross-

sectional view as shown in Fig.3 has been estimated from first principles as described in reference [13]. The bending
moment in the elemental strip considered in the Z direction can be written as

V4
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Fig.3.Cross-sectional view of the SOI composite diaphragm.

Copyright to IJIREEICE DOI 10.17148/IJIREEICE.2019.7809 60


http://206.189.223.122/wp-content/uploads/2014/12/IJIREEICE-20.pdf

IJIREEICE 135N (Pin) 2321, 8526

International Journal of Innovative Research in
1JIREEICE Electrical, Electronics, Instrumentation and Control Engineering
Vol. 7, Issue 8, August 2019

hOX h0X+hSi
M=) "2 o)z - h{) Cra (g JGZ | oo ©)

X

for SOI composite diaphragm where hy, is the distance of centre of gravity from the base of the composite SOI
diaphragm, hox: hsi are the thickness of the buried oxide and silicon layers of the composite SOI diaphragm
respectively and oy and oy are the normal stresses acting on the element for the buried oxide layer and silicon layer

respectively. oyqand oy, can be written as

Ey(z—hy) | d?
axlzl 1 n] y and

1-vg? | dX?
oo _|E2z=h) | d?y ©)
27 o0 [ax?

~ Usi

2
d7y is the curvature of the deflection curve where Y is the deflection of the diaphragm in the Z direction, assumed to
dx 2
be small compared to the side length (2a). Eyand Egj are the Young’s Moduli of the buried oxide and silicon layers

of the composite SOI diaphragm respectively. Similarly the Poisson’s ratios of these layers are denoted by Ugy and
Us;j respectively. Substituting the values of oyqand oy given by equation (6) in equation (5) and performing the

integration with appropriate limits results in equation (7) which gives M as,

‘i[(hox - hn)3 + hns]

M = 3-(1_on2) d2y30| .. (7)
& h B onpll ax?
e R

Here,h = hox + hsi , the total thickness of the SOI composite diaphragm. This equation for bending moment (M ) of
the elemental strip can be written in the form of equation (2) as

d%ysol
M =Dey IYsOr (8)
S01 2
where
Eox [( 3 3
N hox_hn) +hn -
3.(1- Ugy?)

Esi '
m [(h - hn)3 - (hox - hn )3]

soi —

si

The distance of centre of gravity (h,) from the base of the composite diaphragm is obtained as [30]

h, — [(on-hox Y1) + (Egi -hsj -YZ)} ..... (10) where y, {hox} and y, =, {hSi}
(Eox-hox) + (Esj -hsi) 2 2

If these heterogeneous layers in a SOI pressure sensor can be represented as a single equivalent silicon layer with a
thickness of h gy or single oxide layer with a thickness of h.; it is possible to apply the same equation (1)
describing load-deflection response can be used to calculate the deflection of SOI pressure sensor. All that one has to
do is to estimate the equivalent silicon thickness ( h.g; ) of the composite SOI diaphragm or to estimate the equivalent

silicon-di-oxide thickness (hg,;) of the composite SOI diaphragm. The following sections describe how this can be
achieved.
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4.1 Equivalent oxide thickness (hgqT )

For a single layer diaphragm of thickness 2 and side length 2a, flexural rigidity (D) is given by equation (3). The
flexural rigidity ( Dgqy ) of the SOI diaphragm has been obtained now and is given by equation (9). If this equation
could be re-written in the format given by the following equation

3
Eoxh
Dso :LEZOX .................. (11)
12(1-vox)
then the composite SOI diaphragm can be considered as a single layer of silicon-di-oxide with a thickness of hEOT .
Let = EOX} and = {UOX} ....................... (12
| Esi Usi

With this definition, Equation (9) that describes Dso; can be rewritten as
iz[(hox - hn)3 + hn3]
3.(L-vox") . (13)

Dsor = +L><2[(h S (e hn)g]
3m(- ")
n

This equation is now in the format as given by equation (11)

E
Degy = ox ) hgox .............. (14)
12(1_on )

and one gets hgyr

(hox — hn)3 - hr%)

_, 2
heoT =4 + L1720 ((h—hy)3 — (hox — )

_ Yox.
m(1 2)

The equivalent oxide thicknesses of the first SOI composite diaphragm with side length (2a) = 500 pm and silicon
layer thickness (hgj) = 5 um and the second SOI composite diaphragm with side length (2a) = 1200 pm and silicon

layer thickness (hsi ) = 14.65 um [14] for various buried oxide thicknesses hox have been plotted and shown in Fig.4
and Fig.5 respectively. The calculated equivalent oxide thicknesses (hEoT) for any buried oxide thickness is

considerably larger than the silicon thickness (hsi ) of the concerned device for the reason that E5y < Eg;.
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Fig.4. Buried oxide thickness versus Equivalent oxide thickness for SOI pressure sensor [2& = 500 um, hgj =5 pm].

Copyright to IJIREEICE DOI 10.17148/IJIREEICE.2019.7809 62


http://206.189.223.122/wp-content/uploads/2014/12/IJIREEICE-20.pdf

IJIREEICE 135N (Pin) 2321, 8526

International Journal of Innovative Research in
] . . . . .
1JIREEICE Electrical, Electronics, Instrumentation and Control Engineering

Vol. 7, Issue 8, August 2019

22.2 - Side length (2a) = 1200 pm
%_ Silicon thickness (h_) = 14.65 um =
= _—
= 22.0 - =
'6 -//
SLU _—
%, 21.8 /-/
1] -
2 216 a
— /
3 m E, =57 GPa
= 2144 /_// v,(BOX) = 0.175
= - E, = 160 GPa
= _— v,(Si) =0.3
% 21.2 - //- h,(Si) = 14.65 pm
O 1= Sidelength (2a) = 1200 um
21.0 T T T T T T T T T
0.0 0.5 1.0 15 2.0

Buried oxide thickness (h ) in um

Fig.5. Buried oxide thickness versus Equivalent oxide thickness for
SOl pressure sensor [ 2a = 1200 um, hg; = 14.65 pm].

Now, the improved Pressure-deflection relationship for the SOI layer is simply represented as

pat 42 { y }
onhéoT (- 0vdy) LNEoT (16)

3
158 { y }
(1-vox) | hEOT

4.2 Equivalent silicon thickness (hgst)
In a similar fashion, equation (9) can be re-written as

mEs; b hBan3
3(1—(nuSi>2>[( notof o

Dsor =
Esi [ 3 3
T (h_hn) _(hox_hn) ]
3(1-03)
This equation is now re-arranged as
Eg 3
Dsgp =| —————h3er | oo 17
[12(1— vsid) !
5 (1/3)
m-vg) 3.3
—— 5 )hox —hn)” +hp)
where hest = 4 (1—n2052i ... (18)

+((h=hn)3 = (hox — 1))

The equivalent silicon thicknesses of the first SOI composite diaphragm with side length (2a) = 500 um and silicon
layer thickness (hgj) = 5 um and the second SOI composite diaphragm with side length (2a) = 1200 pm and silicon

layer thickness (Ngj) = 14.65 um [14] for various buried oxide thicknesses (hgy ) have been plotted and shown in
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Fig.6 and Fig.7 respectively. The calculated equivalent silicon thicknesses (hggt ) for any buried oxide thickness is

slightly more than the silicon thickness (hsi ) of the concerned device for the reason that E,y < Eg;.

The modified Pressure-deflection relationship for the SOI layer is simply represented as
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Fig.6. Buried oxide thickness versus Equivalent silicon thickness for SOI pressure sensor [ 2a = 500 um, hg; =5 pm].
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Fig.7. Buried oxide thickness versus Equivalent silicon thickness for
SOl pressure sensor [ 2a = 1200 um, hg; = 14.65 pm)].

V.  SMALL SCALE DEFLECTION ANALYSIS

This load—deflection relation has now been used to estimate the small scale deflection analytically and compared with
the IntelliSuite simulation results. The same Young’s moduli and Poisson’s ratios of the oxide and Silicon layers of the
composite SOI diaphragm assumed in the IntelliSuite simulation studies have been used in the analytical calculations

also. They are as follows: Egy= 57 GPa, vgy = 0.175and Egj =160 GPa, vgj = 0.3. The small scale analytical

deflection values of two SOI pressure sensors obtained at different pressure using the improved analytical model
reported in this paper have been plotted along with the deflection obtained through IntelliSuite simulation studies and
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the deflection calculated using the load-deflection relation described by existing analytical model [11] for comparison
purpose. The load - small scale deflection response of the first SOI composite diaphragm with side length (2a) = 500

pum and silicon layer thickness (hsi ) = 5 um and the second SOI composite diaphragm with side length (2a) = 1200
um and silicon layer thickness (hsi ) = 14.65 um [14] for various pressure have been plotted and shown in Fig.8 and

Fig.9 respectively. The comparison results clearly show that the central small scale deflection (ygo; ) predicted by

modified analytical model matches very closely with the FEA simulation results obtained with IntelliSuite. At the same
time, it can be seen from Fig.8 and Fig.9 that the existing model for load-deflection response overestimates the

deflection and the error is unacceptably larger when the buried oxide layer thickness ( hgy ) is comparable with silicon

layer thickness (hgj) while compared with the responses obtained with FEA simulations and the present improved

analytical model described in this paper. These observations clearly demonstrates the validity of the improved
analytical model presented in this paper in addition to explicitly bringing out the inadequacy of the existing analytical
model in describing the load-deflection performance of SOI pressure sensor.
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Fig.8. Comparison of small scale load-deflection response obtained by existing analytical model,
modified analytical model and FEA by IntelliSuite for SOI Pressure sensor at
various BOX thicknesses (hyy ) [ (28) =500 pm, hgj = Sum].
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Fig.9. Comparison of small scale load-deflection response obtained by existing analytical model,
modified analyticalmodel and FEA by IntelliSuite for

SOl Pressure sensor at various BOX thicknesses ( hgy ) [ (28) = 1200 pm, hg; = 14.65um].
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VI. LARGE SCALE DEFLECTION ANALYSIS

The improved analytical model that describes load—deflection characteristics of SOI composite diaphragm has now
been used to estimate the large scale deflection analytically and compared with the IntelliSuite simulation results
obtained in large scale analysis. The load — large scale deflection response of the first SOl composite diaphragm with

side length (2a) = 500 pm and silicon layer thickness (hsi ) =5 pum and the second SOI composite diaphragm with

side length (2a) = 1200 um and silicon layer thickness (hsi ) = 14.65 um [14] for various pressure have been plotted
and shown in Fig.10 and Fig.11 respectively. The comparison results clearly show that the central small scale
deflection (Ygoy ) predicted by improved analytical model matches very closely with the FEA simulation results

obtained with IntelliSuite. At the same time, it can be seen from Fig.10 and Fig.11 that the existing model for load-
deflection response overestimates the deflection and the error is unacceptably larger when the buried oxide layer

thickness (hox) is comparable with silicon layer thickness (hsi) when compared with the responses obtained with
FEA simulations and the present improved analytical model described in this paper. However, the large scale deflection
obtained using IntelliSuite is smaller than the deflection calculated by the present model especially when the oxide

thickness is comparable with silicon thickness even though the small scale deflection is matching very closely. Further
investigations are required to understand the reason for the large error in the large scale deflection.
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Fig.10. Comparison of large scale load-deflection response obtained by existing analytical model,
improved analytical model and FEA by IntelliSuite for SOI Pressure sensor at
various BOX thicknesses (hgy ) [ (2a2) =500 pm, hg; =5 pum].
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Figll Comparison of large scale load-deflection response obtain existing analytical model, improved analytical model
& FEA by IntelliSuite for SOI Pressure sensor at various BOX thicknesses ( hgy ) [ (28)=1200um, hg; =14.65um].
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VII.  CONCLUSION

The inadequacy of the existing theory on square diaphragm [11, 14] for pressure sensors realized on SOl wafers has
been explained. A new improved analytical model has been presented in this paper for load-deflection response of
composite SOI diaphragm. The deflection obtained using this improved analytical model matches the FEA simulation
results by IntelliSuite very closely. Further, comparison of these results with the deflection calculated using existing
analytical model shows that the deflection is overestimated by the existing analytical model when directly applied to
SOl pressure sensors and the error is considerably larger when the buried oxide thickness is comparable with the silicon
layer thickness. Thus, it is established that the existing theory that describes the load-deflection response is inadequate
for application to SOI pressure sensors.
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