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A Simulation Program for the Sensitivity and
Linearity of Piezoresistive Pressure Sensors

Liwei Lin, Member, IEEE,Huey-Chi Chu, and Yen-Wen Lu

Abstract—A simulation program is developed which is capable ¢, g2 Applied pressure due to bending and mem-
of calculating the output responses of piezoresistive pressure sen- brane stresses, respectively.
sors as a function of pressure and temperature. Analytical models

based on small and large deflection theories have been applied to ! Pplar coordinates.
predict the sensitivity and linearity of pressure sensors. Surface- VW Dlsp_lacement. .
micromachined diaphragms with square or circular shapes, fabri- wWo Maximum deflection.
cated by a low pressure chemical vapor deposition sealing process, € Strain.

are designed and tested to verify the program. They are made Poisson’s ratio.

of polysilicon and have a standard width (diameter) of 100xm

and thickness from 1.5 to 2.2um. Various parameters of the )
piezoresistive sensing resistors, including length, orientation, and Subscripts
dopant concentration, have been derived and constructed on top off

of the diaphragms. For a 100xm-wide 2-um-thick square-shape . :Effectlve.
pressure sensor, calculated and experimental results show that int nput.
sensitivity of 0.24 mV/V/(Ibf/in?) is achieved. Experimentally, non Noneffective.
a maximum linearity error of +0.1% full-scale span) is found out Output.
on a 100pm-wide 2.2um-thick square-shape pressure sensor. 4 4 » Cartesian coordinates.
Both sensitivity and linearity are characterized by the diaphragm - Radial
thickness and the length of the sensing resistors. [394] . ) .
0 Circumferential.
NOMENCLATURE I. INTRODUCTION

Cy, ¢y, Gz Constants to be determined in estimating raI N RECENT years, substantial research has been carried
dial displacement of circular plates. out on micromachined, diaphragm-type pressure sensors

D Bending stiffness. [1]-[5]. These sensors are fabricated by means of new man-
E Young’s modulus. ufacturing technologies such as bulk-micromachining [6], [7]
Ey Fermi energy. or surface-micromachining [8], [9]. Many of them use silicon
N Dopant concentration. and its piezoresistivity as the detection mechanism. These
R Resistance. transducers function when the resistivity of the sensing resistor
T Temperature. changes as the diaphragm deflects due to applied pressure.
V Voltage. In order to increase the sensitivity, the diaphragm thickness
Vi, Va Strain energy due to bending and stretching &hould be thin to maximize the load-deflection responses. On
middle planes, respectively. the other hand, thin diaphragm under high pressure may result
I Piezoresistance coefficient. in large deflection and nonlinear effects that are not desir-
a Width of a square or rectangular plate or radiugple. It is therefore important to characterize the relationship
of a circular plate. between diaphragm thickness, deflection, and linearity, both
b Length of a rectangular plate. analytically and experimentally in order to establish the design
h Plate thickness. guidelines for micropressure sensors.
q Applied pressure. Numerical simulations such as finite element methods can

be used to simulate load-deflection relationships, including
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Fig. 1. Process flow of a surface-micromachined pressure sensor.

ity. For example, microdiaphragms have been constructed
with stress concentration structures to increase the sensitivity
[13]-[15]. As the field of microelectromechanical systems §
(MEMS) continues to expand, diaphragm-based structures may
find abundant applications. Both sensitivity and linearity will
be important issues to be investigated.

Several previous reports have found strange nonlinear ef-
fects, including convex and concave types of nonlinear char-
acteristics with respect to different pressure inputs [16], [17]. o
In the case of capacitive pressure sensors, large deflection BKVU X48800 an1 2 L.0U NSHE
for square-shape diaphragms have pee” studied [18] by uﬁl—ﬂ;g 3. SEM microphoto showing the cross-sectional view of a cleaved
Hooke’s method [19]. In order to provide a complete analyticghvity. The depth of the cavity is about2m.
tool for sensitivity and linearity analyses, this paper uses
surface-micromachined, piezoresistive pressure sensors a
drive to develop a simulation program. Absolute-type press
sensors which use vacuum cavities as the reference pres

fjft gwed by a 1zm LPCVD polysilicon deposition, etch holes
erning (mask 3), and dry etching, as shown in Fig. 1(b).
are fabricated by a low-pressure chemical vapor depositi e oxide in the etch channels and the cavity are now cleared

(LPCVD) sealing process [20]. Theoretical derivations baseel concentrat'efd hydrofluoric .acid_ (HF) et_ching. The sepond
on the mechanics of small and large deflections have b axer of polysilicon with 1“_”,1 In thlcknggs is then de_posﬂed
applied to study the sensitivity and to predict the nonlinear bBY & second LPCVD polysilicon deposition step, which seals
havior. Finally, a simulation program has been developed a,m?_ etch holes.and channels and crea’Fes avacuum environment
is available on the internet for free download [21] to simulatgSide the cavity [22]. The cross-sectional view at the end of

both the sensitivity and linearity responses of pressure sensgfis Step is shown in Fig. 1(c). The piezoresistive resistors are
then constructed by using a fourth mask on top the diaphragm

made of undoped-polysilicon. Boron is implanted at an energy
Il. PRESSURESENSOR TOPOLOGIES AND of 25 keV and a dose of 30 cm=2. An LPCVD oxide passi-
FABRICATION PROCESSES vation layer is deposited with contact holes opened by using
Both square- and circular-shape diaphragms have bdba fifth mask. Aluminum deposition and patterning (mask 6)
designed, fabricated, and characterized. These pressure ser@érghen followed to finish the process, as shown in Fig. 1(d).
are constructed with surface-micromachined diaphragms by &ig. 2 is a scanning electron microscope (SEM) micrograph
micromachining process which uses LPCVD sealing to crezak a fabricated pressure sensor. The size of the square di-
vacuum cavities [20]. The process starts with cleaning tlahragm is 10Q:m in width. There are eight etch channels
wafer. A thin layer, 0.15:m, of LPCVD silicon nitride is then around the diaphragm as access channels to remove the
deposited. The cavity area is defined by a first mask via dsgcrificial oxide inside the cavity. Aluminum metal pads can
etching process to etch into the silicon ofuin in depth. The be clearly identified in this figure. Circular-shape diaphragms
wafer then goes through a thermal oxidation process to crehtive also been fabricated with various sizes. Fig. 3 shows the
about 2pm-thick silicon dioxide at the cavity area and to conSEM micrograph of a cleaved pressure sensor. This cross-
struct a flat surface, as illustrated in Fig. 1(a). LPCVD oxide afectional view shows both the cavity and the thin diaphragm.
0.5um is then deposited to form the etch channels. These etahthis case, the depth of the cavity isuPn and the thickness
channels are defined by dry etching with a second mask. Itasthe diaphragm is 2:m.
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The sensitivity analyses are based on small deflection theo-
ries of plates. In classic mechanics, analytical solutions can
be found for the pressure-deflection relationships of plates
made of isotropic, homogeneous,
[10]. Analytical models have been established for diaphragms
with simple geometry such as square, rectangular, and circular
shapes. For the case of circular-shape diaphragms under smal
deflection, the radial and circumferential strain with respect to
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Ill. SENSITIVITY ANALYSES

the applied pressure can be derived as [10]

where g is the applied pressurey is the Young’s modulus,
andv is Poisson’s ratio. The thickness of the diaphragm is rep-
resented ag and the radius ag. Subscripts andf represent ggip E. and

_ —3qa*(1—1?) 3r?

o= s \\Ta @
_ —3qa*(1—1?) r?

T T RER? - @)

the radial and circumferential directions, respectively.
For the case of square-shape diaphragm under small deflec-

tion, a combination method suggested by Timoshenko is used

linearly elastic materials

Square Diaphragm Circular Diaphragm

Metal Pads
Sensing Resistor

‘ i\ Non—effective Portion
(@) (b)

Fig. 4. Most sensitive positions for square and circular diaphragms.

where
Arn = md (6)
2a
mmna
B, 5 (7)

m are solved by (8) and (9), shown at the
bottom of the page, and

in this paper [10]. It is assumed that the total deflection of a
rectangular-shape plate with clamped edges is the summa§y, strain is solved by
of three componentsy; , wo, andws. The first componenty,

comes from the deflection of a simply supported plate under
the same applied pressure. The second and third components
are introduced to preserve the clamped boundary conditions.
The following equations are derived for a rectangular plate

with widths of a and b and bending stiffnesd) under an
applied pressure.

w = wy + W + ws. (20)
w

Cor = —7 53 (11)
*w

Cyy = —% 32 (12)

*w
oy = — 22 ——. 13
Coy 78x8y (13)

wy = 4qa* i (-1 cos T These analytical derivations determine the most sensitive
73D i mb a places and orientations for piezoresistive resistors [23]. For
< (A tanh A, +2) cosh ™FY MY Gy m> square-shape membranes, reglstors_shoyld be placgd at the
11— & & & middle and close to the edge with a direction perpendicular to
2 cosh Ay, 2 cosh Ay, the edge, as shown in Fig. 4(a). For circular-shape diaphragm,
. (3) the most sensitive place is at the edge with resistors placed in
w —a? XA En(—1)"7 cos ™Iz the radial directions, as shown in Fig. 4(b). Moreover, these
7 272D = m?2 cosh Am resistors should be deposited either close to the top or bottom
my - mry my of the diaphragms for maximum sensitivity. These placement
. ( L sinh—= — Ay, tanh Ay, cosh . ) (4) are well known in the sensor community that validates the
2 Fo(—1)™F" cos ™ correctness of t_he gbqve _analytlcal_ models. _
wy = —— Z m . b Once the strain distribution on a diaphragm under an applied
2D = m? cosh By, pressure is calculated, various characteristics of the sensing
' (mmv sinh ™™ _ B tanh B. cosh @) 5) resistor, including sheet resistance, width, and geometry, can
b b m m b be analyzed. The sensing resistors are connected as a half
2 o
344qa7A; —tanh A,, = &< tanh A,, + A72> Sna Z Fpn————— (8)
73n4cosh™ A, n sh” A b = mg(zj + )
2 o>
?)iqb—Bg —tanh B, = &< tanh B,, + L;) 8nb Z E,——— (9)
m3n*cosh” B, n sh”™ B e (T + :;)
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Fig. 5. Sensitivity analysis of a square-shape diaphragm. .
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Wheatstone bridge with two sensing resistors placed insigig. 6. Dimensionless deflection-load diagram for clamped circular plates.
the diaphragm, and the other two reference resistors located
outside the diaphragm. The output voltage is calculated as
Vout = Afen Vin (14) The linearity analysis begins with small deflection theories
2(Beft + Fnon) + ARt where the deflections are small compared with the thickness

whereR.g is the effective resistance from the sensing resistéd the diaphragm. Fig. 6 shows the simulation result of di-
R... is the noneffective resistance from the noneffectiv@ensionless deflection with respect to dimensionless load by
portion of the resistor, as well as the contributions froSiNg small and large deflection theories, respectively. For a
components such as metal pads and contact resistance. WHEgIar diaphragm with diameter of 1g@m, thickness of 2

an input voltage of 5 V and a pressure of 100 It¥iis ~M and under a pressure of 100 Ibflirthe load-deflection
applied, Fig. 5 shows the sensitivity simulations with respeﬁ'at_ion actually enters Iarge_deflection regime as indicated
to the effective length of the resistors for a square-shaffk Fi9- 6. When large deflection effects are considered, the
diaphragm with a width of 10Q:m. Gauge factors of 36.1 strain-displacement relations are no longer linear and they are
and —7.4 for parallel and perpendicular directions are uséPressed as

IV. LINEARITY CHARACTERIZATION

in the simulation based on the best fit from experimental o 1/0w\?

outputs. The standard-type resistor has a sheet resistance of Cor = 5 + 5 <$> (15)
200 $¥/square, a width of 2um, and noneffective length of )

2 pm. It is found that when the resistor length is about 10 P @ 1(8_“’) (16)
pm (effective length of 8xm), a maximum output voltage W ay 2\ dy

around 120 mV is achieved. Several parameters are simulated 1/0u ov ow dw

to examine the sensitivity responses. For example, increasing Coy = 5 <a_y - %) <$ a_y> 17

the sheet resistance to 30square can slightly increase the . )
sensitivity. On the other hand, increasing the width of thE"€ large deflection problem can be solved under different
resistor from 2 to 3:m will drop the output level about 15%. bound_ary conditions. However, only a few cases can be solved
These phenomena can be explained by examining (14) whehglytically, and many of the problems have to be solved
Ryon at the denominator has components that are independgifnerically. In the case of simple geometry, both square- and
of the sheet resistance. Therefore, if the resistance of ffEFular-shape diaphragms can be solved analytically.
sensing resistor is increased (by increasing the sheet resistance

or decreased (by increasing the width), the output voltade Large Deflection of Clamped Circular Plates

increases or decreases, accordingly. Finally, increasing then order to solve the large deflection problem for clamped

diaphragm thickness will drastically reduce the sensor outptitcular plates, strain energy method is used [24]. For a de-

as the sensitivity drops. flected circular plate, the stored strain energy is first separated
The circular-shape diaphragms are found to have similito two parts, the energy of bending and the energy due to

characteristics as the square ones. In order to simulate tlie stretching of the middle plari. The strain energy due

aphragms with different kinds of geometry and property, t8 bending is derived by beginning with the small deflection

simulation program has been developed for both the square aggumptions

circular diaphragms [21]. Researchers interested in the optimal N 2

designs of different diaphragm sizes and sensing resistors w = wp <1 _ L) (18)

can download this program to conduct their own simulations. a?

Typical inputs for this program are the shape of the diaphraggﬂd V, is expressed as

(rectangular or circular), dimensions of the diaphragm (width,

diameter, thickness), pressure range, placement of the resistors,

_ 327rw(2)D
and properties of the resistors. )

Vi = 19
L= (19)
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The energy due to the stretching of the middle plane is
derived by assuming that the radial displacememtatches the
clamped boundary conditions as well as the center position of
the plate

4 0E-3 7 *
—4— Foppl's method 3

-0~ Ansys simulation
2.0E-3 4 ~* Hooke's method
| &~ Linear theory

x-drirctional strain distribution

u=7(a—7)(CL 4+ Cor + Car? + . .). (20)
] ] ) 0.0E+0
If the first two terms in (20) are considered, constaritsand
C, can be determined by taking the total energy of the plate f
for an equilibrium position in a minimum. Therefore, both -7 DE-3 —
constants can be determined 0 10 20 30 40 50
w2 %
CL = 1.185@—?()J (21) Fig. 7. Calculated:-directional strain distributions by linear theoryoppl's
9 method, Hook’s method, and ANSYS simulation for a square diaphragm, 100
_ = Wo pum in width, 2 gm in thickness, and under a pressure of 100 IBf/in
Cy=—-1.75— (22)
a
and V, can be derived as can be derived [10], and the loading is represented as
4 3Eh
Vy = 2,590 D—20_ (23) g = 31120020 27)
a?h? at
The total strain energy is the combinationiafandV,. Based The total loading is the combination
on the principle of virtual displacement
Eh3 3
. L2 g="0 (713431150 ), (28)
d(Vi + Va) 7 a h
Téwo = 2wqbwo 1—— ) rdr (24)
U, a
0 0 If the total loading is givenywy can be solved by the above
The maximum deflection is derived as equation, andy;, g2 can be derived, respectively. The stress
and strain caused by; at any given point of the square-
wo qa* 1 (25) shape diaphragm are calculated by using the classic small

deflection theory of plates. The stress and strain caused by
g2 are calculated by the membrane theory. The total stress and
Therefore, (25) can be used to calculate the maximum Osé[aln at any given point are the sum of the two cases.

In order to verify the accuracy of the above derivations

flection if the loading is given. The deflectian can then be . ) X . .
derived by using (18). The displacementan be calculated n the case of micromachined diaphragms, four different

: : . lations have been conducted as shown in Fig. 7, including
by (20), and the stress and strain at any point of the diaphra f ) . ) .
can be solved by using (15)~(17). émall deflection (linear) theory, Hooke’'s method [19], finite

element method (ANSYS [28]), andoppl's method. This

figures shows the-directional strain distributions for a square

diaphragm of 100xm in width, 2 zm in thickness, and

) ) under a pressure of 100 IbfinThe Foppl’'s method agrees
The large deflection (_)f square plates with clamped edggs, ANSYS nonlinear simulation results well. The Hooke'’s

has l?eer_‘ solved by different m__ethOF’S [251' [24], [26]. %pproach deviates from other methods at regions close to the

combination method developed bygpl is applied here [27]', edges of the diaphragm where the piezoresistive sensors are

This method combines the known solutions of small deﬂec“?ﬂaced Therefore, 8ppl's method appears to be a good choice
theories on clamped boundary conditions and the membra}Bfe the. analytical ’model

theories for large deflection problems on simply supported
boundary conditions. First, the total loadipgs divided into
two parts,q; and ¢;. The loading that is balanced by both V. EXPERIMENTAL RESULTS AND DISCUSSIONS
the bending stresses and shearing stresses is represented by
q1- The loading that is balanced by the membrane Stresse%\jSSensitivity and Linearity
represented byp. These two are calculated separately and
combined together at the end.
The loadingy; is derived from the small deflection theory a

64D (1+ 048853 )

B. Large Deflection of Clamped Square Plates

Several micromachined pressure sensors were designed and
Jabricated based on the analytical model. The experimental
and simulation results are based on the connection of a
woER3 half Wheatstone bridge as described in the previous section.
q =713 P (26) Under small deflection, the sensor is expected to behave
linearly with respect to applied pressure. However, due to the
If the plate is considered a membrane, the maximum deflectiexistence of?,,.,, as shown in (14), the nonlinear effect occurs
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Fig. 10. Linearity error for a 10@-m-wide square diaphragm with a resistor
Fig. 8. Simulation result of linearity error with respect to input pressure bl)e/)ngth of 10p:m and various diaphragm thickness.
using the small deflection theory.
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Fig. 9. Linearity error for a 10@sm-wide square diaphragm with a thickness

of 2 pm and various resistor lengths.

and becomes irregular. According to the simulation results in

even though all the other components change linearly uné:elg.' 9, minimum average error is achieved when the sensing

small deflection. Fig. 8 is the linearity simulation of s uar(raESIStOr length is 15:m. If the resistor length is fixed at 10
- 719 y q m and the thickness of the diaphragm is changed, Fig. 10

diaphragms under small deflection (linear the:\ory). The sens ows the new simulation results. It is observed that when
ha\ée r\]N'dths. of 10?:”1 (slquarﬁ thape)sand th'(fh?ef.s qua’ the diaphragm thickness increases from 1.6 to j2d, the
and the resistors have lengths from 5 to/28. The linearity linearity error reduces and changes signs from positive to

error is less than 0.3% full-scale span (FSS). Moreovq{egative, and the absolute value decreases as well. The best

nonlinear effects diffgr when the length of the rgsistor Changeﬁsninimum) average linearity error occurs when the diaphragm
The 10um-long resistor has the best sensitivity from thg,ickness is about 2.2m. It is noted that as the diaphragm

result of sensitivity simulation, but has the worst linearityhickness increases, the linearity error decreases and satu-
error of about 0.3% as shown. The linearity error seems {giaq

decrease as the length of the resistor increases. Moreover, thg similar trend is found for diaphragms with circular shapes.

linearity curves are symmetrical to the central pressure at Bfys. 11 and 12 are simulation results for @@ in diameter
Ibf/in?, circular-shape diaphragms. In Fig. 11, the thickness of the
When large deflection effects are considered, the shafigphragm is fixed at 2:m, and in Fig. 12, the length of
of the curves changes. Fig. 9 shows the simulation restie sensing resistor is fixed at 1. When the linearity error
by using the large deflection effects as discussed. First, #fesquare and circular diaphragms are compared at the same
absolute magnitude error is much larger than the lineariflijickness, the circular ones have smaller linearity errors (see
error derived from small deflection theories. Second, the shapigs. 10 and 12). This is probably due to the fact that the
of the curve differs as the length of the sensing resistoircular-shape diaphragms occupy less area than the square
changes. Third, the error may go from negative to positivenes for the same diameter and width. The circular diaphragms
as the applied pressure changes. Finally, the shape of #ne more rigid in this case, and large deflection effects are
linearity error is no longer symmetrical to the central pressumsinimized.



520 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 8, NO. 4, DECEMBER 1999

160

1
12 I rectangular plate
5 + 1.4 pym ;s 120 -
E‘ O 1.6 pm g
5 4 1.8 um Ea;
£ 0 2.0pm =
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Fig. 12. Linearity error for 10Q:m in diameter, circular diaphragm with
resistor length of 1Q:m, and various diaphragm thickness. 40 . ! . I . ] . \
-50 0 50 100 150
20+ + Temperature (*C)
. {/”'““\1‘\ Fig. 14. Simulation result of temperature effects on square- and circu-
o 1.5 *// * \,\3 lar-shape (10Q:m wide and 2um thick) pressure sensors.
wn ] + ke * ",
? * // -v\'\ s
= 0 . S —— 1.8 iezoresistivity appears to dominate the temperature responses
[#] * ¢ 3 jlm . . y . . . . . -
E e Y and is discussed in this section. The piezoresistance coeffi-
205 ./ st AR —®—2.0um  cients in silicon have been studied in a graphical representation
g 3 // P _\\ e 22pm [30]. It is found that the piezoresistance coefficidtis a
& 00y e e N function of temperaturd” and dopant concentratiaN.
05 T(N, T) 00 11(300)  (29)
-J. — T T T T 1 T T T T T 1 ) = kT “E. kT
0 20 40 60 80 100 120 Tln(1 + eBo/FT) (1 4- e~ Ei/4T)
Pressure (psi) where II(N,T) is presented as a function of Fermi energy
Fig. 13. Measured (symbols) and simulated (solid lines) linearity error ¢ £ temperatur@,_and the p|_ezore5|st|V|ty at 300 Ig(_:;oo)'
square-shape pressure sensors with different diaphragm thickness. It is noted that this expression is only good for silicon, and

more detailed studies on the temperature and piezoresistivity
of polysilicon have been reported [31]-[33]. However, we
found this expression is suitable for the first-order approxi-
The electrical responses of fabricated microsensors anation in our case and was able to built this model into our
collected by using a computer-controlled pressure supplieimulation program. Fig. 14 shows the simulation results of
Our experiments show that a sensitivity of 0.24 mV/V/(Ibfjin maximum output voltage on both circular- and square-shape
can be achieved. Moreover, the sensitivity increases as thizropressure sensors with respect to temperature. These
thickness of the diaphragm decreases. The linearity error ofliaphragms have the characteristic length (width or diameter)
set of square-shape diaphragm pressure sensors with sensfng00 xm, a thickness of 2pm, and under an applied
resistor length of 1um is plotted in Fig. 13 by a measure ofpressure of 100 Ibf/th The sensing resistors have the standard
FSS with respect to the applied pressure. The symbols are plagameters of Z:m in width. An offset of about 20 mV is
experimental measurements and the solid lines are the resaliserved because under the same characteristic length (100
from the simulation program. The best linearity error is aboyim), circular-shape diaphragms have stronger rigidity such
£0.1% FSS with pressure hysteresis of 0.02% FSS when that they are less sensitive than those square-shape diaphragms.
thickness of the diaphragm is 2:@n. It is observed that the It clearly indicates that when temperatures rise from room
measured data are consistent with the analytical predictionst@siperature to 100C, the sensitivity of both sensors may
shown in Fig. 10. The thinnest diaphragm not only has the reduced by about 15%. Moreover, at the same temperature
highest linearity error but also has the largest hysteresis. Framd characteristic length, square-shape diaphragms are more
the experimental data and the theoretical simulations, it caansitive than circular ones. Experimentally, tests have been
be concluded that large deflection effect did occur and causenducted at three testing temperatures fred0 °C, 25°C,

B. Experimental Results

nonlinear responses. to 120°C, as shown by the symbols in Fig. 15. These data
were collected from a 10pm-wide 21:m-thick square-shape
C. Temperature Effects micropressure sensor. It is found that our simulation model

Temperature affects the performance of the pressure senég‘?s“d lines) is consistent with the experimental result.
in several categories, including changes of geometry, material
properties, and piezoresistivity. Both geometrical and material V1. CONCLUSION
property changes only contribute less than 100 ppm, which isIn conclusion, this paper has demonstrated the feasibility
much smaller than the experimental result [29]. The changeaff applying analytical models to the sensitivity and linearity
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