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Abstract: In this paper, the reliability of a micro-electreeamanical system (MEMS)-based
gas sensor has been investigated using Three Dion@h$3D) coupled multiphysics Finite
Element (FE) analysis. The coupled field analysimived a two-way sequential electro-
thermal fields coupling and a one-way sequentialrttal-structural fields coupling. An
automated substructuring code was developed taceethe computational cost involved in
simulating this complicated coupled multiphysics &ialysis by up to 76 percent. The
substructured multiphysics model was then usedotdact a parametric study of the
MEMS-based gas sensor performance in response teatiations expected in the thermal
and mechanical characteristics of thin films layessnposing the sensing MEMS device
generated at various stages of the microfabricapoocess. Whenever possible, the
appropriate deposition variables were correlatedtha current work to the design
parameters, with good accuracy, for optimum openatonditions of the gas sensor. This is
used to establish a set of design rules, usingidiaad nonlinear empirical relations, which
can be utilized in real-time at the design and bgraent decision-making stages of similar
gas sensors to enable the microfabrication of teessors with reliable operation.

Keywords. MEMS gas sensors; Microfabrication; Nonlinearityeli@bility; Fatigue;
Sensitivity; Computational Cost; High Performancelfiphysics Computation
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1. Introduction

Sustaining the microfabrication process expertisd maintaining good control over the used
material properties are identified as two of thejangarameters that can significantly impact the
development and commercialization of MEMS devicgk;3]. The lack of certainty in the
characterization of the used material propertiegallys leads to a lengthy and costly cycle of
prototyping and testing procedures. Therefore sitimportant at the design phase to establish a
correlation between the deposition parameters ded device performance in actual operating
conditions. This correlation can be establishednogleling the effect of the variations in the matisri
characteristics generated at various stages ofmiceofabrication process [1, 4]. These correlated
effects can then be packaged within applied desitgs; which can certainly help in the reduction of
the iterative prototyping process to achieve thsirdd characteristics of a specific MEMS design;
consequently, reducing the overall cost of the greent and prototyping process.

Since many micromachined MEMS devices are oftenpom®d of multiple layers of thin film
materials, residual stresses are developed dumagnicrofabrication process of these devices sach a
MEMS gas sensors, which can seriously affect thg@rating performance. These residual stresses can
be separated into two specific types of streséesmal and intrinsic stresses [5-7]. Thermal segss
develop during the fabrication process due to th&match in the coefficient of thermal expansion

between adjacent layers made of different thin fifraterials and during the actual operation of the
microsensor. This thermally induced axial strafy, () and stress &, ,) at a position, defined by

coordinates (X, z) in the thin film layer, are giMay, [8].

T(X,2)
£, (% 2)=-Da j dr, o, (x,2)=E(,, (x,2)) (1)

Tr

where,Aa is the difference in the thermal coefficient of arpion between two adjacent thin film
layers; E is the effective Young's modulus of the thin filmyer, given by,E=E /(1-v?), [9];
E andv, refer to the thin film material Young’'s modulusdaPoisson’s ratio, respectively.

Generally, intrinsic stresses involve any stressegted from sources such as excess vacancies,
crystal dislocations, grain boundary interactioms phase transformations, [5, 7]. The generation of
intrinsic stresses is far more complicated thanttieemal ones. The development of residual stresses
in MEMS gas sensors might cause rupture and/or deddion of the thin film layers, which can affect
the reliability and operational life of the microser [10, 11]. Therefore, appropriate control ofsthe
stresses to be within a minimum level is crucialtfee successful and reliable operation of the MEMS-
based gas sensor device analyzed.

The main purpose of the current study is to preaanbdeling/design framework that will assist in
the correlation process of the deposition and mEgiosition (annealing) parameters to the gas
detection sensitivity (GDS) performance and th&abdity of these microfabricated MEMS-based gas
sensors. This objective is accomplished by evalgatire effect of thermal, electrical, mechanical
properties variations and residual stresses ompleeational efficiency of the modeled MEMS-based
gas sensor. And, where applicable, a correlatiomvd®n these variations and various deposition
parameters will then be established.



Sensors 2007, 7 321

2. Gas Sensor Case Study

In this section, a detailed geometrical and openali description of the microfabricated MEMS-
based gas sensor discussed in the current papesisnted.

2.1 Device Description

The modeled MEMS-based gas sensor is fabricatedfausiticon substrate that is followed by a
thin film layer of SiQ, as shown in Figure 1. A microheater/microsensonlmnation is introduced in
this MEMS-based gas sensing device that is protdtyseng a sputtered Pt (100nm)/Ti (20nm) thin
film. A multilayer of SiQ/SisN4/SIO, is then deposited for electrical insulation betwethe
sensor/heater layers, while the top layer is mdd&@, thin film. A sensitive film used to detect the
presence of hazardous pollution gases is depositdte middle area (active area) of this SiOp
layer. The material type of the sensitive film igadenined based on the gas type to be detected. The
mechanism of gas detection mainly depends on miegsilne change in the electrical resistance of the
sensitive film, associated with the absorption afeatain amount of chemical species present in the
surrounding environment, relative to its electriegistance in air. In actual operation, an arfagas
sensor cells with different sensitive film matesias used to detect different types of gases; where
calibration curves are usually established to t¢ateethe change in the electrical resistance of the
sensitive film with the gas type being sensed aedtaximum or optimum operating temperature used
by the gas sensor. For the studied MEMS microhegdsr sensor, the optimum operation of this
microsensor is achieved when the maximum temperatuthe active area reaches approximately 400
°C. A detailed description of the device fabricatimocedure has been reported by &@l. in 2001
[12].

In previous work published by the authors, theatféd varying the thermal and electrical properties
and the dimensional tolerance of various thin fiegers on the Gas Detection Sensitivity (GDS)
performance and the thermal response of the ga®iseras introduced [4]. This study was conducted
by correlating the thermal response of the gasoseargl the experimental GDS presented byeval.

[12]. However, correlating the proposed variationsthe thermal and electrical properties to the
deposition parameters was limited in that study wuthe lack of thermal properties data found & th
published literature; except for the thermal coniditg of SiO,and polysilicon [13, 14]. Compared to
the thermal properties, the correlation betweerddéposition parameters and the mechanical propertie
of thin films is more established in the literatunehere several studies have reported on the oalati
between mechanical properties, such as coeffiaktttermal expansiond) [15], Young’'s modulus
(E) [16-20], and the residual stresses () [19, 21-24], and the deposition and annealingupaters
used. The variation limits applied in the currentdstare based on the data reported in the pertainin
literature that correlates these mechanical pragsesariations to various deposition processes and
parameters. The effect of the material mechanicapeties variation on the performance and
operational reliability of the gas microsensor dhen be investigated parametrically; where an
optimum deposition parameter with reasonable totdimits is identified.
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Figure 1. Schematic view of microheater gas sensor cell

To solve the coupled electro-thermal problem of kMEMS-based gas sensor described in the
previous section a three dimensional FE analysieifrmed using ANSYS®© version 10. In a steady
state case, the thermal equilibrium within the semsembrane is achieved by the balance between the
heat generated in the electrical resistance, tlirdbg joule effect, and the heat loss by conduction
through the cooler supportive massive legs, ancobyection, through air. As for boundary conditions
(BC), the temperature at the external edges o$éinsor is set to hold at room temperature [4].1@n t
upper surface of the membrane, the heat is digsipirough convective, conductive and thermal
radiation exchange with the surrounding air. Ange do the miniature scale of the heated structures,
the convection losses are considered negligibliisr case. Assuming low air flow along the upper
surface membrane, the air layer can then be mo@eledstagnant layer on top of this membrane. Heat
exchange by conduction is calculated for this ayet based on the layer thicknes$ ¢f 0.3 um
modeled above the membrane. Finally, the surfacesumtering heat exchange through radiation are
considered as gray emitters with an emissivity.6f [%].

The analyzed FE model and resulting temperatureildision for the top layer of the sensor are
shown in Figure 2. For this case, an earlier FE nsesiitivity analysis was carried out, and condalude
that for a 3D model of the gas sensor, a minimurd5§f,000 elements with about 300,000 DOF is
required to achieve mesh independent solution. Tnge mesh size is often used in multiphysics
problems that involves MEMS sensors and is usudlijbated to the analysis complexity; which in
this case include nonlinearities due to radiattemperature dependence of the material propeniés a
geometrical complications due to the high aspeuai td the sensor geometric model. In order to nhode
the various design parameters of the MEMS gas sgnsorparametric analysis consisting of
approximately 625 runsn(, ) is conducted. The computational cost, in time gfach of these coupled
electro-thermal analysis runs has reached up ®Hr8.on a Dual Processor Pentium IV Xeon System
2.66GHz processor work station, which shows thé kgmputational expense involved in performing
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these types of parametric studies. Therefore, aonmaated substructuring code was developed and
successfully used in the current study to redueecttmputational cost involved in simulating this
coupled multiphysics FE problem by up to 76 percérite power-temperature relationship was
calculated using the developed substructured cdumleltiphysics FE technique and compared with
experimental measurements reported in [12], awhsee Pt/Ti is utilized as the microheater material,
and shown in Figure 3; wheréﬁﬁx refer to the maximum operating temperature inatieve area of

the gas sensor. Figure 3 shows a good agreemevedrethe outcome of the developed substructuring
code and the experimental results. A more detailgdanation of the substructuring technique and its
full validation has been reported in previously lmhed work [4, 25, 26].

3. Design/M odeling Framework of the MEM S-Based Gas Sensor

The investigated MEMS-based gas sensor is desigriethadeled using the simulation framework
shown in Figure 4. Starting from a preliminary desiof the gas sensor, an investigation of the
deposition process with different specifications tlee various thin film layers is conducted. Theadat
used at the first stage include the effect of thgidual stresses and the variations in the material
properties corresponding to different depositioocpsses and parameters. At this phase, a prelyninar
estimation is focused on investigating the reductbthe residual stresses using annealing, winése t
preliminary assessment is based on the annlicafitins MEMS-based gas sensor.

NonLinearity
due to Radiation

g B) Multilayer Linearity/
Nonlinearity regions

C) Temperature Distribution/
Contour Plot

Figure 2. MEMS gas sensor FE model
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For other MEMS devices such as MEMS optical switobiesnicro devices that involve moving
components, controlling the residual stress withsmall range with minimum average is essential for
the successful operation of these micro device8,[21, 27]. In the case of MEMS-based gas sensors,
except optical gas sensors, post process anneaigig not be required, and might actually alter som
of the desired mechanical, thermal and electriogpgrties of the fabricated thin films, [28-31].I&er
assessment of the fabrication-related residuatstgecan still be conducted at the final phaselseof
gas sensor design, based on the final levels ohtipeal stresses and their effect on the relighbénd
fatigue life of this sensor. In the second phastigfwork, the variations in the material propestand
geometric parameters are applied to the MEMS-based sgnsor thin film layers, where these
variations effect on the overall performance and tperation reliability of the sensor are then
investigated. Finally, necessary design modificetiand various deposition/post deposition parameter
are recommended based on the outcome of the twsepha

TAA ( o C)
max
400 -
.
550 oo PEITE .
o Polysilicon
300 Experimental, Pt/Ti
L]
250
200 ¢
150 A
100 A&
50
0
0 1 2 3 4 5 6 7 8 9 10

P(mW)

Figure 3. Power temperature relationship for different heataterial calculated with substructured
coupled multiphysics analysis. Experimental measargsmfrom Moet al. [12]

4. Thermal Fatigue Analysis of the MEM S-Based Gas Sensor

Although fatigue failure of thin film structures siaot been the main focus in most of the research
work reported in the pertaining literature, recgmidies confirmed that micro-scale structural fiims
are susceptible to premature failure at stress iamdpk as low as half the fracture strength ofdhes
films materials, [32, 33]. The investigated MEMS-lwhgas sensor is subject to cyclic thermal loading
caused by the residual stresses generated at threfafrication process and the actual operational
thermal stress. In this section, the effect of filim material property variation on the fatiguéeliof
the gas sensor is presented. A list of the stuge@meters, as well as the range of their applied
variations is shown in Table 1, [15, 16-20, 34, 3bhe parameters, p, T, G andc Denote the
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deposition pressure, deposition temperature, thid,C3/NH3z ratio and the deposition rate,
respectively.

To the best of the authors’ knowledge, no reportddesfor the ultimate strength of Pt/Ti thin film
material could be found in the available literatiMevertheless, Strikar and Spearing reported 0820
[36] similar cases, where the value of the ultimateength for the bulk material is used as a
conservative limit for the tensile ultimate strdmgin this work, the value for the ultimate tensile
strength of Pt/Ti was calculated from the measur@des of the Vickers hardness for the “as cast
Pt/Ti reported by Biggst al. in 2005 [37]. As shown later in Section 4.1, tperational stress level
for Pt/Ti (microheater/sensor material) is found&higher than the ultimate tensile fracture stiteng
This would suggest the occurrence of rupture omdtdiion of the Pt/Ti thin film, which is in good
agreement with reported observations in previoygeemental studies presented in the literature, [29
30, 38]. Therefore, the utilization of p-type hegwloron doped polysilicon as a heater material was
recommended to be used in the current case. Howteeincrease in the power consumption resulting

from the use of the polysilicon as a microheateteni@ is an emerging concern. Another concern is
mainly related to the shifting in the thermal rasg® (@7 ) and the performance GOy, ) of the gas

sensor with the variation in the electrical resistiof polysilicon. Using the same procedure didsext
in [4], a correlation of the variation oy and¢/sy, With the variation of the polysilicon resistivity
derived.

The numerical results previously shown in Figuren@icate that the suggested design modification
would result in an increase in the power consumpfi®) at the optimum operating temperatuﬂ'@‘:f:g

= 400°C) of only 10 percent (i.e. an increase of 1 % 9.9 mW with p-type heavily boron-doped
polysilicon compared td® = 9 mW with Pt/Ti heater). However, a matching imgment of 13
percent in the performance sensitivity and a gre@@uction in the operational stress levels wdl b
achieved with this modified design.

Preliminary Design of
MEMS Gas Sensor

Selection of Thin Film Apply Dimensional Apply Variations in Thermal,
Deposition Processes Tolerance Variations Electrical and Mechanical

¢ Characteristics of Thin Films

IDepositi on Parameters| Y ¢
‘ \
Variations in Residual Study Effect on Gas Study Effect on Operational
Stresses Detection Sensitivity Stress Levels
Predict Onset of Fatigue
Is Annealing Failure

Essential for
the Device
Application?

Annealing |
Parameters| i

Recommended Deposition
Processes Parameters

Figure4. Modeling/design framework
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Table 1. A list of the studied parameters and their repovithations, [15, 16-20, 34, 35]

Coefficient of Young'’s Residual Major
Thermal expansion Modulus (E) Stresses Contributing

(a) (GPa) (0.) Deposition

°ch (GPa) Parameters
SiO, 7x10° + 18% 75+ 7.8 -0.3- 0.2 f(p.T)
SizNg4 3.3x 10° + 18Y 310+ 32 -0.2- 0.8 f(T, G)
PU/Ti 0.97x 10° + 18¥ 140+ 16 0.2 0.€ f(Dg)

Polysilicon  2.7x10°+ 18% 162+ 14 -0.4- 0.3 f(p,T)

4.1. Maximum stress variation with the thermal, electrical and mechanical properties

The structural analysis presented in this papedysthe effect of the variation in the thermal,
electrical and mechanical properties on the maxingemerated stress in all the different thin film
layers composing the studied MEMS-based gas semsothe electrothermal analysis, only the
conductivity of SiN4 and the resistivity of the heater material (P@fipolysilicon) were found to
generate a significant effect on the thermal respoof the modeled MEMS-based gas sensor [4].
Therefore, only the variations of these thermatteleal parameters were considered in the current
case. The variations of the maximum generatedssinegarious thin film layers versus the uncertaint
in the thermal conductivity of S\, and the electrical resistivity of Pt/Ti and polygin are shown in
Figures 5, 6 and 7, respectively.

Table2. Alistof g, and g, /S, for different thin film layers

o, T/ St
(MPa)
SIO, 343 <0.3
SizNg 265 ~0.7
PUTI 478 ~2
Polysilicon 341 ~0.08

The dimensionless tern (stress factor) indicate the ratio between theuactmaximum
operational stresso(% ) and the nominal maximum stresg,( ), which is the stress value before

varying any property. The values for, and its ratio relative to the ultimate fractureeagth (S,)

for different thin film materials are shown in Tabl2. Similarly, the dimensionless
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terms B, B2 and B indicate the ratios between the actual and nomiahles of the thermal

conductivity of S§N, and the electrical resistivity of Pt/Ti and poli=in, respectively.

As shown in Figure 5, the variation in the thermahductivity of SiN, generates a significant
variation in the maximum operational stress leaelging from +72 to -12 percent for $iG-28 to —14
percent for Pt/Ti, and +46 to —24 percent for pdien. A less significant variation of + 5 percest
noticed for the maximum stress ofl$i. The former variation values can be attributedht® high
variation generated in the thermal response ofst#resor with the applied power, and the combined
effect of the value for the coefficient of therneadpansion (e) for the thin film layer material atsl
proximity to the active area. Results shown in Fagbi were fitted linearly using Equation (2) foglj
and Pt/Ti. A polynomial fitting is used for Si@nd polysilicon and presented in Equation (3) Wwelo

ﬂ:3N4,Pt/Ti =a0 + 31,833'\‘4 (2)
BT =h + b (B) +b, (BN ) + b, (BT ) +b, (BN 3)

where, g, a, by, b1, b, bz and hy are constants that varies based on the matepeal il Equations
(2) and (3) constants, as well as the averagemean square error (RMS) of the fitted curve atedis

in Tables 3 and 4, respectively.
A similar result is obtained fof with the variation of the electrical resistivity &ft/Ti and

t/Ti

polysilicon. As shown in Figure 6, the variation;ﬁﬁ results in a significant effect on the maximum

operational stress level ranging from +88 to -4ceet for SiQ, +42 to —32 percent for Pt/Ti, and £ 8
percent for SN4. Results shown in Figure 6 were linearly fitteddapicted in Equation (4) for $i,4
and Pt/Ti; and with polynomial fitting using Equati(5) for SiQ as follows

SN, PTI _ Pt/Ti
ﬁtf _ao + allBQ (4)

,8502 :bo+bl(ﬂgtm)+b1(ﬁgtm)2 +bl(ﬂgrm)3+bl( gtfl’i)4 (5)

Equations (4) and (5) constants and the averagemmean square error (RMS) of the curve fitting
are listed in Tables 3 and 4, respectively. A Egsificant effect can be noticed with the variatio
the maximum operational stress aﬁ@dy due to the smaller variation in the thermal reseoras

shown in Figure 7. Results shown in this Figure fated linearly with Equation (6) for g\, and
using polynomial fitting presented in Equation {@%) SiO, and polysilicon as follows

B =a +a Bl (6)

B =, + 1 (B) +B(Be™) by () +b(A™)* Y
Equations 6 and 7 constants and the average ramt sgiare error (RMS) of the curve fitting are
listed in Tables 3 and 4, respectively. The dimemisiss terms3, and A indicate the ratios between

the actual and nominal values of the coefficienthefmal expansion (e) and Young’s modulus (E) for
different thin film materials, respectively. Theriaion of the stress factord ) for different thin film

materials with_for SikN4is shown in Figure 8.
The variation of,Bf3N“ was found to generate a significant variation irkimmaum stress of the §\,

layer ranging from +33 to -13 percent. A less digant variation range of 0 to +5 percent is cadted
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for other thin film materials. Similarly, the saneéfect can be noticed for the variation 8f using

other thin film materials, as shown in Figures 9-Moreover, the presented results shows that the
variation in the coefficient of thermal expansiaor fan individual thin film material results in a
significant variation in the maximum stress geregtatithin this thin film layer. The stress levelthre
other thin film layers of the analyzed MEMS-baseas gensor does not seem to be impacted as
strongly as the layer at which the thermal expanstoefficient was varied. Equation (8) is a
polynomial fitting of the obtained numerical resuixpressing the relation between the stress factor
(B,) of SikN4 andﬁes3N4. Also, the relation between the stress factBy)(for Pt/Ti, polysilicon and
SiG;and g, is expressed linearly by Equation (9) as follows

S.N - S.N g 2 S 3 5 4
B, =b, + (B +0,(B7) +by(B ) +by(B ) 8)
PL/Ti,Poly, SO, _ PtL/Ti Poly, SO,
130_ i,Poly 2—a0+a1ﬂe i,Poly ), (9)
2 o
---+--- Polysilicon
1.8 ——35i0, Heater/Sensor Sio,
___.___P[/ir';- (Pt/Ti or Polysilicon)
16l N_ | --Si.N,

1.4

1.2

......

i o

0.8 T T ~

0.8 0.85 0.9 0.95 1 1.05 11 1.15 1.2
SEN,
By

Figure 5. Effect of thermal conductivity variation of $8l, on the maximum thermal stress of
different gas sensor materials

A list for Equation (8) constants and the averad#SRof the fitted curve are shown in Table 4;
where, S, in Equation (9) represents the variation in theffiaent of thermal expansion for different

materials used for the thin film layers. Similarly,list of the constants in Equation (9) for Pt/Ti,
polysilicon and Si@and the average RMS of the fitted curve are showlrable 3.
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Table 3. A list of linear equations constants and the ay@RMS of curve fitting

Equation Material a & RMS
2 SNy 1.21 -0.22 0.02
2 PUTI 2.3 -1.27 0.04
4 SkN4 1.51 -0.53 0.02
4 Pt/Ti 293 -1.90 0.05
6 SNy 143 -0.45 0.02
9 PUTI -0.15 1.15 0.001
9 Polysilicon 0.78 0.23 0.001
9 SIG 0.62 0.38 0.005
10 SEN4 -0.68 1.7 0.05
10 SIQ -0.002 1.001 0.02
10 Pt/Ti -0.005 1.002 0.01

Table 4. A list of polynomial equations constants and therage RMS of curve fitting

Equation Material k by b, bs by RMS
3 SIG -155.3 -660 -1019.5 690 -172.4 0.02
3 Polysilicon -72.1 307.21 -470.81 314.5 -77.8 0.04
5 SIG -162 674.1 -1020.4 674.9 -165 0.001
7 SIG -199.2 833.6 -1247.7 852.7 -211.4  0.001
7 Polysilicon -59.3 254.24  -386.8 255.1 -62.2 0.001
8 SNy -46 192 -292.6 196.4 -48.7 0.002




Sensors 2007, 7 330

2
18}
16
]
1.4
..
-, _““‘ /
N . (100) Si
Substrate
--------- . ‘
S O ...
- [ o,
— T .-
g e y
Pt T]
08¢} -
------ ‘..-“SEBNﬁl . .
0.6
0.8 0.85 0.9 0.95 1 1.05 1.1 1.15 1.2
ﬁmn‘
Q

Figure 6. Effect of electrical resistivity variation of Pt/on the maximum thermal stress of different
gas sensor materials
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different gas sensor materials
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Figure 8. Effect of the variation of the coefficient of theatrexpansion of SN, on the maximum

thermal stress of different gas sensor materials

The variation of the stress factgf () with 5. is calculated and shown in Figure 12. It can lmnse

that the variation in Young’'s modulus only genesatdevariation in the maximum stress level of the
thin film materials at the individual layer levéls shown in Figure 12, the change £f generates a
variation in the maximum stress level ranging fre@6 to —32 percent for $N,4, -19 to 16 percent for

SiO, and —20 to 14 percent for Pt/Ti. Results showfigure 12 were linearly fitted using Equation
(10) to express the relation betwegpand 4. for different thin film materials.

S;N,,S0,,Pt/Ti _ SN, SO,,PLT
B34 2 '_ao+alﬁE3 430, P (10)

where, S. denotes Young’s modulus variation for differentntdilm materials. A list of the

constants used in Equation (10) and the average RMSe fitted curve are listed in Table 3.

4.2 Fatigue life of the MEMS-based gas sensor

Results from the structural analysis, carried outhe last section, indicate that the valueogf for

Pt/Ti was approximately twice the ultimate fractsteength, which suggests the possibility of rugtur
chipping or delimitation of the used Pt/Ti thinnfillayer. Based on this result, an investigation was
conducted to replace the Pt/Ti with p-type heawbtron-doped polysilicon as the material for the
heater and sensing layers. The fracture strengticaefficient of thermal expansion of Polysilican i
higher by an order of magnitude than Pt/Ti whiahder it more compatible with neighboring thin film
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layers. This explains the reduction in the operatitress in the heater material by using pobili
rather than Pt/Ti. Further investigation for otligin film materials indicates that the operatingess
levels are safe enough with respect to staticraillihe next step here is to investigate the fatigfe
for these thin film layers under thermal cyclicdozg.

The microheater layer of the studied gas senssuligected to a state of fluctuating stress with
values ranging from the value of the residual stieduced to the value of this sensor layer opegati
thermal stress. An equivalent value for a compyateversed loading should be calculated to be table
estimate the fatigue life using the S-N curve fos tayer material.

The value of the equivalent alternating stresshmacalculated using Goodman’s curve, where the
values for the actual mean and alternating stremsesalculated as follows.

g _+o0 .
g =—max min 11
=T o 1)

g __—0 .
g = —max min 12
= %o~ 12)

oS

:qv. —_Ya%l (13)

S, -0,
Umax = MaX (0- ’O-res)’ Umin = Mln (0- ’O-rs) (14)

where, o _ is the actual mean stress,is the actual alternating stress amtl” is the equivalent

alternating stress.

1.5 —<
A

12 —— 50,

------ SiN,
115 e Pr/Ti

-/‘.-I"I

11
105§

0.95

0.9

0.85

0.8

- Substrate

0.75
0.8 0.85 0.9 0.95 1 1.05 1.1 1.15 1.2

)6?: ITi
2

Figure 9. Effect of the variation of the coefficient of theatrexpansion of PtTi on the maximum
thermal stress of different gas sensor materials
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An initial investigation of the various thin film aterials used at different values of experienced
residual stress, shows that the calculated equivalkernating stress is within a safe level antl no
affected by fatigue failure, except for8i (o." > 0.5S,), as shown in Table 2. The largest variation

of T, for SisN4, was found to occur WitfﬁfSN“ (+33 to -13 percent), as shown in Figure 8, and

,BS'SN“ (+36 to —32 percent), as shown in Figure 12. Tioeeefonly the variation ofr;" for SiN4 with

E
the parameters mentioned above is discussed heeedimensionless terr@eqv_ and 9, denote the

ratios ofo." ando,_to S, , respectively.
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Figure 10. Effect of the variation of the coefficient of theshexpansion of polysilicon on the
maximum thermal stress of different gas sensor nadge
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Figure 11. Effect of the variation of the coefficient of themhexpansion of Si®
on the maximum thermal stress of different gas@emsterials
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Figure 12. Effect of the variation of Young’'s modulus on theximum thermal stress of different gas
sensor materials
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The relation betweeﬁgew, the number of load cycles representing fatigies IN, and,ﬁ’eSj N at

different §, values is shown in Figures 13 and 14, respectitaiywer values foro;" and higher N
is found whend, = -0.15 (i.e.g = -60 MPa). This indicates that the analyzed gasaeis not

going to experience fatigue failure Whi,lg%N“ is in the range of 0.8 to 0.87 regardless of thkie
ofd_ , while outside this range the sensor experientiguia failure at relatively shorter operational

life cycles.
The same effect is obtained when varyw§" and N with 85" at different values o8, , as

shown in Figures 15 and 16, respectively. Howeveiider range foﬁSSN“ variation (0.8 to 0.95) is
found to provide safer operating conditions untdermal cyclic loading regardless of the valué of.
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Figure 14. Effect of the variation of the coefficient of theshexpansion and deposition
residual stress for $, on the expected fatigue life of the gas sensor
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Figure 15. Effect of the variation of Young’'s modulus and dgition residual stress for
SisN4 on the equivalent alternating stress oiNgi
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Figurel6. Effect of the variation of Young’s modulus and dgition residual stress for {8l
on the expected fatigue life of the gas sensor

5. Conclusions

In this paper, the reliability of MEMS-based gass®s has been investigated using 3D coupled
multiphysics FE analyses. The coupled field analysvolved a two-way sequential electro-thermal
fields coupling and a one-way sequential thernralestiral fields coupling. An automated
substructuring code was developed to reduce thepotational cost involved in this coupled
multiphysics FE analysis by up to 76 percent. Redubm the developed substructured multiphysics
model were found to be in good agreement with expeErtal measurements, previously reported in the
literature. The substructured multiphysics modes w#n used to conduct a parametric study of the
MEMS-based gas sensor performance in responseetosdhations expected in the thermal and
mechanical characteristics of thin films layers posing the sensing MEMS-based device generated at
various stages of the microfabrication process. fHsellts of this parametric study are then used to
establish, with good accuracy, a set of designsrulsing linear and nonlinear empirical relations,
which can be utilized in real-time at the desigd development decision-making stages of similar gas
sensors to enable the microfabrication of thesesa@snwith reliable operation. The results of this
parametric study indicated that the use of Pt/Tithes material for the heater/sensing layer in the
investigated gas sensor can result in stress lexelseding its ultimate fracture strength, whicts wa
good agreement with experimental observations tegon literature. Therefore, p-type heavily boron-
doped polysilicon is recommended, instead, to leel us fabricating the heater/sensing layer in ¢fais
sensor. The suggested design modification wouldltrés an increase in the power consumption of
only 10 percent. However, a matching improvemert3percent in the performance sensitivity and a
greater reduction in the operational stress lewdle achieved with this modified design. Excémt
SigNy, all thin film materials used provided safe opeigairange with respect to cyclic fatigue failure at
different levels of residual stresses. This will inta eliminate the necessity of post fabrication
annealing, even with the existence of slightly defed sensing layer. This is particularly valid et
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current gas sensor application, since it does eqaire perfectly flat thin film layers for succeadgsf
operation. For SN, the lowest equivalent alternating stress level Yeamd wheno, = -0.15 (i.e.

o = -60 MPa). This residual stress value correspaads SiBCl,/NH;3 ratio of approximately 5.5

and a deposition temperature of 88D Regardless of the value of the residual sttessyariation of
the coefficient of thermal expansion and Young'sdodas for SiN4 should be kept within —20 to 0
percent. The results presented in this work higftlipe important role of modeling the uncertainties
generated during the various microfabrication phas®d its effect on the gas sensor sensitivity and
operating conditions. This modeling process cam the integrated with the prefabrication design
phase that help control these uncertainties etiedhe operational reliability of this type of MEMS
based gas sensors.
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