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Abgract: In this paper a sengtivity of MEMS capacitive therma sensors based on deflection of a
bimetdlic cantilever beam was investigated. Using design of experiment method, and applying a 2°
factoriad desgn the effect of factors in this sensor was cdculated and main factors that affect on
sensor's sengtivity were identified. Anadyss of vaiance for the man factors of desgn and ther
interactions were sudied for their Sgnificance.

Keywords: MEMS; Bimetdlic cantilever; Full factorid design; Sengtivity; Therma Sensor

1. Introduction

MEMS technologies for fabricating tiny sensors and actuators are being developed successfully
throughout the world. The fidd of MEMS is large and growing, with numerous means reported for
both sensing and actuation on-chip. Compared to conventional sysems, MEMS are more lightweight,
sndler and less power consuming. All these qudities make MEMS very promising devices for space
goplications. However, to be gpace compatible, they need a robust behavior towards harsh
environmental conditions, such as vacuum, temperature cycles, and irradiation. Therma sensors are
one of the most gpplications of the MEMS sensors and MEMS capacitive therma sensor based
deflection of bimetdlic cantilever beam is the one of the last type of it. These microsensors were used
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to measure the temperature risng due to the change of a comb drive capacitance. Bimetalic
microbeams can provide sendtive dtructure for fabrication of temperature sensors that cover the wide
range of temperature based on these dructures [1]. Sengtivity of this sensor depends on severd
factors. Effect of each factor on sengtivity may be not equa. With investigation of these factors effect
the sengtivity of therma sensors can be optimized. Severd methods can be used for caculate the
effect of each factors on sengtivity of this therma sensor. One of the most gpplied methods for these
purposes is Full Factorid Design method (FFD) that is used to seek the active factors, which affect on
the sysem peformance, and ad decison making in such a way that the optimum solution can be
found. The traditional approach to experimental work is to vary one factor a a time and to hold al
other factors fixed. This method does not produce satisfactory results in a wide range of experimenta
stings. If interaction exists between the factors, there is no guarantee that the find st of operating
conditions will be the optimum [2]. Box and Meyer [3] dated that highly factorid desgns ae
powerful tools for identifying important factors to improve the system performance. Madu [4] had
dready applied2* *fractiond factorid experiment design to andysis the management of maintenance
floats. Murugabaskar and Huang [5] had worked on the application of full factoria design or fractiond
fectoria design. They concluded that it is an efficient tool for analyzing the system performance.

In this atide sengtivity of MEMS capacitive thermd sensors based on tip deflection of bimetalic

cantilever beam was investigated. UsingZSfuII factorid desgns with five man factors and two leves
for them, the effect of factors and ther interaction that affect on sendtivity of therma sensor were
studied.

2. MEM S Capacitive Thermal Sensor Structure

Fig. 1 shows a theema sensor whose sendtivity was sudied in this work. Bimetdlic cantilever beam
was deflected because of different temperature expanson coefficient of sdlected meterids due to
temperature risng. Due to the tip deflection of bimetdlic cantilever beam, the effective surfaces of
comb drive plaes and its equivaent capacitance was changed. Which means the influence of
temperature on the capacity of the system can be easly measured [1]. This modd is a Micro Electro
Mechanicd System that consss of a bimetalic cantilever beam and one comb drive that is jointed at
the tip of the cantilever beam. This system acts asa MEM S capacitive therma sensor.

\l i
upper, malal

Upper sirip

Lewer strip

Fig.1. MEMS capacitive thermal sensor [1].
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By assumption that the width of bimetdlic cantilever beams are same, the equation which indicates the
relationship between tip deflection of bimetdlic cantilever beam with respect to temperature risng is
derived asfollow [1]:
— 3I’lh1h2(h1 + hZ)(al - az)DT |2
h*+nh," +nhh, Bhh, +4h° +4h,%)

@

where n, h,h,,a,,a,,DT,| ae ratio of young's modulus of upper layer on young's modulus of
lower layer, hegnt of lower layer, heght of upper layer, theema expandon coefficient of lower
materid, thermd expanson coefficient of upper materid, temperaiure risng and length of bimetdlic
cantilever beam. To cdculate the capacity of the comb drive due to change of its surfaces, the
following equation can be used [1]:

C =2N eoB(dO - 3nh1h2(h1 + h2)(a1 B az)DT

TR 2 =), 2
9 h"+n°h, " +nhh, (Bhh, +4h" + 4h,")

where N is the number of combs, g isthe gap, B is the width of plates of comb drive capacitor and d,

is the initid effective height of comb drive plaies (figure2). Here sengtivity can be defined as a
function of capacitance and temperature as below:

S=— 3

Fig.2. Schematic of the sensor’s comb drive.

Dimensiond parameters of sensor’s comb drive ared, =10nm, g = 25nm,B =15nm,N =14. These
parameters are the same as those for the sensor that designed in [1].

3. Full Factorial Design

Factorid dedgn is an optimization process, which is used for prdiminay evduation of the
experimental variables of a sysem. It dlows the determination of ther effects and sgnificances [6]. In
this article experiments were carried out usng 2° factorid design. Maximum and minimum sdected
levels of each factor were shown in Tablel.
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Tablel. Factors and their levels used in the factorial design.

Vaiadle Low leve (-) High levd (+)
(A):a, - Thermd expansion coefficient of lower materid (k™) 2.6 4.6
(B): a, - Therma expansion coefficient of upper materia (k) 14.3 23.6
(©): h,- height of lower gtrip (nm) 18 4.0
(D): h,- height of upper strip (nm) 18 4.0
(E): I- Length of bimetdlic cantilever beam (nm) 300 500

In this work al possble combination of factor levels were investigated. For this purpose, 32 run usng
Eg. (3) by applying given vaues of factors showed in Table 1 were done in order to cdculae the
sensor sengitivity. The results of experiments and their corresponding sensitivity are shown in Table 2.

Table 2. Design matrix and the results of sengtivity.

Factors Sengtivity () Factors Sengtivity (S
Expimet A B C D E (fF/°C) Expgimet A B C D E (fF/°C)
1 - - - - - 0.620 17 + - - - - 0.531
2 - - - -+ 1.201 18 + - - -+ 0.946
3 - - -+ - 0485 19 + - -+ - 0.465
4 - - -+ 4+ 0.817 20 + - -+ + 0.763
5 - -+ - - 0453 21 + - 4+ - - 0.380
6 - -+ -+ 0.729 22 + - 4+ -+ 0.527
7 - -+ + - 0.443 23 + -+ + - 0.403
8 - - + + + 0.701 24 + - + + + 0.589
9 -+ - - - 0.866 25 + + - - - 0.727
10 -+ - -+ 1.903 26 + + - -+ 1.502
11 -+ -+ - 0.644 27 + 4+ - + - 0.626
12 -+ -+ 1.302 28 + + -+ o+ 1.201
13 -+ + - - 0554 29 + + 4+ - - 0.437
14 - o+ + -+ 1.000 30 + + + -+ 0.684
15 -+ + o+ - 0553 31 + + + + - 0.491
16 -+ + + + 1.000 32 + + + + + 0.834

where A, B, C, D and E respectively are the experimenta factors that representa,, a,, h, h,and I.
The main effect for each factor and ther interaction effects can be caculated using the Table 2 and
using this concept that the effect of each factor is the change in response by a change in the level of the
factor [ 7]. Based on this concept, the effect of afactor can be caculated as.

3 601 responses at high leves - é responses at low levds

Effect of afactor = - , (4)
haf the number of runs inthe experiment

Congdering sgns and results in Table 2, main effect and interaction effects of factors can explain in
figure 3. In thisfigure the effects of dl of the factors and their interactions were shown.
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DE -0,05 =

CE -0,15 [
I co 0,14
[ BE 0,13
BO -0,02 O
BC-0,1 [
AE -0,07 ]
14D 0,06

Effects

AC -0,001
AB -0,03 [

|E 044

D-011

S -0,2]

1B 0,27

A-0,14

-04 -0,2 ] 02 04 0.6
Value

Fig.3. The effect of factors and their interactions on sengitivity.

As an example figure 4 illudrates that there is an interaction effect between the thermd expanson
coefficient of lower girip (a,) and the height of upper strip (h,) on sensor sensitivity.

1.575 —

A h1(+)
= h()

115 —

0.3 —

Sensor sensitivity

I
260 3.10 260 410 4.50
o

Fig.4. Interaction effect of Thermal expansion coefficient of lower strip (a,) and height of upper strip (h,).

4. Analysisof Variance (ANOVA)

In the 2-levd factorid desgns, norma plot can be used in order to choose sgnificat effects of
factors. If the effects represent a sample from a norma population, we would expect to see them form
an gpproximate draight line on a norma probability plot of the effects Usudly only a few effects turn
out to be important. They show up as outliers on the norma probability plot. The ordered effects
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plotted on haf norma probability plot are shown in Figure 5. It is seen that more effects and
interactions lie approximately dong a draght line, while adl man factors and their interactions that
involve AD, AE, BC, BD, CD and CE are not in the direction of the crossed straight line and can be
ggnificant factors.

w
w
|

w
o

w
o
H‘IIIHIIHlIIIIl S |

70 =

Half-Normal % Probability

011 0.2z 033
Standardized Effect

Fig.5. Half normd plot of the effects.

0.44

These ANOVA are based on reduced models was carried out by firgt fitting the full mode according to
the condraints of the desgn and diminating non-ggnificant terms. Andyss of variance for this mode
isshownin Table 3.

Table 3. ANOVA result for sensitivity effected factors.

Source Sumof Squares  Degreeof freedom  Mean Square F-vadue P-vaue
Model 3.680 11 0.330 57.04 < 0.0001
A-a, 0.150 1 0.150 24.96 < 0.0001
B-a, 0.570 1 0.570 97.15 < 0.0001
C-h 0.730 1 0.730 123.78 < 0.0001
D-h, 0.095 1 0.095 16.18 0.0007
E-| 1.540 1 1.540 262.52 < 0.0001
AD 0.032 1 0.032 5.53 0.0291
AE 0.034 1 0.034 5.86 0.0251
BC 0.082 1 0.082 13.89 0.0013
BE 0.130 1 0.130 22.05 0.0001
CD 0.160 1 0.160 26.79 < 0.0001
CE 0.170 1 0.170 28.69 < 0.0001
Resdua 0.120 20 0.059 - -

Tota 3.800 31 - - -

The Modd F-vdue of 57.04 implies that the mode is sgnificant and there is only a 0.01 percent
chance that a criticd F-value could occur due to noise. Also P-vaues less than 0.05 indicate modd
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teems are dgnificant 0 in this case dl sdected main factors and AD, AE, BC, BE, CD, CE
interactions is Sgnificant that effect on the sengtivity.

5. Conclusions

In the present work sengtivity of MEMS capacitive thermd sensors was studied, and by applying the
FFD method effective parameters that affect on sensor sengtivity were identified. It was seen that E
fector which represents length of bimetalic cantilever beam has maximum effect and height of upper
drip has minimum effect on sensor sengtivity. In addition CE interaction that represents the
interaction of length of bimetdlic cantilever beam and height of lower drip has maximum effect on
sensor sendtivity between other interactions. Usng ANOVA for obtan the dgnificant factors it was
identified thet the dl main factors and some interactions have significant effect on sensor sengtivity.
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