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ABSTRACT

In this paper, we present a technigue to analyze variation
of structural curl with temperature due to residual stress
gradients in multilayer CMOS microstructures. Analytic
equations verified by finite element analysis (FEA) and
experiment are used as a basis for a FEA technique to predict
residual stress dependent curl in an arbitrary device. A
parameter extraction method based on measurement of tip
deflection with temperature is proposed to extract the
simulation parameters. Simple beam test structures composed
of all metal-dielectric combinations possible in the Hewlett
Packard 3-metal O4m n-well CMOS process are
experimentally characterized. This information is used to
obtain the characteristic temperature at which the beam has no
vertical displacement and the stresses in each layer is zero.
The thermal coefficient of expansion (TCE) for each layer is
extracted using the rate of change of tip deflection with
temperature. The characteristic temperature and TCE are
inserted in FEA for prediction of structural curl with
temperature. This predictive technique has been demonstrated
for a curl-matched CMOS accelerometer.

INTRODUCTION

CMOS surface-micromachining technology through
conventional CMOS processing integrates circuits with
mechanical structures at low cost. It provides an ability to
place multiple isolated conductors in microstructures for
novel capacitive sensing. The multilayer structural material,
composed of metal layers with interleaved dielectric layers,
exhibits residual stress gradients that induce structural
curling. Stress in each layer is a function of temperature due
to the differences in the TCE of the layers. This variation of
structural curling leads to variation of sensitivity of lateral
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Figure 1. Schematic of the process for micromachined

structures in standard CMOS.

values for each material are extracted experimentally from the
measured rate of change of tip deflection with temperature.
The material properties and the characteristic temperature
are used in a FEA to predict curling of arbitrary CMOS
surface-micromachined structures.

CMOS MICROMACHINING PROCESS

The devices described in this paper have been fabricated in the
high-aspect-ratio CMOS micromachining process developed
at Carnegie Mellon University [4]. The process flow, shown in
Figure 1, enables fabrication of micromachined structures in a

capacitive sensors, as the coupling area between adjacentstandard 0.fm 3-metal CMOS process. The conventional
electrodes changes. Curl-matching techniques have been usedCMOS process is followed by an anisotropic reactive-ion etch

to minimize the effect of these variations[1]. To design and
verify matched curl in structures it is imperative to predict
structural curl variation due to temperature.

The analysis of temperature-dependent curl for CMOS
micromachined beams extends Timoshenko’s treatment of
thermal bimorphs[2][3] and results in equations describing the
beam tip deflection with temperature. The residual stress
effects in each layer are represented by a characteristic
temperature at which the beam is completely flat. The TCE

(RIE) with CHF; and G to etch away oxide not covered by

any of the metal layers, resulting in high aspect ratio vertical
sidewalls. An isotropic RIE (using $fand G) then removes

the underlying silicon, thus releasing the microstructure.

THERMAL MULTIMORPH ANALYSIS

A CMOS micromachined structure can be designed with
any of the metal layers as the top metal mask leading to
numerous choices for the design of each element of a device.



Figure 2. A CMOS cantilever beam composed of
metal and dielectric layers.

The curl in each element is a function of temperature and
masking metal layer. The analysis of curl with temperature for
a multilayer structure is done by extending Timoshenko’s
analysis of thermal bimorphs[2][3]. Consider a multilayer
cantilever structure shown in Figure 2 with n layers. Each
layer,i, has a thickness, coefficient of thermal expansioa;,

and an effective Young's Modulug. The out-of-plane curling

due to residual stress gradient in the beam produces a tip
deflection,d. The material properties for each layer are
assumed to be uniform throughout the layer and independent
of temperature. Lel; represent the force in each layer due to
the stress.

Since no external forces are acting on the beam, the
forces at the end of the beam sum to zero,

n
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The total bending moment acting on the beam is,
n
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where,P denotes the force column vector alvds the
moment arm vector,
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Thickness of the beam is assumed be to much less than the

radius of curvatureq), and the radius of curvature can be
assumed to be the same for each layer.
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where | is the moment of inertia of each layer having width

w;, Substituting equation (4) in (2),

n
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where,x represents the total flexural rigidity of the beam.
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The axial strain in the bottom half of theth layer is
equal to that of the top half of the adjac€itl) layer. If T is
the temperature, the strain in the bottom half of the upper
layer is

_ R {i
&y = \,wEi_Toai Tt 55 (6)
The strain in the top half of the lower layer is,
Pi+1 ti+1
(i = Tl + T ——— 7
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where, Ty denotes the characteristic temperature at which the

beam has zero deflection. The teraT yq; in the above
equations represents the strain due to the residual stresses.
These equations are valid for low temperatures (£8)Gs

the assumption that TCE is independent of temperature not
accurate for higher temperatures. From equations (6) and (7),
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Expressing this boundary condition for every layer
interface n-1 equations are obtained. Expressing (1) and (8) in

matrix form,
)

where,G describes the area and width affecdsandS are
given by

GP+A(T—T0)—2—1pS =0
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The characteristic temperature is then computed as

1X-YTGd]

TA = — 12
0 2e0 vigia O (12)
For small deflections, the radius of curvature is,
L2
= _¢
P =55 (13)

where Lg is the length of the beam. The stress vector in each
layer is expressed as function of temperature as,
-1
p=CS_
2p
From (12) and (13), the tip deflection is,

G A(T,-T) (14)
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Experimental Characterization

To compute the characteristic temperature and stresses in
each layer using the method described above, the material
properties of each layer must be known along with initial tip y
deflection. This is not a trivial problem as the mechanical 1 (b)
properties of each layer depends upon the layer above and
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below it due to processing issues. We have extracted common By
material properties for each material, independent of the beam %/ ¥ | marti o[ = Sermi
type, using parameter extraction from experimental results. ~ &* ] S R
Beams having the 14 possible combinations of metal-1, ; S : i i
metal-2, or metal-3 and polysilicon layers were fabricated. -, g o O | Ft=y

Each beam was 1@in in length, 2.1um wide with the lower ' e ] u
metal or polysilicon layer recessed by (8 on either side. ]

Cross sections of typical beams are shown in Figure 3. (© (d)

Tip deflections were measured optically at different ~ Figure 4. (a) Percentage error between experimental and

FEA and Absolute error between analytical and
temperatures to 24CQ. The measurement has an accuracy of measured data. (b) Out-of-plane tip deflection for M123

+/- 0.8um. Using (15),T, is extracted from a linear fit of the and M123P beams.

measure deflection over temperature. The rate of change of tip
deflection with temperature is a strong function of the TCE

v ey i

values and is given by Layer Young’'s Modulus TCE
Aluminum 70 GPa 2

0 _ 20 vieg' O 1 l

oT LeEiZX YTG_1$D (16) Dielectric 80 GPa (07}
The best fit values of the TCE of metal, dielectric and Polysilicon 160GPa 218
polysilicon layers are obtained. The properties used for the Table 1: Material properties for each layer type.
analysis are shown in Table 1. The best fit TCE values match
closely to the values obtained from literature [5]. expected as the larger deflections of those beams produce non-

linearities not included in the modeling. Tip deflections with
FINITE ELEMENT ANALYSIS temperature for beams containing metal-1, metal-2, metal-3

. . (M123) are shown in Figure 4c, and results for metal-1, metal-
The slope for each type of beam was verified using 5 ' eta]-3, polysilicon (M123P) beams are shown in
thermomechanical FEA[6] with material properties shown in Figure 4d. These beam combinations most commonly used in

Table 1 and simulated at all measurement temperatures. Theyesign The characteristic temperature derived from the FEA
temperature boundary conditiofe,in the simulation is for different beam combinations is listed in Table 2.

Tset = _T0+Tsim+Td (17)
where, T, is the simulator initial temperature, usually 273K, PREDICITON OF STRUCTURAL CURL
andTy is the ambient temperature. A comparison of the The analysis of structural curling due to residual stress

measured data, with analytical results and FEA is presented in gradients can be applied by using the values of material
Figure 4a and b. The differences in the measured tip deflection properties to general structures. A finite element model with
and the results from the analytical equations are within all layers that take into account the various beam
experimental error for all the cases except for metal-1 (M1), combinations of the device is automatically generated by
and metal-1/polysilicon (M1P) beams. This discrepancy is techniques described in [7]. An example of the predictive



Beam To Beam To Beam To Comparison of maximum stator deflection with temperature
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M123 219 M13P 308 M2 179 a1
M123P 235 M3 262 M2P 236 '

| Experiment

E &t i S
M23 247 | M3P 317 M1 196 ? . | T, FE Analysis
M23P 248 | M12 156 | M1P 199 % 41 "
M13 243 | M12P | 119 2 o 9%
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Table 2: Characteristic temperatures from FEA for each N ]
beam type.€.9.M123P denotes a metal-1, metal-2, metal- 1 E t ' 5 1
3 and polysilicon beam.) ak = kL ok e
Device temperature £C)
capability of the FEA is given by the analysis of the CMOS (@)

micromachined accelerometer[1] shown in Figure 5. To Rotor and stator finger curl
simplify assignment of temperature boundary conditions, the .
simulation temperature is determined by the type of beam =3
element that dominates the accelerometer design. For the

CMOS micromachined accelerometer the characteristic SLETOR y 7]
temperature is calculated to be 223K using a weighted average Ve

of the beam materials. This is a good approximation for this

design, since one type of beam structure dominates. The

simulation temperature is then computed using (17). The

maximum stator deflection of the accelerometer is compared

to FEA in Figure 5a. The predicted curl variation, shown in P _ -
Figure 5b matches within measurement error to the curl of the AT

actual device, as seen in Figure 5c¢. The close up of the curl
matching between the stator and the rotor comb fingers shown
in the inset.

Z deflection (um)

CONCLUSIONS proof mass  Anchor

Curling of multilayer microstructures must be predicted
in order to design functional devices. The methodology
presented here provides an accurate prediction of curl over
temperature for arbitrary layouts. The analysis will result in
design of reliable high performance devices in the CMOS
micromachining technology. Offset and sensitivity variations
over temperature in inertial sensors, such as the lateral
capacitive accelerometer can be predicted and through design
iteration minimized
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