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M-TEST: A Test Chip for MEMS
Material Property Measurement Using
Electrostatically Actuated Test Structures

Peter M. Osterberg and Stephen D. Sentufiglow, IEEE

Abstract—A set of electrostatically actuated microelectrome- manufacturing [1]. A broad array of material property ex-
chanical test structures is presented that meets the emerging traction methods has been proposed in the literature. These
need for microelectromechanical systems (MEMS) process mon- jathds include a resonant frequency measurement technique
itoring and material property measurement at the wafer level . .
during both process development and manufacturing. When on C.:am'lever beam (CB) test S_trUCtures 21, [3.]' a direct
implemented as a test chip or drop-in pattern for MEMS pro- tensile stress measurement technique [4], a capacitance/voltage
cesses, M-Test becomes analogous to the electrical MOSFET tes{C/V) measurement technique on fixed—fixed beam (FB) bridge
structures (often called E-Test) used for extraction of MOS device structures [5], the direct mechanical bending of CB test
parameters. The principle of M-Test is the electrostatic pull-in of structures by a known force and measurement of the resulting
three sets of test structures [cantilever beams (CB'’s), fixed—fixed . . . .
beams (FB's), and clamped circular diaphragms (CD’s)] followed d_eflectlon [6], a Ioad/deflect_|on technique on suspended thin-
by the extraction of two intermediate quantities (the S and B film membranes under tensile stress and known pressure load
parameters) that depend on the product of material properties [1], [4], [7], and an electrostatic pull-in approach using tethered
and test structure geometry. TheS and B parameters give a rigid parallel-plate structures [8]. Most of the techniques re-
direct measure of the process uniformity across an individual - jire special micromachined structures or special test fixtures,
wafer and process repeatability between wafers and lots. The . e . .
extraction of material properties (e.g., Young's modulus, plate which makes them difficult _to use in routme Waf_er-level
modulus, and residual stress) from theses and B parameters is measurements, for example, in a manufacturing environment.
then accomplished using geometric metrology data. Experimental Furthermore, the extracted material property values have not
demonstration of M-Test is presented using results from MIT's yet been demonstrated to have the accuracy required for
d_n_alectrlcally isolated Wafer-bonQed silicon process. This yielded routine use. For example, a survey by Schweitz [6] of material
silicon plate modulus results which agreed with literature values -
to within +£4%. Guidelines for adapting the method to other property measurement methods noted'that the various r.eported
MEMS process techn0|ogie5 are presented_ [204] YOUng’S Modulus mean values obtained for [011] SIngle-

Index Terms—Computer-aided design for microelectromechan- crystal silicon fell between 120-220 GPa with uncertainties

ical systems, material properties, MEMCAD, MEMS, MEMS of 20% or higher.. A reasonable goal fc_)r uncertainty should
modeling, microactuators, microelectromechanical systems, mi- b€ a few percent in the extracted material property. The 20%
crofabrication, micromachining, microsensors, microstructures, or larger uncertainties summarized by Schweitz, together with
plate modulus, Poisson ratio, pull-in voltage, residual stress, wafer the wide scatter of reported results, suggests that improved
bonding, Young’s modulus. measurement methods are needed.
The philosophy adopted in this work is that a viable test
|. INTRODUCTION method must be usable at the wafer level in a manufacturing
ITH THE growth of micromachining process tech_envir_onmer?t (and, thus, must be nondestructive), requjre only
eadily available test equipment, and be supported with doc-

nologies for microelectromechanical systems (MEMS . e .
i mented structure-design, data-acquisition and data-analysis
there has developed a need for simple, accurate, and stan

dardized process monitoring and material propert extracti(r)ne-thOds’ and calibrated models for quantitative interpretation
P 9 property of results. Out of the known methods, the best candidate

capability (€.g., Young's modulu_s, plate modulus, and re5|du1%Ir meeting these requirements was judged to be the use of
stress) at the wafer level during process development agld

ectrostatic pull-in of microfabricated test structures, a method
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accuracy in extracted material properties. Further, guidelines
for structure design to match a given process and robust data-
reduction methods to achieve the maximum possible precision v G
have not been previously reported. The goal of the present -
paper is to place the electrostatic pull-in method on a sound
experimental footing so that it can be widely used in MEMS o
process testing and material property extraction. AccordinglyRielectric Spacer
when implemented as a MEMS test chip or drop-in pattern,

the method is given the name “M-Test,” in analogy to the Ground Plane
electrical MOSFET test structures (often called E-Test) used

for extraction of MOS device parameters.

The M-Test concept is based on an array of microelectrome-
chanical test structures of varying dimensions. Three specific
structures are studied here (and the concept can be readily
extended to a broader class of structures): CB’s, FB’s, and
clamped circular diaphragms (CD’s), all suspended above a
fixed ground plane by a gap (see Fig. 1). In each case, a
voltage is applied to the upper movable conductor, causing
it to deflect downward toward the underlying fixed groundielectric Spacer
plane due to the electrostatic attraction. At a critical “pull-
in” voltage Vpr, the upper conductor becomes unstable and /
spontaneously collapses (or pulls in) to the ground plane. Ground Plane
The pull-in voltage is related to the test structure’s geometry
and intrinsic material properties. Therefore, the pull-in data
provides a direct indication of the uniformity and repeatability
of a given process, and when supplemented with models and
geometric metrology data, the variation of pull-in voltage with -~
device geometry can also be used to extract material properties. v Q’)

This work presents: 1) the development of closed-form
guantitative models for the pull-in of M-Test structures derived
from two—.dimer?sional (2—D) and three—dimensiongl (3-D) Nu-piglectric Spacer
merical simulations using the Massachusetts Institute of Tech-
nology’s software package for the computer-aided design of Ground Plane
microelectromechanical systems (MIT MEMCAD) [10], [11];Fig. 1. Three M-Test pull-in test structures: CB, FB, and CD.
2) an experimental procedure and associated data-reduction

method, which removes geometrically correlated statistical . . .
d y he undeformed gap3 is the “bending” parameter and is

variation in order to improve the precision of the results arfd ! L t0EBa wh 5 is the effecti ife for th

uses geometric data on the test-structure dimensions (suciF 34 oLt g5, W eLe]gﬁls tde € ec;tlve st nefss or ; € tesft
beam thickness and undeformed gap) to extract material pr§ -“Ctl_"e' Becau_se ofhand 5 are functions of a product o .
erties from the pull-in data; and 3) experimental verificatio aterial properties and test structure geometry, they provide

of the M-Test method using data from MIT's dielectricallya direct quan_ti_tative measure of overall process uniformity
isolated single-crystal silicon wafer-bonded process [12]. and repeatability (by analogy, the threshold voltage of a
MOSFET depends on a combination of material properties and

geometry and is routinely used for testing process uniformity
Il. MODEL DEVELOPMENT and repeatability), and with independently measured data on

. . .t and go, the material properties and E can be extracted
This section presents the development of a quantltatq/r m goandB prop

closed-form model for the dependence of the pull-in voltage 0

a str,L,Jc_ture on its dimensions and mate_rlgl pro_pertles_. Close;&i_— Ideal Test Structure

form” in this context means an empirical fit to simulated

data using a theoretically derived functional form, as will This section defines the ideal test structure for which the M-
be explained later. In order for the model to be accuratéest models are developed. Extensions to various nonidealities
the structure must be fabricated to meet standards of ideaffi¢ discussed in Section VI. An ideal M-Test structure meets
discussed below. It is then shown that the variation of pulibe following requirements (see Fig. 2).

in voltage with in-plane structural dimensions (beamlength or 1) Two conductors: one conductor is initially flat, parallel,
diaphragm diameter) can be efficiently expressed in terms of and movable with respect to the second conductor. The
two intermediate quantities callesl and B parameterss is second conductor is a fixed infinite ground plane.

the “stress” parameter and is equal &ey3, wheres is the 2) The movable conductor operates in the small-deflection
effective residual stress, is the structure thickness, angd regime up until pull-in (linear elastic mechanics).

Cantilever Beam

Fixed-Fixed Beam

Diaphragm (cut-away view)
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T

Well-defined fixed Movable structure sufficiently precise in comparison with 3-D simulation to per-
boundary condition {beam or diaphragm) mit its use over a wide design space. Therefore, while a general
test structure might require extensive 3-D numerical simulation
Y to develop the pull-in model, in this case, we were able to
L 7 use the 2-D simulation as a computational shortcut. Then,
%// ///// with a large virtual database of simulated pull-in voltages,
///// % we selected a functional form having the previously defined
S and B parameters and the in-plane size (beamlength or
/ diaphragm diameter) as the independent variables and three
Dielectric spacer Fixed ground plane dimensionless adjustable parameters as fitting parameters. The
Fig. 2. Schematic cross section of the ideal generic M-Test electrostaq%sumng closed-form analytlcal expressmns proved to be
pull-in test structure with a suspended parallel movable structure over a fix@8 excellent representation of the simulated data and, thus,
ground plane. An FB example is shown here. Note the position-dependegnstitute the required models.
gap and electrostatic pressugdy) and I’ (), respectively. The strategy for selecting the functional form is of interest
because it guides the extension of this model to other test
3) The movable conductor has perfect fixed boundary cosiructures. We introduce a simplified one-dimensional (1-D)
ditions (all six degrees of freedom at each boundary apgll-in model in which the pull-in voltage depends on the

clamped). undeformed gap and on the linear elastic response to an
4) The movable conductor has a prismatic cross section, @pplied uniform load. While not numerically accurate, this
undercutting, and no overetching. model has the virtue of providing a functional form, which, for

5) The movable conductor has a negligible stress gradignany structures, can be approximated analytically by solving
(hence, no curl in the cantilevers and no buckling ¢ suitable linear differential equation. Dimensional analysis of
bending of the beams and diaphragms). the solution to the differential equation guides the definition

The fixed boundary condition is created by the rigid supf key parametersy and B in this case) and the assignment
port formed by the interface between the upper conductek numerical fitting parameters, which can be adjusted to take
and dielectric spacer (see Fig. 2). An external voltagés account of the nonlinearity of the electrostatic actuation and
applied between the upper and lower conductors, which cau8ther effects, such as fringing fields. Full details of the method
the upper conductor to electrostatically deflect downwardg@n be found in [13]-{15]; the key points are presented below.
Deflection increases with voltage until pull-in is reached. 1) 2-D and 3-D SimulationsThe 2-D numerical simula-

It is assumed that FB’s are fabricated by etching a fil§on was based on well-known beam and plate theory [16],
which had an initial uniform biaxial stress,. It is also €nhanced with a first-order fringing-field correction [14], [15].
assumed that all beams are in the Bernoulli-Euler limit, whictgble | shows the governing differential equations for the 2-D
requires thatl >> w and L > ¢, wherew is the beamwidth simulations. The factor in parentheses on the right of the can-
[3]. This allows us to neglect the shear stresses near filever and beam equations is the fringing-field correction. For
supports and approximate the stress in the beams as pufi§phragms, the effective moduliésin Table I isE/(1—1?),
uniaxial along the beamlength. Thus, when an FB is etchégfere E' is Young's modulus. For cantilever and FB; is
from the biaxally stressed film, the resulting residual stressdgpendent on the beamwidth [17]. A beam is considered wide
approximated as uniaxial with a uniform value @f(1 — ), whenw > 5¢. \~Nide beams exhibit plane-strain conditions,
wherev is the Poisson ratio. When a CB is etched, the streg8d, therefore,’ becomes the plate modulus/(1 — v?).
is fully released, except for shear stresses near the suppfrtoeam is considered narrow when < 5t. In this case,

also assumed to be negligible. Thus, stress in the cantilevérssimply becomes the Young's modulus. The effective
is approximated as zero everywhere. residual stresg is the original biaxial residual stressg, for

diaphragms, while for CB’s and FB’8; is zero andro(1 —v),
) respectively, as explained earlier. The correctness of the use of

B. Closed-Form Pull-in Models the above ranges in effective modulBsand effective residual

This section derives closed-form models for the pull-istressé was confirmed with finite-element simulation. This
voltage Vpr of the three ideal test structures (see Fig. Ipodel assumes only small-angle bending and neglects any
as functions of their geometry and material properties. Tm®nuniformity in the electric field due to curvature. These will
method used to develop these models is extendable to otheyve to be very reasonable approximations for the structures
test-structure geometries. Each model is ultimately based examined here, which are constructed with initially parallel
detailed 3-D numerical quasi-static self-consistent simulati@momponents and have gaps that are small compared to their
of the deformation of the test structure under the combindateral dimensions.
effect of linear elastic forces and nonlinear electrostatic forces,A finite-difference iterative relaxation method solver was
using the MIT MEMCAD system [10], [11]. However, be-implemented in MATLAB [15], [18] to solve for the pull-
cause the M-Test structures are highly symmetric, indeed,voltage by observing the onset of numerical instability (the
nearly 2-D, it was determined that a much simpler 2-hcremental stiffness of the beam goes to zero at pull-in, so the
finite-difference model, initially reported in [13] (with somesolution becomes unstable). Discretizations of 100 points were
important typographical errors, which are corrected here), wased along the axial direction for beams and along the radial
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TABLE | TABLE I
GOVERNING DIFFERENTIAL EQUATIONS FOR THE THREE M-TEST PuLL-IN TEST FB PuLL-IN SIMULATION COMPARISON PULL-IN SIMULATIONS USING BOTH THE
StrucTures T = (1/12)wt?, w Is BEAMWIDTH, g = ¢(x) Is GaP, 2-D-DisTRIBUTED MODEL AND MIT MEMCAD W ERE PERFORMED ONSIX FB

T, = owt, Ty = at, g |1s PERMITTIVITY OF VACUUM, AND V' IS VOLTAGE TesT CASES WHERE THE BEAMLENGTH AND RESIDUAL STRESSWERE VARIED. IN
EAcH Casg, E = 169 GPa,v = 0.06,w = 50 um,t = 3 gm, andg = 1 um

Structure Goveming Differential Equation
" 2 Beam Properties Vit Vi
Cantilever Beam e _ & W(l +0658 ) Length (um) | Stress (MPa) | (2D distributed) | (MEMCAD) | A%
(CB) dx* 2g° w 250 0 39.5 40.1 1.5%
. . - & e Vw 250 100 56.9 57.6 1.2%
Fixed-Fixed Beam | £y ;‘3’— Tr;g‘ = ——"2—2(1+ 0-655) 250 25 337 33.6 03%
(FB) g . id 350 0 202 203 0.5%
; Er A4 350 100 35.4 35.8 1.1%
Clamped Circular —Vig-TVig=- 350 - 13.8 13.7 0.7%
Diaphragm (CD) 12 2g 25 . . 1%
60 T T T T T . how the functional form is developed. The 3-D-distributed
] problem is approximated by a rigid body suspended by
50 stress=0 - a lumped linear spring with spring constadf.s. The
] electrostatic pressure loaf. equalsegV?/(2¢%), where g
40 1 stress=100MPa - is the deformed test structure’s minimum gap spacing (based
1 on the cantilever tip deflection or beam or diaphragm center
Ve 30 stress=250MPa 3 deflection) andy is the undeformed gap spacing. The spring
: ] constantK g has units of N/m and is defined as®/d,,ax,
20 |- whered,,,,. is the maximum displacement of the structure with
C no electrostatic load, but with aniform-distributed pressure
10 E load P. The critical point is that for many structure& g can
r be approximate@nalytically. For example, the analytical 2-D
| | 1 1 1 solution of the uniformly loaded beam or diaphragm using
OO o o o o o o the differential equations in Table | (no electrostatic load, no
2 g & ¢ @ & 8 fringing, and only a uniform pressure load) yields
~ - — -~ -~ N 1
Length (um) S
Keff = kL (1)
Fig. 3. \Virtual database of pull-in simulation results for an FB example for 2¢1 —cosh [ ==
three different residual stress cases. The data points are simulation results 9 2
from the 2-D-distributed model. The solid lines are the closed-form model fit. L= |1+ kL kL
In each case, beamwidts 50 um, beam thickness= 14.4 um, gap= 1 —— | sinh | —
pum, E = 169 GPa, andv = 0.3. The two models agree to within 1%. 2 2
where
direction for diaphragms. A mesh refinement study showed 125
that pull-in voltage converged to about 1% with meshes finer k=1/—=, S =dtgs, B=Et>g]

than 50 points.

The accuracy of the 2-D simulation was verified by compaand L is beamlength or diaphragm radius.
ing six beam test cases with full 3-D MEMCAD self-consistent The K.g expression is then inserted into the classical pull-
electromechanical simulation (see Table I1). Agreement big-expression (corrected to first order for fringing in the case
tween the 2-D and 3-D MEMCAD simulations to better thaff cantilevers and beams, with the term proportionatie.
1.5% was achieved, justifying the use of the 2-D model for tHé3], 15], where the index. = 1 refers to cantileversy = 2
extensive computations required to create the virtual datab#@e™B’s, andn = 3 to diaphragms) to yield the following
of pull-in voltage simulations. Next, to create this virtuafhalytical form forVpy:

database for CB’s, FB’s, and CD’s, hundreds of 2-D pull- 8K s1g3
in simulations were run on a large set of representative test Vpr = 07" 2)
structures with FB lengths varying from 100 to 1006, CB 27eo [1 T Van E}

lengths varying from 100 to 50@m, and CD radii varying  3) Final Closed-Form Models:To create the final closed-
from 100 to 500um. In each case, the thickness was held grm models, the analytical expression in (2) is modified with
14 pm and the FB and CB widths were held at pf. In  two additional fitting parameters;,, and ., leading to the
addition, in each case, the Young's modulus was varied frogeneral closed-form expression in Table Ill. The additional
50 to 200 GPa, and the residual stress range was varied frofittthg parameters capture the corrections needed to allow for
to 250 MPa. An example of simulated results from this virtuahe fact that when the structure deflects under electrostatic ac-
database for an FB case is shown as the datapoints in Figtugation, the load is no longer uniform. Note that the raftjd3

2) Identification of Functional FormFig. 4 shows a appears in the factdr, which is a measure of the relative im-
lumped 1-D pull-in model, which provides some guidance iportance of stress versus bending. The stress-dominated limit is
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TABLE I
GENERAL CLOSED-FORM Vp1 EXPRESSION AND CORRESPONDINGBENDING- AND STRESSDOMINATED LIMITS
Vet
General Bending-Dominated (S — 0) | Stress-Dominated (B - 0)
! 7. 41,,B
&L D[V, kL) 1+7 ,&]

\I | . )[ " EoLA}/zzn 1+73"§i

w
where:

2{1—cosh(72,,kl/2)} n
= f 28 - .
D=t (7,,k1/2)sinl(7, k12 =5 5= 61gs, B=Er'g;

n=1 (CB’s), n=2 (FB’s), n=3 (CD’s)

TABLE IV both the bending and stress parameters. An “off-center” design,
FINAL CALCULTED FITTING PARAMETERS FOR THE however, will sacrifice accuracy and dynamic range of one of
CLOSED-FORM VP EXPRESSIONS INTABLE Il . . . .
either the bending or stress value in exchange for improved
Numerical | n=1 | n=2 | n=3 accuracy of the other. A centered design may or may not be
Constants | (CB’s) | (FB's) | (CD’s) possible in a given process, depending on the relative sizes
Y., 007 | 279 155 of the bending and stress terms. Problems such as stiction or
Yy 100 | 0.97 1.65 residual compressive stress and/or stress gradients may make
Vs, 0.42 0.42 0.00 the larger-dimensioned structures unfeasible.

) ) o Choosing the test structure beamlengths and diaphragm radii

kr > 5, and the bending dominated limitkg, < 5. ASymp-  can pe done by combining the appropriate lumped model (2)
totic forms for these two limits are also shown in Table Ill. \yith estimates for the expected Young's modulus or plate

The final step was to solve for the fitting parameters,oqylus and residual stress. The first step is to use the material
(Y1, 7y2n, @ndysn) using nonlinear least-squares analysis gfkoperty estimates and solve (2) for the CB and FB lendths
the FB, CB, and CD virtual database created above, resultingify the CD radii?. which would yield a uniform spacing of
the parameters shown in Table IV. To illustrate the accuragYet structure dime’nsions with resultifig’s in the 5-100-V
of the closed-form model compared to the simulated virtu nge. The results are shown in Table V, with the fringing

database, Fig._3 shows the closed-fo,rm model (_SO”d Curvg Pm omitted, which is an acceptable approximation in this
compared to simulated results for FB’s with varying residu esign phase

A
stress (0, 100, and 250 MPa). Agreement is within 1%. Next, we determine the design centéf,yie, and Rooyer,

for the FB’s and CD’s, respectively, which are the values when

the magnitude of both the bending- and stress-effective spring-
This section describes the procedure for determining the ¥rce components (i.e.¢ bending ands g stress) are equal.

Test structure length and radius dimensions in order to propefyr example, using an approximate analysis based on the 1-D

characterize a particular MEMS process. (It is assumed that I[]thed model [15], in the FB case, this occurs when
thickness and gap dimensions are already set by the MEMS 39 foe 85

process in question.) M-Test structure sizing is based on an S == (3)
approximate analysis using the lumped pull-in model of (2). Lenter  Lcenter

It is useful to choose CB and FB drawn mask lengths andU$ing this approach for both FB and CD, we get the values of
CD drawn mask radii so that the expected experimental pull4nenter 8N Reenter in Table VI. An optimal centered design
voltages of all the M-Test structures, after processing, will fayould have bothLcenter and Reenter fall right in the center

in the 5-100-V range, since this is the voltage range dictatetithe chosen range of the FB and CD dimensions. But, in
by a typical M-Test experimental setup. To insure enoudeneral.Lcepter aNd Reenter May have to be offset, which will
pull-in data, we recommend a range of at least eight differep@use the test structure set to be shifted toward the bending-
uniformly spaced length or radius dimensions of each of ti@minated or stress-dominated regime, thereby reducing the
three test structures with expected pull-in voltages betwesensitivity to the other parameter. Based on experience to
5-100 V. Furthermore, it is desirable to choose a range @dte, the minimum resolvable bending valg;, occurs when
test structure sizes which will bracket the expected extract®gyter OF Reenter are about equal to the minimum chosen FB
bending and stress values for the process under test (refeteg@th Ly, or CD radiusR;n, and the minimum resolvable

to as a “centered” test-structure design). A centered designess valuer,,;, occurs WhenLepter OF Reenter @re about

will optimize the accuracy and dynamic range for extraction @qual to the maximum FB length,,,, or CD radiusR,,,x.

I1l. SELECTION OF M-TEST STRUCTURE SIZES
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TABLE V
M-TEST LENGTH AND RADIUS SizING EQUATIONS FOR CB'’s, FB’s, AND CD’s
CB FB CD
. . £V . - 126, ECV?
801+J640212+———~——432£°€ £ 401+J1602t2+——~——2£° —a
16513g3 L= . £o R= y £o
=34 2 27e,V; 27e, V3
8lg, V2 — .
4g, 4g,
TABLE VI A. S and B Parameter Measurement
EXPRESSIONS FOR THE‘CENTER-DESIGN’ D IMENSION AND
MINIMUM RESOLVABLE EFFECTIVE YOUNG'S MODULUS AND 1) In-Plane and Flatness MetrologyTwo on-wafer mea-
RESIDUAL STRESS FOR BOTH THEFB AND CD TEST STRUCTURES surements are required to begin the procedure: 1) average
B cD process offset$/ and 6R between drawn and as-fabricated
= = beamlengths and diaphragm radii and 2) verification of flathess
L.. ofR,. AEt AEt of the structures tak0.1 pm.
— ‘27 ~3f The 6L and 6R measurements are necessary to eliminate
B g!‘_ﬂ.;ln_ 301?,2,,-“, systematic errors in the extracte®l and B parameters. In
At - at - our work, this measurement is made using a microscope
G 4?’ 4E2’ (Nikon X-Y Measurescope UM-2) with a calibratedy stage,
L s 3R yielding an in-plane length measurement accuracy of about

] . o ) +1 pm. This accuracy would not be sufficient for electronic
Therefore, using the “center design” expressions from Tabdgyice offset measurements, but is quite sufficient for typical
VI and substituting Ly (0r Rumin) @nd Liax (O Buax)  mechanical structures, which tend to be large.

for Leenter @Nd Heencer, respectively, we get the resulting the flatness measurement is necessary since botts the

expressions for the minimum resolvable bending and stresSy B parameters depend on the cube of the gap dimension

Ernin and Guin, lshown |r: T?ble ?]/I' . wvable b and, therefore, variations in this original gap due to buckling
As an example, we calculate the minimum resolvable en(gir— deflection (i.e., relative flathess) will be very important.

ing and stress valueBuin and &, for the FB's and CD's The flathess measurement can be performed optically using

in the particular M-Test design to be presented in Sect Ih interference objective on the same microscope. A low-

V. In this case, the expected effective Young’s modulus |s : : . .
approximately 170 GPa, and the expected residual stressp?sss optical filter at 500 nm or smaller is used with a20

in the range of 1 to 10 MPa. The expected thickness aogjectwe. Fringe curvature is used to estimate flatness. If only

an dimensions. after processing. are approximately 3 ancghf cantilevers are found insufficiently flat, this indicates the
9ap ’ P 9 PP y existence of a stress gradient, and, therefore, the CB pull-in

pm, respectively. First, using the equations in Table V, wé . . . ,
were able to solve for the desired mask lengths and radii f%]rOdels_ in this paper dq not apply, ?Ut the F,BS and CD's
y still be used. If either the FB’s or CD’s are found

all the test beams and diaphragms. Next, using the equatidhe’ S NN ; :
in Table VI. we can solveq‘or t%w resulting, ganda— q insufficiently flat, then, this indicates the existence of either
’ min min-

For FB's, we getE,, = 11 GPa andé,, = 25 MPa. excegsive compre:ssive stres_s (e..g., near or at the onset of
For CD's, we getf,;, = 16 GPa ands,,;, = 9 MPa. In buckling) or plastic deformation, in which case one would
both cases, the minimum resolvable bending value is wéifpect large errors from the_ models pres_ented herg. Extension
below the expected value (170 GPa), indicating that this val@E the methods to cases with compressive stress is discussed
can be extracted with high accuracy. However, the minimuff Section V1. _

resolvable stress value is on the same order as our expecte®) Pull-In MeasurementsThe next step is the measure-
value (1-10 MPa), indicating that this parameter is right &€nt of Vpr. An experimental setup for structures, which
the threshold of resolution, and, therefore, its accuracy willakeé Ohmic contact at pull-in, is shown in Fig. 6. If the
be low. This is a bending-dominated design for the expect&fuctures have an insulating film between the two electrodes,
material properties, which was appropriate in this case beca@¥#mic contact cannot be used, and either direct visual ob-

the expected residual stress was quite small. servation orC/V measurements are needed to detect pull-in.
For the devices studied her&p; is measured on a Went-
IV. EXPERIMENTAL PROCEDURE worth Labs probe station with a Hewlett-Packard HP4145B

The two-part M-Test experimental test procedure is outlinégemiconductor Parametric Analyzer configured in a “force-
in Fig. 5. The first part is the measurement of pull-in and theltage/measure-current” mode. The HP4145B is programmed
extraction ofS and B parameters, which are the fundamentdb slowly ramp the voltage on each test structure at 1 V/s
guantitative measures of process uniformity. The second paver a specified voltage range until pull-in is detected on the
is the extraction of material properties from theSeand B HP4145B |/V screen output interface as a sudden step in the
parameters using metrology data. current (see typical data in Fig. 7). For the particular beam
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Fig. 6. M-Test pull-in measurement experimental setup. The polarity of the applied voltage in these experiments is reversed from Fig. 2 to achieve
accumulation of both semiconductor surfaces. Since forces depend on the square of the applied voltage, the pull-in voltage is independentitpf the pola
of applied voltage, provided there are no complications from the depletion layers.

and diaphragm test structures used in this work (describedsinucture type on each die to the closed-form model (Tables Ill
Section V), the upper movable conductorrigype material, and IV) using theL. and R drawn mask dimensions modified
while the underlying fixed ground plane jstype. The mea- by the previously measured offsets (but, of courseas zero
surement must be made with the moving conductor negativefso a CB). We have used the nonlinear least squares curve fit
that accumulation layers form on the semiconductor surfacésKaleidagraph [19] for this purpose. An exampg; versus
If depletion of either conductor occurs, then a correction tb plot and corresponding curve fit is shown in Fig. 8 for two
the measured’r would be needed to account for the fieldsets of FB's, one oriented along the [011] direction ifi1@0)
penetration into the semiconductor. Because the onset of pplane of single-crystal silicon, the other oriented along the
in is very sharp, the accuracy of the measurement is determirj@tiO] direction.
by the voltage-ramp step increment, which was 100 mV in our The die-to-die variation ofS and B parameters across a
experiments. The ramp speed of 1 V/s is slow enough to inswvafer provides an immediate test of process uniformity, and
no dynamic effects during the bending of the test structureshe statistical ensemble 6fand B data from a wafer provides

3) S and B Parameter Extraction: The next step is to vary a test of wafer-to-wafer and lot-to-lot repeatabilitjthout the
S and B to fit the Vpr versusL (or R) data for each test necessity of any further data reductidtowever, typically, one
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V. EXPERIMENTAL RESULTS

» A specific M-Test mask set (MTEST) was designed for use

Forward-bias p-n with MIT’s dielectrically isolated wafer-bonded process [12],
10 nA current compliance junction after pull-in [15]. Fabrication details are presented, followed by complete
experimental results from one test wafer (MTEST-03) out of
a lot of three wafers fabricated for this purpose.

- A. Test-Wafer Description

The test structures described earlier were incorporated into
a mask set called MTEST, designed for the MIT dielectrically
isolated wafer-bonded process [12] by Charles Hsu of MIT.

Current (nA)

— S&i:ecg&hl"fn MTEST is an array of three test chips alternating across a full
| | | | | L | | wafer, one each for CB'’s, FB’s, and CD’s [15]. The mask
5 0 20 layout for the FB chip is shown in Fig. 10. The CB and CD

chips are not shown, but are similar to FB’s in terms of a
range of sizes of otherwise identical devices. Notice that the
?r? 7. Ex?mpge 'V"Iﬁ:t F:Jlfl”i'ri]”&zii%menftﬂfgrsglgé&foonUtpggo?nHvzgé‘l%eamIengths, widths, and crystal orientations are varied. When
FBler?)ﬁmlvrl)TeESS'I?-\(l)vg. Thg forward-bias contact cu‘ri:'ent isgysentsted when | é‘"lt ina <100> oriented wafer-bonded process, the two sets
n-type Si beam comes in contact with theype substrate at the moment of Of beams are oriented along [011] and [010]. The full 4-in
pull-in. The current compliance on the HP4145B is set to 10 nA. wafer contains 20 die, each from CB, FB, and CD for a total
of 60 die.
is also interested in material property extraction. The sugges'%?(;r he_ cross section of the 'prlcal MTEST test structure can be
procedure follows. escribed py referring to _F_lg. 2. The upper gondl_Jctor is made
of n-type single-crystal silicon. The underlying fixed ground
conductor is made of-type silicon. An intermediate silicon
dioxide spacer layer forms the gap. In this process, the silicon
To extract material properties from tiseand B parameters, Material is wafer-bonded on top of the patterned oxide, then,
additional metrology is required: 1) beam and diaphragHinned to a specified thickness, and, finally, patterned and
thicknesseg, preferably measured on each die and 2) spac@iehed to create the final movable structures. This process is
thickness or undeformed gag, also preferably measuredParticularly well-suited for the construction of idealized pull-
on each die. These quantities are needed:; first, to remdidest structures for three reasons. First, the gap dimension is
systematic errors from th§ and B parameters and secondell controlled, since it is formed by etching a thermal oxide
for extracting the final material properties from these erroWith good selectivity. Second, the fixed boundary condition
corrected values. at the ends of the structures approximates an ideal fixed
1) Thickness and Gap Metrologyin this work, thickness Poundary condition due to the rigidity of the oxide support.
measurements were made on each die using a Dektak! Nfd; there is no extraneous insulating dielectric coating on
Surface Profilometer, providing accuracy #:0.01 um. The either the upper movabl_e electrode or the underlying gro_und
oxide spacer thickness was measured ellipsometrically ap@ne allowing for Ohmic contact at the moment of pull-in.
should correspond to the gap dimension for an oxide-isolat®gis allows for a simple accurate low-noise electrical pull-in
silicon-wafer-bonded process. Unfortunately, die-by-die te¥p!tage measurement. .
sites for oxide thickness were not available in the mask designdn the results presented below, only data from the wider
(but should be in future designs), so the value used whS and CB beamsut = 50 ym) from the MTEST-03 wafer
a sample average provided by the sample supplier, with &ff reported. The narrow beams & 10 nm) were found
estimated accuracy o£0.01 zm. to be significantly altered due to a plasma overetch, which
2) Remove Correlated Errors if and B: BecauseS and perturbed the surface_of the test structure’s upper movable
B depend on thickness and gap, some of the observed variaff§qM and underlying fixed ground plane, requiring the use of
in these quantities can be attributed directly to die-to-dfgPrrections to the fgrmulgs presented here. The results from
variations in geometry. To eliminate these correlated errors, \5\/}}? narrow beams, including the necessary adjustments to the
plot the individual$ and B parameter values versus thicknes310d€l, have already been presented in [20].
for each die (and versus gap, if available for each die) and
determine if any correlation exists. We then scale the gaw B- FB Results
and B values to new valuesy’ and B, which are the values The procedures follow those specified in Section 1V, step
they would have if their thickness (and gap) was exactly th® step.
global mean thickness, (and the global mean ga). We 1) Metrology: A beam-length mask bias offset measure-
then compute averages of these scaled parameters, referredéat (L) was made on one MTEST-03 die inside the sweet
as S} and B, respectively. This is illustrated in Fig. 9 for thespot. The mask had been originally designed to anticipate a
data corresponding to the structures of Fig. 8. +2-um offset due to overetching of the oxide gap during

Voltage (volts)

B. Material Property Extraction
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Fig. 8. Vp; versusL pull-in data for both [011] and [010] FB’s from each of the seven FB die from MTEST-03. For simplicity, only the composite
mean and standard deviatidri-; data for each beamlength from the seven die are shown.
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Fig. 9. Plots ofB parameter versus thickness#) for both the [011] and [010] FB’s from the seven FB die locations on MTEST-03. The good correlation is
clearly evident. The squares are the updd®eehlues, which have been shiftedttg based on the correlation. Error bars were calculated fBm= (6B /6t)6t.

processing; hence, the as-drawn dimensions for all but tbEbeams from the MTEST-03 wafer. Flatness was confirmed
[010] beams were intentionally preoffset from the nomindb be better thant0.1 xm as required.
design dimensions by-2 um. The 6. measurement results 2) Pull-In Measurement and Data Analysi§he (pr, L)
showed no additional offsets between the nominal and on-clupll-in data was taken on each of the wide [011] and [010]
dimension for any of the [011] FB lengths, indicating that therystal-oriented FB'’s (ten data points per die using the ten FB
anticipated+2-m offset did occur during the process, and &ngths shown in Fig. 8 and seven die inside the sweet spot).
+2-um offset was found for the [010] FB lengths, which had hen, this pull-in data was fitted in Kaleidagraph to the closed-
not been preoffset during mask layout. These adjustmentsféom model using the corrected beamlengthis {wn + 6L
nominal lengths were used for subsequent data analysis. [011] and Ly« + 6L [010]) in Kaleidagraph (see Fig. 8).
Dektak Il surface profilometry thickness measurements wefae extracted and B parameters from each of seven die were
made on a sample of FB's from each of the seven FB diken plotted against the thickness value from each die, and
positions inside the sweet spot of MTEST-03. The thicknetise S and B values were then scaled to the nomitiabnd gg
mean and standard error, which includes both die-to-die vavalues (see Fig. 9), yielding a scaled set of seven parameters,
ation and random measurement error, were determined to$feand B’ (S and B correction due to gap correlation was
to = 2.94 £+ 0.07 zm. The undeformed gap measuremegmnt not done, as stated earlier). Studies of the narrow beams,
was supplied by the manufacturer of the bonded wafers, baseuich were done by Guptet al. [20], revealed some nonideal
on ellipsometric measurements at five standard die locatiggsometry because of an overetch during fabrication. Therefore,
(center, top, bottom, left, and right). The undeformed gap metire narrow beams were not included in this study.
and standard error were determined tgzpe= 1.05£0.01 zem. The extracted parameter results are summarized in Table
Interferometric measurements were made on a small samylé S andB are the averages of the sevérand B values
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FB MTEST mask layout. There are a total of 80 FB test structures, including two beamwidth splits (10 qamj &0d two crystal orientation

splits ([011] and [010]), as shown above. The beamlengths range from 150 to;&600

TABLE VIl

EXTRACTED S AND B PARAMETERS AND MATERIAL
PROPERTIES FORFB’S FROM MTEST-03 TeST WAFER

011] case 010] case
B-parameter {x [1 0'“] Pa-m®) | (x [1 0'“] Pa-m®)
B 4.74+0.79 4.06+0.63
B 4941032 4.06+0.26
B’ 4.95+0.14 4.06 + 0.06
011] case 010] case
S-parameter (x [1 0 1; Pa-m*) | (x [1 0'17] Pa-m*)
S 3.5+13 3.5x19
Ky 3.5+05 35408
S’ 3.5%0.5 3.5+08
Material Property [011] case [010] case
k 168+ 6 GPa | 138+4 GPa
g 101 MPa | 10+2MPa

literature values for the plate modulio;;; and Ejgyq), where

E = E/(1 — v?), of single-crystal silicon are 170 and 141
GPa, respectively [9], which are in excellent agreemer9p)

with the results in Table VII. Also, note that the statistical
uncertainties in the plate modulus means in Table VII are
less than 4%, which is consistent with the excellent agreement
found and provides a good indication of the overall validity
of the M-Test approach.

The effective residual stress, 10 MPa, was expected to be
small and turns out to be right at the edge of the minimum
resolvable stress for this design. Most of the test structures
had lengths or radii, which were within the bending-dominated
regime. This was an “off-center” M-Test design, shifted toward
the bending-dominated side.

C. MTEST-03 CB and CD Results Summary

1) CB Results:Similar to the FB results aboveé? param-
eter results were obtained from eight wide CB test structures
from each of seven CB die from MTEST-03 for both the [011]
and [010] crystal orientation cases [15]. (Note, there isSho
parameter data in the case of CB’s since a CB has no residual

before scaling for thickness variation, whi#¢ and B” are the stress.) Due to the aforementioned overetch that occurred on
averages after scaling. Note the improvement in standard erfdEST-03, the tips of the CB’s and the substrate around the
which results from removal of thickness-correlated variatioredges of the beam were affected, making precise determination
Finally, we extract material properties from the scaled meanf the effective gaps impossible. Therefore, precise material
values, S, and B)), with results given in Table VII. The property extraction of£ was impossible. However, it was
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noted that the ratio of the CB'’s mezﬂﬁvalues,ﬁ[on] /P[mo}, Two major aspects of the work presented here are the design
should agree with that of the FB's and thi;1)—s;/Ejo10)—s:  9uidelines for how to apply M-Test to new processes, which
ratio from the literature. For the MTEST-03 CB’s, we foundgenerate approximately ideal structures, and a constructive
5 o4 6 procedure for how to expand the method to new processes
Srou] _ 6.03 x 10 Pa—m" _ 1.21. and less ideal structures by showing how to build quantita-
Biorgy 4.98 x 1072 Pa—m¢ tively reliable closed-form pull-in models based on meaningful

This compares very well to the values of 1.22 found fd'ptermed_iate parameter§ ("’m_dB in the case presented here)
FB's and 1.21 from the literature [9]. from which material properties can ultimately be extracted.

2) CD Results: S and B parameter results were obtained
from 14 CD test structures from each of seven CD die from ACKNOWLEDGMENT
MTEST-03 [15]. Correlation checking betweehor B and . : .
: . This research was carried out using the computer and
thickness or gap could not be done since no metrology data L .
: " rocess facilities of the Microsystems Technology Laborato-
was done on any of the CD die. Therefore, a less precise RE

. . . riés at MIT. The authors would like to extend special thanks to
of material properties was extracted directly from the mBan . - .
) C. Hsu and Prof. M. Schmidt for providing the experimental
and S values as follows:

. test wafers and thanks to R. Gupta and Dr. J. Gilbert for
E B — 152+ 12 GPa valuable technical discussions.
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