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Young’s Modulus Measurements in Standard IC
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Abstract—This letter1 presents a method to measure the
Young’s moduli of individual thin-film layers in a commercial
integrated circuit (IC) foundry process. The method is based on
measuring the resonance frequency of an array of micromachined
cantilevers and using the presented optimization analysis to de-
termine the elastic modulus of each layer. Arrays of cantilever
test structures were fabricated in a commercial CMOS IC process
and were released using XeF2 as a postprocessing etch. A piezo-
electric transducer placed under the test chip was used to excite
the cantilevers to resonance, and the resonance frequency was
measured using a laser Doppler vibrometer. It is reported that
excellent agreement for values of Young’s modulus is observed
for cantilevers between 200 and 400 µm in length, with average
standard deviation being 4.07 GPa.

Index Terms—CMOS, MEMS, residual stress, resonance, test
structures, thickness measurements, Young’s modulus.

I. INTRODUCTION

H IGH VALUES of residual stress can initiate failure mech-
anisms in integrated circuits (ICs) such as electromigra-

tion, stress migration, and delamination [1], and thus, methods
for its characterization are of interest for IC process develop-
ment and monitoring. Residual stress of thin films is typically
measured by wafer curvature [2] or X-ray diffraction [3]. How-
ever, these methods are not easily extended to multilayer films
and cannot be used for small specimens. An on-chip method
has recently been standardized to measure residual strain [4],
but this still requires the measurement of Young’s modulus
to determine the residual stress. In [5], published values for
Young’s modulus were used to determine the residual stress
of films from strain measurements. However, it would be more
desirable to directly measure the Young’s modulus on-chip due
to the percent difference, of the extreme values obtained from a
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material-property database [6], ranging from 45% [7] to 114%
[8] for this value.

Tensile stress methods have been developed to measure the
Young’s modulus of thin films on small specimens [9], and
the resulting values can differ substantially from bulk-material
measurements, depending on the process parameters and meth-
ods used to create the films. What is still lacking is an on-
chip method that is compatible with test methods using rapid
wafer prober techniques. One likely candidate for on-chip wafer
prober-compatible measurements is based on mechanical res-
onance. Previously, researchers have used thin-film cantilever
resonators to determine the Young’s moduli of materials in
single-layered [10] and dual-layered [11] structures, but this
approach has not been extended to measure the Young’s moduli
of thin films in CMOS processes due to the complexity of the
approach coupled with the inability to obtain believable results.

This letter presents a relatively simple and successful method
of determining the Young’s moduli of the layers in a CMOS
process. It uses multilayered micromachined cantilevers that
are excited to resonance and are measured using a laser Doppler
vibrometer (LDV). The resonance frequency predicted by a
composite-beam model is used to extract the Young’s moduli of
all the individual thin-film layers in the cantilever. A three-step
optimization technique is used to obtain the Young’s moduli of
all the layers in 16 independently designed cantilevers. From
the results, the Young’s moduli of all the thin-film layers in the
CMOS process are determined.

II. COMPOSITE-BEAM ANALYSIS

The undamped natural frequency of a uniform thin slender
cantilever is a function of its geometry, density, elasticity, and
boundary conditions, and it is expressed as [12], [13]

f =
λ2

2πL2

√
EI

m
(1)

where E, I , m, and L are the Young’s modulus, the area
moment of inertia about the neutral axis, the mass per unit
length, and the length of the beam, respectively. The eigenvalue,
λ, accounts for the effects of the boundary conditions, such that
λ ≈ 1.875 for a clamped-free beam in its first natural mode
of vibration.

For a multilayered structure, the bending stiffness, EI , and
the linear density, m, in (1) are defined by the summation of the
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individual terms for each layer in the beam as follows:

EI =
N∑

i=1

EiIi and m =
N∑

i=1

mi (2)

where the barred symbols represent composite values, N is
the total number of layers in the beams’ cross section, and
Ii, as an example, is equal to the area moment of inertia of
the ith layer with respect to the neutral axis of the beam,
which is a function of Ei. Expressing the Young’s moduli and
area moments of inertia as vectors in (1) can be done using
E = [E1, E2, . . . , EN ] and I(E) = [I1, I2, . . . , IN ]T.

To extract the Young’s moduli contained in the vector E from
the measured resonance frequency, fm, of a cantilever with N
layers, an optimization approach defines a function

d =
∣∣f2

m − f2(E)
∣∣ (3)

where f(E) is the result obtained in (1) using m and the
vectors for E and I . A local minimum value for d is found
using an unconstrained nonlinear optimization, which yields
the Young’s moduli in the vector, E, that most closely fit the
squared measured frequency f2

m.

III. TEST STRUCTURE FABRICATION AND MEASUREMENT

Cantilever test structures were fabricated on three sepa-
rate processing runs in a 1.5-µm commercial CMOS foundry
process available through the MOSIS Service.2 The process
includes two polysilicon and two aluminum interconnect layers
sandwiched between layers of insulating silicon dioxide. An
array consisted of 16 cantilever test structures of the same
length, each with a unique set of interconnects as indicated
in the four interconnect columns of Table I. For example, for
cantilever #10, a Young’s modulus value is given for poly1,
Ep1, and metal2, Em2; thus, those two interconnects are in-
cluded in that cantilever. Seven cantilever arrays (six of differ-
ent lengths) were measured.

The cantilever test structures were released using an isotropic
XeF2 etch [15], which removes the silicon around and beneath
each cantilever.

For measurement, the test chip is attached to a small piezo-
electric transducer that is used to mechanically excite the
entire chip, thereby driving the test structures through base
excitation. This transducer receives an excitation signal from
a function generator, and an LDV is used to measure the
cantilever’s frequency response. The resonance frequency is
easily identified by locating the peak of the response plotted as a
function of excitation frequency. For 500-µm-long and 40-µm-
wide cantilevers, resonance frequencies for the 16 cantilevers
are given in Table I.

The film thickness is an important parameter in this measure-
ment. A second type of test structure was included on the chip
to determine layer thicknesses. These thickness test structures,
as shown in Fig. 1(a), consist of a series of steps, such as

2In this letter, commercial instruments or processes may be identified. This
does not imply recommendation or endorsement by NIST nor does it imply that
the instruments or processes are the best available for the purpose.

that shown in the cross section in Fig. 1(b), that is created
by the presence or absence of process layers. The arrows in
the figures indicate where step-height measurements [16] are
taken with an optical interferometer. Given the knowledge of
the layers comprising the steps, thickness values were deter-
mined [17]. The thicknesses, as calculated from the step-height
measurements, were compared with thicknesses obtained from
MOSIS-supplied capacitance and sheet-resistance values in
order to obtain the thickness with the smallest combined stan-
dard uncertainty value [14] for use in the Young’s modulus
calculations. Consult [17] for more details and representative
thickness values. Table I includes thicknesses for the layers in
the first cantilever t1.

IV. YOUNG’S MODULUS RESULTS

The optimization method requires initial estimates (Eini) for
the Young’s moduli. As given in Table I, these were obtained
from [6] for field oxide (Efo), thermal oxide (Eth), deposited
oxide (Ede), glass (Egl), nitride cap (Eni), first polysilicon
layer (Ep1), second polysilicon layer (Ep2), first metal layer
(Em1), and second metal layer (Em2).

The optimization consisted of three parts. First, the cantilever
consisting of only oxides was optimized to find the Young’s
moduli of those layers. Second, the resulting Young’s moduli
from the first step were used as starting values in the four
cantilevers that had only one interconnect layer encompassed
in oxide. Finally, the optimized values for the above five opti-
mizations were then averaged, and the averages were used as
starting values in the optimization of all 16 cantilevers, which
were optimized one by one.3

There were three separate design submissions to the MOSIS.
For each submission, resonance-frequency data from one test
chip were obtained. The first and second submissions had
cantilever arrays of 500 µm in length. The third submission
had cantilever arrays of 100, 148, 200, 300, and 400 µm in
length. The data in Fig. 2 average the results from the first
two submissions for L = 500 µm. The data from the first
submission are given in Table I. For this submission, unlike
the others, there was a nitride cap on top of the glass layer. In
addition, it is noteworthy that the Young’s moduli for the other
layers from this chip are comparable to the Young’s moduli
from the other submissions, which are to be presented next.

Representative plots of Young’s modulus (Eav from Table I
for the 16 cantilevers) versus cantilever length are given in
Fig. 2 for the poly1, the deposited oxide, and the metal1. The
error bars correspond to the standard deviations, σ, such as
those found in Table I for the 16 cantilevers. The average
Young’s modulus value as a function of length, EL, and the
standard deviation, σEL, are given in the legend. For the σEL

data in Table I from L = 200 µm to L = 400 µm, inclusive, the
average of the σEL values is 4.07 GPa, and the average value
for uc is 5.24 GPa for the L = 500 µm data. These data and the

3The optimization results are dependent upon the initial estimates. Obtaining
starting values in the manner described produced believable results in compar-
ison to other attempts. This does not imply that the method described is the
only possible route or that the unconstrained nonlinear optimization is the only
possible optimization method.
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TABLE I
REPRESENTATIVE YOUNG’S MODULUS (IN GIGAPASCAL) AND FREQUENCY MEASUREMENTS (L = 500 µm, W = 40 µma)

Fig. 1. Design and cross section of a thickness test structure.

plots reveal that overall, the results are relatively independent
of length, and the Young’s moduli are consistent with the lower
bounds, Elo, and the upper bounds, Ehi, for this parameter as
given in the material-property database [6] and as included in
Table I.

V. CONCLUSION

A method for determining the Young’s moduli of the various
thin-film layers in a commercial CMOS process has been

Fig. 2. Optimized Young’s moduli for poly1, deposited oxide, and metal1
versus cantilever length.

presented. A composite-beam model derived from simple thin-
beam theory was successfully used to analyze the response
of multilayer cantilevers. Given the cantilever dimensions, the
layer thicknesses, and the resonance frequencies, a three-step
optimization approach was used to find the resulting Young’s
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moduli. These results are in agreement with published values
using other measurement methods. These newly acquired
Young’s modulus values can be used in conjunction with
residual-strain measurements to obtain the residual-stress val-
ues of the thin-film layers in order to improve the yield in
CMOS fabrication processes.
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