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residual strain

residual stress

step height

(residual) strain
gradient

(residual) stress
gradient

test structure

thickness

vibrometer

Young’s modulus

in a MEMS process, the amount of
deformation (or displacement) per
unit length constrained within the
structural layer of interest after
fabrication yet before the con-
straint of the sacrificial layer (or
substrate) is removed (in whole or
in part) *

the remaining forces per unit area
within the structural layer of
interest after the original cause(s)
during fabrication have been
removed yet before the constraint
of the sacrificial layer (or sub-
strate) is removed (in whole or in
part) 2

the distance in the z-direction that
an initial, flat, processed surface
(or platform) is to a final, flat,
processed surface (or platform) 2
a through-thickness variation (of
the residual strain) in the structur-
al layer of interest before it is
released *

a through-thickness variation (of
the residual stress) in the structur-
al layer of interest before it is
released

a component (such as, a fixed-
fixed beam or cantilever) that is
used to extract information (such
as, the residual strain or the strain
gradient of a layer) about a fabri-
cation process *

the height in the z-direction of one
or more designated thin-film
layers 2

an instrument for non-contact
measurements of surface motion ?
a parameter indicative of material
stiffness that is equal to the stress
divided by the strain when the
material is loaded in uniaxial
tension, assuming the strain is
small enough such that it does not
irreversibly deform the material 2
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List of Symbols

For Young’s modulus measurements and calculations:

M

o}
E

Eclamped

Einit

Esimple

Wcan

viscosity of the ambient surround-
ing the cantilever. [SEMI MS4]

density of the thin film layer. [SEMI MS4]
calculated Young’s modulus value of the
thin film layer. [SEMI MS4]

calculated Young’s modulus value ob-
tained from the average resonance fre-
quency of a fixed-fixed beam assuming
clamped-clamped boundary conditions.
[SEMI MS4]

initial estimate for the Young’s modulus
value of the thin film layer. [SEMI MS4]

= calculated Young’s modulus value ob-

tained from the average resonance fre-
quency of a fixed-fixed beam assuming
simply supported boundary conditions
at both supports. [SEMI MS4]

average undamped resonance frequen-
cy of the cantilever. [SEMI MS4]

average resonance frequency of the
fixed-fixed beam. [SEMI MS4]
suspended cantilever length. [SEMI MS4]
suspended fixed-fixed beam length.
[SEMI MS4]

oscillatory quality factor of
cantilever. [SEMI MS4]

thickness of the thin film layer. [SEMI
MS4]

suspended cantilever width. [SEMI MS4]

the

For combined standard uncertainty calculations of
Young’s modulus measurements:

one sigma uncertainty of the value of L.
[SEMI MSs4]

one sigma uncertainty of the value of p.
[SEMI MSs4]

one sigma uncertainty of the value of
fen [SEMI MS4]

one sigma uncertainty of the value of
Lear [SEMI MS4]

one sigma uncertainty of the value of t.
[SEMI Ms4]

one sigma uncertainty of the value of
W, [SEMI MS4]

maximum Young’s modulus value as
determined in an uncertainty calcula-
tion. [SEMI MS4]
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Emin

1:resol

Poitr

ufreq

Ut

resol

Utnick

minimum Young’s modulus value as de-
termined in an uncertainty calculation.
[SEMI MS4]

frequency resolution for the given set of
measurement conditions. [SEMI MS4]
estimated percent difference between
the damped and undamped resonance
frequency of the cantilever. [SEMI MS4]
component in the combined standard
uncertainty calculation for Young’s
modulus that is due to the uncertainty
of p. [SEMI MS4]

combined standard uncertainty value
(that is, the estimated standard deviation
of the result). [SEMI MS4]

the combined standard uncertainty for a
Young’s modulus measurement.

= component in the combined standard

uncertainty calculation for Young’s
modulus that is due to damping. [SEMI
MS4]

the standard uncertainty for a Young’s
modulus measurement as obtained from
a fixed-fixed beam.

component in the combined standard
uncertainty calculation for Young’s
modulus that is due to the measurement
uncertainty of f,. [SEMI MS4]
component in the combined standard
uncertainty calculation for Young’s
modulus that is due to .. [SEMI MS4]
component in the combined standard
uncertainty calculation for Young’s
modulus that is due to the measurement
uncertainty of L,,. [SEMI MS4]
component in the combined standard
uncertainty calculation for Young’s
modulus that is due to the measurement
uncertainty of t. [SEMI MS4]

For calibration of step height measurements:

GCEIT

cert

Zgrift

the one sigma uncertainty of the cali-
brated physical step height used for
calibration.

the certified value of the double-sided
physical step height used for calibration.
[SEMI MS2]

the calibrated positive difference
between the average of the six calibra-
tion measurements taken before the data
session (at the same location on the
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physical step height used for calibra-
tion) and the average of the six calibra-
tion measurements taken after the data
session (at the same location on the
physical step height used for calibra-
tion). [SEMI MS2]

Zoerc = over the instrument’s total scan range,
the maximum percent deviation from
linearity, as quoted by the instrument
manufacturer (typically less than 3 %).
[SEMI MS2]

Zrepeat = the maximum of two calibrated values;
one of which is the positive calibrated
difference between the minimum and
maximum values of the six calibration
measurements taken before the data
session (at the same location on the
physical step height used for calibra-
tion) and the other is the positive
calibrated difference between the
minimum and maximum values of the
six calibration measurements taken after
the data session (at the same location on
the physical step height used for calibra-
tion). [SEMI MS2]

z = calibrated average of the twelve calibra-
tion measurements taken before and
after the data session at the same loca-
tion on the physical step height used for
calibration. [SEMI MS2]

Z = the calibrated average of the six calibra-
tion measurements from which z is
found. [SEMI MS2]

repeat

For step height measurements and calculations:

Optatnixt = the calibrated standard deviation of the
data from trace “t” on platNX. [SEMI
MS2]

Oroughn = the calibrated surface roughness of

platNX measured as the smallest of all
the values obtained for gy ; however,
if the surfaces of the platforms (includ-
ing the reference platform) all have
identical compositions, then it is meas-
ured as the smallest of all the standard
deviation values obtained from data
traces “a,” “b,” and “c” along these
platforms. [SEMI MS2]

platNrD = the average of the calibrated reference
platform height measurements taken
from multiple data traces on one step
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height test structure, where N is the test
structure number (“1,” “2,” “3,” etc.),
r indicates it is from a reference plat-
form, and D directionally indicates
which reference platform (using the
compass indicators “N,” “S,” “E,” or
“W” where “N” refers to the reference
platform designed closest to the top of
the chip). [SEMI MS2]

a calibrated reference platform height
measurement from one data trace, where
N is the test structure number (*1,” “2,”
“3,” etc.), r indicates it is from a refer-
ence platform, D directionally indicates
which reference platform (using the
compass indicators “N,” “S,” “E,” or
“W” where “N” refers to the reference
platform designed closest to the top of
the chip), and t is the data trace (“a,”
“b,” “c,” etc.) being examined. [SEMI
MS2]

the calibrated platform height measure-
ment, where N is the test structure
number (“1,” “2,” “3,” etc.) and X is the
capital letter (or “r” is used if it is the
reference platform) associated with the
platform (“A,” “B,” “C,” etc.) as
lettered starting with “A” for the
platform closest to platNrW or platNrS.
[SEMI MS2]

a calibrated platform height measure-
ment from one data trace, where N is the
test structure number (“1,” “2,” “3,”
etc.), X is the capital letter associated
with the platform (“A,” “B,” “C,” etc.)
as lettered starting with “A” for the
platform closest to platNrW or platNrsS,
and t is the data trace (“a,” “b,” “c,” etc.)
being examined. [SEMI MS2]

= the calibrated step height measurement

taken from two different step height test
structures (N and M) on the same test
chip, which is equal to the final platform
height minus the initial platform height,
where the step is from the initial plat-
form to the final platform and where X is
the capital letter associated with the
initial platform from test structure
number N, and Y is the capital letter
associated with the final platform from
test structure number M. [SEMI MS2]

= the average of the calibrated step height

measurements taken from multiple
data traces on one step height test struc-
ture, where N is the number associated
with the test structure, X is the capital
letter associated with the initial plat-
form (or “r” is used if it is the reference
platform), Y is the capital letter associat-
ed with the final platform (or “r” is used
if it is the reference platform), and the
step is from the initial platform to the
final platform. [SEMI MS2]

stepNy,, = a calibrated step height measurement
from one data trace on one step height
test structure, where N is the number
associated with the test structure, X is
the capital letter associated with the
initial platform (or “r” is used if it is the
reference platform), Y is the capital
letter associated with the final platform
(or “r” is used if it is the reference plat-
form), t is the data trace (“a,” “b,” “c,”
etc.) being examined, and the step is
from the initial platform to the final
platform. [SEMI MS2]

For combined standard uncertainty calculations of step
height measurements:

U, = the combined standard uncertainty value
(i.e., the estimated standard deviation of
the result). [SEMI MS2]

Ugert = the component in the combined standard
uncertainty calculation that is due to the
uncertainty of the value of the physical
step height used for calibration. [SEMI
MS2]

Uesh = the combined standard uncertainty or a
step height measurement.

Ugrife = the uncertainty of a measurement due to
the amount of drift during the data
session.

Ujinear = the uncertainty of a measurement due to
the deviation from linearity of the data
scan. [SEMI MS2]

U platnx = the component in the combined standard
uncertainty calculation for platform
height measurements that is due to the
measurement uncertainty across the
length of platNX, where the length is
measured perpendicular to the edge of
the step. [SEMI MS2]

Ustep = the component in the combined standard
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upIatN)(

u

repeat

Uwplatnx

Uyystep

uncertainty calculation for step height
measurements that is due to the
measurement uncertainty of the step
height across the length of the step,
where the length is measured perpendi-
cular to the edge of the step. [SEMI
MS2]

the component in the combined standard
uncertainty calculation or step height
measurements obtained from two step
height test structures that is due to the
uncertainty of the platform height
measurement for platNX. [SEMI MS2]
the uncertainty of a measurement due to
the repeatability of a measurement.
[SEMI MS2]

the component in the combined standard
uncertainty calculation for platform
height measurements that is due to the
measurement uncertainty across the
width of platNX, where the width is
measured parallel to the edge of the
step. [SEMI MS2]

the component in the combined standard
uncertainty calculation for step height
measurements that is due to the meas-
urement uncertainty of the step height
across the width of the step, where the
width is measured parallel to the edge of
the step. [SEMI MS2]

For residual stress and stress gradient calculations:

residual strain of the thin film layer.
[SEMI MS4]
stress gradient of the thin film layer.
[SEMI MS4]
maximum stress gradient value as deter-
mined in an uncertainty calculation.
[SEMI MS4]
minimum stress gradient value as deter-
mined in an uncertainty calculation.
[SEMI MS4]
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Urmax

Urmin

usr(ar)

Ucer
ucag
Ueor

csg

Ug(og)

u E(or)

Usy(og)

residual stress of the thin film layer.
[SEMI Ms4]

maximum residual stress value as deter-
mined in an uncertainty calculation.
[SEMI Ms4]

minimum residual stress value as deter-
mined in an uncertainty calculation.
[SEMI MS4]

strain gradient of the thin film layer.
[SEMI MS4]

component in the combined standard
uncertainty calculation for residual
stress that is due to the measurement
uncertainty of &,. [SEMI MS4]
combined standard uncertainty value for
residual strain.

combined standard uncertainty value for
stress gradient.

combined standard uncertainty value for
residual stress.

combined standard uncertainty value for
strain gradient.

component in the combined standard
uncertainty calculation for stress gradi-
ent that is due to the measurement
uncertainty of E. [SEMI MS4]
component in the combined standard
uncertainty calculation for residual
stress that is due to the measurement
uncertainty of E. [SEMI MS4]
component in the combined standard
uncertainty calculation for stress gradi-
ent that is due to the measurement
uncertainty of s, [SEMI MS4]

For round robin measurements:

u cave

the number of reproducibility or repea-
tability measurements.

the average combined standard uncer-
tainty value for the reproducibility or
repeatability measurements. It is equal
to the sum of the u, values divided by n.
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1. Introduction

Microelectromechanical systems (MEMS) foundaries
are emerging from the economic downturn in a strong
position [1]. Applications for MEMS demand robust
reliability [2], which necessitates the consideration of
reliability at the earliest stages of product development
[3]. The U.S. Measurement System (USMS) stated that
there are insufficient measurement data and measure-
ment methods to generate that data to adequately
characterize a MEMS device and its dependence on
fabrication processes [4]. In response to this, SEMI has
published two MEMS standard test methods; one for
measuring Young’s modulus [5] and one for measuring
step heights [6]. This paper presents the technical basis
for the standards and the data from a MEMS Young’s
modulus and step height round robin experiment,
which was used to validate these standards. These
standards are expected to facilitate commerce in
MEMS technologies and improve manufacturing yields
by decreasing interlaboratory differences in these
measurements.

The first MEMS standards were approved by ASTM
in 2002 then validated in 2005 [7-9] with round robin
precision and bias data. These ASTM test methods are
used for measuring in-plane lengths or deflections,
residual strain, and strain gradient. They employ a non-
contact measurement approach using an optical inter-
ferometer. 3

The SEMI test method for measuring Young’s
modulus that is reported in this paper uses an optical
vibrometer, stroboscopic interferometer, or comparable
instrument, and the SEMI test method for step height
measurements also reported in this paper uses an
optical interferometer or comparable instrument.
Therefore, a stroboscopic interferometer can be used
for all five standard test methods for MEMS (the three
ASTM test methods and the two SEMI test methods).

Test structures for use with all five standard test
methods are incorporated on the MEMS Young’s
Modulus and Step Height Round Robin Test Chip,
which is shown in Fig. 1. This chip is also the prototype
for a micro and nano technology (MNT) 5-in-1
standard reference material (SRM) [10]. Using the
MNT 5-in-1 SRM, companies will be able to compare
their in-house measurements taken on the SRM with
NIST measurements thereby validating their use of the
documentary standards.

% In this paper, commercial equipment, instruments, or processes
may be identified. This does not imply recommendation or endorse-
ment by NIST, nor does it imply that the equipment, instruments, or
processes are the best available for the purpose.
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The first test method (SEMI MS4) [5] to be present-
ed in this paper is on Young’s modulus measurements
of thin, reflecting films. As presented in [11], there are
many Young’s modulus methods with values that have
been reported in the literature. The method reported
here is based on the textbook treatment [12] of the aver-
age resonance frequency of a single-layered cantilever
oscillating out-of-plane (recommended and shown in
Fig. 2) or based on the average resonance frequency of
a single layered fixed-fixed beam oscillating out-of-
plane. The resonance frequency method was chosen
due to a) its wide acceptance in the community, b) the
involvement of simple, non-contact, non-destructive
measurements, and c) its ability to obtain measure-
ments from test structures on a single test chip along-
side other test structures. A piezoelectric transducer
(PZT) is used to create the out-of-plane excitations;
however, a PZT is not the only means available for
excitation (for example, thermal excitation [13-15] is
possible). Given the value for Young’s modulus,
residual stress and stress gradient calculations are
possible.

Young’s modulus measurements are an aid in the
design and fabrication of MEMS devices and inte-
grated circuits (ICs). For example, high values of
residual stress can lead to failure mechanisms in
ICs such as electromigration, stress migration, and
delamination. So, methods for its characterization
are of interest for 1C process development and monitor-
ing in order to improve the yield in complementary
metal oxide semiconductor (CMQS) fabrication
processes [16].

The second test method (SEMI MS2) [6] to be pre-
sented in this paper is for step height measurements of
thin films. A step height test structure, such as shown in
Fig. 3(a) with its cross section given in Fig. 3(b), is
used for these measurements. Multiple 2-D data traces
along the top of this test structure, such as traces “a,”
“b,” and “c” in Fig. 3(a), are obtained. A sample 2-D
data trace is given in Fig. 3(c). Data averages and
standard deviations from the 2-D data traces along the
pertinent platforms are recorded.

For data obtained from one step height test structure,
the difference in the platform heights involved in the step
for each 2-D data trace is calculated. The step height,
stepN,y , [or stepl,s as shown in Fig. 3(b)] is the average
of these values from the different 2-D data traces.

Step height measurements can also be obtained from
two step height test structures. The calculations are
slightly different, and this approach is not recommend-
ed due to higher resulting combined standard
uncertainty values [17].



Volume 115, Number 5, September-October 2010
Journal of Research of the National Institute of Standards and Technology

MEMS ROUND ROHTM TEST CHIPF  S5-IN- I SRM  AMIS
l. Y[I.IIIIEE fI1[IEIIJLLI5 w-=

R
E: BN 'IIIIJ i ﬂlllllllll
r = I

'ql

2==5 ﬂl%l
ez ey e |

CERTIFICATION PLUS - Y. GTEP I-EIEHT

LINEWIOTH THICKNE .
s Hu -

5. IN-FLANLE LEIIIETH Waza

IE:I_‘E!_’,EI'_EE h
!g:ul_lg__lg ' b "
Elgul‘:l:u! ! X L_.I

Fig. 1. The MEMS Young’s Modulus and Step Height Round Robin Test Chip.
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Fig. 2. For a cantilever test structure on the test chip shown in Fig. 1 (a) a design rendition and (b) a cross section. In Fig. 2(a), the central
structure (silicon dioxide and silicon nitride atop the silicon substrate) will become an all oxide cantilever after the silicon nitride is removed and
the exposed raw silicon on three of the structures sides and beneath it is etched, as shown in Fig. 2(b). The dimensional markers are typically made

of polysilicon or metal encapsulated in oxide and can be used to obtain a more accurate measurement of the cantilever length after the
post-processing etch.
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Fig. 3. For the step height test structure, on the test chip shown in Fig. 1, with a 0°
orientation (a) a design rendition showing 2-D data traces “a,” “b,” and “c,” (b) its cross
section, (where aa indicates active area, fox indicates field oxide, pl indicates polyl, m2
indicates metal2, and gl indicates glass), and (c) a sample 2-D data trace.

Step height measurements can be used to determine
thin film thickness values [18,19]. Thickness measure-
ments are an aid in the design and fabrication of MEMS
devices and can be used to obtain thin film materials
parameters, such as Young’s modulus [5,16].

The SEMI test methods for Young’s modulus and step
height measurements were used in the MEMS Young’s
modulus and step height round robin experiment to
determine the repeatability of a measurement as well as
to see if independent laboratories could reproduce these
measurements without introducing a bias.

310

For the round robin, test chips were fabricated on the
same processing run. One test chip (the design of which
is shown in Fig. 1) was delivered to each laboratory,
and measurements were taken using the procedures in
the SEMI test methods. The data from these measure-
ments were analyzed using a NIST web-based program
[10] that also verifies the data. Five laboratories
(including NIST) participated in the round robin,
resulting in eight independent data sets (due to different
equipment setups) for Young’s modulus and seven
independent data sets (due to different equipment
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setups) for step heights. The results from this round
robin are reported in this paper.

Section 2 presents the packaged Round Robin
Test Chip. Section 3 presents the technical basis for
the Young’s modulus and step height standard test
methods. Section 4 presents the uncertainty equations.
And, Sec. 5 presents the results of the MEMS Young’s
modulus and step height round robin experiment
followed by the conclusions in Sec. 6. Instrument
specifications are given in Appendix A (Sec. 7).
Supplemental material for Young’s modulus measure-
ments can be found in Appendix B (Sec. 8), and supple-
mental material for step height measurements can be
found in Appendix C (Sec. 9).

2. Packaged Round Robin Test Chip

The MEMS Round Robin Test Chip was fabricated
on a 1.5 ym CMOS process available through MOSIS
[20]. The design for this test chip is depicted in Fig. 1.
The design file (in GDS-1I format) for this chip can be
downloaded from the NIST Semiconductor Electronics
Division (SED) MEMS Calculator website [10].

For the round robin chip design shown in Fig. 1, in a
number of places one mechanical layer is fabricated
into suspended structures such as cantilevers and
fixed-fixed beams. This layer consists of all oxide;
namely, the field oxide, the deposited oxide before and
after the first metal (m1) deposition, and the glass (gl)
layer. [The nitride cap (present atop the glass layer
when the chips are received from MOSIS) was
removed after fabrication using a CF, + O, etch before
a post-processing XeF, etch that released the beams.]

As seen in Fig. 1, the test chip contains six groupings
of test structures with the following labels:

Young’s Modulus,
Residual Strain,
Strain Gradient,
Step Height,
In-Plane Length, and
Certification Plus.

oo wNE

However, for the MEMS Young’s modulus and
step height round robin experiment, we were only con-
cerned with the first and fourth groupings of test struc-
tures, for Young’s modulus and step height measure-
ments, respectively.

In the first grouping of test structures on the Round
Robin Test Chip shown in Fig. 1, Young’s modulus
measurements were made. Cantilever and fixed-fixed
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beam test structures were provided for this purpose with
25 cantilevers grouped above 25 fixed-fixed beams on
this chip; however, for the round robin we were only
concerned with the cantilevers, such as that shown in
Fig. 2. Configurations for the cantilevers on the chip
shown in Fig. 1 are given in Table 1. (See Sec. 3.1 for the
rationale for the chosen cantilever dimensions.)

Table 1. Cantilever configurations for Young’s modulus measure-
ments

Test Structure Cantilevers

Width (in pm) 28

Length (in pm) 200, 248, 300, 348, and 400
Orientation 0°

Mechanical Layer Oxide

Quantity of Beams 5 of each length (or 25 beams)

As shown in Table 1, the cantilever design lengths
are 200 ym, 248 pym, 300 um, 348 ym, and 400 um.
The length of the cantilever (in micrometers) is given at
the top of each column of cantilevers in Fig. 1 follow-
ing the column number (i.e., 1 to 5). The beams are
designed at only a 0° orientation.* There are five
cantilevers designed at each length. Therefore, there are
25 oxide cantilevers with a 0° orientation.

In the fourth grouping of test structures on the Round
Robin Test Chip shown in Fig. 1, step height measure-
ments are made. Step height test structures, such as
shown in Fig. 3, are provided for this purpose for a
metal2-over-polyl (m2-over-pl) step from active area
(aa) to field oxide (fox). The surrounding reference
platform consists of the deposited oxides and metal2
over active area. The metal2 thickness is approximately
1.0 ym.

There are four orientations (0°, 90°, 180°, and 270°)
of the step height test structure shown in Fig. 3(a), and
these orientations are grouped in quads. For the Round
Robin Test Chip in Fig. 1 there are three quads, one of
which is shown in Fig. 4. The quad number is given in
the center of the quad. Therefore, quad “2” (out of 3) is
shown in Fig. 4.

After the chips were received from MOSIS, they
were post-fabricated in a class 100 clean room (to
remove the nitride cap with a CF,+ O, etch and to

4 A 0° orientation implies that the length of the beam is parallel to
the x-axis of the test chip, the axes of which are shown in Fig. 1 and
again in Fig. 2, with the connection point of the cantilever having
a smaller x-value than the x-values associated with the suspended
portion of the cantilever.
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FO-AA

AA-FO

Fig. 4. Adesign rendition of quad “2” from the step height grouping
of test structures in Fig. 1.

release the beams with a XeF, etch), packaged in a
laboratory environment, then stored in a dust-free N,
atmosphere.

Each round robin participant received a packaged
Round Robin Test Chip, as shown in Fig. 5. The pack-
aged part was put together in the following way:

1. Starting with a hybrid package with a pin
arrangement similar to that shown in Fig. 5, the
PZT was secured to the top of the chip cavity
using two thin layers of low stress, non-conduct-

to vibrometer or

comparable
instrument

non-conductive
EPORY

ing epoxy. (The first layer of epoxy ensures that

there will not be a conducting path between the

package and the PZT.)

The PZT has the following properties:

a. The dimensions of the PZT are approxi-
mately 5 mm by 5 mm and 2 mm in height,

b. Itis provided with a red and a black wire,

c. It can achieve a 2.2 ym (x 20 %) displace-
ment at 100 V,

d. It has an electrical capacitance of 250 nF
(+20 %), and

e. It has a resonance frequency greater than
300 kHz, at which or above which it shall
not be operated because it could damage the
PZT.

The two PZT wires were secured to their respec-

tive package connections.

The Round Robin Test Chip was secured to the

top of the PZT using two thin layers of a low

stress non-conducting epoxy. (The first layer of

epoxy ensures that there will not be a conducting

path between the PZT and the test chip. )

The lid (or can) was placed on top of the pack-

age to protect the chip, and the can was secured

to the package with tape before shipment.

Fig. 5. The packaged Round Robin Test Chip.

312



Volume 115, Number 5, September-October 2010
Journal of Research of the National Institute of Standards and Technology

To take measurements on the Round Robin Test
Chip, the can is carefully removed. Young’s modulus
and step height measurements can now be taken. For
Young’s modulus measurements, to operate the PZT,
the red wire is driven with a voltage that is positive rel-
ative to the black wire. To ensure that you have suc-
cessfully connected to the PZT, when activated at 10 V
and 7000 Hz, the resulting PZT vibration is barely
audible.

3. Young’s Modulus and Step Height
Measurements

The technical basis for the standard test method on
Young’s modulus measurements is given in Sec. 3.1,
and the technical basis for the standard test method on
step height measurements is given in Sec. 3.2.

3. 1. Young’s Modulus Measurements

The Young’s modulus of a single layer is obtained
from resonance frequency measurements of a can-
tilever comprised of that layer (such as shown in Fig. 2)
or from resonance frequency measurements of a fixed-
fixed beam comprised of that layer. To determine an
estimate for the fundamental resonance frequency of a
cantilever, f..i:, the following equation (as derived in
Sec. 8.1) is used:®

f — Eirli'(t2
caninit 38330P|—§an '

where E;;, is the initial estimate for the Young’s modu-
lus value of the thin film layer, t is the thickness, p is
the density, and L., is the suspended length of the
cantilever.

Measurements are taken at frequencies which
encompass f.iii, and an excitation-magnitude versus
frequency plot is obtained from which the resonance
frequency is found. For a given cantilever, three meas-
urements of resonance frequency are obtained (namely,
freasts Tmeaszr AN freap). If these are undamped measure-
ments (e.g., if they are performed in a vacuum) they
are called fundampedll fundampele and fundampedS! reSpECtiVEIy'

@)

5 By inserting the inputs into the correct locations on the appropri-
ate NIST Web page (http://www.eeel.nist.gov/812/test-structures/
MEMSCalculator.htm), the calculations can be performed on-line in
a matter of seconds.
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If these are damped measurements they are called
foampedts Taampedz» @NA faampeas,  respectively. For each
damped frequency (fuumpeds faampedzs AN Faampeds), @ coIre-
sponding undamped frequency (fidampeds fungampesz @N
fundampeas» r€SPECtively) is calculated using the equation
below:

fdamped n
undampedn ’

-1 )
4Q2

f

where the n in the subscript of fy,eqn aNd fngampean 1S 1,
2, or 3 and where Q is the oscillatory quality factor of
the cantilever as given by the following equation [21]:

2

_ Wcan Einit p t

Q_TL_'

@)
where W, is the suspended cantilever width and p is
the viscosity (in air, y = 1.84 x 10~ Ns/m? at 20 °C).
The cantilever dimensions for the Round Robin Test
Chip in Fig. 1, as specified in Table 1, were chosen
such that 5 ym < W, <40 pym, W, >t, and L., >>t
where t=2.743 um, as determined by the electro-
physical technique [18]. Data Sheet T.1 [10] can be
used to calculate t. In addition, the cantilever dimen-
sions were chosen to achieve a) an estimated reso-
nance frequency between 10 kHz and 75 kHz using
Eq. (1) with the assumptions that E;; =70 GPa and
p=2.2glcm? b) a Q value above 30 using Eq. (3), and
c) a value less than 2 % for py; as given by the follow-

ing equation:
100% = 1-/1- 12 100%. @
4Q

See Table 2 for the calculations of f .., Q, and pg for
the chosen dimensions.

fdamped n

Parr = 1~

undampedn

Table 2. Calculations of fgnnit, Q. and pgi for the designed
cantilever lengths (Wg,, = 28 pm)

Lean fcaninit Q Paiff

(um) (kHz) (%)

200 62.5 148.0 0.0006
248 40.6 96.3 0.0013
300 27.8 65.8 0.0029
348% 20.6 48.9 0.0052
400 15.6 37.0 0.0091

# These values were chosen in order to design on a 0.8 um grid to
simplify the interface with MOSIS and the fabrication facility.
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Also, to ensure that the resonance frequency of the
cantilever is not altered by squeeze film or other damp-
ing phenomena,® the cantilever should be suspended
high enough above the underlying layer such that its
motion is not altered by the underlying layer.” In other
words, the gap, d, between the suspended cantilever
and the underlying layer should adhere to the following
equation [22]:

d >_cn (5)

Therefore, if W, =28 um, the gap between the
suspended cantilever and the underlying layer should
be at least 9.3 um.

The average undamped resonance frequency, f.,, IS
calculated from the three undamped resonance frequen-
cies using the following equation:

+ f

undamped2 + fmdampeds (6)

_ fundampedl

can
3

—

Given the measured value for f_,,, the Young’s modulus
value, E, is calculated as follows:

E = 487T2 p f(:i\n Léan — 38330p fr:in L:an (7)
1875° t |

which assumes clamped-free boundary conditions and
no undercutting of the beam. The derivation of this
equation is presented in Sec.8.1. The combined
standard uncertainty for E, or uy, is given in Sec. 4.2.
Residual stress and stress gradient equations for this
thin film layer can be found in Sec.8.2. Consult
Sec. 8.3 for Young’s modulus measurements obtained
from fixed-fixed beams.

3.2 Step Height Measurements

Step height measurements can be taken from either
one or two step height test structures; however,
measurements from one step height test structure are

recommended due to lower resulting values for the
combined standard uncertainty, U [17].

If one step height test structure is used to obtain a
step height measurement, three 2-D data traces [“a,”
“b,” and “c,” as shown in Fig. 3(a)] are taken along the
top of the test structure, a cross section of which is
given in Fig. 3(b). A sample 2-D data trace is shown in
Fig. 3(c). All height measurements are with respect to
the height of the surrounding reference platform that is
used to level and zero the data. For generic test struc-
ture “N” with platforms labelled “X” and “Y,” the indi-
vidual platform height measurements (namely,
platNXa, platNXb, platNXc, platNYa, platNYb, and
platNYc) and the standard deviations (Gpanxa Tpans
Opianxe Opiatnvas Oplanvos @NA Tpaye) from the two plat-
forms involved in the step in data traces “a,” “b,” and
“c” are recorded.® If the test structure in Fig. 3(a) is
called test structure “1,” then for the step in test struc-
ture “1” from platform “A” to platform “B,” the plat-
form height measurements would be platlAa, plat1Ab,
platlAc, platlBa, platlBb, and platlBc, and the
standard deviations would be Opaupas Opiacians Oplattac
Optattar Oplaep » AN Tape - Therefore, 12 measurements
are obtained (6 from platform “A” and 6 from platform
“B”).

For each 2-D data trace, the difference in the plat-
form heights involved in a step (in general, stepN,y,)°
is calculated using the following equation:

stepN,,, = platNYt — platNXt (8)

7

where t is the data trace (“a,” “b,” “c,” etc.) being
examined. For the step shown in Fig. 3(b) from
platform “A” to platform “B,” the equations are:

stepl,,, = platlBa - platlAa, ©)
stepl,,, = platlBb — platlAb, (10)
and

stepl,g. = platlBc - platlAc. (11)

6 Squeeze film and other damping phenomena routinely lead to amplitude dependent resonance frequencies and shifts in the natural frequency

of the system, which may limit the accuracy of the technique.

" The damping may not be present in bulk-micromachining processes because it is dependent upon the depth of the cavity and the vicinity of the
sides of the cavity to the beam. (The damping phenomena are expected to be present in surface micromachining processes without the use of a

backside etch, unless the measurement is performed in a vacuum.)

8 Consult the List of Symbols for the nomenclature used for platNXt and Ty -

® Consult the List of Symbols.
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The step height, stepN,,, is the average of the
values from the different 2-D data traces as given
below:

StepN » = StepN XYa + Step:;\I XYb + StepN XYc , (12)

or for the step shown in Fig. 3(b), the step height,
stepl,g, is:

_ steplg, +steplyg, + steplg, (13)

stepl,s 3

The combined standard uncertainty, U., for stepNyy,
is given in Sec. 4.3. Consult Sec. 9. 1 for a step height
measurement obtained from two step height test
structures.

4. Uncertainty Equations

In this section, the equations used to determine the
values of the combined standard uncertainty [17], u,,
are presented. Sec. 4.1 presents the basic combined
standard uncertainty equation, and Sec. 4.2 and Sec 4.3
present the more specific uncertainty equations for
Young’s modulus and step height measurements,
respectively.

4.1 Combined Standard Uncertainty Equation

The combined standard uncertainty, u,, [17] is calcu-
lated as the estimated standard deviation of the result. It
is equal to the square root of the sum of the squares of
the uncertainty components where each component
must have the same units as u, (e.g., GPa).

For the case of three sources of uncertainty, the
uncertainty equation would be as follows:

U, = U +u,” +u,? (14)

where u, is the uncertainty component due to the first
source of uncertainty, u, is the uncertainty component
due to the second source of uncertainty, and us is due to
the third source of uncertainty. Additional terms may be
added under the square root sign for additional sources
of uncertainty.

4.2 Young’s Modulus Uncertainty Equations

In this section, a combined standard uncertainty
equation is presented for use with Young’s modulus
measurements (ug) as obtained from resonance fre-
quency measurements from a cantilever. For these
measurements, six sources of uncertainty are identified
with all other sources considered negligible. The six
sources of uncertainty are the uncertainty of the thick-
ness (Uwig), the uncertainty of the density (u,), the
uncertainty of the cantilever length (u,), the uncertain-
ty of the average resonance frequency (Uy.,), the uncer-
tainty due to the frequency resolution (Ug.,), and the
uncertainty due to damping (Ug,y,). As such, the com-
bined standard uncertainty equation for u (as calculat-
ed in SEMI Test Method MS4 [5] and in Data Analysis
Sheet YM. 1 [10]) with six sources of uncertainty is as
follows:

— [ 2 42 + 12 2 2
U = \/uthick + Up +u+ ufreq F Upesor T qiamp ' (15)

In determining the combined standard uncertainty, a
Type B evaluation [17] (i.e., one that uses means other
than the statistical Type A analysis) is used for each
source of error. Table 3 gives sample values for each of
these uncertainty components.

The uncertainty for uy, is determined from calculat-
ed minimum and maximum Young’s modulus values
(namely, E,;, and E,.,, respectively). It is derived using
the extremes of values expected for the cantilever
thickness as given below:

38.330p 12, L,
min = e (16)
(t +30 )
and
_38330pf2 Ly,
= 17)
(t ~ 30 )

where gy, IS the one sigma uncertainty of the value of
t, which is found using the electro-physical technique
[18]. Data Sheet T.1 [10] can be used to calculate Gy, -
With 99.7 % confidence, assuming a Gaussian distribu-
tion (and assuming U, Uy, Ugeq: Ugresor, @Nd Uggy, QUL
zero), the value for E lies between E.;, and E,,,.
Therefore, uy,q is calculated as follows:

Emax - Emin
Uik = T (18)
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Table 3. Sample Young’s modulus uncertainty values (assuming E;,;; = 70 GPa)

uncertainty

Type Aor Type B value (in GPa)

Uthick Type B 2.8
(using t = 2.743 pm and Oyyg = 0.058 pm)

Uup Type B 15
(using p=2.2 g/cm’ and g, = 0.05 gicm®)

u. Type B 0.17
(using Lg,, =300 pm and o = 0.2 um)

Utreq Type B 0.027
(using fieas1 = 26.82625 kHz,
fineas2 = 26.8351 kHz,
and fee3 = 26.8251 kHz)

Ufresol Type B 0.0018
(using frego = 1.25 Hz)

Ugamp Type B 0.0004
(using Wy, =28 ym and gy, = 0.1 um
and using p = 1.84 x 10° Ns/m? and ¢, = 0.01 x 10° Ns/m?)

Uce 3.2
— 2 2 2 2 2 2
- \/uthick + up + uL + ufreq + uhesol + lhamp

U 9.5

aThis 3uce uncertainty is plotted in Fig. 6 with the repeatability data point corresponding to the first cantilever with length of 300 um.

In the same way, to determine the uncertainty com-
ponent, u,, the calculated minimum and maximum
Young’s modulus values (namely, E,,;, and E,,., respec-
tively) are given below:

38.330 (0 -30, )2, L2, 19)
min — t2
and
_38.330(p+30, )2 L%, (20)

max '

t2

where g, is the estimated one sigma uncertainty of the
value of p. The uncertainty component, u,,, is therefore
calculated in the same way as before:

-E

max

6

— min (21)
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The uncertainty equation for u, is determined from
the minimum and maximum Young’s modulus values
(namely, E;, and E,,, respectively) as given below:

(22)

can
min
t

_38.330pf2 (L, —30, )
- 2

and

(23)

38.330pf2 (L, +30, )’
= 2 ,

max t

where g, is the estimated one sigma uncertainty of the
value of L,,. Therefore, u, is calculated as follows:

(24)
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The uncertainty equation for Uy, is determined from
the minimum and maximum Young’s modulus values
(namely, E;, and E,,, respectively) as given below:

38330p (fcan _3Gfreq )2 Léan (25)
min = t2
and
- 38330p (fcan +3O-freq )2 Léan (26)

max 1

t2
where 0y, is the one sigma uncertainty of the value of
fen. Therefore, Uy, is calculated as follows:

Emax - Emin

u freq = T (27)

The uncertainty equation for Uy, is determined from
the minimum and maximum Young’s modulus values
(namely, E;, and E,,, respectively) as given below:

2
38.330p f, —% L, (28)
Emin = tz
and
f 2
38330p fcan +%Ol Lgan (29)
E =

max

tZ

where ., is the frequency resolution for the given set
of measurement conditions. Assuming a uniform (i.e.,
rectangular) probability distribution (and assuming
Uigks Ups Uy Upeq, @Nd Uy, €Qual zero), the value for
E lies between E;, and E,,. Therefore, Ug., iS calcu-
lated as follows:

_Emax_E

u =
fresol 2 \/é

min

(30)

If undamped resonance frequencies (e.g., if the
measurements were performed in a vacuum) were
recorded as fiea:, frnessz» AN oz, then Uy, is set equal
to 0.0 Pa. For damped resonance frequencies (i.e., if
Trneast » Tmeasz» @Nd T ..s Were damped measurements), the
uncertainty equation for Ug,,, is determined from the
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minimum and maximum Young’s modulus values
(namely, E;, and E,,, respectively) as given below:

38330p(f,, -30,) i (3D)
min = t2
and
2
383300 (f, +30, S L (32)

max

t2

where the calculation for oy, is given in Sec. 8.6.
Therefore, Ug,py, is calculated as follows:

-E.., (33)

udamp = 6

4.3. Step Height Uncertainty Equations

In this section, a combined standard uncertainty
equation is presented for use with step height measure-
ments (Usy). Six sources of uncertainty are identified
with all other sources of uncertainty considered
negligible. The six sources of uncertainty are the uncer-
tainty of the measurement across the length of the step
(Usep) Where the length is measured perpendicular to
the edge of the step, the uncertainty of the measurement
across the width of the step (Uye,) Where the width is
measured parallel to the edge of the step, the uncertain-
ty of the value of the physical step height used for
calibration (u.y), the uncertainty of the measurement
due to the repeatability (U.p,), the uncertainty due to
the amount of drift during the data session (ug), and
the uncertainty of a measurement due to the deviation
from height linearity of the data scan (U, )- AS such,
the combined standard uncertainty equation (as calcu-
lated in SEMI Test Method MS2 [6] and in Data
Analysis Sheet SH.1[10]) with six sources of uncer-
tainty is as follows:

2

— 2 2 34
ucSH - \/uLstep + u\Nstep + ucen ( )

2 2 2
+ Urepeat + l‘érif'( + Lllinear '

In determining the combined standard uncertainty, a
Type B evaluation [17] (i.e., one that uses means other
than the statistical Type A analysis) is used for each Type
B source of error, except where noted. Table 4 gives
sample values for each of these uncertainty components.
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Fig. 9. Schematic of a typical setup for a single beam laser vibrometer. (PBS indicates a polarizing beam
splitter, BS indicates a beam splitter, P indicates a prism, and PD indicates a photodetector.)

the beam splitter where the reference beam is used to
directly eliminate any movement of the sample also
experienced by the measurement beam.

For a stroboscopioc interferometer, a simplified
schematic of a typical setup is shown in Fig. 10(a).
When operated in the static mode, the interferometer is
used to determine surface profiles. The incident light
travels through the microscope objective to the beam
splitter. Half of the light travels to the sample surface
and then back to the beam splitter. The other half is
reflected to a reference surface and then back to the
beam splitter. These two paths of light recombine at the
beam splitter to form interference light fringes. As the
interferometer scans downward, an intensity envelope

incorporating these fringes is determined by the soft-
ware [see Fig. 10(b)]. The peak contrast of the fringes,
phase, or both are used in determining the sample
height at that pixel location. The surface profile is
found by collecting sample height data for each pixel
within the field of view (FOV). When operated in the
dynamic mode, the incident light is strobed at the same
frequency as that used to actuate the device. The
sample is actuated, for example, after securing it to the
top of a PZT. The phase, frequency, and drive signal to
the strobe and PZT are varied, performing a downward
scan as is done for static devices at each combination to
obtain successive 3D images as the sample cycles
through its range of motion.

Fig. 10. For a typical stroboscopic interferometer (a) a schematic and (b) an intensity envelope used to obtain

a pixel’s sample height.
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Specifications for the (previous) above instruments or a
comparable instrument are as follows:

1. The microscope objective or objectives should
be chosen to allow for sufficient resolution of the
cantilever or fixed-fixed beam and a portion of the
surrounding sample. The objective(s) should have a
FOV that can encompass at least half of the length of
the cantilever or fixed-fixed beam being measured.
Typically, a 4x and a 20x objective will suffice.

2. The signal generator should be able to produce a
waveform function (such as a periodic chirp function®
or a sine wave function®) if applicable, such that from
its use, a reproducible resonance frequency can be
obtained and good 3-D oscillating images can be
obtained such that it is obvious by inspection that the
beam is in resonance.

3. The instrument shall be capable of producing a
magnitude versus frequency plot from which the
resonance frequency can be obtained.

4. The instrument should be capable of obtaining 3-D
images of beam oscillations in order to ascertain if the
correct frequency peak has been chosen as the beam’s
resonance frequency.

5. An estimate for the maximum frequency of the
instrument needed for a resonating cantilever, f i, 1S
at least the value calculated using the following

equation:*®
f - inittz
caninit 38330P|—2an '

(51)

% The periodic chirp function enables quick results without averag-
ing. For the periodic chirp function, sinusoidal signals (within the
selected frequency range and of the same amplitude) are emitted
simultaneously for all fast Fourier transform (FFT) lines. The period-
ic chirp function is periodic within the time window, and the phases
are adapted to maximize the energy of the resulting signal.

7 The periodic chirp function produces a reproducible resonance
frequency. A sine wave sweep function produces a resonance
frequency that can be affected by the direction of the sweep if there
is not a sufficient amount of time between measurements.

1 By inserting the inputs into the correct locations on the appropri-
ate NIST Web page [10], the given calculation can be performed
on-line in a matter of seconds.
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as derived in Sec. 8.1. An estimate for the maximum
frequency of the instrument needed for a resonating
fixed-fixed beam, fg;.imi, 1S at least the value calculated
using the following equation:

2
f oinieni = . )
0.946 pL%,

as derived in Sec. 8.5.

(52)

6. An instrument that can make differential measure-
ments (e.g., with the use of two laser beams) is recom-
mended for use with fixed-fixed beams. It is also
recommended for use with cantilevers, especially for
estimated resonance frequencies less than 10 kHz and
also if the value for py; as calculated in the following
equation is greater than or equal to 2 %:

1
Pag = 1- /1—4Q2 100% .

For a cantilever, the Q-factor, Q, in the above equation
can be estimated using the following equation:

(53)

Wcan Einit p L

241 Lean 9

Q:

7.2 Instrument Specifications for Step Height

Measurements

For step height measurements, an optical interfero-
metric microscope or comparable instrument is used
that is capable of obtaining topographical 2-D data
traces. (The stroboscopic interferometer operated in the
static mode, as described in Sec. 7.1, can be used for
these measurements.) Figure 11 is a schematic of a typ-
ical optical interferometric microscope that uses the
method of coherence scanning interferometry [26], also
called vertical scanning interferometry or scanning
white light interferometry, for these measurements.
However, any calibrated topography measuring instru-
ment that has pixel-to-pixel spacings or sampling
intervals as specified in Table 10 and that is
capable of performing the test procedure with a vertical
resolution less than 1 nm is permitted. The optical
interferometric microscope or comparable instrument
must be capable of measuring step heights to at least 5
pum higher than the step heights to be measured and
must be capable of extracting standard deviations.
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Fig. 11. Schematic of an optical interferometric microscope operating in the Mirau configuration where the
beam splitter and the reference surface are between the microscope objective and the sample.

Table 10. Interferometer pixel-to-pixel spacing requirements®

Magnification, x Pixel-to-pixel spacing, um

5 <157
10 <0.83
20 <0.39
40 <0.21
80 <0.11

% This table does not include magnifications at or less than 2.5 x for
optical interferometry because the pixel-to-pixel spacings will be too
large for this work and the possible introduction of a second set of
interferometric fringes in the data set at these magnifications can
adversely affect the data. Therefore, magnifications at or less than
2.5 x shall not be used with optical interferometry.

8. Appendix B.
Supplemental Material for Young’s
Modulus Measurements

This appendix contains supplemental material for
Young’s modulus measurements for reference only. In
Sec. 8.1, the derivation of the Young’s modulus equa-
tion from a resonating cantilever is presented. In
Sec. 8.2, the residual stress and stress gradient equa-
tions are given. The equations for Young’s modulus
measurements as obtained from a fixed-fixed beam are
given in Sec. 8.3 followed by two derivations. The
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deriviation of the Young’s modulus equation from a
resonating fixed-fixed beam assuming simply support-
ed boundary conditions is given in Sec. 8.4, and the
derivation of the Young’s modulus equation from a
resonating fixed-fixed beam assuming clamped-
clamped boundary conditions is given in Sec. 8.5.
Lastly, Sec.8.6 presents the calculation of oy, as
discussed in Sec. 4.2.

8.1 Derivation of Young’s Modulus Equation
From a Resonating Cantilever

In this section, the Young’s modulus equation is pre-
sented as derived, in a manner similar to that presented
in [12], from measurements taken on a resonating
cantilever. Clamped-free boundary conditions are
assumed, as given by the following equations:

(X )x=0 =0, (55)
x oy, (56)
dX x=0
2
X o, (57)
ax® |

and
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d*X

3
x>

:0,

(58)

where the cantilever attachment point is at x =0 pm,
where the tip of the cantilever is at x = L, where L is the
length of the cantilever, and where X is the normal
function [12].

The equation of motion for all free transverse vibra-
tions is given by the following equation [12]:

d*X
dx*

PA

El

WX =0, (59)

where E, I, p, A, and w are the Young’s modulus, the
area moment of inertia about the neutral axis, the
density, the area, and the angular frequency, respective-
ly. To help solve this fourth-order differential equation,
the following notation is introduced:

w = ak? = k? /ﬂ
PA

such that the equation of motion can be given by the
following equation:

(60)

d*X

— k4x = 0 . (61)
dx*
A solution to the above equation yields:
X =C,(cos kx +cosh kx) + C,(cos kx —cosh kx) (62)

+C, (sinkx +sinh kx) + C,(sin kx —sinh kx) .

[This can be demonstrated by differentiating Eq. (62)
four times and plugging the result into Eq. (61) along
with Eq. (62) to achieve an identity.] Applying the four
boundary conditions yields the following equation:

2 =2 2 H 2
(cos kL +sin kL)+ (cosh kL —sinh kL) 63)
= -2coskLcosh kL .

However, since

cos® x+sin? x=1 (64)

and

cosh? x-sinh® x =1, (65)
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Equation (63) can be rewritten as

cosk,LcoshkL =-1, (66)
1 . .
where kL= I_E T with 1=1,2,3...0
or k.L=1.875 4.694, 7.855,....
The frequency equation is given by:
2
f =9 o aki (67)
2 2nm
where
a= |EL (68)
PA
Therefore, for k,L = 1.875, we have
a ki’ _a 1875 ° 6
Yom P 2m L (69)
or
_(1875) [EI (70)
1= 52 4 a
2L PA
But
I
| —EAI , (71)
or rewritten
ot (72)
A 12
where t is the thickness so
1.875)
U87) L E_piest B (7
2nl? 12\ p
and
Et’
f= (74)
38.330pL

stated already as Eq. (1) in Sec. 3.1 and Eq. (51) in
Sec. 7.1. Soving for E produces the following equation:

_38.330p f2L

(79)
t2

E

or Eq. (7) in Sec. 3.1.









































