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In this paper, we describe a way of finding the optimum resonator geometry required to
determine a reasonably accurate Young’s modulus of submicron-thick Al films. The films with
thicknesses ranging from 15 to 380 nm are deposited onto the back of specially designed fan-
shaped resonators by vacuum evaporation. Young’s modulus is calculated from the difference
in resonant frequencies obtained before and after the deposition. By using resonators with
the support beam length larger than 75 um and cross-sectional aspect ratio larger than 1.0, the
measured Young’s moduli of the Al films are close to the bulk value. When the films were
thicker than 50 nm, the moduli show no film thickness effect (57.5 £ 5.8 GPa on average).
Young’s moduli measured by resonance testing are compared with those measured by
nanoindentation testing. The reliability of the measured Young’s moduli is discussed in light of
resonant frequency and film thickness measurement cancellations of significant digits.

1. Introduction

Submicron-thick films made of a variety of materials, such as metals, alloys, polymers, and
ceramics, are commonly used in semiconductor devices and micro/nano-electromechanical
systems (MEMS/NEMS).(I) Almost all of the films play some kind of functional roles, for
example, surface passivation, diffusion barrier, wiring, and base structure. One important thing
impossible to overlook is that these functional films are part of the structural components of a
device. In semiconductor devices and MEMS/NEMS, submicron-thick films are subjected to
thermal stress and/or mechanical stress, which will degrade the performance and reliability of
these devices. For the achievement of safe and reliable devices with steady performance and
long-term durability, understanding of the mechanical properties of films in addition to their
functional performances through experiments is required.”
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Knowledge of the mechanical properties of submicron-thick films is indispensable for the
structural design of devices with such thin films. To experimentally measure the mechanical

(14-16) 414

characteristics at the nano- or submicron scale, tensile,(yn) bulge,(12’13) ultrasonic,
nanoindentation!'® tests are typically performed. Among these tests, the tensile test is
representative even for nanomaterials, although is well known as a commonly used method
for bulk materials. Its strongest point is the direct obtainment of the stress—strain relation,
which can provide various fundamental mechanical properties, such as Young’s modulus,
yield strength, work-hardening coefficient, tensile strength, fracture strength, and breaking
strain. If lateral strain can be measured experimentally, Poisson’s ratio can also be determined.
However, the experimental setup, which includes nanoscale specimen preparation, specimen
chucking, and force and displacement measurements, is at a very high level; therefore, it is
very difficult to precisely perform the test. The bulge test is a method that has been developed
only for thin films. The test is technically advantageous to membrane sample preparation and
force application, which means the test is simple. However, nonuniform stress distribution,
which leads to deviation from the true value, around the membrane—substrate boundary is
sure to occur, which might reduce the accuracy of the obtained mechanical characteristic
values. Scanning acoustic microscopy has potential as a nondestructive method for directly
measuring Young’s modulus of submicron-thick films. The acoustic method is superior in that
specimen preparation, where a film is merely deposited onto a substrate, is easy, so it is suitable
particularly for hard coating films, such as diamond-like carbon.'"¥  However, for accurate
measurement in submicron-thick film specimens, the method requires a wide in-plane area
and a constant film thickness. The nanoindentation test is a powerful tool for obtaining the
mechanical characteristics of film materials, but advantages and disadvantages coexist in the
method. The effect of the substrate is critical in discussing the true mechanical properties of
films. When the penetration depth is larger than the film thickness, the obtained results are
sure to include not only the film’s mechanical properties but also the substrate’s properties.
Although it is typically known that the depth should be controlled to be less than one-tenth the
film thickness, this control with submicron-thick films is quite difficult. Another difficulty is
the effect of indenter tip shape. When the depth is smaller than the film thickness (although
the depth is always small for submicron-thick films), a high roundness of the indenter definitely
yields a negative effect on the accurate derivation of the mechanical properties. Therefore,
even though these experimental techniques, for which commercial test equipment is already
available, are used, technical difficulties in accurately measuring the mechanical properties of
submicron-thick films still remain.

The purpose of this work is to establish an experimental technique using the designed and
produced MEMS resonators made of single-crystal Si (SCS) for quantitatively and simply
measuring Young’s moduli of submicron-thick films. In this work, we prepare 15-380-nm-
thick Al films deposited by vacuum evaporation, and experimentally measure their Young’s
moduli by the resonance test method.!” 2" The reliability of the measured values is discussed
from the viewpoint of the cancellation of significant digits of measured resonant frequency
and film thickness values. Also, the Young’s moduli are compared with those obtained by the
nanoindentation test, and the usefulness of the resonance method is discussed.
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2. Derivation of Young’s Modulus

Figure 1 shows a photograph of the designed and produced MEMS resonator along
with its schematic. The resonator consists of a fan-shaped vibration body, a comb-
drive electrostatic actuator for resonance motion generation, a capacitive sensor for
vibration amplitude measurement, a gauge for in-plane rotation angle measurement using
a charge-coupled device (CCD) image analysis system, and a rectangular solid beam for
rotation support. The basic design was proposed by Muhlstein and co-workers. 22730 Using
the device, they investigated fatigue phenomena in poly-crystal Si,?*27) SCS,®%2% and other

materials.®?

We redesigned their resonator to optimize the shape and dimensions for the
quantitative measurement of Young’s moduli of submicron-thick films. The redesign of the
resonator was conducted in consideration of two things: matching the deformation of the film
and substrate, and matching the shape and dimensions of the actual device to Egs. (1)—(3) below.
The redesigned resonators were fabricated from 4 in. silicon-on-insulator (SOI) wafers with a
5-um-thick device layer and a 0.2-um-thick buried-oxide layer by conventional micromachining
technologies including deep reactive ion etching (DRIE). Since the smooth sidewalls of a
resonator are important for the accurate derivation of Young’s modulus, focused ion beam (FIB)
milling for removing a scallop pattern on the sidewalls was performed. For the support beam in
the resonators used in this work, the length was 25-100 um and the cross-sectional aspect ratio
was 0.4-2.3. Resonators with a longer support beam failed during the fabrication process; thus,
unfortunately, they could not be used in this work.

On the basis of the linear elastic theory for isotropic materials, the resonant frequency f for
this type of resonator before film deposition is given as®)

Gauge for vibration angle measurement

Resonator

R

Comb-drive Capacitive
actuator sensor

54800 5.0kV 8.0mm x150 SE(M) 2014

Fig. 1.  Photograph of fan-shaped in-plane-motion MEMS resonator fabricated by conventional micromachining
technologies. The dimensions of all the mechanical parts were used for the calculation of Young’s moduli of the Al
film and SCS substrate.
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where k and J are the spring constant of the rotation support beam and the moment of inertia of

the resonator, respectively, which can be expressed as
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E and p are Young’s modulus and density of the structural material of the resonator, respectively.*"

X in Eq. (1) indicates the terms inside the large square bracket in Eq. (3). Other dimensional
parameters in Egs. (1)—(3) are defined in Fig. 1. Equation (1) indicates that, by experimentally
measuring f, E can be obtained directly.

After f was measured in the experiment, Al film was deposited by vacuum evaporation.
Since the top surface of the device chip includes wirings for voltage-signal application and
electric charge measurement, the film was deposited onto the back of the resonators made with
a device layer of a SOI wafer, as illustrated in Fig. 2. A 1.0-mm-diameter Al wire with a purity
of 99.999% was used as a target material. A current of 50 A was applied to a tungsten boat for
Al evaporation. The film thickness was controlled by changing the evaporation time. Since
there is a through-hole beneath each resonator fabricated by DRIE, the film can be deposited
onto only the resonator’s back surface (without deposition onto the top surface). In addition, the
deposition was conducted from directly underneath the through-hole to deposit the Al film as
uniform as possible onto a resonator. If the deposition is conducted at an inclined angle, owing
to the shadowing effect of the wall of the handling wafer around the through-hole, the deposited
film thickness is not uniform. With this deposition, the resonators become double layered: an
Al film layer plus a SCS layer. Only the thickness of the resonators is changed (no other in-
plane dimensions are changed).

As the result, the resonant frequency fi+, of double-layered resonators after the deposition is
changed from the f of single-layer resonators and can be expressed as

s Eppw’

, Q)
27\ 3p,,1X

f1+2 =

where the suffixes 1 and 2 are indicative of the SCS substrate and Al film, respectively. Eji
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Fig.2. Schematic of Young’s modulus derivation for Al film. First, the resonant frequency f; for the SCS
resonator is measured. Then, an Al film is deposited onto the back by vacuum evaporation. After that, the resonant
frequency f1+2 for the Al-film-deposited SCS resonator is measured. Young’s modulus of the Al film is determined
from the difference in resonant frequency between before and after the film deposition.

is the apparent Young’s modulus of the support beam consisting of double layers with the SCS
substrate and Al film. Assuming that all the materials used obey the linear elastic theory, Ej+»

is given as®?
2
ho Ey + D Eyv,
2 2
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where E, v, and ¢ are Young’s modulus, Poisson’s ratio, and thickness, respectively. The
subscripts 1 and 2 are indicative of the SCS substrate and Al film, respectively. When vy is
identical to v, E1+5 can be expressed as

E p—
1+2 tl N t2

©6)

The calculation of Eq. (5) including high-order terms is very complicated, even if v, is
known prior to the experiment. By contrast, Eq. (6) can be roughly and simply calculated,
although it may have an uncertainty of several percent at most.®? The uncertainty is
quantitatively discussed later. For simple calculation, we have decided to use Eq. (6) in this
study.

The mean density p1+, of the double-layered resonators in Eq. (4) can be expressed as
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where p; and p; are the densities of the SCS substrate and Al film, respectively. By substituting
Egs. (6) and (7) into Eq. (4), £; of the Al film can be obtained as

fi ? L P t
_ J1+2 a2
fa=h ( S j (f2+/?1j | B

In this study, 2329 and 2700 kg/m? were applied to p; and p, for SCS and Al, respectively.343>)

Thus, by measuring fi and #; before the Al film deposition, and also by measuring fi+> and #»
after the deposition, £> of the film can be obtained directly from the experiments.

3. Experimental Setup

Figure 3 shows a schematic of the experimental setup for the resonance test. The setup is
composed of a manual prober (K-160MP, Kyowa Riken) with high-precision tungsten-carbide
microprobes, a frequency response analyzer (FRA5022, NF Corporation), a high-speed bipolar
amplifier (BA4825, NF Corporation), a digital microscope (VHX-1000, KEYENCE) , and a
computer. The probes were used to apply driving voltages ranging from 20 to 40 V, with
sinusoidal waveform to electrodes on device chips. During the device operation, the phase and
amplitude signals from a capacitive sensor were recorded in each test. As shown in Fig. 4, the
phase curves before and after the Al film deposition are found to be different. The frequency
at the peak position in each phase curve denotes resonant frequency, which was determined by
curve fitting with the Lorenz function. In this case, the resonant frequency of the SCS resonator

Digital microscope

Fig. 3. Schematic of resonance test setup used in this work.



Sensors and Materials, Vol. 31, No. 3 (2019) 719

T T T T T T T T T
I O Before deposition 1
0.05 - @ After deposition B

-0.15

Difference of phase, deg
=]
=
T

-0.20

-0.25

14000 14050 14100 14150 14200

Frequency, Hz

Fig. 4. Representative phase curves before and after Al film deposition. The frequencies at the peak positions of
the two curves indicate the resonant frequencies of the resonator before and after Al film deposition. The difference
is important in the derivation of Young’s modulus of the film.

was 14113 Hz. After the deposition of a 100-nm-thick Al film onto the resonator, the frequency
was changed to 14098 Hz. From these values, the film’s Young’s modulus can be calculated
as 65.0 GPa using Eq. (8). The resolution of the frequency measurement with the analyzer
is 0.01 Hz, and the accuracy of determining the resonant frequency is approximately 0.1 Hz
at least. The thicknesses of the Al films were measured using an atomic force microscope
(SP14000, Seiko Instruments) with the resolution of 0.1 nm in the out-of-plane direction. The
measurement accuracy is considered to be around 1 nm. All the tests were carried out at
ambient temperature in laboratory air.

4. Experimental Results and Discussion
4.1 Resonance test results

Figure 5 shows the relationship between the aspect ratio of the support beam and the
difference in resonant frequencies before and after the Al film deposition. The aspect ratio a
was defined as the thickness-to-width ratio of the beam. The difference in resonant frequencies
was calculated by subtracting the resonant frequency after the Al film deposition from that
before the deposition. The circles and squares indicate the results obtained using resonators
with beam aspect ratio larger and smaller than 1, respectively. The difference in the darkness
of each plot color indicates the difference in the length of the support beam. That is, a darker
colored plot denotes a result obtained using the resonator with a long support beam. The length
[ of the beam ranges from 25 to 100 pm. The resonant frequencies of the resonators are found
to definitely decrease after the Al film deposition owing to an increase in the whole mass.
The difference in resonant frequencies decreases with the increase in the aspect ratio of the
support beam as well as the increase in the beam length. This implies that a resonator with a
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Fig. 5. (Color online) Relationship between aspect ratio of support beam and difference in resonant frequencies
before and after Al film deposition.

low resonant frequency has a small difference in the frequencies between before and after the
film deposition. The differences in resonant frequencies in each plot are scattered because
the thicknesses of the evaporated Al films differ from each other. That is, the data of films of
various thicknesses are included in each plot. The thicknesses of the films evaluated here range
from 15 to 380 nm.

Figure 6(a) shows the relationship between the aspect ratio of the support beam and Young’s
moduli of the Al films. The definition of the symbols used here is the same as that in Fig. 5.
When the length and aspect ratio of the support beam are 25 pm and 0.39, respectively, Young’s
modulus of the Al film is 23.9 GPa on average, which is 65.8% lower than the bulk value,
70 GPa. When the length increases to 50 um at almost the same aspect ratio, the mean Young’s
modulus also increases to 34.5 GPa. The trend that the moduli of Al films increase with
increasing length and aspect ratio is the same as that for SCS.4Y Young’s modulus becomes
close to the bulk value with increasing ratio. For example, when / = 100 um and a = 2.0, the
mean Young’s modulus is 55.6 GPa, which is a 20.5% difference from the bulk value. Since
the maximum deflection angle for all the resonators is kept constant at 4° in each test, the
resonators that have a longer support beam with a higher aspect ratio are more suitable for
measuring Young’s modulus from the viewpoint of the small strain theory. However, even with
the same lengths and aspect ratios, the data of the moduli are found to be very scattered. In
particular, several plots for / =25 um and a = 1.2—1.8 show that very high Young’s moduli were
obtained. The main reason for this is that the data for the Al films with various thicknesses
ranging from 15 to 380 nm are included in each plot.

Figure 6(b) shows the relationship among Young’s modulus of SCS, the structural material
for resonators, and Young’s moduli of Al films. When the SCS resonators have a short support
beam and a small aspect ratio of the beam, the measured Young’s moduli are definitely low, as
previously reported.?" Young’s moduli of Al films evaluated using the SCS resonators that can
experimentally provide Young’s moduli lower than 140 GPa are also low, ranging from 19.7 to
47.2 GPa. This indicates that the resonators that cannot provide an SCS Young’s modulus close
to the ideal value (in this case, 168.9 GPa for SCS (001)[110]) are not suitable for evaluating



Young’s modulus of Al film E,, GPa

Sensors and Materials, Vol. 31, No. 3 (2019) 721

140

Aspectratio <1  Aspect ratio > 1 ° Aspectratio <1  Aspect ratio > 1
120 | g7=25um O /=25um o © g 0O/=25um o 1=25um
@ /= 50um @ 7=50um o G 120 - m 1= 50pum @ /=50pum OO !
B /=75um @ /=75um I B /=75um ® /=75um &E
100 | g 7=100um @ /=100um ] <) W /=100um @ /=100um :
° o = 100 o b
. = [e]
30 1_3.1 bulk value u e o '<_C‘ 80 L Al bulk value | ;
| SI0GPa B o . °0® 9 - =70GPa o9
] [ ° o o0 © ‘ L ittt ---o--o------c R EEEEEEEE R
“ " gldee. o Lo %605 105
[ E]
o 85 2 2% 8 ¢F ©
=] ° ° g & )
40 | ofim = 00y § €2 E 40t o Hugg @ ° % ' %
g om 8 [e] e b B =] ‘E‘.I g‘ e
Om ° e 2 ol o g o e
2 | o BB S a ! SCS (001) [110]
o . | =1689GPa
0 . \ \ . \ .
3 5
0 02 04 06 08 1 12 14 16 18 2 22 24 1o 120130140 150 160170 180 190
Aspect ratio a = t/w Young’s modulus of SCS E,, Gpa
(@ (b)

Fig. 6. (Color online) Measured Young’s moduli by resonance testing: (a) aspect ratio of support beam vs
measured Young’s modulus of Al film and (b) relationship between measured Young’s moduli of SCS and Al film.

Young’s moduli of Al films. As the length and aspect ratio increase, Young’s moduli of not only
SCS but also Al films are found to increase toward 168.9 and 70 GPa, respectively, although
data scatter for both materials is seen, as in Fig. 6(a). That is, this experimental finding means
that, to accurately measure Young’s moduli of submicron-thick films, the resonators that can be
used to accurately measure Young’s modulus of a structural material must be used in the tests.

As shown in Figs. 6(a) and 6(b), it was found that the measurement accuracy of Young’s
moduli of Al films is affected by the length and aspect ratio of the support beam. In addition,
data scatter was observed; one reason for the data scatter in each plot may be the effect of film
thickness. Figure 7 shows the effect of film thickness on Young’s moduli of Al films. The
squares and circles are indicative of Young’s moduli obtained using the resonators with the
support beam aspect ratio smaller and larger than 1.0, respectively. The pale-red circles indicate
data obtained from all the resonators with a > 1.0. The dark-red plots indicate data from the
resonators that can fulfill the conditions of @ > 1.0, / > 75 um, and E; > 155 GPa. In the case
of a < 1.0, the mean Young’s modulus of 260-nm-thick Al films is 38.1 £ 5.5 GPa, which is
almost half the bulk value. Even on decreasing the thickness to 90 nm, the mean value was not
changed significantly, whereas the standard deviation increased to 5.5 GPa. The mean Young's
modulus throughout the thicknesses tested is 37.5 & 12.3 GPa. In all the data satisfying a > 1.0,
the mean Young’s modulus appears almost constant at 51.9 + 8.8 GPa in the thickness range
from 50 to 380 nm. When the thickness is 15 nm, however, the mean Young’s modulus abruptly
increases to 101.0 £ 13.0 GPa, which is an approximately 95.0% increase from the mean value
of the films thicker than 50 nm. The standard deviation also increases by 47.7% from the value
for thicker films. For only the results under ¢ > 1.0, [ > 75 um, and £} > 155 GPa, the mean
Young’s modulus of the Al films thicker than 50 nm increases to 57.5 + 5.8 GPa, which is a
10.8% increase from the value at @ > 1.0. The value becomes close to the ideal value, and the
deviation is 17.9%. This implies that, by using the resonators that enable accurate measurement
of E1, E» close to the true value can be measured.

200
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Fig. 7. (Color online) Relationship between Al film thickness and measured Young’s modulus of the film. It is
found that the aspect ratio of the support beam is very important in the derivation of Young’s modulus of the Al
film. No size dependences were found under any condition.

4.2 Certainty of measured Young’s modulus

From the results in Fig. 7, Young’s moduli of Al films thicker than 50 nm are considered
to be unaffected by the thickness effect if the accuracies of the experiments for film thickness
measurement and frequency measurement were sufficient for all the films tested. Before
discussing the thickness effect, the effects of the cancellation of significant digits of measured
film thickness and frequency on E, derivation are estimated and shown in Fig. 8. The solid
and dashed lines indicate the estimation lines when the significant digits of 1.0 and 0.1 Hz
for frequency measurement are accurate, respectively. The red and blue lines indicate the
estimation lines when the significant digits of 1.0 and 0.1 nm for film thickness measurement
are accurate, respectively. All the lines were calculated on the basis of the assumption that
57.5 GPa, experimentally obtained under the conditions of @ > 1.0, / > 75 um, and £7 > 155 GPa,
is the true value for E>. In addition to the data obtained under the above conditions, the data
of @ > 1.0 are also shown in the graph for comparison with the calculated lines. When the
thickness is 250 nm at the accuracies of 1.0 Hz and 1.0 nm, the simulated Young’s moduli were
47.6 and 61.4 GPa, which deviate by —17.2 and 6.8%, respectively, from the true value, 57.5 GPa,
set here. At the same thickness, by improving the accuracy of film thickness measurement to
0.1 nm, these estimated values were changed to 52.3 and 61.0 GPa (—9.0 and 6.1% deviations),
respectively. By additional improvement of the frequency measurement accuracy to 0.1 Hz,
56.3 and 58.2 GPa (only —2.1 and 1.2% deviations) were estimated, respectively. Improving the
frequency measurement accuracy by a single digit is found to be very effective for accurately
measuring E,. As the thickness decreases, the calculated lines gradually shift away from
57.5 GPa. At 100 nm thickness, the values under 1.0 Hz and 1.0 nm were calculated to be 38.1
and 69.5 GPa, which deviate by —33.7 and 20.9% from the true value, respectively. In the case
of the same accuracies, the deviation abruptly increases with further decreasing thickness. For
the same thickness, however, provided that the accuracy of frequency measurement is improved
to 0.1 Hz, the calculated values were 52.4 and 61.8 GPa, which deviate by only —8.9 and
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Fig. 8. (Color online) Effects of resonant frequency and film thickness measurement cancellations of significant
digits on derivation of Young’s modulus of Al film.

7.5% from 57.5 GPa, respectively. Even at 50 nm, the deviations were only —17.7 and 13.2%,
respectively, which will be allowable in nanoscale materials testing.

Since the resolutions of the frequency analyzer and atomic force microscope used for
measuring resonant frequency and film thickness were 0.01 Hz and 0.1 nm, respectively, these
excellent measurement accuracies in the experiments can be estimated to be around 0.1 Hz and
1.0 nm. In the films thicker than 50 nm, Young’s moduli obtained in the experiments were kept
almost constant at around 55 GPa, although data scattering is seen in all the thickness ranges
tested. The scatter might have been caused by not insufficient measurement accuracies but
rather, the thickness nonuniformity of the films deposited on each resonator because the mean
values at respective thicknesses were not so different. However, the mean Young’s modulus
of 15-nm-thick Al films was 101.0 GPa, which is 1.8 times higher than the mean value for the
films thicker than 50 nm. There are many reports on the investigation of the effect of specimen
size on the mechanical properties of Al thin films.3436-45) The yield strength and fracture

(36,41,45)

strength of sputtered Al films are well known to depend on the grain size and strain

(42,43)

rate. Moreover, several researchers have so far tried to conduct the nanoscale tensile

testing of Al films with the size ranging from several tens to several hundreds of nm.3*36-49
From their results, Young’s modulus in the thickness range from 30 to 2000 nm seems not to
deviate so much from the bulk value. For example, 30-nm-thick Al nanostructures showed 60.0
GPa and 2-pm-thick Al films showed 59.5 GPa.®®*? Young’s modulus of metals is well known
to strongly depend on crystallographic texture, so that the difference in the deposition method
might give rise to the difference in Young’s modulus even if the specimen sizes are the same.
Moreover, in the case of sputtered films, the diameters of columns in the vicinity of a substrate
typically differ from the diameters close to the top surface.**™*® Since all the Al films
evaluated in this paper were deposited by vacuum evaporation under the same conditions except
for deposition time, it can be considered that these internal structures were the same. Therefore,
considering the relationship between these obtained results and the measurement accuracies
in the experiments, the obtained values at 15 nm are probably derived from not only the film
thickness effect but also insufficient measurement accuracies plus the effect of a relatively
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large nonuniform thickness. In other words, this indicates that the resonance method with
the experimental setup used here has the potential for the accurate measurement of Young’s
modulus of films thicker than 50 nm at least.

Figure 9 shows Young’s modulus measured by resonance testing with that measured by
nanoindentation testing. The pale- and dark-red circles are indicative of resonance test results
using the resonators under the conditions of ¢ > 1.0 and a > 1.0 plus / > 75 pm plus E7 > 155 GPa,
respectively. The triangles indicate nanoindentation test results. All the nanoindentation tests
were carried out by the continuous stiffness measurement method to remove as completely as
possible the effect of the substrate, which commonly appears in the tests for very thin films.#>0)
In the films thicker than 100 nm, the measured Young’s moduli obtained from both the
resonance and nanoindentation tests did not depend on the film thickness, although the mean
values for each thickness were somewhat different from each other. The mean value, marked
by the dark-red plots, is 57.5 GPa in the resonance tests, which is comparable to the mean
value of 61.4 GPa in the nanoindentation tests. In the films thinner than 100 nm, however,
nanoindentation-derived Young’s moduli are greatly scattered (for example, the mean values for
thicknessess of 90 and 80 nm are 22.3 and 86.5 GPa, respectively), whereas resonance-derived
Young’s moduli do not change so much until the thickness decreases to less than 50 nm. At
around 20 nm, the uncertainties of these two methods appear to be similar. These comparisons,
therefore, reveal that the resonance test method is more advantageous for evaluating Young’s
modulus of sub-100-nm-thick thin films than the nanoindentation test method.

4.3 Cause of lower Young’s modulus of Al films

The lower value of 58 GPa measured in this study probably cannot be explained by
crystallographic texture because the elastic anisotropy of Al is low (E(111y/E(100) = 1.19). Below,
we discuss several possible factors behind the lower Young’s modulus.

The first factor is the affected layer on the Si beam sidewalls produced by FIB milling.
When a Si beam is fabricated by FIB with 40 kV, an approximately 25-40-nm-thick Ga-
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Fig. 9. (Color online) Young’s modulus measured by resonance test and by nanoindentation test.
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included amorphous Si layer is sure to be produced on the sidewalls.®) Young’s modulus of
the affected layer can be estimated to be 80—110 GPa,® which is 35-53% lower than that of
Si(001)[110]. This indicates that it might be difficult to accurately provide Young’s modulus of
Si using the FIB-milled resonators, even though the sidewalls are flat. In this study, even in
the resonators with the support beam length of 100 um and cross-sectional aspect ratio larger
than 1.5, Young’s modulus of Si ranged from 153 to 172 GPa. This means an approximately 9%
deviation, at most, from the bulk value, 168.9 GPa. According to Eq. (8), since the resonators
that showed a lower Young’s modulus provide a lower Young’s modulus of Al films, a lower
measured value of 58 GPa compared with the bulk value would have been obtained.

According to Eq. (8), film density may be one of the factors responsible for the lower
Young’s modulus. X-ray reflectometry analysis of the 100-nm-thick Al film prepared by
vacuum evaporation was performed to directly measure the film density. The measured density
of the film was 2704 g/cm>, which was almost the same as the nominal value, 2700 g/cm>.
Thus, the effect of the density on the measured Young’s modulus is considered to be small.

The effect of Poisson’s ratio is considered to explain the lower measured value. The
determination of Young’s modulus in this work is based on the assumption that Poisson’s ratio
of the Al film is the same as that of the Si substrate, as represented in Eq. (6). If Poisson’s ratio
of the Al film differs from that of the Si substrate, using Eq. (5) is better. To quantitatively
understand the difference between the two equations, the estimated Young’s moduli of the Al
film were compared. First, by inputting 70 GPa for £, in Eq. (5), E14» was calculated. Then,
E1 was input to Eq. (6); consequently, £, was estimated. The input and output values of £
were compared, as listed in Table 1. When the out-of-plane Poisson’s ratio of Si was considered,
the differences in £> between the two equations were within the range from 7.5 to 7.6%. In
the case of the in-plane Poisson’s ratio, the differences were only approximately 0.1% owing
to the closer value between these Poisson’s ratios. Because of the strong anisotropy of Si, the
difference between Egs. (5) and (6) for determining Young’s modulus of the Al film can be
estimated to be around 8% at most. For simple and easy derivation, we decided to use Eq. (6) to
derive Young's modulus of Al films. The use of Eq. (5), which is better but highly complex, is a
should be addressed in the future.

The surface irregularity of the deposited Al films is possibly related to the lower Young’s
modulus. A pure Al film is well known to show hillock formation on its surface. Although
the photographs are not shown here, there are many hillocks with a diameter of less than 100
nm on all the Al films used in this work. The hillocks possibly cause stress relaxation of the

Table 1
Difference in E; between Eqgs. (5) and (6). These differences show the Poisson’s ratio effect on the derivation of
Young’s modulus.

nooon v v B BinEe®) RinEe®)  Fo o hiOte
1 2 2
(um)  (um) (GPa) (GPa) (GPa) (GPa) Egs. (5) and (6) (%)
5 0.05 0.069 0.33 168.9 75.33 70 167.97 7.61

5 0.1 0.069 0.33 168.9 75.30 70 167.06 7.57
5 0.15 0.069 0.33 168.9 75.28 70 166.17 7.54
5 0.2 0.069 0.33 168.9 75.25 70 165.30 7.51
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crystal structure, leading to low Young’s modulus. Also, the hillocks definitely give rise to an
increase in the uncertainty of the measured film thickness. Provided that the size and growth
probability are independent of the film thickness, a thinner film would include a larger error
than a thicker film in the measured Young’s modulus. Even without hillocks, a slight surface
undulation originating from crystal grains would give rise to the same tendency. Depositing a
smoother and more uniform thin film is be necessary to effectively demonstrate the capability
of the resonance method.

5. Conclusions

To demonstrate the effectiveness of the resonance test method for the direct measurement
of Young’s moduli of submicron-thick films, we investigated the effects of Al film thickness
and SCS MEMS resonator geometry on the derivation of Young’s modulus. After the film
deposition, the resonant frequencies of the resonators having double layers of Al film and SCS
substrate definitely decreased. The resonators that were able to provide Young’s modulus
close to the ideal value for SCS were also able to measure Young’s modulus of the film close
to the bulk value for Al. A large aspect ratio of the support beam of resonators was one of the
key factors for accurately deriving Young’s moduli of submicron-thick Al films as well as the
SCS substrate. Young’s moduli measured using appropriate resonators showed no thickness
dependence for films thicker than 50 nm. For films thinner than 50 nm, owing to the accuracy
limits in frequency and film thickness measurements, the obtained values abruptly increased. It
was demonstrated that the resonance test method is superior to the nanoindentation test method
in terms of applicable film thickness limit and data scatter.
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