Oct. 2024

Transactions of Nanjing University of Aeronautics and Astronautics

Numerical Analysis for High-Throughput Elastic Modulus
Measurement of Substrate-Supported Thin Films

HAN Meidong', LI Yu*, ZOU Jinluo™, HE Wei”

1. School of Aeronautics and Astronautics, Nanchang Hangkong University , Nanchang 330063,
P. R. China;2. China Aero Engine Control System Research Institute, Wuxi 214063, P. R. China;
3. College of Mechanical and Vehicle Engineering, Hunan University, Changsha 410000, P. R. China

(Received 4 June 2024 ; revised 5 September 2024 ; accepted 10 October 2024)

Abstract: Micro/nano-thin films are widely used in the fields of micro/nano-electromechanical system (MEMS/
NEMS) and flexible electronics, and their mechanical properties have an important impact on the stability and
reliability of components. However, accurate characterization of the mechanical properties of thin films still faces
challenges due to the complexity of film-substrate structure, and the characterization efficiency of traditional
techniques 1s insufficient. In this paper, a high-throughput determination method of the elastic modulus of thin films is
proposed based on the strain variance method, the feasibility of which is analyzed by the finite element method
(FEM), and the specific tensile configuration with array-distributed thin films is designed and optimized. Based on the
strain difference between the film-substrate region and the uncoated region, the elastic modulus of multiple films is
obtained simultaneously, and the influences of film width, spacing, thickness, and distribution on the measurement of
elastic modulus are elucidated. The results show that the change in film width has a more obvious effect on the elastic
modulus determination than film spacing and thickness, i.e., the larger the film width is, the closer the calculation
results are to the theoretical value, and the change in calculation results tends to be stabilized when the film width
increases to a certain length. Specifically, the simultaneous measurement of the elastic modulus of eight metal films on
a polyimide (PI) substrate with a length of 110 mm and a width of 30 mm can be realized, and the testing throughput
can be further increased with the extension of the substrate length. This study provides an efficient and low-cost

method for measuring the elastic modulus of thin films, which is expected to accelerate the development of new thin
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film materials.
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0 Introduction

Thin films are widely used in fields such as
aero-engines, flexible electronics, and biomedical
engineering due to their superior mechanical, and
electromagnetic properties ' ®. Thin-film structures
often face complex loads such as tensile and com-
pressive deformation and cyclic bending during ser-
vice, and behaviors such as fatigue damage and fail-
ure caused by complex loads greatly affect the func-

tional properties of thin-film structures. Therefore,
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the study of the mechanical properties of thin-film
structures is of great significance. It has been
shown'”’ that the thin film morphology of metals is
one of the key factors affecting the differences in me-
chanical properties of their macroscopic morpholo-
gy, and the accurate characterization and efficiency
of their mechanical properties are still a challenge.
Elastic modulus is a physical quantity that describes
the deformation resistance of a material and is one of
the most important indicators for the performance

design and reliability assessment of metallic thin
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films, therefore, this paper investigates the high
throughput measurement method of elastic modulus
of thin-films based on the finite element method.

The main methods currently used to character-
ize the mechanical properties of nanoscale metal
films are the bending method "', the bulge meth-
od'"", the nanoindentation method'*', and the ten-
sile testing method'™, among others'**'. The bend-
ing method is a commonly used method to measure
the elastic modulus by measuring the bending strain
of metal beams. In recent years, a lossless bending
measurement method has been proposed'”’. Based
on the nonlinear Euler-Bernoulli beam theory, an
experimental system for measuring the elastic modu-
lus of thin films with a precision laser sensor has
been constructed. This method can not only satisfy
the measurement accuracy but also ensure that no
damage is caused to the specimen. The bending
method generally requires specialized experimental
equipment and metal beams, and it suffers {from the
problems of low accuracy and limited applicability.
To address the challenges associated with complex
equipment and the low accuracy of the bending

1.7 introduced a strain measure-

method, Liu et a
ment technique based on the finite element theory
about the static elastic modulus. This method neces-
sitates neither specialized equipment nor specific
specimens, offers enhanced precision in testing,
and has been extensively applied in engineering prac-
tice. The bulge method involves adhering a film to
one side of a substrate that has holes, gradually in-
creasing a uniform pressure on the opposite side,
and measuring the pressure-induced change in the
film’s central height. By integrating this data with
an appropriate mechanical theory model, one can de-
termine the stress-strain curve, elastic modulus,
and residual stress of the film"'"). Compared to gen-
eral measurement techniques, the bulge method is
characterized by low cost, simple equipment, and
no contact. The nanoindentation method entails the
use of a nanoindentation instrument to repeatedly in-
dent a thin film specimen mounted on a substrate.
By examining the correlation between the indenta-
tion depth and the number of impacts, one can as-
certain the fatigue damage and deformation charac-

[17]

teristics of the film"""". It is noteworthy that the utili-

zation of a substrate is a critical factor influencing
the precision of the measurement outcomes. Micro-
tensile testing is another method for measuring the
mechanical properties of freestanding thin films.
This method involves conducting a tensile test on a
dog-bone specimen with half of it coated with the
film. After the test, the strain of the film and the
substrate 1s extracted, and then the elastic modulus
of the film is calculated using specific formulas. In
our previous work' ™™, we proposed a technique for
measuring the elastic modulus of nano-films based
on the “strain variance method” by combining mi-
crotensile testing with a dual telecentric digital im-
age correlation(DIC). This technique has simple ex-
perimental equipment, a wide range of applications,
accurate measurement results, and can also achieve
the purpose of non-destructive.

Although the above techniques can accurately
characterize the mechanical properties of nano-
films, only one mechanical parameter of a film can
be measured in one experiment, and the measure-
ment techniques are not efficient. To improve the ef-
ficiency of characterizing the mechanical properties
of nano-films, high-throughput characterization of
the mechanical properties of nano-films has received
extensive attention. For example, Zhang et al.'”
proposed a bulge method for fast and efficient high-
throughput array characterization of thin film me-
chanical properties of circular thin film specimens.
They obtained the full-field displacements of the ar-
rayed films by 3D-DIC analysis and then calculated
the elastic modulus and Poisson’s ratio of multiple
films using the established relationship between the
elastic constants and film displacements. Burger et
al."®" arrayed a series of silicon cantilevers and then
plated a 1 pm Cu film on the silicon cantilevers by a
combination of radio frequency magnetron sputter-
ing systems to investigate a series of stress ampli-
tude by the vibration of the silicon cantilevers with
different frequencies to study the fatigue life and
damage formation of metal films at a range of stress
amplitudes. In the study of thermal spraying coating
and interfacial fracture resistance, the traditional
bending method of cantilever beam may cause some
problems such as crack deflection or crack propaga-

tion asymmetry. To overcome these shortcomings,
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Mishra et al.'*"’ proposed an improved cantilever
bending method for measuring the interfacial frac-
ture toughness of ceramic/metal interfaces. Finite el-
ement simulations were used to determine the ener-
gy release rate and phase angle of an interfacial
crack in a bi-layered cantilever, considering varying
elastic modulus ratio, thickness ratio of coating to
substrate, and beam length to thickness ratio. The
characteristic of this method is the ability to extract
a large number of interfacial fracture energy measure-

ments from the same sample. Johnson et al.'**’

pro-
posed a novel high-throughput spherical micro inden-
tation measurement and analysis scheme for the cy-
clic response of metal specimens, which can be used
for the rapid screening of metal alloys. Li et al.'*' ap-
plied spherical nanoindentation to an additive manu-
facturing specimen and measured its stress-strain
curve on a microscopic scale. The nanoindentation
method has the advantage of high throughput, but
the requirements for specimen preparation and test
conditions are relatively high. Ojeda et al.”**' con-
ducted tensile experiments on high-density unidirec-
tional silver nanowires bonded to the substrate and
analyzed their fracture strain in combination with
DIC. In comparison to in-situ mechanical testing,
this method significantly enhances efficiency. How-
ever, it is constrained by the alignment and resolu-
tion capabilities of the optical microscope, potential-
ly leading to the loss of some data. Up to now,
there has been a relative scarcity of research on high-
throughput characterization methods for the mechan-
ical properties of metal thin films based on the ten-
sile method. Therefore, this paper proposes a new
method that is simple, efficient, highly accurate,
and applicable to both crystalline and amorphous
material thin films. Compared with other high-
throughput characterization methods, this method is
easy to operate and non-destructive to the speci-

mens.

1 Methodology Principle

Some researchers have proposed a method for
determining the elastic modulus of thin films based

on strain variance'™®. As shown in Fig.1, where F

represents the force applied to both sides of the spec-
imen, the yellow part is the coated area and the blue
part is the uncoated area, a dog bone specimen was
subjected to a microtensile experiment, and the strains
in the coated and uncoated areas were measured by a
DIC system. The elastic modulus of the film is then

calculated using the strain variance method.

Substrate Film
— —Fb
o DIC
E\J 80
F ~ Film
pict

Fig.1 Schematic diagram of a dog bone specimen

The strain variance method equation is

Ea (e | vi—v (e 1= )
Et. (e 1—(w) (e 1—(n)
If vi= v, Eq.(1) can be simplified as
Et N
ff:(€>1171 (2)

Eiz. (e

where E is the modulus of elasticity, 7 the thick-
ness, e the strain, and v the Poisson’ s ratio. The
subscripts ¢ and u are the coated and uncoated re-
gions (pure substrate) , respectively; subscripts 11
and 22 the longitudinal and transverse directions, re-
spectively; and superscripts f and s the film and the
substrate, respectively.

In general, the difference between Poisson’s
ratio of the substrate and the film has a very small ef-
fect on the result of the calculation, and the elastic
modulus can be calculated with Eq.(2). The thick-
ness and Poisson’ s ratio of the substrate and the
film, as well as the elastic modulus of the substrate,
can be determined in advance, and the elastic modu-
lus of the film can be calculated by simply obtaining
the strains of the substrate and the film after tensile.

By arraying multiple films on a flexible sub-
strate, the elastic modulus of multiple films can be
calculated in a single experiment based on Eq.(2).
This high-throughput approach improves efficiency
and saves costs. In this paper, the full-field strains
of the films and the substrate are obtained by
ABAQUS simulation, and the elastic modulus of
multiple films is successfully determined, which ver-

ifies the feasibility of this method.
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2 Finite Element Simulation

To demonstrate the feasibility of high through-
put measurement of elastic modulus of thin films,
numerical simulations were carried out using
ABAQUS. Due to the symmetrical nature of the
structure, a quarter of the specimen (XZ and XY
symmetry planes) was taken to model the structure
for computational efficiency, where the X-axis is the
direction of loading, the Y-axis is the transverse di-

rection, and the Z-axis is the out-of-plane direction.
2.1 Geometric modeling

If the approximate elastic modulus of the film is
determined, it is important to choose a suitable film
thickness. According to the error analysis'®, to ob-
tain an acceptable measurement accuracy, e.g., the
uncertainty of the elastic modulus is less than 10%,
the dimensionless ratio is required to be greater than
0.13 according to the relationship between the uncer-
tainty of the elastic modulus and the dimensionless
ratio R. Then the thickness of the film is not less

0.13E ¢,
n TE

The uncertainty of the elastic modulus is

5Ef_ 87Rz aEsz ﬁ2 ﬁ2
o ) ) () ()

tha

(3)
The dimensionless ratio R is
Et
R— 4 (4)
E.z,

The area and arrangement of the film also need
to be considered. If the area of the film is too large
or the arrangement is too widely spaced, the num-
ber of films will be reduced accordingly, and the
high throughput effect will not be achieved. If the
film area is too small or the spacing is too small, the
calculated results will have a large error due to the
edge effect.

According to GB/T 41477—2022 rectangular
crosssection tensile specimen preparation require-
ments, an initial film size was selected, as shown in
Fig.2, the polyimide (PI) film was selected as
the substrate, 66 mm in length, 30 mm in width,

with a thickness of 125 pm; the tungsten metal film

(W film) was 30 mm in length, 10 mm in width,
and the thicknesses of all of them were 400 nm. The

spacing between the films was 2 mm.

Film(W) 1010,

400 nm 30
Substrate (PI)
_— 125 pm

Fig.2 3D model of array distributed film-substrate structure

2.2 Meshing

According to the characteristics of the struc-
ture, the 3D solid part of the C3D8 cell grid is used
to mesh the substrate, and the 2D shell layer part of
the S4 cell grid is used to mesh the W film. The
global seed size was set to 0.03. The meshing is

shown in Fig.3.

Y
Z
Substrate Film XJ

Fig.3 Schematic diagram of meshing

2.3 Defining material properties

The substrate used was a PI film with elastic
modulus set at 4 GPa and Poisson’s ratio of 0.34.
The film was a metallic W film with elastic modulus
set at 375 GPa and Poisson’s ratio of 0.28.

2.4 Creating loads and boundary conditions

Tie constraints were used between the film and
the substrate to simulate the strain transfer at the in-
terface. As shown in Fig.4, a uniform load is direct-
ly applied at the left end of the substrate, which is
gradually increased by 20, 33.3, 46.7, 60, 73.3,
and 86.7 N, respectively, and the constraints are
set up at the right end in the X-direction, and the

symmetric boundary conditions (XZ and XY sym-
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metric planes) are applied to the center plane of the
substrate to avoid rigid-body motions. Under geo-
metric nonlinear effects, the geometry of the de-
formed structure affects the internal stress distribu-
tion, leading to stress concentration or stress redis-
tribution. Therefore both the film and the substrate

are assumed to be isotropic and linearly elastic.

Direction of
load

Direction of
constraint

E - Film Substrate

Fig.4 Schematic of loads and constraints

2.5 Analysis results

The full-field axial strain maps of the coated
and uncoated regions are obtained after analysis, as
shown in Fig.5. Due to edge effects, the strain dis-
tribution at the edges of the thin film is non-uniform.
Consequently, the average strain within a square ar-
ea, centered on the film and one-third the size of the
film’s dimensions, is taken to represent the strain of

that section of the film.

LE, LE11
SNEG, (fraction =1.0)
5

Strain extraction
region

Fig.5 Fullfield axial strain diagram

The calculated results of the extracted strain
and elastic modulus of the substrate and film are
shown in Table 1, where {1—{4 are different films.

It can be seen that the calculated elastic modulus of

Table 1 Strain and elastic modulus calculation results

and errors for substrate and film

Parameter Strain E/GPa Error/ %
Substrate 0.021 67 — —
fl 0.01571 474.2 26.5
2 0.01573 472.0 25.9
3 0.015 80 464.4 23.7
4 0.015 63 483.0 28.8

the film has a large error compared to the true value
(In this paper, the error between the calculated val-
ue and the theoretical value is less than 10% as an
acceptable range) , so the size and distribution of the

film need to be optimized to reduce the error.

3 Film Size and Distribution Opti-

mization

3.1 Effect of film width

To study the effect of film area on the simula-
tion results, the length of the film is fixed at 30 mm
and the simulations are carried out with film widths
of 10, 12, 14, 16, 18, 20, 22, and 24 mm, re-
spectively. The film spacing and thickness are 2 and
400 nm, respectively, and the same method de-
scribed above is used to analyze and calculate the
films with different widths. To reduce the likelihood
of random errors, four films with identical parame-
ters were allocated to a single group for the determi-
nation of the elastic modulus. The mean value ob-
tained from these measurements was then consid-
ered as the true value of the elastic modulus for that
specific set of parameters. The analyzed results are
shown in Fig.6. From the figure, it can be seen that
the calculated value is getting closer to the theoreti-
cal value as the film width increases. When the
width of the film is increased to 22 mm, the effect
of increasing the film width on the simulation results
is already small, in which case it may be the influ-

ence of other factors.

480+ 4763 = Measured value
m—— Theoretical value
460+ 4554
|
< 440F 4333
(95 n
< 420} 415.8
R " 4065
L 397.1
400 " 388.7 387.55
[} ]
3801
360 1 1 1 1 1 1 1 1
8§ 10 12 14 16 18 20 22 24 26
Width / mm

Fig.6 Simulation results for different film widths

3.2 Effect of film spacing

The results in Subsection 3.1 indicate that the

error is relatively small when the film width is
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22 mm. Therefore, three sets of simulation experi-
ments with different parameters were set up with a
film width of 22 mm, film thickness of 400 nm, and
film spacing of 1, 2, and 3 mm, respectively. The
simulation results are shown in Table 2. It can be
seen that the film spacing has little effect on the re-

sults of the simulation.

Table 2 Simulation results for different film spacings

E/GPa
393.0
385.3

1 387.6

383.6
388.3
392.5
386.4
2 388.7
386.1
389.9
392.4
389.3
3 389.8
388.1

389.4

Film spacing / mm Average

3.3 Effect of film thickness

The film edge length of 22 mm, film pitch of
2 mm, and film thickness of 200, 400, 600, and
800 nm are selected for simulation. The simulation
results are shown in Fig.7. The green solid line is
the theoretical value, and the red and blue dashed
line are the upper limit of error and the lower limit
of error, respectively (the results are allowed to
have a 5% error from the theoretical value). It can
be observed from the figures that the measurement

results for films of varying thicknesses are all within

450
4251
400
< -
- 385.8 382.4 .382.9
9 3751 38 388.1
N ___
3501
- Calculated value
3250 — Theoretical value
— = 5% upper limit of error
300 — = 5% lower limit of error
200 400 600 800
Thickness / nm

Fig.7 Simulation results for different film thicknesses

the margin of error and relatively close to each oth-
er. Consequently, it can be concluded that the thick-
ness of the film has a minimal impact on the calcula-

tion of the elastic modulus.
3.4 Effect of film distribution

Through the above work, a set of film dimen-
sions with superior measurement results were de-
termined : Film width of 22 mm, film spacing of
2 mm, and film thickness of 400 nm, and the simu-
lation results are shown in Fig.8. Under this arrange-
ment, the calculated error in the elastic modulus of
the thin film is within 5%. Therefore, it is feasible
to consider reducing the size of the thin film to
achieve the goal of increasing throughput. Accord-
ing to the table of rectangular cross-section tensile
scale specimen dimensions in GB/T 41477—2022,
the width of the substrate can only be taken up to a
maximum of 30 mm, while the length can grow by
designing different thicknesses. Consequently, the
number of thin films can only be increased by reduc-
ing their dimensions in the Y-direction, thereby al-
lowing for additional rows to be arrayed in that direc-

tion.

Fig.8 Simulation results of thin film arrays in the X direction

To increase the number of films, the films
were arrayed in the X-Y direction with a film length
of 22 mm, a width of 14 mm, and a spacing of
2 mm, and their arrangement is shown in Fig.9.
The computational results of this arrangement are
shown in Fig.10, where fl1—{8 denote different
films. As can be seen from the figure, the calculated
results of the eight films simulated are all within the
error range. This indicates that the size and arrange-
ment of such films are feasible. The Y-direction ar-
ray of three rows of films was also simulated subse-
quently, but due to the small area of the film, the
error of the calculation results was too large by the

edge effect, and it was not considered.
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2mm 22 mm

110 mm

LE, LEI1
SNEG, (fraction =1.0)

Fig.9 Simulation results of thin film arrays in the X-Y

direction
450
4251
400 _ o .
<
(95 37_5.7
= 375¢ . s . 3651
Ry 356,5357.5 367 369 368 T 3565
330 = Calculated value
325k —— Theoretical value
— = 5% upper limit of error
= = 5% lower limit of error
300 .

fl 2 13 1 15 16 7 18
Film serial number
Fig.10 Calculated results for thin film arrays in the Y’

direction

4 Conclusions

Based on the strain variance method, a high-
throughput determination method of the elastic mod-
ulus of thin films is proposed, by which the elastic
modulus of many thin films can be obtained simulta-
neously in one measurement. Numerical experi-
ments with array-distributed thin films were de-
signed, and the effects of film width, film spacing,
film thickness, and film arrangement were analyzed.
From the results and analyses, the following conclu-
sions can be made:

(1) When the film width is varied between 10
and 24 mm, the measured values of elastic modulus
are closer to the theoretical values as the film width
increases, and stabilizes when the film width reach-
es 22 mm. Changes in film spacing and thickness
have less effect on the measured values.

(2) An optimized film size and arrangement
are obtained to ensure that the measured values of

the elastic modulus of thin films are within the error

range. With this method, the elastic modulus of
eight thin metal films of 22 mm in length and 14 mm
in width can be measured on a substrate of 110 mm
in length and 30 mm in width in a single experi-
ment, which lays the foundation for the realization
of high-throughput experimental measurements of

thin films.
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