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The thermal expansion coefficient (CTE) is a vital design parameter for reducing the thermal-stress-induced
structural failure of electronic chips/devices. At the micro- and nano-scale, the typical size range of the
components in chips/devices, the CTEs are probably different from that of the bulk materials, but an easy and
accurate measurement method is still lacking. In this paper, we present a simple but effective method for
determining linear CTEs of micro-scale materials only using the prevalent nanoindentation system equipped with
a heating stage for precise temperature control. By holding a constant force on the sample surface, while
heating the sample at a constant rate, we measure two height–temperature curves at two positions, respectively,
which are close to each other but at different heights. The linear CTE is obtained by analyzing the difference of
height change during heating. This method can be applied to study the size effect or surface effect of CTE of
embedded micro-scale structures, aiding the failure analysis and structural design in the semiconductor industry.

Introduction
With the development of micro-nano fabrication techniques,

the size of semiconductor devices has been reduced rapidly

and the application of micro- and nano-scale materials is

more and more extensive, such as large-scale integrated circuits

(IC), microelectromechanical systems (MEMS), light-emitting

device, and electronics packaging [1]. One of critical factors

that threatens the reliability of these chips/devices/systems is

the mismatch of thermal expansion coefficient (CTE) between

unit structures made of different materials, which introduces

residual strain to not only affect the performance of devices

but also cause deformation or even structural failure. On the

other hand, many thermally driven MEMS devices depend sig-

nificantly on the linear CTEs [2, 3]. Therefore, the accurate

measurement of linear CTEs of micro- and nano-scale materi-

als is vital for optimizing device structure, improving thermal

stability and service life of devices. However, many studies

show that the linear CTEs of micro- and nano-scale materials

are not necessarily the same as that of the bulk materials.

Taking TiN thin films with thickness of several micrometers

as an example, the CTEs measured by Mayrhofer et al. are

6.8 × 10−6–7.2 × 10−6 K−1 [4], and the result measured by

Bielawski is 7.5 × 10−6 K−1 [5], which are quite different from

the reported value of bulk materials, 9.35 × 10−6 K−1 [6].

Generally speaking, the mechanical properties of thin films

depend upon the film thickness and the fabrication processes

used [7, 8, 9, 10, 11, 12]. Hence, the CTEs of bulk materials

cannot be directly used to simulate the thermal stress in devices

with micro- and nano-scale structures. In this regard, an effec-

tive method for measuring the CTEs of micro- and nano-scale

structures is urgent for the semiconductor industry.

Existing techniques are mainly used to measure CTEs of

bulk material [13, 14, 15, 16, 17, 18, 19, 20], rather than

micro- and nano-scale materials. Two most commonly used

methods for measuring CTEs of micro- and nano-scale mate-

rials are X-ray diffraction (XRD) [21, 22] and thermally

induced bending (TIB) [23]. The high measurement accuracy

of the XRD method has been well recognized for crystalline
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materials, but not for amorphous materials, or the micro- and

nano-scale materials since obtaining high-quality diffraction

patterns from these materials is very challenging. On the

other hand, the expansion caused by defects cannot be mea-

sured by XRD. TIB is a method designed for measuring the

CTEs of thin films. Unlike XRD, this method can provide com-

parable measurement accuracy for both crystalline and amor-

phous films, even for nano-scale films. However, the TIB

method requires additional mechanical calculation to obtain

the CTE values, making its accuracy dependent on input

parameters such as Young’s modulus/Poisson’s ratio of both

layer materials and the CTE of reference materials, whereas

these parameters change themselves with size at small scales,

which severely undermines the measurement reliability of the

TIB method. In addition, the CTE measured by TIB refers to

the in-plane component of the linear expansion thermal coef-

ficient [24], so TIB is not suitable for anisotropic materials and

materials without substrates. Recently, a method based on

atomic force microscopy has been proved to be able to measure

CTEs of polymers at the micro- and nano-scale [25, 26], but

this method is sensitive to the surface condition of the sample

and is very time-consuming. Moreover, it is impossible to con-

tinuously track the change of CTE with temperature. Other

methods and techniques have also been proposed to determine

the CTEs of micro- and nano-scale materials. However, none of

the aforementioned methods for measuring the CTEs of micro-

scale materials can simultaneously have merits of being easy to

handle, accurate, reliable, and economical [27].

In this paper, we present a simple nanoindentation-based

method for determining the linear CTEs of micro-scale mate-

rials. By using the nanomechanical test instrument equipped

with high-temperature stage, we are able to measure the expan-

sion of the sample upon heating. To eliminate the expansion of

the testing system during heating, we measured the expansion

twice at different positions of the sample with different height,

and then the coefficient of thermal expansion can be calculated

by using the difference between two measurements.

Measurement principle
Figure 1 schematically depicts the testing principle of our

method. Firstly, the samples were prepared into wedge shape

(a) or step shape (b) on the upper surface by mechanical thin-

ning and polishing or electropolishing, and then were fixed

onto the high-temperature stage of the nanomechanical test

instrument. Two locations with a certain height difference are

selected on the sample: test position 1 and test position 2. As

shown in Fig. 1, the heights of the two locations are marked

as h1 and h2, respectively. The height values can be directly

read out by the nanomechanical test instrument, and the height

difference is defined as Δh = h1−h2. During heating, we can

measure the height changes of test positions 1 and 2 by

using the transducer in the nanomechanical test instrument,

which are recorded as Δh1 and Δh2, respectively. Then, the dif-

ference between Δh1 and Δh2 is the expansion of the sample

with the thickness of Δh. The linear CTE α of the sample

can be calculated through the following equation:

a = Dh1 − Dh2
DhDT

= k/Dh, (1)

where ΔT is the change in temperature from the initial temper-

ature T0 to the elevated temperature Tf, and k is the slope of

Δh1−Δh2 versus temperature curve.

In this method, Δh1 or Δh2 is a combined result, deter-

mined by the expansion of the testing system, the creep of

the sample, the thermal drift, and the expansion of the sample

with the thickness of h1 or h2. As α was derived from Δh1−Δh2,
the expansion of the testing system including the heating stage

and tip, and the creep of the sample can be eliminated. The

only uncertainty worth noting comes from the thermal drift,

which may be different in each test. This can be expressed by

the following equations:

Dh1 = ds1 − dc1 + dd1 + de1, (2)

Dh2 = ds2 − dc2 + dd2 + de2, (3)

where ds, dc, dd, and de are the displacements caused by the

testing system, creep, thermal drift, and expansion of the sam-

ple, respectively. For the same testing system and the same

sample, ds1 equals to ds2 and dc1 equals to dc2, so

Dh1 − Dh2 = (de1 − de2)+ (dd1 − dd2). (4)

Figure 1: Schematic illustration of the experimental setup for measuring the
CTEs based on nanoindentaion. The samples should be prepared into
(a) wedge shape or (b) step shape.
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If the thermal drift is 0.05 nm/s, and the test time is 200 s, the

displacement caused by thermal drift is 10 nm, which is very

large for the expansion of materials at the micro-scale. For

example, the CTE of aluminum is 23.2 × 10−6 °C−1 at room

temperature, and if the thickness is 50 μm, the expansion will

be only 23.2 nm when the temperature rises by 20 °C.

Therefore, to guarantee the measurement accuracy, we must

minimize the thermal drift or the fluctuation of the thermal

drift during the test, as the instrument is able to remove the

thermal drift. At the beginning of each test, a small load is

applied to the surface of the sample by the indenter, and the

displacement as a function of time is measured to calculate

the thermal drift, which will be subtracted in the following

test by the instrument automatically. As long as the drift

remains constant during the test, the influence of drift on the

test results can also be ignored, even if the drift is very large.

Waiting for some time before the test is a good way to stabilize

the drift. In our experiments, the thermal drift or its fluctuation

can be easily reduced to a level as small as 0.01 nm/s, as shown

in Fig. 2. Figure 2(a) shows the thermal drift corrected

displacement as a function of time when a load of 2 μN is

applied to the surface of the sample by the indenter at room

temperature, exhibiting a thermal drift of about 0.002 nm/s.

Furthermore, the error caused by thermal drift can be reduced

by an average operation across multiple measurements. By

doing this, the average thermal drift is only about 6 ×

10−5 nm/s, as shown in Fig. 2(b). These results demonstrate a

feasibility of our method in determining the CTEs of materials

with the thickness down to micrometers or even below a

micrometer.

Results and discussion
Scanning electron microscope (SEM) investigation and energy-

dispersive X-ray (EDX) analysis were performed to check the

chemical composition and surface morphology of these

samples in our experiment. Figures 3(a)–3(c) show the EDX

spectrums of the aluminum, titanium, and epoxy resin sam-

ples, respectively. The results show that both Al and Ti samples

are pure metal without other elements detected. On the epoxy

resin sample, C, O, Zr, and Cl elements are detected. The insets

of Figs. 3(a)–3(c) are the SEM images showing the surface mor-

phology of the samples after polishing.

The displacements as a function of temperature measured

at position 1 and 2 (here, the height difference is about

56.0 μm) on the aluminum sample are shown in Figs. 4(a)

and 4(b), respectively. At the beginning, there is a short period

of displacement increase due to the creep, which is soon over-

whelmed by the thermal expansion. When thermal expansion

dominates, the displacement decreases nearly linearly with

temperature change, indicating a constant increase in height.

This phenomenon is more obvious in the tests with Ti, as

shown in Figs. 4(d) and 4(e). To get an accurate result, three

or four measurements have been performed at the same height

of the sample. The difference between the displacements mea-

sured at two positions is the expansion of the aluminum with a

thickness of 56.0 μm heated from 25 to 45 °C, shown in Fig. 4

(c). Then, the CTE can be calculated using Eq. (1), which is

about (22.9 ± 5.3) × 10−6 °C−1, which is consistent with the val-

ues of other measurement results and bulk materials [28, 29,

30] (see Table 1). Because of the effect of thermal drift or pos-

sible different creep rates at different positions, the relationship

between Δh1−Δh2 and temperature is not strictly linear, as

shown in Fig. 4(c). This disadvantage is more obvious at

smaller Δh and ΔT. The larger Δh and ΔT, the more accurate

the CTE we measured is, and we believe that we can get a

more accurate CTE if we carry out more experiments. Similar

experiments were performed on a titanium sample, and the

results are shown in Figs. 4(d)–4(f). The CTE of the titanium

sample with a thickness of 90.3 μm from 30 to 50 °C is (11.6 ±

1.5) × 10−6 °C−1, which is consistent with the values of other

measurement results and bulk materials [29, 31] (see

Figure 2: Measurement of thermal drift in our nanomechanical test instrument: (a) thermal drift corrected displacement as a function of time when the load of 2
μN is applied to the surface of the sample by the indenter and (b) average results of multiple measurements.
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Table 1), and the difference is probably from the effect of ther-

mal drift or possible different creep rates at different positions.

Similar experiments were also performed on an epoxy resin

sample, and the results are shown in Fig. 5. First, the measure-

ments were performed in different temperature ranges from 30

to 40 °C, from 40 to 50 °C, and from 50 to 55 °C, shown in

Figs. 5(a)–5(c), respectively. Then, these displacement–temper-

ature relations at different temperature ranges were pieced up

to form a single one covering a larger temperature range, as

shown in Fig. 5(d). Within the temperature range, we found

Figure 3: EDX spectrums of the (a) aluminum, (b) titanium, and (c) epoxy resin samples, respectively. The insets of (a)–(c) are the corresponding SEM images
showing the surface morphology of the samples after polishing.
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a glass transition occurred at about 50 °C. The CTEs before and

after glass transition are (217 ± 31) × 10−6 °C−1, averaged over

the temperature range 31–50 °C, and (749 ± 31) × 10−6 °C−1,

averaged over the temperature range 51–54 °C, respectively.

The CTE before glass transition is much larger than the

value of bulk epoxy resin, which is about 80 × 10−6 °C−1,

showing strong size effect, which is consistent with Feng

et al. [26, 32]. The CTE of epoxy resin at micro-scale before

glass transition is larger by a factor of approximately 2.7 than

the value for bulk epoxy resin. In Feng’s study [31], to get

the out-of-plane CTE (α2) of an epoxy coating, the in-plane

CTE (α1) and volumetric CTE (αv) had to be measured first

and then α2 could be calculated through the following

equation:

a2 = av − 2a1. (5)
Obviously, this is more complicated compared with our

method, and due to the error accumulation effect, the

Figure 4: Displacement as a function of temperature measured at (a) position 1 and (b) position 2 on the Al sample heated from 25 to 45 °C. Each curve represents
one measurement. (c) Average difference between the displacements measured at position 1 and position 2 on the Al sample heated from 25 to 45 °C.
Displacement as a function of temperature measured at (d) position 1 and (e) position 2 on the Ti sample heated from 30 to 50 °C. Each curve represents
one measurement. (f ) Average difference between the displacements measured at position 1 and position 2 on the Ti sample heated from 30 to 50 °C.
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out-of-plane CTE has a higher degree of uncertainty when

compared with the in-plane property.

The size effect of CTE of epoxy resin can be explained by

the intramolecular and intermolecular forces of the polymer

molecules [33]. Choy mentioned that when the majority forces

in the molecules are weak Van der Waals forces, the material

will show a larger CTE in the order of 10−4 °C−1 (in the

range of several hundred ppm °C−1) [34]. However, if the mol-

ecules are held by strong covalent bonds, the materials will

show a much smaller CTE in the order of 10−6 °C−1 (in the

range of several ppm °C−1). Actually, all epoxy resin samples

contain both weak Van der Waals bonds and strong covalent

bonds in certain proportion, and size scale is one important

factor to affect the proportion of different bonds. Compared

with bulk epoxy resin, micro-scale epoxy resin has a higher

proportion of Van der Waals forces, due to its abundant sur-

face area which makes the intermolecular covalent bonding

vulnerable under external physical stimulus. For example, cova-

lent bonds can be easily destroyed by mechanical polishing.

Consequently, the higher CTE measured in the micro-scale

epoxy resin can be explained by fewer proportion of strong

covalent bonds.

Conclusion
In summary, based on the nanoindentation technique, a simple

and novel method for determining linear CTEs of micro-scale

materials has been developed. The principle of our method is

based on the original definition of thermal expansion, making

it simple and easy to understand, just like traditional method

for bulk materials. This method is applicable to most solid-state

materials, including crystalline and amorphous materials with

or without substrates, and requires only easy sample prepara-

tion step to fabricate wedge or step-shaped area on the surface.

Compared with the widely used TIB, our method does not

need the input of other mechanical/thermal parameters for

Figure 5: (a) Typical displacement as a function of temperature measured at position 1 and position 2 on the epoxy resin sample heated from 30 to 40 °C. (b)
Typical displacement as a function of temperature measured at position 1 and position 2 on the epoxy resin sample heated from 40 to 50 °C. (c) Typical displace-
ment as a function of temperature measured at position 1 and position 2 on the epoxy resin sample heated from 50 to 55 °C. (d) Thermal expansion as a function
of temperature for epoxy resin at micro-scale.

TABLE 1: CTEs of Al and Ti in our study, compared with other measurement
results and bulk materials.

Samples Linear CTEs (×10−6 °C−1)

Al (56.0 μm) this work 22.9 ± 5.3
Al (15 μm) [29] 24.6
Bulk Al [30] 24.0
TI (90.3 μm) this work 11.6 ± 1.5
Ti (3.2 μm) [29] 8.79 (transverse direction), 9.16 (rolling direction)
Bulk Ti [31] 9.5

Article

▪
Jo
ur
na
lo

f
M
at
er
ia
ls
Re
se
ar
ch
▪

Vo
lu
m
e
35
▪

Is
su
e
23
-2
4
▪

D
ec

14
,2

02
0
▪

w
w
w
.m
rs
.o
rg
/jm

r

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press cambridge.org/JMR 3207

D
ow

nl
oa

de
d 

fr
om

 h
tt

ps
://

w
w

w
.c

am
br

id
ge

.o
rg

/c
or

e.
 X

i'a
n 

Jia
ot

on
g 

U
ni

ve
rs

ity
, o

n 
15

 Ja
n 

20
21

 a
t 0

8:
26

:3
1,

 s
ub

je
ct

 to
 th

e 
Ca

m
br

id
ge

 C
or

e 
te

rm
s 

of
 u

se
, a

va
ila

bl
e 

at
 h

tt
ps

://
w

w
w

.c
am

br
id

ge
.o

rg
/c

or
e/

te
rm

s.
 h

tt
ps

://
do

i.o
rg

/1
0.

15
57

/jm
r.

20
20

.3
20

http://www.mrs.org/jmr
http://www.cambridge.org/JMR
https://www.cambridge.org/core
https://www.cambridge.org/core/terms
https://doi.org/10.1557/jmr.2020.320


calculating the CTE, also with the advantage of measuring the

out-of-plane CTE. The method was demonstrated for the mea-

surement of CTEs in micro-scale Al and Ti samples, and the

results are in good agreement with the reported data measured

by other methods. For polymer materials, our results with

epoxy resin show a much higher CTE in the micro-scale sam-

ple than in the bulk sample, demonstrating a strong size effect

of CTE in polymers. Considering the pervasive presence of

micro- and nano-scale structures of various types of materials

in IC chips and other miniature devices, there shall be huge

needs for such kind of CTE measurement of small-scale mate-

rials to improve the reliability of thermomechanical analysis or

aid the structural optimization in design.

Experiments
The CTEs of single-crystalline aluminum (Al, Goodfellow

Cambridge Limited, Cambridge, United Kingdom; 99.99%)

and polycrystalline titanium (Ti, ELETMENT TECH

MATERIAL Co., Ltd, Weihai, P. R. China; 99.999%) have

been measured by our method, which are well consistent

with the values from other methods. Aluminum and titanium

were chosen, as they are widely used and their CTEs show mild

size-dependent effect. The Al sample was prepared into wedge

shape by mechanical polishing and followed by electropolish-

ing. The length was about 3.0 mm, and the width is about

2.0 mm. The maximum and minimum heights of the sample

are about 0.5 and 0.2 mm, respectively. The Ti sample was pre-

pared into wedge shape by mechanical thinning and polishing

from a bulk cylindrical sample. The cross section of the Ti sam-

ple is a circle with diameter about 8.0 mm. The maximum and

minimum heights of the sample are about 2.0 and 1.0 mm,

respectively. The samples were fixed onto the high-temperature

stage of the nanomechanical test instrument by silver paint.

After that, our method was applied to study the thermal expan-

sion of epoxy resin, an amorphous polymer. Epoxy resin plays

a vital role in electronic packages because of its ease of process-

ing, low cost, low dielectric constant, low shrinkage, excellent

corrosion resistance, adhesive properties, and electrical insula-

tion performance [35]. Since many filled epoxy resins between

integrated circuit or die and the substrate in ICs are about

100 μm thick [36], it is necessary to measure the CTE of

epoxy resin at micro-scale. The epoxy resin was prepared

using EpoFix Kit produced by Struers Ltd. The EpoFix resin

and EpoFix hardener were mixed according to the weight

ratio of 25:3, and then put into a vacuum tank for more than

12 h, so as to reduce the bubbles in the epoxy resin. After

the epoxy resin sample was prepared into wedge shape or

cuboid by the mechanical method, the sample was heated to

above 100 °C and cooled slowly to reduce the effect of stress

in the process of sample preparation, so as to obtain a uniform

sample. The CTE of bulk epoxy resin (20.9 mm × 6.4 mm ×

4.3 mm) was measured using a NETZSCH DIL 402C thermal

dilatometer, and the heating rate is 5 °C/min. The length of

the epoxy resin sample for the measurement at micro-scale

was about 10.0 mm, and the width is about 5.0 mm. The max-

imum and minimum heights of the sample are about 2.0 and

0.5 mm, respectively. The chemical composition was checked

using EDX semiquantitative analysis on a Hitachi SU6600

SEM. The measurements of CTEs of materials in the micro-

scale were performed on a Hysitron TI-950 TriboIndenter

equipped with high-temperature stage xSol 800. A nanoDMA

transducer with a Berkovich probe and a dynamic creep testing

technique was employed, whereby a small oscillation at a par-

ticular reference frequency (220 Hz in this case) was superim-

posed onto the quasi-static load function, which is only for the

convenience of data processing. A peak load of 8 mN was used

and held for 240 s, with simultaneous heating from 25 to 45 °C

for Al (30–50 °C for Ti), for both the tip and the sample, at

heating rate 5 °C/min. Due to the limited displacement range

of the transducer and the significant change of mechanical

property of epoxy resin during heating, three measurements

in different temperature ranges were performed. A peak load

of 10 mN was used and held for 120 s, with simultaneous heat-

ing from 30 to 40 °C with heating rate of 5 °C/min. Other com-

binations of peak loads, holding time, and heating temperatures

were also applied, such as 8 mN for 120 s from 40 to 50 °C and

4 mN for 60 s from 50 to 55 °C.
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