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M easurement of Poisson’s Ratio of a Thin Film on a Substrate
by Combining X-Ray Diffraction with in situ Substrate Bending
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A method to determine Poisson’s ratio of a crystaline thin film on a substrate without sophisticated equipment
and/or specimens is presented. The method is based on the combining x-ray diffraction and in situ substrate
bending and the three components of the induced strains were measured by x-ray diffraction experiments
using the well-known sin’y method. The method allows one to extract the Poisson’s ratio of the unpatterned
thin films on substrates in a simple way and with a good precision. As an example, Poisson's ratio of a
sputter-deposited copper film on a low-carbon steel substrate was measured.
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1. INTRODUCTION

Mechanica properties of thin films and multilayers are
essential parameters for advanced devices!™ Thus, there has
been an increasing interest about the mechanica properties
and the dastic properties of thin films and multilayers which
can differ significantly from the bulk metal ones!” Poisson's
retio is one of the fundamental parameters of thin films char-
acterizing mechanica behaviors and the performance of the
devices made of thin films. Many previous researchers have
tried to measure the Poisson’s ratio of thin films using vari-
ous methods. Moram et al. measured Poisson’s rétio of the
epitaxially grown (111)-oriented scandium nitride thin films
on dlicon by evaluating in-plane and out-of-plane strains
using high-resolution x-ray diffraction technique.” Renault
et al. determined Poisson's ratio using a synchrotron x-ray
diffractometer equipped with an extratensile tester Kim et
al. evauated Poisson’sratio using nano-indentator with dou-
ble-ring shaped specimen.”™ J. Ye et al. determined the Pois-
son's retio of thin films by detecting thermal expansion in
two directions perpendicular to each other!” Zhao et al.
messured Poisson’s ratio of thin films on silicon substrates
by using wafer curvature technique.® However, the methods
mentioned above often require sophisticated equipment and/
or specialy designed specimens. Therefore, asimple method
for measuring Poisson’s ratio is strongly necessary. We
describe a simple method for the measurement of the Pois-
son's ratio of the thin films on substrates without any addi-
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tional surface micromachining process.

2. THEORY

The method used in thiswork is based on the well-known
sin’y method.” It consists of in situ bending of film/sub-
dtrate system in an x-ray diffractometer (Fig. 1). The Pois-
son's raio of the films is determined by measuring three
strain components induced by substrate bending (Fig. 1).
The main assumption is the linear elagtic behavior of both
the subgtrate and the thin film, and perfect adhesion between
the substrate and the film.

Consider a body under externa loadings in a Cartesian
coordinate system. We define measurable or apparent strain
component, &", and true or effective strain component, & .
Then each component of the measurable strain may be
expressed as
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where is the Poisson’s ratio defined as
vy = ——(|¢J) )

In case of a thin film on a substrate, there is no external
loading along film normal direction (& =0). Thus
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Fig. 1. Representation of the specimen coordinate system, X, and the
angle g and . Xy, isthe normal to the diffracting plane.
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Considering Egs. 5and 6, &, and &, aregiven by
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Therefore, Eq. 7 can be rewritten as
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Assuming in-planeisotropic (vi2=v21) and out-of-planeiso-
tropic (Va1=Va2), then Eq. 10 becomes

m m
m & + &
& = Ngy7—= 11
3 31 1—V12 ( )
In case of fully isotropic (), one may write
m m
m_ &at&
& = Vf l—Vf (12)

If thefilm is perfectly adhered to the substrate (&' = —Vv.&7'),
then Eq. 12 becomes”

& (13)

where v; and vs are the Poisson’s ratio of the film and the
substrate, respectively.

In case of biaxial isostrain (&) = &') and isotropic films,
Eq. 12 becomes”

m _ _2Vf m
& = —1_st1 (19

It is common to use x-ray diffraction to measure the spac-
ing of the lattice planesin crystalline materias. When acrys-
tal is subjected to a stressin an elagtic range, it givesrise to
change of the lattice plane spacing. The drain state can be
determined from a set of measured interplanar spacing as a
function of sin’y; where is the angle between the normals
of the films surface and of the diffracting plane. This tech-
nique has been described by Flinn.™

The linear relationship between crystallographic interpla-
nar spacing d and sin“y has been established for the mea-
surement of the macroscopic stress!” To obtain the oisson’s
ratio, it is necessary to get the e—sin‘y straight lines as a
function of applied bending strain using the x-ray diffraction.
The conversion from d-sin’y relationship to e—sin“y rela-
tionship could be possible by measuring the d at different
applied bending strains. For example, if the d is measured at
zero applied bending strain (no substrate bending) and con-
sequently, the d is measured under applied bending strainin
a linear eadtic range, the conversion can be attainable. On
the other hand, since there must be non-zero residua strain
of the films in spite of zero applied bending strain, Eq. 4
should be replaced by thefollowing equationin alinear dlas-
tic range.

vy = i) (15)

The drains in the crygtdline lattice of films induced by
substrate bending lead to a shift of the diffraction peak with
respect to its previous postion. It is apparent that the strain
state of the film on the bended substrate is an anisotropic
biaxial one. And when substrate thickness is much greater
than film thickness, the stress gradient along the thickness
direction of the film is negligible™"

3. EXPERIMENTS

5 cm-by-5 cm-sized low-carbon steel-plate with 0.5 mm
thickness (commercia name: bright stedl sheet, provided by
Dongbu Stedl Co. Ltd. in Korea) was prepared as a substrate
and cleaned. And then, 0.5 wm-thick Cu thin film was depos-
ited on the substrate by a sputtering system (200 W a 4
mtorr), and the Cu-deposited steel substrate was loaded on
the specidly designed substrate holder. The substrate holder
was designed to bend the substrate properly during the x-ray
diffraction. The orientation of the sample is characterized by
the ¢ angle, denoting the rotation angle of the specimen
around its surface normal, and by the angle y; being the
angle between the normal to the surface and the normal to
the diffracting lattice planes (Fig. 1). The specialy designed
subgtrate holder (Fig. 2) mounted on a specialy designed
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Fig. 2. A low-carbon steel substrate mounted onto a substrate holder.

sample holder on goniometer. The sin® ¥ method was carried
out using a Bruker D8 Discover system with a Cu Ko radia-
tion source. The operating voltage and current were 40 kV
and 40 mA, respectively. The location of Bragg pesk was
determined by fitting the pesk with the Gaussian function

(Fig. 3).
4. RESULTS AND DISCUSSION

According to the x-ray diffraction patterns of as-deposited
Cu thin film and sted substrate obtained by 6-26 scan (Fig.
4), it is invegtigated that many diffraction peaks of the Cu
thin film, except (311) as well as (111) peaks, coincide with
those of the steel substrate. Therefore, we have chosen (111)
plane as a strain measuring diffracting plane. Since different
{111} planescan befound at different anglesto thefilm nor-
mal direction, the angle ywasfixed at 0° and 70.53°, respec-
tively. Then, the angle ¢ was fixed at 0° and 90° at every
(Fig. 5).

The additional strain induced by substrate bending was
caculated by the following equation.

— é(_j — _TE_A(ZHBragg)

Abor= " = 360t Gy D (16)

where Ag,, is the eagtic lattice strain in the direction
defined by the Euler angles ¢ and y with respect to the ref-
erence frame of the sample. Neglecting the shear strain com-
ponents, Ag,, may be expressed in terms of the strain
components, Ag induced by substrate bending in the sam-
ple coordinate system.

A&, = A& SN yeos’ g+ As,sin’ ysintgrAscosty  (17)

Using Eqg. 17 we can get Ag; directly by setting w = 0,
then Aeg,, becomes Ag. And Ag and Ag, can be
obtained by changing ¢ with the knowledge of Aeg;. The
Poisson’sratio of the film, v, can be obtained by the follow-
ing equation, which is the same form of the Eq. 12.
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Fig. 3. Relationship between peak shift and strain state: (a) strain-free

state (26=26), (b) tensile strain state (2G,x<265), (C) compressive
strain stete (26a>26k).
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Fig. 4. X-ray @26 diffraction patterns of 0.5 um-thick Cu film on a
low-carbon steel substrate.
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Fig. 5. Cu (111) diffraction peaks of 0.5 mm-thick Cu film on alow-
carbon steel substrate with respect to yand ¢ under no-bending state:
(@ y=0°, ¢=0°, (b) y=7053°, ¢=0°, (a) y="70.53°, p=90°.

Ag+Ag,
1-v;

Under the assumption that the Cu thin film is dastically
isotropic (this condition is amost met for FCC metals with
an anisotropy factor of 1.2),™ the Poisson’s ratio of the Cu
thin film was measured to be 0.347 + 0.029. Comparing the
bulk one appeared in the literature (0.343),™ the measured
value are found to be in good agreement with the bulk one.
The deviation of 1.17% from the literature value for poly-

A& =V (18)

crystaline Cu can be explained by the anisotropy of Cu
which has not been taken into account in the calculation and
by the texture in the film.™”

5. CONCLUSION

An original and useful method is introduced for determin-
ing Poisson’s ratio of thin films on a substrate without
sophigticated equipment and additional surface microma-
chining process. The proposed method is based on the x-ray
diffraction strain measurement of three strain components
induced by an in situ eadtic substrate bending, which
induces an anisotropic biaxia strain on the thin film. The
measurement of the three strain components was carried out
using the well-known sin’ ymethod. The method hasthe fol -
lowing main advantages: (i) no elastic constant of the sub-
strate or the film is necessary, and (ii) the unstrained lattice
parameter of the film needs not to be known, furthermore,
(iii) no sophisticated equipment and process for the surface
micromachining of the specimen are needed. Asan example,
the Poisson’s ratio of a Cu thin film on a low-carbon stedl
substrate was determined by using the proposed method. It
should be noted that the Poisson’s ratio determined by the
presented method are intragranular properties.
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