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in CSN test
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Cross-sectional nanoindentation (CSN) is a new test
especially designed for measuring interfacial adhesion
of thin film with nanoindenter and scanning electron
microscopy (SEM) [1, 2]. Sanchez et al. [1] proposed
the indentation analytical models, in which interfa-
cial crack area of ceramic thin film was considered
as isotropic or simplified as an assembly of a tapered
beam and circular plate, to measure interfacial adhe-
sion of Si;N,/SiO, ceramic—ceramic thin film system.
However, many materials in engineering technology are
anisotropic, especially ferroelectric/piezoelectric thin
films used in microelectromechanical systems (MEMS)
[3]. In this paper, based on the anisotropic cylindrical
plate theory in which the effect of transverse shear is
considered, an analytical expression for the critical en-
ergy release rates per unit new interfacial crack area
is derived. Interfacial adhesion of SiN and PZT thin
film evaluated by the anisotropic plate model is com-
pared with the results evaluated by the previous models.
The investigation provides the foundation to estimate
the interfacial adhesion of anisotropic ceramic thin film
systems in CSN test.

In CSN test of multiplayer thin film structures [1],
one side of the pyramidal indenter was parallel to the
interface between thin film and oxide-layer/substrate
and the point of the indentation load was at a distance d
from the interface (shown in Fig. 1a). The three-sided

indenter was driven perpendicularly into the cross sec-
tion and then was taken out. The indentation position
and indentation depth A (or indentation load) can be ad-
justed, and a schematic diagram of the interfacial frac-
ture procedure is shown in Fig. 1. The interfacial cracks,
characteristic of brittle materials loaded with pyramidal
indenters [4], propagated on loading through the silicon
substrate and the strong silicon—silicon oxide interface.
In Fig. 1b, a wedge produced by the indenter is com-
posed of the multilayer thin film/oxide-layer/substrate
structure, and the original wedge length without the in-
terfacial crack is defined as 2b. When the crack reaches
the weak thin film—silicon oxide interface, it tilts out
of the original planes following the thin film—silicon
oxide interface. Finally, when the indentation depth A
(or the indentation load W) increases, the maximum
length of the interfacial crack at thin film—silicon ox-
ide interface is 2a. In Fig. 1c, A and wy are defined
as the indentation depth and the maximum vertical dis-
placement, respectively. The delamination of ceramic
thin film can be simplified to a bending plate given in
Fig. 2. The coordinate origin and plane or 6 coincide
respectively with the orthotropic pole and plate mid-
plane, and z-axis perpendicular to the mid-plane is the
elastic principal axis.

According to the basic assumptions of anisotropic
plate theory [5], the displacement and stress fields can
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Figure 1 (a) Orientation and placement of the indentation, (b) schematic of CSN test configuration, and (c) side elevation of CSN test configuration.
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Figure 2 Schematic of the elastic bending circular plate model.
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be expressed as
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where ¢(r, ), ¥ (r, 9) are arbitrary unknown functions,
G,, Gy, shear elastic modules, and 4 is the thickness of
thin film. There is only axial load Z*(r, ), and X* =
Y* = 0 on the upper and lower surfaces of the plate.
Substituting the geometric and constitutive equations
into equilibrium equations, w, ¢, ¥ can be given as
follows,
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where A, A, Dy, D,, Dy are parameters determined
by the elastic coefficients of thin film. For transversely
isotropic materials, the internal forces and moments can
be simplified as

MrG
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Because of the force boundary conditions Zt = Z~ =
0 and axis-symmetry My = Qg = 0, one can deter-
mine the following functions by Equations 2 and 3

C1
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-

and Y (r,0) = 0. 4
where c is a integral constant. Substituting them into
Equation 3, the differential equation is
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where, D = %Q”, 01, is the elastic coefficient of
thin film. The displacement boundary conditions can be

expressed as
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The strain ¢j and stress oj; fields could be obtained
by the geometric equations and constitutive equations,
respectively. Considering transverse shear, the elastic
strain energy of semicircular bending plate will be given
as

(6)
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where A = b/a, Q11, Q12, Qa4, and V are the elastic
coefficients of thin film materials and circular plate vol-
ume. Then, the critical energy release rate can be written
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where A is the delamination area corresponding to one-
half of circular plate. If the original wedge radius b, the
maximum radius of interfacial delamination area a, and
the maximum vertical displacement wy are obtained,
the critical energy release rate per unit crack can be
calculated by Equation 9.

Generally, the critical energy release rate per unit
crack is used to characterize interfacial adhesion of
thin film/substrate system [6, 7]. According to the ex-
perimental results in Ref. [1], the measured parameters
such as b, a (A can be calculated), and w, could be
recorded by SEM, and then the interfacial adhesion of
Si,N,/SiO; thin film can be calculated by Equation 9
and the results are listed in Table I. It is obvious that
interfacial adhesions evaluated by the anisotropic plate
model are greater than evaluated by the assembly ta-
pered beams and isotropic plate models [1]. The main
reason is that the transversal shear effect is considered,
and the interfacial adhesion evaluated by the anisotropic
plate model increases due to the contribution of shear
strain energy.

To understand the anisotropic plate model, trans-
versely isotropic PZT thin film materials are discussed

UA+ AA) — U(A))
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TABLE 1 Interfacial adhesion of SiN thin film evaluated by the different models

Test 1 2 3 4 5 6 7 8 9 10 11 12 13 14
A (um?) [1] 386 348 499 772 736 663 784 945 1305 1787 2350 2157 2273 2760
G-assembly beam J/m?)[1] 30 1.8 22 1.6 29 21 26 26 13 1.4 1.4 1.4 2.2 1.3
G-isotropic plate (J/m?) [1] 3.1 1.9 23 1.7 3.0 2.2 2.6 2.6 1.4 14 14 1.4 2.1 1.4
G -anisotropic plate (J/m?) 39 2.7 3.1 2.1 3.4 2.6 3.1 3.1 1.6 1.6 1.6 1.7 2.6 1.6
15 T T L— with the previous models, because the shear strain en-
. . ergy is considered in the former model. In CSN test, the
N'E 121 ) A ® anisotropic plate model | anisotropic plate model should be used to evaluate the
= ® assembly beams model interfacial adhesion of anisotropic ceramic thin films.
&) A anisotropic plate model
% 9 * assembly beams model™ 1
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Figure 3 The variation of interface adhesion G with the crack length
a, when the size of extrapolated composite b and maximum vertical
displacements wq are 10 and 1000 pm, respectively.

as an example. The parameters corresponding to the
critical state are assumed as b = 10 um and wy =
1000 pm, and the elastic constants of PZT thin film
are determined as Q;; = 13.9 x 10'° N/m?, 0, =
7.78 x 10'° N/m?, and Q44 = 2.56 x 10' N/m? [8].
The variation of interfacial adhesion with the maxi-
mum radius of interfacial delamination area a are de-
scribed as Fig. 3. One can conclude that interfacial ad-
hesions evaluated by the anisotropic plate and assembly
tapered beams models differ little for isotropic SiN thin
film, however there is a large difference for transversely
isotropic PZT thin film.

In summary, a plate model based on anisotropic
plate theory is proposed to evaluate interfacial adhe-
sion of transversely isotropic thin films. For isotropic
thin films, the interfacial adhesions evaluated by the
anisotropic plate model are larger than that evaluated
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