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Abstract

A new type of the sensitive specimen nam&g-sensing element’ that can be fabricated, using the plain and general micro-fabrication
process, is proposed and modeled to measure the interfacial toughnassetal thin films on substrates. For the whole modeling process
of the G.-sensing element, the finite element method and the concepts of the linear elastic fracture mechanics are applied. Moreover, the
verification for energy-release rates calculated from the linear elastic fracture analysis is carried out, using the elastic—plastic fsaiture anal
The results of this research show that Gesensing element provides a simple and convenient method for measuring the precise interfacial
toughness of metal thin films on substrates.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction indentation volume, the crack length and the scratch trace
geometry in the films.

The adhesion strength of thin films on substrates has an In a different way, the interfacial toughness of thin films
important effect on the reliability and lifetime of micro-scale has been measured using fabricated specirfighsl 3] The
systems, such as the high-capacity memory chip, the chip-superlayer tegt10,11] has the originality of such measure-
scale package and the micro-electro-mechanical system, anagnent methods. The carbon-release layer is deposited between
it can be defined as the interfacial toughn&gs which is the Cu film and the substrate to reduce the adhesion strength,
a measure of the practical work of adhesjah Therefore, and the residual stress of the Cr superlayer deposited on the
various approaches to meas@eg for thin films have been film is used as an external loading to generate the crack be-

actively performed and published up to the pre¢2ht tween the film and the substrate. The interfacial toughness,
Among these approaches, the research using the nanoinas well as the phase angle, are calculated with the residual
dentation is the main stream for measui@gf thin films un- stress, and equations are formulated on the basis of the linear

derpm-scale thickness. The indentati@-7] or the scratch  elastic fracture mechanics.
[8,9], using the nanoindentation is applied on the surface of Each method has some merits for measur@g for
the films, and thers; can be obtained with its mathemati- example, the plain fabrication process of the test specimen,
cal expressions and measured geometric variables, i.e., thehe simple calculation of the energy-release rate for the
nanoindentation method, and the strong possibility to obtain
* Corresponding author. Tel.: +81 52 736 7449; fax: + 81 52 736 7400. the accuraté, of thin films for the superlayer test method.
E-mail addressinsu-jeon@aist.go.jp (1. Jeon). On the other hand, they have serious demerits. For example,
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the nanoindentation method has a high probability of
overestimating or underestimati®y because of the inverse
quadratic or the inverse biquadratic dependence of the mea-
sured crack length, which may include some errors during the
measuring process, in the expressions of the energy-release
rate[3—7]. The superlayer test method gives the difficulty of
obtaining the exact value @ because of the hardness for
controlling the external loading that creates the interfacial
crack.

In this research, a new type of a sensitive specimen named
‘G¢-sensing element’ is proposed for measuring the interfa-
cial toughness of metal thin films on substrates to compen-
sate for those demerits of both the methods. The plain and
general micro-fabrication processes are sufficient to fabricate
theG¢-sensing element. The nanoindentation or the microin-
dentation can be utilized to apply an external loading and
to probe the ‘pop-in’ point in the load—displacement curve,
from which the loading for the initiation of the crack prop-
agation is obtained. For the whole modeling process of the
Gc-sensing element, the finite element method and the the-
ory of the linear elastic fracture mechanics are applied. Also,
the verification for calculated energy-release rates, obtained
from the linear elastic fracture analysis, is performed with
the elastic—plastic fracture analysis.

2. New type of specimen, Gsensing element

The geometric flexibility of thin silicon structures under
300p.m thickness, shown iRig. 1 [14,15] is the fundamen-
tal characteristic for realizing th.-sensing elemenkig. 2a
shows the proposed shape of Bgsensing element and the
essential micro-fabrication processes, i.e., the oxidation of
the Si substrate, the deposition of the release layer and therig. 1. The geometric flexibility of a thin Si: (a) substrate, and (b) wafer
metal thin film, the spin-coating of the photo resist (PR) and [13,14]
the lithography, as well as the etching for the PR layer, the
film, and the substrate. Particularly, the partial etching of the plied on the contact pad, the interfacial crack should be easily
metal thin film is recommended to form a small metal con- fabricated because of the stress concentration around the in-
tact pad of the 6Q.m diameter on the center of the substrate terfacial edge, as shownkig. 2a[16], and the low interfacial
surface, which guides the symmetric loading transfer from adhesion strength between the release layer and the metal thin
the indentation to th€¢-sensing element (s€dg. 2a). Also, film.
we suggest that the etching process of the PR layer and the To probe the loading at the initiation of the crack propaga-
metal thin film on the substrate have to be finished before tion, i.e., the ‘pop-in’ point in the load—displacement curve,
the backside etching of the substrate to prevent the warpingthe actual indentation is processed and then the measured
or bending deformation of th&c-sensing element after the loading is used for calculating the interfacial toughness. Dur-
fabrication procesHL6]. ing the indentation process, the external loading transferred

The crack in theG¢-sensing element can be fabricated, by an indenter, bends the substrate that has the geometric
using the deposited release layer between the Biger and flexibility, but the PR layer on the metal thin film resists the
the metal thin film, and a slight pre-loading applied on the bending deformation of the film with its stiffness. Therefore,
metal contact pad by the indenter. For the release layer, vari-the crack between the film and the Sil@yer begins to prop-
ous kinds of the material that reduce the interfacial adhesionagate. Even though the external loading is applied on the
strength should be used. For example, the carbon layer lessnetal contact pad like a point loading during the process,
than 20 nm of thickness that has been used in the fabrica-the plastic deformation of the pad and the bending deforma-
tion of the superlayer test specimfr], or the SAM (self- tion of the substrate relieve the stress concentration at the
assembled monolayer) less than 2 nm of thickrj3sl8] contact point, and the loading produces the uniform stress
can be candidates for the layer. After the pre-loading is ap- field around two cracks in th8.-sensing element because of
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Fig. 2. (a) The proposed shape of tBg-sensing element, and (b) the mesh configuration and boundary condition for the bridge-shaped substrate.

St. Venant's principle. Therefore, the external loading should condition for the deflection and the angle of deflection of the
cause the uniform propagation of the cracks. beam is needed to guarantee the crack propagation before a
fracture of the beam in the substrate. The long length of the
beam results in the deflection with a low probability of the
3. Modeling of the G;-sensing element beam fracture and of the crack propagation from the small
angle of deflection. On the other hand, the short length of the
For modeling th&.-sensing element, three conditions for beam results in the deflection with a high probability of the

the bridge-shaped substrate, showirig. 2a, and two lim- beam fracture and of the crack propagation from the large
itations of the indentation equipment have to be considered,angle of deflection. Therefore, the deformation analysis for
which are written as follows: the bridge-shaped substrate, using the finite element method,

o ] is necessary for determining the reasonable size and shape of
Cl. Feasibility of handling. _ _ the substrate. For cracks embedded under metal thin films,
C2. Deflection and angle of deflection of the beam in the the condition for the crack propagation under the plane strain
substrate. _ _ ~ deformation,a <W/8 is considerefd9]. Here,W anda are
C3. Crack propagation under the plane strain deformation. {he peam width and the crack length, respectively. For two
L1. Maximum loading fmy)- limitations of the indentation e_quipmeriﬁ;x;4_.90_3 N and
L2. Maximum displacementify). de: ;Ooum are selected, which are the limitations of the

microindenter, MCTM-500 of SHIMATU Corp.

The condition for the feasibility of handling means that First of all, modeling for the bridge-shaped substrate be-
the position and location of th.-sensing element have to  gins under all these conditions and limitations, using the 3D
be controlled using tweezers after being isolated from the finite element analysis for the indentation process. To es-
wafer. This condition gives the degree of freedom for scru- timate whether the substrate is fractured or not, the exper-
tinizing the initial and the propagated crack shape, using aimentally measured fracture strength of an Si substrate is
microscope or a scanning electron microscope (SEM). Theintroduced and compared with the maximum tensile stress
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Table 1 The maximum tensile stress;; is calculated at a mid-

Material properties for the numerical analysis point of the lower free surface in the beam, and is compared
E (GPa) v Yield stress (MPa) with the fracture strength; of the Si substraterig. 3a and

Si[20] 169 0.3 b show the ratiar11/0%, and the ratid/f,x between the ap-

Sio, 70 0.17 plied loadingf and the maximum loadinfy, following the

Cu (thin film) [2] 120 0.34 400.07 change of the non-dimensionalized valtsandW/L. The

SU8 (PR) 4.4 0.22

valuesoi1/os>1 mean a fracture of the substrate, and the
valuesf/fx > 1 mean the loading that cannot be transferred
by MCTM-500. InFig. 3c, the projected1/o andf/fyy val-
calculated from the numerical analysis. Because the fractureues in thet/L — W/L plane are shown. The improper values
strength of an Si substrate depends not only on the crystal ori-for reliable modeling of the substrate are excluded with the
entation, but also the etching process with various etchants,regions of oblique lines, and a suitable value for modeling is
the minimum value of the fracture strength, 660 MPa, among selected and marked Fig. 3 att/L =0.0125 andV/L =0.3.
published ones is used as a critical vaJ@8]. Note that a After selecting the beam lengthv, the crack lengtha is de-
fracture of the Si@ layer (seerig. 2a) before a fracture of  termined asa=W/8, to ensure the crack propagation under
the Si substrate is not considered in this research because ththe plane strain deformation. Therefore, the determined di-
fracture strength of an Sifilm is higher than that of an Si  mensions of the bridge-shaped substrate forGrasensing
substrate introduced in this paper. element aré=100pm, W= 2.4 mm, ancg = 300um. For the

The thickness ofthe Si substrate 0@, shown irFig. 2a, fracture analysis to calculate the energy-release rate and the
is that of a wafer before the etching process, and the beamphase angle using th8.-sensing element, the thickness of
length in the substrate is selected as 8 mm after taking intothe Cu film is selected as 400 nm, and the respective refer-
account the conditions ‘C1’ and ‘C2’. Moreover, the 400 nm ence values for the geometric variables, such as the distance
thickness of the Si@layer is modeled on the substrate for between the beam edge and the crack tip, the crack length and
the fracture analysis in this research. Therefore, the variablesthe thickness of SU8 are chosenlas, 600um, ag = 300um,
that have to be determined by the numerical analysis are theandtg = 100m. All of the determined dimensions and the
width W and the thicknestof the beam. The mesh configu- reference geometric variables are showrit 2a, and for the
ration and boundary condition for the numerical analysis are reference elastic modulus of SUBg = 4.4 GPa s selected.
shown inFig. 2b. For the simplicity of the computation, we
disregard the small metal contact pad on the substrate, and
consider only a quarter part of the substrate and the hemi-4. Linear elastic fracture analysis
spherical indenter. The package code ABAQUS is employed
for the finite element solution. The isoparametric hexahe-  The stress and displacement fields around an interfacial
dron element with 20 nodes for the substrate and the tetra-crack tip of two isotropic elastic materials have the well-
hedron element with four nodes for the indenter are used. known forms[23,24}
As an external loading for the numerical analysis, the max- 1
imum displacement of the microindentdx=100um is 0ij = ———=(Re[Kr'*] pij (0, €) + IM[Kr'*]q;;(0, €)) Q)
selected. Veur

The properties of each material for the numerical analysis 1 - A A
are shown irTable 1 As the material for the PR layer and % = ZM\/;(Re[KV'S]mi(@, e) + Im[Kr']n;(0,€))  (2)
the metal thin film, SU8 and Cu are, respectively chosen,
because SU8 is used in the field of MEMS, and Cu is recently wherei = «/—1, r and@ are polar coordinates centered at
used in the semiconductor industry as metal interconnections.the crack tip, as shown iRig. 4, K=K; +iK5 is the complex

Diamond (indenter) 900 0.2

The simple elastic behavior for the Sidayer and the Si interfacial stress intensity factor, and

substrate are assumed for the numerical calculation, because

the actual stress field in thin films on the Si substrate can beg — i In {("1//‘1)"'(1/“2)} (3)
reasonably evaluated under this assumggan Particularly, 2m (k2/p2) + (1/ 1)

Si with the same crystal direction, as the one introduced for The material constants, = 3—4vq, 1, andv, are the shear
the fracture strength, are considered for the subsfdle  modulus and Poisson’sratio, respectively, where the subscript

As the material of an indenter, the diamond is selected, and:,’ means the upper layet& 1) or the lower layerd = 2).
because of its hardness, only elastic material properties arerhe detailed solutions fqj, g, m andn; are given by Rice
chosen. Also, the elastic behavior of SU8 is assumed duringet a|.[25].

the indentation process because the ‘ductile’ characteristic  The conservation integralsintegral[26] is introduced to
of the SU8 layer is transformed into the ‘brittle’ one after efine the energy-release rate:

the post-exposure bake and the hard bake pro¢22ksThe

elastic and the elastic—plastic properties of the Cu thin film ; _ / (Wny — tiu;1)ds (4)
will be considered in following sections. r
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Fig. 3. The ratio (ay11/01, and (b)f/fmx following the change of/L andW/L, and (c) their projected values in thie — W/L plane @=2100um).

wheren; is the unit outward normal on the contofr in
Fig. 4 W andt; indicate the strain energy density and the
traction component given a#/= gij¢ij/2 andt; = ojjnj; ‘Ui 1’

is the partial derivative with respect tq. Here, the strain

X,

Plastic zone
Crack stirface

Fig. 4. The integral path and domain for théntegral and the domain inte-
gral form of theJ-integral.

component;ij is given asgjj = (Ujj +U;j,)/2. The calculation
after substituting the stress and displacement fields in Egs.
(1) and (2)into the definition of tha-integral in Eq(4) gives

the well-known form of the energy-release rate for an elastic
interfacial crack problen®|e

(c1+c2)K K
Gle=J=-—"""F+— 5.a
e 16 cosh2 e (5-2)
with
1 1
1= at , 2= K2t (5.b)
n1 w2

The measure of the relative amount of the shear stress to
the normal stress ahead of an interfacial crack tip along the
interface, i.e., the phase angle is written, using the real part
K1 and the imaginary palt; of the complex interfacial stress
intensity factoK as:

Im[ K7€
W= tan_1<012) =tan! ([ a ]>
022) y—; Re[K7'¢]
_tan? (Kl cosé — K> sin g)

s (6)
1 SIN& 4 Ko cosé

where¢ = ¢In7, andFis a reference length.
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5. Elastic—plastic fracture analysis 6. Results and discussion

When the plastic zone is developed near an interfacial  First of all, the determined dimensions and the reference
crack tip, the stress and displacement fields in the elasticgeometric variables of th8.-sensing element and the elastic
region outside the plastic zone include, not only the stress behavior of the Cu thin film are used for calculating the ref-
singularity—1/2 +i¢, but also the higher order singularities, erence energy-release rai§ and phase angl&o under the
such as—1, —3/2 +ig, —2, ... [27-29] which are written reference external loadirdp = 80 m. The perfect adhesion

as: between the dissimilar materials is assumed and the residual
0.200  Re stress of the Cu film is ignored because of its small magni-
200 Rey, ' : o T : .
oij = (Re[ K] pi; (6, ¢, €) tude compared Wlth. the stress Q|§tr|but|on in the film driven
o2 21 by the external loadinfiL6]. The finite element meshes, that
. R consist of the isoparametric plane strain elements with eight
+ IM[K,7?]gi; (0, "84, €)) nodes for theG¢-sensing element, as well as the indenter,
1,00 s are shown irFig. 5a with boundary conditions. However, the
r n . - .
+ Z —— Re[ K56, 8, €) @) small metal contact pad on the substrate is not included in
e N2 the meshes for the simplicity of the computation. The pack-
1 0,2,---,00 Res, +1 ' < . . 1,---,00 }’8”+l
7R D SR ~ 7o (RelKur “Tmi(0, %8, £) & IM{Kor“Jni(6., *81. €)) + n:_;.,_lﬁRe[K"]Oi(a )
8

whereKn =K1y +iKy, are the complex interfacial stress in-
tensities for each eigenvaldg. The general solutions for
Pij» Gj. Sj» M, i andg; are given by Jeof28]. Note that
eigenvaluess,, are given as.., §_»=—-3/2+ig, §_1=—1,
So=—1/2+ie,81=0,8,=1/2 +ig, . .., andR¢§, represent the
real part of complex eigenvaludég. For a crack problem,
there should be complementary pairs of eigenvad4eand
8¢ in the J-integral sens30] that satisfy the relation:

age code ABAQUS is used for the convenience and the easy
access to obtain the complex interfacial stress intensity fac-
tor K and the energy-release r&& in Eq.(5.a) It provides

the interaction integral method for obtaining those fracture
parameterg32]. As a result of the numerical analysis, the
deformed shape around the crack tip is presentédgnsb.

The zoomed shape around the crack tip shows the opened
S+ 8, =-1 (9) crack shape after the indentation process, which means the

) . feasibility of the crack propagation between the Cu film and
Therefore, for an arbitrary eigenvaléig the complementary e SiQ layer.

eigenvalug, = —1 — 4, hasto be foundin a crack problem. The calculated energy-release rates and phase angles, non-
From substituting the stress and displacement fields, in- gimensionalized by7§ and ¥, respectively, are presented
cluding the higher order singularities in E¢g) and (8)into in Fig. 6a along with the increase of the external loading

the definition of thel-integral in Eq.(4) and some algebra /4, The phase angle is calculated from Eq(6) with
considering the complementary relations for eigenvabyes  he reference length = 400 nm, selected the film thick-
in Eq. (9) and the path independence characteristic of the negs The obtained energy-release raies G§ > 1 with
J-integral, the energy-release rate for an elastic—plastic inter—GS = 1.121 J/n? and the phase anglie, = —8.238 insensi-

facial crack problenG|ep can be written as: tive to the increase of the external loadingdrig. 6a should be
oo used for comparing with the measured interfacial toughness
Glep=J = Jo+ Z J(6n.87) (10) from the superlayer test, 0.7 JmG. < 0.9 J/nt at the phase

angle¥ ~ 0° for the Cu film with a thickness of 450 nfh1].

. From this comparison, it is confirmed that Bg-sensing el-
where, JC»%) is the two-stateJ-integral [31], that is, the  ement can be utilized for measuring the interfacial toughness
mutual interaction integrals for arbitrary two elastic states of petween the Cu film and the SiQayer, using the microin-

n=-—1

eigenvalues, ands;,. The termJp in Eq.(10)is theJ-integral denter.Fig. 6b shows the dependence of calculated energy-
calculated with the eigenvaluig = —1/2 +ie, which has the  release rates and phase angles on the non-dimensionalized
same form as Ed5.a) [28]} crack length, @/Lo. The sudden decrease of the energy-
1 . _ (c1+ c2)K e release rgte after the mopotonic increaskEi 6b indipates
Jo= EJ(_]'/Z'HE* —1/2—ie) _ W (11) the stability of theG-sensing element as a test specimen, be-
ETT

cause this behavior of the energy-release rate means the sta-
whereKy is the complex interfacial stress intensity factor for tionary crack after its propagation under the constant external
the eigenvalugg = —1/2 +ie. loading. The reason for the sudden decrease of the energy-
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Fig. 5. (a) The mesh configuration and boundary condition fofeensing element, and (b) the deformed shape around the crack tip after the calculation.

release rate can be explained with the decrease of the phaselastic modulu&® of the SU8 layer. The valugsandE® can
angle along with the increase of the crack lengtkrig. 6b, be determined by the fabrication process of esensing
which means the decrease of the shear stress ahead of thelement. For example, the viscosity of SU8 and the spinning
crack tip that has the strong effect on the energy-release ratevelocity during the spin-coating process affect the thickness
Fig. 7a and b shows the results of the parametric study of the SU8 layer. Also, the time and temperature during the
using two selected variables, such as the thicktfesmsd the baking processes for SU8 affect the elastic modulus of the
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Fig. 6. Energy-release rates and phase angles, along with (a) the increase of
the external loading, and (b) the crack length<£ 80um). Fig. 7. Energy-release rates and phase angles, along with (a) the increase of

the thickness, and (b) the elastic modulus of the SU8 layses 80p.m).

SU8 layer[22]. Fig. 7a shows the calculated energy-release
rate range 0.3129-2.428 Fror the thickness range of the ior of the Cu film is carried out. It is assumed that the Cu
SU8 layer 50-15Q.m under the external loadirty = 80 pum. film follows the Prandtl-Reuss equations for the incremen-
This result provides the possibility to obtain various practi- tal plasticity theory of isotropic-hardening materials, and the
cal energy-release rates for metal thin films throughGhe calculation of the equations is processed with the plastic part
sensing element with increasing the thickness of the SU8 of the Ramberg—Osgood model, using the power-law harden-
layer. Particularly for SU8, over 3Q0m thickness layer can  ing exponenh=10[28,29] Fig. 8shows plastic zone shapes
be formed, using the spin-coating process. The increasingnear the crack tip, non-dimensionalized by the film thick-
trend of the energy-release rate along with the increase of theness =400 nm before the evolution to the fully plastic state,
SU8 layer thickness iRig. 7a shows a good agreement with  following the external loading/dp.
the results about the Cr layer thickness obtained from the su-  The J-integral of the elastic—plastic crack problem in Eq.
perlayer tesf11]. Fig. 7o shows the serious change of the (10)is calculated as a domain integral fof@8,29] using
phase angle, following the change of the elastic modulus of ABAQUS. The value)p in Eq. (10) is calculated from Eq.
the material layered on the metal thin film. It means that the (11), with the obtained complex interfacial stress intensity
determination of the material type or property layered on the factor Ko from ABAQUS. Note that each calculation is car-
film for the G¢-sensing element gives the various values of ried out in the elastic region outside the plastic zone, i.e.,
the phase angle. Therefore, from these results, it is clarified A— A; region, shown inFig. 4. The each term obtained in
thattheG¢-sensing element can be animportantimplementto Eq.(10), along with the increase of the external loaditidy,
measure the interfacial toughness of various metal thin films is arranged and compared wiBje in Table 2 The results in
on substrates. Table 2show a good agreement betwe@f andGlep, even

For the verification of energy-release rates, calculated though the large plastic zone is developedfd§ = 1.125 near
from the linear elastic fracture analysis, using@esensing the cracktip (seEig. 8). Certainly, this agreement stems from
element, the analysis considering the elastic—plastic behav-the geometric structure of tH@.-sensing element, because
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0.6 — the change of the thickness and elastic modulus of the SU8
1 — did, =05 layer, it is clarified that th&c-sensing element is applicable
0.5 o for measuring the interfacial toughness of metal thin films
— dd, =075 L .
— 4d =875 on substrates. Furthermore, the simplicity for calculating the
0.4 dd =10 energy-release rate, using tkg-sensing element, is con-
— did,=1.125 firmed from the verification with the elastic—plastic fracture

analysis. Therefore, it is concluded that tAgsensing ele-
ment provides a simple and convenient method for measuring
the precise interfacial toughness of metal thin films on sub-
strates.

Sl For the further study, the fabrication of ti&-sensing

' element with various metal thin films on the substrate and
- Cu thin film region the measurement of the ir_1terfacia| toughness usinngqg
“o02 oL 00 61 02 03 04 sensing element are now in progress, and the results will be

X/t presented in the near future.
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Fig. 8. Plastic zone shapes near the crack tip, non-dimensionalized by the
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