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Abstract: The influence of the distribution of nano-pores on the mechanical properties evaluation of porous low-k

films by surface acoustic waves (SAW) is studied. A theoretical SAW propagation model is set up to characterize

the periodic porous dielectrics by transversely isotropic symmetry. The theoretical deductions of SAW propagating

in the low-k film/Si substrate layered structure are given in detail. The dispersive characteristics of SAW in differ-

ent propagation directions and the effects of the Young’s moduli E, E” and shear modulus G~ of the films on these

dispersive curves are found. Computational results show that E” and G~ cannot be measured along the propagation

direction that is perpendicular to the nano-pores’ direction.
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1 Introduction

To minimize signal propagation delay,
crosstalk noise,and power consumption,it is criti-
cal for ULSI interconnect systems to develop low
dielectric constant (k) materials that are integrat-
ed with Cu meta'''. Because it is difficult to reduce
the k value below 2.0 with dense materials, the
introduction of nano-pores into the dielectrics
seems inevitable to achieve ultra low-k materi-
als . Porous low-k material should have suffi-
cient mechanical, chemical, and thermal qualities
to survive integration processes, such as chemical
mechanical polishing (CMP), etching, packaging,
and so on®'. Kondo et al.showed that at least an
8GPa Young’s modulus (E) is required for the
porous dielectric to prevent CMP induced dam-
age ,especially cracking and delimitation"". To ob-
tain these required mechanical properties, the
pores’ shape and distribution must be strictly con-
trolled to avoid agglomeration and coalescence™ .
A kind of two-dimensional (2D) hexagonal peri-
odic porous silica film with Young’s modulus E =
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8GPa and k =2 has been successfully developed as
scalable ultra-low-k dielectric by a self-assembled
technique'®’' .

The ability to measure the on-wafer proper-
ties of the porous thin films is also needed to pre-
dict the successful processing conditions” . The
surface acoustic wave (SAW) technique is an ac-
curate and nondestructive method available for
determining the mechanical properties of differ-
ent materials. Several experiment results indicate
that the Young’s modulus of porous low-k films
can be evaluated successfully™® "' This technique
is based on the following characteristic of SAW
waves: when propagating in the film-on-substrate
layered structure, SAW waves concentrate at the
film surface and decay away dependent of the fre-
quency. The SAW velocity versus frequency dis-
persion relation contains information about me-
chanical properties of the film"'"'. The fitting of
theoretical dispersion relations to experimental
ones allows the film properties to be measured.
Therefore,the measuring accuracy is strongly de-
pendent on the veracity of model used in the theo-
retical analysis. For computational simplicity, the
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Si substrate

Fig.1 Schematic diagram of the periodic porous film
on Si substrate structure

previous theoretical models treat low-k films as
isotropic structures, meaning that only overall ef-
fective Young’s moduli can be evaluated''~'*.
However, the isotropic model cannot describe the
real structure of the periodic porous low-k film.
To distinguish the mechanical properties parallel
and perpendicular to the pores’ direction,a trans-
versely isotropic model is constructed in this pa-
per. The theoretical equations to obtain dispersion
curves of SAW waves propagating in this model
are given. The effects of Young’s moduli, shear
modulus of the low-k films on the dispersive char-
acteristics are shown in the numerical examples.

2 Theoretical model

2.1 Anisotropic characters of 2D periodic porous
materials

The schematic diagram of the 2D periodic
porous film deposited on Si substrate structure is
shown in Fig. 1. An orthogonal Cartesian system
x; is set up with its origin located at the interface
between the film and substrate. The thickness of
the substrate is far more than that of the film A,
and can be regarded as infinite.

The identical cylindrical pores are along the
X, direction and hexagonal periodic are distribu-
ted in the x,-x; plane, as shown in Fig. 2. The
pore diameter is d and the unit cell length is x.
Thus, the porosity of the film is defined as™®’

p = nd’
2./3x?
The SAW waves are usually generated by

(@Y

thermoclastic absorption of the third-harmonic
light pulses of the laser. The elastic displacements
and stresses caused by SAW waves are within the
region at a depth of approximately one wave-
length below the surface. According to the gener-
alized Hooke’s law, the stress and the strain have
the following linear relation:
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Fig.2 Schematic diagram of the distribution of nano-
pores in the periodic porous film

T = Cyuens isjsks1 =1,2,3 (2)
Here c;u are the elastic stiffness constants. The
independent components of c¢;, are decided by
the symmetry of the materials. The most general
form of material has 21 independent stiffness
components.
In an isotropic solid, there is no directionality
and only two independent elastic constants:
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Here E and ¢ are the Young’s modulus and Pois-
son’ s ratio of the material, respectively. If the
large numbers of nano-pores are uniformly and
randomly distributed in the film, this porous film
can be considered an isotropic structure. The E
and ¢ of the porous film can be measured by using
the isotropic theoretical model.

For the 2D periodic porous film shown in
Fig. 1,the nano-pores direction constitutes a prin-
ciple material direction and perpendicular to this
direction is the isotropic plane. Thus, the 2D peri-
odic porous film has a transversely isotropic structure
in which the symmetry axis is x, and the transversely
isotropic plane is parallel to the x,-x; plane. There
are five independent components of éi,k, :
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Engineering constants for materials,including
Young’s moduli, Poisson’s ratios,and shear mod-
uli have direct physical interpretations. There are
five independent engineering constants of a trans-
versely isotropic film:the Young’s modulus (E),
Poisson’s ratio (¢) in the isotropic plane,and the
Young’s modulus (E"), Poisson’s ratio (¢) and
shear modulus (G”) along the nano-pores’ direc-
tion. The relationship between the elastic stiffness

and corresponding engineering constants are"'® .
é :1_6/2 é_ :G/(1+0') é :G+J/2
" UEEA TV E’A 7% T EEA’
1-4 .
ézg = EZX séu = G (5)
_ U+ A -6—24")
where A= L .

The engineering constants of transversely iso-
tropic porous film have a direct relationship with
the porosity, pore diameter, and its distribution.
Because of the complexity of the nano-pores dis-
tribution in the film,the theoretical and experien-
tial formulas usually take the porosity as variable
to predict the engineering constants''’~'*). Eiichi
et al ."*) measured the pore size of low-k spin-on-
glass films using different methods of nondestruc-
tive instrumentation. They found that the pore
size and spread were increased with increasing po-
rosity,and the porosity could be used as a repre-
sentative measure of pore size distribution. For the
2D periodic porous film,the relationship between
pore size and pore density with the porosity is re-
vealed in Eq. (1) . The effects of the pore size and
its distribution on the engineering constants can
be represented by the porosity change.

2.2 SAW waves propagation in layered structure

When SAW waves propagate in this layered
structure, the frequency (f) dependent SAW ve-
locity (v) is determined by the propagation direc-
tions (I=C(l,,1,,13)) and the physical properties

of the film and substrate"""'*,

Vv = §D<fvlv (éijkl 20O 0 R tim s CC i ’{Os)wbstratc) (6)
where p; and p, are the density of the film and the
substrate, respectively,and éi,-k, and c;y are the e-
lastic constants of the film and the substrate, re-
spectively.

The velocity of the plane wave propagating
in an anisotropic medium is given by the Christof-
fel equation:

I:ij - pvzé\,'k]a/k =0 (7)
Here I'yy = I,1,c . is the Christoffel stiffness. The
Christoffel stiffness of 2D periodic porous film

I/\j,','kl and cubic Si F[jkl arc:

l/l'n = lf én"'lg én"'(l:%"'b>2 é55

f’lg = lllz(é12+é44)

A A A

I = ll(lg+b)(C13+C55)

A

Iy =1,

Gl = Bl B+ U+ D ()

Py = (L + b)) (b + &40

A

I'sy = Iy

A

Iy, =Ty

A 2 A 2 A A

F33 = li Css + l; Cy + (l’g + b)z C11
FH - ITCH + l;c,“ + (13 + b)ZCM

I': = Lil,en + Lilben
I'; = LA + b)Cer + cu)
] I'y =1,
Iy, = 1?644 + lgcn + Iy + by

Iy = 1,0l + b)(eyy + cuy)
I'ss =1
I's; = I'ys

If a propagating plane wave in a medium is
interrupted by a boundary,certain conditions must
be satisfied at that boundary. For the porous film
on substrate structure with two boundaries, the in-
terface (x; = 0) and the free surface (x; = hy)
boundary conditions include:

(1) Continuity of the displacement at the in-

9

terface (x; =0):
Ui = Uislly = Usslly = uy (10)
(2) Continuity of the stress at the interface
(X;g =0) :
A A A
Ty = Ty Ty = Ty Ty = Ty an
(3) Vanishing of the stress at the free surface
(X3 = ]’l[) :
A A A
TSI :O’TSZ :Ongg :O (12)
where LAt,- and u; are the particle displacements in

the film and substrate, respectively:
U, = EC,,QE”)exp(ikb‘”)xQexp[ik(llxl +
lzx2”+ lyx; —ve)], n=1,2,3,4,5,6 (13)
u;, = >,Cna;" expikb™ x,)explik (I, x, +
lzmx2 +l,x;, —vt)]s, m = a,c.d (14)

A
where T5; and T3, are the traction components of
the stress in the film and substrate,respectively:
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Fig. 3 3D dispersive curves and their projections

when propagating along the [100] direction Young’s
modulus E changes from 4 to 12GPa.

-, (15)
Jdx, !
Substituting Eqgs. (13 ~15) into Eqgs. (10 ~
12) ,we get:
Mx[C, C, C; C, C; C; C. Cq C.J'=0
(16>
M is a 9 X9 boundary conditions matrix. Solving
the secular equation of M gives the propagation
vector k,and thus we acquire the dispersive rela-
tionship between the frequency and SAW velocity
according to f = kv/2x. Given the different me-
chanical properties of the film as parameters,a se-

ries of dispersive curves can be made.
3 Numerical examples

In the following computations, the SAW
waves are assumed to propagate along the [100]
direction, whose direction cosines are [, =1,1,=0
and /; =0,and the [110] direction, whose direc-

7

tion cosines are [; = ?2, 2 = 22 and [; =0, respec-

tively.

The density (o) and thickness (h;) of the
film are set to 1. 0g/cm® and 600nm, respectively.
To ensure the validity of the numerical examples,
the engineering constants of periodic porous low-
k film adopt the theoretical prediction results giv-
en by Hashin and Bert. When the porosity is
77% ,the engineering constants approximate to: E

=8GPa,s =0.33, E" = 16GPa,¢ =0.18, G" =
4GPa.

—_

lus/GPa

Young's modu

Fig.4 3D dispersive curves and their projections
when propagating along the [100] direction Young’s
modulus E” changes from 12 to 20GPa.

The density and elastic constants of Si (100)
substrate are p, = 2. 330g/cm’, ¢y; = 165. 7GPa, ¢y,
=63.9GPa, cy =79. 6GPa, respectively.

Figure 3 shows the three-dimensional (3D)
dispersive curves when the SAW propagation di-
rection is [100] and the Young’s modulus E chan-
ges from 4 to 12GPa. In the low frequency area,
the SAW velocity value corresponds to the pseu-
do-surface wave (PSW) in the [100] direction of
the Si (100) surface. that is 4. 917km/s. As the
frequency increases, the SAW velocity decreases
continually because the film is softer than the sub-

strate. And the smaller the Young’s modulus E is,
the faster the velocity decreases.

Figures 4 and 5 show the 3D dispersive curves
in the [100] direction when the Young’s modulus
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Fig. 5 3D dispersive curves and their projections
when propagating along the [100] direction  Shear
modulus G~ changes from 1 to 7GPa.
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Fig. 6 3D dispersive curves and their projections
when propagating along the [110] direction
modulus E changes from 4 to 12GPa.

Young’s

E~ and shear modulus G~ change. Compared to
the curves in Fig. 3, the SAW velocity decreases
continually with the increase of frequency, but
does not change when either the E” or the G~ va-
ries. The projection curves in the SAW velocity-
frequency plane are superposed,and indicate that
when the SAW waves propagate perpendicular in
the direction of the nano-pores, the mechanical
properties along the direction of nano-pores do
not affect the dispersive curves. These dispersive
characteristics reveal that E° and G’ cannot be
measured when the SAW waves propagate along
the [100] direction.

The main reason for this phenomenon is that
the particle displacements caused by the SAW
waves have only two components,one of which is
parallel to the propagation direction and of which
the other is perpendicular to the free surface of
the solid film'*"'. When the SAW waves propagate
along the [100] direction, the particle displace-
ments have no components perpendicular to the
propagation direction. The engineering constants
along the symmetry axes E",¢" and G~ do not af-
fect the propagation of SAW waves.

Figures 6~8 show the 3D dispersive curves in
the [110] direction when the Young’s modulus
E,Young’s modulus E’, and shear modulus G’
change. In the low frequency area, the SAW ve-
locity value corresponds to the PSW in the [110]
direction of the Si (100) surface,that is 5. 082km/
s. The curvatures of the dispersive curves will be-
come larger with the increase of frequency when
any of the moduli E,E” or G~ decreases. And the

smaller the moduli are, the larger the curvatures
are. Each dispersive curve includes the informa-
tion of a set of E, E” and G’ . These dispersive
characteristics indicate that all these moduli can
be measured when the SAW waves propagate
along the [ 110 ] direction. Maznev successfully
measured four elastic constants of transversely
isotropic mesoporous materials by using a laser-
generated SAWs technique™’ .
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Fig. 7 3D dispersive curves and their projections
when propagating along the [110] direction Young’s
modulus E” changes from 12 to 20GPa.

Shear modulus/GPa

Fig. 8 3D dispersive curves and their projections
when propagating along the [110] direction Shear
modulus G~ changes from 1 to 7GPa.

The following methods are beneficial to improve
the fitting accuracy in the experiments:

(1) To measure the density and thickness of
the porous film by other methods, such as X-ray
reflectance and spectroscopic ellipsometry,so that
they can be used as known parameters for theo-
retical calculation.
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Fig. 9 Elastic moduli determination for periodic por-
ous silica

(2) The alignment accuracy of propagation
direction can be improved by using a twin-trans-
ducer®.

(3) Measuring in several different propaga-
tion directions will produce different dispersive
curves. The unknown parameters can be decided
by repeatedly fitting these experimental curves
with those theoretical ones.

(4) Because the larger dispersion curvature in
the higher frequencies can distinguish one curve
from the others, raising the frequency detection
broadband of the SAW detection in the experi-
ments more than 300MHz will remarkably im-
prove the curves’ fitting accuracy.

Mechanical properties of periodic porous sili-
ca were measured by laser-generated SAW tech-
nique as shown in Fig. 9. Periodic porous silica
thin films were developed by spin-coating at 2000
~6000r/min on a p-type Si (100) substrate by a
sol-gel process. The film density 1.15g/cm® and
thickness 186nm were determined accurately by
X-ray reflectance and spectroscopic ellipsometry.
The measured elastic moduli are E=1.1GPa,E =
2.1GPa, G =0. 3GPa.

4 Conclusions

A new propagation model for the SAW meas-
urement of periodic porous low-k materials has
been present in detail. Structural change of low-k
film caused by the introduction of nano-pores has
been taken into account in this model. From nu-
merical examples, the dispersive characteristics of
SAW waves propagating in the layered structure
of transversely isotropic porous film deposited on
Si (100) substrate has been expressed. It has been
demonstrated that all the Young’s moduli E, E’

and shear modulus G~ can be measured when the
propagation direction of SAW waves is not per-
pendicular to the direction of the nano-pores. The
model and results can instruct the experiments of
mechanical properties determination of 2D peri-
odic porous low-k film by SAW measurement.
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