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Yield strengths in unpassivated and 530 nm TiN passivated Cu films deposited on Ti, high-speed steel and Ni

substrates have been measured by x-ray diffraction (XRD) in combination with the four-point bending method. The

results show that, although the texture and average grain size, investigated by XRD and transmission electron microscopy

respectively, do not vary with different substrate, the yield strength of the Cu film increases obviously when a thin

passivated layer is present and varies slightly with substrates. Many crackles appear in the passivated Cu film on Ti

substrate but do not appear in other samples. The experimental results have been explained satisfactorily with an

expression for the yield strength of thin films given previously.
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1. Introduction

The primary interconnects used in large scale and
ultra-large scale integrated (ULSI) circuits are Al and
its alloys. In order to increase the integrated de-
gree and working frequency of integrated circuits, the
Al interconnects have been constructed in multilevel
structures with various dielectric or passivated lay-
ers (such as TiN, Si3Ny4, Al;O3 and SiO3) and with
finer and finer dimensions.[l Under this condition,
the electrical performance and mechanical reliability
of interconnects are of increasing concern. Failures
of Al interconnects, such as open circuits from crack-
ing or voiding,!? short circuits due to hillocks,®* are
believed to be associated mainly with the poor me-
chanical properties of them. The failure prevention
has been a continuing problem with aluminium-based
metallizations for many years. A potential replace-
ment material for Al is Cu, mainly due to its lower
resistivity leading to lower R—C' delay and Joule heat-
ing, and its higher melting point expecting to have
lower electromigration.[!! However, because of the dif-

ference in the thermal expansion coefficient and thick-

ness between Cu film and Si substrate <Oécu =17 x
hsi

1076°C—!, ag; = 3x 1076°C~! and —> = 400—800
Cu

and larger Young’s modulus of Cu than that of Al
(Ecu=127.2 GPa, Ex1=70.6 GPa), large stresses are
generated in the Cu film during thermal treatment
required for device fabrication. Stresses as large as
210 MPa (compressive) during heating and 400 MPa
(tensile) after cooling to room temperature have been
measured.%) These large stresses may cause yielding
and stress-induced migration in Cu film and may re-
sult in deleterious effect on device manufacturing yield
and ultimate circuit reliability. Stress-induced voids
have been reported in SizN, passivated Cu lines on
Ta and Al substrates,[® indicating that stress-induced
voids or crackles may be a problem with Cu metalliza-
tion as it is for Al. The internal stress and microstruc-
ture of TiN film on various steels (stainless steel, tool
steel (M2), cemented carbide (A30) and martensitic
420 steel) have been examined. The results showed
that, for a given film thickness, the internal stress was
found to vary markedly according to the substrate.”]

The experimental results of Li et all® showed that,
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for identical thickness of Al films on Si substrate,
the yield stress of the Al film with a SiO5 passivated
layer was higher than that of the unpassivated film.
The yield strengths of pure Al films on Si substrates
measured by Doerner et all®! with a substrate curva-
ture technique were higher than that of free-standing
Al-1%Si films measured by Griffin et all!% with the
bulge testing method. In this paper, the pure Cu film
is deposited on Ti, high-speed steel and Ni substrates
by magnetron sputtering method. One set of the sam-
ples is covered with 530 nm TiN passivated layer, while
the other set is not. The yield strengths of the Cu films
are measured by x-ray diffraction (XRD) using sin® ¢
method in combination with the four-point bending
loading. The results show that, for the same sub-
strate, the yield strengths of the Cu films with a pas-
sivated layer are higher than those without a passi-
vated layer. They vary also according to substrates
and for passivated and unpassivated Cu films. Many
crackles are observed in TiN passivated Cu film on Ti
substrate when the film stress is 372 MPa. However,
no crackles are observed in other five samples even if
the stresses are higher than 372 MPa. An expression
of yield strength in polycrystalline film given previ-

ously ' is used to explain the experimental results.

2.Experiments

2.1. Sample preparation

Si wafer was usually used as a substrate in in-
tegrated circuits. However, it was too brittle to be
used for bending test. Considering loading, strength,
and diffraction peak position at high angles, we
selected Ti, high-speed steel and Ni as substrates
(100 mmx 10 mmx3 mm). Pure copper films were de-
posited by DC magnetron sputtering onto the above
substrates and a (100)-oriented single crystal Si wafer.
The samples were divided into two sets. One set was
covered with TiN, which was used as a passivated layer
in ULSI circuits,[!! while the other set was not. The
thickness of the Cu film and TiN passivated layer was
measured by scanning electron microscope (SEM) in
cross section view after cleavage of Si wafer. The film
texture was detected by XRD. The grain size of the Cu
film on different substrates was measured by transition
electron microscope (TEM). The parameters used for

Cu film deposition are listed in Table 1.

Table 1. Cu film deposition parameters.

Base vacuum Sputtering-gas (Ar) pressure

Target-substrate distance

Target voltage Target current

2.66x10~3 Pa 2.66x10~ 1 Pa

10cm —650V 540 mA

2.2. Yield strength measurement via XRD

The residual stress measured by XRD has been
well established in elastic theory, but the measure-
ment of yield strength has not been used widely. For a
homogeneous quasi-isotropic thin film, all the stresses
normal to the film surface can be eliminated. Based on
the elastic theory and Bragg’s law, if a set of diffrac-
tion angle 26 at different ¢ are measured, the residual

stress o} in the plane of the film can be calculated by

_ Egcot 6o m 9(26)
2(1 + vg) 180 H(sin? )’

of =

(1)

where 1) is the tilt angle between the diffracted crys-
tal plane (hkl) normal and sample surface normal,
26 is the angle of diffraction peak at v, and 26 is
that of the diffraction peak without stress, Ff and

vr are the Young modulus and Poisson’s ratio of the
film, respectively. If a stress of is applied to the
film along the direction of of, then the of in Eq.(1)
should be substituted by of + of. In situ mechani-
cal loading of the sample is carried out with a four-
point bending device. The applied strain is moni-
tored with a resistive strain gauge on the back of
the substrate.

the x-ray stress is calculated using Eq.(1) for the

At each increment of applied strain,

Cu(222) plane from the linear regression of 26 ver-

sus sin? ¢ data, and the x-ray stress constant is taken

FE¢cotfy m
tobe K = — 2270 T _ 39173 MPa/(°) (Bt =
©Pe 2(1 + vr) 180 a/ () (Ex

Ecu=127.2 GPa, v = Ucu=0.364).

used in this work is an MSF-2M x-ray stress instru-

The apparatus

ment (made in Japan) with Fe target and a power of

30kVx10mA.
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3. Results and discussion

3.1. Microstructures

The film thickness and structure of the grains in
an unpassivated Cu film were observed with SEM in
cross section view after cleavage of the Si wafer. We
can see that, from Fig.1, the thickness of the film
is 1.34 um and the structure of the grains is nearly
columnar.

For convenience, the preferred orientation or tex-
ture of the unpassivated Cu films on Ti, high-speed
steel and Ni substrate is analysed by XRD with Cu
target and a power of 40kV x40 mA. The relative in-
tensities of the first four peaks are listed in Table 2, to-
gether with the data given by the Joint Committee on
Powder Diffraction Standards (JCPDS). It can be seen
that there are no obvious differences in the texture for
the Cu films deposited on three different substrates.
Compared with the data of JCPDS, we can see that
all the samples have a slightly (111)-preferred orien-

Table 2. Relative intensities I(hkl)
I1(111)

data supplied by the JCPDS.

tation. This may result from the anisotropy of surface
energy. In a previous paper,['?] the surface energies of
Cu crystals have been calculated by using the modi-
fied embedded-atom method (MEAM), and the lowest

surface energy corresponds to the (111) surface.

Fig.1. SEM photograph of an unpassivated Cu film

on Si wafer.

— X 100) of XRD peaks for Cu films on different substrates and the

(hkl) Relative intensity

Cu/Ti Cu/Steel Cu/Ni Data of JCPDS
(111) 100.0 100.0 100.0 100.0
(200) 27.5 24.8 26.7 46.0
(220) 8.9 10.6 11.3 20.0
(311) 10.4 8.6 9.8 17.0

The grain sizes of the unpassivated Cu films on
three different substrates are measured by TEM. The
results are shown in Fig.2, in which the Cu films de-
posited on Ti, steel and Ni substrates are represented
by Cu/Ti, Cu/steel and Cu/Ni respectively. It can be
seen that the grain sizes do not vary markedly with dif-
ferent substrates, and the average grain size is about
0.7 pm, nearly equal to a half of the film thickness
(1.340 pm).

3.2. Yield strengths
Figure 3 shows the variation of the x-ray mea-
sured stress with the applied strain for an unpassi-

vated Cu film on Ni substrate.

(point A) is a compressive stress (of = —159.23 MPa).

The residual stress

In the elastic region (from point A to point B), the
x-ray measured stress increases linearly with the ap-
plied strain, with a slope about 125 GPa which is quite
close to the Young modulus of the Cu film. This
indicates that the applied strain is transmitted un-
changed across the interface from (top of) the sub-
strate to (bottom of) the film.'3] As the x-ray stress
goes beyond the elastic—plastic transition point (point
B, termed here as yield point), it does not increase
linearly with the applied strain but only increases
slightly. The reason is that, the x-ray strain reflects
only elastic strain, while the strain gauge shows the
total (elastic and plastic) strain. It is noted that the
yield strength of Cu film (351.31 MPa for point B) is
much higher than that of bulk Cu (about 50 MPa).
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Fig.2. TEM micrographs for Cu films deposited on Ti, steel and Ni substrates.
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Fig.3. X-ray measured stress versus applied strain for

an unpassivated Cu film on Ni substrate.

The measured results of tensile yield strengths
for different samples are shown in Fig.4 together with
the values calculated theoretically (see next section).
It can be seen that, firstly, the experimental results
are nearly consistent with the theoretical values, espe-

cially for passivated Cu films. Secondly, for the same

substrate, the yield strength of the Cu film with a
passivated layer is higher than that without a passi-
vated layer. Similar results were also noted by Li et
all®] They found that, for same thickness of Al film
on Si substrate, the yield stress of the Al film with a
640nm SiO; passivated layer was higher than that of
the unpassivated Al film. Thirdly, for both of the pas-
sivated Cu films and unpassivated Cu films, the yield
strength increases slightly for Ti, high-speed steel, and

Ni substrates successively.

In a previous paper,['] we assumed that a poly-
crystalline film was composed of columnar grains with
an average grain diameter d in the plane of the film
and height h (equal to the film thickness). An ex-
pression for the yield strength of the polycrystalline
film on a substrate and that with a passivated layer is

given by
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450 [0 Unpassivated:theory

B Passivated: theory
400 H M Passivated: experiment

Unpassivated: experiment
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300
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Fig.4. The yield strengths of passivated Cu films and unpassivated Cu films on Ti, high-

speed steel, and Ni substrates.

sing  b(1 — vgcos? B)
oy =

~cospcos A 2m(1 — vy)

{ 1 |: Hf s </6sh)

X 4 = In

h B+ ps b
Hf it

=(5)]
B+ g b
1 y2%3 d
+ Esin(pln <5)}’ 2)

where ¢ and A are the included angles made by the

—+

glide plane normal direction with the glide direction
of the dislocation and the film normal direction, re-
spectively. b is the Burgers vector of the dislocation,
vt is Poisson’s ratio of the film, (3 is the included angle
between the Burgers vector and the dislocation line;
wue, s and py are the elastic shear moduli of the film,
the substrate and the top (or passivated) layer, respec-
tively, s and B; are numerical constants depending on
the materials that constitute the interfaces, and t is
the thickness of the passivated layer.

This expression shows that the yield strength of
a polycrystalline film attached to a substrate with a

passivated layer depends on the following five factors.
(1) Orientation factor, cnr) = ﬂ, the
COoS (p cos A

subscripts (hkl) denote a particular orientation of the
grain, that is, the grain with (hk!) plane oriented par-

allel to the film surface.

(2) The types of dislocation involved predomi-
b(1 — 2
nantly in the film, cqi = M,
27(1 — vy)
b
2m(1 — vg)’
edge, and screw dislocations respectively.

Cdisl =

and cgisy = b correspond to the mixed,

Mt s

3) Substrate strengthening, cgup = ———

Bsh
1 .
o’
(4) Passivated (or top) layer strengthening, ciop =
it 1 <,5th>
————In{— ).
(ne + )b b )
. . . Hf
(5) Grain size strengthening, cgrain = -

dsin @
x 1 d
nf-—|.
b

In thin films with a face-centred cubic (FCC)

structure, such as the Cu film considered here, the

plastic deformation occurs as the slip of the dislo-
cation occurs on the close-packed {111} or octahe-
dral planes along the close packed < 110 > direction.
There are four equivalent octahedral planes each with
three < 110 > slip directions, giving 12 equivalent slip

systems, as listed in Table 3.

Table 3. Twelve slip systems of the metals with a FCC
structure.
[110](111) [110](111) [110])(111) [110](111)
[10T](111) [101](111) [101)(111) [101](111)
[011](111) [011](11T) [011](111) [01T](111)

For a thin film,

curs when the film stress produces a resolved shear

the plastic deformation oc-

stress that surpasses the critical resolved shear stress
(CRSS). Crystallographic orientation determines the
resolved shear stress for a given film stress. The values
of the c(;1) have been calculated for the 12 low-index
grain orientations, and the average values C(nz;) are
listed in Table 4. Here the average values Cy;) have
been calculated from the 12 slip systems (Table 3) ex-

cept infinite values.
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Table 4. Average values of the orientation factor for 12 grain orientations in FCC films.
Grain orientation (hkl) | (100) (110) (111) (210) (211) (221) (310) (311) (320) (321) (331) (511)
Average values C(p1) 2.000 1.414 3.464 4.691 3.277 7.546 4.287 3.507 6.579 3.659 9.053 3.006

The effects of grain orientations on the stress,
strain energy density, abnormal grain growth and tex-
ture in thin films have been discussed in previous
papers.'*21] For simplicity, taking 8s = 3 = 1 and
8= il (for edge dislocation), we have calculated the
yield strengths of unpassivated Cu films and TiN pas-
sivated Cu films on Ti, steel and Ni substrates, and
the results are shown in Fig.4. The following con-
stants are used in this calculation: C = 6(hk1):4.374
~ acy = 0.36nm,
Vf = VUCu = 0.364, MKt = UCu = 54.6GPa, HTi =
42.92 GPa, psteal = pre = 86 GPa, un; = 94.7 GPa,
uy = prin = 258 GPa (these values are taken from
Ref.[22]), h=1.34 pm (Fig.1), d=0.7 pum (Fig.3).

(average values of Table 4), b

3.3. Crackles

It is interesting to note that many crackles ori-
ented perpendicular to the loading direction are ob-
served in TiN passivated Cu film on Ti substrate, as
shown in Fig.5, when the film stress is 372 MPa. How-
ever, the crackles are not observed in the passivated
Cu films on steel and Ni substrates even if the film
stress is as large as 400 MPa. Vinci et all% also found
that for SigNy4 passivated Cu lines on Ta and Al sub-
strates, after heating to 350 °C and then being cooled

(a)

to 150 °C, no voids appeared in Cu lines on Ta sub-
strate (Cu/Ta), but heavy voids were observed in Cu
lines on Al substrate (Cu/Al). They thought that this
was caused by a larger stress in Cu/Al (321 MPa) than
in the Cu/Ta (180 MPa). According to their point
of view, the crackles should be observed in the passi-
vated Cu films on steel and Ni substrates since the film
stress is 400 MPa (larger than 372 MPa, at which many
crackles appeared). We think that the forming and ex-
panding of crackles in thin films are decided by both
the stress level and the shear modulus of the substrate.
The higher the stress in thin films and the lower the
shear modulus of the substrate, the easier the form-
ing and expanding of the crackles. Appearance of the
voids or crackles only in the passivated films is that
the voids or crackles form first in the brittle passi-
vated layer and result in a stress concentration in the
underlying film. However, this process is restricted
by the substrates, especially those with higher shear
modulus. From this point of view together with the
shear moduli of the substrates (26.5(Al), 42.92(Ti),
70.7(Ta), 86(Fe), 94.7(Ni), in units of GPa),l?? the
appearance of voids in SizN4 passivated Cu lines on
Al substrates [l and crackles in TiN passivated Cu film

on Ti substrate can be explained.

(b)

Fig.5. Optical photograph (x32) of the crackles in TiN passivated Cu film on Ti substrate (a),

which are not seen on steel and Ni substrates (b).
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4. Conclusions

The yield strength of the Cu film is found to in-
crease obviously when a thin passivated layer is coated
on its top surface, and to vary slightly for different
substrates. The reason is that the substrate and the

passivated layer have certain strengthening action, the

higher the shear modulus, the stronger the strengthen-
ing action. The appearance of voids or crackles only in
passivated films is because the voids or crackles form
first in the brittle passivated layer and result in stress
concentration in the underlying thin film. However,
this process is restricted by the substrates, especially

those with higher shear modulus.

References

[1] Murarka S P 1997 Mater. Sci. Eng. R 19 87
[2] Be¢rgesen P, Lee J K, Gleixner R and Li C Y 1992 Appl.
Phys. Lett. 60 1076
[3] Chaudhari P 1974 J. Appl. Phys. 45 4339
[4] Gerth D, Katzer D and Schwarzer R 1992 Mater. Sci.
Forum 94-96 557
[5] Flinn P A 1991 J. Mater. Res. 6 1498
[6] Vinci R P, Marieb T N and Bravman J C 1993 Mater.
Res. Soc. Symp. Proc. 308 297
[7] Rickerby D S, Bellamy B A and Jones A M 1987 Surf.
FEng. 3 138
[8] LiZH, Wu GY,GuY, Chen W R and Wang Y Y 1996
J. Vac. Sci. Technol. A 14 2693
[9] Doerner M F, Gardner D S and Nix W D 1986 J. Mater.
Res. 1 845
[10] Griffin A J, Brotzen F R and Dunn C F 1987 Thin Solid
Films 150 237
[11] Zhang J M, Xu K W and Zhang M R 2003 Acta Phys.
Sin. 52 1234 (in Chinese)

[12] Zhang J M, Xu K W and Ma F 2003 Acta Phys. Sin. 52
1993 (in Chinese)

[13] Noyan C and Sheikh G 1993 Mater. Res. Soc. Symp. Proc.
308 3

[14] Zhang J M, Xu K W and He J W 1999 J. Mater. Sct.
Lett. 18 471

[15] Zhang J M and Xu K W 1999 J. Mater. Sci. Lett. 18 939

[16] Zhang J M and Xu K W 2000 Progr. Cryst. Growth Char-
act. Mater. 40 315

[17] Zhang J M, Xu K W and Ji V 2001 J. Cryst. Growth 226
168

[18] Zhang J M, Xu K W and Ji V 2001 Appl. Surf. Sci. 180
1

[19] Zhang J M, Xu K W 2002 Acta Phys. Sin. 51 2562 (in
Chinese)

[20] Zhang J M, Xu K W 2003 Acta Phys. Sin. 52 145 (in
Chinese)

[21] Zhang J M, Xu K W and Zhang M R 2003 Acta Phys.
Sin. 52 1207 (in Chinese)

[22] Hirth J P and Lothe J 1982 Theory of Dislocation (New
York: Wiley) p761



