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Effects of molybdenum, silver dopants

and a titanium substrate layer

on copper film metallization
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Annealing of 100 nm-thick Cu, Cu(Mo) and Cu(Ag) films was carried out to investigate the
effect of dopant atoms on the films. Molybdenum (Mo) and silver (Ag) were selected as
immiscible dopants for out-diffusion studies. A thermally grown SiO2 layer and a sputtered
Ti layer were used as substrates. The dopant and substrate effects were characterized in
terms of surface morphology, resistivity, preferred orientation, and diffusional
characteristics. The lowest observed resistivity was 2.32 µ� · cm in the Cu(Ag) film, which
was lower than that in a pure Cu film of the same thickness. Ag addition enhanced the
surface morphology and thermal stability of the Cu(Ag) films. The highest thermal stability
was obtained in the case of a Cu(Mo)/Ti film which maintained film integrity to 800◦C. A Ti
substrate enhanced Cu(111) texture growth. A highly oriented Cu(111)-texture was
obtained in the Cu(Mo)/Ti films. Cu diffusion through the Ti layer was limited in the
(111)-textured Cu(Mo)/Ti films, which showed good potential as a diffusion barrier.
C© 2003 Kluwer Academic Publishers

1. Introduction
Metallization in semiconductor devices has been de-
veloped to improve their performance and reliability.
Multilevel interconnection is required for ULSI (ultra-
large scale integrated-circuits) development as the fea-
ture size shrinks. The number of metal levels will con-
tinue to increase as the level of the circuit increases. The
interconnect linewidth in the ULSI should also be de-
creased for complete integration. The narrow linewidth
of metal interconnection lines results in higher current
density and lower electromigration (EM) resistance. A
new interconnection material is thus required for these
demands.

Copper has received considerable attention as a po-
tential interconnect material in advanced metallization
technology since it possesses intrinsically better elec-
tromigration resistance and lower resistivity compared
to aluminum [1–4]. However, Cu metallization has sev-
eral important technical problems, such as passivation
of the exposed Cu surface, adhesion of Cu to SiO2,
development of a Cu patterning process and surface
roughness of the Cu film [5–7].
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To address these problems, doping Cu with immis-
cible or soluble elements has been intensively studied
in order to develop new interconnect materials in ad-
vanced metallization [8–13]. These alloying schemes
are intended to dissociate the dopant out of the alloy
film upon annealing, either in a vacuum or an oxygen
atmosphere, in order to change the microstructure of the
interconnects. Microstructural features of the metal in-
terconnect affects its reliability and performance as the
linewidth approaches 100 nm. A highly (111)-textured
Al film had an excellent EM performance [14], and
the Cu (111) structure is also expected to have good
EM performance and reliability. In addition, the low
resistivity of the metal increases device performance
parameters, such as speed and also leads to a smaller
RC time constant [1].

In this study, the Cu film thickness was about 100 nm.
Mo and Ag were used as dopant atoms in the Cu films
since they are immiscible in Cu at low temperatures.
Mo and Ag are also slow and fast diffusing elements
in Cu film, respectively. Dopant effects were character-
ized in terms of surface morphology, resistivity, texture
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and diffusional characteristics after annealing. Pure
Cu films were also deposited to compare with the Cu
alloy films. A Ti substrate layer was also employed to
enhance the (111) texture of the Cu films.

2. Experimental
A (100) Si wafer was thermally oxidized to form a
10 nm SiO2 layer. Cu(Mo) and Cu(Ag) alloy films hav-
ing thickness of about 100 nm were deposited on the
SiO2 layer by direct current (DC) magnetron sputtering
from Cu(5.0 at.% Mo) and Cu(3.0 at.% Ag) targets with
a purity level of 99.999%, respectively. The Cu(Mo)
and Cu(Ag) films were also deposited on a 10 nm Ti
layer deposited on the SiO2 by a sputtering method.
In addition, unalloyed pure Cu film was also deposited
for comparison. The sputtering conditions were as fol-
lows. The base pressure in the deposition chamber was
2 × 10−6 torr, the Ar pressure was 3 mTorr, the sputter-
ing power was 180 W and the substrate temperature was
ambient temperature. After deposition, Cu/SiO2/Si,
Cu/Ti/SiO2/Si, Cu(Mo)/SiO2/Si, Cu(Mo)/Ti/SiO2/Si,
Cu(Ag)/SiO2/Si and Cu(Ag)/Ti/SiO2/Si multilayer

Figure 1 FESEM micrographs of pure Cu films annealed at (a) 600◦C and (b) 700◦C, Cu(Mo) films annealed at (c) 600◦C and (d) 700◦C, and Cu(Ag)
films annealed at (e) 600◦C and (f) 700◦C. Film thickness was 100 nm.

samples were vacuum annealed at a pressure of 1.5 ×
10−6 torr for 30 minutes in the 300–800◦C temperature
range.

Film thickness was measured by a surface profilome-
ter. After annealing, the resistivity as a function of an-
nealing temperature was measured by the four-point
probe method. An x-ray diffractometer (XRD) was
employed to identify phases in the Cu films and ob-
tain crystallographic texture information. Depth pro-
filing using Auger electron spectroscopy (AES) was
carried out to investigate diffusional characteristics of
the chemical elements in the films. Surface morphology
of the films was observed by field emission scanning
electron microscopy (FESEM).

3. Results and discussion
Vacuum annealing was carried out to investigate the
effect of Mo and Ag dopants on surface morphology
of 100 nm-thick Cu films. The surface morphologies
of the pure Cu, Cu(Mo) and Cu(Ag) films annealed at
600◦C and 700◦C are shown in Fig. 1. Fig. 1a and b
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shows SEM micrographs of the 100 nm pure Cu films
annealed at 600◦C and 700◦C, respectively. A big hole
was formed in the film annealed at 600◦C and Cu ag-
glomeration occurred at 700◦C. Alloying effects of Mo
and Ag enhanced the thermal stability of the Cu films
to 600◦C as shown in Fig. 1c and e, respectively. How-
ever, the Cu(Mo) film was completely agglomerated,
and the Cu(Ag) film formed big holes at an anneal-
ing temperature of 700◦C, as shown in Fig. 1d and f,
respectively.

Figure 2 Resistivity of 100 nm-thick pure Cu, Cu(Ag) and Cu(Mo) films
as a function of annealing temperature.

Figure 3 AES depth profiles of Cu(Ag) films vacuum-annealed at (a) 500◦C and (b) 600◦C, and Cu(Mo) films vacuum-annealed at (c) 500◦C and
(d) 600◦C for 30 minutes. Film thickness was 100 nm.

Mo and Ag atoms are larger in size than a Cu atom.
This size difference induces stress around the solute
atoms in the Cu solid solution. The stress field and grain
boundaries interfere with electron flow and result in an
increased resistivity of the Cu(Mo) and Cu(Ag) films
in the as-deposited condition, as shown in Fig. 2. Fig. 2
shows the resistivity of Cu films that are about 100 nm
in thickness. The resistivities of the Cu(Mo) and the
Cu(Ag) films were systematically decreased with in-
creased annealing temperature. The resistivity decrease
is attributed to stress relaxation and grain growth [15].
The resistivity of the Cu(Mo) films did not decrease
below that of pure Cu film at any temperature and
reached a very high value at 700◦C due to Cu agglom-
eration. However, the resistivity of the Cu(Ag) film,
annealed at 300◦C and above, decreased below that of
the pure Cu film. The minimum observed resistivity was
2.32 µ� · cm obtained from the Cu(Ag) films annealed
at 500◦C and 600◦C. The fast diffusing Ag atoms in the
Cu(Ag) films resulted in a low resistivity in comparison
to the Cu(Mo) films where a slower diffusing Mo atom
resulted in a high resistivity.

Diffusion of Ag and Mo atoms in the Cu films was
investigated with Auger depth profile studies and the
results are shown in Fig. 3. Most of the Ag atoms in the
Cu(Ag) film appeared to out-diffuse to the free surface
and the substrate interface after annealing at 500◦C, as
shown in Fig. 3a. In contrast, Mo atoms in the Cu(Mo)
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film did not significantly migrate toward the surface
and the interface, and are almost uniformly distributed
throughout the film annealed at 500◦C, as shown in
Fig. 3c. The high resistivity of the Cu(Mo) film an-
nealed at 500◦C resulted from reduced grain growth
and low Mo diffusion as shown in Figs 1c and 3c. The
degree of Ag out-diffusion was lower in the Cu(Ag)
film annealed at 600◦C since Ag solubility in the Cu
film is higher at 600◦C than that at 500◦C. Whereas,
out-diffusion of Mo atoms was enhanced in the Cu(Mo)
film annealed at 600◦C compared to the film at 500◦C,
as shown in Fig. 3c and d.

Figure 4 XRD patterns at various annealing temperatures for 100 nm-
thick (a) pure Cu, (b) Cu(Mo) and (c) Cu(Ag) films.

XRD patterns of the pure Cu, Cu(Mo) and Cu(Ag)
films are shown in Fig. 4. XRD patterns of the pure
Cu films showed Cu(111) and (200) peaks in the as-
deposited condition. The intensity ratio of Cu(111) to
(200) peaks was about 2 showing a random orientation
of Cu grains, as shown in Fig. 4a. The peak ratio was
not much changed in the pure Cu films annealed at
300◦C and 700◦C. A Cu(111) texture was developed
in the Cu(Mo) and Cu(Ag) films in the as-deposited
condition, as shown in Fig. 4b and c, respectively. The
driving force of the (111)-texture growth in the films
is considered to be interface energy minimization [16].
Mo and Ag atoms in the Cu film produced an increased

Figure 5 XRD patterns at various annealing temperature for 100 nm-
thick (a) Cu/Ti, (b) Cu(Ag)/Ti and (c) Cu(Mo)/Ti films.
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interface energy during deposition of the Cu(Mo) and
Cu(Ag) films. The Cu(111) texture was then evolved to
decrease the interface energy in the films. The Cu(200)
peaks were evolved in the Cu(Mo) and Cu(Ag) films
annealed at 600◦C and 300◦C, respectively, as shown in
Fig. 4b and c. Strain energy minimization is considered
to be the driving force of the (200) peak evolution [16].
The Cu (200) peak evolution in the films was attributed
to Mo and Ag diffusion, as shown in Fig. 3. The Mo and
Ag diffusions could not maintain a compacted (111)
structure and produced strain energy, since they had
different atomic sizes compared to the Cu atom, and
also created vacancies by inter-diffusion.

A Ti layer under the pure Cu and the Cu(Ag) films de-
creased the Cu(200) peak intensity. The Cu(200) peaks
disappeared entirely in the Cu(Mo)/Ti film, as shown in
Fig. 5. The Cu(111) structure evolution was enhanced
on the Ti film in the as-deposited condition since an
amorphous alloy is formed at the interface between Cu
and Ti [17].

The amorphous alloy at the interface thus contributed
to the decreased lattice mismatch between Cu and Ti
and led to a decreased internal stress at the interface.
This interaction at the interface can lead to (111) texture
evolution by an interface energy minimization process.
The Cu(Mo)/Ti film showed a highly oriented (111)

Figure 6 AES depth profiles of a 100 nm-thick Cu(Ag)/Ti film vacuum-
annealed at (a) 600◦C and a 100 nm-thick Cu(Mo)/Ti film vacuum-
annealed at (b) 600◦C for 30 minutes.

structure. The (111) texture is important in determin-
ing the reliability of the Cu interconnects [18–20]. AES
depth profiles of the Cu(Mo)/Ti and Cu(Ag)/Ti films
annealed at 600◦C are shown in Fig. 6. Ti was out-
diffused from the interface to the free surface of both
films. Ag atoms in the Cu(Ag)/Ti film were also out-
diffused to the free surface in the Cu(Ag) film as shown
in Fig. 6a. The fast diffusing Ag atoms could lead to
local strain energy formation around vacancies. The
strain in the film could then result in Cu(200) peak
evolution by strain energy minimization. In contrast,
the Mo concentration was not significantly changed
in the Cu (Mo) film, which is expected to be in a

Figure 7 FESEM images of a 100 nm-thick Cu/Ti film annealed in vac-
uum at (a) 700◦C, a 100 nm-thick Cu(Ag)/Ti film annealed in vacuum
at (b) 700◦C, and a 100 nm-thick Cu(Mo)/Ti film vacuum-annealed at
800◦C for 30 minutes.
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low strain energy state during the annealing, as shown
in Fig. 6b. The perfectly oriented (111) structure of
Cu(Mo) film was thus formed by slow diffusion of Mo
atoms and by low lattice mismatch of the amorphous
alloy with Cu at the interface. The low lattice mismatch
induces low stress at the interface, which can then lead
to Cu(111) texture growth. The dense Cu(111) struc-
ture in Cu(Mo)/Ti films shows limited diffusion of Cu
through the Ti under-layer compared to the Cu(111) and
Cu(100) structures in the Cu(Ag)/Ti films, as shown in
Fig. 6a and b.

The Ti under-layer also increased thermal stability
of the pure Cu, Cu(Mo) and Cu(Ag) films, as shown in
Fig. 7. Fig. 7a shows the pure Cu/Ti film annealed at
700◦C, indicating the enhanced thermal stability of the
film compared to the pure Cu film shown in Fig. 1b.
The enhanced stability is attributed to increased adhe-
sion from amorphous alloy formation at the interface
between Cu and Ti, and from strong-bond formation
[21] at the interface between the Ti under-layer and the
SiO2 substrate.

The thermal stability of the Cu(Ag)/Ti film was also
increased in comparison to the Cu(Ag) film annealed
at 700◦C, as shown in Figs 7b and 1f, respectively. The
Cu(Mo)/Ti film showed even more enhanced thermal
stability at 800◦C compared to the Cu(Mo) film at
700◦C, as shown in Figs 7c and 1d, respectively. The en-
hanced stability of the Cu(Ag)/Ti and Cu(Mo)/Ti films
was attributed to the strength of the alloy films in addi-
tion to adhesion strength at the interfaces.

4. Conclusions
Cu(Ag) films, containing about 3 at.% of Ag, systemat-
ically decreased resistivity on annealing and reached a
minimum resistivity of 2.32 µ� · cm, which is a lower
resistivity than that of pure Cu films of the same thick-
ness. Surface morphology and thermal stability of the
Cu films were also enhanced by Ag addition. The stabil-
ity was increased even more, especially in Cu(Mo)/Ti
film, by utilizing a Ti under-layer. The Ti substrate en-
hanced Cu(111) texture growth. A perfectly oriented
Cu(111) texture was obtained in the Cu(Mo)/Ti films.
Cu diffusion through the Ti layer was limited in the
Cu(Mo)/Ti film, which shows excellent potential as a
Cu diffusion barrier.
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