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Electroless Plating of Copper on Metal-Nitride Diffusion
Barriers Initiated by Displacement Plating
Z. Wang,z T. Ida, H. Sakaue, S. Shingubara,* and T. Takahagi

Graduate School of Advanced Science of Matter, Hiroshima University, Higashi-Hiroshima 739-8530, Japan

Copper is deposited on TaN and WN barrier layers by electroless plating without the need for activation preprocessing when
substrates are~i! pretreated by wet chemical etching to remove surface oxides, and~ii ! immersed in an electroless Cu plating
solution containing glyoxylic acid as a reducing agent. Electrical potential measurements indicate that the redox potentials of TaN
and WN in the plating solution are lower than that of copper, driving displacement plating of Cu in the initial stage of deposition.
The adhesion between electroless-plated Cu and the TaN barrier layer after annealing is 0.11 kgf/cm as determined by a peeling
test, which is sufficient for reliability during chemical mechanical polishing. A damascene Cu interconnect was successfully
fabricated without delamination and exhibited an electrical resistivity of 2.2mV cm after annealing for a 0.42mm wide intercon-
nect track. These results indicate that the proposed electroless process is suitable for the formation of a Cu seed layer prior to
electrodeposition for the fabrication of ultralarge scale integrated interconnects.
© 2003 The Electrochemical Society.@DOI: 10.1149/1.1541255# All rights reserved.
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Copper~Cu! is used widely as an interconnect metal in ultralar
scale integrated~ULSI! circuits due to its low resistivity and supe
rior resistance against electromigration compared to conventi
aluminum ~Al ! and alloys.1 However, copper is mobile in silicon
~Si! and silicon dioxide (SiO2), resulting in appreciable curren
leakage and degradation of dielectric breakdown resistance. Fo
reason, an efficient diffusion barrier metal adjacent to the coppe
required to prevent copper atoms from penetrating into dielectric
the silicon substrate. Tantalum nitride~TaN!, titanium nitride~TiN!,
and tungsten nitride~WN! have been used widely as barri
materials,2-4 however, the high electrical resistivity of metal nitrid
as a barrier layer hinders uniform electrodeposition of Cu. To ov
come this problem, a Cu seed layer is often sputtered on the ba
metal in the fabrication of copper ULSI interconnects.5 However,
sputtering provides inherently poor step coverage and results in
continuities in the Cu film at the sidewalls of fine via holes.6-7 Cop-
per electroless plating, which does not require a sputtered seed
is an efficient means of filling high aspect ratio holes and has
came increasingly prominent in industry.8-10 For most standard cop
per electroless plating processes, a solution containing SnCl2 and
PdCl2 is used for sensitization and activation, yet the adhesion
tween the copper and the barrier layer using this technique is po11

In recent years, a wet activation process called displacement d
sition has been considered and developed for activating the Si
strate, or TaN or TiN diffusion barrier, using a PdCl2 /HF solution or
PdCl2 /HF/HNO3 .12-14 In this activation solution, two galvanic half
cell reactions including Pd deposition and removal of the subst
occur simultaneously. Nakaharaet al. investigated the influence o
HF concentration on the initial stages of Pd deposition on Si,15 and
Patterson described that the single-step activation of TiN usin
HF/PdCl2 solution allowed the HF to remove the surface oxide la
followed by immediate Pd seeding on the fresh TiN surface.16 All
activation solutions are acidic, and the process steps are com
cated, involving a catalysis adsorption step followed by electro
plating. The present authors have developed a very simple, d
electroless copper plating method for TaN and WN that does
require catalysis adsorption pretreatment. The technique is evalu
through measurements of the electrical potentials of the meta
tride barrier films and Cu plate with respect to the Ag/AgCl stand
electrode in the plating solution, and the deposition mechanism
discussed.
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Experimental

TaN/SiO2 /Si and WN/SiO2 /Si substrates were used for electr
less copper plating. The TaN films were formed by reactive sput
ing using Ar and N2 , and the WN film was formed by chemica
vapor deposition~CVD! using WF6 and NH3 . Prior to electroless
copper plating, all substrates were cut into 103 20 mm slabs. The
TaN substrate was cleaned by ultrasonication in acetone at r
temperature for 10 min, and was then etched with HF:HNO3 :H2O
5 1:1:4(v:v) solution at 25°C for 2; 5 min. The WN substrate
was cleaned by ultrasonication in acetone at room temperature
10 min.

The composition of the electroless copper plating solution u
in the experiment was as follows: CuSO4 • 5H2O(7.6 g/L),
C10H16N2O8 ~EDTA; 70.0g/L!, glyoxylic acid~14.0 g/L! as a reduc-
ing agent, and additional agents such as 2,28-dipyridine and poly-
ethylene glycol. The pH of the plating solution was adjusted
about 12.7 with tetramethylammonium hydroxide~TMAH !. The
bath temperature was maintained at 70°C for TaN substrates
60°C for WN substrate. X-ray photoelectron spectroscopy~XPS!
measurements were performed using a JPS90-MXV spectrom
from JEOL using a nonmonochromatized MgKa X-ray source. El-
emental binding energies were corrected using the C 1s bin
energy at 285.0 eV. The surface roughness of Cu films was m
sured using an atomic force microscope~AFM; NV-3000, Olympus!
in a scan range of 120mm.

The redox potentials of the barrier layers in the electroless c
per plating solution were measured by a two-electrode method u
Ag/AgCl as a reference electrode, and the change of the work
electrode potential against time was recorded on a personal c
puter using LabView. The working electrode is shown in Fig. 1. T
sides and back of the Si wafer were isolated from the solution,
only the barrier metal surface was exposed to the solution. Prio
electrical measurements, substrates were cut into 1.03 1.0 cm slabs
and cleaned by ultrasonication in acetone at room temperature fo
min. Conductive silver paste was applied to the back and side
the substrates to form an electrical contact with barrier metal
face, and after drying in a vacuum, the substrates were mounte
the electrode for electrical potential measurements.

Results and Discussion

As barrier layers readily oxidize in air, electroless copper de
sition did not proceed on TaN barrier layers without etching p
treatment. XPS spectra of TaN barrier layers taken prior to etch
revealed a strong oxygen 1s peak at 531.0 eV and weak nitroge
peak at 398.1 eV~Fig. 2a!. The atomic ratio of oxygen to tantalum
is 1.52, and nitrogen to tantalum is 0.03. After etching treatm
~Fig. 2b!, the oxygen/tantalum ratio decreased to 0.78, and nitrog
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tantalum increased to 0.16. This result indicates that etching tr
ment effectively removed the oxygen-rich surface layer, expos
the fresh TaN layer. XPS measurements also revealed that half o
surface Ta atoms had oxidized immediately following sputter de
sition. The WN barrier film was also found to oxidize in air, how
ever, as the tungsten oxide is readily dissolved in the electro
copper plating solution, etching pretreatment was not necessar
WN barrier films.17

Osakaet al. reported that Si atoms are oxidized to SiO2 in an
electroless nickel plating solution, while Ni ions in the plating so
tion are reduced by electrons generated by oxidation of Si and
sequently deposit on the substrate.18 Cutting the TaN and WN bar-
rier layers into slabs for processing, as performed in this stu
exposes Si atoms on the sides of the substrates. Immersing
substrates into the electroless copper plating solution therefore
lead to two mechanisms for initial Cu deposition; reduction of co
per ions due to oxidation of the barrier layers, and reduction
copper ions due to oxidation of Si atoms on the side of the subst
In order to eliminate the effect of Si atoms, the side of cut wafer w
covered with chemically inert wax, effectively exposing only t
metal nitride film surface to plating solution during processing.

Figure 1. Construction of working electrode.
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Copper was successfully deposited on the TaN and WN ba
layers of pretreated substrates by immersion the electroless co
plating solution at 70°C. However, copper did not deposit on p
treated TiN. In the case of WN, as deposition at 70°C proceed v
rapidly, the bath temperature was lowered to 60°C.

In order to understand the mechanism of Cu deposition on
TaN and WN barrier layers, the redox potentials of the TaN, W
TiN, and Cu films were measured in the electroless plating solu
~Table I!. The redox potentials with respect to measurement time
shown in Fig. 3. The redox potential of Cu in the electroless plat
solution at 60 and 70°C was not stable and increased with ti
reflecting the decrease in the concentration of the reducing agen
pH of the plating solution with time.19 The redox potential of WN
was lower than that of Cu at 60°C, indicating that the displacem
reaction between WN and Cu ions can proceed. The change in
redox potential of the WN barrier layer at 60°C is classified in
three stages~Fig. 3a!. In the first stage, the potential increases ra
idly up to the same value as for Cu. In the second stage, the pote
increases in step with that of Cu, and in the third stage, the pote
become lower than that of Cu. This process can be explaine
follows. In the first stage, WN is oxidized, causing the Cu ions to
reduced and to deposit on the WN film. The potential of the W
electrode increases with the amount of Cu atoms on the WN surf
reaching the potential of Cu when the entire surface is covered

Table I. Initial potential of barrier films and copper metal in
electroless copper plating solution.

Electrode
Temperature of solution

~°C!
Initial potential

~mV!

Cu 25 28
Cu 60 2314
Cu 70 2383
TiN 70 28
TaN 70 2594
WN 60 2358
Figure 2. XPS spectra of TaN barrier
layer ~a! before etching and~b! after
etching.
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Cu. In the second stage, the Cu film on the WN electrode beco
thicker with time, and the potential of the electrode is maintained
the potential of a Cu electrode. In the third stage, due to poor a
sion between the WN layer and the Cu, the Cu film begins to br
and delaminate as a result of internal stress. The potential of
electrode then begins to decrease to reflect that of the WN surf

The redox potential of the TiN film in the electroless copp
plating solution at 70°C is shown in Fig. 3b. The potential of t
TiN barrier at 70°C was higher than that of the Cu electrode, wh
will prevent the displacement reaction from proceeding. This is
good agreement with the experimental results: Cu did not depos
the TiN barrier layer when the sides of the TiN substrate were c
ered with chemically inert wax.

The redox potential of the TaN layer at 70°C in electroless c
per plating solution~Fig. 3c! changes in two discrete stages. In

Figure 3. Redox potentials of WN, TiN, and TaN barrier films and copp
metal in electroless copper plating solutionvs. measurement time.~a! WN
barrier film at 60°C,~b! TiN barrier film at 70°C, and~c! TaN barrier film at
70°C.
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tially, the potential increases quickly up to that of the Cu electro
The redox potential then increases in step with the that of Cu.
initial change in redox potential is considered to occur via a mec
nism similar to that for WN: the TaN layer oxidizes resulting in th
reduction and deposition of Cu on the TaN until the TaN electrod
completely covered with Cu. As the adhesion between the TaN la
and the Cu film is good, the potential of the TaN electrode th
remains at that of a Cu electrode. The results of electrical poten
measurements clearly show that Cu is initially deposited on TaN
WN by displacement reactions with the barrier layers, after wh
the deposited Cu acts as an autocatalyst for the electroless de
tion of Cu.

The deposition rates for electroless copper plating on the T
and WN barrier layers were measured by cross-sectional scan
electron microscopy~SEM!. The thickness of the films with respec
to plating time is shown in Fig. 4. The results show that copper w
deposited on the surface of the TaN and WN as soon as the
strates were immersed in the electroless plating solutions. Altho
the bath temperature for WN was lower than that for TaN, b
processes produce the same initial deposition rates. The AFM m

Figure 4. The thickness of the electroless copper filmsvs.plating time.~a!
TaN ~70°C! and ~b! WN ~60°C! substrates.
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surements indicated that the surface roughness (Ra) of 1.4 mm thick
Cu films was 10.4 nm for TaN and 14.6 nm for WN, which
comparable with electroless-plated Cu films activated us
PdCl2 /SnCl2 .9 The crystallography of the Cu film on TaN was me
sured by X-ray diffraction. The peak intensity ratioI (111)/I (200)
was 2.8, and the full-width at half-maximum~fwhm! of ~111! for the
1.4 mm thick Cu film was 0.26°. After annealing at 400°C in an N2

atmosphere at 1.0 mTorr, the peak intensity ratioI (111)/I (200) in-
creased to 4.30, and the fwhm of~111! decreased to 0.20°, indica
ing that the Cu~111! texture was enhanced by annealing.

The adhesion between the Cu film and the barrier layer is a v
important factor of the reliability of interconnects. Two methods,
adhesive tape test and peeling test, were used to determine th
hesion strength between the Cu film and the TaN barrier layer.
Cu film did not delaminate in the adhesive tape test, regardles
annealing, indicating that the adhesive strength is sufficient to
dure chemical mechanical polishing~CMP!. For the peeling test, the
Cu film was thickened by electroplating at a current density of 0
A/cm2 for 1 h at room temperature, resulting in a copper thickn
of 20 mm.20 The peeling strength between electroless-plated Cu
TaN film was 0.11 kgf/cm after annealing~see Table II!, which is
less than that for the electroplated Cu/sputtered Cu structure,
cating that further improvement of this technique with respect
adhesion is required. The peeling interface for the electroless-p
copper sample is the interface between the TaN and copper, wh
peeling occurs between TaN and SiO2 for the sputtered copper see
sample.

The resistivity of electroless-plated copper was determined b
four-probe technique in order to obtain accurate measurem
Electroless-plated copper was deposited on the TaN barrier l
with trench patterns fabricated by dry etching and then the Cu
terconnects were fabricated after CMP processing. The resistivit
0.42mm wide interconnect tracks was 2.3mV cm, and improved to

Figure 5. TEM micrograph of electroless-plated Cu trench in 15 nm T
film after annealing.

Table II. Peel strength of electroless-plated Cu on TaN.

Treatment
condition

TaN/ELP-Cu/EP-Cu,
annealed at

400°C for 30 min

TaN/Sputtered
Cu/EP-Cu,
unannealed

TaN/Sputtered
Cu/EP-Cu,
annealed at

400°C for 30 min

Adhesion
~kg f/cm!

0.11 0.25 0.35

Peeled
interface

TaN/ELP-Cu TaN/SiO2 TaN/SiO2
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2.2 mV cm after annealing. A cross-sectional transmission elect
microscopy~XTEM! micrograph of a Cu damascene interconne
with TaN barrier is shown in Fig. 5. After annealing at 400°C for
min in 0.1 mTorr N2 ambient, no voids were observed in the C
interconnects, and the grain size was in the range 70 to 300
These results indicate that Cu electroless plating is suitable for
plication to ULSI multilevel interconnection.

Conclusions

Cu was successfully deposited on TaN and WN barrier layers
electroless plating without activation treatment. The substrates w
pretreated by wet chemical etching to remove surface oxides
then immersed into the electroless Cu plating solution. The re
potentials of TaN and WN in the electroless Cu plating solut
were lower than that of copper, driving the reduction and deposi
of Cu ions from the solution. The surface roughness of 1.4mm thick
plated Cu films was 10.4 nm for TaN and 14.6 nm for WN, and
uniform and smooth Cu films were obtained. The adhesion of
film to the TaN barrier layer was measured by an adhesive tape
and peeling test. After annealing, the sample exhibited an adhe
strength of 0.11 kgf/cm, which is sufficient for reliable CMP pr
cessing. The electrical resistivity of a 0.42mm wide damascene Cu
interconnect on TaN after annealing was 2.2mV cm. These results
indicate that the proposed electroless process is suitable for the
mation of a Cu seed layer prior to electrodeposition for the fabri
tion of ULSI interconnects.

Acknowledgments

The authors are grateful to the Semiconductor Technology A
demic Research Center~STARC! for partial financial support and
sample preparation, and to Professor Osaka of Waseda Unive
for encouragement and helpful suggestions.

One of the authors, S. Shingubara, assisted in meeting the publica
costs of this article.

References
1. J. S. H. Chao, H. Kang, S. S. Wong, and Y. Shacham-Diamand,MRS Bull.,18, 31

~1993!.
2. J. C. Chang and M. C. Chen,J. Electrochem. Soc.,145, 3170~1998!.
3. X. Chen, G. G. Peterson, C. Goldberg, G. Nuesca, H. L. Frisch, B. Arkles, an

Sullivan,J. Mater. Res.,14, 2043~1999!.
4. J. C. Chang and M. C. Chen,Thin Solid Films,322, 213 ~1998!.
5. P. C. Andricacos, C. Uzoh, J. O. Dukovic, J. Horkans, and H. Deligianni,IBM J.

Res. Dev.,42, 567 ~1998!.
6. S. Shingubara, inProceedings of the 7th Dielectrics and Conductors for UL

Multilevel Interconnection Conference, IEEE, 89-644090, p. 167, March 5, 2001
7. J. Wada, A. Sakata, H. Matsuyama, K. Watanaba, and T. Katata, inProceedings of

the International Interconnect Conference 2002, IEEE, p. 108~2000!.
8. ~a! S. Shingubara, T. Ida, H. Sawa, H. Sakaue, and T. Takahagi, inProceedings of

the Advanced Metallization Conference 2000, Materials Research Society, Vol
ULSI-XVI, p. 229 ~2001!; ~b! Z. Wang, T. Ida, H. Sawa, H. Sakaue, S. Shinguba
and T. Takahagi, inProceedings of the Advanced Metallization Conference 20,
Materials Research Society, ULSI-XVII, p. 185~2002!. ~c! S. Shingubara, Z.
Wang, T. Ida, H. Sakaue, and T. Talahagi, inProceedings of the International
Interconnect Conference 2002, IEEE, p. 176~2002!.

9. H. H. Hsu, K. H. Lin, S. J. Lin, and J. W. Yeh,J. Electrochem. Soc.,148, C47
~2001!.

10. Y. Shacham-Diamand,Electrochem. Solid-State Lett.,3, 279 ~2000!.
11. T. Osaka, N. Takano, and S. Komaba,Chem. Lett.,7, 657 ~1998!.
12. H. H. Hsu, C. C. Hsieh, M. H. Chen, S. J. Lin, and J. W. Yeh,J. Electrochem. Soc.,

148, C590~2001!.
13. L. A. Nakahara, T. Ohmori, K. Hashimoto, and F. Fujishima,J. Electroanal. Chem.,

333, 363 ~1992!.
14. J. C. Patterson, M. O’Relly, G. M. Crean, and J. Barrett,Microelectron. Eng.,33,

65 ~1997!.
15. L. A. Nakahara, T. Ohmori, K. Hashimoto, and F. Fujishima,J. Vac. Sci. Technol.

A, 11, 763 ~1993!.
16. J. C. Patterson, C. N. Dheasuna, J. Barrett, T. R. Spalding, M. O’Relly, X. Ji

and G. M. Crean,Appl. Surf. Sci.,91, 124 ~1993!.
17. J. D. Lee,A New Concise Inorganic Chemistry, third ed., p. 337, Van Nostrand

Reinhold Co. Ltd., Berkshire, MA~1977!.
18. N. Takano, N. Hosada, T. Yamada, and T. Osaka,Electrochim. Acta,44, 3743

~1999!.
19. Z. Wang, A. Furuya, K. Yasuda, H. Ikeda, T. Baba, M. Hagiwara, S. To

S. Shingubara, H. Kubota, and T. Onmi,J. Adhes. Sci. Technol.,16, 1027
~2002!.

20. S. Abe, T. Fujinami, T. Aono, and H. Honma,Surf. Technol.,48, 61 ~1997!.


