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ABSTRACT: With the development of ultra-large-scale integrated circuits, a bottleneck problem will eventually appear due to
further shrinking of device feature sizes, which is the thickness of Cu interconnect diffusion barrier layer fail to continuously
reducing. Therefore, it is imperative to develop a new barrierless structure Cu alloy thin film (Cu seed layer), that needs keeping
high stability (no interdiffusion occurs) and low resistivity in a moderate temperature environment (400~500 C) of subsequent
processes for a long period. In present paper, the current state and problem of the barrierless structures were summarized firstly.
Then, the research work of the barrierless Cu-Ni-M films based on the stable solid solution cluster model was reviewed, and the
selection principle of the third element M and its influence on the thermal stability were discussed through the comparison of the
microstructure, resistivity and stability of the multi-series films. Finally, the changes of the second element were discussed to
further verify the validity of the stable solid solution cluster model. The results show that the films have excellent ability to
inhibit diffusion under the condition of the third element M with a slightly larger atomic radius than Cu and difficult to diffuse
and insoluble in Cu. When M/Ni=1/12, i.e., the alloying elements are completely dissolved into the Cu matrix in the form of
clusters, the comprehensive performance of the film reaches the optimal, which can meet the requirements of the
microelectronics industry. All these studies indicate that the stable solid solution cluster model is very effective in the
composition design of the barrierless Cu thin film, and this model is also expected to be widely used in the composition design
of high temperature resistant Cu alloy and radiation resistant materials.

KEY WORDS: copper alloy film; barrierless; stable solid solution cluster model; composition design; thermal stability; resistivity
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Fig.2 Cross-sectional TEM image and high-resolution image at the Cu(C)/Si interfacial region: a) cross-sectional TEM image of
the as-deposited Cu(C) film, b) high-resolution image at the Cu(C)/Si interfacial region; c) cross-sectional TEM images of Cu(C)
film after annealing 400 “C for 1 h, d) high-resolution image at the Cu(C)/Si interfacial region(*®!
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Fig.3 Cross-sectional TEM image of Cu (Sn) film and corresponding selected area electron diffraction pattern (SAED):
cross-sectional TEM image (a) of as-deposited Cu-0.6at.%Sn film and (b) of corresponding film annealing at 700 C for 1 h;

plane-view TEM image of Cu-1.1at.%Sn thin film annealed 400 ‘C for 1 h (¢) and corresponding selected area electron
diffraction pattern (SAED)(d)!*®
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solution, where the octahedral structure stands for the
(MNiy,) cluster 2

1 Cu. NMEZATMHNEFEENBARELEE CURNERE. THRHE.
HEEERER Cu KB H #8845 (400 °C ) ™
Tab.1 Atomic radius (R), melting point and boiling point of Cu, Ni and the third element M; solid solubility, diffusion
coefficient (D), diffusion constant (D,) and activation energy (Q) of the related elements in Cu as well as self-diffusion

parameters of Cu (at 400 °C)!555

i i ili Meltin ; ‘ ;
Element R/nm AR in?ilt‘lllﬂfgtl:ﬁilct \t;?lithCu Soilrlldcsl(;/1 ;[}f";)lty point/ g P Czngg.tsit?)o o (lgltllnllnoclg/l)

Cu 0.128 — — — 1083 6.9x107%! 203.8
Ni 0.125 No Complete miscibility 1453 4.0x107% 230.9
Fe 0.127 -1.0 No ~0 (600 C) 1535 4.6x107! 230.5
Cr 0.128 0 No ~0 (800 C) 1857 1.1x107%° 198.0
%S 0.135 5 No ~0 (500 C) 1890 4.9x1073 215.0
Mo® 0.140 9 No ~0 (800 C) 2617 — —
Ti 0.146 14 Yes 0.3 (400 C) 1675 1.6x1072° 198.0
Nb 0.147 15 No 0.1 (1080 C) 2468  0.036x107'*(726 C) 253.9
Ta® 0.147 15 No ~0 (800 C) 2996 — —
Sn 0.155 21 Yes 1.3 (200 C) 232 6.8x107" 176.2
Zr 0.160 25 Yes ~0 (500 C) 1852 2.0x107'8 379.0

Note: a) Calculated from the diffusion formula between 955 K and 1342 K, the actual value may be lower than the
calculated value; b) The diffusion parameters of this element in Cu are not found in the literature
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Fig.7 Variation of resistivity of Cu-Ni-Mo (a) during annealing at 400 ‘C for 40 h and Cu-Ni-M
(M = Nb, Ta) (b and c) films during annealing at 500 C for 40 h{¢%-®
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Fig.8 Cross section TEM image of the (Moy/13Ni;2/13)0.27Cug9 73 film after annealing at 400 °C for 40h (a);
(Nb1/2/13.2Ni12/13.2)03Cug9 7 and (Tay 1/13.1Ni12/13.1)0.4Cug9 ¢ film after annealing at 500 C for 40 h (b, ¢)[60-62]
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Fig.9 Electrical resistivity variation of Cu-Ni-V films after long time annealing and some cross section TEM image of Cu-Ni-V
films: a) electrical resistivity variation of Cu-Ni-V films during annealing at 500 ‘C for 40 h; b, ¢) cross section TEM image of
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Fig.11 Cross section TEM image of (Tij 5/13.5N112/13.5)0.3Cug9.7 (a), (Sny.1/13.1Ni12/13.1)9.23Cu99 77 (b) and
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