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The behavior of boron in Cu(4.8at.%B)/Ti/Si0, was investigated as a function of
temperature, and its influences on the Cu-Ti interaction, resistivity, and diffu-
sion barrier properties were also studied. The results showed the formation of a
titanium boride layer at the Cu-Ti interface, after heating the Cu(B)/Ti/SiO, at
400°C and higher, effectively served as a barrier for the Cu and Ti diffusion, and
significantly enhanced the Cu (111) texture. The resistivity dropped from 16.3
to 2.33 uQ-cm after heating at 600°C, and continued to decrease up to 800°C. As
a result, the Cu, in the form of B(O),/Cuw/TiBy/Ti(0),/SiO, multilayers, obtained
by heating the Cu(B)/Ti/SiO,, showed high thermal stability with low resistivity
and, thus, can be used as interconnections in advanced integrated circuits.
Since the Cu, in the form of B(0O),/Cu/TiB4/Ti(0),/SiO, multilayers, obtained by
heating the Cu(B)/Ti/Si0,, showed high thermal stability with low resistivity, it

can be used as interconnections in advanced integrated circuits.
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INTRODUCTION

The dual-damascene Cu integration scheme is re-
placing the conventional Al metallization system for
deep submicron integrated circuits, as Cu exhibits
lower resistivity, superior electromigration resis-
tance, and higher resistance to stress-induced voids.
However, copper is known to diffuse rapidly through
Si0,.176 Thus, it is necessary to introduce a diffusion
barrier between the Cu and the dielectrics. In addi-
tion, Cu also suffers from poor adhesion to SiO,
dielectrics, due to its inability to reduce SiO,, which
causes a rapid mass diffusion along the interface
and surfaces, resulting in degraded reliability.”®
Titanium can be an excellent adhesion promoter, be-
cause of its ability to reduce SiO,, producing titanium
oxide at the interface, and also because it reacts
with Cu, to form intermetallic compounds,® resulting
in good adhesion between Cu and SiO,. However,
titanium cannot serve as a diffusion barrier for Cu
metallization, as significant amounts of titanium can
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dissolve into the Cu layer during annealing at about
400°C.1%! In addition, the Ti-SiO, reaction occurring
at the SiO, surface, upon annealing at 550°C and
higher, causes a serious decomposition of SiO,, lead-
ing to thinning of the SiO, layer; thus, resulting in
the further decrease of the failure temperature for
the Cu/Ti/SiO,/Si multilayers.'?

In this study, the doping of Cu, with immisci-
ble, reactive elements, has been studied to address
these issues. Among the various immiscible ele-
ments, boron was chosen as an additive, due to
its strong affinity with Ti, and the TiB, produced
can act as a diffusion barrier for Cu metallization,
due to its high melting point (3,225°C), which also
shows a low resistivity of 7 uQ-cm.'*'® In addition,
the consumption of Ti in the formation of titanium
boride can limit its supply for the Ti-SiO, reac-
tion, effectively suppressing SiO, decomposition.'®
Further, the boron added to Cu can passivate the
copper surface, possibly due to the formation of sur-
face boron oxide. Therefore, the Cu(B) alloy/Ti/SiO,
structures have been annealed to investigate the
behavior of boron, and its resultant effects on Cu-Ti
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inter-diffusion, resistivity, texture, and diffusion
barrier properties.®

EXPERIMENTAL

Titanium and Cu(B) films were successively mag-
netron-sputter deposited on 100-nm-thick SiO, films,
which were thermally grown on (100) Si wafers, from
Ti and Cu(4.8at.%B) targets, with a purity level of
6 N, in one chamber. Two different thicknesses, 20 nm
and 35 nm, were deposited for the Ti films, with a
thickness of 200 nm for the Cu(B) films. For compari-
son, 200-nm-thick Cu films were deposited onto
Ti/Si04/Si wafers. The sputtering conditions were as
follows: base pressure in the chamber 2 X 107 Torr,
substrate temperature equal to room temperature,
and Ar pressure and sputtering power for Ti and Cu
(or Cu(B)) deposition equal to 6 mTorr and 130 W and
3 mTorr and 180 W, respectively. Annealing of these
Cu(B) (or Cu)/Ti/Si04/Si samples was performed at a
vacuum level of 3 X 107 Torr, at temperatures be-
tween 100°C and 900°C, for 30 min. The sheet resis-
tance was measured using a four-point probe, and the
distribution of elements, such as Ti, Cu, B, Si, and O,
in the as-deposited and as-annealed samples, identi-
fied using Auger electron spectroscopy (AES). In addi-
tion, a 6-2 0 x-ray diffractometer, equipped with a Cu
tube, operated at 50 KV and 200 mA, with a mono-
chromatic wavelength (Cu K, of 0.154 nm, was used
to identify the phases of the reaction products and the
intensity of the Cu (111) texture and the shift of the
x-ray diffraction spectra. Since the spectrum shift in
Cu(111) is proportional to the lattice distortion ratio,
the temperature dependence of the stress in a Cu film
can be determined by measuring the spectrum shift.”

RESULTS AND DISCUSSION

Two systems, Cu/Ti/SiO5 and Cu(4.5at.%B)/Ti/SiO,,
have been annealed at temperatures between 100°C
and 900°C, in a vacuum, to investigate the effects of
boron on the Cu-Ti interdiffusion. The x-ray spectra
of the Cu/Ti(35 nm)/SiO, samples, as-deposited and
as-annealed, for 30 min at 100-800°C, are shown in
Fig. 1a. The as-deposited film showed peaks corre-
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sponding to Cu and Ti. Annealing at 400°C produced
a metastable CusTi phase and a shift of the o-Ti (002)
peak to a higher d spacing, indicating the expansion
of the c-axis of the Ti film, due to the increased
amount of oxygen into the unreacted Ti film, as the
formed CusTi layer moved the oxygen into the Ti. In
addition, the peaks corresponding to CusTi disap-
peared, with a strongly increased intensity of the Cu
(111) peak.

In the case of Cu(B)/Ti(20nm)/SiO,, as shown in
Fig. 1b, the Cu (111) texture significantly improved
with increases in the temperature. Note that no inter-
metallics, such as CuTi, CusTi, and Cu,Ti, can be seen
at temperatures between 100°C and 800°C, indicating
that negligible interdiffusions occurred between the
Cu and Ti, due to the formation of a titanium boride
layer at the Ti surface. Also, a relatively abrupt shift
of the Cu (111) spectrum, to 20 lower, was seen above
300°C, possibly due to the relaxation in the compres-
sive stress of the supersaturated solid solution as the
boron precipitates along the grain boundaries.!81°

Figure 2 shows the AES depth profiles of the as-
deposited Cuw/Ti/SiO, and of those annealed at
300-600°C. Annealing at 400°C allowed for interdif-
fusion between the Cu and Ti, and for outdiffusion
of Ti to the Cu surface. At 500°C, the intermetallic
compounds resulting from the Cu-Ti reactions fur-
ther grew into the Cu layer, with an increased
amount of Ti dissolving into the Cu. Also, significant
amounts of Ti outdiffused to the Cu surface, forming
a mixture of titanium oxide and Cu. Annealing at
600°C further increased the Ti outdiffused to the
surface, forming a thicker titanium oxide layer,
which also left the Cu layer free of titanium. Note
that significant amounts of oxygen and silicon can
be seen in the Ti glue layer at 600°C. According to
Zeng et al., the heating of Ti/SiO, structures at
550°C and higher produce a mixture of oxygen-rich
titanium (e.g., stable titanium oxide) and TisSis
compounds, via the reaction with Ti-SiO,.'2

Figure 3 shows the AES depth profiles of the as-
deposited Cu(B)/Ti/SiO4 structure and those annealed
at 300-800°C. Annealing at 300°C allowed for the
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Fig. 1. XRD patterns of (a) Cu/Ti(35 nm)/SiO, and (b) Cu(B)/Ti(20 nm)/SiO, structures, as a function of the annealing temperature.
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Fig. 2. AES depth profiles of Cu/Ti(35 nm)/SiO, films (a) as-deposited and annealed at (b) 300°C, (c) 400°C, (d) 500°C, and (e) 600°C.
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Fig. 3. AES depth profiles of Cu(B)/Ti(20 nm)/SiO; films (a) as-deposited and annealed at (b) 300°C, (c) 400°C, (d) 500°C, and (e) 800°C.

diffusion of boron to the Cu-Ti interface, or Cu sur-
face, with the accompanying reduction in the B con-
centration. As the temperature increased to 400°C,
the boron continued to diffuse to the Ti surface, and
formed titanium boride, with further diffusion of

boron to the Cu surface.

At 500°C, significant amounts of boron segregated
to the Ti surface, producing a much thicker titanium
boride layer, with the oxygen snowplowed into the
remaining Ti layer. It can be seen clearly that no
dissolution of Ti into the Cu layer occurred, implying

the formation of a titanium boride layer effectively
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prevented the dissolution of Ti into the Cu layer,
across the titanium boride layer. Note that the boron
diffused to the surface of the Ti(O), glue layer, thus
producing a bilayer of titanium boride/oxygen-rich
titanium, instead of a mixture of TiB, and B,O3, even
though the TiBs; and B5O3; compounds show Gibbs
free energies of —65.7 Kcal/mol and —285 Kcal/mol,
respectively.?’ From these facts, it is proposed that
the initially formed CuTi intermetallics, at the Cu-Ti
interface, were converted into TiB, and free Cu, via
the following reaction:

CuTi + 2B — TiBy + Cu, AGf=—55 Kcal/mol (1)

As the CuTi grew into the Ti layer, the dissolved
oxygen was snowplowed to the unreacted Ti at the
initial annealing stage; the conversion of the CuTi
layer, via the above reaction, resulted in a bilayer of
TiBy/Ti(O),.

Figure 4 shows the variation in the resistivities of
the Cu(B) alloy and pure Cu films, as a function of the
annealing temperature. With the Cu(B)/Ti(20nm)/
Si0,, the resistivity of the Cu(4.5at.%B) alloy film
continued to decrease, as the temperature was in-
creased, from 100°C to 800°C, to 2.3 uQ-cm, approxi-
mately that of a pure Cu film. Also, it abruptly
increased after heating at 900°C.

For the pure Cu film in the Cu/T¥/SiOy structure,
the resistivity began to increase at about 400°C, and
continued to increase up to 500°C. It also showed a
sharp decrease between 500°C and 600°C, and then
increased significantly after heating at 700°C.
Therefore, it could be concluded that the increased
resistivity of the pure Cu film, at temperatures be-
tween 400°C to 500°C, was due to the formation of
intermetallic compounds as a result of the Cu-Ti
and Ti-O reactions and the Ti dissolved in the Cu.
Also, the abruptly decreased resistivity at 600°C
was a consequence of the formation of a titanium-
free Cu layer, as the Ti was completely consumed in
the formation of the surface and interface titanium
oxide layers.
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Fig. 4. Resistivity variation of the Cu/Ti(35 nm)/SiO, and Cu(B)/
Ti(20 nm)/SiO, structures, as a function of the annealing temperature.
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CONCLUSIONS

Annealing of the Cu(B)/Ti/SiO, structure, at
100-900°C, in a vacuum, has been carried out to in-
vestigate the effects of boron on the Cu-Ti reaction,
resistivity, texture evolution, and thermal stability.
Because of the low solubility of boron in copper, and
its high affinities with titanium and oxygen, anneal-
ing allowed for the out-diffusion of boron to the Cu
surface, producing a surface boron oxide layer; the
boron also diffused to the Ti surface, reacting with
the Ti, forming a bilayer of TiBy/Ti(O),, which acted
as an effective barrier to Cu and Ti diffusion. This
also resulted in a low resistivity, close to that of a
pure copper film. In addition, a highly developed Cu
(111) texture was obtained by heat treatment of
Cu(B)/Ti/Si0O4 above 400°C. Consequently, Cu, in the
form B(0),/Cu/TiBy/Ti(0),/Si0,, was obtained by
annealing, and the simple structure, Cu(B)/Ti/SiO,,
could be implemented as an advanced metallization
for silicon technology devices.

ACKNOWLEDGEMENTS

This work was supported by Grant No. 1999-1-
30100-002-5 from the Basic Research Program of the
Korea Science and Engineering Foundation.

REFERENCES

1. N.Awaya and Y. Arita, J. Electron. Mater. 21, 959 (1992).

2. A. Jain, T.T. Kodas, R. Jairath, and M.J. Hampden-Smith,
J. Vac. Sci. Technol. B 11, 2107 (1993).

3. J. Lin and M. Chen, Jpn. J. Appl. Phys. Part 1 38, 4863
(1999).

4. S.P. Murarka and S. Hymes, Crit. Rev, Solid State Mater.
Sci. 20, 87 (1995).

5. Y.J. Park, VK. Andleigh, and C.V. Thompson, J. Appl.
Phys. 85, 3546 (1999).

6. C. Whitman, M.M. Moslehi, A. Paranjpe, L. Velo, and T.
Omstead, J. Vac. Sci Technol. A 17, 1893 (1999).

7. C.-K. Hu, B. Luther, F.B. Kaufman, J. Hummel, C. Uzoh,
and D.d. Pearson, Thin Solid Films 262, 84 (1995).

8. M.W. Lane, E.G. Linger, and J.R. Lloyd, J. Appl. Phys.
93,1417 (2003).

9. C. Apblett, D. Muria, and P.J. Ficalora, JJ. Appl. Phys. 71,
4925 (1992).

10. G.S. Chae, H.S. Soh, W.H. Lee, and J.G. Lee, JJ. Appl. Phys.
90, 411 (2001).

11. T.B. Massalski, ed., Binary Alloy Phase Diagrams (Materials
Park, OH: ASM International, 1990), pp.1494-1495.

12. Y. Zeng, L. Chen, and T.L. Alford, Appl. Phys. Lett. 76, 64
(2000).

13. C.W. Nelson: 1969 Hybrid Microelectronics Symp. (Dallas,
TX: International Society for Hybrid Microelectronics,
Hicks Printing Co., 1969).

14. L.M. Williams, Appl. Phys. Lett. 46, 43 (1985).

15. V.N. Gurin and V.S. Sinelnikova, in Boron and Refractory
Borides, ed. V.I. Matkovich (Spring, NY, 1977), pp. 377-389.

16. PJ. Ding and W.A. Landford, /. Appl. Phys. T4, 1331
(1993).

17. T. Hara, K. Sakata, A. Kawaguchi, and S. Kamijima, Elec-
trochem. Solid-State Lett. 4, 81 (2001).

18. S.-L.Zhang, J. M.E. Harper, and F.M. d’'Heurle, J. Electron.
Mater. 30, L1 (2001).

19. K. Barmark, G.A. Lucadamo, C. Cabral, Jr., C. Lavoie, and
J.M.E. Harper, J. Appl. Phys. 87, 2204 (2000).

20. JANAF Thermochemical Tables, 3rd ed., Part 1, eds. M.W.
Chase, Jr., C.A. Davies, J.R. Downey, Jr., D.J. Frurip, R.A.
McDonald, and A.N. Syverud, J. Phys. and Chem. Ref.
Data 14, supplement 1 (1985), pp. 269-274.



