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Abstract

High quality low-resistivity Cu thin films have been
successfully formed by low-kinetic energy particle bombardment

process.

The Cu films have exhibited three to five orders of

magnitude larger electromigration lifetime than that of Al-Si

based al%oy in erconnects
of 3x10°

Moreover, very low contact resistance
Q cm” for Cu/n*-Si contacts as well as ideal Schottky

diode characteristics for both Cu/n-Si and Cu/p-Si contacts have

been demonstrated.

Introduction

The enhancement in the integration
density and speed performance of ULSI
circuits requires the miniaturization of
transistors and interconnects as well as
higher current driving capabilities for
transistors. As a result, large currents must
be conducted through long interconnects
having small cross sections and through small
contacts. Therefore a new metallization
scheme which ensures high electromigration
reliability as well as low bulk resistivity
and low contact resistances must be
established.

Aluminum is the major material used for
interconnects in integrated circuits. However
its resistivities is not low enough to
operate ULSI circuits at ultra-high speed.
Furthermore, aluminum is liable to show poor
reliability against failures caused by
electromigration and stress-migration.
Copper(Cu) is now drawing considerable
attention as an alternative to Al due to its
low bulk resistivity(1.72 # Qcm) and large
electromigration resistance[1-3].

The purpose of this paper is to present
a high performance copper metallization
realized by low-kinetic energy particle
bombardment process[1,4] High quality low-
resistivity Cu thin films have been
successfully formed by the process, which
have exhibited three to five orders of
magnitude larger electromigration lifetime
than that of Al-Si based alloy interconnects.
Moreg er, ery low contact resistance of
3x10
ideal Schottky diode characteristics for both

cm® for Cu/n*-Si contacts as well as:
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Cu/n-S1 and Cu/p-S1i contacts have been
demonstrated.
Experimental

The substrates used were n-type (100) Si
wafers on which 1000A thermal oxide films
were grown. In order to supply a dc substrate
bias voltage to a metal film grown on SIO?,

the 8102 film was partlally etched of
Substrate dc bias is varied from +10V to
-80V, and about 1.0 K m thick Cu films were

grown. After Cu deposition, thermal
annealing was carried out at various
temperatures of 140 °C~600 °C in argon or
nitrogen ambient.

The crystal structures of Cu films before
and after thermal annealing were investigated
by X-ray diffraction analysis and reflection
electron diffraction analysis, and the
surface morphology was evaluated by using
scanning electron microscope (SEM). The Cu
film resistivities were measured by the Van
der Paw method. And electromigration test was
carried out using newly developed accelerated
life-test method[5]. For fabricating Schottky
diodes, window patterns of 40 L mx40 ym -
2mmx2mm were opened in thermal oxides grown
on n- and p-type silicon wafers, and Cu film
were deposited by employlng No-gas seal
native-oxide-free processing[ﬁ]. and then
delineated into electrode patterns.



Results and Discussion

Figure 1 shows the orientation of Cu films
after post-metallization anneal as a function
of the annealing temperature and the
substrate bias voltage applied during the
film growth. As deposited films exhibit (111)
orientation regardless of the ion bombardment
energy. However, the film undergoes almost
perfect transformation from (111) to (100)
orientation when relatively high ion
bombardment energies( Vs < -50V ) are
employed for film growth. Such transformation
is always accompanied by large grain growth
in the Cu film, which has been confirmed by
the surface morphology observation and
reflection electron diffraction analysis.
In Fig.2 is shown the temperature dependence
of Cu thin film resistivity before and after
the thermal anneal at 450 °C. The film after
anneal exhibits a room temperature

resistivity of 1.78 4 Qcm, almost identical
to the bulk value. One order of magnitude
reduction in the residual resistivity is also
observed. These results are the direct
consequence of the large grain growth that
occurred in the film. The results of
electromigration test carried out on Cu
interconnects wusing newly developed
accelerated life-test method[5] are shown in
Fig.3 along with the data for Al-Si
interconnects, demonstrating the large
electromigration resistance of the Cu
interconnects. When the data are extrapolated
to a room temperature (300K), Cu
interconnects_after thermal anneal have
values of T J° which is approximately five
or three orders of magnitude larger than
that for the Al1-Si or Al-Cu-Si Interconnects
studied here, respectively.

Figure 4 shows the Schottky barrier
heights for Cu/n-Si contacts for four
different contact areas. The fluctuation of

@pp 1s less than 0.005eV, and the value
is Hndependent of the contact area over four
orders of magnitude.
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Fig.1 Crystal orientation of Cu films after
post metalllization anneal for 30 min. as a
function of temperature and the DC wafer bias
voltage applied during film growth.
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Fig.2 Temperature dependence of Cu thin film
resistivity before and after thermal anneal
at 450°C.
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Fig.3 Arrhenlus plot of T J2( T :electromigration
lifetime, J: stress current density ) for Cu
and Al-Si interconnects.
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Fig.4 Barrier heights of Cu/n-S8i Schottky
diodes as a functlon of contact area.




Figures 5(a) and (b) show the
temperature dependence of saturation current
density for as deposited(non-alloyed) Cu/n-Si
and Cu/p-S1 Schottky contacts, respectively.
The Schottky barrier heights determined from
the slope of these lines are 0.707eV and
0.469eV for n-Si and p-Si, respectively, and
thelr sum 1.176eV 1s almost the same as the
value of S1 bandgap, demonstrating the
formation of ideal Cu/Si contacts. And the
Cu/nt-si contact resistance as low as
3x10°7 Q cm® has been also achleved wlthout
any alloyling heat cycles.
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Fig.5 Temperature dependence of Saturation
current density for non-alloyed Cu/n-Si(a)
and Cu/p-Si(b) contacts.

Conclusions

High performance Cu metallization has been
developed by a low-kinetic energy particle
process. Completely (100) oriented Cu films
having grains as large as 100 4m are obtained
by depositing Cu films on Si0, followed by
thermal annealing. The residual resistivity
of Cu films after thermal annealing is
approximately one order of magnitude lower
than that of non-thermal annealed Cu films.
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Furthermore, Cu interconnects after thermal
anneal have exhibited three to five orders of
magnitude larger electromigration lifetime
than that of Al1-5i based alloy interconnects.
Moreover, formation of ideal Schottky diode
characteristics as well as very low contact

resistance of 3x10°7 Qcm? without any
alloying heat cycles have been demonstrated.

High performance Cu metallization
developed in this work featuring high
electromigration resistance as well as low
bulk resistivity and low contact resistance
is quite promising to use in future ULSI
devices.
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