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Abstract—In this letter, we propose a new metal-gate CMOS
technology that uses a combination of two metals to achieve low
threshold voltages for both n- and p-MOSFET’s. One of the gate
electrodes is formed by metal interdiffusion so that no metal has
to be etched away from the gate dielectric surface. Consequently,
this process does not disturb the delicate thin gate dielectric and
preserves its uniformity and integrity. This new technology is
demonstrated for the Ti–Ni metal combination that produces gate
electrodes with 3.9 eV and 5.3 eV work functions for n-MOS and
p-MOS devices respectively.

Index Terms—Interdiffusion, metal gate CMOS, nickel, tita-
nium, work function, x-ray photoelectron spectroscopy.

I. INTRODUCTION

REDUCTION of the capacitance-equivalent thickness
(CET) of the gate dielectric remains a major challenge for

scaling CMOS technology beyond the 100-nm node. The use
of high- dielectrics will allow a significant reduction of the
equivalent oxide thickness of the gate dielectric itself. However,
there are additional factors such as polysilicon-depletion effect
(PDE) contributing to the total CET of gate dielectrics[1].
Replacing the polysilicon gate with a metal gate will essentially
eliminate gate depletion and consequently reduce the CET by
several angstroms. In addition, polysilicon gates are thermody-
namically unstable on many high-materials, such as
[2] and [3], while many metals are expected to be stable
on advanced gate dielectrics.

A major advantage of polysilicon gates is that by doping
polysilicon with either acceptor or donor atoms one can change
the work function of the gate electrode and thus achieve sur-
face-channel bulk-Si p-MOSFET and n-MOSFET devices with
the desirable threshold voltages. Since there is no well-estab-
lished way to modify the work function of a metal, two different
metals (one with a high work function of around 5 eV and the
other with a low work function of around 4 eV) will likely be
needed for future bulk CMOS devices. A straightforward way to
implement a dual-work-function metal gate CMOS technology
[4] is as follows. After blanket deposition, the first metal is re-
moved from either the p-MOS or n-MOS regions, and then a
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Fig. 1. Schematic illustration of the process flow. (a) CMOS structure after
second metal has been removed from the n-MOS side. (b) CMOS structure
after annealing shows that the metals on the p-MOS side have interdiffused,
and second metal has segregated to the dielectric interface.

second metal with a different work function is deposited. Un-
fortunately, this entails exposing the gate dielectric to the metal
etchant, which causes undesirable thinning and potential dielec-
tric reliability problems.

We propose an alternative approach in which dual work func-
tion gates can be fabricated without exposing the gate dielectric
to the etchant. First, deposit a thin layer of one of the metals
over the entire wafer. For the sake of discussion, let us assume
this first metal is the one with the low work function. Then
deposit the second (high work function) metal over the entire
wafer (Fig. 1(a)). Next, selectively remove the high work func-
tion metal from the n-MOS regions while the p-MOS regions
are protected by photoresist. Since the low work function metal
is the only metal remaining on top of the n-MOS dielectric, it
will clearly determine the n-MOSFET threshold voltage .
The two remaining metals on the p-MOS side are subsequently
allowed to interdiffuse. In some cases, the two metals will mix,
yielding an intermediate gate work function. By choosing a suit-
able thickness combination for the metal layers, the composition
of the mixture and thus the gate work function can be controlled.
This approach would allow for a continuous tuning of transistor
threshold voltages independent of substrate doping concentra-
tion. This can be especially important for ultra-thin body MOS
transistors [5], where adjustment of the substrate doping is not
an effective way of -control. In other cases, one of which we
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Fig. 2. Capacitance versus voltage characteristics of a fabricated MOS
capacitor with Ti/Ni gate.(t = 35 nm) A large (3 V) shift in the flat-band
voltage is due in part to the change in the work function, and in part to the
reduction in fixed charge.

explore in this letter, the top-layer metal may have a propensity
to segregate at the dielectric interface (Fig. 1(b)). Consequently,
this metal will solely determine the work function of the p-MOS
gate electrode.

II. DEVICE FABRICATION AND CHARACTERIZATION

To demonstrate the proposed metal interdiffusion gate (MIG)
technology, we chose Ti as a low work function metal and Ni as a
high work function metal. We first sputter-deposited an ultrathin
(100 ) layer of Ti on top of the gate dielectric followed
by 200 of Ni. The sample was then annealed in forming gas

at 400 C for 30 min. Due to the high diffusivity of
Ni in Ti [5], this low thermal budget is sufficient to ensure that
Ni diffuses through the Ti layer to the dielectric interface. The
work function of this MIG electrode was measured both before
and after anneal. These measured values were compared to the
work functions of the Ti-gated and Ni-gated control samples.

A large shift in the flat-band voltage of a p-MOS ca-
pacitor with Ti/Ni MIG gate resulting from metal interdiffusion
was observed (Fig. 2). The work functions of the metal gates can
be determined by measuring and plotting as a function of
oxide thickness [7]; the intercept of the plot gives the gate work
function relative to the Si substrate’s Fermi level (Fig. 3). Fig. 3
shows that before interdiffusion the work function of the MIG
electrode corresponds to that of Ti-gate control sample, while its
work function after the 400C anneal corresponds precisely to
the Ni-gate control sample annealed under the same conditions.
This observation indicates that, as the result of the 400C an-
neal, Ni has diffused to the interface and now determines
the gate work function.

We further confirm the interdiffusion of titanium and nickel
by X-ray photoelectron spectroscopy (XPS) analysis. The depth
profile for the annealed Ti/Ni MIG sample [Fig. 4(a)] indicates
that Ni, which originally was on top of the Ti layer, has diffused
to the interface. The fact that Ni has segregated to the
dielectric interface explains why the Ti/Ni gate electrode has a
high work function after the anneal. The detailed photoelectron
spectrum for Ni at the dielectric interface [Fig. 4(b)] shows that
only elemental Ni is at the interface. The absence of nickel

Fig. 3. Before annealing, the work function of the Ti/Ni gate is the same as
that of the Ti-control gate; after annealing, it is the same as the work function of
the Ni-control gate. As a result of Ni diffusing through Ti to theSiO interface,
the work function of the Ti/Ni gate changes by 1.6 eV.

Fig. 4. (a) XPS depth profile for Ti/Ni gate electrode after the 400C, 30
min interdiffusion anneal. A large concentration of Ni is present at theSiO
interface, thus Ni determines the gate work function. (b) The photoelectron
spectrum taken at the bottom of the MIG electrode shows that only elemental
Ni is present at the dielectric interface. This indicates that Ni is thermally stable
on SiO .

Fig. 5. Work function of Ti is3:9�0:08 eV and is appropriate for n-MOS gate
application. The work function of the Ti/Ni gate after interdiffusion corresponds
to that of Ni(5:32� 0:04 eV) and is appropriate for p-MOS gate application.
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oxide or nickel silicide indicates that Ni electrode is stable on
for the process conditions used in this MIG technology.

III. SUMMARY AND CONCLUSION

We have demonstrated an advantageous dual work function
metal gate fabrication process. This process relies on metal
interdiffusion to achieve the desirable work functions for
n-MOS and p-MOS gate electrodes, and thus the gate dielectric
is always protected from etchants. The measured Ti work
function is 3.9 eV and corresponds to the silicon conduction
band (Fig. 5), therefore Ti is a good choice for the n-MOS
gate electrode. Ni diffuses easily through Ti and segregates to
the dielectric interface. Since Ni has a work function of 5.3
eV (corresponding closely to the silicon valence band) it can
be used to make p-MOSFET’s with a low threshold voltage.
One should note that since Ti is not stable on at elevated
temperatures, it cannot be used in a standard self-aligned
CMOS process. Nevertheless, the proposed Ti-Ni combination
can be used in a gate-last CMOS process [8] and poten-
tially in a standard gate-first CMOS process with high-gate
dielectrics.
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