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Abstract—This letter evaluates Ru and W capping layers for
MoTa metal gate electrodes in MOS capacitor applications. The
authors report that the oxygen diffusion from the capping layer
plays an important role in determining the MoTa alloy effective
work function value on SiO2 . A MoTa alloy metal gate with
Ru capping exhibits stable effective work function up to 900 ◦ C
annealing but is not stable with W capping. Auger electron spectroscopy and Rutherford backscattering spectroscopy analyses
show minimal oxygen diffusion into MoTa gate stacks with Ru
capping while severe oxygen diffusion into the gate is observed
with W capping metal after 900 ◦ C annealing. Current–voltage
analysis also demonstrates different barrier heights of MoTa on
SiO2 with Ru or W capping layer after 900 ◦ C annealing, confirming the effective work function value change.
Index Terms—Alloy, capping, effective work function, metal
gate, MoTa, oxygen diffusion.

I. I NTRODUCTION

M

ETAL gates on high-κ dielectrics are being considered
as replacements for polycrystalline silicon to eliminate
gate depletion effects for CMOS devices with gate lengths
below 50 nm [1], [2]. Metal gates can also eliminate polySi boron penetration and higher threshold voltages associated
with Fermi level pinning [3]. To achieve low threshold voltages,
the effective work function (Φm ) for NMOS and PMOS gates
must be near 4 and 5 eV, respectively [4]. It has recently been
shown that oxygen at the metal gate and dielectric interface
can modify the metal gate Φm [5], [6] due to the formation of
interface dipoles and/or reactions layers. Recently, it has been
shown that the MoTa alloy capped with Ru exhibited low Φm
and good thermal stability on SiO2 [7]. Ru and W have both
been considered as metal electrodes and capping layers [8]–
[10]. In this letter, we have compared the oxygen diffusion
in MoTa with Ru and W capping layers. It was found that
both Φm and the equivalent oxide thickness (EOT) are strong
functions of the capping layer. This suggests that the capping
layer is a critical component of the gatestack, which needs to
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be optimized concurrently with the rest of the gatestack. This
understanding is critical for low work function metals that have
high affinity toward oxygen and as such are thermally unstable
on dielectrics.
II. E XPERIMENTAL
Thermally grown SiO2 at 900 ◦ C with thicknesses of
30–90 Å were used as gate dielectrics. The MoTa gate electrodes were deposited by cosputtering Mo at 70 W and Ta
at 100 W in an RF magnetron sputtering system. An in situ
500 Å Ru or W capping layer was deposited by sputtering Ru
or W on the MoTa alloy gate. All samples were subjected to
a forming gas anneal (FGA) at 400 ◦ C for 30 min prior to
characterization. To evaluate the thermal stability, the samples
were subsequently rapid thermal annealed (RTA) in Ar at
900 ◦ C for 15 s after the FGA. The oxygen depth profile in
the gate stack was obtained using Auger electron spectroscopy
(AES) and 2 MeV He Rutherford backscattering spectroscopy (RBS). Capacitance–voltage (C–V ) and current–voltage
(I–V ) characteristics were obtained using HP4284 LCR meter
and HP4155, respectively. The flatband voltage (Vfb ) and the
EOT for the capacitors were obtained by using the NCSU CV
program [11].
III. R ESULTS AND D ISCUSSION
Fig. 1 shows Vfb versus EOT of the MoTa alloy on SiO2 at
different anneal temperatures (400 ◦ C and 900 ◦ C) with Ru and
W capping. An Ru capping layer results in stable properties
at high temperatures, whereas a W capping layer suffers from
large changes in Φm and EOT. The Φm of the MoTa gate
was determined using the flatband voltage (VFB = Φm − ΦS −
QF (EOT/εox )), where ΦS and QF represent the work function
of the Si substrate and the fixed charge at the Si–dielectric
interface [12]. With a Ru cap, the MoTa gate Φm was 4.16 and
4.32 eV at 400 ◦ C FGA and 900 ◦ C RTA, respectively. A small
change in EOT of 1–2 Å was observed with different anneals.
However, with a W cap, the Φm of MoTa increased from
4.12 eV at 400 ◦ C FGA to 4.68 eV after 900 ◦ C RTA. In
addition, an EOT increase of ∼ 10 Å was also observed after
900 ◦ C RTA. In order to verify that the Φm change was
not related to the charges at the electrode–dielectric interface,
barrier heights (φb ) were obtained by using Fowler–Nordheim
tunneling analysis [13]. Fig. 2 shows the I–V curves of MoTa
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Fig. 1. Vfb versus EOT curves of (a) MoTa/Ru and (b) MoTa/W at 400 ◦ C
FGA and 900 ◦ C RTA. The MoTa/Ru stack has stable work function values
up to 900 ◦ C, while the work function and EOT of MoTa/W increase after
900 ◦ C RTA.

Fig. 2. I–V curves of (a) MoTa/Ru and (b) MoTa/W at 400 ◦ C FGA and
900 ◦ C RTA, showing that MoTa/Ru has a similar I–V at 400 ◦ C FGA
and 900 ◦ C RTA, whereas the I–V curve of MoTa/W shifts to lower values
after 900 ◦ C RTA.

alloy on SiO2 with an Ru or W cap at different anneal temperatures (400 ◦ C and 900 ◦ C). The Ru caps were found to have
similar gate currents at both temperatures with a φb of 3.3 eV
at 400 ◦ C FGA and 3.4 eV at 900 ◦ C RTA. However, the
W-capped samples had a φb of 3.3 eV at 400 ◦ C FGA, which
increased to 3.8 eV after 900 ◦ C RTA. In addition, the gate
currents decreased after RTA owing to the EOT increase. In
both cases, the extracted φb values matched well with the
CV-extracted Φm values, confirming that Ru and W capping
have a drastically different impact on the electrical properties
of MoTa gates.
In order to further understand the differences in these two
capping layers on MoTa gates, the oxygen diffusion behavior
was studied. Fig. 3(a) and (b) shows the AES depth analysis of
MoTa gate with Ru capping at 400 ◦ C and 900 ◦ C, respectively.
Some intermixing between the Ru capping layer and the MoTa
gate is observed, but the MoTa and SiO2 interface remains
abrupt, indicating minimal intermixing between the MoTa alloy
and the dielectric after a 900 ◦ C RTA. No oxygen is detected
in the gate electrode or in the Ru capping layer except on
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Fig. 3. AES depth profiling of (a) MoTa/Ru at 400 ◦ C FGA, (b) MoTa/Ru
at 900 ◦ C RTA, (c) MoTa/W at 400 ◦ C FGA, and (d) MoTa/W at 900 ◦ C
RTA. MoTa/Ru has a sharp interface with SiO2 at both 400 ◦ C FGA and
900 ◦ C RTA, indicating good thermal stability. MoTa getters oxygen from
WOx at 900 ◦ C RTA. WOx forms during the 400 ◦ C FGA.

the Ru surface, which oxidizes during 900 ◦ C RTA. The RBS
analysis also demonstrates that there is no metal diffusion into
the Si channel after a 900 ◦ C RTA. Fig. 3(c) and (d) shows
the AES depth analysis of MoTa gate with W capping at
400 ◦ C and 900 ◦ C, respectively. Compared with the Ru capping layer, severe oxidation of the W capping layer occurs even
at 400 ◦ C FGA. As shown, approximately 200–300 Å of the
surface of W oxidizes after FGA with ∼ 40% oxygen atomic
composition when W oxidizes. However, from the AES analysis, there is no obvious oxygen diffusion into the MoTa gate
at 400 ◦ C FGA. After a subsequent 900 ◦ C RTA, it was found
that MoTa gettered the oxygen from the WOx capping layer.
The diffused oxygen piled up at the W/MoTa and MoTa/SiO2
interfaces. There also exists about 8% oxygen in the MoTa layer
from AES analysis. This is attributed to the high oxygen affinity
of the low work function metals. The standard molar Gibbs
energy of formation (∆Gf ) at 25 ◦ C in kJ/mol of RuO2 is
−152.2 kJ/mol. ∆Gf of WO3 , MoO3 , and Ta2 O5 are −764.0,
−669.0 and −1911.2 kJ/mol, respectively [14]. Since there is
no ∆Gf data for the MoTa alloy, the oxygen affinity for MoTa
was estimated based on the Ta content of the film and was found
to be much stronger than W. We attributed this as the primary
reason that the MoTa alloy effectively getters the oxygen from
the oxidized W layer at 900 ◦ C. RBS analysis further revealed
that two apparent interfacial layers were formed between the
MoTa gate and SiO2 after 900 ◦ C RTA. The first layer, near
the SiO2 , is a mixture of SiO2 and Ta2 O5 with composition
∼ Ta0.1 Si0.2 O0.7 . T he se cond layer, near the MoTa gate,
is a mixture of SiO2 , Ta oxide, and Mo oxide with approximate composition as Mo0.09 Ta0.2 Si0.15 O0.56 . Also, there exists
∼ 7% oxygen inside the MoTa alloy gate and 40% oxygen in
the interfacial layer between the W cap and the MoTa alloy gate.
Based on the above RBS data, we attribute the increase in EOT
after RTA to the formation of Ta oxide (mixed with Mo and
SiO2 ). Due to Ta oxidation, a Mo-rich MoTa metal gate is left
on the dielectric, which is expected to have a higher Φm due
to the presence of either Mo and/or MoSix . This suggests that
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control of oxygen in metal gates via appropriate capping layers
is critical in achieving low Φm since most low Φm metals tend
to oxidize readily resulting in higher Φm values.

[4]
[5]

IV. C ONCLUSION
Ru and W capping layers on the MoTa alloy gate were investigated by electrical and physical analyses. MoTa was stable
with respect to Φm and EOT up to 900 ◦ C with Ru capping
layers. However, with a W capping layer, both Φm and the EOT
of the MoTa alloy increased after 900 ◦ C RTA. From AES and
RBS analyses, we conclude that severe oxygen diffusion into
the MoTa/W stacks is the reason for the thermal instability.
This study suggests control of oxygen through capping layer
optimization is necessary in achieving low work function gate
electrodes that are thermally stable on dielectrics.
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