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The toughest challenge for metal-gate/high-x CMOS
is to lower the undesired high threshold voltage (V) at
smaller equivalent-oxide thickness (EOT) [1]-[9], which is
opposite to scaling trend of low power ICs. The high V;
issue is especially hard for p-MOS, since only Ir and Pt in
the Periodic Table have the needed high work-function
larger than the target 5.2 eV. Unfortunately, both Ir and Pt
are not thermally stable on thin high-x dielectric [1].
Further, the flat band (V) roll-off at smaller EOT even
worsens the required low V; challenge [6]-[7]. The tough
challenge is evident from the slower EOT scaling: 1.0 nm
EOT of Intel 1*-generation high-k + metal-gate CMOS for
45 nm node (IEDM 2007) to only 0.95 nm EOT of
2"_generation technology for 32 nm node (IEDM 2009).
To address these issues, in this paper we present possible
mechanism for the high V, issue from our experiment data,
which is due to flat-band voltage (Vy,) roll-off at smaller
EOT. A mechanism of charged oxygen vacancies formed
by interface reaction was proposed to explain the Vg
roll-off effect. Based on this mechanism, a novel process
method has been used that leads to the low V;
metal-gate/high-k CMOSFETs at 0.6~0.7 nm EOT with
several orders of magnitude lower gate leakage. Such
small EOT is significantly smaller than the 0.95 nm EOT
used in Intel’s 2"-generation high-k + metal-gate CMOS
at 32 nm node.
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A fundamental challenge for metal-gate/high-x
C-MOSFETs is the undesirable high threshold voltage (V)
that is opposite to low voltage scaling trend. This is
especially difficult for high work-function p-MOS, since
only Ir and Pt in the Periodic Table have the required high
work-function greater than the target 5.2 eV. However,
both Ir and Pt fail for p-MOS devices, due to metal
diffusion through the high-k dielectric during the 1000°C
RTA necessary for ion-implanted source-drain activation
[1]. Although thermal stability up to 1000°C can be
achieved by using an Ir3Si gate [4]-[S] on HfLaON
developed by us, this yields a V; of only -0.1 V, at 1.6 nm
equivalent-oxide-thickness (EOT). Unfortunately this
value increases at a thinner EOT of 1.2 nm due to the
roll-off of the flat-band voltage (Vy,) [6], as a result of
reactions and inter-diffusion at the high-k/Si interface.
Although the interfacial reaction can be decreased by
inserting a thin SiO, layer, this may not work when the
EOT is scaled down to ~0.7 nm. This is evident from the
limited EOT scaling of 1.0 to 0.95 nm with down-scaling
the technology from 45 to 32 nm nodes. Such negligible
EOT scaling is much slower than the EOT proposed by
International Technology Roadmap for Semiconductors
(ITRS). Since the inevitable interfacial reactions follow an
Arrhenius temperature dependence, low-temperature
processing is essential. This has been verified by the low
Vi in metal-gate/high-k p-MOSFETS in our previous works
when a < 900°C solid-phase diffusion (SPD) was used to
form the ultra-shallow junctions [6] and laser-annealing of
the laser-reflective-gated CMOS with an EOT in the range
1.05~1.2 nm [7].

To address these issues, in this paper we present a
possible mechanism of Vg, roll-off effect at smaller EOT —
the charged oxygen vacancies generated by interface
reaction. Based on the proposed mechanism, we have
developed a low temperature process for metal-gate/high-k
CMOS silicide-induced doping for source-drain shallow
junction. The fabricated metal-gate/high-k CMOSFETSs
using this method have good control of Vy, roll-off with
low V; values of 0.12 and -0.17 V at small 0.6~0.7 nm
EOT, with several orders of magnitude lower gate leakage



than poly-Si/SiO, stack at the same EOT. Such good
transistor performance further supports our proposed
mechanism of Vg, roll-off effect.

R e R
A. Experimental procedure:

Standard Si wafers with ~10 ohm-cm resistivity were
used in this study. To increase the k value, we added
higher k TiO, dielectric into our pioneered La,O3 [8]-[9].
The TiO concentration is ~25% as controlled by the
calibrated thickness rate during LaTiO deposition. After
depositing the high-k gate dielectrics on Si substrate using
physical vapor deposition (PVD), a post-deposition anneal
(PDA) under O, is applied to decrease the defects in gate
dielectric. Then different low and high work-function TaN
and Ir metal-gates were deposited on high-k dielectric
using PVD and subsequent gate patterning for n- and
p-MOSFETs, respectively.

After gate patterning, self-aligned 20 nm or Sb 5 nm
Ga and thin Ni were deposited for respective n- and
p-MOSFET, followed by silicide-induced doping at
600~650°C RTA and removing the non-reacted metals [6].
The Ni-induced SPD is similar to dopant segregation
technique, where both cases use the silicidation to drive in
the impurities. However, the impurities in dopant
segregation technique were delivered by ion-implantation,
while in Ni-induced SPD used the PVD deposited Ga and
drive in [8]-[9]. The fabricated MOSFETs were
characterized by capacitance-voltage (C-V) and current-
density-voltage (J-V) measurements.

B. Interface reaction and Vj, roll-off at thinner EOT:

Figure 1 shows the C-V characteristics of HfLaON
CMOS. The adding La,O; into HfO, with nitridation can
achieve wanted negative Vg in TaN/HfLaON n-MOS at
1.6 nm EOT, while needed positive Vg, is also reachable
using high work-function Ir;Si gate on HfLaON, even after
1000°C RTA. These results indicate the good Vg, control
for n- and p-MOS in top metal-gate/high-«k interface. The
nitridation is important for HfLaON to preserve an
amorphous structure at 1000°C RTA, where the HfLaO
starts to crystallize at RTA temperature above 900°C RTA.

However, as the EOT of HfLaON gate dielectric
scaled down to 1.2 nm, severe Vy, roll-off was found using
the same Ir;Si metal-gate on HfLaON gate dielectric.
Although negative Vg, was still obtained for n-MOS using
lower work-function HfSi,, gate on HfLaON gate
dielectric, no proper work-function metal-gate can be used
for p-MOS under the requirement of 1000°C RTA for
process integration.
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Fig. 1. C-V characteristics of mixed high-x HfLaON n- and
p-MOS capacitors with various metal-gates after 1000°C
RTA. The Vg, roll-off is found at smaller EOT.

To analyze the Vy, roll-off effect from 1.6 nm to 1.2
nm EOT, we have examined the Vy, dependence. The Vy, is
related to the fixed oxide charges (Qy), distributed oxide
chargespx(x)),  work-function  difference  between
metal-gate and Si (®y;s= Dy-Ds), and Vi

Vfb =D

Qf 1 t0>< X
e A UL

oX (04 [©)
Vt = Vfb + Z(PF + Qdep/cox (2)

Here C.y is the gate capacitance, Qqe, 1S the depletion
charge and 2¢r is the surface potential bending at onset of
charge inversion. Since the same Ir;Si/HfLaON gate stack
and 1000°C thermal cycle were used, the Vi, roll-off at
thinner EOT is unlikely from the top metal/high-k
interface or ®y difference. The ¢, s and Qq, depend
strongly on the doping concentration of Si, which is also
kept the same when scaling down the EOT. Therefore, the
Vyp, roll-off at thinner EOT is due to oxide charges and/or
dipoles from the above equation.

Here we propose that the oxide charges at thinner
EOT are generated from interface reaction at high
temperature:

Si+HfO, ——SiO, +HfO,_, 3)

Such interface reaction, generating oxygen vacancy
charges of non-stoichiometric SiO, and HfO,, (x<2), is
inevitable at 1000°C RTA due to the close bond enthalpy
of SiO, (800 kJ/mol) and HfO, (802 kJ/mol) [1]. Here
the bond enthalpy is defined as the standard molar
enthalpy change of bond dissociation. From the interface
reaction and Vjy, roll-off effect at thinner EOT, the bottom
high-«/Si interface is also the key factor for low V; CMOS.



C. Solution - silicide-induced doping for source-drain
shallow junction:

To further investigate our proposed Vy, roll-off effect
by interface reaction, we have measured RTA temperature
dependence on C-V characteristics of higher k TaN/LaTiO
p-MOS capacitors under different 600~900°C temperature.
As shown in Fig. 2, the Vy roll-off increases with
increasing RTA temperature from 600 to 900°C. In
addition, a degraded EOT is also found with increasing
RTA temperature.

We have used cross-sectional TEM to analyze the
EOT degradation with increasing RTA temperature. As
shown in Fig. 3, the degraded EOT is due to the forming
thicker interfacial oxide layer as observed by
cross-sectional TEM. These results were predicted by the
Vi, roll-off mechanism proposed in eq(1)- eq(3), which is
also srelated to the interface reaction trongly. Besides, the
Vpp roll-off effect can also be decreased by decreasing
process temperature.
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Fig. 2. The PDA temperature dependence on C-V
characteristics of TaN/LaTiO/p-Si n-MOS devices. The
600°C C-V data were measured in a MOSFET from
accumulation to inversion, while the 800°C and 900°C
C-V data were measured in MOS capacitors from
accumulation to depletion.
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Fig. 3. The cross-sectional TEM pictures of
TaN/LaTiO/p-Si n-MOS devices after 600°C and 900°C
RTA.

Using the low temperature process of 600~650°C and
high work-function Ir gate metals, we have also fabricated
the Ir/LaTiO p-MOS capacitors, in additional to the
TaN/LaTiO n-MOS capacitors in Fig. 2. As shown in the
C-V characteristics of Fig. 4, proper positive Vg, value with
small hysteresis is still obtained even at small EOT of 0.66
nm for p-MOS capacitors.

It is important to notice that the different EOT value
between n- and p-MOS devices is due to the process
variation and the different electron and hole effective mass
and wave-function distribution, from quantum-mechanical
C-V calculation.
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Fig. 4. [TaN-TaN/Ir]/LaTiO p-MOS capacitors.

However, the challenge is how to fabricate the
MOSFET at low temperature. Conventionally, a high
temperature RTA of 1000°C is required to activate
ion-implanted dopants in the source-drain of a MOSFET.
The other methods to dope the source-drain at low
temperature are the solid-phase diffusion [6] and
silicide-induced doping [8]-[9]. Here we used
silicide-induced doping to fabricate the CMOS devices
since it has even lower process temperature than using
solid-phase diffusion.

Figures 5(a) and 5(b) show the transistor I4-V,
characteristics of self-aligned and gate-first TaN/LaTiO n-
MOSFETSs and Ir/LaTiO p-MOSFETs, respectively. Low
Vi of -0.17 and 0.12 V were reached at these small EOT of
0.63 and 0.66 nm for n- and p-MOSFETs, respectively.
These excellent results are due to the using higher k LaTiO
gate dielectric and low temperature (600~650°C)
NiSi-induced doping in source-drain. Such small EOT is
significantly smaller than the 0.95 nm EOT used in Intel’s
2"_generation high-k + metal-gate CMOS at 32 nm node
(IEDM 2009). These results further support our proposed
interface reaction mechanism with its Arrhenius
temperature dependence.
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We have analyzed the Vy, roll-off effect at smaller
EOT and proposed a mechanism of charged oxygen
vacancies by interface reaction for the explanation. The
interface reaction can also be decreased by using novel
low temperature process from its Arrhenius temperature
dependence. Using a simple process, we have fabricated
metal-gate/high-k TaN/LaTiO n-MOSFET with a low V;
0of 0.12 V at 0.63 nm EOT and Ir/LaTiO p-MOSFET with
a low Vi of -0.17 V at 0.66 nm EOT. Besides, this device
has the advantages of simple self-aligned and gate-first
process compatible with current VLSI.
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