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Abstract

High-k / Metal gate technology is emerging as a strong alternative for replacing the
conventional oxynitride dielectrics and polysilicon gates in scaled MOSFETs for both high
performance and low power applications. The key issues which complicates the use of high-k
materials such as reduction in drain current, transconductance and mobility are resolved by
replacing polysilicon by thermally stable, low work function metal gate. The advantages of using
high-k over conventional SiO, dielectrics and metal gate over poly gate are compared. The
simulation results show the reduction of gate leakage current by six orders of magnitude for
HfO, — TiN structures compared to SiO, — polysilicon structures. Similarly the sub-threshold
swing (1/S) is also found to decrease from 90.5mV/decade (for conventional SiO, structure) to
74.6mV/decade for high-k metal gate structure.
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1. Introduction

Since the advent of MOS devices over 40 years ago, SiO; has been used as an efficient
gate dielectric. The need for increased speed at constant power density has led to shrinking of
MOSFET dimensions and as per scaling rules, the oxide thickness is also reduced in step. With
scaling reaching sub-100nm technology nodes, the introduction of novel materials became
inevitable as scaling of SiO, below 3 nm raises a serious concern in terms of tunneling current
and oxide breakdown. Although optimization using nitride/oxynitride gate stacks were under
pursue to lower the leakage current, still a need for better high-k materials persisted in order to
solve the issues such as negative bias temperature instability and mobility lowering [1,2]. With
implementation of high-k, essentially the gate leakage current was reduced by several orders, but
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other issues such as thermal stability, interface layer control, increased interface charges and
poly depletion still persists posing various degrees of challenges that require more R&D to
overcome. Even though TiO, had a very high dielectric constant, due to better thermo dynamical
stability with silicon, HfO, and ZrO, became most favorable among many research groups [3].
Since HfO, is found to form a stable interface than ZrO,, researchers have locked on to HfO, as
gate dielectric for present and future CMOS applications. Gate electrode is also one of the main
issues related to its application in high k devices. Polysilicon which was widely used for gate
electrode cannot be used for devices below 70 nm. This is due to the fact that doped polysilicon
shows charge depletion effects at higher voltages which reduces the gate capacitance of devices
especially made with thicker dielectric. Hence metal gate electrodes are preferred over
polysilicon for devices in the nanometer regime. The other advantages of metal gate electrode
over polysilicon gates are much lower gate resistance and desirable work function setting [4].
Thermally stable metal electrodes are required for compatibility with conventional CMOS high-
temperature processing. Most of the low-work-function elemental metal gates (4.1 to 4.3 eV) are
reactive and do not withstand conventional CMOS annealing temperatures [5]. TiN being a mid-
gap material with high work function is reported to remain structurally stable to high
temperatures (800—1000°C) and seems to be a promising gate metal for future technologies [6,2].

In this paper, we describe the role of gate insulator and electrode material on the
performance of 0.1 pm n-MOSFETs. Some of the parameters like drain -current,
transconductance and mobility which degraded after replacing SiO, with HfO, in poly gate
MOSFETs are found to recover when metal gate is introduced. Thus the performance
optimization with TiN metal gates on HfO, dielectric are explored and presented in the following
section.

2. Design & Simulation

Simulations are performed with a two-dimensional (2-D) device simulator, SILVACO.
The physical structure of the scaled MOSFET used in our present study are designed using
ATHENA considering the standard Silicon Integrated chip processing technology and the
electrical characteristics are simulated using ATLAS [7]. The specifications of the Silicon
substrate considered for the design are P- type Boron doped substrate with doping concentration
of 3 x 10" atoms cm™ and <100> orientation. Three design structures viz. SiO, dielectric with
Polysilicon gate (D1), HfO, dielectric with Polysilicon gate (D2), HfO, dielectric with TiN metal
gate (D3) are considered to explore the advantages of HfO, over SiO, dielectric and also the
advantages of metal gate over Poly on high-k materials. The simulated structures, which are
based on fully scaled 100 nm gate length MOSFET’s proposed in the ITRS [8], have gate length
of 100 nm, with effective oxide thicknesses (EOT) of 3 nm. The dielectric constant of HfO, gate
dielectric was considered to be 20 [9]. Steep retrograde channel doping is used with surface
doping concentration of 1.01 x 10'® cm™ and a peak concentration of 1.72 x 10" cm™ at a depth
of 25 nm. The impact of the channel profiles on the device performance has been discussed in
[10]. The source/drain extensions and deep source/drain junction depths are 45 and 75 nm,
respectively. Tungsten Silicide is used at source drain contacts to reduce the sheet resistance.
After LDD (Low Doped Drain) implant the effective channel length was found to be 70nm. The
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gate work-functions for n” doped polysilicon gate and TiN are chosen to be 4.17 and 4.5
respectively. The surface states were considered to be one order less in SiO; based structures (5 x
10" Charges/cmz) as compared to structures with HfO, as gate dielectric (5 x 10" Charges/cmz)
as the basic charge trapping is much more pronounced with the metal-oxide insulators than with
silicon dioxide. The threshold Voltage of all the design structures is kept at 0.5V. Quantum
models are introduced during the simulation of Dlstructure because of very thin (~3nm) SiO,
layer. Effective channel mobility for all the design structures are extracted at 1 nm below the
dielectric-silicon interface. The reason for selecting such probing location is that good numbers
for mobility (fact that some of the mobility numbers were comparable to the ones published from
experimental results in the literatures) were obtained when probed below 1 nm from the interface
[11],[12]. In our present work we have used the modified WATT model to simulate the mobility.
Simple WATT model is a Transverse field model applied to surface nodes only. Modified
WATT model is the extension of WATT model which can also be applied to non surface nodes.
Modified WATT model applies constant perpendicular electric field effects and is best suited for
planar MOS devices. The modified Watt model includes all the effects of phonon scattering,
surface roughness scattering and charge impurity scattering effects caused by the inversion
charge carriers and the ions located in the oxide and interfaces [13]. This was in line with our
requirements. Hence this model was selected specifically to show the scattering effects due to
interface charges at high-k/Si interface. The schematic of one of the design structures (D3) is as
shown in Figure 1.

ATHENA
Data from mos_haf01_0.str

Source

o 004 008 042 016 02 024

Figure 1. Design structure of 100nm channel length MOSFET with HfO, dielectric and TIN metal gate.

3. Results & Discussions

The role of HfO, and TiN in scaled MOSFETs are evaluated by comparing with the
simulated results of conventional SiO, - polysilicon MOSFET structure. The channel was doped
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with boron concentration of 9x10' ¢cm™ to maintain a threshold voltage (V) of 0.5 V in D1
structure. When the SiO; dielectric layer was replaced with HfO,, the Vt reduced to 0.04V due
to the physically thicker dielectric layer and the channel doping was increased to 3.8x10" cm™ to
maintain Vt of 0.5 V in D2 structure. This increase in boron concentration at the channel causes
the decrease in the Drain saturation current (Ipmax) in D2 as shown in Figure 2.
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Figure 2. Drain current for D1, D2 and D3 structures

The effect of poly depletion is also said to be more pronounced with thicker high-k
dielectric as poly depletion forms a low-k layer on top of a high-k layer. This leads to electric
field divergence which seriously degrades the performance of short channel devices [14, 15].
The structure D3 has a metal gate instead of a poly gate. TiN being a mid gap metal and with a
higher work-function than polysilicon gives a higher V1. The channel doping of D3 structure was
reduced to 1.65 x10" cm™ from 3.85 x10"° cm™ as compared to D2 structure. This reduction in
channel doping was necessary in order to maintain the threshold voltage at 0.5 V. The reduced
channel doping with TiN metal gate along with Steep retrograde profile is found to give a higher
drain current [16] as observed in Figure 2. The absence of poly depletion which reduces the
effective thickness of the dielectric may also account for a higher on current in metal gate
MOSFETs.
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Figure 3. Transconductance for D1, D2 and D3 structures
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Figure 4. Sub-threshold Swing for D1, D2 and D3 structures

The transconductance is found to be 7.08 x10 mho for both D1 and D3 structures and decreases
to 6.05 x10™ mho for D2 structure. Figure 3 shows the variation in transconductance which
seems to be in analogous with the variations in the drain current. Sub-threshold characteristic of
a MOSFET is an important parameter which determines the holding time in dynamic circuits as
well as the static power dissipation in static CMOS circuits. From Figure 4 it can be observed
that the sub-threshold swing (1/S) decreases from 90.5 mV/dec to 83.3 mV/dec when SiO; is
replaced with HfO, dielectrics. This may be due to reduction in leakage current between drain
and gate while using high-k dielectric material [17]. The reduction in 1/S values with HfO, can
also be attributed to heavy threshold adjust implants which blocks shallow paths for punch-
through current thereby reducing 1/S in short channel devices [16]. The 1/S is found to further
reduce to 74.6mV/dec with the replacement of poly with TiN metal gate. This sort of behavior
has also been reported by other researchers [18].
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Figure 5. Effective mobility for D1, D2 and D3 structures

Among various challenges presented by high-k gate oxides, mobility degradation has received
the utmost attention as it proposes a serious concern when it comes to MOSFET performance.
The mobility numbers specified in the Figure 5 are the peak values observed from the mobility
vs electric field curves. From Figure 5 it can be observed that there is a large fall in the mobility
of D2 structure compared to D1 structure. Several factors contribute to the mobility degradation
— the HfO,/Si interface which acts as trap rich sites, higher channel doping for threshold
adjustment which increases the transverse electric field [20] etc. All these factors lead to
increased coulomb and phonon scattering thereby slowing down the movement of electrons and
holes in the channel. Coulomb scattering due to high densities of interface charges and phonon
scattering due to soft optical phonons are the major factors which limit the mobility in high-k
devices [21, 22]. Metal gates on high-k are found to be a key element in future to reduce phonon
scattering to improve mobility [23]. From our simulated results it can be observed that the
mobility improves again with metal gate structure D3. The midgap TiN metal gate with higher
free electron density is said to reduce the phonon scattering compared to polysilicon gates with
lower concentrations of free electrons. The TiN gate effectively screens and reduces the surface
phonons from coupling to the inversion channel, whereas depleted poly-Si gate is less effective
[24].

The large decrease in gate leakage of six orders of magnitude is found when the
conventional SiO; — polysilicon (D1) structure is replaced with HfO, — TiN (D3) structures and
is shown in Figure 6. The reduction in gate leakage current in high-k based devices can be
attributed to the physically thicker dielectric which reduces tunneling currents. Further reduction
in gate leakage current in D3 structures compared to D2 structures can be attributed to the
elimination of poly depletion which is also said to play a key role in improving the figure of
merit for leakage reduction. It is also reported by few researchers that the formation of defects at
the polysilicon — HfO, interface during poly deposition and activation annealing leads to
increased gate leakage in polysilicon gated transistors [25].
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Figure 6. Gate leakage current for D1, D2 and D3 structures
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Figure 7. Rp for D1, D2 and D3 structures

The increasing use of Power MOSFETs in portable electronics and telecommunications calls for
designs which ensure low ON Resistance (Ro). Ro is one of the important characteristics of a
Power MOSFET which can be defined as the total resistance encountered by a drain current as it
flows from the drain terminal to the source terminal. For devices to have higher current carrying
capability in smaller packages, it would be advantageous to have MOSFET structures with
reduced Ro [26]. From Figure 7 it can be observed that the Ro reduces from 14.4KQ for D1
structure to 13.1KQ for D3 structure showing the promising nature of High-k / Metal gate
technology. The simulated results of D1, D2 and D3 structures with all figures of merit are
summarized in Table 1.
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Table 1. Simulated Results of Various MOSFET Structures with Polysilicon and Tin Metal Gates

Parameters / Models SIO(ZD_I;)Oly Hf(ﬁ)_z)l) oly Hf(()]z);)TlN
Interface charges (cm™) 5x10" 5x 10" 5x 10"
Threshold Voltage (V) 0.5 0.5 0.5
Drain current (mA/um) 0.71 0.64 0.72
Transconductance (x10™ mho) 7.08 6.05 7.08
Subthreshold swing (mV/decade) 90.5 83.39 74.61
Effective mobility (cm™/V-s) 286.66 174.45 250.19
Gate leakage current (A) 1.59x 10 1.31x 107° 1.34x 10°°
R (Ohms) 14465 13794 13191

4. Conclusions

MOSFET structures with 100nm gate length were designed and simulated to study the
role of dielectric and gate material on the device performance. The performance of the three
structures Si0, dielectric with Polisilicon gate (D1), HfO, dielectric with Polisilicon gate (D2)
and HfO, dielectric with TiN metal gate (D3) were compared and it was found that some of the
parameters like drain current, transconductance and mobility which degraded with high-k
dielectric recovered back by replacing polysilicon by metal gate. Large reduction in gate leakage
and subthreshold swing projects the high k — metal gate technology to be a strong alternative for
future nano scale MOS devices. With technological advances and enormous use of battery
operated gadgets, the requirement for a low ON resistance also seems to be satisfied with High k
- Metal gate technology.
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