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Abstract
Gate stack for sub-50nm CMOS devices: materials, engineering, and modeling
by
Igor Polishchuk
Doctor of Philosophy in Engineering
Electrical Engineering and Computer Sciences
University of California, Berkeley

Professor Chenming Hu, Chair

As CMOS technology continues to scale beyond the 100-nm node, many of the
materials currently used in CMOS fabrication approach their physical limits. For
example, the SiO, gate dielectric is now only several molecular layers thick and can no
longer serve as a good insulator between the gate and the channel of an MOS transistor. [t
is expected that new materials such as high-x dielectrics and metal gate electrodes will
have to be used in CMOS fabrication in order to ensure continued scaling of the
technology.

High-x materials have been shown to successfully reduce the tunneling leakage
current through the gate dielectrics. However, two important issues related to alternative
gate dielectrics still have to be addressed: reliability of these dielectrics and their effect
on the mobility of channel carriers. We first examine the reliability of ultra-thin (14 A
equivalent oxide thickness) silicon nitride gate dialectics under both Fowler-Nordheim
and hot-carrier stress. The projected lifetime of this dielectric is similar to that of SiO-

and meets the requirements imposed by device performance. We further attempt to
1



examine the physical mechanisms responsible for the degradation of ultra-thin silicon
nitride through modeling of the random telegraph noise observed in the gate leakage
current. We then propose a model that explains the degraded carrier mobility in
transistors with alternative gate dielectrics, and suggest some possible ways to preserve
the high mobility inherent to the Si-SiO, interface. The most straightforward way to
preserve high channel-carrier mobility is to include a thin layer of SiO, between the

channel and the high-x dielectric layer.

It is therefore likely that future gate dielectrics will be comprised of more than
one layer. A simple and precise model for direct tunneling through multi-layer gate
dielectrics is indispensable for understanding the scaling of such dielectric stacks.
According to the tunneling model proposed here, gate leakage current through various
gate dielectrics (both single- and multi-layer) as a function of the equivalent oxide
thickness of the dielectric stack is confined to a family of universal lines. Each of the
lines is defined by a single number, the tunneling attenuation coefficient, which is a
simple function of the dielectric’s parameters.

Metal gate electrodes can also help CMOS scaling by eliminating the polysilicon
gate depletion. NMOS and PMOS devices for most applications require gate electrodes
with two different work functions. While several promising candidates have been
proposed for either NMOS or PMOS devices, the integration of the metals with two
different work functions on a single CMOS wafer remains a critical challenge. Here we
propose an attractive way of making dual-work-function metal gate CMOS transistors
based on metal interdiffusion. To demonstrate this proposed CMOS process we

fabricated metal -interdiffusion-gate FETs with nickel and titanium gates.
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Chapter 1 Introduction

1.1 Why CMOS device scaling is important

Complimentary metal-oxide-semiconductor (CMOS) technology has been the
backbone of the semiconductor industry over the past 4 decades and has, to a large
degree, been responsible for the industry’s stunning success. The semiconductor industry
grew at a remarkable annual rate of 17% between 1956 and 1996. (For comparison, the
average rate of growth of the gross world product was only 8% over the same period of
time.) Two factors are necessary for a technology to be that successful. First, it has to
provide rapid improvements in product performance. Second, the cost of new products
has to be kept low to widen the pool of potential customers. Scaling, or the reduction in
size, of CMOS transistors has helped to meet both of these goals.

Reducing the transistor gate length increases the amount of current supplied by a
transistor. Higher current allows the circuits to switch more quickly, leading to faster

computations. This in turn constantly expands the realm of possible applications for

semiconductor products.



The reduction in transistor size also allows more transistors to be integrated on a
single chip. Consequently the complexity and functionality of integrated circuits can be

increased while keeping the cost of circuit fabrication low.

1.2 Why CMOS device scaling becomes difficult

The basic function of a field-effect transistor in digital circuits is to act as a switch
(Fig 1.1), i.e. to allow the electric current to flow from the source to the drain when a
high voltage is applied to the gate, and to block that current when a low voltage is applied
to the gate. The ability to conduct current depends on the electric potential in the body of
a transistor. This potential is in turn determined by the amount of capacitive coupling
between the transistor’s body and various electrodes. It therefore becomes clear that the
gate’s ability to prevent current from tflowing depends on its ability to control the electric
potential in the body through capacitive coupling.

In a long channel device (Fig. 1.1a) the gate has exclusive control over the middle
region of the body, and can therefore effectively cut off the conduction. However, if the
device length is reduced (Fig 1.1b), the regions where the electric potential is controlled
by the source and drain electrodes eventually merge and the gate electrode will no longer
be able to successfully block the current conduction.

In order to improve gate control the thickness of the SiO, dielectric should be
reduced (Table 1.1). However if that thickness reduced to less than about 154, the
tunneling leakage current would increase beyond the allowed limits. This arguably

presents the most critical challenge to future CMOS scaling.
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Table 1.1. International Semiconductor Technology Roadmap [1.1]

predicts rapid reduction of the equivalent gate oxide thickness.

Year of Production 2002 | 2004 | 2007 | 2010 | 2013 | 2016
Generation Node (nm) 130 100 70 50 35 25
Physical Lg (nm) 53 37 25 18 13 9
High performance applications

Equivalent oxide thickness Tox (A)| 12-15 | 9-14 SR EEEESH 4-6
Gate leakage current (A/cm?) 60 300 EREUEE RO
Low power applications
Equivalent oxide thickness Tox (A)| 22-26 |18-22 QRS IECER
Gate leakage current (A/cm?) 2 3 4 15

Solutions exist

Solutions are known

1.3 How these difficulties can be overcome

First Year of IC Production 2001 2003 2005 2007 2009 2011 2013 2015 2017
2002 2004 2006 2008 2010 2012 2014 2016
Oxynitride or nitride gate diclectrics [" I l
High-x gate diclectrics -“_%t:"al |
Dual metal gate -3’5{;;;,;] |
Alternative CMOS device T ]

@ Rcscarch Required == Development Underway = [C———1Qualification/PreProduction

Fig. 1.2. Timeline for research, development, and introduction of new materials

and device structures.



1.3.1 New dielectric materials

The reduction of gate oxide thickness is certainly one way to increase the
capacitive coupling between the gate electrode and the transistor’s body. Unfortunately, it
will necessarily entail an unacceptable increase in the gate leakage current. Another way
to improve gate-to-body coupling is to increase the permittivity (x) of the gate dielectric.

A large number of alternate gate dielectrics have been considered with dielectric
constants ranging from 7.8 for Si;Ny [1.2] to 80 for TiO, [1.3]. While the dielectrics with
higher k provide larger reduction in the gate leakage current, they are often very hard to
integrate into a CMOS process. Many of these materials are not thermally stable in
contact with silicon. In addition, all the dielectrics with x > 8 considered so far are metal
compounds; introducing a metal directly next to the silicon channel can potentially
jeopardize channel carrier mobility and lifetime. Si;N; on the other hand, can be easily
integrated into a CMOS process. Despite its relatively low dielectric constant, Si;N; can
still meet the gate leakage requirements for high performance CMOS circuits for at least
another 15 years. In addition to meeting the performance requirements, Si3;Ny also has to
be electrically reliable as a gate dielectric. Relative to the amount of reliability research
done on SiO-, the reliability of Si;Nj; is still largely unexplored. In Chapter 2, we shall
study the reliability of 14A equivalent-oxide-thickness Si;N; film under Fowler-
Nordheim and hot carrier stress.

While SisN; will likely suffice as a gate dielectric for high performance
applications, a real high-k dielectric will be needed for low power application in the near

future. Besides the fabrication issues aiready mentioned, it has been observed that high-k



dielectrics adversely affect channel carrier mobility. We shall address the modeling of
channel mobility, especially as it pertains to high-k dielectrics in Chapter 4.

One of the ways to retain high channel mobility of a Si-SiO, system is to
introduce a thin interfacial layer of silicon dioxide between the transistor’s channel and
the high-x gate dielectric. One should expect that an SiO,-high-k dielectric stack is going
to have higher leakage current than a pure high-k gate dielectric of the same equivalent-
oxide-thickness. In order to evaluate the amount of leakage current through SiO,-high-x
dielectric stacks, and predict the scaling limits of such stacks, a simple and precise

analytical model is needed. We develop such a model in Chapter 3.

1.3.2 New device structures

Figure 1.1b shows that even in short channel devices, the gate electrode is able to
prevent electric current from flowing close to the Si-SiO; interface. The only remaining
leakage path lies deep in the transistor’s body. This suggests an alternative way to
improve the off-state source-to-drain leakage current: Reduce the thickness of the
transistor’s body until this leakage path is cut off. New device structures such as Ultra-
Thin-Body (UTB) transistors [1.4] and double-gate transistors [1.5] have been proposed
to accomplish this goal.

The most challenging problem for these devices is adjusting their threshold
voltages (V7's). A traditional way of Fr-control for bulk devices is to use substrate
implants. In the devices with ultra-thin bodies however, a very high dopant concentration
is needed to control the threshold voltage. Unfortunately, high dopant concentration

makes Vr very sensitive to variations in body thickness [1.6]. It also may result in
6






