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ABSTRACT

The objective of this research is to investigate the deep submicron CMOS
transistor design and reliability by studying the gate oxide integrity. From the electrical
point of view, three aspects are covered: 1) Physical and circuit models for gate leakage
and C-V curve distortion augmented by oxide surface roughness in ultra-thin silicon
dioxide; 2) Bandgap engineering of potential high-k gate dielectrics, high-k elevated short
channel effects, and stacked gate structure optimization; and 3) Impacts of soft

breakdown in ultra-thin gate oxides on CMOS device and circuit performance.

It is illustrated that direct tunneling is the dominant field emission process in the
ultra-thin gate oxide. Surface roughness is revealed to be a prominent problem when the
gate oxide is scaled down to 1.5 nm level - it increases leakage current, distorts C-V
curves. It is considered electronically for the first time to account for those effects. A
more meaningful capacitively effective thickness is defined and turns out to be smaller
than the geometrically average thickness. An equivalent circuit model including direct
tunneling conductance, surface roughness induced conductance, as well as series

resistance is proposed in a unified manner.



In high-k gate dielectrics, the tunneling currents are found to be orders of
magnitude smaller than that in silicon dioxide with the same equivalent oxide thickness.
For a covalent oxide, the barrier height is reduced by metal induced gap states (MIGS),
thus the gate leakage is raised considerably. The high-k augmented threshold voltage roll-
off is explained with the charge sharing theory, and modeled by adding higher order
terms of #4/L to the conventional linear equation. When an extremely thin interlayer of
lower-k dielectric is sandwiched between the high-k dielectric and the silicon substrate,
an “electrical focusing” picture of the interlayer is proposed to explain the improvement
of the threshold voltage roll-off that is also modeled with the higher order equation. A
physically genuine theory of the barrier-well-barrier resonant tunneling structure is
applied to evaluate the tunneling current in the stack gate architectures. A design

optimization of the stacked layers is subsequently presented.

In the ultra-thin gate oxide, soft breakdown takes place more often than hard
breakdown, but its impact on the device/circuit performance has not been widely
recognized. For this purpose, stress experiments are carried out with 0.18 um technology
nMOSFET (¢, = 2.8 nm). The device performance degradation, such as threshold voltage
increase, channel electron mobility decrease, on-current and transconductance reduction,
and sub-threshold current swing enlargement, are exposed. The DCIV method is
employed to verify the degradation and compared with other methods. The SRH
recombination theory is used to extract the interface states and oxide traps. Oxide stress
and channel hot carrier stress are applied to the transistor at the same time to mimic the

real circuit operation condition. The extracted parameters before and after the stress are
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then used to simulate the RF low noise amplifier (LNA). It turns out that S-parameters,
gain, noise figures, and linearity are all degraded. The experimental data strongly indicates

that the soft breakdown should be considered as a new failure criterion for the next generation

CMOS.
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1. INTRODUCTION

1.1. Address Of The Problems And Anticipated Approaches

CMOS dominates today's VLSI market. Its invention was the major breakthrough
in the level of circuit integration [1]. It includes both n-channel and p-channel MOSFET
that are constructed simultaneously on the same substrate. In a typical CMOS circuit they
are connected in series between the power supply terminals, so that ideally there is
negligible standby power dissipation [2]. The power is only dissipated during switching
of the circuit when it is active. By carefully designing the "switching activities" of the
circuits on a chip to minimize the active power dissipation and taking the small-size
advantage of the MOSFETSs themselves, engineers have been able to integrate hundreds
of millions of CMOS transistors on a single chip of some 5x5 mm®. Another advantage of
CMOS circuits comes from the ratioless, full rail-to-rail logic swing, that improves the
noise margin and makes a CMOS chip easier to design. Besides, as the feature dimension
reached (deep) sub-micron regime in 1990s, the speed disadvantage of CMOS versus
BJT is improved too. The practical size level is some 0.1 um. As the semiconductor

technology develops continuously, an era of nano-electronics is already in horizon [3].

The SIA’s 1999 international technology roadmap for semiconductor (ITRS)
designed the technology nodes as following - 1999: 180 nm, 2002: 130 nm, 2005: 100

I



nm; 2008: 70 nm, 2011: 50 nm, and 2014: 35 nm (20 nm for MOSFET channel length).
Although the node is still defined by DRAM Y2 Pitch (equal to ASIC gate length), not by
the transistor gate length or minimum feature size, it is now recognized that
microprocessor (or MPU, exemplifying logic) products share the technology leadership
role with DRAM. MPU products have now not only closed the technology gap with
DRAM, but are actually now driving the most leading-edge lithography tools. So our
principal interests are on standard CMOS logic devices. Nonetheless, many analysis and

design consideration in this dissertation are also applicable to memory, in particular, flash

memory devices.

The fact is that the semiconductor R&D is always far ahead of the industrial
application. Many companies already set to ramp the 130 nm process before the new
century to come. Technologies below 100 nm are aggressively in development. In a
recent study [4], the feasibility of 20 nm gate length nMOSFETs with the gate oxide 1.2
nm thick has been demonstrated — “the shortest devices ever reported using a

conventional architecture” as claimed by the group.

However, the scaling down of the devices is in return accompanied with small
dimension effects. New physical mechanisms need to be taken into account. Despite the
severe gate leakage in an ultra-thin gate oxide does not cause problems for an individual
MOSFET, the total leakage current is a big problem to the entire chip for the battery
operation. A multiple-oxide-thickness-on-one-chip solution has been proposed and

realized [5]. In the mean while, other advantages of ultra-thin gated MOSFET's, such as






