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Abstract

Advanced Gate Stack Materials and Processes for Sub-100 nm
CMOS Applications

by

Qiang Lu

Doctor of Philosophy in Engineering —
Electrical Engineering and Computer Sciences

University of California, Berkeley

Professor Chenming Hu, Chair

Continued CMOS technology scaling beyond the sub-100 nm node encounters
serious challenges posed by the intrinsic limits of the materials used in silicon CMOS.
This dissertation investigates the solutions to the critical issues of the gate stack by
introducing new gate stack materials, i.e., using high-permittivity (high-k) gate dielectrics
to replace SiO,, and metal or poly-SiGe gates to replace the poly-Si gate.

A number of high-k gate dielectrics are studied. Silicon nitride, formed by jet-
vapor deposition (JVD) or rapid-thermal CVD (RTCVD), and sputter-deposited HfO, are
so far the promising candidates. Silicon nitride is thermally more stable, while HfO,
offers lower gate leakage for a given equivalent oxide thickness (EOT) and consequently
better scalability. It is also shown that the HfO, gate dielectric with a nitrided interface
has sufficient hot electroh reliability.

A gate material with a reduced or negligible depletion effect is needed to improve
device performance. The poly-SiGe gate is for the first time demonstrated to be stable
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with a HfO; gate dielectric. Reduced gate depletion is achieved by better dopant
activation in the poly-SiGe gate. In addition, the poly-SiGe gate results in thinner EOT
than a poly-Si gate by suppressing the interfacial layer growth during high temperature
annealing. These benefits combined with the CMOS compatibility make the poly-SiGe
gate a very attractive near term alternative to the poly-Si gate.

A metal gate eliminates the gate depletion and boron penetration problems of the
poly-Si gate. A key challenge is to identify CMOS compatible metals with appropriate
work-functions. A Mo gate is studied with several alternative gate dielectrics, and is
demonstrated to be a promising gate material for p-MOSFETs. In addition, the work-
function of Mo can be adjusted to meet the requirements for n-MOSFETs by nitrogen
implantation, making it possible to achieve dual gate work-functions using a single metal
gate. CMOS processes based on dual-metal gates (Mo and Ti) or single metal gate
(employing a Mo gate with nitrogen implantation to the gate of the n-FETs) are
demonstrated. The use of metal gates requires substantial changes to the existing CMOS

technology, so it is more likely a long-term solution to the gate electrode problem.
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Chapter 1

Introduction

1.1 The IC industry and CMOS scaling

Since the introduction of the first commercial MOSFETs in the early 60’s, the
microelectronics industry has enjoyed decades of phenomenal growth. The feature size of
an individual MOSFET shrank from tens of microns in the 60’s to roughly a tenth of a
micron today, and the number of transistors on a single silicon chip increased by several
orders of magnitude. Consequently, very complicated functions can be integrated and
manufactured at a lower cost per function. The advancement of the silicon integrated
circuit (IC) technology is the key to the ubiquity of communication and computing
devices, which laid the foundation of the Internet and reshaped many aspects of human
life and society. CMOS technology is dominant in microelectronics today, and
tremendous efforts are being made to maintain its momentum of growth.

MOSFET scaling has been the driving force of the microelectronic industry for
more than 30 years. The scaling trend is described by the well-known Moore’s law,
which states that the reduction of IC device dimensions and the increase of number of

transistors on a single silicon chip both follow exponential relations with the technology
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generation [1.1]. Although at the time of its publication, the Moore’s law was only based
on the observation of the semiconductor industry data of a single decade, it turned out to
be amazingly accurate in the more than 30 years to follow. The International Technology
Roadmap for Semiconductors (ITRS) was later established to project future technology
specifications and to coordinate the tool development efforts across different sectors of
the IC industry. The ITRS projects that in the coming years the exponential growth will
continue at the historical pace. Consequently, this poses considerable technical challenges

to the semiconductor technology and manufacturing [1.2].

p-MOSFET n-MOSFET
Spacer Silicide Source/drain
extension
Gate oxi _
R e \ / Halo implant Source/drain
Shallow trench Retrograde
isolation

. Sisubstrate

Figure 1.1 A schematic cross-sectional view of state-of-the-art
bulk Si1 CMOS transistors with major front-end components shown.
After reference [1.3].

Figure 1.1.shows the schematic cross-sectional view of start-of-the-art n- and p-
channel MOSFETs, with only front-end components shown [1.3]. The main features of
these transistors are shallow trench isolation, ultra-thin gate oxide, shallow implant

source/drain extension, pocket/halo implant, retrograde well and Co silicide contact. The



physical gate length is below 100 nm. The major challenges of continued scaling for

front-end processes are:

1).

2).

3).

Lithography

Improved lithography capability makes it possible to print smaller lateral
features, and plays a key role in device scaling. The manufacturing of ICs
consisting of millions of transistors with sub-50 nm gate lengths requires
patterning tools that can provide high resolution and high yield beyond the
limit of today’s optical lithography. Prototype tools are already available,
but a manufacturable solution is yet to be developed.

Gate stack (ultra-thin gate oxide and gate electrode)

An ultra-thin gate oxide is needed to maintain good device performance
and to keep off-state leakage current low. In most advanced CMOS
processes today, the gate oxide (SiO,) thickness is already below 20 A. To
electrically realize the full benefits of the thin gate oxide, increasingly
high active dopant concentration in the poly-Si gate is needed so as to
minimize the reduction of gate-to-channel coupling due to the gate
depletion effect. High active dopant concentration is difficult to achieve
due to the limitations of both the solid solubility of the dopants in silicon
and the activation thermal budget. High temperature annealing may cause
the boron dopants in the p* gate to diffuse through the ultra-thin gate oxide
into the channel, affecting normal device characteristics. Therefore, this
constraint makes high gate doping level even more difficult to achieve.

Ultra-shallow source/drain extension junction



4).

5).

As the gate length of CMOS transistors is reduced, it becomes more
difficult to shut off the transistors. Increased off-state leakage results from
a sub-surface conduction path formed by the two-dimensional distribution
of the electrical field near the junction depletion regions. A shallow
junction is critical to controlling the short-channel effects. In addition,
steep abruptness of the junctions is required for reducing the short channel
effects [1.2].

Channel/substrate dopant profile optimization

For bulk MOSFETs, the dopant profiles in the channel and the substrate
need to be engineered to suppress the leakage path associated with the
short channel effect. Retrograde well, pocket, halo or super halo implants
are examples of this approach [1.3]. As the device dimensions get smaller,
these techniques may bring more undesirable side-effects, and the
optimization becomes more challenging. While functioning bulk CMOS
transistors with gate length down to 15 nm have been demonstrated [1.4],
novel device structures are being intensively explored as an alternative to
bulk CMOS for scaling toward the 10 nm regime [1.5].

Low source/drain/contact resistance

The channel resistance of a MOSFET gets smaller with shorter gate
length, so the effect of parasitic resistances, such as the contact resistance,
becomes more pronounced. Techniques of reducing parasitic resistance

include silicide contact (CoSi, NiSi) [1.6), elevated source/drain [1.7], etc.



Although the above is not an exhaustive list of the research needs, the difficulty of
CMOS scaling is obvious. Among these challenges, the gate stack scaling is an
outstanding one, as the gate oxide (SiO,) thickness is already the dimension of a few

molecules, approaching the fundamental physical limit imposed by the nature.

1.2 Gate stack scaling issues

The dual n*/p* poly-Si gate and SiO, gate dielectric is the standard gate stack used
in current CMOS technologies. While the basic material system remained the same
throughout many technology generations, the film thicknesses have been significantly
reduced and many improvements have been made to the process modules. The gate SiO,
thickness decreased from ~1000 A in the 60’s to ~15 A in the state-of-the-art
technologies. Thin gate oxide thickness is critical for the suppression of the short-channel

effects as well as the reduction of power supply voltage, therefore, even thinner gate
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Figure1.2  Measured and simulated direct tunneling gate
current of n-MOSFETs with ultra-thin SiO, gate dielectric.
From reference [1.9].



oxide will be needed for the future CMOS technology. However, when scaled to below
~15 A, conventional thermal SiO, results in unacceptably high gate tunneling current,
which increases power consumption and distorts normal transistor characteristics [1.8].
Figure 1.2 shows the measured and simulated /g-V characteristics of n-MOSFETs with
gate SiO, thickness down to 15 A [1.9]. The leakage level of 1 A/em? is highlighted.
Assuming such a gate current limit and 2 V power supply, the thinnest usable SiO,
thickness is about 20 A. More recently, the gate leakage requirements have been relaxed
and power supply voltage reduced, but ultra-thin gate oxide remains to be the most
serious problem.

In the past, higher gate capacitance can be achieved simply by using physically

thinner gate oxide, which is the dominant factor in the gate capacitance. With gate oxide

Xpc
o s
> l* Gate
b
/ A\ Substrate —L ¢,
Xep —— Cox
Gate ~ —— Coc
Bound state wave
, function ]
_/*OX_)_ =
(a) (b)

Figure 1.3  (a) The band diagram of an n-channel MOSFET with
n' poly-Si gate in inversion regime. The inversion electrons populate
the bound states in the potential well near the surface of the substrate.
The charge centroid is located at Xpc from the surface of the
substrate. The poly-Si gate has a depletion width of Xgp. (b) The
equivalent circuit of the gate capacitance stack. Cgp, Cox and Cpc are
contributed by gate depletion region, gate oxide and inversion charge
centroid offset, respectively.



thickness scaled to below 20A, however, two other factors affecting the gate capacitance
can no longer be ignored. One is the capacitance related to the gate depletion region
under inversion gate bias, which electrically increases the equivalent oxide thickness by a
few angstroms [1.11]. The other is the quantum confinement effect of the carriers in the
inverted channel. As shown in Figure 1.3 (a), in the inversion regime, the band bending
near the surface of the silicon substrate and the barrier of the gate oxide forms a potential
well, in which the inverted channel exists. When the potential well is deep enough, there
can exist bound states of the inversion carriers due to the confinement along the direction
perpendicular to the substrate surface. Therefore, carrier energy levels related to this
degree of freedom becomes discrete, depending on the eigenstate (sub-band) that the
carriers occupy, and the carriers in the channel become two dimensional instead of three-
dimensional free particles, or a two-dimensional electron gas. The consequence of this
quantum confinement effect is that the maximum of the eigen-wave-function of the
carriers on the i-th sub-band occurs at a distance (Xpc ;) from the substrate surface. The
distance depends on the gate bias and the sub-band of the bound state. The electrical
effect of this spatial charge distribution can be represented by a charge centroid located at
Xpc from the substrate surface. Figure 1.3 (b) shows the equivalent circuit of the
components contributing to the gate capacitance in the inversion regime. The effective
gate capacitance is related to these components by

1 1 1 1
=—t—
CG CGD COX CDC

=XGD+ lox +Xoc
Efsi Eo€ox  Efs;

(1.1)




where the definitions of the variables follow those given in Figure 1.3 (a) and (b).
£0=8.85x107?F/m is the dielectric constant of vacuum, and &5=11.9 is the relative
dielectric constant of silicon. In the above equation, an arbitrary gate dielectric with

physical thickness 7oy and relative dielectric constant eoy is assumed. The equivalent

oxide thickness (EOT) of the gate dielectric is defined by

Ec.
EOT =t,, -—S02 (1.2)
Eox
where &si0; =3.9 is the relative dielectric constant of SiO,. So in terms of capacitance, a

gate dielectric of thickness #ox is equivalent to SiO, with a thickness given by the EOT

value. The quantity used to describe the overall effective gate capacitance is defined by

CET = &% _ por + (Xep +Xpc)
C 3

G

(1.3)

where CET stands for capacitance-equivalent thickness. Both Xgp and Xpc are bias-
dependent, so the CET also depends on the gate bias ¥;. Typically under normal device
operation, gate depletion and quantum effect each contribute a few angstroms to the CET,
so in the case of an ultra-thin gate dielectric, the CET can be significantly larger
(percentage wise) than EOT, which is determined by the gate dielectric. Thinner CET and
higher gate voltage translate to higher inversion charge density and better device
performance, therefore, with reduced power supply voltage for each technology
generation, the gate stack scaling not only involves the thinning of gate dielectric (EOT),
but also requires the reduction of the gate depletion effect (Xgp).

In addition, the boron penetration problem also becomes more serious with ultra-

thin SiO,. In recent years, oxynitride gate dielectric, SiO, with nitrogen incorporation,



has been used to reduce boron penetration [1.10]. But this problem will exist as long as p"
poly-Si gate is used. These problems require a solution in the very near future.

Table 1.1 lists some of the key gate-stack related requirements projected by the
ITRS for future technology generations. The near term ITRS projections are specified for
every year, and the long term ones are specified only for each technology generation
(three year period). Requirements within each technology generation, which also progress

on a yearly basis, are not listed in the table below.

Table 1.1 Gate stack requirements projections for the future
technology generations by the ITRS [1.2]. The status of the
solutions to each requirement is indicated by the corresponding
background color.

Year of production 2004 2007 2010 2013 2016
Technology node (nm) 90 65 45 32 22
Physical gate length MPU 37 25 18 13 9
(nm)
MPU EOT (A) 9-14 6-11 5-8 4-6 4-5
MPU gate leakage at
100°C (nA/jim) 100 1000 3000 7000 10000
Low operating power 5
(LOP) EOT (A) 14-18 10-14 8-12 ?-11 6-10
LOF gate leakage at 100°C Slitiog 700 1000 3000 10000
(pA/um)
Low standby power
(LSTP) EOT (A) 18-22 12-16 9-13 8-12 7-11
LSTP gate leakage at
100°C (pA/uum) 1.0 1.0 3.0 7.0 10.0

Active poly doping (cm™)  1.5x10%° 1.87x10%° [RS8 (0 iirder’s (1 X 193 1) o

Solution exists Solution known Solution unknown




Each major technology generation spans three years, with the technology node
named by the half pitch for that gemeration. The physical gate lengths of the high
performance transistors are significantly smaller than the half pitch, while both roughly
follow a 0.7x reduction over the previous generation. As apparent in the table, thinner
EOT is required for shorter gate length, however, the EOT scaling is sub-exponential due
to the technical difficulties. In the ITRS, different specifications were set for high-
performance (MPU), low operating power (LOP) and low standby power (LSTP)
devices, so that some of the stringent requirements can be relaxed where possible, and
better optimization of the process technology for different applications can be facilitated.
For high performance applications, gate leakage limit is higher so as to allow the use of
very thin EOT to achieve smaller channel length and better drive current. Increased gate
tunneling current is becoming a serious source of power consumption, therefore the gate
leakage specifications are more stringent for low operating power and low standby power
devices, as reflected in the more conservative EOT scaling for these two types of devices.
Low operating power and low standby power devices also have larger gate length than
the MPU devices of the same generation to trade off some performance for reduced
power consumption. The active poly gate doping is based on the assumption that the gate
depletion contributes 25% of the EOT, so the required gate doping increases with thinner
EOT. For the majority of these specifications, manufacturable solutions are not known
yet, so research efforts in these areas are urgently needed. As these gate stack problems
are all due to the intrinsic material properties, the search for new gate and gate dielectric

materials has been the main focus of the research activities in this field.
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There are two major aspects of the challenges for continued gate stack scaling. On
the materials side, appropriate new materials are to be identified to replace the
conventional SiO, gate dielectric and poly-Si gate electrode. The corresponding process
modules, such as thin film deposition, etching, metrology, also need to be developed and
qualified for Si CMOS processing. On the process integration side, CMOS processes
need to be developed so as to incorporate the new materials into a CMOS fabrication
process. Material properties and thermal stability issues may require considerable
modification to existing CMOS processes. In this dissertation, both aspects will be

discussed.

1.3 Organization

This dissertation addresses the aforementioned issues of gate stack scaling for
future generations of CMOS technology, and proposes solutions based on new materials
and CMOS processes. Chapter 2 discusses alternative gate dielectric materials. After
introduction to the general requirements of alternative gate dielectrics, silicon nitride and
hafnium oxide will be presented in more detail. These two materials represent the
dielectrics with medium and high dielectric constant, respectively, and they also may well
be the most promising materials for short and long term replacements for SiO,. Common
problems with alternative gate dielectrics in CMOS technology and key progress will be
highlighted. The hot carrier reliability of n-FETs using hafnium oxide with a nitrided
interface is also investigated.

Chapter 2 raises the two major issues of alternative gate dielectrics with poly-

silicon gate, i.e., the increase in EOT upon high-temperature annealing and the gate
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depletion effect, which diminishes the benefits of using alternative gate dielectrics.
Chapter 3 discusses the use of poly-SiGe as the gate electrode to alleviate the above
problems. Poly-SiGe gate for SiO, gate dielectric had been studied and demonstrated to
improve the gate dopant activation and reduce the boron penetration for p* gate devices.
In this work, poly-SiGe is investigated with hafnium oxide gate dielectric, and compared
to the poly-Si gate control devices fabricated in the same CMOS process. The effects of
nitrided HfO»/Si-substrate interface are also studied with both gate materials. It was
found that poly-SiGe gate not only improves gate dopant activation compared to poly-Si
gate, but also reduces the gate dielectric EOT after high temperature process. A possible
mechanism for this phenomenon is proposed based on additional experimental results.
The nitrided interface is shown to provide several benefits.

Although the poly-SiGe gate shows improvements over the poly-silicon gate, it
does not completely eliminate the gate depletion and boron penetration problems, which
are both due to intrinsic materials limitations. Chapter 4 discusses the use of metal gate
electrode in CMOS devices, an approach that in principle can completely solve those
problems. The chapter begins with the discussion of the general requirements of metal
gate electrode, followed by the results of using Mo as a gate metal for p-FETs. In
addition to the choice of metal gate materials, CMOS process integration is also a
considerable challenge. The gate-first metal gate integration is similar to the existing
CMOS technology, and will be emphasized in this dissertation. Two different integration
schemes are proposed based on this approach. In the direct-deposited dual metal gate
process, two different metals are used for the p-FETs and n-FETs, respectively. It

demonstrated the benefits of using metal gate electrode, and also revealed some problems

12



of using two dissimilar metal electrodes. A simpler process using a single metal gate with

tunable gate work-function for both n- and p-FETs are then presented.

The dissertation is concluded with a summary of the major results and possible

future research directions.
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Chapter 2

Alternative gate dielectrics for CMOS

2.1 Introduction

SiO; has been used as the standard gate dielectric for MOSFETs. Thermally
grown SiO, has high film quality and an excellent interface with the Si substrate, and
very precise control of the SiO, thickness as well as uniformity can be achieved. With
CMOS scaling, the gate oxide thickness also needs to be reduced in order to control the
short-channel effects. In short-channel devices, the coupling between the drain and the
channel becomes stronger, resulting in undesirable effects such as threshold voltage roll-
off and increased off-state leakage current. Thinner gate oxide, i.e., larger gate
capacitance, can enhance the coupling between the gate and channel, so that off-state
leakage current can be reduced. Several problems, however, arise when the gate SiO,
thickness is reduced to below ~30 A. With such a thin physical barrier, quantum-
mechanical tunneling of electrons and holes between the gate and the substrate becomes
significant even at relatively low gate voltage (the direct tunneling regime). High gate
leakage current increases power consumption and may also disturb normal transistor

characteristics. The gate tunneling current increases roughly exponentially with reduced
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gate oxide thickness, therefore the above problem is seriously worsened for oxide
thickness below 20 A [2.1]. While the reliability of ultra-thin SiO; is still an open
question, it is generally agreed that the high gate leakage current will be the ultimate
limiting factor for gate SiO, scaling.

Another problem related to thin gate oxide is boron penetration. In p-channel
MOSFETs, the p* doped gate contains a high concentration of boron dopants, which in a
high temperature process can diffuse relatively easily through thin gate SiO, into the
channel [2.1]. These boron dopants cause threshold voltage shifts, and also degrade
device reliability. Some techniques for improving the SiO, gate dielectric, such as
introducing nitrogen to SiO; to reduce boron penetration, can alleviate the problems to a
certain extent but do not provide a long-term solution. In addition, with thinner gate
oxide, the uniformity and process control becomes more difficult, and device
characteristics are more sensitive to process variations. Therefore, pure SiO, is not
suitable for further scaling into the sub-20 A regime, and a likely solution is to use a new
gate dielectric. If an insulator with higher dielectric constant (k) can be used to replace
SiO,, then for a given EOT specification, physically thicker gate dielectric can be used so

that the gate tunneling current may be reduced.

2.1.1 General Requirements for Alternative Gate Dielectrics

Besides having a higher dielectric constant than SiO,, the new gate dielectric
material needs to meet some basic requirements as necessitated by CMOS technology. To
ensure low gate leakage current, reasonably large bandgap and favorable band alignment
with Si is needed so that there exist significant tunneling barriers for both electrons and

holes. From a process integration point of view, the new gate dielectric needs to be
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compatible with existing CMOS process technology, i.e., can be deposited and patterned
using methods that are practical for manufacturing. Thermal and chemical stability is
another important issue. In a CMOS process, the gate dielectric will be in contact with
the Si substrate and the gate electrode, and will undergo annealing at above 1000°C. It is
essential that the gate dielectric remain intact after the full CMOS process.

The oxides and nitrides of metals are a major category of inorganic dielectrics that
have high dielectric constants, therefore, they naturally became the candidates of research
for alternative gate dielectrics. Table 1 summarizes the properties of some commonly
studied alternative gate dielectrics. It should be noted that the film deposition methods,
composition and thermal process history can all affect the material properties, so some

experimental results may show significant differences from the values listed below.

Table 2.1 Material properties of some high-k dielectrics
considered for gate insulator application.

Dielectric k Bandgap (eV)  Electron barrier (eV) References
Si3Ny4 7-8 53 24 [2.3],[2.4]
AlO; 11 8.8 2.8 [2.41,[2.5]
Taz0s 25 44 0.3 [2.4],[2.6]
TiO; 20-30 3.1 0 [2.4],[2.7],[2.8]
La;03 27 6.0 23 [2.4],[2.9]
Y20; 11 6.0 23 [2.4],[2.10]
ZrO, 22 5.8 1.4 [2.4],[2.10],[2.11]

Zr-silicate 12 6.0 1.5 [2.4],[2.11]
HfO, 22 6.0 1.5 [2.4],[2.10],[2.12]

Hf-silicate 11 6.0 1.5 [2.4],[2.13]
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Many materials listed above have a bandgap larger than 5 eV. Since the bandgap
of silicon is 1.1 eV, a reasonably symmetrical band alignment will ensure barrier heights
for both electrons and holes to be larger than 1 eV, as required for low Schottky emission
current [2.4]. The electron barrier heights in Table 1.1 are theoretical predictions, and
may be different from experimental results. In addition, a thin interfacial layer with
different composition than the high-£ film may exist between the Si substrate and the
high-k dielectric, modifying the actual tunneling barrier heights. The actually elemental
composition of some materials, e.g., silicon nitride, Hf-silicate, Zr-silicate, can vary in a
fairly large range. And the corresponding material properties can also be significantly
different.

In the early stage of high-k gate dielectric studies, the majority of the research
efforts were focused on the high-k dielectrics that had been studied for possible
applications in dynamic random access memory (DRAM), such as TayOs, TiO,,
BaSrTiO;, etc. They all have significantly higher dielectric constant than SiO,. But
besides the small bandgaps, they all were later shown to be thermodynamically unstable
in direct contact with Si at high temperature. The reaction between these dielectrics and
Si can form dielectrics with lower k value or conductors (silicides). For examples, Ta;0s

can react with Si and form SiO, and silicide:
13 . . 5.
751 +Ta,0; — 2TaSi + ESIO2

The formation of SiO; in series with the high-k dielectrics increases the overall
electrical thickness of the gate dielectric stack, therefore diminishes the advantages of
using the high-k gate dielectrics. And the formation of the silicide can either prevent the

vertical electrical field from controlling the channel by screening or cause a short
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between the gate and channel, resulting in device failure. The thermal instability problem
can be tackled either by selecting gate dielectrics that are thermodynamically stable with
Si or by using a stable thin buffer layer between the dielectric and the Si substrate and
using gate electrodes that are thermally stable with the gate dielectric.

Along the first approach, an exhaustive theoretical study by D. Schliom et al
investigated the thermodynamic stability of all binary oxides and nitrides of metals on the
periodic table, and narrowed down a much shorter list of candidate materials [2.10]. The
critical reactions involved are:

Si+ MO, - M+ Si0O,
Si+ MO, — MSi, + SiO,
M +Si0, - MO, + MSi,

where M stands for the metal element. Using positive change of Gibbs free energy 4G in
all the above reactions as the criterion for thermal stability, different metal oxides and
nitrides were evaluated. The majority of the elements on the periodic table were ruled
out, and only about 20 metal oxides and nitrides are left.

While equations (1.2) and (1.3) seem to suggest that higher & is always desirable,
other effects actually impose constraints on the feasible choice of k. As the gate length of
MOSFETSs with high-k gate dielectrics will be below 50 nm, the aspect ratio of the gate
dielectric Tox/Lg can approach 1, so that there exists significant fringing field from both
sides of the gate dielectric. Figure 2.1 illustrates the difference in the fringing field
between SiO; and a high-k gate dielectric. Assuming that the transistor is of the 65 nm
node with 9 A EOT, the gate dielectric aspect ratio for k=40 is 0.37, but only 0.036 for

SiO,. Physically, the fringing field lines from the sides of the high-k gate dielectric
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provide additional couplings between the channel and the source/drain regions, therefore
exacerbating the short-channel effects. Simulations using a two-dimensional device
simulator indicated that for a given gate length and EOT, higher k results in worse
threshold voltage roll-off and sub-threshold swing degradation [2.14]. For a given Tox/Lg
ratio, the degradation in short channel performance is comparable for different gate
length, so this aspect ratio can be used as a good indicator for the fringing field effect.
Theoretical study of device scaling using high-k gate dielectrics and low-k spacers
suggested a fairly narrow design space, which must be considered for aggressively scaled

MOSFETs [2.15].

Low-k spacer  Passivation

l l dielectric

Figure 2.1  Illustration of the enhanced fringing field effect
of high-k gate dielectrics. Assuming L=25 nm and EOT=9 A.,
the high aspect ratio of 4=40 gate dielectric (right) causes
significant fringing field to the source/drain areas, while such an
effect is negligible for SiO, (left).

In the subsequent sections, experimental results of using Ta,Os gate dielectrics
will be briefly discussed to demonstrate that a dielectric that is not stable with Si can still
be used with a buffer layer undemeath and a non-Si gate electrode. But due to the
complexity of this approach, high-k gate dielectric that is thermally stable with Si is
preferred for CMOS integration, and will be the focus of this chapter.

Silicon nitride is among the first alternative gate dielectrics to be considered. It

has been routinely used in Si CMOS, and is thermally stable with Si. New techniques
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have been developed to improve the quality of ultra-thin silicon nitride to meet the
requirement for gate insulators. But a major limitation for silicon nitride is the relatively
low dielectric constant (~7-8), which limits its scalability. So metal oxides, many of
which have much higher dielectric constant than silicon nitride, attracted a lot of research
efforts since the late 90’s. Ta;Os and TiO, were among the first candidates, but were
gradually disqualified due to the thermal stability problems. Al;O; is another material of
interest. Similar to Si3Nj, it has a relatively low dielectric constant (~10), so may not be
feasible for more than two future generations. More recent studies are focused on ZrO,
and HfO,, which are relatively stable with Si thus more compatible with CMOS process.
The silicates of these metals, e.g., ZrSixOy and HfSiOy, have also been studied and
demonstrated to have good dielectric properties. But the drawback is the relatively low
dielectric constant (~10-12), which constrains their scalability. In this chapter, CMOS
results of silicon nitride and HfO, gate dielectrics, representing the two categories
(medium-£ and high-k), will be discussed to illustrate the key issues in alternative gate

dielectrics, and the need for sufficiently high-k to ensure scalability.

2.2 Ta,05 gate dielectric

Ta;Os has a high k value (~25), and has been studied for DRAM capacitor
applications. Due to its known instability with Si, in the experiment of MOSFETS using a
Ta,0s gate dielectric, a buffer layer had to be introduced at the bottom surface of the
Ta;0s layer to separate it from the Si substrate, and a TiN gate electrode was used. The
gate stack structure is shown is Figure 2.2. Silicon oxynitride (SiOxNy) at the bottom

interface provides a good interface with the Si substrate and blocks the reaction between
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Si and Ta;0;s. TiN is stable with Ta;Os, so a TiN gate was used to replace the standard
poly-Si gate. The in situ n" doped poly-Si cap provides mechanical support, and prevents

the TiN from oxidation during subsequent high temperature processes.

N*- Poly-Si —
TiN — [2%

“UP_Si substrate

Figure 2.2 Schematic cross-sectional view of the transistor
structure consisting of Ta;Os/SiOxN, dielectrics, n* poly-Si/TiN
gate electrode and source (S) and drain (D) on p-type Si substrate

N-channel MOSFETs were fabricated using a lightly doped p-type Si substrate.
After active region definition and the LOCOS process, the Si-substrate received a rapid
thermal nitridation (RTN) in an NH;3 ambient at 800°C for 30 s to form the oxynitride
layer. 60 A or 90 A Ta,Os was deposited by chemical vapor deposition (CVD) using
Ta(OC;Hs)s and O, at 420°C and 400 mTorr. A post-dielectric-deposition anneal was
performed using rapid thermal processing (RTP) at 800°C for 30 s in an O, or N>O
ambient. A 600 A TiN gate was deposited on some wafers by reactive sputtering, then all
wafers were capped by LPCVD in situ n” doped poly-Si. Another RTP (750°C 20 s in
Nz) was performed after poly-Si deposition. Gate patterning was done using I-line
lithography and Cl; reactive ion etching (RIE). Source and drain regions were formed by
arsenic ion implantation (5x10"°/cm’, 60 keV) with an activation anneal of 800°C 30 min

in N». The devices were finished with metallization and forming gas anneal.
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The EOT values of different devices were determined by fitting the C-V
measurements using a quantum-mechanical C-V simulator [2.17]. The samples with TiN
gate showed thinner EOT than the control samples with an n* poly-Si gate. Figure 2.3
shows the measured gate tunneling currents of Ta,Os/SiOxNy stacks compared to SiO-
with similar EOTs. The wafer that received post-dielectric deposition in N>;O showed an
EOT of 24 A, while that annealed in O, showed 18 A EOT. Significant reduction of gate

leakage was achieved in both cases using Ta,Os.
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Figure 2.3  Measured gate leakage current density of the
TaOs/SiOxNy stacks and SiO; with comparable electrical
thickness. For sub-20A EOT, Ta;0s shows ~10*x reduction of gate
leakage than SiO,.

To investigate the interface quality of the gate stacks, electron mobilities were
extracted from transistor Ips-Vgs and split C-V measurements on different wafers (Figure
2.4). Due to the reaction between Ta,Os and poly-Si, the wafer with an n* poly-Si gate
(no TiN) showed much thicker EOT (38A) after S/D activation anneal. The samples with

24 A and 18 A EOT correspond to TiN gate electrode and post-dielectric-deposition
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anneal in N>O and O, respectively. Because of the different EOT values, these devices
operate under very different effective vertical field, while their electron mobilities are all
comparable to the universal mobility model [2.16), which is based on high quality
Si02/Si interface. This demonstrates the effectiveness of using a SiOxNy layer on the Si

substrate to achieve good interface quality.
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Figure 2.4  The electron mobilities of Ta,0s/SiOx0y gate stacks
with various EOTs (due to different process conditions) are
comparable to the universal mobility model [2.16], indicating that

good interface quality was achieved using the oxynitride interfacial
layer.

Although these encouraging results showed that a high-k gate dielectric that is
unstable with Si can still be used by using non-Si gate electrode and a buffer layer at the
bottom interface, the drawbacks are obvious. The gate electrode that is stable with the
high-k dielectric may not have the desirable work-function. In the case of Ta,Os, the mid-
gap work-function of TiN (~4.6-4.7eV) can result in high threshold voltages for both p-
and n-MOSFETs, unless the channel is very lightly doped. As high channel doping is
required for the control of short channel effects, a TiN gate electrode is not appropriate

for bulk-Si CMOS. Moreover, the bottom buffer layer needs to be sufficiently thick in
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order to prevent the reaction between the high-k dielectric and Si substrate. As this buffer
layer typically has lower %, it limits the scaling of the gate stack EOT. Therefore,

alternative gate dielectrics that are thermally stable with Si are preferable.

2.3 Silicon nitride gate dielectric — medium-%

23.1 General properties and deposition techniques, JVD vs. RTCVD

Silicon nitride has a dielectric constant of ~7-8, roughly twice as that of SiO,. It
can be easily deposited by low-temperature chemical vapor deposition (LPCVD) and
etched by reactive ion etching. Silicon nitride is used extensively in Si CMOS processes,
therefore it does not have the compatibility issues of other alternative gate dielectrics.
However, the quality of silicon nitride deposited by conventional LPCVD is not good
enough for the gate dielectric application. It is known to have a high trap density, which
severely affects MOSFET characteristics. So new deposition techniques are needed to
produce high-quality ultra-thin silicon nitride. Two approaches were demonstrated and
will be discussed in this work. One is the jet vapor deposition (JVD) [2.3] and the other is
rapid thermal chemical vapor deposition (RTCVD) [2.18].

The basic concept of the JVD technique is to use a high-speed carrier gas to
transport the reacting species onto the substrate, so that the diffusion limitations of the
mass transport that occur in other deposition techniques can be overcome [2.3]. This
mechanism results in highly directional and localized deposition. The carrier gas is
formed using He pumped by high-pressure mechanical pump and injected through a

nozzle. With proper design, the carrier gas jet can be supersonic. The precursor gases

25



(SiH4 and N,) were carried to the surface by the He jet, and the high kinetic energy
provides the energy needed for film deposition, therefore high-temperature is not
required.

In the RTCVD process, a rapid thermal oxidation in NO gas is first used to form a
thin layer of passivation oxide on the silicon substrate. This passivation oxide improves
the interface quality of the gate dielectric, thereby improving MOSFET characteristics.
Then on top of this oxide layer, silicon nitride is deposited using SiH, and NH; precursor
by rapid thermal processing. The entire gate dielectrics stack consists of silicon nitride on
top of a thin oxide layer (6-7A). Post-deposition anneals in NH; and N,O are needed to
improve the gate dielectric stack properties [2.18]. These rapid thermal processing steps
enable precise control of the temperature profiles and greatly improve the gate
dielectric’s quality over the LPCVD process.

It should be noted that the silicon nitride films formed using the above techniques
are not exactly stoichiometric. Auger depth profile of the JVD nitride indicates that in
addition to Si and N, there is also fair amount of oxygen in the film [2.3]. The
distributions of Si, N and O are uniform throughout the thickness of the film, with
relative atomic concentrations of 41%, 47% and 12%, respectively. The as-deposited
RTCVD silicon nitride is Si rich, containing lots of traps, and can be easily oxidized. The
post-deposition anneal in NH; can increase the nitrogen incorporation and resistance to
oxidation, although the exact composition has not been calibrated. Unlike the JVD
nitride, the RTCVD nitride gate dielectric is a two-layer stack, with an intentionally

introduced oxide interface at the Si substrate surface.
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2.3.2 CMOS process using Si;Ny gate dielectric and poly-Si gate

Prior to this work, MOS capacitors and long-channel MOSFETs using silicon
nitride gate dielectrics formed by JVD or RTCVD had been reported. In this experiment,
silicon nitride gate dielectrics by the two deposition techniques are studied in the same
deep sub-micron CMOS process, to compare their characteristics and to demonstrate sub-
100 nm transistors using silicon nitride gate dielectrics.

Four-inch p-type <100> silicon wafers with the same specifications were used to
fabricate the CMOS transistors. After n-well formation and the LOCOS process to form
isolation, the wafers were split into two groups and received JVD and RTCVD silicon
nitride film deposition at Yale University (Prof. T. P. Ma’s group) and U.T. Austin (Prof.
D. L. Kwong’s group), respectively. In the JVD process, silicon nitride film deposition
was followed by an 800°C 5 min post-deposition anneal in an N, ambient. In the RTCVD
process, the passivation oxide layer was grown by RTP in an NO ambient at 800°C for 20
s, followed by silicon nitride film deposition using SiH; and NH; at 800 °C and rapid
thermal anneals in NH; (950° 30 s) and then in N,O (850° 30 s). The wafers were then
returned to UC Berkeley for further processing. A 1700 A undoped poly-Si gate was
deposited by LPCVD. I-line lithography and photoresist ashing in an O, plasma were
used to obtain sub-100 nm gate lengths. Gate etching was done in a HBr:He:O, plasma,
which provided good selectivity (>50:1) against silicon nitride. Individual devices were
inspected by Scanning Electron Microscopy (SEM) after theApoly-gate etch to verify the
gate length. Figure 2.5 show an SEM picture of an 80 nm gate. Uniform fine gate patterns

can be achieved using this technique.
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Poly-Si gate on
JVD Si;N,
gate dielectric

Figure 2.5  SEM image of an 80-nm gate pattern.

In this CMOS process, the “reverse-LDD” process was used [2.19], in which the
source/drain extension regions are formed after the source/drain regions, so that they
undergo less diffusion than in the “normal LDD” process. This is advantageous to
achieving good characteristics of the short channel devices. After gate etching, a silicon
nitride spacer was formed on the sides of the gate, and the source and drain regions were
implanted with phosphorus for n-MOSFETs and boron for p-MOSFETs. Then the spacer
was removed using a wet etch, and the implantations of the S/D extension regions were
performed. Rapid thermal anneals at up to 1050 °C in N, were used for dopant activation.
After passivation, metallization and forming gas anneal, a water vapor anneal (WVA) at
400°C was performed [2.20] and found to slightly improve drive current but not gate
leakage current. A detailed process flow is included at the end of the chapter (see

appendix A2.1).
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2.3.3 p-FET characteristics

The p-FETs using both silicon nitride gate dielectrics showed good yield, while n-
FETs characteristics were not normal. Electrical measurements suggest that the cause is
likely due to incomplete removal of the nitride spacers, which blocked the source/drain
extension implants. The n-FETs were more seriously affected due to the slower diffusion
of the n-type dopants. Therefore only the p-FETs results are presented in the following
discussions.

Figure 2.6 shows the gate capacitance characteristics C-¥ of the p-FETs with JVD
and RTCVD silicon nitride gate dielectrics. Measurements were done on 10 um by 10
um transistors. A C-V simulator that takes into account the quantum-mechanical effect
and the poly-Si gate depletion effect was used to fit the experimental data and to extract
the EOT and active gate dopant concentration [2.17]. Overall good agreement between
the experimental data and the simulation can be seen, although some distortion of the
curves due to interface traps is visible. The EOTs of both gate dielectrics are 14 A. The
effect of the gate depletion is also obvious in the figures. In the inversion regime, due to
the depletion layer in the gate, the inversion gate capacitance is significantly lower than
in the accumulation regime. Consequently the total inversion charge is reduced, resulting
in lower drive current.

The gate leakage currents of the p-FETs are shown in Figure 2.7. The leakage in
the inversion regime is of particular interest, as it is relevant in normal operations. Also
shown in the figure for reference is the simulated leakage current of 14 A SiO, using an
empirical direct tunneling model, the accuracy of which has been validated by extensive

experimental data and numerical simulation [2.21]. The gate leakage of the two nitride
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Figure 2.6  C-V characteristics of p-FETs with (a) JVD
and (b) RTCVD silicon nitride gate dielectrics. Quantum C-V
simulation was used to extracted the EOTs [2.17].

gate dielectrics are roughly two orders of magnitude lower than that of SiO, with the
same equivalent thickness, which shows the significant advantage of using silicon nitride
compared to ultra-thin SiO,. The direct tunneling model can also be applied to a uniform

layer of silicon nitride gate dielectric, with appropriate fitting parameters [2.22]. Using
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Figure 2.7  Measured gate leakage currents of the 14A
EOT JVD and RTCVD silicon nitride gate dielectrics. Both
nitrides show roughly 100X lower gate leakage compared to
14 A SiO, (by simulation [2.21]).

this model, the direct tunneling leakage current of even thinner silicon nitride can be
projected. F igﬁre 2.8 shows the gate leakage current at a fixed gate voltage as a function
of the gate dielectric EOT for n-FETs with SiO; or silicon nitride gate dielectrics. For the
same device parameters (substrate doping, threshold voltage, etc.) and gate voltage, n-
FETs set the leakage limit of SiO, while p-FETs set the limit of silicon nitride
[2.21][2.22]. As the gate leakage specifications in the ITRS do not differentiate between
n-FETs and p-FETs, these two cases are compared in Figure 2.8. While the leakage
current is lower for silicon nitride, the advantage diminishes as the EOT is reduced. In
view of the ITRS gate leakage specifications (Table 1.1), silicon nitride may be
applicable for high performance transistors down to the 45 nm node or even further, but
is apparently inadequate for low operating/standby power transistors. Gate dielectrics to

enable further reduction of gate leakage current are critical for those lower applications.
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Figure 2.8  Gate leakage current at |V/g|=1.0 V as a function
of gate dielectric EOT for MOSFETs with SiO, or silicon
nitride gate dielectrics. The limiting cases, i.e., p-FETs with
silicon nitride and n-FETs with SiO,, are compared. The
benefit of using silicon nitride diminishes for thinner EOTs.

Transistor characteristics of the p-FETs are shown in Figures 2.9 (Ips — Vgs) and
Figure 2.10 (Ips — Vps). The p-FETs using JVD or RTCVD silicon nitride showed very
similar characteristics, and normal transistor behaviors were obtained for both types of
dielectrics. The similar drive currents and the same EOTs of the two types of p-FETs
suggest that the channel carrier mobilities, and therefore the interface qualities are
comparable for the two gate dielectrics. A possible reason could be that after the full
CMOS processing, particularly the high temperature S/D activat;on annealing, the film
compositions near the interface are similar for the two types of nitrides. It is worth
mentioning that the drive currents of the p-FETSs are low in view of the gate length and
EOT, and further analysis indicated that the low channel carrier mobility was the main

reason.
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2.4 HIfO, gate dielectrics — high-%

24.1 Device fabrication

Hf is one of the a few metals that theoretical study indicated to have both oxide
and nitride that are stable with Si. Bulk HfO, has a & value of ~22 and a fairly large
bandgap, with significant barrier height for both electrons and holes [2.4]. HfO, can be
deposited by several methods, such as reactive sputtering, LPCVD and atomic layer
deposition (ALD). After some initial successful reports of MOS capacitor and long
channel MOSFET using a HfO, gate dielectric, we investigated the CMOS integration of
HfO,.

CMOS transistors with HfO2 gate dielectric were fabricated using a process
similar to the one mentioned in previous section, with a few modifications. HfO, was
deposited at UT Austin by Prof. Jack Lee’s group using reactive sputtering from a Hf
target with modulated O, [2.23], and the wafers were transported back to Berkeley for the
rest of the CMOS processing. In the gate dielectric formation step, after standard
HF/RCA cleaning, the wafers first received a NHj nitridation, followed by reactive
sputtering deposition of HfO,. Previous unsuccessful attempts revealed that HfO, is very
sensitive to moisture, and can quickly degrade after excessive exposure to air. So the
wafers were sealed in vacuum immediately after HfO, deposition, and the delay before
gate deposition was less than 24 hours. Using reactive sputtering, the HfO, is amorphous
as-deposited, and crystallizes upon high temperature (800°C or above) anneal. When a
poly-Si gate is used, annealing at very high temperature results in thicker EOT and

increased leakage current [2.23]. In this experiment, a conservative gate dopant activation
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anneal (950°C 25 s) was used to order to reduce the above undesirable effects.
Empirically it was found that after the high temperature anneal, HfO, cannot be etched by
dilute HF, so the contact hole wet etch was performed before the gate dopant activation
RTA. After metallization, all devices received a forming gas anneal at 400°C for 30 min.
The photo resist trimming technique was also used in gate lithography to obtain
sub-100 nm gate length. Figure 2.11 shows an SEM image of a 70 nm gate pattern after
gate etching. Due to the variation of the photo-resist ashing process, the gate lengths of a

number of sub-100 nm devices were individually measured using SEM.

=
:
%

|

Figure 2.11 Minimum gate length of 70 nm
was confirmed by SEM after gate etch.

2.4.2 Device characterization

The C-V characteristics of n-FETs and p-FETs are shown in Figure 2.12. An EOT
of 11 A for both p-FETs and n-FETs was extracted by quantum mechanical C-V
simulation [2.17]. The good fitting of the simulated curve suggests good HfO, film
quality. However, serious poly-Si gate depletion effects resulted from the conservative
dopant activation condition. The depletion layer in the poly-Si gate typically increases the

gate stack EOT by a few angstroms determined by the poly-Si doping and electric field,
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Figure 2.12  C-V characteristics of (a) n-FETs and (b) p-
FETs with HfO, gate dielectric. EOT of 11A was extracted
using quantum C-V simulation [2.17].

regardless of the gate dielectric thickness [2.24]. So the inversion gate capacitance for
thinner gate dielectric is reduced by higher percentage due the gate depletion. In this case,
only roughly 60% of the accumulation gate capacitance is obtained in inversion regime.
This directly impacts the transistor drive current.

The physical structure of the gate stack was analyzed using transmission electron

microscopy (TEM). It is evident that a low-electron-density layer is present at the bottom
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interface of the HfO, (Figure 2.13), but the thickness of this layer cannot be determined
to a high degree of precision without detailed image simulation. This interfacial layer
could be a nitride, an oxide or a silicate (containing Hf, Si, N and O) layer formed during
the high temperature anneal. Assuming that k=22 (bulk value) for the HfO,, the k of the
interfacial layer is roughly estimated to be ~5-7 using the physical thicknesses estimated

from the image and the 11 A gate stack EOT. This k value suggests a silicon nitride layer.

Figure 2.13 High-resolution TEM cross-sectional image
of the gate stack, showing the poly-Si gate, the HfO, gate
dielectric with a distinctive bottom interfacial layer, and the
Si substrate.

The threshold voltages and subthreshold swings (S) of the transistors with
different gate length are shown in Figure 2.14 and 2.15, respectively. It can be seen that
the short-channel effects have been well controlled down to sub-100 nm gate length for
n-FETs. The threshold voltages of the p-FETs are relatively high, and can be improved
by optimization of the V7 implants. In addition, further improvements of the short
channel behavior are needed for the p-FETs.

The transistor characteristics Ips-Vps and Ips-Vgs of 70nm gate length p- and n-

FETs are shown in Figures 2.16 and 2.17 respectively. Both n- and p-FETs showed very
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well behaved transistor characteristics, but the drive currents are considerably lower than
expected for this EOT value and gate length. One main reason is the gate depletion
problem, which results in lower gate over drive than the actual applied gate voltage.

In addition, the channel carrier mobility values are found to be both low. Figure
2.18 shows the electron and hole mobilities as a function of the effective vertical field.
The universal mobility model, which represents the mobility achieved with high quality

Si0, gate dielectric, is also shown in the figure for comparison [2.25]. It can be seen that
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Figure 2.14  The threshold voltages of n-FETs (¥7y) and
p-FETs (V1,,) with different gate lengths.
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Figure 2.15 The linear subthreshold swings of n-FETs
and p-FETs with different gate lengths.
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in the high field range showed less degradation from the universal model, and a crossover
of the two curves occurred at about 2.5 MV/cm. This crossover phenomenon had been
reported for n-MOSFETs with a nitrided-SiO, gate dielectric [2.28]. This similarity
suggests that the nitridation pretreatment of the Si substrate may have played a more
important role in determining the carrier mobility than the upper HfO, film. The high
field mobility degradation indicates that the interface roughness for the HfO, gate

dielectric with a nitrided substrate is also a problem.
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Figure 2.19 Gate leakage current of n-FETs and p-
FETs with 11 A EOT under inversion gate bias.
Simulated gate leakage current of 11 A SiO; is shown
for comparison.
The gate leakage currents of the HfO, dielectric with an 11 A EOT are shown in
Figure 2.19, and compared with the simulated curve for 11 A SiO,. It can be seen that in
the inversion regime, both n-FETs and p-FETs with HfO, gate dielectrics shows ~10%x

reduction in gate leakage compared to SiOs. This significant advantage allows the EOT

of the HfO, gate dielectric to be further reduced, ensuring its good scalability.
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2.5 Hot carrier reliability of HfO, n-FETs

2.5.1 Hot carrier reliability measurement

Hot carrier reliability is a very important aspect of IC devices and circuits. In
short-channel devices, the electric field near the drain region is high enough to create
carriers with high energy, or hot carriers. The vertical electrical field in the channel
accelerates the hot carriers toward the interface of the gate dielectric, where they release
the energy and create damage to the gate dielectric interface, such as increased interface
traps and charge trapping in the gate oxide. Hot carrier stress results in degraded device
characteristics, e.g., shifted threshold voltage, lower transconductance g, lower drain
current, etc, and these performance degradations directly affect the circuits’ functionality.
The hot carrier reliability is sensitive to the gate dielectric material and process, therefore,
studies of the hot carrier reliability are very important for proving the feasibility of
alternative gate dielectrics.

In order to observe significant hot carrier effects, short channel transistors are
necessary. In this experiment, 0.15 pm gate length n-FETs with HfO, gate dielectric and
nitrided HfO,/Si interface are used. The devices were fabricated in the process mentioned
in the previous section. The n-FETs have an 11.2 A EOT, with a ~10 A interfacial layer
which is nitrogen rich. Before hot carrier stress was applied, the fresh device
characteristics were measuréd, then hot carrier stress was applied for a certain amount of
time, followed by measurement of the post-stress device characteristics a few minutes
after the stress was stopped, which allows for the transient charge de-trapping to settle.

All stress and measurements were performed at room temperature. There are two
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Figure 2.16 Ips-Vps of n-FETs and p-FETs with
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Figure 2.17 Ips-Vgs of n-FETs and p-FETs with
70 nm gate length.

the channel electron mobility for the HfO, gate dielectric is much lower than the
universal model at low field, and the difference gets smaller in the high field range. The
hole mobility for the HfO, gate dielectric shows degradation from the universal model by
roughly a constant factor in a wide field range. In the low field range, the dominant
scattering mechanism is Coulombic scattering, so the low field mobility degradation for

HfO, suggests enhanced Coulombic scattering, possibly by fixed charge or interface
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significant degradation from the universal

el [2.27].

trapped charge, which are commonly observed in high-k gate dielectrics [2.26]. In the
high field range, the dominant scattering mechanism is surface roughness scattering. This
mechanism is affected by the inversion carriers’ locations relative to the gate dielectric
and substrate interface. The different behaviors of the electrons and holes are possibly
due to the fact that electrons and holes have different effective masses, therefore the

spatial distributions are different. The electron mobility
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commonly used hot carrier stress conditions, i.e., the peak substrate current stress and the
maximum drain voltage stress. The substrate current is created in the impact ionization
process caused by the hot electrons in the channel, and is therefore a good indicator of the
hot electron damage. The coincidence of maximum degradation in device characteristics
and the peak substrate current has been observed [2.29]. In recent years, however, there
have also been reports that the worst hot electron stress condition can switch from peak
substrate current to maximum gate voltage when the effective channel length is scaled
toward 0.1 pm [2.30]. The worst-case stress condition depends on the specific process
technology and the gate length. In this experiment with the HfO, gate dielectric, the
maximum gate voltage condition is not practical. Given the thin EOT of the HfO, gate
dielectric, the breakdown voltages are fairly low, and the maximum gate voltage stress
will cause very significant Fowler-Nordheim stress to the gate dielectric, therefore the

device degradation can be a combined effect of the Fowler-Nordheim stress and the hot
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Figure 2.20 A typical substrate current sy vs. gate voltage
characteristic of fresh and stressed device. Drain current degraded
after the stress, which shifted the peak of the substrate current to
slightly higher gate voltage. In a series of stress this small change
was not taken into account.
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carrier stress, making the results difficult to interpret. So in this experiment, peak
substrate current was used as the stress condition.

A typical substrate current vs. gate voltage characteristic is shown in Figure 2.20.
For a given drain voltage, the substrate current initially rises with the gate voltage due to
the increase of the drain current, and falls at higher gate voltage due to the decrease of
maximum electric field in the channel. The peak substrate current corresponds to a gate
voltage of 1/3 — 1/2 of the drain voltage. It can also be seen that the location and the
height of the peak slightly changed after the stress. This is due to the degradation of the
drain current and possibly an increase in the maximum field near the drain region. In the
multiple stress-measurement cycles, this small change was not adjusted in the stress
setup, i.e., the stress condition was kept at the initial peak substrate current throughout a

series of stress.
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Figure 2.21 Transistor characteristics of a fresh device
and the same device after 2000 s stress. Vr shift is
negligible, and linear as well as saturation drain current at
different gate voltage are degraded by a similar
percentage.
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Figure 2.21 shows the transistor Ips- Vpscurve of a fresh n-FET and the same
device after 2000 s stress at the peak substrate current of 0.19uA/um. It can be seen that
the drain current at different gate bias voltages are degraded roughly by the same
percentage. The change in threshold voltage of the device after the stress was very small,
and has insignificant effect on the drive current.

Four stress conditions were used in this experiment. The corresponding peak
substrate current and drain voltage are shown in Figure 2.22. For each stress condition,
the key device parameters were monitored after each period of stress until the device
lifetime was reached. The lifetime is defined as the stress time when the saturation drain
current Ipy is degraded by 5%, as Ipy is a very important parameter for device operation.

The above range of stress conditions roughly span two orders of magnitude of observed

device lifetime.
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Figure 2.22 The peak substrate current as a function of the
inverse of the drain voltage for n-FETs with HfO, gate
dielectric.
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Changes in key device parameters are plotted against accumulated stress time in
Figure 2.23. Linear drain current Ip;, saturation drain current Ipy, and threshold voltage
Vr are shown in the figure. The linear and saturation drain current change can be fitted

very well by a power-law dependence on the stress time ¢,

Alp py=C -t" 2.1
where C is a constant and is different for Ip, and Ipy. The range of » is about ~0.42-0.48.
This power-law relation has been widely observed for n-MOSFETs with SiO, gate

dielectrics stressed at peak substrate current condition. The » value is also similar to those

reported for Si0; [2.29] [2.31].
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Figure 2.23  Typical trend of the relative change in linear (I5;)
and saturation (/py ) drain current and V7 shift as a function of
accumulated stress time. The percentage change in drain currents
can be well fitted by a power law dependence on the stress time.
The Vr shift is small, and does not show a clearly preferred
functional form of time dependence.

After a significant amount of stress, the increase in threshold voltage was relatively
small. The time dependence may be better fitted by a linear rather than a power-law form,
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although there is not a clearly best fit. It is worth mentioning that during the initial part of
the stress, the V7 shift apparently increased faster than a power-law form.

It is interesting to compare the above results with the degradation of SiO; n-
MOSFETs. It is known that under the peak Isyp stress condition, the major degradation
mechanism for SiO, n-MOSFETs is interface trap generation, and the #=0.5 power-law
applies to the degradation of drain currents, transconductance, etc. [2.31]. In the case of
HfO, with a nitrided interface, the above power-law degradation of drain currents also
suggests that interface trap generation is the dominant damage mechanism. However, the
fact that the V7 shift is faster than a power-law behavior during the initial stage of the
stress suggests that other types of damage mechanisms may exist. The positive change in
Vr is possibly due to electron trapping. After a considerable amount of stress, the
interface trap generation process can also affect the Vr shift. When the devices reached
their lifetime, i.e., at 5% degradation of saturation drain current, the V7 increase was still
fairly small (~50 mV), which has very little effect on the saturation drain current. So the
main reason for the degradation of drive current was reduced channel carrier mobility

caused by interface trap generation, which enhances the scattering of the channel carriers.

2.5.2 Lifetime projection and comparison with SiO;

In order to evaluate the reliability of the HfO, gate dielectric, n-MOSFETs with a
Si0; gate dielectric were used as control devices. The SiO; n-MOSFETs have a physical
gate oxide thickness of 16 A and gate length of 0.18 um. These SiO, devices were
fabricated in a different CMOS process where the source/drain extension region design
was optimized for performance, and may negatively impact hot carrier reliability. So a

direct comparison with the HfO, devices based on stress voltages is difficult. However,
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as can be seen in the following section, a lifetime comparison based on substrate current
can still be a valid way of evaluating the transistors from different fabrication processes.

The same stress-measurement cycles were performed on the control devices, and
the lifetime followed the same definition as used for the HfO, devices. The peak substrate
currents used in the stress are shown in Figure 2.24.

Based on the measured lifetime, the long-term hot carrier reliability of these
devices can be projected. Figure 2.25 shows the linear extrapolation of the drain voltages
for ten-year lifetime based on 1/Vp. It can be seen that the HfO, devices has a
significantly higher ten-year operating voltage than the control devices. As there is a
fundamental tradeoff between hot carrier reliability and device performance, the different

source/drain design of the HfO, and SiO; devices make this comparison difficult to

interpret.
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Figure 2.24 The peak substrate currents as a function
of the inverse of the drain voltage for n-MOSFETs with
SiO; gate dielectric.
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Figure 2.25 Hot carrier stress lifetime extrapolation of
n-FETs with HfO, and SiO; gate dielectrics based on drain
voltage. The different source/drain designs result in
significantly different drain voltages for ten-year lifetime
operation.

A meaningful comparison can be made based on the peak substrate current used
for the stress, which is a quantitative indicator of the physical driving force that is
responsible for hot carrier damage. The lifetime data are therefore plotted against the
peak substrate current in Figure 2.26. To further examine the validity of this comparison,
data from other published reports using SiO, gate dielectric with similar gate length but
different source/drain designs are also shown in the figure [2.32][2.33]. It can be seen
that these SiO; data from the literature and the data measured on the control devices are
in a similar range when plotted against the peak substrate current, and the effects of the
different source/drain designs among those devices can be largely reduced using this
method. It should be noted that the data from the literature are based on different gate
oxide thicknesses and processes, and the lifetime definitions are slightly different, so a

universal trend line is not expected. Still, the lifetime of the HfO, n-FETs is apparently
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current, the hot carrier stress lifetime of HfO, devices are
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better than that of the SiO, devices. This suggests that the HfO, gate dielectric with
nitrided interface allow sufficient design space to optimize the reliability-performance
tradeoff.

The longer hot-carrier lifetime of the devices with the HfO, gate dielectric is not
too surprising. As discussed in earlier sections, there is a thin interfacial layer formed by
NHj3 nitridation underneath the HfO, gate dielectric. Given the relatively thin physical
thickness of the two dielectric layers, the effect of bulk charge trapping should be
relatively small, and the nitrided surface is the key factor affecting the hot carrier
reliability. A report on the hot carrier reliability of SOI MOSFETs with JVD nitride gate
dielectrics also showed better hot carrier lifetime than SiO; control devices [2.34]. As the

nitrogen concentration in the JVD nitride is much lower than in a stoichiometric nitride,

the interface composition may be similar to that obtained by NHj nitridation, as used in
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this experiment. Therefore the improved hot carrier reliability observed here is essentially
the effect of the nitrided gate dielectric interface. In a study of the interface properties of
NH; nitrided-SiO»/Si interface [2.35], it was found that nitridation of the SiO./Si in
general causes the degradation of the interface properties, such as increased surface
roughness, higher interface trap density and larger hole capture cross-section. On the
other hand, the hot carrier induced interface trap generation is much lower for.nitrided
SiO; due to the structural modification of the interface introduced by nitrogen. The hot
carrier hardness of the interface was shown to depend strongly on nitridation condition,
and lower temperature and longer nitridation time is preferred for MOSFET gate
dielectric purpose. These findings suggest a possible way to further optimize the HfO,
gate dielectric with a nitrided interface. Other benefits and effects of such a nitrided
interface will be discussed in Chapter 3.

While this experiment did not reveal the hot carrier reliability of a “true” HfO,/Si
interface (which is very likely a thin layer of hafnium silicate after high temperature
processes [2.23]), it showed that with NH; nitridation pretreatment of the substrate
surface, the hot carrier hardness of the gate dielectric can be sufficient for the use in

short-channel devices.
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Appendix 2.1

Sub-100 nm gate length n-well CMOS process flow

Original process flow designed by Wen-Chin Lee.
Modified for studying novel gate stack materials.
CMOS mask set originally designed by Ya-Chin King, with modifications to gate, contact and

metal masks.
STEP | PROCESS PROCESS CONDITIONS EQUIPMENT | COMMENT
1.0 Wafers 4" (100 mm) bulk p-type Si
2.0 Nitride/oxide
2.1 | Pre-clean Piranha clean + 25:1 HF 20sec Sink6
2.2 | Initial oxidation | SGATEOX, 1000°C, 21min. O,, 15min. N, | Tylan5/6 To=200A
2.3 | Nitride SNITC, 800°C, 35min. Tylan9 Tsn=1600A
2.4 | Label and Rinse | Label on backside, DI water rinse Sinké6
3.0 Well Formation
3.1 | Prebake Bake and HMDS coat Primeoven
3.2 | PR coating Standard I-line, program#1/1 on coater/oven | Svgcoatl/2 Tpr=1. lpm
3.3 | Exposure Use posted exposure time and focus Gcaws Mask NMS
3.4 | PEB 120°C, 60sec., program#1 for oven Svgdev
3.5 | Development Program#1 for developer station Svgdev
3.6 | Descum O, ashing for lmin., 50W Technics-c
3.7 | Hard bake 120°C, 30 min VWR oven
3.8 | Nitride etching | Program NITSTD1 with 90% auto endpoint | Laml
3.9 [ n-well implant [ 3'P* 150KeV 5.0x10" cm™ Vendor Rp=0.2um
3.10 | PR ashing O, ashing for Smin., 240W Technics-c
3.11 | Cleaning Piranha clean Sink8
3.12 | Cleaning Piranha clean + 10:1 HF 1.5min Sink6 Check dewet
3.13 | Well Drive-in WELLDR, 1100°C 2.5hrs O,, 30 min.. N, Tylan2 Xj=1.5um,
Tox=2000A
3.14 | Oxide wet 10:1 HF 1 min Sink6 Remove oxide
etching on nitride
3.15 | Nitride wet H;3P0, acid, 150°C, 3hrs (fresh solution) Sink7 Check oxide
etching thickness
3.16 | Oxide wet 5:1 BHF Sink8 Check dewet
etching
4.0 Nitride/oxide
4.1 | Clean Piranha clean + 25:1 HF 20sec Sink6
4.2 | Pad oxidation SGATEOX, 1000°C, 21min. O,, 15min. N, | Tylan5 To=200A
4.3 | Nitride SNITC, 800°C, 35min Tylan9 Tsin=1600 A
5.0 Active region
definition
5.1 | Active Area Cover active area Svgcoatl/2, Tpg=1. lpm
Lithography Gcaws, Svgdev Mask ND
5.2 | Nitride etching Program NITSTD] with 90% auto endpoint | Laml
5.3 | Hard bake 120°C, more than 2 hrs VWR oven
6.0 Field Implant
(p-type)
6.1 | Field Use field mask to cover n-well Svgcoatl/2, Ter=1.1pm
lithography Gcaws, Svgdev Mask NG
6.2 | Field Implant ''B* 80KeV 2.0x10" cm” Vendor
6.3 | PR ashing _ O; ashing for Smin., 240 W Technics-c
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6.4 | Cleaning Piranha clean Sink8
7.0 LOCOS
7.1 | Cleaning Piranha clean + 25:1 HF Smin Sink6
7.2 | Field oxidation | WETOXO024, 1000°C, 2hrs, 20min. N, Tylanl/2 Tox=5800 A
7.3 | Oxide wet 10:1 HF 30 sec Sinké6 Remove oxide
etching on nitride
7.4 | Nitride wet H;PO, acid, 150°C, 3 hrs (fresh solution) Sink7 Check oxide
etching thickness
8.0 V7 Implant .
8.1 | Cleaning Piranha clean + 10:1 HF 1.5min Sink6 Check dewet
8.2 | Sacrificial WETOXO02A, 900°C, 17min Tylanl Tox=550 A
oxidation
8.3 | Oxide wet Piranha clean + 10:1 HF Sink6 Check dewet
etching
8.4 | Screen oxidation | SGATEOX, 900°C, 35min. O,, 15min. N, Tylan5 Tox=100A
8.5 | Field Use field mask to cover n-well Svgcoatl/2, Tpr=1.1um
lithography Gceaws, Svgdev Mask NG
8.6 | nFET Vg *BF," 50KeV 1.2x10" cm™Rp=0.04 pm Vendor Depending on
implant Tox and gate Dy
8.7 | PR ashing O, ashing for 5min, 240W Technics-¢
8.8 | Cleaning Piranha clean Sink8
8.9 | Well Use mask to open well area, cover n-FETs Svgcoatl/2, Tpr=1.1um
lithography Gceaws, Svgdev Mask NMS
8.10 | pFET Vy *IP*30KeV 2.0x10" cm? Rp=0.04 pm Vendor Depending on
implant Tox and gate @y |
8.11 | PRashing O, ashing for 5Smin, 240W Technics-c
8.12 | Cleaning Piranha clean Sink8
9.0 Gate dielectric
9.1 | Cleaning Piranha clean + 10:1 HF imin. Sink6 Check dewet
9.2 | Oxide wet 10:1 HF 1 min Sink6 Remove sac ox,
etching check dewet
9.3a | Oxide growth Recipe THIN_ANN, perform test run Tylans/6 TCA clean
(Si0, control) immediately before real run within 12 hours
9.3b | Oxide growth THIN_ANN, 860°C O; 30 min, protection of | Tylan6é TCA clean,
(high-k) Si during transportation _Tou<100A
9.4b | High-k dielectric | Varied. Wafers with high-k must be vacuum
deposition sealed during transportation back
9.5b | Undoped poly- | Recipe 11SUDPLYA Tylanl1 Tpoy=1500~
Si deposition 1700 A
10.0 Gate lithography | I-line lithography and PR ashing
10.1 | Prebake Bake and HMDS coat Primeoven
10.2 | PR coating Standard I-line, program#1/1 on coater/oven | svgcoatl/2 Tpr=1.1um
10.3 | Exposure To get best resolution and PR profile, do F/E | Gcaws Mask NP
test immediately before real exposure
104 | PEB 120°C, 60sec, program#1 for oven Svedev
10.5 | Development Program#1 for developer (NO hard bake) Svegdev
10.6 | PR ashing LamS5 offers better uniformity Technics-c/Lam5 | Reduce ~0.4 um
— ~0.]1 um
10.7 | SEM inspect Measure critical line width Leo
10.8 | Hard bake 120°C, 10min VWR oven
11.0 Gate etching
11.1 | Dry etching Recipe 5963, with CF, for BT, Cl,, HBr for | Lam5
ME, HBr for OE
11.2 | HF clean 100:1 HF 30 s to remove polymer Sink7
11.3 | PR stripping Fresh PRS3000 at 90 °C for 20min, SinkS5, spindryer3 | Inspect PR
program#2 (short rinse) on spindryer3 residue
11.4 | Cleaning Pirahna clean Sink8
12.0 Disposable
nitride spacer
12.1 | Cleaning Pirahna clean Sink6
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12.2 | HTO deposition | 9HOXN20D, 800°C, 30min., SiH,Cl, : Tylan9 To=75 A
N,0=10sccm/50sccm; test run first
12.3 | Nitride SNITC, 800°C, 24min Tylan9 Tsn=1000 A
deposition
12.4 | Nitride dry Standard recipe#5100 on Lam$ Lam5/Laml Check remained
etching or NITSTD1 on Lam1 field oxide
thickness
13.0 N" implant N gate and S/D, n-well contact
13.1 | N'*-region Svgcoat1/2, Mask NI
lithography Gcaws, Svgdev
13.2 | N” implant 31p* 12KeV, 3x10Pcm™ Vendor
13.3 | PR stripping O, plasma 250 W 5 min Technics-c Inspect PR
residue
13.4 | Cleaning Pirahna clean Sink8
14.0 P’ implant P* gate and S/D, p-sub contact
14.1 | P-region Svgcoatl/2, Mask NB
lithography Gceaws, Svgdev
14.2 | P+ implant 'B*, 5KeV, 3x10"cm™ Vendor
14.3 | PR stripping O, plasma 250 W 5 min Technics-c Inspect PR
residue
14.4 | Cleaning Pirahna clean Sink8 + sink6
15.0 1* RTA
15.1 | Oxide wet 100:1 HF, 20sec. Sink7 Remove oxide
etching on nitride
15.2 | Nitride wet H;PO, acid, 150°C, 3 hrs Sink7 H3PO, acid
etching Include HTO/nitride test wafers. Make sure attacks poly-Si
HTO layer is not etched through. gate
15.3 | Cleaning Pirahna clean Sink8 + Sink6
15.4 | Gate and S/D 900°C, 10sec + 1050°C, Ssec, N,, 300sccm Heatpulse3 Check ps on test
annealing wafers
15.5 | Oxide wet 25:1 HF, 7sec to remove liner SiO, Sink6 Reduce implant
etching offset
16.0 LDD ion Optimize for
implant HCE
16.1 | N-region Svgcoatl/2, Mask NI
lithography Gcaws, Svgdev
16.2 | N-LDD implant | PAs", 7KeV, 4x10"%cm™ Vendor
16.3 | PR stripping O, plasma 250 W S min Technics-c Inspect PR
residue
16.4 | Cleaning Pirahna clean Sink8
16.5 | P-region Svgcoatl/2, Mask NB
lithography Gceaws, Svgdev
16.6 | P-LDD implant | “BF,’, 5KeV, 4x10%cm™~ Vendor
16.7 | PR stripping O, plasma 250 W 5 min Technics-c Inspect PR
residue
16.8 | Cleaning Pirahna clean Sink8
17.0 Passivation
17.1 | Cleaning Pirahna clean Sink6
17.2 | LTO deposition | VDOLTOC, 450°C, 40min Tylan12 To,=4000 A
17.3 | Densification + 900°C, 10sec., N,, 300sccm Heatpulse3 Check ps on test
2" RTA wafers
18.0 Contact
definition
18.1 | Contact Svgcoatl/2, Mask NC
lithography Geaws, Svgdev
18.2 | LTO dry etch Recipe# 5003 BT only, leave ~500 A to be Lam5 Check Tox in
removed by wet etch contact hole
region
18.3 | PR stripping O, plasma 250 W 5§ min Technics-c
18.4 | LTO wet etch 5:1 BHF ~ 10 s, Piranha clean Sink8
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19.0

Metal deposition

19.1 | Cleaning Pirahna + 25:1 HF 2min Sink6
19.2 | Metal stack Ti: 1.1 kW, Ar 20 mTorr, 80cm/min, 1 pass | CPA Ti: 200A
deposition TiN: 2.0 kW, Ar:N,=10:10 mTorr, TiN: 200A
36cm/min, 1 pass Al-2%Si: 3000A
Al: 4.5 kW, 6mTorr, 36cm/min, 2 passes
20.0 Metal patterning
20.1 | Metal Hard bake and HMDS coat Svgcoatl/2, Mask NM
lithography Gceaws, Svgdev
20.2 | Hard bake 120°C, 20min. VWR oven
20.3 | Al wet etching Fresh Al etchant 50°C ~20-30 s Sink8
20.4 | TiN/Tietching | Recipe# 5963 main etch step only, 30 s Lam5
21.5 | PR Stripping O, plasma 240 W, 5 min Technics-c
210 Sintering
21.1 | Cleaning DI water rinse Sink8 No pirahna or
HF
21.2 | Alsintering Forming gas anneal 400°C, 30 min Tylanl3 Improve sheet
resistance
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Chapter 3

SiGe gate for HfO, gate dielectric

3.1 Introduction

The previous chapter demonstrated that very thin EOT can be achieved using
high-k gate dielectrics, but the CET in the inversion region can still be considerably
thicker than the EOT due to the poly-Si gate depletion and the quantum effects. While in
the special case of the HfO, CMOS in chapter 2, the gate dopant activation could be
significantly improved, this problem generally exists for all high-k gate dielectrics with a
poly-Si gate. The reduction of the poly-Si gate depletion effect requires higher dopant
activation anneal temperature and thermal budget, which enhance the reaction of the
high-k gate dielectrics with the substrate or the gate, degrading many aspects of the gate
stack properties. Possible approaches to solve this conflict are either to use a high-k gate
dielectric with very stable properties during annealing at above 1000 °C, or to use a
different gate electrode material which has less depletion effect than poly-Si. There is a
known candidate material for the second approach, poly-SixGe;.x (denoted as poly-SiGe
for simplicity unless a specific Ge percentage is emphasized). Poly-SiGe has been
proposed as an alternative gate material to the poly-Si gate for CMOS technology, with

the benefit of better dopant activation and reduced boron penetration [3.1]. With a thin
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SiO, gate dielectric, the poly-SiGe gate technology was optimized to obtain the best
tradeoff between the gate depletion effect and short channel effects [3.2). Although the
benefits of poly-SiGe gate have been demonstrated with an SiO, gate dielectric, little is
known about the behavior of the poly-SiGe gate in contact with high-k gate dielectrics.
This chapter investigates the device and integration issues of poly-SiGe gate for high-k

gate dielectrics.

3.1.1 Gate depletion effect

Poly-Si is a preferred gate material for CMOS technology due to its high
temperature stability and good interface with SiO,. It is important to obtain degenerate
doping in the poly-Si gate to reduce the gate depletion effect. Different techniques can be
used, such as in situ doping, ion implantation and solid source diffusion. For a single
gate, in situ doping results in higher active dopant concentration [3.3], while in the case
of a dual gate (n* and p*), which is required by advanced CMOS technology, ion
implantation must be used. High temperature for the dopant activation anneal is critical
for obtaining high active dopant concentrations near the poly-Si gate/gate oxide interface,
so the pre-doping technique [3.4], which decouples the S/D drain anneal from the gate
activation anneal, can be used to achieve better device performance. But this advantage
does not apply to high-k gate dielectrics, for which a more stringent thermal budget limit
is imposed by stability concerns.

As mentioned in Chapter 1, the poly-Si gate depletion effect becomes pronounced
when an ultra-thin gate dielectric is used, in which case the quantum confinement in the
channel has a comparable effect on the CET. Therefore, a strict treatment of the poly-Si

gate depletion effect requires self-consistently solving the Poisson equation across the
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entire gate stack and the Schrédinger equation in the substrate [3.5]. Computation
intensive numerical methods are necessary for this approach. Despite this, a simple model

can be derived to provide useful insights into the poly-Si gate depletion effect. Consider

Gate Gate Substrate
dielectric

Figure 3.1  Voltage distribution of an n* poly-Si
gated n-MOSFET biased in inversion region. The
depletion region widths in the substrate and the
gate are Xsp and Xgp, respectively.

an n" poly-Si gated n-MOSFET biased in the inversion region (Figure 3.1), the flat-band
voltage (Vrs), the voltage drop in the substrate (¢s), the gate (¢g), and across the gate
oxide (Vox) add up to the gate voltage V.

Ve =Veg +Voy + @5 + 9, 3.1)
Firstly, in the case of low gate bias (depletion or weak inversion region), the very small
amount of inversion charge in the channel can be neglected in the following equations.
The boundary conditions at the two interfaces of the gate oxide relate ¥y to the electric

field at the surface of (but within) the substrate (Es) and gate (Eg).

Vv
Eox X =gy Eg=¢5-Eg (3.2)
ox

63



Using the depletion approximation and assuming uniform doping concentrations in the

gate (Ng) and the substrate (Nsys), the electric field E; can be solved from Gauss’ Law.

In the substrate,
ﬂ - qN SUB (3 3)
dx & )
therefore,
» gNgyp X SD2
@, = E -dx="-SU_SD (3.9
’ ’[X 2¢,e5
And similarly,
gN. X’
=1 G GD 3.5
D 2ee, (3.5)
From (3.2)-(3.5),

Vox = Y@ = ¥s/®s (3.6)

where ¥ s = /26,€59N;,sus / Cox -

Equation (3.6) indicates that pg/ps=(%/ 76)2=NSUB/N§, which is typically ~102. Therefore
the gate depletion can be neglected unless strong inversion occurs. Beyond strong
inversion, the inversion charge increases rapidly with the gate voltage, and ggsaturates at
2¢5=2(kpT/q)In(Nsys/n;). Therefore, (3.1) should be replaced by

Ve =Ves +Vox +205 +¢g (3.7)
Since Vy =V +2¢, + ys,/z% , (3.7) becomes

¢G+V0X—(Va+ys,/2¢a -V.)=0 (3.8)

The gate depletion region width Xgp can be solved from (3.5), (3.6) and (3.8).

64



EgE 2C;
Xop= Cs' °[\/1+——°X (VG—V,+75,/2¢8)—1J
ox

E5E0qN

(for Vo> V7 3.9
To account for the quantum effects, Cox can be approximated by

Eofox

(3.10)
Tox + Xpcox ! €s)

Cox= (

And the inversion charge centroid location Xp¢ can be either approximated as a constant
or estimated using an analytical model [3.6]. Using typical device parameters in (3.9),
Ng=1x10 cm™, Nsyp=1x10"8 cm, Cox=15x10"7 fF/um?, we can get ¥7=0.26 V, and for
V6=1.26 V, Xpg=12 A, which is electrically equivalent to 4 A SiO,. Figure 3.2 shows the
EOT contribution from the gate depletion effect for different active gate doping

concentrations and gate capacitance. Obviously a lower gate doping level results in a

-
o

-]

N_=6x10"/cm’

N=1x10"cm’ 4

i N_=3x1 0®/em®
2 /—"-

%% 15 20 25 30
Gate capacitance C,, (fFfum’)

EOT Contribution from X, (A)

Figure 3.2  Contribution in EOT from the gate
depletion effects as a function of the active gate
doping and the gate capacitance. The same
substrate doping of 1x10'®/cm® is assumed. Gate
voltage is always setto Vr+1.0 V.
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larger gate depletion region, i.e., a larger contribution to the EOT. When a thinner gate
dielectric is used, 3 becomes smaller, and (3.6) indicates that more voltage drop occurs
in the gate depletion region. Therefore the gate depletion effect is more serious for
thinner gate dielectrics. For an EOT below 10 A, improving the active gate doping can
have significant benefits in device characteristics. Using a metal gate electrode in
principle can eliminate the gate depletion effect, but at this point, it is very difficult to
implement in a manufacturable CMOS process. In this sense, the poly-SiGe gate CMOS
technology is a good tradeoff between performance and integration complexity, therefore,

it is a worthy candidate to be investigated for use on high-k gate dielectrics.

3.2 CMOS process of SiGe gate with HfO, gate dielectric

The Ge content in the poly-SiGe gate is an important design parameter in CMOS
process integration. The dopant activation for boron doped p* gate is monotonically
improved with higher Ge content, while the best dopant activation for a phosphorus
doped n* gate occurs around 20% Ge [3.2]. In addition, Si and Ge have similar electron
affinity, but significantly different bandgap (1.12 eV for Si and 0.66 eV for Ge). The
bandgap of poly-SiGe varies with Ge content, therefore high Ge content results in a
significant smaller bandgap than pure Si, and consequently a shifted valence band
compared to the Si substrate. So the p* gate will have a lower work-function, and the
threshold voltage of the p-MOSFETs will be relatively high. This can affect the choice of
the channel doping, the short-channel performance, etc. In view of the above factors, a
relatively low Ge content may be more appropriate for the experiment with high-£ gate

dielectrics. In this work, a poly-Sig 7sGeo2s gate was used to fabricate CMOS transistors.
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The CMOS process with a poly-SiGe gate is similar that used for a poly-Si gate
and a HfO, gate dielectric, which was discussed in detail in Chapter 2. Control devices
with a poly-Si gate were fabricated in the same process. In addition, the effects of the
bottom nitride (BN) were also studied in this experiment. It was reported that the
presence of a nitride layer at the bottom interface of the HfO, film, formed by NH;
nitridation, can suppress the reaction between the HfO, and the Si substrate, therefore
resulting in a thinner EOT after a high temperature anneal [3.7). In the work by R. Choi
et al [3.7], the gate electrode was TaN deposited by DC sputtering, and it would be

interesting to see if such an effect exists when a poly-Si/SiGe gate is used. Figure 3.3

Poly-SiGe _

(a) ®)

' P°l)’"si?f:;" Poly-SiGe
7 la— HIO: e
Si Si
© (d)

Figure3.3  The gate stack structures used to study
the effects of the poly-SiGe gate and bottom nitride
(BN). The physical thickness of the HfO, layer is the
same for (a) — (d), and the BN has the same physical
thickness in (a) and (b).

shows the four different gate stack structures used in this study. After identical processes
for all the wafers up to the Vr-adjust implants, structures (a) and (b) received the same

rapid thermal nitridation in NHj to form the bottom nitride layer. The HfO, layers are of
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the same thickness in all four splits, and were deposited by reactive sputtering in
modulated oxygen. Following the gate dielectric formation, ~2000A undoped Si or
Sig.7sGeo.2s was deposited on the wafers by LPCVD. Prior to the poly-Sio7sGeg2s film
deposition, a thin layer of Si (target thickness of ~50A) was deposited using SiHj (550°C
1 min) to improve the nucleation of the poly-SiGe film. The poly-Sip.75Gep2s film was
deposited at 550°C using SiH4 and GeHy. The Si gate was deposited using SiH; at 550°C.
As deposited at this temperature, the Sio75Geqs film is polycrystalline, but the Si film is
amorphous, and was crystallized by the subsequent high-temperature annealing. Keeping
the same gate deposition temperature is important for making a fair comparison between
the Si and the Sig75Geg2s gate, as the reaction between the HfO, and the Si substrate is
sensitive to temperature. Due to the much faster deposition rate of Sig75Gegszs, the
deposition time of poly-Sig75Geo2s was 20 min, in contrast to 75 min for Si. In order to
evaluate the feasibility of these HfO, gate stacks in advanced CMOS processes as well as
to reduce the gate depletion, the dopant activation anneal was done by RTA at 1000°C for

10 s for all wafers.

3.3 Device characterization

The effects of the poly-SiGe gate and the bottom nitride can be highlighted in
side-by-side comparisons with the control devices. Figure 3.4 shows the C-V
characteristics of the n-FETs with bottom nitride and poly-Si or poly-SiGe gate. In the
accumulation/depletion region, the two curves essentially coincide. As in this region the
gate capacitance is determined only by the gate dielectric and the channel doping, this

suggests that the two devices have the same EOT and channel doping. Apparently the
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low Ge content in the gate didn’t cause measurable degradation of the gate stack
compared to the poly-Si gated control devices. Under positive gate bias, the poly-SiGe
gated devices showed higher inversion capacitance, or thinner CET than the poly-Si

gated control. From equation (1.3), and the same EOT and channel doping for the two
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Figure34  N-FETs’ C-V characteristics with poly-Si
or poly-SiGe gate and the bottom nitride (BN). The
identical accumulation capacitances of both devices
suggest that they have the same EOT, and the higher
inversion capacitance of SiGe gated devices indicates
improved gate dopant activation. EOT values were
estimated for quantum C-V simulation [3.8].

devices, the thinner CET can be attributed to thinner gate depletion region, i.e., improved
gate dopant activation. This confirms that the poly-SiGe gate is thermally stable with
HfO, during 1000°C anneal, and that the advantages in dopant activation can be retained.
When the bottom nitride is not present in the gate stack, the two gate electrodes
resulted in very different device characteristics. As shown in Figure 3.5, in the
accumulation region, the n-FETs with a poly-SiGe gate showed significantly higher gate
capacitance, i.e, thinner EOT. The slightly lower gate capacitance in the depletion region
(for ¥V between —1 V and 0 V) of the poly-Si gated device is also due to its thicker EOT.
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On the inversion side, the higher gate capacitance of the poly-SiGe gated devices is a
combined result of the thinner EOT and the reduced gate depletion. It is worth
mentioning that there are obvious V7 shifts between the two gate materials regardless of

the bottom nitride. In all cases the threshold voltage is slightly shifted by the interface
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Figure3.5 N-FETs’ C-V characteristics with poly-Si
or poly-SiGe and without the bottom nitride (BN).
Higher accumulation capacitance the of SiGe gated
devices indicates a thinner EOT, and the higher inversion
capacitance of SiGe gated devices is due to improved
gate dopant activation and thinner EOT.

states that are related to the high-k gate dielectric, and for comparable interface states
densities, the shift is larger for devices with thicker EOT. It is also possible that the two
gate materials behaved differently in terms of dopant penetration.

Apparently, the bottom nitride had different effects on the devices when different
gate materials are used. To examine its effects with the presence of poly-Si gate, the C-V
curves of the Si gated n-FETs with or without bottom nitride are compared in Figure 3.6.
It can be seen that the devices with the bottom nitride shows thinner EOT, in agreement

with the previous report based on the TaN gate electrode [3.7]. Also visible in the figure
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Figure3.6  N-FETs’ C-V characteristics with poly-
Si gate and with or without the bottom nitride (BN).
The device with the BN shows higher accumulation
capacitance, i.e., thinner EOT.
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Figure 3.7  N-FETs’ C-V characteristics with poly-
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is slightly more distortion of the bottom nitride curve, which is likely due to the fact that
the bottom nitride interface typically has a higher interface trap density [3.9].

When a poly-SiGe gate is used, however, the effects of the bottom nitride seem to
be reversed. As can be seen in Figure 3.7, the devices with the bottom nitride have

thicker EOT than the ones without. And as in the case of the poly-Si gate, the devices
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with the bottom nitride show visible distortion in the C-¥ curve (VG between —1 V to 0
V), which consistently shows that the bottom nitride may degrade the interface quality.
To elucidate these seemingly contradicting effects of the bottom nitride, high-
resolution cross-sectional TEM analysis was performed on the different gate stack
structures, and side-by-side comparisons were made between different gate materials.
Figure 3.8 shows the two gate stacks with the bottom nitride layer after a full CMOS
process, with a 950 °C 25 s RTA for dopant activation. A high-contrast interfacial layer
between the HfO, and the Si substrate can be seen with both gate materials, while it
appears to be slightly thinner for the poly-SiGe gate. The fairly low dielectric constant of
the interfacial layer (estimated in Chapter 2) suggests that it is likely rich in oxygen,
which promotes the formation of SiOx. The poly-SiGe gate may reduce the amount of
oxygen available at the substrate interface, resulting in a thinner interfacial layer. This

interfacial layer reduces the overall EOT of the gate dielectric. The two devices shown in

Poly-Sigate  Poly-SiGe gate |

Figure 3.8  Cross-sectional TEM images of the gate
stacks with poly-Si or poly-SiGe gate and with the
bottom nitride. After a full CMOS process, including a
950°C 25 s dopant activation anneal, two gate stacks
showed similar structures, with slightly thinner
interfacial layer (IL) for the poly-SiGe gate stack.
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Figure 3.8 have very similar EOT, so the larger difference in EOT seen in Figure 3.4
suggests that anneal at a higher temperature (1000°C 10 s) may lead to a larger difference
in the interfacial layer thickness between the poly-Si and poly-SiGe gated devices.

The gate stacks without the bottom nitride are compared in Figure 3.9. The
interfacial layer is still seen in the case of poly-Si gate, but it is essentially missing in the
poly-SiGe gated device. The thinner EOT of the poly-SiGe gated devices can be
explained by the absence of this interfacial layer, which has a lower dielectric constant

therefore increases the overall EQT.

Poly-Si ~  Poly-SiGe

Figure 3.9  Cross-sectional TEM images of the gate
stacks with poly-Si or poly-SiGe gate and without the
bottom nitride. After a full CMOS process, including a
1000°C 10 s dopant activation anneal, a distinctive
interfacial layer (IL) can be seen for the poly-Si gated
stack, while it is missing for the poly-SiGe gate stack.

It is not clear yet why the interfacial layer was not formed when poly-SiGe gate is
used. A possible reason may be that the poly-SiGe gate somehow reduces the amount of
oxygen in the gate or in the gate dielectric, which can diffuse to the interface and form
the interfacial layer during the subsequent high-temperature processes. With this

assumption, a self-consistent explanation can be constructed to interpret the above

73



electrical results. Both the bottom nitride and the poly-SiGe gate help reduce the final
EOT by suppression of the interfacial layer forming during high temperature anneals. So
when a poly-Si gate is used, the gate stack with the bottom nitride shows a thinner EOT
after the 1000°C 10 s anneal (Figure 3.6), and similarly when there is no bottom nitride,
the poly-SiGe gated devices showed thinner EOT (Figure 3.5). When the bottom nitride
exists, the interfacial layer formation is already reduced, therefore the gate electrode does
not make significant difference, and comparable EOTs resulted (Figure 3.5). When a
poly-SiGe gate is used, it suppresses the interfacial layer formation, so whether the
bottom nitride exists does not make a significant difference in this respect. However, the
bottom nitride does physically introduce an additional dielectric layer (comparing (b)
with (d) in Figure 3.3), therefore it increases the final EOT even if no additional
interfacial reactions are involved. This explains the results in Figure 3.7. To prove or
disprove the above argument, it is helpful to clarify the elemental compositions of the
interfacial layer in each case. Specifically, the above explanation suggests that the oxygen
concentration in the interfacial layer is higher when the bottom nitride does not exist, and
that with the bottom nitride the interfacial layer composition is similar for poly-Si and
poly-SiGe gated devices. In addition, the film composition should be relatively uniform
across the whole gate dielectric layer when poly-SiGe gate is used without the bottom
nitride. Accurate measurement of the thickness of the interfacial layer will also bring
useful information, but it is difficult to define a clear boundary between the thin films.
The mechanisms of the suppressed interfacial layer formation also need to be further
investigated. It is proposed that the bottom nitride blocks the diffusion of oxygen, silicon

and hafnium, therefore prevents excessive interfacial layer formation [3.7]. In the case of
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a poly-SiGe gate, it could be either due to some kind of oxygen gettering or diffusion
barrier mechanism, or simply the faster deposition rate than poly-Si. For the same target
gate thickness, the shorter deposition time may help reduce the amount of oxygen
introduced during the LPCVD process, thus suppressing the interfacial layer growth in
the subsequent steps. The effect of deposition time can be clarified by using a disilane
poly-Si (SioHg) gate, which has a comparable deposition rate to poly-SiGe. Better
understanding of the interfacial layer formation process will provide guidance to

balancing the tradeoff between EOT and interface quality, and optimizing the high-£

dielectric stack.
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Figure 3.10 Transistor drive current Ips-Vps comparison
between poly-SiGe gate without the BN and poly-Si gate
with the BN, both of which had suppressed interface
reaction during high temperature anneal. The higher drive
current of the poly-SiGe gated devices is attributed to the
thinner EOT and better interface quality.

The above results indicate that using either a poly-SiGe gate or a bottom nitride
with HfO, can reduce the gate stack EOT after a high temperature anneal. To evaluate the
transistor performance using these two techniques, Ips — Vps characteristics of n-FETs

with these two types of gate stacks are compared in Figure 3.10. For the same gate
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overdrive, the SiGe gated non-bottom-nitride devices showed higher drive current than
the devices with poly-Si gate and bottom nitride. This is due to the thinner inversion CET
and higher electron mobility of the poly-SiGe gated devices. Bottom nitride can result in
degraded interface quality, such as higher interface trap density and C-V hysteresis [3.9],
therefore is a possible factor for degraded carrier mobility. On the other hand, as shown
in Chapter 2, the carrier mobility without the bottom nitride is also significantly lower

than the universal model, and this is still a major concern for alternative gate dielectrics.
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Figure3.11 Gate leakage currents of n-FETs with poly-
Si or SiGe gate, with or without the bottom nitride (BN).
The bottom nitride significantly reduces the gate leakage
current for both gate materials.

The n-FETSs’ gate leakage currents are shown in Figure 3.11. In both the inversion
and the accumulation region, the two gate stacks with the bottom nitride showed more
than an order of magnitude lower gate leakage than the gate stacks without the bottom
nitride. The non-bottom-nitride devices with the poly-SiGe gate showed slightly higher
leakage than the ones with a poly-Si gate mainly due to their thinner EOT. The strong
correlation between the bottom nitride and lower gate leakage currents is also seen in the

case of p-FETs (Figure 3.12). Both theoretical and experimental studies indicated that for
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HfO, the tunneling barrier for holes is much larger than that for electrons [3.10][3.11],
therefore, the p-FETs’ gate leakage currents are lower than those of the n-FETs. For a

given gate leakage current requirement, the EOT scaling of HfO, will therefore be limited

by n-FETs.
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Figure 3.12 Gate leakage currents of p-FETs with
poly-Si or SiGe gate, with or without the bottom nitride
(BN). Significant reduction of the gate leakage current
due to the bottom nitride is also observed.

Figure 3.13 plots the gate leakage current of n-FETs with HfO, gate dielectric at 1
V gate voltage for different EOT values. The HfO, data from the literature and this work
form a trend line, which projects roughly two orders of 100x lower leakage than SiO,
down to 5 A EOT. A data point for a nitride/oxide stack is also shown for reference. In
view of the low power application requirements in the International Technology
Roadmap for Semiconductors, The HfO, gate dielectric may be feasible for a few
technology generations.

The impact of the bottom nitride on gate dielectric breakdown voltage is shown in
Figure 3.14. N-FETs of the same area were used for the test, in which the gate voltage
was quickly ramped up from O V until hard breakdown occurred. The dielectric
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breakdown mechanism of HfO, is not clear yet, and it remains to be seen if the dielectric
breakdown of such ultra-thin films is driven by the electric field or gate voltage, an open
question that similarly exists in the case of the very well studied ultra-thin SiO, gate

dielectric [3.13]. The fact that the gate dielectrics are bi-layer stacks (with the exception
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Figure 3.13  Gate leakage currents of HfO, n-FETs at a
fixed gate voltage for different EOT. The data (without
bottom nitride) from the literature and this work form a
consistent trend line. And the bottom nitride technique
results in improvement over the trend line. Simulated
SiO; trend line is also shown for reference [3.12].
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Figure 3.14  Gate current vs. gate voltage for the four

gate stacks in a ramp breakdown test. The bottom nitride

(BN) results in higher breakdown voltages for both gate
materials.
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of the poly-SiGe gated non-bottom-nitride devices) further complicates the breakdown
issue. Without getting into the details of the breakdown mechanism, a comparison can
still be made using the practical criterion of EOT. As the two devices with the bottom
nitride have similar gate dielectric stacks and EOTs, it is relatively easy to interpret the
results. The similar breakdown voltages suggest that the poly-SiGe gate does not cause
significant change of gate dielectric reliability compared to the poly-Si gate. The poly-Si
gated non-bottom-nitride device has a thicker EOT, therefore, it is clear that for poly-Si
gated devices, the bottom nitride is advantageous in terms of both the breakdown
voltages and the EOT. The bottom nitride resulted in higher breakdown voltage and
thicker EOT for the poly-SiGe gated devices, therefore it is not clear if the bottom nitride
is always beneficial in this case.

These encouraging results from the poly-SiGe gate may provide a near-term
solution to the gate stack scaling issues, but are still insufficient to meet the long-term
goals set by the ITRS. When the gate dielectric EOT is scaled below 10 A, minimal gate
depletion can be tolerated to achieve lower than 25% contribution to the EOT from the
gate. Eventually, metallic gate materials will be needed if the CMOS scaling is to follow

the ITRS.
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Chapter 4

Metal gate technology for CMOS

4.1 Introduction

It is clear that using high-k gate dielectrics alone will not solve the problem of
CMOS gate stack scaling. For each technology generation, the power supply voltage is
reduced, and the physical gate length is much shorter than the metal line half pitch. The
negative impact of the poly-Si gate depletion on short-channel behavior and gate
overdrive consequently becomes an increasingly serious problem. The poly-SiGe gate
may alleviate the problem temporarily, but with continued device scaling, the stringent
requirements of ITRS will necessitate the use of metal gate electrodes in the CMOS
structure.

The metal gate is actually an old idea that predated the poly-Si gate technology. In
fact, the first commercial MOS transistor circuits (by Fairchild and RCA separately in
1964) were fabricated using an aluminum gate electrode, which at that time was a simple
and economical choice [4.1]. The poly-Si gate technology was developed in the 70’s, and
became the standard gate technology because of a number of advantages over the metal
gate. To revive the idea of using metal gate, it is instructive to review why the poly-Si

gate replaced the original metal gate technology.
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Aluminum has a fairly low melting point, so it cannot undergo any high-
temperature (>450 °C) processes. In the original aluminum gate MOSFET process
(Figure 4.1), the aluminum gate was deposited and patterned after the formation of the

source and drain regions. To allow for possible misalignments in this non-self-alignment

4A

Figure4.1 = Cross-sectional view of (upper) a self-aligned poly-Si
gate and (lower) a non-self-aligned metal gate MOSFET structure.
The non-self-aligned process requires larger gate-to-source/drain
overlap to allow for possible misalignment, therefore it results in
larger layout area as well as higher parasitic capacitance. (After [4.2])

process, sufficient overhang of the gate outside the contact hole is necessary. As the
transistor dimensions shrank and the integration scale became larger, this overhang area
caused a few problems. Firstly, it incurs considerable parasitic capacitance, and degrades
the transistor switching speed. Secondly, it wastes a lot of area that can otherwise be
availed to increase transistor layout density. In addition, using an Al gate electrode for p-
MOSFETs results in very high threshold voltages, therefore it is not good for CMOS

technology, where symmetrical low threshold voltages for n- and p-FETs are desirable.
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When poly-Si gate was introduced, all the above problems were solved. The exceptional
thermal stability of poly-Si gate enables the self-aligned source/drain formation, so that
the gate overhang area could be minimized, resulting in improved performance as well as
smaller transistor footprint. Another unique feature of the poly-Si gate is that the gate
work-function can be modified by doping. Depending on the type and dose of the
dopants, the gate work-function can be varied within the full bandgap range. This makes
it possible to obtain appropriate threshold voltages for both n- and p-MOSFETs in a
simple CMOS process. After decades of refinements, the poly-Si gate technology is so
mature that it seems almost impossible for metal gate electrodes to return to the CMOS
technology.

Interestingly, it is the CMOS scaling, the very force that drove metal gate
electrodes into disuse, that is speeding the poly-Si gate technology toward the end of its
usefulness, calling for the return of the metal gate technology. In addition to the mounting
problems of gate depletion and boron penetration, which have been discussed in
preceding chapters, it is also found that poly-Si gate is not very stable with some high-k
gate dielectric candidate materials. Theoretically, HfO; is thermally stable with Si [4.3].
But it was reported that for the same deposition conditions, a single-layer HfO, gate
dielectric (without special substrate pre-treatment) with a Pt gate consistently resulted in
~4 A thinner EOT than those with poly-Si gate, and this is possibly due to the poly-Si
deposition and dopant activation annealing, which introduced a higher thermal budget
[4.4]. So metal gate electrodes may offer the advantage of reducing the increase of the
EOT during those high-temperature processes. Low resistance is another unique property

of metal gate electrodes. A poly-Si gate with aggressively scaled thickness will have high
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gate resistance, which results in high gate electrode RC delay and affects RF
performances of the transistors [4.5]. In addition, when the gate dielectric is physically
thin enough, the remote charge scattering due to poly-Si gate may be an additional
mechanism that can reduce the channel carrier mobility, while this does not happen with
metal gate electrodes [4.6]. All these promising potentials of the metal gate technology

suggest that this old idea be re-examined for the CMOS device in the nanometer regime.

4.2 Effects of metal gate on gate dielectric scaling

A metal gate can completely eliminate the voltage drop within the gate electrode,
therefore it increases the actual gate overdrive for a given applied gate voltage. Although
this leads to higher drain current, it also brings the side effect of higher gate leakage
current. Qualitatively, for a given gate voltage, the voltage drop across the gate dielectric
is higher for metal gate, therefore the gate tunneling current is also higher compared with
the case of poly-Si gate. Consequently, for the same power supply voltage, metal gated
devices may require a thicker gate dielectric to meet a given gate leakage specification,
which essentially imposes an additit;nal constraint on the scalability of the gate dielectric.
In this section, we try to quantitatively estimate this effect to evaluate the net benefit of
using metal gate. |

Consider the gate tunneling current of a p-channel MOSFET biased in the
inversion regime as shown in Figure 4.2. At low gate bias, the direct tunneling gate
leakage is dominated by the valence band hole tunneling (Jyvz), and the conduction band
electron tunneling (Jecs) can be neglected. We will compare the gate leakage currents of

this device when a p’-poly-Si gate or a metal gate is used. The metal gate is assumed to
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have the same work-function as the p*-poly-Si gate, so as to avoid the complication that

the gate work-function difference also affects the comparison of gate leakage currents.

Gate dielectric

Gate electrode _ Jecs
I
E n-substrate
PN

Figure4.2  Energy band diagram of a p-MOSFET
biased in the inversion regime. The dominant component of
the gate tunneling current is the valence band hole
tunneling (Juvp), and the conduction band electron
tunneling (Jgcg) is negligible. (After [4.8])

With this assumption, for both gate materials the gate Fermi level roughly coincides with
the Si valence band (Figure 4.2). A semi-empirical model of direct tunneling gate current
is used for the simulation [4.7]. This model applies to not only SiO,, but also other gate
dielectrics, e.g. silicon nitride, when appropriate model parameters are used [4.8]. In all
the following Jg —V simulations, the poly-Si gate doping was assumed to be 5x10'%/cm’,
and the substrate doping 3x10'"/cm’.

Figure 4.3-(a) shows the simulated J; -V curves for 10 A SiO, with the two
different gate electrodes. As expected, a metal gate resulted in higher (still <10x) gate
leakage current than a poly-Si gate with the same gate work-function. As the poly-Si gate
depletion effect is more serious for gate dielectrics with thinner EOT, the difference in Jg

will become larger for thinner SiO,.
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Figure 4.3  Simulated gate leakage current for (a) 10 A
SiO, and (b) 10 A EOT silicon nitride gate dielectrics with
poly-Si or metal gate electrodes. Increase in gate leakage
due to metal gate is more pronounced for silicon nitride.

When the same comparison is made for a silicon nitride gate dielectric with a 10
A EOT, the difference between the metal gate and the poly-Si gate becomes visibly larger
(Figure 4.3-(b)). A simple physical explanation for this phenomenon can be found in the

tunneling current model [4.7]. When the poly-Si gate depletion is eliminated, the major
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change is the increased voltage drop (Vox) and electrical field (Eoy) in the gate dielectric
region. Although in the leakage current equation there are multiplicative factors that
depend on Vox and Eoy, the major dependence comes from the exponential term, i.e., the

tunneling probability T.

cexpl_2mB | (| Vpa)"”
T —exp{ 3;onq [l (l ¢b) }} 4.1)

Since Vox and Eoy are linearly correlated, the change in Eoy in the denominator of
the exponent is always partly cancelled by the corresponding change of the ¥y term, and
this is the reason why despite the fairly large increase in Egy due to the use of metal gate,
the gate leakage current only increased moderately. In the above equation, the term
(Voxq)/ ¢» determines how sensitive T is to the change of Voy. In the extreme case where
(Voxq) << @ (large barrier height), simple Taylor expansion shows that 7 has virtually
no Vox dependence, and on the other hand if (Voxq) ~ @ (small barrier height), T
becomes more sensitive to the change in Voy. In the above simulations, Vpy is about 1 V.
Note that the hole barrier height ¢ is 4.5 eV for SiO,, but only 1.9 eV for silicon nitride
[4.8][4.7], equation 4.1 explains why the two gate electrodes showed a larger difference
on a silicon nitride gate dielectric.

The impact of a metal gate on gate dielectric scaling is illustrated in Figure 4.4.
Using the same device parameters as in the previous simulations, the gate leakage vs.
EOT trends are simulated for SiO, (Figure 4.4-(a)) and silicon nitride (Figure 4.4-(b)) for
a fixed gate voltage of -1 V. It can be seen that for the same EOT, the metal gate causes a
larger increase in gate leakage for silicon nitride than for SiO,. In addition, the difference
between the two electrodes becomes larger for thinner EOT. These results all agree with
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the previous physical analysis. The upward shift of the metal gate curve may be a
significant limiting factor of the gate dielectric scaling. For example, to ensure Jg <
10°A/cm’ at Vg=-1V, a metal gate roughly requires a 1.3 A (EOT) thicker silicon nitride

gate dielectric than a poly-Si gate (Figure 4.4 (b)). Using the method illustrated in Figure
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Figure4.4  Simulated gate leakage J; vs. EOT trend with
metal or poly-Si gate for (a) SiO, and (b) silicon nitride gate
dielectrics. Due to the smaller hole barrier height, silicon
nitride shows a larger increase in gate leakage due to the metal
gate. For a fixed gate leakage requirement, larger EOT is
needed for metal gate.
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4.4 (b), the EOT required to meet a fixed gate leakage current specification (for example,
Je=100 A/cm® at ¥Vg= -1 V) is extracted for poly-Si gates with different doping, and
compared to a metal gate (Figure 4.5). The EOT for the poly-Si gate gets closer to that of
the metal gate with increased gate doping, which results in a reduced gate depletion
effect. It should be mentioned that different poly-Si gate doping intrinsically results in
different threshold voltage. And the metal gate work-function was chosen to match the
lowest threshold voltage among the poly-Si gate cases (which causes the gate leakage to

increase slightly), so as not to favor the metal gate. Considering the above effect, the
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Figure4.5 The EOT required to satisfy Js = 100

A/em? at V= -1V for different poly-Si gate doping. The

varied gate doping does not apply to metal gate, which is

shown for comparison with the poly-Si gate.
choice of poly-Si or metal gate electrodes involves the tradeoff between drive current and
power-consumption. In the off-state (low gate bias), the poly-Si gate depletion effect is
negligible, so the same gate dielectric EOT will be needed for the poly-Si or the metal
gate to achieve the same off-state leakage current, assuming everything else is the same

for the two gate technologies. In the on-state, however, the metal gated devices will have

higher gate leakage current for the same EOT, along with the higher drive current than
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that of the poly-Si gated devices. If the on-state gate leakage is set as the criterion, a
slightly thicker gate dielectric EOT is needed for the metal gate than for the poly-Si gate.
This might slightly degrade the off-state current compared to the poly-Si gate devices,
and consequently affects the minimum scalable channel length of the transistor. For bulk

MOSFETs, the minimum gate length is given by an empirical rule [4.9]:
Ly = Alt oy (ws +wp)* 1" 4.2)

where £, ws and wp are determined by the doping profiles, and #ox is generalized to be
EOT. The 1/3 power weakens the effect of the thicker EOT resulted from using metal
gate, e.g., only ~5% larger Lygy with ~15% thicker EOT in the above silicon nitride

example. In the case of fully depleted SOI, the scale length is [4.10]

A=ty 2(1+MJ 4.3)
Eoxlsi

Similarly fox can be generalized to EOT. In aggressively scaled devices, the Si body

thickness #5; is roughly 10x larger than the EOT, therefore the thicker EOT due to the

metal gate will have even less effect on the device scaling. Therefore, the use of metal

gate will not likely be a serious concern in future device scaling.

The thicker EOT for a metal gate, on the other hand, does not necessarily result in
worse drive current for the metal gated devices. Depending on the active dopant
concentration of the poly-Si gate, a metal gate may still offer performance advantages.
Following the results in Figure 4.5, the simulated C-7 curves of the metal gated and poly-
Si gated devices are compared on the basis of the same gate leakage current, i.e., 10

Alem’® at Vg=-1V (Figure 4.6). The quantum C-¥ simulation shows that compared to

the state-of-the-art poly-Si gate doping levels, the gate capacitance and inversion charge
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Figure4.6  Simulated C-¥ characteristics of p-FETs with silicon
nitride gate dielectric and metal gate (EOT= 9.7 A), or poly-Si gate
with various EOTs and active gate dopant concentrations. All these
p-FET's have the same gate leakage current at Vg = -1 V. Although
the metal gate requires thicker gate dielectric EOT to achieve the
same gate leakage, it still offers higher inversion charge density
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Figure 4.7  Simulated inversion charge density for p-FETs with
silicon nitride gate dielectric and poly-Si gate (varied EOT) or
metal gate (EOT= 9.7 A). All these p-FETs have the same gate
leakage current at V= -1 V. Despite the thicker EOT, metal gate
offers higher inversion charge than poly-Si gate with commonly
attainable doping level. Qv has been corrected for the small
differences in threshold voltages.
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density are still higher for the metal gated devices despite their thicker EOT. In this
example, ~5x10% cm™ poly-Si gate doping is needed to achieve a similar inversion
charge and on-state gate leakage as the metal gated devices. In general, the poly-Si gate
depletion effect becomes pronounced only under high-gate bias, which may be leveraged
to control the short-channel effects and the on-state leakage currents. However, the
absolute drive current requirements still necessitate very high gate doping, as
demonstrated in Figure 4.7. If we compared the ratio Qm/Lagn, which is roughly an
indicator of the MOSFET drive current, then in the above example, poly-Si gate doping
of ~5-6x10° cm™ will be needed to match the metal gate for the same on-state gate
leakage. In summary, for low-power applications, there might be a design window where
a specific poly-Si gate doping results in an acceptable power-performance tradeoff. But
for high-performance applications, where the gate leakage current requirement is
relatively relaxed, the use of metal gate is definitely attractive and beneficial.

For other gate dielectrics, the above behaviors may quantitatively vary, depending
on the gate dielectric properties, such as the barrier height, effective mass, metal gate
work-function, etc. The effects on n-MOSFETS can be similarly understood. From these
simulations, it can be seen that for high-k gate dielectrics, which have smaller band gap
and typically lower barrier for both electrons and holes, the effects of a metal gate on
scaling should be carefully taken into account in the design of gate stack. And the

differentiation between high-performance and low-power applications is also necessary.
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4.3 Requirements for metal gate materials

Obviously a practical metal gate technology will have to offer some features of
the poly-Si gate in order to be integrated in existing CMOS technology. The necessary
gate material properties also partly depend on the choice of CMOS process integration.
The common requirements are suitable work-function and CMOS compatibility.

1). Appropriate work-function for CMOS applications

For butk n-MOSFETs, the threshold voltage is determined by
Vi =Veg +205 + ¥51/20; (4.4)
with ¥ = \26063qNsyp /Cox s @5 = (kT /q)In(Ngy, /n;), and

Ves =0y — @5 =(Py —8)+ (9, — &5)

4.5
=4y (9 +05) (43)

where ¢ is the midgap level of Si. For short-channel devices, the channel doping
is typically in the range of 10'7-10'8 cm?, so 2@z will be close to 1 V. With sub-
20 A EOT gate dielectric, % is about ~0.3-0.4. To obtain a reasonably low V7, Veg
+2¢p needs to be ~ 0 V. So according to (4.5), the gate work-function @y~¢;—
¢s~4.0 eV, i.e., very close to the Si conduction band Ec. Similarly, the gate work-
function of bulk p-MOSFETsS need to be close to ~5.1 eV, close to the Si valence
band Ey. N and p* doped poly-Si gate have the appropriate work-functions to
meet the above requirements. For metals electrodes, this criterion considerably
narrows the range of choices. Table 4.1 lists some metals that have suitable work-
functions for bulk Si CMOS [4.11]. It should be noted that unlike poly-Si, which
shows consistent chemical properties that are not very sensitive to doping, there is

a strong correlation between the chemical properties of metals (electronegativity
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scale) and their work-functions [4.14]. Lower work-function means that the
electrons are relatively weakly bound, so the metals with lower work-function,
such as Ti, Ta, are more reactive in high temperature processes. Consequently,

their stability can be a problem for gate electrode applications. On the other hand,

Table 4.1 Some elemental metals with work-functions that
may be suitable for bulk-Si CMOS gate electrode applications.

n-MOSFET p-MOSFET
Metal om(eV) Metal om (eV)

Hf 3.9 Mo’ 4.95 (110)
Zr 4.05 Co 5.0
Ta' 425 Pd’ 5.12
Nb° 43 Ni’ 5.15
Ti 433 Ir’ 5.27
Zn' 433 Pt 5.65

*Varied work-functions reported, depending on orientation.

the metals with higher work-functions tend to be less reactive, so etching in some
cases is difficult. This is an extra constraint for using metal gate materials.

In recent years, some novel transistor structures, such as the FinFET and
ultra-thin body (UTB) transistors, have been proposed to address the scaling
issues in the nanometer regime [4.12][4.13]. In these extremely small devices,
dopant fluctuation in the channel can cause significant variation in device
characteristics. So in these device structures, the channel is very lightly doped,
and the threshold voltage is mainly controlled by the gate work-function. It was

found that gate work-functions of 0.2 eV above/below the Si midgap are desirable
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for n-/p-channel devices [4.15]. In this case, a number of silicides and some
metals with midgap work-function are more suitable.

2). Compatibility with CMOS process

This requirement is related to a broad range of issues, such as thin film deposition,
cleaning, patterning, and thermal stability, etc. To integrate metal gate electrodes
into a CMOS manufacturing process, it is necessary to have the metal films
deposited using practical methods, such as CVD, as opposed to some methods
that are only possible in a research environment. A conventional patterning
technique, e.g., reactive ion etching (RIE) of the metal gate is also required.
Chemical-mechanical polishing (CMP) may be used depending on the integration
approach. Sufficient thermal stability of a metal gate electrode makes it
compatible with self-aligned source/drain process, so that the drawbacks of an Al
gate can be overcome. These compatibility issues are closely related to the CMOS
process integration approach to be used. More discussions on this point will be
presented later in this chapter.

As n- and p-MOSFETs need different gate work-functions, metal gated
CMOS will likely require two different metals. For p-MOSFETs, there are very
limited choices of gate metals that can be easily patterned, while this problem is
not as serious for n-MOSFETs. The next section will discuss a high work-
function metal that showed a number of attractive properties as a gate electrode

for p-MOSFETs.
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4.4 Mo gate for alternative gate dielectrics

Mo is a refractory metal that exhibits a range of work-functions depending on the
crystal orientation. For (110)-Mo, the reported work-function is 4.95 eV, close to the
desirable value for a bulk-Si p-MOSFETs. The high melting point (2623 °C) of Mo
makes it suitable for a gate-first, i.e., self-aligned CMOS process. Mo can be deposited
using several methods that are commonly used in IC fabrication, such as sputtering
deposition, CVD and evaporation. Unlike many metals that have high work-functions,
Mo can be etched using several wet etch or RIE methods based on different chemistry.
Mo and a few other refractory metals were considered as possible gate electrode
materials in the very early stage of bthe silicon IC technology, and MOSFETs with Mo
gates and thermally growth SiO, gate dielectrics were demonstrated in a self-aligned
process [4.16]. However, the drastic changes in CMOS process technology over the more
than thirty years necessitate a re-evaluation of Mo as a gate material. Given the process
complexity of metal gate technology and that its benefit becomes significant only when a
gate dielectric with very thin EOT is used, a metal gate is likely to be implemented with
alternative gate dielectrics. Therefore, it is important to investigate the metal gate
materials together with those promising high-k gate dielectric candidates. For this reason,
before testing Mo in a full CMOS process, we investigated the feasibility of Mo as a gate

electrode material for p-MOSFETs.

4.4.1 Mo gated p-FET process
A p-FET process with LOCOS isolation was used for this experiment. After

LOCOS processing, Vr~adjust implant and formation of sacrificial oxide, the wafers were
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sent to two collaborators to receive gate dielectric deposition. JVD silicon nitride gate
dielectric was deposited at Yale Univ. (Prof. T. P. Ma’s group), and RT-CVD ZrO, and
Zr-silicate gate dielectrics were deposited at UT Austin (Prof. D.-L. Kwong’s group). The
wafers were then returned to UC Berkeley for the rest of the p-FET process. 650 A Mo
was deposited by sputtering, followed by an anneal in Ar at 700°C for 10 min. A TiN
barrier layer of 160 A was deposited on top of the Mo by sputtering, and 1000 A in situ
n* doped LPCVD poly-Si was deposited to cap the gate stack. After I-line lithography,
Cl,-HBr based RIE was used to etch poly-Si and TiN, and CF4 RIE was used to etch the
Mo. Source and drain regions were formed by boron implantation with dose of 3x10"
cm?, and implantation energy of 7 keV. Dopant activation anneal conditions were chosen
based on the known thermal stability of the gate dielectrics. A two-step RTA (900°C 10s
+ 1050°C 5s) was used for the wafer with JVD silicon nitride. A conservative furnace
anneal of 800°C 30 min was used for the wafers with ZrO, and Zr-silicate gate
dielectrics, which are know to degrade upon high-temperature (~950°C) anneals. The
fabrication process was finished with LTO passivation, metallization and forming gas

anneal (400°C 30 min).

4.4.2 Mo gated p-FET characteristics

The p-FETs’ C-V characteristics were measured using an HP-4282 LCR meter,
and fitted with the quantum C-V simulator to extract the device parameters. Shown in
Figure 4.8 (a)-(c) are the measured data (symbols), simulated metal gate C-V (solid lines)
and simulated poly-Si gate C-V (dashed lines) for the three different gate dielectrics. The
measured data are generally in good agreement with the simulated metal gate C-¥ curves,

indicating good dielectric film quality with the Mo gate. In all three cases, the inversion
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capacitances are the same as the accumulation capacitances, which confirms that the gate
depletion effect is completely eliminated by using the Mo gate. Compared to the
simulated C-Vs with a poly-Si gate, for which a reasonably high active gate dopant
concentration (1x10%° cm™) is assumed, the Mo gate still resulted in more than a 20%
increase in gate capacitance in the strong inversion region. The measured data also
showed that for the same gate dopant concentration, the benefit of using a metal gate
becomes more significant with thinner gate dielectric EOT, which is consistent with the

theoretical analysis in Chapter 3.
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Figure4.8 P-FETs’ C-¥ data of (a) ZrO,, (b) Zr-silicate and (c)
JVD silicon nitride gate dielectrics. Measured data (square
symbols) shows good agreement with the quantum C-V simulation
(solid lines). The benefit of higher inversion capacitance due to Mo
gate is more pronounced for gate dielectrics with thinner EOT.

The effective work-function of the Mo gate can be extracted by fitting the
measured C-V data with quantum C-V simulation [4.17]. As shown in Figure 4.9, the

extracted work-function values depend on the underlying gate dielectric material. A
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Figure4.9 The effective work-functions of the Mo gate on
different gate dielectrics extracted from p-FETs C-V measurements
using quantum simulation. The work-function values of Mo are all
within the lower half of the Si bandgap, and in some cases can
potentially be used for bulk-Si p-FETs.
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theoretical model explains this dependence in terms of the Fermi level pinning at the
interface between the gate and the gate dielectric [4.18]. Due to the screening effects of
the interfacial dipoles at the dielectric interface, the actual work-function that determines
the device characteristics, 1.e., ¢, in equation (4.5), can be considerably different from
the metal work-function commonly measured by electron emission into vacuum.
Therefore, in order to obtain optimal threshold voltages of the transistors, different high-k
gate dielectric may have different requirements for metal gate materials as well as
process integration. Similar to the thermal stability issue, the above effect also implies the
results of metal gate electrode tend to be gate-dielectric specific, therefore they should
not be inappropriately generalized.

The cross-sectional TEM analysis (Figure 4.10) reveals information about the
film structures and interfaces of the meal gate stacks. The columnar grain structures of
the Mo film can be seen in the lower resolution image (left), and the crystalline

orientation was confirmed to be (110) by X-ray diffraction. This explains the high work-

Mo Gate

Figure 4.10 Cross-sectional TEM image (left) of a MOS gate
stack showing ZrO, gate dielectric, Mo gate, TiN barrier layer and
the poly-Si cap on top. The columnar morphology of the Mo gate is
visible. The high-resolution view (right) near the ZrO,laye r shows
smooth and uniform interfaces of the gate dielectric. EDS analysis
was performed in sites 1 and 2, close to the gate dielectric layer.
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function values observed in the C-V measurements. The high-resolution TEM image
(right) shows that the interfaces of the gate stack are uniform and smooth. Due to the low
thermal budget for dopant activation anneal, the ZrO, gate dielectric remained amorphous
after the full MOSFET processing, and the bottom interfacial layer is also very thin. Both
phenomena are helpful for reducing the gate leakage and EOT. Local energy dispersive
spectroscopy (EDS) analysis was also performed to analyze the elemental composition of
the gate and the substrate (sites 1 and 2 in Figure 4.10) in search for possible unwanted
interdiffusion or contamination. It was found that within the resolution limit of the
analysis (~0.1%), there is no detectable Mo in the substrate, and insignificant amount of
Si in the Mo gate. This is a proof of the good thermal stability of such a Mo-gated stack.
The gate leakage currents of the Mo gated p-FETs are plotted in Figure 4.11.
These alternative gate dielectrics are known to have ~10°x lower gate leakage than SiO,

with comparable EOT, so the simulated SiO; gate leakages are also shown in the figure
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Figure 4.11 The gate leakage currents of Mo gated p-FETs
with different gate dielectrics. Compared to simulation results for
SiO, with the same EOTs, all these alternative gate dielectrics
showed low gate leakage, indicating that the low gate leakage
benefit can be retained in the Mo gate MOSFET process.
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for reference. It can be seen that these non-SiO, gate dielectrics also showed

~10%xreduction of the gate leakage current with Mo gate electrode, and this is indicates

that the Mo gate process did not cause significant damage to the gate dielectrics.

The Ips-Vps and Ips-Fgs characteristics of the long channel Mo gated p-FETs are

shown in Figures 4.12-4.14. These well-behaved transistor characteristics indicate that
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Figure4.12 The transistor characteristics (a) Ips-Vps and (b)
Ips-Vgs of p-FETs with Mo gate and JVD silicon nitride gate
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Figure 4.13 The transistor characteristics (a) Ips-Vps and (b)
Ips-Vs of p-FETs with Mo gate and ZrO, gate dielectric.
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the Mo gate can be used in a self-aligned MOSFET process under normal annealing
conditions. The threshold voltages of these p-FETs are not well controlled in this lot, and
further improvement can be made by better control of the gate dielectric EOT. The effect
of the gate dielectric on the actual gate work-function also need to be calibrated and taken

into account when choosing the channel implants and diffusion processes.
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Figure 4.14 The transistor characteristics (a) Ips-Vps and (b)
Ips-Vgs of p-FETs with Mo gate and Zr-silicate gate dielectric.
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Figure 4.15 Field effective mobility of the p-FETs with Mo
gate match the universal mobility model for SiO,, which suggests
good interface quality between the gate dielectrics and the silicon
substrate.
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The channel hole mobilities of these p-FETs are plotted against the effective
electric field in Figure 4.15. Due to the different EOTs and threshold voltages, the p-
FETs with different gate dielectrics operate under different effective field range. All three
non-Si0; gate dielectrics showed hole mobilities that can match the universal model for
Si0,. This provides another evidence that the Mo gate remained stable during the high-
temperature annealing.

Both material and electrical characterization of the Mo gated p-FETs indicate that
the Mo gate can be used on different gate dielectrics in a self-aligned process, and the
gate stack thermal stability is not limited by the Mo gate per se, i.e., with certain gate
dielectrics (e.g., the JVD silicon nitride), anneals at above 1000°C can be tolerated.
Although unlike the degenerately doped poly-Si gate, the effective work-function of Mo
depends on the underlying gate dielectric and can be moved toward the Si midgap in
some cases, there is still enough design window to obtain a feasible threshold voltage for
short-channel bulk-Si p-FETs with carefully chosen gate dielectrics. The smaller gate
work-function range required by novel CMOS structures with undoped channels further
reduces the impact of the above effect. The unique features of easy deposition and
patterning as demonstrated in the p-FET process suggest that a self-aligned process using

Mo as the p-FET gate electrode is a practical approach to metal gated CMOS.

4.5 Dual metal gate CMOS process

4.5.1 Dual-metal gate CMOS process integration
The power supply voltage is reduced for every newer generation of CMOS

technology, therefore, it is very important to achieve precisely controlled low threshold
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voltages for the most advanced technology to maintain sufficient performance. The
discussions in section 4.3 shows that using a single midgap metal gate for both n- and p-
channel MOSFETs will result in fairly high threshold voltages for both types of
transistors, therefore it is not an ideal option for short channel bulk-Si MOSFETSs, which
require a high channel doping concentration to reduce the short channel effects. This
theoretical analysis was confirmed by experimental results of single PVD TiN gate (¢, ~
4.7 eV) for bulk-Si and fully depleted silicon-on-insulator (FD-SOI) CMOS technology
[4.19]. Therefore, dual gate work-functions will be needed for high performance metal
gate CMOS technology.

There are basically two approaches to integrating metal gate electrodes in a
CMOS process with self-aligned source/drain formation. Based on the different orders of
the gate stack and source drain formation, these two integration schemes are sometimes
referred to as “gate-first” and “gate-last” CMOS process, respective. The gate-first
process is similar to the standard dual poly-Si gate process, where the gate stack
deposition and gate electrode patterning happen before the source/drain formation. In the
gate-last process, a replacement gate stack is used to ensure the self-aligned source/drain
formation, and CMP can be used to pattern the metal electrodes. The advantage of this
process is that metals that are difficult to pattern by RIE may still be used and patterned
by CMP. In addition, the gate dielectric is deposited after the source/drain dopant |
activation, therefore its exposure to high-temperature processes can be minimized,
making it possible to use the gate dielectrics that are not thermally stable with the gate
electrode at high temperature. A schematic process flow of the single metal gate

replacement gate CMOS process is shown in Figure 4.16 [4.20]. After the shallow trench
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Figure 4.16 A schematic process flow of the single damascene
metal gate CMOS fabrication process (after [4.20]).

isolation (STI) process, a dummy gate stack consisting of dummy gate oxide and dummy

Si3sNa/poly-Si gate was formed, so that the source and the drain implantations can be self-
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aligned (Figure 4.16-(a)). After source/drain dopant activation, pre-metal gate dielectric
was deposited and planarized by CMP (Figure 4.16-(b)). Then the dummy gate stack was
removed using wet etch (Figure 4.16-(c)), and the surface of the Si substrate under the
dummy gate stack was prepared for real gate dielectric formation. The gate dielectric can
be either thermally grown SiO, or deposited high-k gate dielectrics. As the source/drain
dopant activation was already finished, gate dielectrics that are not thermally stable
during high temperature anneal, e.g., Ta;Os, can also be used. The gate metal was then
deposited (Figure 4.16-(d)). Similarly, metals with low melting point such as Al can also
be used. The metal gate is then patterned by CMP to complete the real gate stack
formation. The metal CMP can pattern some metals that are not easily etched by RIE,
therefore potentially allowing more options for the gate material. The complexity of this
replacement gate approach is a major drawback, and the process will be conceivably
more complicated if two different metal gate electrodes are to be used. Up to date, only
single metal gate CMOS has been published using this integration approach [4.20], or
with slight variations [4.21].The cost and reliability issues that come with the complexity
may be a serious barrier to the adoption of this approach. This chapter is focused on
developing and improving the gate-first integration scheme, which is more similar to the

existing CMOS technologies, therefore may be easier to adopt in manufacturing.

4.5.2 Directly-deposited dual metal gate CMOS process

The directly-deposited dual metal gate CMOS process is a gate-first process, in
which the two different metal electrodes used for n- and p-FETs are directly deposited on
the gate dielectric, as opposed to chemically/structurally transformed from another metal

afterwards. The schematic process flow is shown in Figure 4.17. In the experiment, the
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gate dielectric was RTCVD silicon nitride, deposited by Prof. D. L. Kwong’s group at
UT Austin. Based on the positive results presented in the previous sections, Mo was used
as the p-FET gate material. Ti, which has high melting point and can be easily deposited
and patterned, was chosen to be the gate metal for n-FETs. The same n-well CMOS
process as described in Chapter 2 was followed up to sacrificial oxidation. After RTCVD
silicon nitride gate dielectric deposition, 230 A Ti was deposited by sputtering on the
whole wafer, then capped with 230A sputter deposited TiN, which served as a barrier
layer (Figure 4.17-(a)). A patterning process was performed to remove the two metal
layers on the p-FETSs’ side so as to prepare for p-FET gate metal the deposition, while the
n-FETs were protected by photoresist throughout this step (Figure 4.17-(b)). To improve
the selectivity of this metal etch process and to reduce the possible damage to the p-FET
gate dielectric, a wet etch (NH4OH : H;0, : HO = 1:1:5 by volume) was used. After
photoresist removal by O, plasma and cleaning, 200 A Mo was deposited by sputtering,
and also capped with 230 A sputter deposited TiN. The gate stack step formation was
completed with 1000 A LPCVD in situ n* doped poly-Si, which prevents the underlying
metal layers from oxidation in the subsequent anneals (Figure 4.17-(c)). Then the gate
lithography was performed, followed by gate etching using a three-step RIE (Figure 4.17-
(d)). The gate etch started with Cl,:0, RIE to etch the top n* poly-Si and the TiN, then
switched to CF, to etch the Mo, and finally switched back to Cl,:O; to etch the TiN/Ti at
the bottom of the gate stack. The Cl,:0, chemistry also slowly etches the RTCVD silicon
nitride, therefore, it is important to use very thin TiN/Ti at the bottom so as to avoid
breaking through the gate dielectric and attacking the Si-substrate. Beyond this step, the

process is identical to a dual poly-Si CMOS process. After source/drain implantations for
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Figure 4.17 A schematic process flow of the directly-
deposited dual metal gate CMOS.
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n- and p-FETs, an RTA dopant activation anneal (950° 10s + 1025°C 5s) was performed.

The process was completed with LTO passivation, metallization and forming gas anneal.

4.5.3 Dual metal gate CMOS characterization

As a basic test of the gate stack quality after the full CMOS process, the C-V
characteristics of the Mo-gated p-FETs and Ti-gated n-FETs were measured and
compared to quantum C-V simulation results (Figures 4.18 and 4.19). For both p- and n-
FETs, the inversion capacitance is the same as the accumulation capacitance, indicating
the elimination of the gate depletion effect. The Mo-gated p-FETs’ C-V agrees well with
the simulation results except for the distortion near the flat-band condition (0 V < Vg <
0.5 V). The distortion is due to interface traps, and has been seen in the poly-Si gated p-
FETs with RTCVD silicon nitride gate dielectric of the same deposition conditions
(Chapter 2, Figure 2.6-(b)), therefore it is more likely as result of the gate dielectric

process itself rather than caused by the Mo gate. The Mo gate work-function extracted by
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Figure 4.18 Measured C-V characteristics of the
p-FETs with Mo gate and RTCVD gate dielectric.
An effective gate work-function of 4.72 ¢V and an
EOT of 19 A were extracted by quantum C-V
simulation.

111



P 1 =T T T
g 14 N-MOSFET o Measured
L | Tigate Simulation ]
= 12} Si,N, gate dlelectric 1
(=}
O 10 e
> Wy,
2 gl
@ Simulation: %
Q 6fq =a56ev
g 4”28 A
S _IN,SE17cm®
§. 2t . M . .
S 2 -1 0 1 2
Gate Voltage V (V)

Figure 4.19 Measured C-¥ characteristics of the n-

FETs with Ti gate and RTCVD gate dielectric. An

effective gate work-function of 4.56 eV and an EOT

of 28 A were extracted by quantum C-¥ simulation.
quantum simulation is 4.72 eV, which is similar to the value (4.76 eV) obtained with the
JVD silicon nitride. For the Ti-gated n-FETs, however, the extracted work-function is
4.56 eV, much higher than expected for a Ti gate. A possible reason is that Ti is not
thermally stable with the silicon nitride gate dielectric during the aggressive anneal, and
the reaction converted the n-FET’s gate electrode to TiN. A study on similar material
systems showed that the higher affinity of Ti to nitrogen is the driving force for such a
nitrogen gettering effect during high-temperature anneal [4.22]. In the particular gate
stack structure used in this experiment, the thin Ti gate between the silicon nitride gate
dielectric and the TiN barrier may getter nitrogen from both neighboring layers,
converting the Ti gate to TiN and also reducing the nitrogen content in the RTCVD
silicon nitride gate dielectric. The percentage oxygen concentration in the gate dielectric
then increased, which reduced the dielectric constant of the film and therefore contributed

to the increase of the n-FETs’ EOT. Another unexpected phenomenon is the large

difference in EOT between the p- and the n-FETs. This is due to the wet etch of the Ti
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gate on the p-FETs’ gate dielectric (Figure 4.17-(c)). Compared to RIE, the wet etch rate
is less stable and more difficult to calibrate accurately, and the selectivity against silicon
nitride is not sufficiently high. So the over-etch of the Ti gate electrode also attacked the
p-FETs’ gate dielectric, resulting a thinner EOT for the p-FETs. This difference in EOT
can also be seen in the transistor Ips-Vps characteristics (Figure 4.120). Unlike the
commonly observed 1:2~3 drive current ratio for p-FETs vs. n-FETs, the drive currents
of the p- and n-FETs in this dual metal gate CMOS are comparable. This is caused by the

thinner EOT of the p-FETs, which increases the inversion charge density and enhances

P-MOSFET N-MOSFET
WL = 1.5umv0.4um
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Figure 4.20 Ips-Vps characteristics of the dual metal

gate CMOS transistors. Due to the much thinner EOT

of the p-FETs, the difference between the n- and p-

FETs’ drive currents is much smaller than usually

seen on CMOS transistors on the same wafer.
the drive current. The undesirable thinning of the p-FETSs’ gate dielectric during the metal
wet etch is potentially a reliability concern. The time-dependent dielectric breakdown
(TDDB) design and qualification will become more complicated due to the different gate

dielectric thickness. And the wet etch can cause more variation in the gate dielectric

thickness and device performance.
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The transistor Ips-Vs characteristics of the dual metal gate CMOS are shown in
Figures 4.21 and 4.22. Both n-FETs and p-FETs have very good turn-off behavior and
low off-state leakage currents The subthreshold swing of the p-FETs is very close to the
value expected for the EOT and substrate doping, while that of the n-FETs is relatively
larger, partly due to the thicker EOT. Given the clean C-V curve of the n-FETs, this
slightly larger subthreshold swing is more likely due to the junction design, which can be
improved by modifying the source/drain formation process. It also can be seen that the p-

FETs have a reasonably low threshold voltage, but the n-FETs’ threshold voltage is high,
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Figure 4.21 Ips-Vgs characteristics of the Mo-gated
p-FETs. Very good subthreshold swing is obtained.
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Figure 4.22 Ips-Vis characteristics of the Ti-gated
n-FETs. The subthreshold swing is slight degraded.
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due to the almost midgap n-FET effective gate work-function resulting from the high-
temperature annealing. In order to achieve desirable threshold voltages, the appropriate
gate work-function must be attained after the high-temperature processes.

The channel carrier mobilities of the dual metal gate p- and n-FETs are shown in
Figures 4.23 and 4.24. Similar to the Mo-gated p-FETs discussed in section 4.4, the p-
FETs with RTCVD silicon nitride gate dielectric and Mo gate in this CMOS process can
also match the universal mobility model for holes despite the unwanted thinning during
the metal wet etch, providing further evidence for the high quality of the gate dielectric as
well as the good thermal stability of the gate stack during annealing at above 1000°C. In
addition to the interface between the Si-substrate and the gate dielectrics, the interface
between the gate and the gate dielectric also plays an important role in the channel carrier
mobility. A rough upper interface of the gate dielectric can also cause the non-uniformity
of the vertical field in the channel, thereby enhancing carrier scattering and degrading
mobility under high field [4.23]. So the good mobility of the p-FETs is also indicative of
a stable and smooth interface between the Mo gate and the RTCVD silicon nitride gate
dielectric. Compared to the universal mobility model, the electron mobility of the n-FETs
is degraded in low to medium field range and shows the crossover behavior at higher
field, consistent with other results obtained with nitrided gate dielectric interfaces (Figure
2.18 and [4.24]). The Coulombic scattering of the channel electrons in the medium field
range needs to be reduced to improve the mobility under normal device operation gate
bias. In this experiment, the use of the metal gate electrodes did not seem to have caused
significant mobility degradation, and improving the interface quality of the alternative

gate dielectrics is still a major challenge regardless of the gate electrodes.
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Figure 4.24 Compared to the universal mobility
model, the channel electron mobility of the n-FETs
with TVRTCVD nitride gate stack is degraded in
medium field range, and crosses over the universal
model at high field.

The above dual metal gate CMOS process successfully shows that a self-aligned
source/drain process is possible with two different metal gate electrodes when the
appropriate gate and gate dielectric materials are chosen. The device parameters used in
the process, such as the channel doping, the gate stack thickness and the gate length, are

very realistic in view of the current CMOS technology. The demonstrated benefits make
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it worth pursuing further. On the other hand, the above specific process integration
approach has a couple of problems that affect its robustness and reliability. The unwanted
etching of the p-FETs’ gate dielectric during the wet etch of n-FETs’ gate has been
shown to be a reliability and process control concern. Although this in principle can be
improved by using an étch process with higher selectivity against the gate dielectric, the
process of depositing then removing a metal on the gate dielectric can always be a
potential reliability issue. Another major difficulty is the gate etch step, where highly
asymmetrical gate stacks of the n- and p-FETs are etched in same process (Figure 4.17-d
and e). In such a simultaneous etch process of the two different gate stacks, it is not easy
to ensure that the thicker n-FET gate stack is completely cleared while the etching of the
thinner p-FET gate stack is precisely stopped before attacking the Si-substrate. The
process window of this gate etch is not big enough to make it reliable in large scale
integration. So at this point, a major challenge is to improve and to simplify the self-
aligned metal CMOS process integration. A conceptually simple solution is to perform
the gate lithography for n- and p-FETs separately, and to etch one type of gate stack with
the other protected by photoresist. This, however, is not easy to implement due to the
difficulty of the gate lithography as well as the additional cost. Therefore, symmetrical
gate stacks, i.e., stacks consisting of the same thin film layers, for the n-and p-FETs are
highly desirable. These problems, all of which originate from the need for using different
metal gate electrodes for n- and p-FETs, contrast the unique advantages of the dual poly-
Si gate technology, which allows dual gate work-functions to be achieved based on the

same gate material. Similarly, without compromising the device performance by using a
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single midgap work-function metal, the means to achieve dual/tunable work-function

using a single metal gate electrode can greatly simplify the metal gate CMOS process.

4.6 Single Mo gate with tunable work-function CMOS

4.6.1 Introduction

A technique to modulate the work-function of a metal gate electrode is critical to
developing a simpler metal gate CMOS technology, in which the same metal gate
material is deposited on both n- and p-FETs and then converted to the appropriate work-
functions respectively. Such a conversion process may be chemical or structural change,
as long as sufficient shift in the work-function can be obtained. As an analogy to the dual
poly-Si process, doping the metal gate by implantation is a somewhat natural idea,
although it is obviously not trivial to identify the suitable metal and dopant. An
experimental study of the effects of doping on Mo’s work-function demonstrated an
interesting phenomenon that can be potentially used for such a purpose [4.25]. As shown
in Figure 4.25, the C-¥ curves of MOS capacitors with Mo gates can be significantly
shifted due to different implantation and annealing conditions. An anneal of 700°C 15
min without ion-implantation (No I/I) shifted the as-deposited C-¥ to more positive gate
voltage, indicating a high gate work-function. When the gate is implanted with nitrogen
and annealed at 700°C for 15 min, the C-¥ curves was shifted to more negative gate
voltage side, indicating lowered gate work-function. Without deducting the effects of
fixed charge, etc., the shift between implanted and unimplanted curves is larger than 1 V,

making this effect attractive for application to.a single metal CMOS process.
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To fabricate CMOS transistors using a nitrogen implanted gate, it is necessary to
get a better understanding of how the shift in gate work-function depends on the process

parameters, such as annealing and implantation conditions. In the above MOS capacitor
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Figure 4.25 MOS capacitor C-V characteristics showing
the effects of nitrogen implantation and annealing on the
work-function of the Mo gate. The curves of no ion-
implantation (No I/I) and with nitrogen implantation (N* I/T)
both received 700°C 15 min anneal, and showed more than 1
V shift in flatband voltage. (From [4.25])

experiment, the Mo (~1500A) and SiO, (~1000A) films were too thick for a realistic
MOSFET process, and the annealing thermal budget of 700°C 15 min is also
impractically low. In order to decide on a suitable process condition for the above
phenomenon to be used in a CMOS process, a set of MOS capacitor experiments were
first conducted.

The MOS capacitors were fabricated on a lightly doped (~1x10'*/cm?®) p-type Si
substrate, with varied SiO, gate dielectric thickness (30-80 A) and 650 A sputter
deposited Mo gate electrode. After the gate stack formation, lithography was performed
to cover half of each wafer with photoresist. The wafers received nitrogen implants of

5x10"%/cm® dose and varying implant energy, and then were capped with sputter-
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deposited TiN and in situ n* doped LPCVD poly-Si gate, followed by RTA at 700 °C for
10 min. The shift in the gate work-function due to the nitrogen implantation was
extracted from the C-¥ curves measured from the same wafer. The possible flatband shift
due to interface states and fixed charge should be the same for devices on the same wafer,
therefore the flatband shift between devices with or without the nitrogen implantation of
the gate should be caused primarily by the implantation. Table 4.2 is a summary of the
implantation energy and corresponding effective gate work-function shift. The simulated
implantation range Rp and longitudinal straggle ARp for each implantation energy using

SRIM simulator are also shown in the table [4.26]. Initially, the shift in the gate work-

Table 4.2 Experimentally measured shift in the
effective work-function of the Mo gate and simulated
implantation range for different nitrogen implantation

Implantation energy ~ Projected Rp  Straggle

Eimp (keV) A) &) APn(eV)
15 205 112 0.26
22 279 148 0.40
29 353 180 0.56
35 415 209 Non-yielding
45 500 232 Non-yielding

function increases with higher implantation energy, until the implantation energy is so
high as to cause too much damage to the gate dielectric resulting in device failure,
evidenced by high gate leakage current and distorted C-V curves. The simulation assumes
an amorphous Mo film, but the actually Mo film is polycrystalline with a columnar

morphology, therefore the actual implantation range is likely larger than the simulated
120



value. Based on these results, a practical implantation energy condition for a CMOS

process should be within 30 keV.

4.6.2 Single Mo dual gate work-function CMOS process
Using Mo as the gate material for both p- and n-FETs with nitrogen implantation
to adjust the gate work-function, the gate-first CMOS process is very similar to the

conventional dual-poly-Si gate CMOS. As illustrated in Figure 4.26, after standard well
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Figure 4.26 CMOS process flow using a single Mo
gate with the gate work-function modulated by nitrogen
implantation for the n-FETs.
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formation, LOCOS processing, V7 implants, and gate dielectric formation, a 650 A Mo
gate layer was deposited on the whole wafer (Figure 4.26-(a)). A lithography step was
performed to cover the p-FETs with photoresist while exposing the n-FETs to nitrogen
implantation (Figure 4.26-(b)). The same dose (5x10'*/cm™) but two different implant
energies (15 and 29 keV) were used to study the process window for CMOS transistors.
After stripping the photoresist, 1000 A in situ n* doped poly-Si was deposited on top of
the Mo film (Figure 4.26-(c)). After gate lithography, gate etching was done by a two-
step RIE, consisting of a Cl, based etch for poly-Si and a Cl,-O, based etch for Mo
(Figure 4.26-(d)). Based on the observed etching characteristics of Mo in mixture of
CCls-02 [4.27], we developed the Cl,-O, RIE, which offers high etch rate and good
selectivity against SiO,. Variable etch rate and selectivity can be achieved by adjusting
the Cl,:0; flow rate ratio. Mo with the high nitrogen dose showed slightly slower etch
rate than the unimplanted Mo, but precise etch stop control was not affected. Compared
to the directly deposited dual metal gate CMOS process, the symmetrical gate stack
etching significantly improves the tolerance to process variations. After gate patterning,
the remaining steps required little modification of the standard dual poly-Si CMOS
process. Source and drain regions were formed by phosphorus and boron implantation for
n- and p-FETs, respectively, followed by 800°C 30 min furnace anneal for dopant
activation. The devices were completed with standard LTO passivation, metallization and

400°C 30 min forming gas anneal.

4.6.3 Single Mo gate CMOS device characterization
N- and p-FETs’ C-V characteristics with gate nitrogen implantation energies of 15

keV and 29 keV are shown in Figures 4.27 and 4.28, respectively. Due to the different
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process conditions for gate dielectric formation, the devices on the two wafers have
different EOTs. On the same wafer, the n- and p-FETs show the same EOT, which is an
improvement over the directly-deposited dual metal gate CMOS process. The C-V curves
of the p-FETs on both wafers can be well fitted by quantum simulation, but the n-FETSs’
C-¥ curves for both implantation energies showed visible deviation from the simulated,
or ideal, results, indicating possible damage to the gate dielectrics introduced by the high-
dose nitrogen implantation. Comparing Figures 4.27-(b) and 4.28-(b), the distortion is

apparently more serious for the n-FETs with thinner EOT, although the corresponding
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Figure 4.27 C-V characteristics of (a) p-FETs with
unimplanted Mo gate and (b) n-FETs with 15 keV
nitrogen implantaion into the Mo gate.
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nitrogen implantation energy is actually lower. This suggests that the high-temperature
annealing could also be a damaging mechanism in addition to the implantation. The
physical cause of the change in work-function by nitrogen implantation is not fully clear
yet, but current research findings indicate that it is a combined result of both chemical
and structural changes. SIMS analysis shows that upon annealing, the nitrogen species
pile up at the upper interface of the gate dielectric, and formation of MoN is also found
[4.28]. The high concentration nitrogen may be incorporated into or diffuse through the

gate dielectric, therefore degrading the MOS characteristics.
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The effective gate work-functions of these devices were extracted using the
quantum C-V simulation and summarized in table 4.3. The qualitative correlation
between the implantation energy E;., and the difference in the effective gate work-
function A®,, is similar to those listed in Table 4.2, but for the same Eimp, AD,, is smaller.
The major difference in the CMOS process is the higher dopant activation annealing
temperature than the MOS capacitor process, so the low work-function of Mo induced by
nitrogen implantation may be restored by high temperature processes. The similar trend is

also consistently observed for varying nitrogen dose [4.28].

Table 4.3 Effective work-functions of the Mo
gates extracted from the CMOS transistors.

Nitrogen implantation 15 29
energy Eiyp (keV)
p-FET gate &,, (eV) 4.94 4.95
n-FET gate &,, (eV) 4.70 4.53
AD,(eV) 0.24 0.42
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Figure 4.29 Long channel n- and p-FETs fabricated in
the single Mo gate CMOS process (with nitrogen
implantation into n-FET gates) show normal transistor
characteristics.
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Figure 4.30 Ips-Vgs characteristics of the long

channel p-FETs with unimplanted Mo gate and n-
FETs with nitrogen implanted Mo gate.

The long channel transistor Ips-Vps characteristics of p- and n-FETs with 29 keV
nitrogen implantation are shown in Figure 4.29. Normal transistor behaviors are obtained,
but the threshold voltages of the n- and p-FETs are not symmetrical. The n-FET gate
work-function is still significantly higher than the ideal value for bulk n-FET gate, so the
n-FET Vris too high. The Ips-Vs curves of the long channel n- and p-FETs are shown in
Figure 4.30. Both n- and p-FETs have low off-state leakage currents and normal
subthreshold swings. Similar results are observed on the CMOS transistors with the
thinner EOT and 15 keV nitrogen implantation energy. The ¥ mismatch between n- and
p-FETs is more serious due to the even higher n-FET gate work-function.

While these results demonstrated the concept of using a single metal gate with
adjustable work-function for simplifying CMOS fabrication process, a couple of
problems are outstanding. Unlike the dual poly-Si gate process, work-function reduction

of Mo requires considerably higher implantation dose and implantation energy. So the

126



damage to the gate dielectric and the substrate interface induced by the gate implantation
process degrade device characteristics and reliability. Using thinner Mo gate and
consequently lower implantation energy may reduce the implant straggle, thus alleviating
the problem, but it is a costly and incomplete solution. A solid source diffusion approach
was recently proposed as an alternative method to incorporate nitrogen into Mo gate
[4.29]. Using over-stoichiometric TiN;+x deposited on top of the thin Mo film as the solid
source, nitrogen was diffused into the Mo during a high-temperature anneal process,
which does not involve ion implantation damage. The work-function shift achieved using
this method is very close to that obtained by nitrogen implantation. Another issue for this
Mo-N system is that the range of the work-function adjustment is not large enough for
optimal bulk-Si CMOS, as already seen from the high 77 of the n-FETs. MoN, which has
a work-function of 4.4 eV, is likely the lower limit of this work-function adjustment
mechanism. Considering the recovery of the effective work-function after high
temperature processes, the Mo-N system may not be feasible for bulk Si CMOS even
after optimization. However, the effective work-function of the n-FET gate achieved in
the CMOS process is acceptable for a FInFET or fully depleted SOI transistor structures,
and the Mo gate can also be used for CMOS transistors based on these structures.
Comparing the two metal gate CMOS integration schemes, the gate-first approach
has the main advantage of the relative simplicity, and the gate-last approach offers more
flexibility at the price of process complexity. The gate-first integration poses more
challenges in terms of materials selection and processing, and is closely related to the
research progress of high-k gate dielectrics. The two dual gate work-function metal gate

CMOS processes discussed in this chapter suggest that the stability of the gate stack and
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the gate work-function is currently the major issue, and the reliability problems need to

be addressed in the process modules, e.g., metal deposition and doping. .
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Chapter 5

Conclusion

5.1 Summary

The preceding chapters discussed a number of key problems related to gate stack
scaling in future generations of CMOS technology, and proposed and demonstrated some
possible solutions. These problems stem from the fundamental limitations of the gate
stack materials currently used in the CMOS technology, therefore significant
improvement of the CMOS gate stack scalability will definitely require the introduction
of new gate stack materials in addition to innovations in device structure and process
technology.

It becomes clear that high-k gate dielectrics will be needed for low-power
applications, and very likely for the high-performance applications as well. We discussed
the CMOS process integration of a number of alternative gate dielectrics, including
silicon nitride, Ta;Os, ZrO,, Zr silicate and HfO,. In a conventional CMOS process flow,
the gate stack is subjected to high temperature anneals for dopant activation, therefore the
thermal stability of altemative gate dielectrics is a key concern. Stability of the gate

dielectrics depends on both the gate dielectric properties as well as the gate material,
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which may react with the gate dielectric at elevated temperatures. In current research,
poly-Si gate technology is still preferred because of its maturity and the minimal changes
needed in the conventional CMOS process. In terms of compatibility with poly-Si gate,
silicon nitride and HfO, were shown to be very promising candidates. Both materials
showed reasonably good results after anneals at or above 1000°C, with silicon nitride
exhibiting better thermal stability. Although not as robust in high-temperature processes,
HfO, offers the advantage of higher dielectric constant, which is associated with lower
gate leakage current and better scalability. The transistor results based on these gate
dielectrics showed that gate-first CMOS processes are practical for integrating these new
gate dielectrics. However, the serious performance penalty due to the poly-Si gate
depletion effect started to surface when the gate dielectric EOT approaches 10 A.

The conflicting requirements between better dopant activation for poly-Si gate
and boron penetration continues to be a problem with the HfO, gate dielectric, and is
further aggravated by the thermal stability issues of HfO, [5.1]. Without drastic changes
to the existing CMOS fabrication processes, the use of low Ge content poly-SiGe gate
can improve the gate dopant activation and reduce boron penetration. In addition, it was
found that poly-SiGe gate suppressed the interfacial layer growth for HfO,/Si interface
during high-temperature annealing, resulting in thinner EOT.

Engineering the gate dielectric-substrate interface was shown to be an effective
approach to improving the gate dielectric properties. When deposited on nitrided Si-
substrate surface, HfO, gate dielectric showed significant improvements in gate leakage
current, breakdown voltage and EOT after high-temperature processes. Hot electron

reliability of short-channel n-FETs with HfO, gate dielectric and nitrided interface was
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studied and compared with that of SiO, gate dielectric. The hot carrier degradation
characteristics of the HfO, n-FETs were similar to those observed for silicon nitride gate
dielectric or nitrided oxide interface. Nitridation of the substrate-gate dielectric interface
improves the resistance to hot carrier damage, therefore results in better device lifetime
than SiO, gate dielectric for a given substrate current. This shows that some intentional
interfacial layer can be utilized to improve the device characteristics relatively
independent of the upper layer gate dielectric.

Currently, the channel carrier mobility degradation is a very serious concern for
most of the candidate high-k gate dielectrics. The degradation mechanism is essentially
enhanced Coulombic scattering due to fixed charge and high-density interface traps [5.3].
Nitrided gate dielectric-substrate interface increases the interface trap density and
degrades carrier mobility. There also seems to be a tradeoff between the EOT and the
channel carrier mobilities. Thicker EOT allows the room for a sufficiently thick SiO,-like
interfacial layer, which improves interface quality and helps recover the channel carrier
mobilities. We demonstrated good hole mobility on a Mo/RTCVD silicon nitride gate
stack with 15 A EOT. The channel carrier mobilities with HfO, gate dielectric, however,
are still much lower than the universal mobility model. Very recently, it was reported that
a high temperature forming gas anneal could significantly improve the channel carrier
mobility for HfO, gate dielectric, especially in the low effective field region [5.2]. This
kind of process optimization will continue to be an important area for high-k gate
dielectrics research in the near future.

It should be possible to improve the channel carrier mobilities to an acceptable

level, if not completely matching the universal model. Then a source for further
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performance improvement will be the elimination of the gate depletion effect, as the gate
overdrive is continually reduced with lower power supply voltage. So metallic gate
materials will be needed in the long term. In this work, molybdenum was studied with a
number of different gate dielectrics, and was shown to be thermally stable in a gate-first
MOSFET process. With ZrO, and HfO,, Mo film with (110) orientation exhibits a high
effective work-function, which makes it an appropriate gate material for bulk-Si p-FETs.
Based on these results, a dual metal gate CMOS process was demonstrated using Mo and
Ti as the gate material for p- and n-FETs, respectively. With relatively thick silicon
nitride gate dielectric, the hole mobility matched the universal model and the electron
mobility showed slight degradation than the model. To simplify the fabrication process, a
CMOS process based on single-metal gate for both n- and p-FETs was developed, with
the work-function adjustable by ion implantation to achieve appropriate threshold
voltages. The effective work-function of the n-FET Mo gate was reduced by 0.42 eV
using high-dose nitrogen implantation. This is not sufficient for bulk-Si CMOS
applications, but can still be acceptable for lower channel doping device structures or as a

means of achieving multiple threshold voltages.

5.2 Contributions

This dissertation research made several contributions to the screening and process
integration of novel gate dielectric and gate electrode materials for CMOS technology. A
number of issues related to gate stack scaling were addressed, with successful
experimental demonstration of possible solutions, quite a few of which were the firsts in

. the literature.
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The study of Ta,Os, silicon nitride and HfO, in CMOS integration confirmed the
advantage of using gate dielectrics that are thermally stable with Si, which enables
simpler integration into existing CMOS process. Sub-100 nm gate length transistors with
the thinnest reported EOTs using silicon nitride or HfO, gate dielectrics were
demonstrated in this work. These device demonstrations investigated the behaviors of the
gate dielectrics when subjected to an advanced CMOS process, where the process module
requirements are more stringent than typically used in MOS capacitor or long channel
transistor processes. Therefore they provided a real-world evaluation of those new gate
dielectric materials. The study of the hot carrier reliability of n-FETs using a HfO, gate
dielectric with nitrided interface was the first of such evaluation of HfO,. This positive
result together with the other benefits of the nitrided interface suggests that engineering
the gate dielectric-substrate interface offers great potential to improve the high-k gate
stack properties.

The serious impact on thin-EOT device performance due to the poly-Si gate
depletion effect was emphasized in this work, and near term and long term solutions were
proposed. For the first time, a poly-SiGe gate was investigated with high-k gate
dielectrics. In addition to improved gate dopant activation compared to a poly-Si gate, the
poly-SiGe gate was found to suppress the interfacial dielectric layer formation during
high-temperature processes. Understanding of this phenomenon can provide useful
information on controlling the interface between high-k gate dielectrics and the substrate.

Metal gate CMOS integration was focused on the gate-first approach. The dual
metal gate CMOS was the first report integrating different metal gate electrodes for n-

and p-FETs. A CMOS process using a single Mo gate with adjustable gate work-function
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was the first to demonstrate a significant effective work-function adjustment range that is
practical for real CMOS application. A Mo gate was studied with a number of alternative
gate dielectrics, and the first direct experimental evidence of the effects of gate dielectric
on the observed effective gate work-function was reported. This leads to the
understanding of another constraint for selecting the gate material for high-k gate
dielectrics. Although Mo was studied for MOS applications more than thirty years ago,
and was abandoned, the encouraging findings in a new context presented in this work

make it compelling to revisit the Mo gate technology.

5.3 Recommendations for future work

Currently, process modules based on novel gate stack materials are still in a
research stage, and a few critical issues stand out as the main barriers to their acceptance.
In this section, some possible continuations of this thesis work that are clqsely related to
those top priority problems are proposed. The proposed future works are in two general

directions: device performance improvement and reliability.

5.3.1 Channel carrier mobility improvement for high-k gate dielectric

It is obvious that the mobility degradation due to high-k gate dielectrics seriously
compromises the transistor performance. Currently there is evidence showing that
enhanced Coulombic scattering due to fixed charge in some high-k gate dielectrics [5.3],
[5.4] is a major cause of the low mobility. In addition, the poor interface quality in some
high-k gate dielectric processes also significantly degrades the carrier mobility [5.5].

Potential solutions are:
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1). Interface engineering for high-k gate dielectrics

The interface property of high-k gate dielectrics on the Si substrate can be
effectively modified by a very thin layer of dielectric film with different chemical
composition. An oxygen-rich interface is known to result in a SiO,-like interface, and
recovers the carrier mobilities. Such a technique has been demonstrated for silicon nitride
gate dielectric to achieve a thin EOT and good carrier mobilities [5.6], but has not been
applied successfully to high-k gate dielectrics such as HfO,. In addition, the flatband
voltage shift due to fixed charge for some high-k gate dielectrics can be reduced by a thin
chemical oxide between the Si substrate and the high-k layer [5.7]. Thermodynamically
the existence of such a SiOx interfacial layer is not favored with a high-k layer on the top,
therefore research is needed to improve the stability and process control of the interfacial
layer. One example is that the effects of the poly-SiGe gate need to be clarified, and the
findings will provide valuable insight into the interfacial layer growth.
2). Multi-component high-£ gate dielectrics

Although HfO, is viewed as one of the most stable high-k gate dielectrics, pure
HfO, still does not meet the CMOS process integration requirements, and further
improvements are possible through the incorporation of other elements. It has been
reported that doping A1;Os films with Zr or Si can reduce electrical defects [5.8], and
nitrogen doping in Al;O; can reduce interface trap density and hysteresis [5.9]. Some
other interesting reports of multi-component dielectrics include nitrogen-incorporated Zr
or Hf oxides [5.10][5.11], Zr or Hf aluminates [5.7][5.12], and Hf-Si oxynitride [5.13].
These results showed the great potential of modifying the high-k dielectric film properties

by introducing other elements to the dielectric film. At this point, however, the choice
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and quantity of the dopants are mostly based on empirical approaches. Systematic studies
of these doping effects are needed so that some theoretical guidance may be established
to get more advantages out of this technique.
3). Epitaxial high-k gate dielectrics on conventional or strained Si substrates

In principle, the most effective way to reduce scattering due to the dielectric-
substrate interface is to use an epitaxial gate dielectric on a Si substrate. With a high
quality single-crystalline gate dielectric, the carrier mobility will be significantly
improved due to the much reduced surface roughness scattering. With very low defect
density at the gate dielectric and substrate boundary, scattering caused by the fixed
charge and interface states will also be minimized. At this point, there are very limited
reports of such kinds of gate dielectrics applied to MOSFETs. An example is the
SrTiO3/Bag.75Sr0.250 hetero-junction gate dielectric on a Si substrate [5.14]. While the
lattice matching with conventional Si substrate is an extra requirement that narrows the
choices of dielectrics, this constraint is actually relaxed for strained Si substrates.
Recently, mobility enhancement using a Si channel with biaxial tensile strain attracts
serious consideration as a way to achieve better Si n-MOSFETs performance [5.15].
Many high-k metal oxides have slightly larger lattice constant than Si, so more candidates
are available for epitaxial growth on strained Si [5.16].

Actual implementation of this concept is challenging. It requires deposition
process controlled with atomic precision to achieve the perfect transition from covalent
silicon lattice to the ionic oxide lattice. In view of the tremendous potential benefits of

this approach, it is worth pursuing further.
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5.3.2 Reliability of high-k dielectrics and metal gate stack

Time dependent dielectric breakdown (TDDB) reliability is an extremely
important aspect of gate dielectrics. The highly reliable thermal SiO; is one of the major
reasons for the predominance of Si as the substrate for MOS devices. The physics of
TDDB has been a very challenging problem. As a matter of fact, while the SiO, gate
dielectric is quickly approaching the end of its usefulness in CMOS, there are still
ongoing debates on the true mechanisms of SiO, breakdown after over thirty years of
investigation. For the gate stacks based on novel materials, two new problems arise.
1). TDDB reliability of high-k gate dielectrics

For TDDB of high-k dielectrics, there have been only limited experimental and
little theoretical studies. Intrinsically high-k gate dielectrics have smaller bandgap,
therefore lower breakdown field than SiO.. Although this could be compensated by the
larger physical thickness of the high-k gate dielectrics, reliability may still be a potential
problem. In addition, unlike thermal SiO,, the high-k gate dielectrics are likely to be a
multi-layered structure, with a special bottom layer to improve the interface with the
substrate. Therefore the breakdown process is more complicated, and existing models for
SiO; must be extended to address the multi-layer dielectric breakdown. If a complete
understanding of the high-k dielectric breakdown cannot be achieved, a thorough
experimental confirmation of good TDDB reliability will be a precondition for high-£
dielectrics’ acceptance to CMOS manufacturing. This aspect needs to be included as a
standard routine in the process development and integration of high-k gate dielectrics.

2). The impact of metal gate on gate dielectric reliability
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A metal gate can affect the gate dielectric reliability in two aspects. Depending on
the specific process, metal deposition may cause damage to the gate dielectric, such as
sputtering damage, or defects created by diffusion/reaction during high temperature
processes. A very recent work reported different charge trapping behaviors in ultra-thin
HfO, using different metal gate electrodes, suggesting the effects of mechanical stress
and damage to the gate dielectric introduced by the gate deposition process[5.17]. In
addition, the effects of a metal gate on gate dielectric TDDB has not been studied much,
and it can be a difficult problem given the complexity of SiO, breakdown theory.
According to the anode-hole-injection model, the damage to the gate dielectric is caused
by the holes created in the gate electrode by impact ionization and injection into the gate
dielectric by the high electric field [5.18]. So the TDDB mechanism for a metal gate
stack can be different from the poly-Si gate case. In the initial study, using metal gates on
SiO; can help focus on the role of the metal gate, and eventually, metal gate/high-k stack

structure will need to be studied.
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