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1.1
Introduction

Scaling transistor�s dimensions has been the main tool to power the development of
silicon integrated circuits (ICs). The more an IC is scaled, the higher its packing
density and the lower its power dissipation [1]. These have been key in the
evolutionary progress leading to today�s computers and communication systems
that offer superior performance, dramatically reduced cost per function, and much
reduced physical size compared to their predecessors. However, the fundamental
limits of complementary metal oxide semiconductor (CMOS) technology have been
discussed, reviewed, and claimed to be at hand since the first MOS processes were
developed [2, 3]. The integration of semiconductor devices has gone through
different stages. At each stage of evolution, limits were reached and then subse-
quently surpassed, and very little has changed in the basic transistor design.

Questions about the end of CMOS scaling have been discussed, but engineering
ingenuity has proven the predictions wrong. The most spectacular failures in
predicting the end involved the �lithography barrier,� in which it was assumed that
spatial resolution smaller than thewavelength used for the lithographic process is not
possible [4, 5], and the �oxide scaling barrier,� in which it was claimed that the gate
oxide thickness cannot be reduced below �3 nm due to gate leakage [6]. For the
present and near future, it appears unlikely that lithography will limit the scaling of
silicon devices. The cost of lithography tools, including that required for making
masks, may, however, impede future scaling of devices. It is more likely that a
fundamental limit will halt further scaling when at least one of physical dimensions
of the device, be it a length, width, depth, or thickness, approaches a few silicon
atoms. Manufacturing tolerance, and therefore economics, may dictate an end to the
scaling of silicon devices before these fundamental limits are reached. Therefore, in
this chapter on scaling of SiO2-based gate dielectrics for MOS devices, only present
perceived fundamental limits are considered.

The downscaling of anMOSFETS sets demands especially on the properties of the
gate oxide, SiO2, which nature has endowed the silicon microelectronics industry
with andwhich has dominated as the favorite and by farmost practical choice for FET
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gate dielectric materials since 1957. SiO2 offers several crucial advantages and
industry�s acquired knowledge of its properties and processing techniques has
allowed its continuous use for the past several decades. However, further scaling
the FET is eventually going to be impeded by the inability to further reduce the oxide
thicknesswithout risking a breakdownof the device. Recently, however, the thickness
of the gate oxide has scaledmore slowly compared to its historical pace. An equivalent
oxide thickness (EOT) of�1 nm has been used for the past two to three generations
because of issues such as process controllability, high leakage current, and reliability
limits, signaling an end to the scaling era and the advent of a new era of material and
device evolution. As we know, when it is thinned to 1 nm, which corresponds to only
4–5 atom layers, some new technology problems arose [7, 8]. A variation in thickness
of only 0.1 nm could result in changes in the device operation condition, making it
extremely difficult to maintain device tolerances. As one might imagine, this
exponential increase in the gate dielectric leakage current has caused significant
concern about the operation of CMOS devices, particularly with regard to standby
power dissipation, reliability, and lifetime. This will likely be one if there is no the
major contributor leading to the limited extendability of SiO2 as the gate dielectric in
the 1.5–2.0 nm regimes. Therefore, in this chapter, a detailed discussion of current
dielectrics and those proposed for future generations is included. Present beliefs
regarding the limitations of silicon dioxide as the gate dielectric are reviewed.
Ultrathin oxides, with gate dielectrics below 40A

�
, some of which are nitrided silicon

oxides, are discussed. The benefits and limitations of alternative for new high-k
materials for possible high-performance CMOS applications are reviewed.

1.2
Scaling and Limitation of CMOS

1.2.1
Device Scaling and Power Dissipation

The primary goal of CMOS scaling is reduction of the cost per functional power, by
increasing the integration density of on-chip components. The elaboration of
constant field scaling rules entails concomitant performance and power consump-
tion improvements, which have shaped the evolution of silicon technology [1]. The
concept of device scaling is illustrated in Figure 1.1. In constant field scaling, the
physical dimensions of the device (gate length LG and widthWG, oxide thickness tox,
and junction depth Xj), and the supply and threshold voltages (VDD and VT,
respectively), are reduced by the same factor, a > 1, so that the two-dimensional
pattern of the electric field is maintained constant, while circuit density increases by
�a2. This implies that the depletion width (Wd) must also be reduced by the same
amount, which is achieved by increasing the substrate dopingNB bya. Consequently,
both the gate capacitance (C¼ LGWGeox/tox) and the drain saturation current (ID,sat)
are scaled down by a. The saturation current determines the transistor intrinsic
switching delay t�CVDD/ID,sat, which is thus reduced bya, leading to a performance
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improvement. At the same time, the power dissipation (P� ID,satVDD) is reduced by
a2, so that the power density (P/(LGWG)) remains unchanged.

Table 1.1 shows the gate length, supply voltage, and oxide thickness figures for
several recent and future technology generations, as projected by the ITRS. It is
obvious that present day device scaling does not adhere to the constant field scaling
rules. This is because of several fundamental, nonscaling factors and practical
considerations. Instead, the generalized scaling rules are followed, where the
physical dimensions of the transistor are still reduced by a factor of a, providing
the desired circuit density increase (a2) and performance improvement (a), but the
supply voltage is scaled by b/a, leading to an increase in the magnitude of
the electrical field by 1�b�a [9]. A full list of MOSFET physical parameters, and
their scaling factors, is given for constant field scaling and generalized scaling in
Table 1.2. The last column in this table shows the rules for selective scaling, which
relaxes onemore constraint – the fixed ratio between gate length andwidth [10]. Such
relaxation is driven mostly by the slower scaling pace of on-chip interconnect lines.

As can be seen in Table 1.2, under generalized and selective scaling scenarios, the
dissipated power scales by b2/a2, while the power density increases by b2. The power
density is of paramount importance for chip packaging and systems design, and its
increase imposes a practical limit for the exploitation of device scaling. It is worth

Figure 1.1 Conceptual schematic diagram of
device scaling. Both device and wiring
dimensions are required to scale by the same
factor 1/a, in order to increase integration
density by a2. Scaling of the supply voltage by

the same factor (1/a) maintains the same 2D
electric field pattern, subject to an equivalent
scaling of the depletion width Wd. Reproduced
from Ref. [10]. Copyright 2001, IEEE.

Table 1.1 ITRS-projected LG, EOT and VDD.

Year LG (nm) EOT (nm) VDD (V)

2003 45 1.3 1.2
2005 32 1.2 1.1
2007 25 1.1 1.1
2009 20 0.9 1.0
2011 16 0.6 1.0
2013 13 0.5 0.9
2015 10 0.5 0.9
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noting that in themost recent technologies, and in the projections of the ITRS, supply
voltage hardly scales, that is, b� a [11]. This already suggests that the power density
grows at the same rate as the integration density. Actually, the issue is evenworse than
it appears considering the scaling rules alone, because of nonscaling factors, leading
to the increase and dominance of the static, leakage power. This is clearly demon-
strated by the crossing lines of Figure 1.2, illustrating the trends in dynamic and
leakage power densities with shrinking gate length. The actual measurements for
devices with gate length between 1 mmand 65nm are shownwith symbols. The rapid
escalation of leakage has ultimately led to power-constrained, application-specific

Table 1.2 Device parameters and their scaling factors. Reproduced from Ref. [10]. Copyright 2001,
IEEE.

Physical parameters Scaling rules� factors

Constant Field Generalized Selective

Gate length (LG), oxide thickness (tox) 1/a 1/a 1/aD

Wiring width, channel width (WG) 1/a 1/a 1/aW

Voltages (VDD, VT) 1/a b/a b/aD

Substrate doping (NB) a ba b/aW

Electric field 1 b b

Gate capacitance (C¼ LGWGeox/tox) 1/a 1/a 1/aW

Drive current (ID,sat) 1/a b/a b/aW

Intrinsic delay (t � CVDD/ID,sat) 1/a 1/a 1/aD

Area (A / LGWG, or / W2
G) 1/a2 1/a2 1=a2

W

Power dissipation (P � ID,satVDD) 1/a2 b2/a2 b2/(aWaD)
Power density (P/A) 1 b2 b2/(aW/aD)

Figure 1.2 Comparison of measured active
power and leakage (passive) power in devices
with gate lengths ranging from 1mm to 20 nm
(symbols). Lines indicate the trend of a
particular power component, as indicated.

Reproduced from Ref. [11]. Copyright 2006,
International Business Machines Corporation.
(For a color version of this figure, please see the
color plate at the beginning of this book.)
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evaluation of scaling scenarios since different applications can tolerate different
power densities.

Of the two components of consumed power, the dynamic power, dissipated during
a switching between logic states, can be ameliorated by limiting the switching
frequency f, to which it is proportional (Pdyn � CV2

DDf ). The other component –
static, leakage power, dissipated while maintaining a logic state, is exponentially
sensitive to some of the device parameters and their variability, as well as to
nonscaling factors. Leakage power dissipation is time invariant and now poses the
most significant scaling limit [11].

1.2.2
Gate Oxide Tunneling

When the dimensions of a MOSFETare scaled down, both the voltage level and the
gate oxide thickness must also be reduced [1]. Since the electron thermal voltage, kT/
q, is a constant for room-temperature electronics, the ratio between the operating
voltage and the thermal voltage inevitably shrinks. This leads to higher source-to-
drain leakage currents stemming from the thermal diffusion of electrons. At the
same time, to keep adverse 2D electrostatic effects on threshold voltage under
control, the thickness of gate oxide is reduced nearly in proportion to channel
length, as shown in Figure 1.3. This is necessary in order for the gate to retain more
control over the channel than the drain. For CMOS devices with channel lengths of
100 nmor less, an oxide thickness of<3 nm is needed. This thickness comprises only
a few layers of atoms and is approaching fundamental limits.

Figure 1.3 Measuredand calculated oxide tunneling currents versus gate voltage for different oxide
thicknesses. Reproduced from Ref. [12]. Copyright 2002, International Business Machines
Corporation. (For a color versionof this figure, please see the colorplate at thebeginningof thisbook.)
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While it is amazing that SiO2 can take us this far without being limited by extrinsic
factors such as defect density, surface roughness, or large-scale thickness, and
uniformity control, oxide films this thin are subject to quantum mechanical tunnel-
ing, giving rise to a gate leakage current that increases exponentially as the oxide
thickness is scaled down. Tunneling currents for oxide thicknesses ranging from 3.6
to 1.0 nm are plotted versus gate voltage in Figure 1.3 [12]. In the direct tunneling
regime, the current is rather insensitive to the applied voltage orfield across the oxide,
so reduced voltage operation will not buy much relief. Although the gate leakage
currentmay be at a level that is negligible compared to the on-state current of a device,
it will first have an effect on the chip standby power. Note that the leakage power will
be dominated by turned-on n-MOSFETs, in which electrons tunnel from the silicon
inversion layer to the positively biased gate, as shown in the inset of Figure 1.3. Edge
tunneling in the gate-to-drain overlap region of turned-off devices should not be a
fundamental issue since one can always build up the corner oxide thickness by
additional oxidation of poly-silicon after gate patterning. p-MOSFETs have a
much lower leakage than n-MOSFETs because there are very few electrons in the
pþ polysilicon (�poly�) gate available for tunneling to the substrate, and hole
tunneling has a much lower probability. If one assumes that the total active gate
area per chip is of the order of 0.1 cm2, the maximum tolerable gate leakage current
will be of the order of 10A/cm2. This sets a lower limit of 1.0–1.5 nm for the gate
oxide thickness. Dynamic memory devices have a more stringent leakage require-
ment and therefore must impose a higher limit on gate oxide thickness [10].

The intolerable growth of gate tunneling leakage has triggered a radical change in
the silicon technology, which aims to introduce dielectric permittivity scaling
through material engineering. The goal is to scale the oxide sheet capacitance Cox,
which is required to maintain good electrostatic control by the gate, but avoid
decreasing the physical thickness of the gate insulator. This may be achieved by
increasing the gate dielectric constant of the insulator. With respect to scaling, the
relevant metric is now the EOT, defined through the relation ehigh k/thigh k¼ eox/
EOT¼Cox, where ehigh k and thigh k are the permittivity and physical thickness of the
high-k material, respectively, and eox is the SiO2 permittivity. Therefore, the intro-
duction of high-k dielectricmaterials is seen as the only way to realize the projections
of the ITRS for effective oxide thicknesses reaching 0.5 nm.

However, the transition to high-k gate dielectric also entails a replacement of the
poly-Si gatewith ametal gate, which is another formidable technological challenge, in
addition to the difficulties of controlled growth of ultrathin high-k oxide films [13].
These complications have delayed the adoption of alternative gate dielectric stacks
and have led to the continuous relaxation of EOT scaling requirements.

1.2.3
Gate Oxide Scaling Trends

The gate oxide has been aggressively scaled in recent generations. Figure 1.4 shows
extrapolated gate oxide scaling targets based on published data from recent Intel
technologies [14]. The technology node refers to the smallest poly-Si gate length that
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can be defined by photolithography and roughly corresponds to the minimum
channel length for a given process technology. A more complete list of projected
transistor parameters is given in Table 1.3. The predictions are based on extrapola-
tions of published state-of-the-art 180 nm technologies [15]. These projections,
representative of the current targets for high-performance logic technology, aggres-
sively outpace those compiled in the 2000 update of ITRS. The two data sets in
Figure 1.4 refer to the equivalent electrical and physical thickness of the gate oxide.
The EOT refers to how thin a pure SiO2 layer would need to be in order to meet the
gate capacitance requirements of a given technology. In a modern MOSFETdevice,
the gate oxide behaves electrically as if it were 8–10A

�
thicker than its physical

thickness because depletion in the poly-Si gate andquantization in the inversion layer
each extend the centroids of chargemodulated by the gate voltage by 4–5A

�
[16]. From

Figure 1.4, it is clear that the physical thickness of the gate oxide is rapidly
approaching atomic dimensions. The 250 nm technology, which entered volume
production in 1997, used SiO2 layer with approximately 40A

�
physical tox, correspond-

ing to approximately 20A
�
monolayers of SiO2. In contrast, the 100 and 70 nm

technologies, scheduled for production in the next 5–10 years, will require gate
capacitance values achievable only with SiO2 layers as thin as 10 and 7A

�
, respectively,

Table 1.3 Projected transistor parameters for future technology generations.

Generation (nm) 180 130 100 70 Scaling factor

Igate (nm) 100 70 50 35 0.7�
Vdd (V) 1.5 1.2 1.0 0.8 0.8�
Tox0 electrical (A) 31 25 20 16 0.8�
Tox0 physical (A) 21 15 10 6 0.8�
Ioff at 25 �C (nA/um) 20 40 80 160 2�

Figure 1.4 Extrapolated gate oxide scaling trend for recent CMOS technologies. Reproduced from
Ref. [14]. Copyright 2000, IEEE. (For a color version of this figure, please see the color plate at the
beginning of this book.)
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to guarantee proper device operation. A 10A
�
film consists of only three–four

monolayers of SiO2.

1.2.4
Scaling and Limitation of SiO2 Gate Dielectrics

The apparent robust nature of SiO2 [17], coupled with industry�s acquired knowledge
of oxide process control, has helped the continued use of SiO2 for over 30 years in
CMOS technology. The use of amorphous, thermally grown SiO2 as a gate dielectric
provides thermodynamically and electrically stable, high-quality Si–SiO2 interface
with superior electrical isolation properties. In advanced integrated devices, the SiO2

gate dielectrics are produced with charge densities of 1010/cm2, mid-gap interface
state densities of 1010/cm2, and dielectric strengths of 15MV/cm [17]. In fact, we can
say that the silicon age own its existence to the superb quality of thermally grownSiO2

as gate insulator and Si surface electrical passivator, Actually, no other known
interface approaches the electrical figures quoted above the Si–SiO2 interface.
Therefore, the progress epitomized by Moore�s law is best characterized as a steep
but smooth development, having been achieved with no major revolution in
fundamental device designs and no changes in the materials that constitute the
heart of the MOSFET:Si and SiO2.

Nevertheless, the outstanding evolution of silicon is rapidly approaching a
saturation point where device fabrication can no longer be simply scaled to progres-
sively smaller sizes. The origin of this saturation is indicated in Figure 1.5, where not
only the number of transistors in an integrated circuit but also the corresponding gate
dielectric thickness are plotted as a function of time. The thinning of the gate
dielectric required by scaling rules, at present between 2 and 2.5 nm in fabrication,
necessary for reaching the next generations of integrated devices will give origin to

Figure 1.5 Moore�s law as expressed by the number of transistors per chip. The corresponding
SiO2 gate dielectrics thickness is also shown.
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unacceptably high gate current arising from electron tunneling through the SiO2

films.Gate current densities versus gate voltage are plotted inFigure 1.6 for transistor
made with decreasing gate dielectric thickness below 3.5 nm, where the exponential
increase in the leakage current is clearly observed. Figure 1.7 shows that progressive
scaling of the gate oxide below 1.5 nm will lead to leakage current that destroys the
transistor effect itself, as theON andOFFstates of the transistorsmight not be clearly
distinguishable as necessary [18].

Figure 1.6 Gate current density as a function of gate voltage forMOS capacitors with different gate
dielectric thickness. Reproduced from Ref. [19]. Copyright 1996, IEEE.

Figure 1.7 Gate current and train current per unit channel for the transistor statesONandOFFas a
function of transistor channel length. Reproduced from Ref. [18]. Copyright 1997, Materials
Research Society.
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The inferior limit for gate oxide thickness can be extended down to 1.3 nm, owing
to the characteristics of SiO2 and the acquired knowledge of semiconductor man-
ufacturers on oxide process control. Although high leakage current density is
measured for such devices, as shown in Figure 1.6, transistors intended for high-
performance microprocessor applications can sustain these currents [19]. However,
further downscaling deteriorates the electrical properties rendering the devices
inoperative. Several independent works showed the inconvenience of fabricated
CMOSFET devices with SiO2 gate oxides thinner than about 1.0–1.2 nm because
there is no further gain in transistor drive current, setting a fundamental limit for
gate oxide scaling.

The existence of a more fundamental limit to scaling SiO2 around 1.0–1.2 nm as
demonstrated at the atomic scale in a convincing experiment byMuller et al. fromBell
Labs is reproduced in Figure 1.8 [8]. Using a scanning transmission electron
microscope (STEM) probe with 2A

�
resolution, they studied the chemical composi-

tion and electronic structure of oxide layers as thin as 7–12A
�
using detailed electron

energy loss spectroscopy (EELS) measurements. By moving the probe site-by-site
through the ultrathin SiO2 layers, they mapped the local unoccupied density of

Figure 1.8 Oxygen signals in EELS performed
in two different MOS capacitors made of (a)
1.3 nmand (b) 1.8 nmoxides that were analyzed
in two components, one from bulk-like SiO2

states and another from interfacial-like states.
Reproduced from Ref. [8]. Copyright 1999,
Nature Publishing Group.
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electronic states, which provides insight into the local energy gap of thematerial, as a
function of the probe position. In their work, the local energy gap was given by the
separation between the highest occupied and lowest unoccupied states. They found
that three to four monolayers of SiO2 were needed to ensure that at least one
monolayermaintained a fully bulk-like bonding environment, giving rise to thewide,
insulating bandgap of SiO2. Since the first and the last monolayers form interfaces
with Si and poly-Si, respectively, they have bonding arrangements intermediate to
those of bulk Si and bulk SiO2 and hence have energy gaps smaller than that of bulk
SiO2. Based on these insights, Muller et al. concluded that the fundamental scaling
limit of SiO2 is likely to be in the range of 7A

�
to 12A

�
. Another important insight

from their study was that for a 10A
�
oxide, a 1A

�
increase in the root mean square

(RMS) interface roughness will lead to a factor of 10 increase in the gate leakage
current, showing that the growth of such thin layers must be precisely controlled on
atomic scales.

There has been a remarkable agreement between experiment and theory
regarding the scaling limit of SiO2. Theoretical studies by Tang et al. employing
a Si/SiO2 interface model based on the b-cristobalite form of SiO2 showed that
the band offset at the interface degraded substantially when the SiO2 layer was
scaled to less than three monolayers [20]. The large reduction in the band offset
was attributed to a reduction in the SiO2 bandgap and also suggested 7 A

�
as the

scaling limit of SiO2. A more recent study by Kaneta et al. using a Si/SiO2

interface model based on quartz SiO2 directly computed the local energy gap as a
function of position through the interface [21]. While the transition from bulk Si
to bulk SiO2 in their model was structurally abrupt, it was found that the full
bandgap of SiO2 was not obtained until the second monolayer of SiO2 was
reached. Again, these calculations suggest that approximately 7 A

�
of SiO2 is the

minimum required for substantial band offsets to develop at the interface,
indicating the formation of a large bandgap. Thus, both experiment and theory
suggest that the bulk properties of SiO2, including the wide, insulating bandgap
needed to isolate the gate and channel regions, cannot be obtained for films less
than 7 A

�
thick. Since technology roadmaps predict the need for sub-6 gate oxides

in future generations, it is unlikely, from the viewpoint of both static power
dissipation and fundamental materials science, which SiO2 will scale beyond the
70 nm generation.

There are other limiting factors regarding SiO2 gate oxide scaling. One is device
reliability, which is open to debate whether the stringent 10-year reliability criterion
set by industry for CMOS technology could be fulfilled by devicesmade of gate oxides
thinner than 1.5–2 nm [22]. Indeed, dielectrics degradation due to �hot electron�
irradiation of the Si–SiO2 interface can trigger a succession of physical and chemical
phenomena whose overall consequence on reliability is acceleration of dielectric
breakdown of the gate oxide.

In viewof the limiting factors described above, in order to achieve further scaling of
integrated devices based on Si and SiO2, the semiconductor industry has found
solutions that allowed significant progress with the remarkable advantage of remain-
ing within the Si–SiO2 materials framework.
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1.2.5
Silicon Oxynitrides

As scaling of the oxide thickness continues, it is obviously desirable to reduce the
leakage current and maintain or increase the reliability of such films. The introduc-
tion of nitrogen into SiO2 has been used to eliminate a number of concerns, although
not all with equal success. The first introduction of nitrogen into SiO2 films was for
much thicker films and it was confirmed that the reliability of these films could be
increased if the films were annealed in ammonia or other nitrogen-containing
gas [23]. Some observations have shown that nitrogen could reduce the �defect
generation rate� in these films, which can be thought to be a result of the ability of the
nitrogen to getter hydrogen or reduce its diffusion [24, 25]. However, the concen-
tration of nitrogen into the SiO2 should be carefully controlled. Too much incorpo-
ration of nitrogen leads to large flatband or threshold-voltage shifts [26, 27]. As more
experiments were performed to tailor the nitrogen profiles in oxide films, it was
found that nonhydrogen nitrogen species were even more efficient at increasing
device reliability and reducing defect generation rate since hydrogen was not
introduced during the nitridation process. The incorporation of large amounts of
nitrogen not only leads to the reduction of boron penetration but also causes
threshold-voltage shifts, DVt, and mobility and transconductance degradation that
depend upon both the nitrogen concentration and its concentration profile, which
can be due at least partially to the positive charge that results from the nitrogen
incorporation into the SiO2 matrix. The nitrogen incorporated near the Si/SiO2

interface also reduces the mobility of the device.
Theuse of oxide/nitride stacks can eliminate boronpenetration if thenitridefilm is

of sufficient thickness [28–30]. With the incorporation of a nitride into the gate
dielectric, the permittivity of the stack is greater than that of SiO2. The physical
thickness of the stack can be greater than that of a single SiO2 film of equivalent
thickness since the dielectric constant of silicon nitride is approximately twice that of
SiO2. Therefore, with the addition of silicon nitride to the stack, an increase in the
effective thickness of approximately 30% is possible. Silicon nitride should also be
able to reduce the gate leakage current [29, 30]. There are, however, many concerns
involving the use of silicon nitride as a gate material, the greatest of which is the
electrical stability of thematerial. Silicon nitride is known, at least in thicker films, to
contain large amounts of positive charge; some of that charge can be unstable when a
bias is applied, and this instability leads to obvious device problems. Such films are
also known to contain large amounts of hydrogen, which could be a reliability
concern [31, 32].

Having in hands an interim solution for reliability, the exponential increase in the
leakage current with oxide thinner remains the major difficulty preventing further
gate dielectric scaling. One possible solution is to consider the derive current of a
MOSFET, the drain current, which in a simplified approximation can be written as

ID ¼ W
L
mC VG�VT�VD

2

� �
VD
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where W is the width and L is the length of transistor channel, the charge carrier
mobility in the channel, C the capacitance of the MOS capacitor, and VG, VD, and VT

are the gate, drain, and threshold voltages, respectively. ID increase monotonically
with VD and then eventually saturates to a maximum when VD.sat¼VG�VT to yield

ID ¼ W
L
mC

ðVG�VTÞ2
2

Since gate voltage is limited by leakage current and reliability constraints, in order to
maintain enough drain current such that the transistor can operate in safe, reliable
conditions, C must be increased or at least kept constant. Now

C ¼ eA
t

where e is the permittivity of the capacitor dielectric, and A and t are the area and the
thickness, respectively. According to previous references, it can be noted that
progressive scaling has been performed reducing gate oxide thickness by the same
factor as the horizontal dimensions determining the area A. This scaling strategy is
limited, according to Figure 1.9, by leakage current originated in electron tunneling
through the ultrathin oxides required. Therefore, increasing the capacitor permit-
tivity is the only way to prevent capacitance decrease. Figure 1.9 show that the
dielectrics of silicon oxynitride increases with theN content from the pure SiO2 value
up to the pure Si3N4 value. As known, whenmaterials with dielectric constant higher
than that of SiO2 are used in gate dielectric, for design purposes, the relevant
magnitude is not the dielectric film thickness but rather an associated quality called
equivalent oxide thickness, defined as

EOT ¼ kox
khigh k

thigh k

which represents the thickness of the SiO2 layer with dielectric constant kox that
would be required to achieve the same capacitance density as a given thickness thigh k

8 8.5
8.0
7.5
7.0
6.5

B
an

d 
G

ap
, e

V

6.0
5.5
5.0

4.5
4.0

0 20 40 60 80 100

7

6

5

D
ie

le
ct

ric
 C

on
st

an
t

4

0 20
Si3N4

Si3N4SiO2
SiO2

Equivalent % SiO2
Equivalent % SiO2

40 60 80

(a) (b)

100

Figure 1.9 Dielectric constant (a) and bandgap (b) as a function of N content in the Si–O–N
system.
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of an alternative dielectric layer with dielectric constant khigh k. This means that it is
possible to avoid electron tunneling that leads to unacceptable leakage current by
simply increasing the physical thickness of the gate dielectric, without increasing its
capacitance. Based on Figure 1.9, it is also shown that the bandgap decreases with
increasing N concentration, which sets another limitation besides degradation of
charge carrier mobility to the maximum N concentration in the oxynitride films.
Thus, silicon oxynitridefilms are andwill probably continue to be an interim solution
for gate dielectrics for another few years. However, the limits of this solution are
evident and therefore to keep pace with the historically steep progress of silicon
technology it appears that the smoothness of this development will have to be
abandoned in the near future.

1.3
Toward Alternative Gate Stacks Technology

1.3.1
Advances and Challenges in Dielectric Development

Fundamental challenge to the scaling of the gate dielectric is the exponential increase
in tunnel current with reduction in film thickness. For films as thin as 20A

�
, leakage

currents can rise to 1–10A/cm2. This incredibly high current can alter device
performance, not to mention the difficulties associated with dissipation of such a
large amount of power. Although higher power dissipation may be tolerable with
some high-performance processors, it quickly leads to problems for portable
machines. The reduction in gate leakage current is an important reason, if not the
primary one, for replacing SiO2-based dielectrics.

For a given technology, CMOS devices are designed with a specific gate capac-
itance, which is proportional to the dielectric constant and inversely proportional to
the thickness of the gate material. To reduce the leakage current while maintaining
the same gate capacitance, a thicker filmwith a higher dielectric constant is required.
The gate leakage current, at least for direct quantum mechanical tunneling, expo-
nentially depends upon the dielectric thickness, while the capacitance depends only
linearly on the thickness. At first glance, this would seem to be a winning proposal
since a substantial reduction in the current should be possible with only small
increases in thickness. There is, however, another exponentially dependent term in
the tunneling current – the barrier height between the cathode and the conduction
band of the insulator. For a large number of dielectrics, the tunnel current expo-
nentially depends upon the barrier height. Therefore, not only is a material with
higher dielectric constant required but also this material must have a suitably large
bandgap, and barrier height, to keep the gate leakage currents within reasonable
limits.

Many materials have been suggested that could replace SiO2 or SiON as a
candidate for possible gate dielectric. Early, CeO2 and Y2O3 were investigated to
act as high-k dielectrics with an EOT of �6 nm [33, 34]. However, crystallization-
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induced leakage currents and poor reliability in thick EOT regions prevent them
to act as high-k candidates. In the 1990s, research on high-k gate dielectrics was
updated. More attention has been focused on Ta2O5, TiO2, and SrTiO3, which
were inherited from dynamic random access memory (DRAM) capacitor dielec-
tric research [35–37]. Quickly, research on high-k dielectrics converged on the
ZrO2 and HfO2 families with larger bandgaps [38, 39]. Owing to good thermal
stability with Si, HfO2 and ZrO2 received most attention and many thorough
reviews of research were also provided at that time [40–42]. Since then, Hf-based
high-k gate oxides have emerged as promising candidates for high-k dielec-
trics [43–47]. Furthermore, improvement in mobility of CMOS devices using
Hf-based gate dielectrics has been observed, almost matching that of nitride oxide
with an EOT of �1 nm [48]. The two big breakthroughs to enable mobility
enhancement are to understand transient charging behaviors in high-k devices
and scaling of high-k thickness below the tunneling limit to eliminate residual
tunneling carriers in high-k layer [49–51]. By keeping the high-k thickness
smaller than 2 nm, mobility degradation originating from transient charging
effects can be eliminated. Low standby power (LSTP) applications require low
leakage current. To meet the requirement of LSTP, thickness of high-k layer
should be increased without degrading the mobility. Meanwhile, optimization of
high-k composition should be carried out to meet these requirements in LSTP
applications.

To obtain microelectronic devices with excellent performance, aggressive EOT
scaling is needed [52]. What is more, to scale the EOTof high-k gate stack, the growth
of the interfacial layer should be controlled effectively. Figure 1.10 shows themobility
dependence on the perpendicular field at different thicknesses of the SiO2 interfacial
layer [53]. Based on this figure, it can be noted that reduction inmobility degradation
has been observed due to the presence of the interfacial layer. Increasing the SiO2

interfacial thickness leads to the increase in mobility approaching that of SiO2. So, it
can be concluded that the interfacial layer is beneficial to increase the inversion layer
mobility, even if it increases EOTof the gate dielectric. The increased mobility is due
to the decoupling between the motion of the electrons in the inversion layer and the
phonons in the HfO2.

To avoid the balance between EOT scaling and mobility, it is important to
eliminate the charge scattering source within the high-k layer and increase the
dielectric constant of the interfacial oxide with a minimal impact on the interface
state density [55–57]. Although HfSiON can be used for 32 nm generations and
below, any further extension of high-k dielectrics will require materials with higher
dielectric constant that that ofHfO2. La2O3-based high-k oxides have been proposed
as high-k candidates, but degraded dielectric characteristics compared to Hf oxides
have been observed [58]. An alternative path to future scaling is to use other channel
materials other than Si. For example, formation of interfacial oxide can be
controlled when high-k dielectric is deposited on Ge or GaAs substrates [59, 60].
The challenges in this path are to overcome the problems associated with the
degraded interface and to make use of the benefits of high carrier mobility in Ge or
other channel materials. If Hf-based high-k gate oxides can be successfully
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implemented with these channel materials, Hf-based oxides might then be usable
beyond the 32 nm node.

Due to the thermal stability when in contactwith poly-Si gate,metal electrodes have
been used to integrate with high-k gate dielectrics. As we know, it is difficult to alter
the effective work function (EWF) of a poly-Si gate when it is integrated with high-k
dielectrics. It is attributed to the reasons that the EWF of a poly-Si/high-k dielectric
stack is determined by Si-Hf bonding, not Fermi level of the poly-Si gate, which is
called �Fermi-level pinning� [61]. In conclusion, PMOS devices with a poly-Si/high-k
stack pose a high threshold voltage (Vth) that exceeds the practical range. This
phenomenon has posed a serious challenge in the implementation of high-k
dielectrics because to obtain the best performance in CMOS devices, the EWF of
NMOS and PMOS should be close to the conduction (Ec) and valence bands (Ev),
respectively [62]. To obtain high-performance applications, dual work functionmetal
electrodes with EWFs approaching the conduction and valence bands are needed.
However,metal electrodematerials suffer froma limited EWFrangewhen combined
with high-k dielectrics. The following sections give more details of dielectric and
electrode developments.

Figure 1.10 Electron mobility for HfO2 versus
effective field Eeff and the SiO2 interfacial layer
thickness. The mobility for pure SiO2 and the
experimental results [54] are also reported.

Reproduced from Ref. [53]. Copyright 2007,
Elsevier. (For a color version of this figure,
please see the color plate at the beginning of
this book.)
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1.3.2
Advances and Challenges in Electrode Development

Based on the previous investigation, it can be noted that the application of poly-Si/
high-k stacks are suppressed due to the Vth controllability, dopant penetration, and
inversion oxide thickness Tinv scalability. Therefore, metal electrode materials with
suitable EWFs close to Ec and Ev of the Si substrate should be investigated to replace
poly-Si gate. The present challenge facing metal electrode is that the vacuum work
function values of metals are not directly correlated with the Vth of devices. Thus,
overall electrode processes, such as the deposition method, heat cycle, and
dielectric composition, should be optimized to develop a well-defined metal
electrode process. Many reported literatures suggests that experimental EWF
results are consistent with the presence of a pinning effect [63, 64]; however,
recently detailed studies of many of these electrode systems indicate contributions
from extrinsic defect states induced by the electrode [65–67], chemical reduction of
the high-k interface [68], or material characteristic changes in the electrode [69, 70]
are the source of change in the EWF. Figure 1.11 shows the EWFs of vast metal
systems extracted by the terraced oxide method, which were obtained using an
oxide thickness series formed on a single substrate to minimize variations in
interface charge [71].

The x-axis represents the material systems and three groups of data points show
EWFs obtained with three different gate dielectrics. The difference in EWF
between SiO2, HfSiOx, and HfO2 is often explained by dipole formation, that
is, if the EWF of the metal is smaller than the charge neutrality level (CNL) of the
underlying dielectric, charge can be donated to the dielectric side and the EWF is

Figure 1.11 Effectivework functionof variousmetal electrodematerials on SiO2,HfSiOx, andHfO2

investigated with the terraced oxide method. Reproduced from Ref. [71]. Copyright 2008, Elsevier.
(For a color version of this figure, please see the color plate at the beginning of this book.)
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shifted toward the mid-gap value (�4.6–4.7 eV) [72]. However, experimental data
shown in Figure 1.11 indicate that the EWF shift because of dipole formation is
actually unidirectional, indicating that dipole formation is more affected by metal–
oxide bonding and microscopic charge transfer than the CNL of the underlying
dielectric. Several metal systems show EWF values near the conduction and
valence band edge of Si, even after high-temperature processing. These satisfy the
requirements for gate-first CMOS integration, namely, that the EWF of the
electrodes should be close to Ec,Si for NMOS and Ev,Si for PMOS after the CMOS
heat cycle, which is typically a 1100 �C spike anneal or a 1000 �C 5 s rapid thermal
anneal. The metal electrode systems are not specified in Figure 1.11 because the
EWF of the metal/high-k stack can be controlled by many factors described
above and, in fact, the electrode and high-k dielectric is best considered as a
single material system that requires simultaneous optimization. Once thermally
stable metal electrodes with band edge EWFs have been identified, the next challenge
is to obtain a low Vth that matches the EWF values. Since the Vth of the actual device
may be affected by additional factors, such as EOT, reactions with gate etch process
gases, mixing with capping materials, and oxygen redistribution from the sidewall, it
is not straightforward to predict Vth from the flatband voltage Vfb.

Figure 1.12 shows Vfb–EOT curve for a typical n-metal electrode and a p-metal
electrode. From figure, it can be noted that high work function cannot bemaintained
as the device is scaled to lower EOT regimes and exhibit a �roll off�-like behavior,
which can also be misinterpreted as Fermi-level pinning for p-metals. To further
confirm this abnormal EWFbehavior at lowEOTs, a grand summaryVfb–EOTplot for
variousmetal gateswas presented in Figure 1.13. TheVfb roll-off region can be clearly
found in Figure 1.14 that suggests a tradeoff in EWF in our goal of scaling the EOT.
Roll off of the Vfb curve in the low EOTregion can be contributed to several physical
mechanisms including localized material interdiffusion, changes in stoichiometry,

Figure 1.12 Vfb–EOT curve for a typical n-metal electrode and a p-metal electrode. Reproduced
fromRef. [73]. Copyright 2006, Elsevier. (For a color versionof this figure, please see the color plate at
the beginning of this book.)
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and bulk charges of the SiO2 bottom interface layer [65]. Based on previous analysis, it
can be concluded that Vfb roll off should be minimized to obtain a high EWF of
�5.0 eV.

Silicides are the promising candidates for metal electrode applications. Fully
silicided (FUSI) gates have been paid more attention because the poly-Si gate can
be silicided with a relatively low heat cycle andminimal damage to the gate dielectric
after device fabrication. CoSi2was used in the initial demonstration of a silicided gate,
but the focus was shifted quickly to NiSi and NiSi3 because the work function of Ni
silicides can be modified with dopants in the poly-Si gate or a phase of Ni
silicides [74, 75]. However, the EWF range with a silicide gate is still limited, even
though the FUSI process uses only low-temperature steps. Various silicides have
been studied to find a gate showing a band edge EWF. The most promising silicide
gatematerials areHfSi (�4.2 eV) andErSi (�4.2 eV) forNMOSandPtSi (�4.9 eV) for
PMOS [76, 77]. Even though the range of EWF is not wide enough for high-
performance applications, these silicide gates can still be used in low-power applica-
tions or applications requiring quarter gap electrodes (�4.3 eV for NMOS and
�4.8 eV for PMOS), such as FinFETs or fully depleted silicon-on-insulator (FDSOI)
devices. There are several potential challenges in the FUSI approach, such as pattern-
dependent silicidation [78], strain control arising from volume expansion, and
process complexity for a dual-silicide approach. Once electrode materials have been
chosen for each application, the impact of reliability should be studied in detail.Metal
electrodes can affect the reliability of gate dielectrics in many ways: diffusion and
intermixing with the dielectric, oxygen, and nitrogen redistribution, and impurity
contamination. None of these topics has been well investigated, primarily because
the material systems have not been finalized yet.

Figure 1.13 Vfb–EOT relationship for various materials systems investigated showing the Vfb roll-
off for high work function metal electrodes. Reproduced from Ref. [71]. Copyright 2008, Elsevier.
(For a color version of this figure, please see the color plate at the beginning of this book.)
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1.4
Improvements and Alternative to CMOS Technologies

1.4.1
Improvement to CMOS

1.4.1.1 New Materials
As analyzed in the past, the high-mobility III–Vmaterials do not confer an advantage
at the end of the scaling path since the isotropic, low-mass C valley does not provide a
strong electron confinement and, furthermore, the light electron mass promotes
source–drain tunneling. In addition, the smooth heterobarriers, responsible for the
spectacular transport, are of low height and do not scale well. The single-transport
valley also does not provide the large charge densities needed for these small devices.
Materials such as Ge can provide larger carrier densities, but the low bandgap is a
considerable disadvantage unless quantum confinement can be used to increase the
bandgap in structures of practical dimensions.

High-k dielectrics are designed to address one particular aspect of off-state power
consumptions: gate tunneling currents. It is likely that the gate dielectric thickness
will be the first parameter to reach atomic dimensions. This is because the dielectric
thickness indirectly controls the gate length. In general, the effective gate length
needs to be 40 times the dielectric thickness to properly control short channel effects
(SCE). Thus, the scaling that reduces gate length must also reduce the dielectric
thickness.However, as the dielectric thickness decreases, electron tunneling through
the dielectric becomes a significant issue. The proposed solution to this problem is to
find a material that has a higher k value than the SiO2 used at present as the gate
dielectric. This would allow the actual thickness of the gate dielectric to be increased
while still maintaining the same electric field in the channel.

While this sounds good in theory, implementation has proved to be challenging. To
do this, a material must be found that meets many criteria. The material must be
compatible with the surrounding silicon and the fabrication processes used. Also, it
must have a breakdown time at least as long as silica. While there are many other
requirements, suffice it to say that many materials have been proposed, but no good
substitute has yet been found.

Figure 1.14 (a) Bulk, (b) SOI transistor structures, and (c) FinFET structure. (For a color version of
this figure, please see the color plate at the beginning of this book.)
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1.4.1.2 New Structures
It has been proposed to try and change the structure of the transistor itself. Here,
two most prominent structural changes, silicon on insulator (SOI) and double-gate
CMOS (DGCMOS) have been discussed. As we know, bulk CMOS structure is
based on the concept that the transistor is connected to the substrate, as demon-
strated in Figure 1.14a. However, for silicon on insulator, an insulating oxide is first
deposited on the substrate and then the transistor is fabricated on top of that
(Figure 1.14b). By doing this structure, the body is electrically isolated from its
surroundings. This design leads to the improvement in performance. What is
more, this new structure also lends itself to some new uses, such as using the
insulating layer for a high-resistance element. However, there are also some
drawbacks facing this new structure. Some techniques have been developed to
address some of these issues. Based on SOI structure, IBM Company redesigned
some PC line chips and performance improvement has been observed compared to
bulk CMOS structure.

The second structure is DGCMOS, which is more experimental, but it may
demonstrate promising application in future. In this structure, an additional gate
has been added to increase coupling between the gate and the channel, also called
�deal structure for scalability� [79]. However, it is difficult to design and realize this
structure. Based on traditional method, second gate can be added to the body.
However, the alignment issues of such a gate are troublesome. So, FinFETstructure
has been proposed, as shown in Figure 1.14c. This is a daunting challenge because
the gate length is usually the smallest dimension that can be fabricated. There are
some technologies that may address this, but more work needs to be carried out in
this area.

1.5
Potential Technologies Beyond CMOS

So far, scaling has tremendous benefits that no alternative technologies can compete
with the power of mainstream CMOS devices. In addition, more attention and
knowledge have been focused on the investigation of MOS technology. Even if much
efforts made, scaling CMOS is unquestionably approaching its limits. Although
many issues have been resolved, scaling still cannot progress past the size of the
molecule. The questions of what technologymight surpass CMOShave come out. By
now, there are many alternative devices that show promising replacement to CMOS
for the future mentioned as follows.

1) Electrical-dependent nanodevices [80–81].
Based either on ballistic transport and tunneling or on electrostatic phenom-

enon, these nanodevices are being investigated, such as carbon nanotubes field-
effect transistors (CNTFETs), semiconductor nanowire field-effect transistors
(NWFETs), resonant tunneling diodes (RTDs), and electrical quantumdot cellular
automata (EQCA).
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2) Magnetic-dependent nanodevices.
Magnetic quantum dot cellular automata (MQCA) and spin field-effect tran-

sistors (spinFETs) are included in this class. Magnetostatic and spin transport are
the phenomena for the operation of the devices.

3) Mechanical-dependent nanodevices.
Compared to traditional CMOS devices, these nanodevices demonstrate some

advantages. For example,CNTFETshave anextraordinarymechanical strength, low
power consumption, better thermal stability, and higher resistance to electromi-
gration [80]. The advantages of NWFETs over CMOS are similar to CNTFETs [80],
plus the ability to operate at high speed produces saturated current at low bias
voltage, and the potential to behave as either active or passive devices in single
nanowires [81]. EQCA and MQCA exhibit a higher low-power dissipation, non-
volatility, and reconfigurability [81]. SpinFETs possess many advantages, such as
small off-current, high operating speed, high-power gain, and low-power con-
sumption compared to traditional CMOS devices. Except for the innovations
already mentioned, there still exist some other proposed technologies, which may
develop in parallel with CMOS allowing developers to choose the technology to
satisfy their demands.

1.6
Conclusions

With the end of CMOS roadmap looming, there has been tremendous research in
order to identify promising technologies to continue the historical trend of perfor-
mance scaling. This chapter mainly explored the present status and challenges
associated with alternative gate stack technology for future generations. Present
beliefs regarding the limitations andmain challenges faced by CMOS technology are
reviewed. The benefits and limitations of alternative new high-k materials as
candidate of SiO2 and nitrided SiO2 for possible high-performance CMOS applica-
tions are reviewed. Considering the progress of technology development, an alter-
native gate stack with ametal gate/high-k dielectric will be implemented for Si-based
technology in the near future. Finally, we have also presented alternative devices that
are potentially able to overcome the limitation in CMOS technology. These technol-
ogies will probably develop in parallel with CMOS allowing developers to choose the
technology that best fits their needs.
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