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Abstract

Aggressive scaling has led to silicon dioxide (SiO,) gate dielectrics asthin as 15 A in
state-of-the-art CM OS technologies. As a consequence, static |eakage power due to direct
tunneling through the gate oxide has been increasing at an exponential rate. As technology
roadmaps call for sub-10 A gate oxides within the next five years, a variety of aternative
high-k materials are being investigated as possible replacements for SiO,. The higher
dielectric constants in these materials alow the use of physically thicker films, potentially
reducing the tunneling current while maintaining the gate capacitance needed for scaled
device operation.

Atomic scale modeling methods based on first principles density functional theory are
applied to a promising class of aternative dielectrics known as silicates (e.g. ZrSi,Oy).
Since the quality of the Si interface will ultimately determine the feasibility of an
aternative dielectric, this work has focused on the interface properties of silicates in the
context of MOS scaling limits.

Model interface calculations have been performed to show that oxide-like bonding of
zirconium is energetically favored over silicide-like bonding at the Si interface; extended

suboxide states within the interfacial transition region significantly limit the scalability of
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the silicate system from the point of view of equivalent oxide thickness. First principles
calculations have also been performed to quantify the expected lowering of the conduction
band offset with increasing Zr concentration. The use of charge transfer dipoles at the
interface has been proposed as a means of overcoming the inherent asymmetry of silicate
band offsets. Because limitations are shown to arise at a SI/SiO,-like interface,
calculations suggest that possible solutions to overcoming them can be built on extensive
knowledge of the Si/SiO, system.
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Chapter 1

| ntroduction

1.1 M otivation

Moore's law scaling of planar metal-oxide-semiconductor (MOS) technology has
maintained its dizzying pace in recent years. High performance microprocessors have
surpassed the 1GHz barrier, and ever-increasing levels of integration are making possible
system-on-chip solutions for a variety of novel applications. Throughout the history of
integrated circuits, shrinking the dimensions of the transistor has required that many
difficult challenges be overcome. Not surprisingly, the current push towards sub-0.1um
technology generations requires numerous innovations aimed at overcoming substantial
chalenges. Increasingly, the requirements outlined by the International Technology
Roadmap for Semiconductors (ITRS) indicate that no known solutions exist for a variety
of critical technologies [1]. In particular, it is clear that today’s gate dielectric material,
silicon dioxide (SiO,), will soon reach the predicted limits of scaling, thus presenting a
fundamental challenge to continued scaling [2].

In recent years, substantial research effort has been focused on developing aternative
gate dielectric materials to replace SIO,. The daunting challenge of replacing a material

which benefits from nearly 30 years of research and development has prompted interest in
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novel computational approaches. In particular, atomic scale simulations can
computationally screen candidate dielectrics by predicting their properties based on the

microscopic interactions between atoms and electrons in the system.

1.2  Scopeand Organization

This thesis investigates a promising class of aternative dielectrics known as silicates
through the use of first principles density functional theory calculations. The research
focuses primarily on the interface properties of the silicate system.

The thesisis organized as follows:

Chapter 2 reviews recent trends in gate oxide scaling to show that further scaling of
SO, is limited by static power dissipation and other fundamental considerations. As an
alternative to continuing to scale SIO,, the use of alternative high-k gate dielectrics is
discussed. Several of the most important material properties for such high-k dielectrics are
also reviewed. Known properties of zirconium and hafnium silicates, which are the focus
of thisresearch, are also described.

Chapter 3 provides a review of atomic scale modeling theory. The characteristics of
the three main approaches, classical interatomic potentias, tight binding, and first
principles density functional theory (DFT), are discussed along with examples of specific
applications. Based on the requirements for modeling high-k dielectrics, DFT isidentified
as the most promising method for the properties of interest.

Chapter 4 describes model interface calculations amed at investigating possible
scaling limitations imposed by structural properties at the Si/silicate interface. Various
properties are studied to clarify the nature of bonding at the Si interface. Detailed
consideration of the interface structure and energetics leads to the conclusion that
suboxide bonding within the interfacial transition region presents a significant challenge

to scaling the silicate system.
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Chapter 5 describes model interface calculations aimed at investigating possible
scaling limitations imposed by electronic properties at the Si/silicate interface.
Specifically, the scaling trends of silicate band offsets at the Si interface are studied. Based
on analysis of the electronic structure of silicates, the degradation of the potential barrier is
shown to primarily affect the conduction band offset, leading to asymmetric barrier
heights as the transition metal concentration isincreased. By explicitly altering the surface
termination, charge transfer dipoles at Si the interface are investigated as a possible means
of restoring symmetry in the band offsets.

Chapter 6 describes the contributions made by this research and suggests

recommendations for future work.
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where ko, isthe relative dielectric constant, €, is the permittivity of free space, and t,, is
the physical thickness of the dielectric material. Based on these relations, the drain-source
current for along-channel MOSFET operating in the saturation region can be expressed as

_1 W
lgs = é”coxf gs

where n isthe channel mobility, W and L are the width and length of the channel region,

(V= V)2, 2.3)
respectively, Vs is the gate-source potential, and Vy is the threshold voltage. Equations
2.2 and 2.3 reveadl that reducing the lateral (L) and vertical (t,,) dimensions of the device
increases the current flow between the drain and source. Intuitively, this is because
reducing tq, increases C,, and hence the amount of channel charge, and reducing L
decreases the distance the channel charge must travel to conduct a current. Reducing the
gate oxide thickness (t,,) along with the channel length (L) also helps to maintain the gate
electrode’ s control over short channel effects. Increased gate capacitance allows the gate
potential to modulate more channel charge and is especially important as the supply
voltage scales down. Much of the progress in Si microelectronics has been driven by the
ability to continually shrink these and other critical dimensions of the MOSFET to

increase performance and decrease die area, a process referred to as scaling [3].

2.2  Recent gate oxide scaling trends

The gate oxide has been aggressively scaled in recent generations. Figure 2.3 shows
extrapolated gate oxide scaling targets based on published data from recent Intel
technologies [4]. The technology node refersto the smallest poly-Si gate length which 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 parametersis
given in Table 2.1. The predictions are based on extrapolations of published state-of-the-
art 180nm technol ogies assuming channel length, supply voltage, and gate oxide thickness
scaling factors of 0.7, 0.8, and 0.8, respectively [5-7]. These projections, representative of

the current targets for high-performance logic technology, aggressively outpace those
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compiled in the 2000 update of the International Technology Roadmap for
Semiconductors (ITRS), asshown in Table 2.2 [1].

50 T 45
__ 40+
< L Equivalent tyy
8 r (electrical)
3 30 | T
C |-
~ L
Q2 F
< L 1997
o 20T
k=] L Equivalent tox
6 L (physical)
10 ¢
7 2001
0 T ! ! T 1
0 100 200 300

Technology node (nm)

Figure 2.3 Extrapolated gate oxide scaling trend for recent CM OS technologies.

Table2.1 Projected transistor parameters for future technology generations.

Generation 180 130 100 70 Scaling
(nm) factor
L gate (NM) 100 70 50 35 0.7x
vdd (V) 15 1.2 1.0 0.8 0.8x
TOX’
electrical 31 25 20 16 0.8x
(A)
To)_(,
physical 21 15 10 6 0.8x
(A)
|0ff at 25°C
(nA/um) 20 40 80 160 2X




10 Chapter 2 Gate Oxide Scaling

Table2.2 Selected excerpts from the 2000 update of the International Technology
Roadmap for Semiconductors.

Y ear 1999 2001 2004 2008 2011 2014
Technology Node 180nm | 130nm | 90nm | 60nm | 40nm | 30nm

L gate (NM) 120 90 70 45 32 22

Tox: Physical (A) 19-25 15-19 12-15

Gateleakage at 100°C
(nA/um)

The two data setsin Figure 2.3 refer to the equivalent electrical and physical thickness
of the gate oxide. The equivalent oxide thickness (EOT) refers to how thin a pure SIO,
layer would need to be in order to meet the gate capacitance requirements of a given
technology. In amodern MOSFET device, the gate oxide behaves electrically asif it were
8-10,& thicker than its physical thickness, because depletion in the poly-Si gate and
guantization in the inversion layer each extend the centroids of charge modulated by the
gate voltage by 4-5 A [8].

From Figure 2.3, it is clear that the physical thickness of the gate oxide is rapidly
approaching atomic dimensions. The 250nm technology, which entered volume
production in 1997, used an SO, layer with approximately 40A°\ physical tgy,
corresponding to approximately 20 monolayers of SIO,. In contrast, the 100nm and 70nm
technologies, scheduled for production in the next 5 to 10 years, will require gate
capacitance values achievable only with SIO, layers asthin as 10 A and 7 A respectively,
to guarantee proper device operation. A 1OA°\ film consists of only three to four

monolayers of SIO,.

2.2.1 Gate leakage and static power dissipation
A significant consequence of aggressively scaling the gate oxide is the resulting direct

tunneling of carriers through the potential barrier presented by the insulator layer. As
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illustrated in Figure 2.2(b), when the thickness of the potential barrier becomes less than
approximately 30 A substantial tunneling currents can flow through the gate oxide,
leading to large static power dissipation. In addition, the gate and channel regions are no
longer isolated from each other when tunneling occurs. Recent studies have shown that
gate leakage can significantly impact circuit performance as a consequence, especially for
analog and dynamic logic circuits [9].

Figure 2.4 shows extrapolated trends in power dissipation for high-performance
CMOS logic based on published data from recent Intel technologies [4,10]. Both active
and static power components are shown. Traditionally, the main source of power
dissipation in CMOS circuits has been active switching, which depends on the rate at

which node capacitances are charged and discharged,

P.ciive = NCVAT. (2.4)
N is the number of switching transistors, C is the total switched capacitance, V is the
supply voltage, and f is the frequency of operation. The observed increase in active power
with each generation reflects the trend towards higher levels of integration and higher
frequency of operation, which more than offsets the reduction in device capacitance and
supply voltage. Much more alarming is the rapid increase in static (i.e. standby) power
dissipation beyond the 180nm technology node. Static power is primarily due to
subthreshold (lof) and gate (lgqe) leakage currents. The extrapolation of the Igqe
component is based on quantum mechanical modeling of gate tunneling currents through
ultra-thin SO, layersby Lo et al [8,11]. As shown in Figure 2.4, standby power has been
increasing much more rapidly than active power in recent generations, and if current
trends continue, standby power will actualy surpass active power beyond the 70nm
generation. Clearly, the exponential increase in the gate leakage, which arises from direct
tunneling of carriers through the gate oxide, presents a serious limit to future CMOS

scaling.
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Figure 2.4 Extrapolated trend of active and |eakage power dissipation for state-of-
the-art CMOS technologies.

2.2.2  Scaling limit of SO,
In addition to limitations arising from static power dissipation, there has recently been

gresat interest in determining if amore fundamental limit to scaling SO, exists. One of the
most convincing experiments which demonstrated that such a fundamental limit indeed
exists is the work of Muller et al from Bell Labs [12,13]. Using a scanning transmission
electron microscope (STEM) probe with 2,& resolution, they studied the chemical
composition and electronic structure of oxide layers as thin as 7-12 A through detailed
electron-energy-loss spectroscopy (EELS) measurements. By moving the probe site-by-
site through the ultra-thin SIO, layers, they mapped the local unoccupied density of
electronic states, which provides insight into the local energy gap of the material, 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 SiIO, were needed to ensure that at least one monolayer

maintained a fully bulk-like bonding environment, giving rise to the wide, insulating
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bandgap of SIO,. Since the first and last monolayers form interfaces with Si and poly-Si
respectively, they have bonding arrangements intermediate to those of bulk Si and bulk
SiO, and hence have energy gaps smaller than that of bulk SiO,. Based on these insights,
Muller et al concluded that the fundamental scaling limit of SO, is likely to be in the
range of 7to 12 A Another important insight from their study was that for a 10 A oxide, a
1 A increase in the root-mean-square (RMS) interface roughness can 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 remarkable agreement between experiment and theory regarding the
scaling limit of SIO,. Theoretical studies by Tang et al employing a S/SIO, interface
model based on the b-cristobalite form of SiO, showed that the band offset at the
interface degraded substantially when the SIO, layer was scaled to less than three
monolayers[14]. The large reduction in the band offset was attributed to areduction in the
SiO, bandgap and also suggested 7 A as the scaling limit of SiO,. A more recent study by
Kaneta et al using a Si/SIO, interface model based on b -quartz SO, directly computed
the local energy gap as a function of position through the interface [15]. While the
transition from bulk Si to bulk SIO, in their model was structurally abrupt, it was found
that the full bandgap of SIO, was not obtained until the second monolayer of SO, was
reached. Again, these calcul ations suggest that approximately 7 A of SiIO, isthe minimum
required for substantial band offsets to develop at the interface, indicating the formation of
alarge bandgap.

Thus, both experiment and theory suggest that the bulk properties of SiO,, 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 A gate oxides in future generations, it isunlikely, both from static power dissipation
and fundamental materials science points of view, that SIO, will scale beyond the 70nm

generation.
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2.3  High-k gatedielectrics

As an alternative to continuing to scae SIO,, recent effort has focused on the
development of aternative high-k gate dielectrics. Recall that the traditional approach to

scaling the gate dielectric has been to reduce t,, to increase Cy,,

k.. €
C, = -X2 (2.5)

(00,4
tOX

But now that gate leakage currents due to direct tunneling have reached unacceptably high

levels, the more recent high-k approach is to increase the physical thickness of the film
(thigh-k) to reduce the tunneling currents, yet at the same time obtain higher values of gate
capacitance by using a dielectric material with a higher dielectric constant (Kpign.k)
relativeto SIO,,

Ky €
_ high—k“o
Chigh—k = T (2.6)
high—k
Over the past several years, awide variety of high-k dielectrics have been investigated

as possible replacements for SiO,. Compared to just two or three years ago, a much
shorter list of candidates is still being pursued today, due to the stringent requirements
placed on the MOS dielectric material. In considering candidate gate dielectrics, it should
be recalled that the dominance of the S MOSFET over competing technologies has
largely been attributed to the high quality of thermally grown SiO, and the resulting Si/
SO, interface. Other substrate materials provide higher intrinsic carrier mobilities or
concentrations, yet none can match the electrical performance of the Si/SIO, interface.
Not surprisingly then, the most stringent requirements arise from the need to develop an
aternative dielectric material whose Si interface properties match the high quality of the
Si/SIO, interface.

In the following sections, some of the important materials properties required of high-
k dielectrics are reviewed. Such considerations |ead to the conclusion that only afew basic
classes of materials are capable of meeting the requirements for a replacement dielectric

material. Several excellent review papers discuss these and other material considerations
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for high-k dielectric applications in further detail [16-18]. A particularly important
consideration is that the chosen high-k dielectric be scalable to future technology
generations. Because of the immense costs associated with developing a replacement
material for SIO,, which benefits from nearly 30 years of research, the industry requires a
material which will not only meet the requirements for the upcoming 100nm or 70nm

technologies, but can also be scaled to end-of-the-roadmap technology nodes.

23.1  Target dielectric constant
To first order, a high-k film can be physically thicker than a pure SO, layer by the

ratio of its dielectric constant to that of SiO,, and still provide the same gate capacitance,

since
k € K,.: €
— OX"0 _ — _high—k™o
Cox = 7 = Chigh-k = (27)
(0)'¢ high—k
and
aBhigh 10
thigh—k = € “lox: (2.8)
e Koy @

thus potentially reducing direct tunneling currents substantially. Equation 2.8 is often
expressed in terms of the equivalent oxide thickness (EOT) described in Section 2.2. In
the context of high-k dielectrics, EOT is defined as the thickness of a pure SIO, layer

which provides the same gate capacitance as a high-k layer,

., _®ky ©
EOT = tOX - gk—_thlgh—k (29)

€%igh—k@d
Recall from Figure 2.3 that the gate capacitance targets for the upcoming 100nm and
70nm technologies require dielectrics with physical EOT values of 10 A and 6 A
respectively. At first glance, it would seem that an arbitrarily high k-value would allow a
substantially thick dielectric film to meet very small EOT targets. In practice, the extreme
gate thickness-length aspect ratio that would result from a very high k-value and hence a

very thick insulator leads to fringing field effects which undermine the gate electrode’s
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ability to maintain control of the channel. Device simulations have explored the impact of
large k-values on threshold voltage roll-off and subthreshold swing to determine the upper
range of desirable dielectric constants, which generaly is believed to be on the order of 30
to 50 [19]. The lower range of acceptable dielectric constants depends on the EOT
requirements of a given technology generation. It is generally believed that pure or
nitrided SIO, with dielectric constants close to 4 will provide physical EOTs down to
about 16 A near-term alternatives such as SizN, or oxynitride stacks with nitrided SO,
interfaces with k-values near 7 will provide physical EOTs down to about 11 A and pure
metal oxides or pseudo-binary alloys of metal oxides with dielectric constantsin the range
of 15 to 25, providing afactor of four to six improvement over SIO,, will provide physical
EOTs down to about 6 A [20].

It should be noted that some of the near-term materials such as SigN, and the metal
oxide Al,O3 are attractive from the point of view of integration, since substantial
experience and equipment infrastructure for processing both materials exist. Due to the
relatively low gainsin the dielectric constant relative to SiO,, however, these materials are
likely to be intermediate solutions at best. It is aso worth mentioning that the ferroelectric
class of materials which has been pursued for 1Gb and beyond dynamic random access
memory (DRAM) storage capacitors provide k-values in the range of 100 to 1000, far in
excess of the requirements for a gate dielectric [16]. In addition, ferroelectric materials
generally require a complex composite structure to promote stability and adhesion to
adjoining layers, so that using them as transistor gate dielectrics is not feasible. Hence,
substantial new investments in materials research and technology development are
needed, above and beyond the existing efforts in the DRAM community, to realize
alternative gate dielectrics for logic technologies.

Many high-k materials consist of oxides and alloys of d-electron transition metals.
Representative transition metal oxides include: column 3B materials such Y,05 and
LayOg; column 4B materials such as ZrO, and HfO,; and column 5B materials such as

Tay,Os. It is well-known that the static (i.e. low frequency) dielectric constants of such
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metal oxides have significant electronic and ionic contributions at the frequencies of
interest [21]. The electronic contribution arises from the polarization of electrons in
response to an applied electric field, whereas the ionic contribution depends on the
displacement of the ions themselves in response to an electric field. To first order, the
additional shells of electronsin a heavy transition metal compared to alighter atom allow
for greater electronic polarization for a given electric field strength. It has also been
observed that the d-electron metal transfers nearly al of its valence electrons to the
oxygen atom, resulting in increased ionicity and hence polarization. In addition, the
bonding between many d-electron transition metals and oxygen exhibit a softening of the
phonon mode. In other words, the natural vibration frequency associated with the metal-
oxygen bond is lowered. This allows the relatively low frequency excitation common in
microelectronics applications to couple into the vibrational mode, leading to large
displacements of the metal atom. The ability to model both the electronic and ionic
components of the dielectric response is thus important for investigation of high-k
materials. Different approaches to computing the dielectric constant are compared in
Section 3.3.1.2.

In addition to pure transition metal oxides, there is also considerable interest in
pseudo-binary alloys for high-k applications. Representative examples include the silicate
system, such as ZrSi,Oy, which can be thought of as an alloy between the pure metal
oxide ZrO, and SO, (Zr0,),(S0,)1.y; and the aluminate system, such as LaAl,O,,
which is an alloy between La,O3 and Al,03, (Lay,03),(Al,03)1.«. The motivation for the
use of these alloys over pure metal oxides arises from their interface properties with Si, as
described in Section 2.4.

2.3.2 Bandgap and band offsets
Since an important function of the gate dielectric is to isolate the gate terminal from

the current-carrying channel region, it needs to be a good insulator. SiO, provides awide

bandgap on the order of 9eV, substantially larger than the 1€V bandgap of Si. A closely
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related property isthe height of the potential barrier presented to tunneling electrons from
the conduction band and to tunneling holes from the valence band. At the SI/SIO,
interface, these band offset energies are relatively symmetric, so that barriers on the order
of 4eV are presented to both electrons and holes. Any degradation of the bandgap results
in lower band offset energies which compromise the potential tunneling reduction
obtained by using a material with a higher dielectric constant and hence a physically
thicker film.

It has been observed that most high-k materials have smaller bandgaps relative to
SiO,. Figure 2.5 illustrates the approximately inverse relation between bandgap and static
dielectric constant obeyed by a number of representative high-k dielectrics. This behavior
is expected qualitatively since stronger polarizability implies weaker bonding, and weaker
bonding implies a smaller separation between bonding and antibonding energies [22]. The
implied tradeoff between dielectric constant and bandgap severely limits the applicability

of candidate materials at the upper range of target dielectric constants. For example, early
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Figure 2.5 Plot of bandgap vs static dielectric constant for representative high-k gate
dielectric materials.
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high-k efforts focused on Ta,Os and TiO,, since they provided large dielectric constants
and substantial processing experience with the materials existed from DRAM applications
[23-26]. However, their bandgaps are substantially smaller than that of SIO,, with
estimated values of 4.5eV and 3.5eV for Ta,Og and TiO,, respectively [17]. Interestingly,
Al,O3 presents an exception to this general trend and provides approximately twice the k-
value of SIO, while maintaining a large bandgap. Limitations arising from the apparent
tradeoff between the dielectric constant and the bandgap for the silicate system are
investigated in Chapter 5.

2.3.3 Si interface properties
The feasibility of any high-k dielectric ultimately depends on the quality of its

interface with Si. Two particularly important interface considerations are thermal stability
and defect formation. Many of the early metal oxides such as Ta,Og and TiO, which were
pursued because of their previous use in DRAM processes have been found to be
thermally unstable in direct contact with Si [24,26,27]. For both materials, reactions have
been observed in which thick interfacial layers form between the metal oxide and the Si
substrate. Specifically, Alers et al observed the formation of a 2.0nm thick interfacial
region after Chemical Vapor Deposition (CVD) of Ta,Og on HF-last-Si at 400° C [24].
Similar observations of interfacial reaction have been made for TiO, films deposited
directly on HF-last-Si [26]. Since the channel transport properties were determined by
nominally Si/SiO,-like interfaces for both materials, reasonable channel mobilities were
obtained. The SI/SIO, interface is known to have a very low density of interface states
arising from unsaturated surface bonds and other electricaly active imperfections.
Interface states lead to degradation of on-current, since carrier mobility is limited by
scattering at the interface due to the strong vertical electric fields present in the channel. In
the case of the TiO, device, deliberate efforts to suppress the growth of the interfacial
layer led to substantial charging and degradation of peak channel mobility from 150cm?/

V-sec to 60cm?/V-sec.
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For both Ta,Og and TiO,, the formation of an interfacia oxide layer appears
inevitable and necessary to maintain good transport properties at the Si interface. In fact,
interfacial reaction is expected for these materials based on analysis of equilibrium phase
diagrams [17]. Whileit is difficult to directly determine the chemical composition of such
thin layers, it is generally believed that an SiO,-like layer with arelatively low dielectric
constant forms, as illustrated by Figure 2.6. The formation of an interfacial low-k layer
between the Si substrate and the high-k film is highly undesirable, since then the gate
dielectric appears electrically as a series capacitance whose effective capacitance is less
than that of the high-k layer alone,

L1 1.1
Ceq Cl CZ
Assuming that the interfacial layer has the dielectric properties of SIO,, Equation 2.10 can

(2.10)

be re-written in terms of the following relation for the EOT of the dielectric stack,.

Cz Khigh-k thig b-k
Ci ksio: tsio:
Slllcon

Figure 2.6 Diagram illustrating a high-k gate dielectric stack with alow-k interfacial
layer.
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For agiven EOT (to) target, any non-zero tg o, reduces the thickness of the high-k film
which can be used, thus increasing the tunneling transmission through the stack.
Furthermore, the minimum EOT can never be less than tgg,, SO that the interfacial oxide

layer limits the maximum achievable capacitance of the gate stack.

2.4 Zirconium and hafnium silicates

Zirconium (Zr) and hafnium (Hf) silicates are promising high-k dielectrics developed
largely to overcome the interface stability issues suffered by many high-k binary metal
oxides [28-30]. Ternary phase diagrams of the Zr-Si-O system reveal that the binary metal
oxide ZrO, as well as the compound silicate ZrSiO4 should be thermodynamically stable
in direct contact with Si. Since Zr and Hf are isoelectronic elements, it is expected that
HfO, and HfSIO4 should a'so be stable on Si.

In practice, interface reactions, much like those described in the previous section for
other metal oxides, have been observed for nearly all ZrO, and HfO, films deposited
directly on Si [26,31,32]. High resolution transmission electron microscope (HRTEM)
measurements by Campbell et al reveded that interfacia layers of 0.9nm and 1.2nm
thickness were formed when depositing ZrO, and HfO, directly on Si, respectively [26].
Medium energy ion spectroscopy (MEIS) and x-ray photoelectron spectroscopy (XPS)
analysis showed that the interfacial layer was SiOo-like, not a silicate. In contrast, Lee et
al found that ZrO, and HfO, films deposited directly on Si using a magnetron sputtering
technique gave rise to a silicate interfacial layer [31]. Copel et al aso found that ZrO,
deposition by atomic layer chemical vapor deposition (ALCVD) on HF-last-Si led to
discontinuous nucleation with islands of ZrO, interspersed along the Si interface [32].
Atomic force microscopy aso reveded a large RMS roughness of 5.7,& aong the

interface.
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The variability in theinterfacial layer following ZrO, and HfO, deposition leads to the
conclusion that the growth of such layers is difficult to control. Instead, recent efforts
toward integrating ZrO, and HfO, films have focused on first growing a high quality, well
controlled, ultra-thin SIO, layer prior to ZrO, deposition. Perkins et al deposited ALCVD
ZrO, films on chemically grown oxides and obtained EOT < 14A°\ [33]. Having an
underlying SIO, layer also |eads to the desirable electrical properties of a Si/SIO, interface
which helps to maintain high channel carrier mobilities. Of course, the minimum EOT is
still limited by the extent of the interfacial SiO, layer as described previously.

Another potential problem with ZrO, and HfO, is that they have been observed to
crystallize at relatively low temperatures. Polycrystalline films may exhibit high leakage
paths along grain boundaries which act as trapping centers. Thus, in general, amorphous
dielectrics which resist recrystallization up to relatively high temperature are desirable for
gate dielectric applications.

To overcome the challenges of pure ZrO, and HfO, films, Wilk and Wallace proposed
the use of Zr and Hf silicates as promising high-k gate dielectrics [17,28-30]. By alloying
two different oxides, such as ZrO, and SIO, in the case of Zr silicate, (ZrO5),(SI05)1x.
they believed that it may be possible to retain the desirable properties of both oxides while
eliminating the undesirable properties of each. By explicitly incorporating SiO, during
deposition of ZrO, precursors, the driving force for reaction between the dielectric and the
Si substrate is reduced, so that the interface is more likely to behave like the desirable Si/
SO, interface. This allows better control of the Si interface properties. It is generally
believed that silicate deposition results in a single, uniform high-k layer in direct contact
with Si. Combining a poly-crystalline film like ZrO, with an amorphous one like SIO,
also leads to an amorphous silicate phase.

At the same time, by incorporating some amount of ZrO, into the SIO, film, the
enhanced polarizability of Zr-O bonds relative to Si-O bonds leads on average to a higher
dielectric constant for material. While many different silicate systems are possible,

column VB elements such as Zr and Hf are expected to substitute well for Si atoms, thus
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reducing the possibility of forming dangling (i.e. unsaturated) bonds at the Si interface.
The notion of doping SIO, with Zr or Hf also leads to a natural scaling scenario for the
silicate system. By progressively increasing the Zr or Hf concentration, the k-value can be
steadily increased, up to a limit, to meet the gate capacitance requirements for future
technology generations.

The increased control over interface properties comes at the expense of a lower
dielectric constant relative to pure ZrO, or HfO,. Depending on the metal concentration,
the dielectric constant is believed to scale between 4, corresponding to pure SIO,, and
approximately 15 to 20 for stoichiometric ZrSiO, or HfSIO,, since pure ZrO, and HfO,
are thought to have dielectric constants close to 25 and 35, respectively [30]. Si-rich
compositions are preferred to maintain thermal stability with the Si substrate. Preliminary
theoretical work by Jun et al suggests that both ZrSO, and HfSIO, have dielectric
constants near 12, toward the lower end of the above range [34]. As described in Section
2.4.3, itisnot yet clear exactly how the dielectric constant scales between these extremes.

The lower dielectric constant of the silicates relative to the pure metal oxides does not
necessarily imply asmaller gate capacitance. To illustrate this point, Figure 2.7 shows two
possible gate stack structures. Figure 2.7(a) depicts a pure metal oxide (e.g. ZrO, with k =
25) which requires a5 A interfacial SIO, layer with k = 4. Figure 2.7(b) shows a silicate
layer (e.g. Zr silicate with k = 16) which forms a single, uniform high-k layer in direct
contact with Si. Using Equations 2.9 and 2.11, it is straightforward to show that both gate
stack structures achieve the same equivalent gate capacitance, corresponding to EOT
values of 10 A Surprisingly, the lower-k silicate layer can be physically thicker than the
higher-k ZrO, layer, so that less tunneling is expected for the silicate stack. Thisis due to
the fact that the silicate is believed to form a single, uniform high-k layer, thus avoiding

the formation of alow-k interfacial region.



24 Chapter 2  Gate Oxide Scaling

(a) (b)
30A (k = 25) 40A (k = 16)
5A (k = 4)
Sllicon Silicon

Figure 2.7 (@) A gate dielectric stack formed of ahigh-k layer and alow-k interfacial
layer. (b) A stack formed of asingle, uniform layer with intermediate k-
value. Both stacks provide 10A EOT.

24.1  Atomic structure
Zircon (ZrSiOy) is the only experimentally known crystalline silicate and hence has

served as an important reference model upon which early understanding of silicate
structure has been based [35]. The tetragonal unit cell consists of parallel chains of edge-
sharing four-fold coordinated SiO4 and ZrO,4 units. A cross-section of the atomic structure
is shown in Figure 2.8. The dashed lines indicate second nearest neighbor bonds between
Zr atoms of a given chain and O atoms from a parallel chain. Similar bonds exist with
additional chainsin and out of the plane, so that Zr atoms are eight-fold coordinated by O
atoms.

An important experimental observation is that the local atomic structure, namely the
Zr coordination, depends on the concentration of Zr in the silicate film. Based on extended
x-ray absorption fine structure spectroscopy (EXAFS) measurements of Zr silicate films,
Lucovsky et al have found that the average Zr coordination increases from 4.5+ 1 for

samples with ~3.3 atomic percent Zr to 7.2+ 1 for samples with ~8.3 atomic percent Zr
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Figure 2.8 Ball-and-stick model of a plane of ZrSiO,. The dashed lines indicate
bonds between neighboring ZrO, units.

[36]. Since the initial introduction of silicates into an advanced CMOS process will likely
employ arelatively low Zr or Hf concentration, assuming tetrahedrally bonded Zr unitsis
areasonable starting point for modeling. The silicate then consists of corner-sharing SiO,4
and ZrO, tetrahedra, whose structure may be modeled by selectively doping various
crystalline forms of SiO, with Zr or Hf. However, at higher concentrations, eight-fold
coordinated Zr bonding units characteristic of ZrSiO, should be explicitly modeled.
Unfortunately, it is difficult to form a well-defined interface between ZrSiO, and S that
allows controlled study of the interface structure. Therefore, al interface models
considered in Chapters 4 and 5 assume tetrahedral bonding around the Zr or Hf atom.
While it cannot be directly employed in interface calculations, the bulk properties of
ZrSiQ, are investigated and compared to those of silicate models with tetrahedrally
coordinated Zr atoms in Chapter 5.
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24.2 Interface structure
Wilk and Wallace have performed extensive XPS measurements on Zr and Hf silicate

films deposited directly on Si to investigate the chemical composition of such films [30].
As expected from the atomic structure of ZrSiO, just discussed, the XPS measurements
indicated the presence of Zr-O, Hf-O, and Si-O bonding in the films. They observed no
evidence for the formation of Zr-Si or Hf-Si bonding, which would have indicated phase
separation of the silicate into silicide and oxide phases. These measurements, in addition
to healthy capacitance-voltage (C-V) curves obtained from MOS capacitor structures
utilizing the silicate films, suggest that even at the interface, which is expected to be Si-
rich, silicide phases containing Zr-Si or Hf-Si bonds do not form. While fortunate from the
point of view of device electrical properties, the physical mechanism preventing the
formation of silicide-like bonds at the Si interface is largely unknown. Model interface
calculations performed to clarify these and other issues related to the structure of the Si/

silicate interface will be described in Chapter 4.

24.3 Electronic structure
In the case of pseudo-binary aloys, it is not yet clear how the dielectric constant will

scale as the alloy composition is changed. For example, Figure 2.9 shows three possible
ways the dielectric constant may scale for the Zr silicate system. One possibility is linear
mixing from pure SIO, (k = 4) to stoichiometric ZrSiO,4 (k = 12-15). Commonly referred
to as Vegard's law, such linear mixing is observed for a variety of physical propertiesin
many aloy materials. Many alloys also exhibit sub-linear mixing behavior and
experimental work has led some researchers to believe that the silicate system actually
follows this trend [37]. Others have found evidence for super-linear scaling between the
endmembers. In particular, Lucovsky and Rayner have shown that the three datapoints
shown in Figure 2.9, which were extracted from published experimental work, can be fit
by the upper curve [36]. The curve is based on a microscopic model of the silicate in

which the dielectric behavior changes along with the average metal coordination as the
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Figure 2.9 Possible scaling of Zr silicate dielectric constant. The symbols indicate
measured values [36].

metal concentration is increased, as described in Section 2.4.1. Lucovsky’s model is till
controversial, especially since a number of fitting parameters were used to define the
scaling trend. However, if the super-linear behavior turns out to be correct, it would imply
that the dielectric constant of SIO, can be increased substantialy by adding relatively
small concentrations of Zr or Hf. Clarifying the scaling behavior is therefore an important
task. Theoretical approaches to predicting the dielectric response are described in Section

3.3.1.2, along with some preliminary results for the Zr silicate system.

25 Summary

This chapter has reviewed recent trends in gate oxide scaling. The aggressive scaling
requirements for upcoming technologies suggest that SO, cannot be scaled beyond the
70nm generation. The desirable properties of alternative high-k dielectric materials have
also been described. An important consideration is that the chosen dielectric material be

scalable to future technology nodes. Of the various requirements, it islikely that achieving
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a high quality interface with the underlying Si substrate will be the most stringent. This
requirement has motivated the development of the silicate system, which is believed to
form a high quality Si/SIO,-like interface while eliminating the need for an explicit
interfacial oxide layer, which limits the achievable EOT values of gate stacks employing

pure metal oxides.



