28. Dielectric Materials for Microelectronics

Dielectrics are an important class of thin-

film electronic materials for microelectronics.
Applications include a wide swathe of device
applications, including active devices such as
transistors and their electrical isolation, as well
as passive devices, such as capacitors. In a world
dominated by Si-based device technologies,
the properties of thin-film dielectric materials
span several areas. Most recently, these include
high-permittivity applications, such as transistor
gate and capacitor dielectrics, as well as low-
permittivity materials, such as inter-level metal
dielectrics, operating at switching frequencies in
the gigahertz regime for the most demanding
applications.

This chapter provides a survey of the various
dielectric material systems employed to address
the very substantial challenge associated with the
scaling Si-based integrated circuit technology.

A synopsis of the challenge of device scaling

is followed by an examination of the dielectric
materials employed for transistors, device
isolation, memory and interconnect technologies.
This is presented in view of the industry roadmap
which captures the consensus for device scaling
(and the underlying economics) — the International
Technology Roadmap for Semiconductors. Portions

This chapter considers the role of dielectric materials
in microelectronic devices and circuits and provides
a survey of the various materials employed in their fab-
rication. We will examine the impact of scaling on these
materials, and the various materials utilized for their di-
electric behavior. Extensive reviews are available on the
device characteristics for the reader to consult [28.4-7].
‘We will primarily confine the discussion here to Si-based
microelectronic circuits.

Dielectric materials are an integral element of all
microelectronic circuits. In addition to their primary
function of electrical isolation of circuit and device com-
ponents, these materials also provide useful chemical
and interfacial properties. The material (and result-
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of the survey presented here are selected from
work previously published by the author [28.1-3].

ing electrical) properties of dielectrics must also be
considered in the context of the thin films used in
semiconductor microelectronics, as compared to bulk
properties. The dimensions of these dielectric thin films
are determined by the device design of the associated
integrated circuit technology, and these dimensions de-
crease due to a calculated design process called scaling.

28.0.1 The Scaling of Integrated Circuits

The ability to reduce the size of the components of
integrated circuits (ICs), and therefore the circuits them-
selves, has resulted in substantial improvements in
device and circuit speeds over the last 30 years. Equally
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important, this calculated size reduction permits the fab-
rication of a higher density of circuits per unit area
on semiconductor substrates. The economic implication
of this scaling was captured by G. Moore more than
40 years ago [28.8].

Moore's Law

Moore observed that the minimum cost of manufactur-
ing integrated circuits per component actually decreases
with increasing number of IC components, and thus with
greater circuit functionality and computing power. This
is obviously an important economic driving force, as the
ability to increase the number of circuits per unit area
would lead to a lower minimum cost, and thus higher
market demand and more potential profit. Moreover,
Moore noted that the rate of increase in the number of
components for a given circuit function roughly doubled
each year in the early 1960s, and predicted that it would
continue to do so through 1975. In 1975, Moore revised
this estimate of doubling time to 24 months due to the
anticipated complexity of circuits [28.9].

The semiconductor industry has generally confirmed
(and aligned to meet) these extrapolations, often referred
to as Moore’s law, over the last 30 years. The extrapo-
lation is often analyzed in the semiconductor industry,
and the doubling period, which has varied between 17
and 32months over the life of the industry, is now
roughly 23 months [28.10]. Indeed the cost per transis-
tor has decreased from ~ 5 $/transistor in 1965 to less
than1070 $ /transistor today [28.11]. Current advanced
Si IC production technology results in the fabrication of
well over 500000000 transistors on a microprocessor
chip.

Technology Roadmap

The contemporary industry analysis encompassing this
observation is presented in the International Technol-
ogy Roadmap for Semiconductors (ITRS) where the
extrapolations of the future technological (and eco-
nomic) requirements for the industry are annually
updated [28.12]. The current scaling trends indicate that
the compound annual reduction rate (CARR) in device
dimensions is currently consistent with the following

equation:
1(7r)

CARR(T) = 3 -1, (28.1)

where T is the technology node cycle time measured
in years. Thus in two years, the rate of reduction is
—15.9%. This corresponds to a scaling factor of ~ 0.7 x
from a given technology node to the next, or a factor of

~ (.5 x over the time of two technology nodes. Recent
reviews and predictions for the limits of scaled integrated
circuit technology continue to be available [28.13, 14].

Table 28.1 provides selected scaling targets from the
ITRS through 2010 [28.12]. As may be seen, the in-
dustry roadmap now segregates scaling targets among
three categories: microprocessor (MPU)/application-
specific IC (ASIC) applications, low-operational-power
applications, and low-stand-by-power applications.
Higher-performance technologies, such as MPU/ASIC
applications, require aggressive scaling, while low-
stand-by-power applications require less-aggressive
scaling. A key criteria to enable these technologies is the
associated power management in the on and off state,
hence leakage current remains an important distinction
amongst the various roadmap applications.

Performance and Scaling

The concomitant reduction in device dimensions, such
as transistor channel length, associated with increasing
the number of components per unit area has resulted in
a significant increase in processing performance — the
speed at which computations can be done. For example,
as scaling reduces the distance that carriers must travel
in a transistor channel, the response time of the transistor
as a digital switch also decreases (as long as suffi-
cient mobility is maintained). Scaling has resulted in the
speeds of microprocessors increasing from 25-50 MHz
clock frequencies in the early 1990s (=~ 10° transistors)
to 2.2 GHz in 2003 (=~ 10® transistors) [28.15]. Cur-
rent predictions suggest that 20-GHz frequencies are
possible for complementary metal oxide semiconduc-
tor (CMOS)-based microprocessors incorporating 10°
transistors [28.11].

The various dielectric materials associated with the
components impacts the overall performance of the cor-
responding IC technology. In the case of transistors, the
gate dielectric is integral to the performance of transis-
tor electrical characteristics such as the drive current /4.
The interconnection performance of circuit elements is
influenced by the dielectric material that isolates the var-
ious metal interconnection lines through the line-to-line
capacitance. Memory elements incorporate very-low-
leakage dielectric materials for charge-storage purposes.
The behavior of these materials with component size re-
duction is thus an important design consideration in IC
technology.

Figure 28.1 shows the dependence of the delay time
as a function of technology node (scaling) associated
with conventional CMOS transistor gates interconnected
with metal lines that are isolated with different di-
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Table 28.1 Selected scaling targets from the ITRS roadmap [28.12]

Year of production 2003 2004 2005 2006 2007 2008 2009 2010
Technology node 100nm 90nm 80nm 70nm 65nm 57nm  50nm  45nm
MPU/ASIC applications

Physical gate length, MPU/ASIC (nm) 45 37 32 28 25 22 20 18
Equivalent oxide thickness, Tox (nm) 1.3 1.2 1.1 1.0 0.9 0.8 0.8 0.7
Drive voltage Vaq (V) 1.2 1.2 1.1 1.1 1.1 1 1 1
Gate dielectric leakage (LA /pm) 0.1 0.2 0.2 0.2 0.2 0.2 0.2 0.3
Gate dielectric leakage (A/cm?) 222 450 521 595 933 1061 1167 1852
Low operating power

Physical gate length, low operating power (nm) 65 53 45 37 32 28 25 22
Tox (nm) 1.6 1.5 1.4 1.3 1.2 1.1 1.0 0.9
Vaa (V) 1.00 0.90 0.90 0.90 0.80 0.80 0.80 0.70
Gate dielectric leakage (nA/pm) 0.33 1.00 1.00 1.00 1.67 1.67 1.67 2.33
Gate dielectric leakage (A/cm?) 0.51 1.89 222 2.70 5.21 5.95 6.67 10.61
Low stand-by power

Physical gate length, low stand-by power (nm) 75 65 53 45 37 32 28 25
Tox (nm) 2.2 2.1 2.1 1.9 1.6 1.5 1.4 1.3
Vaa (V) 1.2 1.2 1.2 1.2 1.1 1.1 1.1 1.0
Gate dielectric leakage (pA/pwm) 3 3 5 7 8 10 13 20
Gate dielectric leakage (A/cm?) 0.004 0.005 0.009 0.015 0.023 0.031 0.048  0.080

electrics [28.16]. The total delay time associated with the
circuit response for a given technology node is a com-
bination of the temporal response of the transistor gate
(influenced by the gate capacitance) as well as the propa-

Time delay (ps)
A o

40 | — Gate Delay Only y
--- Interconnect — Cu + low-K S
------ Interconnect — Al + SiO, Ji
— Total Delay — Cu + low-K i
30| Total Delay — Al + SiO, A

0.65 0.50 035 025 0.18 0.13 0.10
Technologie generation (tm)

Fig. 28.1 Time delay contributions for integrated circuits.
The resultant delay is dependent upon the circuit architec-
ture as well as the material constituents. After [28.16] (©
2004 IEEE, with permission)

gation through the interconnecting wire lines associated
with the circuit [influenced by the wire resistance and
the line-to-line capacitance, i.e. a resistive—capacitive
(RC) delay] [28.16, 17]. Changing both the interconnect
wire material (from Al to Cu) to decrease the line re-
sistivity as well as decreasing the dielectric constant in
the material isolating these lines (from SiO» to a lower
dielectric constant material ) to decrease line-to-line par-
asitic capacitance minimizes the overall RC delay time
response. Of course, the challenge in adopting this so-
Iution was the successful integration of these material
changes into a high-volume fabrication line, which took
the investment of considerable time and effort.

In order to compare the performance of different
CMOS technologies, one can consider a performance
metric that captures the dynamic response (i. . charging
and discharging) of the transistors associated with a spe-
cific circuit element to the supply voltage provided to
the element at a representative (clock) frequency [28.1,
18, 19]. A common element employed to examine such
switching-time effects in a new transistor design tech-
nology node is a CMOS inverter. This circuit element is
shown in Fig. 28.2 where the input signal is attached to
the gates and the output signal is connected to both the
n-type MOS (NMOS) and p-type MOS (PMOS) tran-
sistors associated with the CMOS stage. The switching
time is limited by both the fall time required to discharge
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Fig. 28.2 Example circuits employed to evaluate the performance of a transistor technology. For example, elements are
combined to simulate processor performance adequately. After [28.1] (AIP, with permission(©) 2001)
the load capacitance by the n-type field-effect transistor One can then characterize the performance of
(n-FET) drive current and the rise time required to charge ~ a circuit technology (based on a particular transistor
the load capacitance by the p-FET drive current. Thatis, structure) through this switching time. To do this, various
the switching response times t are given by: figures of merit (FOM) have been proposed that incorpo-
C v rate parasitic capacitance as well as the influence of gate
LOAD Vdd . Lo
- T= — where sheet resistance on the switching time [28.18-20]. For
g._ d example, a common FOM employed is related to (28.3)
(=) Croap = FCgare + G+ Ci, (28.2)  simply by
® and Cj and C;j are the parasitic junction and local inter- FOM = L2 (28.4)
connection capacitances, respectively. Of course, as one I Tp+Tn '

considers the combination of transistors to produce var-
ious circuit logic elements to enable computations (viz.
a processor), it is also clear that the manner in which
the transistors are interconnected also plays an impor-
tant role on the overall performance of the circuit. The
fan out for interconnected devices is given by the fac-
tor F. Ignoring delay in the gate electrode response, as
TGATE K Tn,p, the average switching time is therefore:

1
LOAD Vdd (Ig-f-]g)

The load capacitance in the case of a single CMOS
inverter is simply the gate capacitance if one ignores
parasitic contributions such as junction and intercon-
nect capacitance. Hence, an increase in /g is desirable to
reduce switching speeds. For more realistic estimates
of microprocessor performance, the load capacitance
is connected (fanned out) to other inverter elements
in a predetermined fashion. When coupled with other
NMOS/PMOS transistor pairs in the configuration
shown in Fig. 28.2, one can create a logic NAND gate,
which can be used to investigate the dynamic response of
the transistors and thus examine their performance under
such configurations. For example, a fan out F =3 can
be employed in microprocessor performance estimates,
as shown in Fig. 28.2.

Tp +Tn

T= B

(28.3)

In the case where parasitic capacitance and resis-
tance effects are ignored, it is easily seen then that an
increase in the device drive current /4 results in a de-
crease in the switching time and thus an increase in
the FOM value (performance). However, the incorpora-
tion of parasitic effects results in the limitation of FOM
improvement, despite an increase in the gate dielectric
capacitance. All of these issues depend critically upon
the materials constituents of the integrated circuit, and
dielectrics are an important component [28.1].

Impact of Scaling on Dielectrics

The scaling associated with the device dimensions
that constitute an integrated circuit impacts on virtu-
ally all film dimensions such as thickness, including
the dielectrics employed in the circuit. Various scaling
methodologies have been applied since the pioneering
work by Dennard and coworkers [28.21,22]. These var-
ious methods have been recently summarized [28.5,23].
For example, following the work by Dennard et al., the
scaling of the transistor from one node N to the next
N +1 under a constant-electric-field condition would
result in a relationship between the new transistor gate
(or channel) length Ly4+1 = Ly /o, where o > 1 is the
constant scaling factor (Fig.28.3). Other dimensions,
such as the gate dielectric thickness and the gate width,
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Fig. 28.3 Scaling methodology for integrated circuit tech-
nology. After [28.23] (© 2004 IEEE, with permission)

scale similarly. The voltage would also scale according
to Vy4+1 = Vn /o in this scenario as well. Table 28.1 pro-
vides the drive voltage scaling (Vgyq) anticipated by the
ITRS roadmap, depending upon the application.

This scaling approach has several shortcomings,
including the reduction of power-supply voltages
with each node, raising problems with circuit power-
supply compatibility. So, for earlier technology nodes
(L > 0.35um), the power supply was kept constant
while the device dimensions were scaled as described
above. Eventually, the resultant higher electric fields
associated with this scaling approach led to reliability

60
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nMOS gate length (um)

Fig.28.4 Scaling trends of the transistor gate length and
the gate insulator thickness for various generations of inte-
grated technologies. The solid line is a linear fit to the data.
The dashed line represents the approximate scaling trend
between the gate dielectric thickness and gate length ob-
served over several technology generations: Lg = 45 X fox.
After [28.24], with permission

concerns for the gate dielectric, mobility degradation
and hot-carrier effects. For further scaling, the power
supply was scaled at a different factor (such as !/?) to
compensate for such effects. For modern devices with
deep-submicron gate length, other techniques are used
to scale from node to node. Nevertheless, for CMOS
technology over the last ~ 25 years, it has been noted
that the gate dielectric thickness can be related to the
channel length as shown in Fig. 28.4 for a wide variety
of device technologies [28.24].

The critical point in the context of dielectric films
is that the dimensions of the devices, and therefore the
dimensions (thicknesses) of the dielectric layers, are sig-
nificantly reduced as scaling proceeds (Table 28.1). At
some point, the materials properties associated with the
dielectric in a component will be predicted to no longer
provide the desirable electrical behavior attained in pre-
vious nodes, thus stimulating research on new dielectric
materials. In the case of gate dielectrics, scaling results
in thinner layers to a point where quantum-mechanical
tunneling becomes an issue. For memory capacitor di-
electrics, a specific capacitance density is required,
regardless of capacitor dimensions, for a reliable mem-
ory element. Indeed, scaling impacts on the selection
and integration of numerous constituents of electronic
devices including gate electrode materials, source/drain
junction regions, contacts, interconnect dielectrics.

28.0.2 Role of Dielectrics for ICs

Dielectrics are pervasive throughout the structure of
an integrated circuit. Applications include gate di-
electrics, tunneling oxides in memory devices, capacitor
dielectrics, interconnect dielectrics and isolation di-
electrics, as well as sacrificial or masking applications
during the circuit fabrication process.

The basic properties utilized in dielectric materials
include their structure and the resultant polarizability
behavior. As noted in Fig. 28.5, there are several mech-
anisms to consider in the polarization of materials in the
presence of an electric field. For nonmetallic (insulating)
solids in CMOS applications, there are two main contri-
butions of interest to the dielectric constant which give
rise to the polarizability: electronic and ionic dipoles.
Figure 28.5 illustrates the frequency ranges where each
contribution to the real part of the complex relative
dielectric permittivity &, dominates, as well as the imag-
inary part of the complex permittivity (dielectric losses),
&/ [28.25]. The region of interest to CMOS applications
includes the shaded area where switching frequencies
are in the GHz range at the present time.
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Fig.28.5 Schematic of the dependence of dielectric permittivity on
frequency. After [28.25], with permission

In general, atoms with a large ionic radius (i. e. high
atomic number, Z) exhibit more electron dipole response
to an external electric field, because there are more elec-
trons to respond to the field (electron screening effects
also play a role in this response). This electronic con-

28.1 Gate Dielectrics
28.1.1 Transistor Structure

A cross-sectional schematic of the structure of
a metal-oxide—semiconductor (MOS) field-effect tran-
sistor (FET) and a modern CMOS transistor, consisting
of the n-FET and p-FET pair, is shown in Fig. 28.6. The
source- and drain-region dopant profiles reflect modern
planar CMOS technologies where an extended, doped
region is produced under the gate region in the channel.
Additionally, so-called halo or pocket dopant implan-
tation regions are also shown. These dopant profile
approaches have been incorporated in recent years in
an effort to permit transistor channel scaling and yet
maintain performance [28.28].

As can be seen, there exist several regions of the de-
vice which require dielectric materials to enable useful
transistor operation. Both n-MOS and p-MOS transis-
tors are isolated with a dielectric, typically deposited
Si0O, in most modern device technologies, which is de-
posited in trench structures. This isolation technique
is called shallow trench isolation (STI) as the associ-
ated trench depth is < 0.5 um. Earlier generations of
CMOS (and often devices under research) also utilized
the so-called local oxidation of silicon (LOCOS) iso-
lation approach [28.29, 30]. So-called spacer dielectrics
(typically SiO5, SiOxN,, or SiNy) are also used around

tribution tends to increase the permittivity of materials
with higher-Z atoms.

The ionic contribution to the permittivity can
be much larger than the electronic portion in cases
such as perovskite crystals of (Ba,Sr)TiO3 (BST) and
(Pb,Zr)TiO3 (PZT), which exhibit ferroelectric behav-
ior below the Curie point. In these cases, Ti ions in
unit cells throughout the crystal are uniformly displaced
in response to an applied electric field (for the case
of ferroelectric materials, the Ti ions reside in one of
two stable, non-isosymmetric positions about the cen-
ter of the Ti—O octahedra). This displacement of Ti
ions causes an enormous polarization in the material,
and thus can give rise to very large dielectric con-
stants in bulk films of 2000-3000, and has therefore
been considered for dynamic random-access memory
(DRAM) capacitor applications [28.26,27]. Since ions
respond more slowly than electrons to an applied field,
the ionic contribution begins to decrease at very high fre-
quencies, in the infrared range of ~ 10'2 Hz, as shown
in Fig. 28.5.

the transistor gate stack for isolation and implantation-
profile control. The gate stack is defined here as the
films and interfaces comprising the gate electrode, the
underlying gate dielectric, and the channel region. The
gate dielectric, typically SiOy or SiO(N, for transis-
tors currently in production, electrically isolates the gate
electrode from the underlying Si channel region while al-
lowing the modulation of the carrier flow in the channel.
As we shall see, the interface between the gate dielec-
tric and the channel regions is particularly important in
regard to device performance.

28.1.2 Transistor Dielectric Requirements
in View of Scaling

In addition to the thickness reduction associated with
scaling, the gate dielectric must adhere to several re-
quirements that are dependent upon the specific product
application, including adequate drive current, suitable
capacitance, minimal leakage current, and reliable per-
formance. Table 28.1 provides some selected values
describing the ITRS 2003 roadmap.

Drive Current
The improved performance associated with the scaling
of logic device dimensions can be seen by consider-
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ing a simple model for the drive current associated
with a FET [28.1, 3, 18, 20]. In the gradual channel
approximation, the drive current can be written as:

w Vi
lg = #Ciny (VG —Vr— 7") Vb, (28.5)

where W is the width of the transistor channel, L is
the channel length, 1 is the channel carrier mobility
(assumed to be constant in this analysis), Cipy is the
capacitance density associated with the gate dielectric
when the underlying channel is in the inverted state, Vg
and Vp are the voltages applied to the transistor gate and
drain, respectively, and the threshold voltage is given by
Vr. It can be seen that in this approximation the drain
current is proportional to the average charge across the
channel (with a potential Vp/2) and the average electric
field (Vp/L) along the channel direction. Initially, Ip
increases linearly with Vp and then eventually saturates
to a maximum when Vp so = Vg — Vr to yield:

w (Vo — Vr)?
ID,sat = —uCjpy———7—.

7 ) (28.6)

A goal here is to increase the saturation drive current
as much as possible for a given transistor technology
design. The term (Vg — V) is limited in range due
to reliability concerns as too large a Vg would cre-
ate an undesirable, high electric field across the gate
dielectric. Moreover, practical operation of the device
at room temperature (or above) requires that Vr can-
not easily be reduced below about 8 x kg7 = 200 meV
(kT ~25meV at room temperature). Elevated op-
erating temperatures could therefore cause statistical
fluctuations in thermal energy, which would adversely
affect the desired V1 value. Thus, even in this simpli-
fied approximation, one is left to pursue a reduction
in the channel length, increasing the width, increasing
the gate dielectric capacitance, or a carefully engineered
combination of all of these in order to increase Ip gat.
Note that none of these dimensions are, in reality, in-
dependent and so substantial resources are utilized to
simulate device performance in order to maximize the
performance prior to the fabrication of a representative
transistor [28.5, 30, 32].

Gate Capacitance

In the case of increasing the inversion capacitance to im-
prove Ip, consider the gate stack structure idealized as
a parallel-plate capacitor (ignoring quantum-mechanical
and depletion effects from a Si substrate and

a)
Gate Gate
electrode dielectric
Drain
contact
>
Channel
region
Source Drain
extension extension
b) Sidewall (spacer)

dielectric

n-gate p-gate
Gate dielectric

Isolation

dielectric contact

Halo (“pocket”)
implants

Fig.28.6a,b Important regions of (a) a MIS field-effect transistor,
and (b) a planar CMOS transistor structure. After [28.31] (© 2004
IEEE, with permission)

gate [28.33]),

A
C= Kgf , (28.7)

where « is the dielectric constant of the material, &g is
the permittivity of free space (= 8.85x 1073 fF/um), A
is the area of the capacitor, and ¢ is the thickness of the
dielectric between the capacitor electrode plates. (Note
that the relative permittivity of a material is often given
by € or &, such as with the expression C = gggA/t. Note
that the relation between k and ¢ varies depending on the
choice of units (e.g. when g9 = 1), but since it is always
the case that k ~ ¢, we shall assume here that Kk = ¢.)
It is clear that transistor designs utilizing planar CMOS
scaling approaches discourage increasing the area of the
capacitor, and so one is left to considering the reduc-
tion of the dielectric thickness in order to increase the
capacitance.

In order to compare alternative dielectric materials
which exhibit a dielectric constant higher than the stan-
dard for the industry, SiO,, this expression for C can
also be rewritten in terms of feq (i.e. equivalent ox-
ide thickness) and th ek of the capacitor (kox = 3.9
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for the low-frequency dielectric constant of SiO;). The
term feq then represents the theoretical thickness of SiO
that would be required to achieve the same capaci-
tance density as the dielectric (ignoring important issues
such as leakage current and reliability). For example,
if the capacitor dielectric is SiO3, feq = 3.9 9(A/C),
and so a capacitance density of C/A = 34.5fF/um?
corresponds to feq = 10A.

Thus, the physical thickness of an alternative high-«
dielectric employed to achieve the equivalent capaci-
tance density of feq = 10A can be obtained from the
expression

I Thigh- .
== 2 or simply,
Kox Khigh-«
Khigh-« Khigh-«
Thigh-« = o la= 3 feq - (28.8)
0oxX .

From this expression, a dielectric with a relative permit-
tivity of 16 therefore results in a physical thickness of
~ 40 A, to obtain feq =10 A. The increase in the physi-
cal thickness of the dielectric impacts on properties such
as the tunneling (leakage) current through the dielectric,
and is discussed further below.

The industry scaling process clearly presents a major
challenge for the core transistor gate dielectric as predic-
tions call for a much thinner effective thickness for future
alternative gate dielectrics: feq < 1 nm [28.12]. The in-
terfacial regions between the gate electrode, dielectric
and channel [in totality termed the metal—insulator—
semiconductor (MIS) gate stack as shown schematically
in Fig. 28.7] require careful attention, as they are par-
ticularly important in regard to transistor performance.
These regions, less than approximately 0.5 nm thick,
serve as a transition between the atoms associated with
the materials in the gate electrode, gate dielectric and Si

Gate electrode

I Upper interface

I Lower interface

I Channel layer

Si substrate

Fig.28.7 Schematic of the important regions of the tran-
sistor gate stack. After [28.1] (AIP, with permission (©
2001)

channel, and can alter the overall capacitance of the
gate stack, particularly if they have a thickness that
is substantial relative to the gate dielectric. Addition-
ally, these interfacial regions can be exploited to obtain
desirable properties. The upper interface, for example,
can be engineered in order to block boron out-diffusion
from the poly-Si gate. The lower interface, which is
in direct contact with the CMOS channel region, must
be engineered to provide low interface trap densities
(e.g. dangling bonds) and minimize carrier scattering
(maximize channel carrier mobility) in order to obtain
reliable, high-performance device. Mobility degrada-
tion, relative to that obtained using SiO; (or SiON) gate
dielectrics, associated with the incorporation of high-
Kk gate dielectrics is an important issue currently under
investigation and discussed further below.

Reactions at either of these interfaces during the de-
vice fabrication process can result in the formation of
a significant interfacial layer that will likely reduce the
desired gate stack capacitance. Additionally, any suit-
able interfacial layer near the channel must resultin alow
density of electrically active defects (S 10M/em?eV is
often obtained for SiO,) and avoid degradation of carrier
mobility in the region near the surface channel.

The reduced capacitance can be seen by noting that
the dielectric film that has undergone interfacial reac-
tions results in a structure that essentially consists of
several dielectric layers in series. If we suppose that the
dielectric consists of two layers, then from electrostat-
ics the total capacitance of two dielectrics in series is
given by 1/Ciot = 1/C1 +1/C3, where Cy and C are
the capacitances of the two layers. Thus, the lowest-
capacitance layer will dominate the overall capacitance
and also set a limit on the minimum achievable 7eq
value. If we consider a dielectric stack structure such
that the bottom layer (layer 1) of the stack is SiOy,
and the top layer (layer 2) is the high-« alternative gate
dielectric, (28.8) is expanded (assuming equal areas) to:

N Ksio,
. ——thichx -
SI02 * kepighoe T

leg="1 (28.9)

From (28.9), it is clear that the layer with the lower
dielectric constant (SiO; in this case) limits the ultimate
capacitance of the MIS gate stack.

Of course, the actual capacitance of a CMOS
gate stack for ultra-large-scale integration (ULSI) de-
vices does not scale simply with 1/¢ due to parasitics,
quantum-mechanical confinement of carriers, and de-
pletion effects. Indeed, consideration of these important
effects can result in much confusion on the defini-
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tion of dielectric thickness as extracted from electrical
measurements.

Parasitic resistances and capacitances associated
with various portions of the transistor structure can re-
sult in an overall degradation of performance as defined
by a delay time figure of merit [28.1, 19]. There ex-
ist several materials issues associated with the control
of such parasitics including source/drain dopant-profile
control, gate/contact sheet resistance minimization, etc.
which are beyond the scope of this chapter.

Quantum-mechanical confinement effects on carri-
ers in the channel region occur as a result of the large
electrical fields in the vicinity of the Si substrate sur-
face. These fields quantize the available energy levels
resulting in the displacement of the charge centroid from
the interface into the Si and at energies above the Si
conduction-band edge. The extent of the penetration of
the charge centroid is dependent upon the biasing condi-
tions employed for the metal-insulator—semiconductor
(MIS) structure and, for accurate estimates of transis-
tor drain-current performance, the inversion capacitance
measurement provides accurate determination of the
equivalent oxide thickness [28.33,36,37].

Current MIS gate-stack structures employ heavily
doped polycrystalline Si (poly-Si) as the metal gate
electrode for CMOS transistors. Poly-Si gates were in-
troduced as areplacement for Al metal gates in the 1970s
for CMOS integrated circuits and have the very desir-
able property of a tunable work function for both n-MOS
and p-MOS transistors through the implantation of the
appropriate dopant into the poly-Si gate electrode.

However, in deep-submicron scaled devices, the
poly-Si depletion effect impacts the overall gate-stack
capacitance significantly, as the scaling results in an in-
creased sensitivity to the effective electrical thickness
resulting from all of the gate-stack component films, in-
cluding the gate electrode. The depletion effect (which
occurs in any doped semiconductor) is a result of the
decrease in the density of majority carriers near the
poly-Si/dielectric interface upon biasing, resulting in an
increased depletion width in the poly-Si [28.28,38]. This
results in a voltage drop across the depletion region,
rendering a smaller voltage drop across the remaining
portions of the gate stack (i.e. the dielectric and the
substrate). As a result, the (low-frequency) capacitance
under strong inversion biasing conditions is significantly
lower than that obtained under accumulation (Fig. 28.8).
Moreover, the inversion-layer charge in the substrate is
reduced from that possible in the ideal case where no
depletion layer exists in the gate (i.e. an ideal metal
conductor for the gate electrode). This reduction in the
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Fig. 28.8 Capacitance-voltage curves demonstrating the effects of
poly-Si depletion and quantum-mechanical behavior for scaled tran-
sistors. Ngyb and Npoly denote the dopant density for the substrate

and poly-Si gate, respectively. After [28.34]
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Fig.28.9 Metrology results for various measurement
techniques of the thickness of thin SiO; films. X-ray
photoelectron spectroscopy (XPS) measured thicknesses
are compared to thicknesses derived from high-resolution
transmission electron microscopy (HRTEM), C-V and el-
lipsometry. After [28.35] (AIP, with permission (©) 1997)
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inversion-layer charge in turn reduces the ideal transistor
drive current. As the dielectric thickness is reduced in the
scaling process, this effect becomes a serious limitation
for transistor drive current.

To solve this problem, a return to metal gate electrode
materials is now under development to eliminate any
depletion region in the gate, and thus the interaction of
any dielectric with various metal gate candidates is of
interest. Compatibility of dielectric materials with metal
gate materials is briefly discussed later in this chapter.

When a capacitance—voltage curve is properly
corrected for these quantum-mechanical and dopant de-
pletion effects, as seen in Fig. 28.8, one can accurately
extract the equivalent oxide thickness (EOT), feq [28.34].
This thickness definition is in contrast to that derived
directly from the raw data in a capacitance—voltage
(C-V) measurement, which is termed the capacitance
equivalent thickness (CET >EOT), or the physical
thickness, which can be determined by non-electrical
characterization methods such as ellipsometry or high-
resolution transmission electron microscopy, as seen
in Fig.28.9 [28.34, 35]. Please note that thicknesses
derived from quantum-mechanical-corrected accumu-
lation capacitance data are also often abbreviated
as fqm.

Leakage Current

Of course, physically thinning the dielectric layer to
the nanometer regime raises the prospect of quantum-
mechanical tunneling through the dielectric — often
referred to as leakage. To minimize gate leakage (tunnel-
ing) currents, quantum mechanics indicates that the gate
dielectric must be sufficiently thick and have a sufficient
energy barrier (band offset) to minimize the resultant
tunneling current. Consider the band diagram shown
in Fig.28.10, where the electron affinity (x) and gate

Vacuum level

A A

qDy qPy qx

' E,
= q9¥s I E,

Metal [Insulator Semiconductor

Fig.28.10 Energy-band diagram for an MIS stack structure

electrode work function (®y1) are defined (¢ is the
charge). For electrons traveling from the Si substrate
to the gate, this barrier is the conduction-band offset,
AEc Z ¢ [x — (@M — Dp)]; for electrons traveling from
the gate to the Si substrate, this barrier is @p. The effect
of the height of the energy barrier and the film thick-
ness on tunneling current can be seen by considering
the expression for the direct tunneling current where
electron transport occurs through a trapezoidal energy
barrier [28.18]:

A
Jar = —— exp (—Bldgiel)
diel

(o552 (o)

Vdiel Vdiel
(o0 S50 e (2n+ 5) |

(28.10)

Here A is a constant, B :471/h(2m*q)1/2, &g is
the potential-energy barrier associated with the tun-
neling process, fgie] is the physical thickness of the
dielectric, Vyie] is the voltage drop across the dielectric,
and m™ is the electron effective mass in the dielectric.
From (28.10), one observes that the tunneling (leakage)
current increases exponentially with decreasing barrier
height and thickness for electron direct-tunneling trans-
port. In the context of charge transport through the
dielectric, electrically active defects (electron or hole
traps) can result in charging of the dielectric, which in
turn deleteriously affects the electric field in the channel
region and therefore mobility. Conduction mechanisms
through such fixed charge traps can also be evaluated
through electrical characterization techniques [28.18].
In the case of dielectrics layers, tunneling transport has
also been previously examined [28.39].

The introduction of a dielectric material that exhibits
a suitable energy barrier and thickness, while perform-
ing electrically as a thin SiO; layer, is now a key research
and development goal for the industry to continue the
scaling trend. It is also clear that the gate dielectric must
exhibit adequate thickness uniformity and integrity over
the surface of the wafer. The reduction of this leak-
age current impacts important circuit properties such as
stand-by power consumption, as shown in Fig.28.11.
With the minimization of leakage current as a key driv-
ing force, alternate gate dielectric materials appear to be
required for low-power CMOS device technologies in
the near future and are therefore the subject of intense
research.
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Fig.28.11 Reduction of leakage (tunneling current) from
the incorporation of a higher permittivity gate dielectric.
After [28.1] (AIP, with permission (©) 2001)

Reliability

Any gate dielectric material must possess the abil-
ity to enable a specified, stable operational lifetime
for the transistor. Key areas of concern in this regard
includes defect generation/mitigation resulting in dielec-
tric breakdown phenomenon, charge formation within
the dielectric and at the associated interfaces, and re-
sistance to energetic (“hot”) carrier interactions. This
is often evaluated in the context of accelerated life-
time testing through electrical stressing in combination
with thermal stressing of devices. Reviews on these
topics can be found in this handbook as well as other
sources [28.6,28,40,41].

28.1.3 Silicon Dioxide

As articulated by Hummel, silicon has an amazing num-
ber of desirable materials (and therefore electronic)
properties that no other electronic material can ri-
val [28.42]. Silicon constitutes 28% of the Earth’s crust,
it is nontoxic, exhibits a useful band gap (Eg = 1.12¢€V)
for applications at room temperature, and can be grown
in crystalline form (from abundant sand, i.e. SiO»).
However, it can be argued that the ability of Si to
form the stable, high-quality insulator, SiO,, may be
the primary reason that Si-based transistor technology

Table 28.2 Properties of SiO;

Geometrical parameters

Si—Si bond length 3.12A
Si—0 bond length 1.62A
0—0 bond length 227A
Mean bond angle 144° (tetrahedral bonding)

Bond angle range Si—0—Si: 110° to 180°
Density (g/cm>)

Thermally grown (fused silica) 2.20

Quartz 2.65

Index of refraction (optical frequencies)

Thermally grown (fused silica) 1.460

Quartz 1.544

Quasi-static dielectric constant (< 1kHz)

Thermally grown (fused silica) 3.84

Quartz 3.85

Band gap

Thermally grown (fused silica) 8.9eV
Quartz ~9.0eV
Electrical breakdown strength

Thermally grown (fused silica) 10MV/cm
Quartz ~10MV/cm

has dominated the industry since the 1960s [28.8,43].
This compound has a number of material properties that
result in outstanding electrical performance. Some of
these properties are summarized in Table 28.2. Over
the last 25 years, abundant compendia of the proper-
ties of SiO, with particular emphasis on materials and
electrical properties have been published, as well as
conferences which have focused almost exclusively on
Si0; [28.44-53].

Itis noteworthy that the early development of transis-
tor technology utilized the semiconductor Ge, which has
a rather unstable oxide, GeO», that is water soluble. The
utilization of crystalline Si and its stable oxide presented
a superior solution for the practical manufacturing of the
planar transistor and the associated integrated circuit of
the era [28.43]. It was the utilization of the properties of
SiO; that resulted in the dominance of Si-based device
technology over Ge-based technology in the 1960’s.

Bonding Arrangements for Thin Si0;

As can be seen in Fig. 28.12, the phase diagram for SiO;
has a number of crystalline phases and associated poly-
morphisms [28.52,54]. In the context of accessible phase
space appropriate for typical CMOS processes (pres-
sure &~ 1 bar and T < 1100 °C), the quartz and tridymite
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Fig.28.12a,b Phase diagram for SiO;. Inset: bonding configura-
tions for the O—Si—O system. (a) Tetrahedral unit for the Si—O
bonding arrangement. (b) Bond angle 0 defined for O—Si—O bonds.
After [28.54] (IOP Publishing ©) 1994, with permission)

phases are stable [28.55]. High-pressure phases are also
well studied [28.56].

The bulk SiO; tetrahedral bonding coordination (in-
set, Fig.28.12) results in an average Si—O—Si bond
angle of 6 &~ 145° [28.57] comparable to that observed
for vitreous silica [28.54, 58]. As noted originally in
the classic work by Zachariasen, the bonding inter-
connections among the various SiO4 tetrahedra can
result in an amorphous SiO» film consisting of locally
ordered ring structures commonly observed in silica
glasses [28.50, 52, 59]. The numerous available varia-
tions of the ring structure provide substantial flexibility
and minimize bond strain and the density of defects at
interfaces [28.60].

For the purposes of microelectronic applications,
we first consider so-called thermally grown SiOj. As
the name implies, a SiO; layer is formed on Si

from a thermally activated oxidation process (often
referred to as a thermal oxide) rather than simply
a (low-temperature) deposition process. Thermal ox-
ide films are stable enough to endure high-temperature
(= 1000°C) post-implantation/dopant activation an-
neals. These films have useful electrical properties
including a stable (thermal and electrical) inter-
face with minimal electrically-active-defect densities
(= 10' /cm?) as well as high breakdown strength
(= 10MV/cm) over a large area (~ 1 cm?) [28.18]. The
breakdown strength is important for high reliability of
devices fabricated with a dielectric, as the scaling of de-
vices typically results in somewhat higher electric fields
across the oxide.

Recent experimental results on thin thermal
SiO, [28.34,40,61] combined with modern computa-
tional modeling [28.57,62] of the defects associated with
the Si0,/Si(001) interface, which is the dominant micro-
electronic materials system, and bulk SiO, [28.63] has
provided a reasonably consistent picture of the known
defects and interface structure.

High-resolution X-ray photoelectron spectroscopy
(XPS) evidence, coupled with other experimental and
theoretical modeling results, appears to support the pres-
ence of SiO, (x =4) species (often called sub-oxides)
detected as a chemical shift in the associated Si oxidation
states (Fig. 28.13) [28.64-67].

More recent high-resolution angle-resolved XPS
analysis of ultrathin (6-A) SiO; has resulted in a fur-
ther understanding of the average oxidation state
observed with depth along the interfacial transition
region [28.68, 69]. From these experimental results,
models of the interface have been constructed from
first-principles methods that reproduce the experimen-
tal results, as shown in Fig.28.14 [28.57,62]. As seen
in Fig. 28.14, the transition region between the Si sub-
strate and the SiO, consists of interfacial suboxide
species of varying abundance (and therefore density).
These results appear to be in general agreement with re-
cent high-resolution transmission electron microscopy
as well [28.70].

Oxidation Kinetics of Si

The oxidation kinetics of Si have also been exhaus-
tively studied and reviewed [28.28,40,71]. Two regimes
for oxidation are generally characterized as passive
and active in nature. The passive oxidation regime
refers to the low-temperature/high-pressure region of
the pressure—temperature (p—T) phase space shown
in Fig.28.15 [28.40, 72-77]. In this portion of the p—
T phase space, the reaction between Si and O, proceeds
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Fig. 28.13 (a) Oxidation states and local chemical bonding variations associated with the Si—SiO; interface. After [28.54].
High-resolution XPS results demonstrating the existence of such bonding variations at the interface for substrate orientation
and with (b) 5-A and (c) 14-A SiO, film thickness. Photon energy kv = 130eV. After [28.66] (APS, with permission ©
1988)

as a surface reaction resulting in a thin (<2—nm) sults in both Si etching and oxidation — the so-called
SiO, layer, where 0.5 < x < 2. Decreasing pressure active regime — and the formation of thicker SiO;
and increasing temperature during the reaction re- films.
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Fig.28.14 (a) First-principles simulations of the SiO,/Si interface. After [28.62] © 2002 Elsevier. (b) Angle-resolved
XPS results for the SiO,/Si interface showing the detected O—Si—O bonding environments. The single layer thickness
t = 0.137 nm associated with the bonding distance in Si in this evaluation. After [28.69] (© 2001 by APS, with permission)
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Fig. 28.15 Pressure—temperature phase diagram for thin
Si0,/Si. After [28.77] (© 1997 AIP, with permission)

The clever utilization of isotopic labeling techniques
coupled with depth profiling from ion scattering [28.78]

and nuclear reaction analysis [28.71] has generally con-
firmed that molecular oxygen (O3) is the mobile species
that interstitially diffuses through a growing oxide and
only reacts at the Si interface to form the SiO; on the Si
surface, as first empirically proposed by Deal and Grove
in 1965 for SiO; thicker than about 4 nm [28.79,80]. The
details of the oxidation process for thin films deviates
from the Deal-Grove model, and is discussed thoroughly
in the review by Green et al., for example [28.40].

Defects for Thin Si0;
In addition to the electrical breakdown strength asso-
ciated with SiO», the physicochemical properties of
the interface between the substrate Si and SiO; plays
a major role in establishing the observed electrical
properties [28.61, 67]. Like all interfaces of solids, the
interface between bulk Si and bulk SiO; naturally results
in the presence of point defects (Fig.28.16). Examples
include strained bonds, atoms that are not fully bonded
to neighboring atoms (so-called “dangling”), bonds and
hydrogenic species bonded among the Si—O bonding
network. These defects can result in energy levels in the
band structure associated with an MIS device, and serve
as traps for carriers (electrons and holes).

The dominant orientation for contemporary Si-based
integrated circuit technology substrates is Si(100). This
is, of course, no accident and the choice of the substrate
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orientation has much to do with the resultant SiO,/Si
interface. Early in the development of Si-based transis-
tors, it was observed that the density of interface states
for SiO, grown on Si(100) was significantly lower than
that observed on Si(111) [28.81-85]. This difference in
interface state behavior is attributed to the density of
unsatisfied (dangling) bonds at the SiO,/Si interface.

Techniques sensitive to the presence of such point
defects, such as electron (paramagnetic) spin resonance
(EPR or ESR) [28.88] have provided valuable insight
on the atomic nature of the various defects in the bulk
and interfacial regions of SiO; [28.89-94]. For such
defects, although the electrical manifestation of sig-
nificant densities (> 10'° /cm?eV) of such trap states
is easily detected by conventional electrical character-
ization methods, the unambiguous identification of the
moiety responsible for the observed electrical behavior
is very difficult using only electrical characterization.
From techniques like ESR employed over the last
30 years, point-defect structural models have been es-
tablished in the bulk regions of SiO, and Si, as well
as at the interface (including various substrate orienta-
tions). A schematic illustration of various known point
defects for the Si/SiO; system is shown in Fig.28.16.
The major classes of defects that have been examined
over the last 35 years by ESR have included interfacial
dangling bonds (P, centers) and bulk defects in SiO; (E’
centers) [28.91,94].

The early discovery and study of P}, centers [28.95—
97] eventually led to the interpretation of their ESR
signals as due to dangling bonds and the realization
of their importance to MOS device physics [28.86, 90,
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Fig.28.17 Correlation of mid-gap interface state density
with detected spin density from ESR measurements for
Si0,/Si(111) and SiO/Si(100). FP and SP denote fast
and slow pullout conditions for the wafers after thermal
treatments. After [28.86, 87], with permission
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91, 98]. It has also been noted that Pp-center defects
are generated for unannealed, thermally stressed and
radiation-damaged MOS structures, and moreover can
account for roughly 50% of the density of interface de-
fect states (Dj) for Si/SiO, interfaces [28.54,99, 100].
It has been demonstrated that the interface state density
can be directly proportional to the density of P}, centers
(dangling bonds) for the Si0,/Si(111) and SiO,/Si(100)
interfaces, as seen in Fig.28.17. Recently, further ESR
work has been performed to establish the detailed struc-
ture of the defect on Si(100) and Si(111) [28.101-108].

Mitigation of Defects for Thin Si0;

Synopses of the early MOS transistor work [28.109—
111] examining the importance of the dielectric—
semiconductor interface are available [28.6, 43, 112].
Indeed, the close connection between interfacial chem-
ical behavior and electrical device performance was
investigated and realized in pioneering surface sci-
ence work by Law and coworkers on the reaction of
gaseous species with atomically clean Ge [28.113] and
Si surfaces [28.114—116]. In particular, the relative in-
terface state (dangling-bond) density, as measured by
the areal density of surface reactions with technologi-
cally important species such as H,O, Ha, O3, CO, COg,
provided important clues on the control of the Si/SiO;
interface and the resultant electrical properties reported
5-10years later.

The control of the density of interface defects
through the chemical reaction of species, introduced
mainly through gaseous exposure at elevated temper-
atures, has proven to be fruitful. As noted above, early
surface science work [28.114] indicated the rapid re-
action of Hp with the atomically clean Si surface. By
definition, the atomically clean Si surface is saturated
with dangling bonds. The reaction of these bonds with
Hj results in the chemical passivation of the surface
— that is, the reaction of the surface to eliminate the
dangling bonds and produce a H-terminated Si sur-
face. In the context of the MOS structure [28.47,117],
it was realized early that annealing the structure in
ambient H, resulted in beneficial transconductance
performance [28.118-121]. The use of anneals in
forming gas (N2 :Hy of various mixtures, typically
90-95%N, : 10-5%H;) were originally developed to
improve electrical contacts for the gate and source/drain
regions of the MOSFET. Balk and Kooi established the
effect of hydrogen ambients on the reduction of fixed
charge in the A1/Si0,/Si MOS structure [28.120, 122].

Subsequent studies demonstrated that anneals of the
MOS structure in hydrogenic environments, typically at

400-500 °C for 30—60 min, results in the passivation of
dangling bonds at the interface [28.86, 101-106, 123—
126].

Hydrogen incorporation into the bulk of SiO» can,
however, also be detrimental to dielectric performance
in MOS capacitors and FETs [28.54, 127]. For exam-
ple, silicon bonded to hydroxyl (silanol) species have
been identified with fixed charge in the oxide, re-
sulting in undesirable, irreversible voltage shifts. This
charge induced shift is shown in Fig.28.18 for n-type
and p-type MIS diode structures from their associated
capacitance—voltage response [28.1,6,7]. (An analogous
threshold-voltage shift would be observed in a tran-
sistor turn-on characteristic.) More complicated effects
such as negative-bias temperature instability (NBTI),
where an increase of the density of fixed charge (Qr)
and interface trap (Qj;) density is noted with time upon
thermal stress and/or under negative bias, has been at-
tributed to HO-induced depassivation of Si dangling
bonds (i. e., generation of Py, centers) at the Si/SiO; inter-
face [28.54,128]. Defects generated by radiation damage
have also been extensively investigated [28.54, 129] as
well as interactions with annealing ambients such as
vacuum [28.130] or SiO [28.124].

Dielectric Breakdown and Reliability of Si0;

As noted in Sect.28.1.2, the reliability of dielectrics
is obviously an important phenomenon to control. The
scaling of microelectronic devices necessarily results
in increased stress on the dielectric due to the higher
electric fields placed across the dielectric film. As a re-
sult, power-supply voltages are also scaled to minimize
the likelihood of catastrophic (hard) breakdown, which
would generally result in complete failure in the as-
sociated integrated circuit. As noted by Hori, such
a catastrophic breakdown phenomenon is dependent
upon the presence of defects in the dielectric, and thus
requires a statistical analysis of many devices (and there-
fore films) to enable a reliability prediction for the
dielectric layer [28.18]. Evaluation of the breakdown
is often performed under the conditions of constant-
field stress until a time at which breakdown is observed
[called time-dependent dielectric breakdown (TDDB)].
Breakdown fields for thermally grown SiO» with thick-
nesses larger than ~ 10nm often exceed 10 MV /cm,
providing outstanding insulator prosperities for micro-
electronic applications. Various models have also been
developed to accelerate such testing to perform reliabil-
ity predictions. A concise review of these is offered in
the literature as well [28.18, 28]. Defects such as film
nonuniformity, bond stress, surface asperities, contam-
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Fig.28.18a,b The effect of fixed charging of the capacitor dielectric, demonstrating the shift of the associated flat-band
voltage for MIS structures with (a) n-type and (b) p-type substrates. After [28.1] (© 2001 AIP, with permission)

ination, and particulates embedded in the film or the
Si substrate are a few examples of potential causes of
catastrophic breakdown phenomenon.

With the scaling of the SiO, gate dielectric layer
to thicknesses well below 10 nm, extensive evaluations
have been made of the various models that attempt to
predict the reliability of SiO in regard to breakdown.
Often, a soft breakdown can be observed, where the film
exhibits a sudden increase in conductivity, but not to
the same degree as that observed in hard breakdown
phenomenon. In spite of the many years of research on
SiO; thin films, the nuances of the dependence of volt-
age acceleration extrapolation on dielectric thickness
and the improvement of reliability projection arising

from improved oxide thickness uniformity, have only re-
cently become understood, despite decades of research
on SiO; [28.131].

28.1.4 Silicon Oxynitride: SiOxNy

The introduction of nitrogen in SiO», often described as
silicon-oxynitride (or more simply SiON) has provided
the opportunity to maintain the scaling expectations
for integrated circuits while minimizing the process
variations associated with the modification of the gate di-
electric material [28.18,40,71,132]. (It should be noted
that engineers and technologists often loosely refer to
SiON films simply as oxide or nitride — frequently lead-
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Fig.28.19 Calculated phase diagram for the growth of
Si—O—N for various oxygen partial pressures. Af-
ter [28.134], with permission
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Fig.28.20 Dependence of permittivity and insulator band
gap of SiO,Ny with SiO, content. After [28.135], with
permission

ing to confusion on the detailed chemical composition
of the film.) Introduction of N into SiO, has been ac-
complished by thermal treatments (in Np, N>O, NO and
NH3) as well as plasma treatments [28.18, 133]. The
bulk phase diagram for the SiON system is presented
in Fig.28.19, which indicates that, under equilibrium
conditions, SioN>O is the only stable SiON species and
SiO, and SizN4 would not coexist [28.134]. As noted
by Green et al., N would not be expected to incorporate
into SiO> whenever an even very small partial pres-
sure of oxygen Po, > 10720 atm is present. However,
the nonequilibrium surface reaction kinetics and/or a re-
duction in interfacial bond strain likely plays a key role
in the tendency for interfacial N incorporation for SiON
films [28.40].

The dielectric constant and band gap as a function of
the SiO; content are presented in Fig. 28.20 [28.135]. As
noted in Sect. 28.1.2, it is the increase in the dielectric
constant that increases the capacitance of an associated
MOS structure. Thus, for a SiON film with k =7, a
2-nm SiON film would ideally exhibit electrical behav-
ior (such as capacitance and leakage-current behavior)
equivalent to a 1.1-nm SiO; film, according to (28.8).
The data in Fig. 28.20 implies that the index of refrac-
tion (at 635nm) varies between n(SiO;) = 1.46 and
n(Si3Ny) =2, indicating that optical techniques such
as ellipsometry can provide very useful information for
such films.

Like the SiO5/Si system, point defects have also been
studied for SiON films on silicon [28.136]. Lenahan and
coworkers examined the role of strain at the interface and
the impact on the associated dangling bonds [28.137].
More recently, work on the effects of hydrogen anneal-
ing has also examined the SiON system [28.138].

It is also noted that the SiON material system also
exhibits useful diffusion-barrier properties. This prop-
erty is utilized to inhibit uncontrolled dopant diffusion
from the polysilicon gate electrode through the dielectric
layer and into the channel region of transistors, for ex-
ample. The formation of SiON films from the reaction of
NO or N, O with Si, as well as nitridation of Si and SiO»
from N; and NH3 exposure, has been examined in detail
and has been summarized in recent reviews [28.40,71].

For transistor gate dielectric applications, a con-
trolled variation in the depth concentration profile for N
is often required throughout the dielectric to maintain the
improved device reliability and mobility associated with
SiON thin films [28.28]. An example of such N profiles is
shown in Fig. 28.21, where a somewhat reduced N con-
tent is noted in the vicinity of the Si channel/dielectric
interface relative to that near the dielectric/poly-Si gate
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Fig.28.21 N concentration depth profiles for tailoring the
overall dielectric constant and materials properties of
a SiON layer. After [28.34] (© 1999 Elsevier, with per-
mission)

interface [28.34]. Such profiles are thought to control
effects such as interfacial strain and roughness (which
can degrade mobility) and inhibit dopant out-diffusion
from the gate electrode. Incorporation of N in thin di-
electric films using plasma processes has been studied
extensively [28.133,139-143].

Given the various leakage-current constraints af-
forded by power limitations and reliability, the scaling of
SiON appears to be limited to Zeq ~ 1 nm, corresponding
to the 65-nm node for high-performance microproces-
sor products set to begin in ~ 2007 [28.12]. As a result,
investigations of alternative high-« dielectric materials
have been initiated over the last several years.

28.1.5 High-« Dielectrics

Recent research has focused on high-« dielectrics to fur-
ther enable scaling of transistor (and memory capacitor)
technology. In the context of the industry roadmap, the
term high-« dielectric more generally refers to materials
which exhibit dielectric constants higher than the SiON
films (k &~ 7) described above.

Desirable Properties for High-« Dielectrics

Many materials systems are currently under consider-
ation as potential replacements for SiO; and SiO;N,
as the gate dielectric material for sub-100-nm (CMOS)
technology. It should be stated at the outset that this
field of materials research remains very active, and
a conclusive summary on the topic of high-« materials,
particularly for conventional MOSFET gate dielectric
applications, is not yet possible. The field continues
to evolve with interesting research being reported al-
most weekly in peer-review journals as well as industry
newsletters and magazines. Nevertheless, a systematic
consideration of the required properties of gate di-
electrics indicates that the key desirable properties for
selecting an alternative gate dielectric include: permit-
tivity and the associated band gap/alignment to silicon
as well as mobility, thermodynamic stability, film mor-
phology, interface quality, compatibility with the current
or expected materials to be used in processing for
CMOS devices, process compatibility, and reliability.
The desirable properties are summarized in Table 28.3.
Reviews of the developing field and recent research
on high-x dielectric materials candidates are avail-
able [28.1,2, 144].

Many gate dielectric materials appear favorable in
some of these areas, but very few materials are promis-
ing with respect to all of these properties. Indeed, many
of these desirable properties are interrelated. Many of
these materials have been examined over the last 20 years
for capacitor applications, for example. Materials cur-
rently under extensive investigation include oxides,
silicates and aluminates of Hf, Zr, La, Y, and their mix-
tures, which results in dielectric constants in the range
10—-80. Table 28.4 summarizes some of the measured or
calculated properties associated with high-«x dielectric
material constituents. There are also some recent stud-
ies of oxides associated with the rare-earth lanthanide
series of elements in the periodic table [28.145]. One
notes the tradeoff between the band gap (and therefore
the conduction/valence-band offsets to those of Si) for
these dielectrics and the associated dielectric constant,
as seen in Fig. 28.22 [28.146].
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Table 28.3 Desirable properties for high-« gate dielectrics (65-nm node)

Physical property Value/Criteria Electrical property Value/Criteria

Permittivity 15-25 Equivalent oxide thickness < lnm

Band gap >5eV Gate leakage current <0.03A/cm?
(low power)

Band offset > 1.5eV Gate leakage current < 10’ A/cm?
(high performance)

Thermodynamic When in direct contact with Si channel CV dispersion Minimal (meV)

stability to 1000 °C

Compatibility with Mimimized extrinsic (pinning) defects CV hysteresis Minimal (meV)

metal electrodes

Morphology control Resistance to interdiffusion of constituents, Vg (Vgp) shift (fixed charge, =~ Minimal

dopants, and capping metals defects, trapping, etc.)
Deposition process Suitable for high-volume production Channel mobility Near SiO,
universal curve
Etching Suitable control for patterning Interface quality Near SiO;;

after processing/annealing

Dyt ~ 5% 1010 /cmzeV

Table 28.4 Comparison of relevant properties for selected high-« candidates. Key: mono. = monoclinic; tetrag. =

tetragonal
Material Dielectric Band gap AEc (eV) Crystal structure(s)
constant (1) Eg (eV) to Si (400-1050°C)
SiOy 3.9 8.9-9.0 3.2-3.5° amorphous
Si3Ny 7 4.8 —53 2.4P amorphous
AL O3 9 6.7"—8.7 2.1%-2.8° amorphous*
Y,0;3 119-15 5.6-6.14 2.3b cubic
Sc,03 134 6.04 cubic
710, 224 5.5 =584 1.22—1.4° mono., tetrag., cubic
HfO, 224 559-6.0 1.5 —1.9¢ mono., tetrag., cubic
LayO3 30 6.0 2.3b hexagonal, cubic
TayOs 26 4.6 0.3%0 orthorhombic
TiO, 80 3.05-3.3 ~ (.05° tetrag. (rutile, anatase)
ZrSiOy 124 69 —6.5 1.5° tetrag.
HfSi0y4 12 6.5 1.5 tetrag.
YAIO;3 16—17¢ 7.54 s
HfAIO; 10° — 188 5.5-6.4¢ 2-2.3f o
LaAlO; 254 5.74 o
SrZr0; 304 5.54 e
HfSiON 12—174 6.9% 2.9% amorphous

* (y-Al,O3 phase) has been recently reported [28.148], ** Onset of
crystallization depends upon Al content, * [28.149], b [28.150-152],
© [28.153],9 [28.146],° [28.154],F [28.153],¢ [28.155],1 [28.156],

1 128.157],7 [28.158],% [28.159]

The compatibility of alternative dielectrics with
metal gate electrodes is also an important considera-
tion [28.1, 3, 147]. The interfacial reactions between
some gate electrode metals and gate dielectric is thought
to lead to extrinsic states due to Fermi-level pinning,
which shifts the threshold voltages for transistors to

a fixed value. Another clear challenge is compatibility
with other process steps that entail substantial thermal
budgets (& 1000°C, < 10s) for conventional CMOS.
Future scaling may well require a modification (re-
duction) of such thermal budget desires to incorporate
metal gate electrodes in CMOS, and thus may open
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of dielectric materials. After [28.146] MRS Bulletin, with
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the door to the consideration of other gate dielectric
materials that exhibit stability at somewhat lower tem-
peratures. However, key issues that must be addressed
under such a scenario include alternative source/drain
engineering (e.g. dopant activation at lower thermal
budgets) and/or gate electrode formation in the device
fabrication flow (e.g. gate electrode insertion after high-
temperature anneals). Previous research on such CMOS
process modifications has indicated that a variety of
challenges exist to address such scenarios with adequate
process margin and yield.

Mobility Degradation for Transistors

with High-« Dielectrics

In the case of many of the alternate gate dielectric mater-
ials (mainly metal oxides) currently under consideration,
the polarizability of the metal-oxygen (ionic) bond is re-
sponsible for the observed low-frequency permittivity
enhancement. Such highly polarizable bonds are de-
scribed to be soft relative to the less polarizable stiff
Si—O bonds associated with SiO,. Unlike the relatively
stiff Si—O bond, the polarization frequency dependence
of the M—O bond is predicted to result in an enhanced
scattering coupling strength for electrons with the as-
sociated low-energy and surface optical phonons. This
scattering mechanism can therefore degrade the elec-
tron mobility in the inversion layer associated with
MOSFET devices. A theoretical examination of this ef-
fect is provided by Fischetti et al. where calculations

of the magnitude of the effect indicate that pure metal—
oxide systems, such as ZrO, and HfO,, suffer the worst
degradation, whereas materials which incorporate Si—O
bonds, such as silicates, fare better [28.160]. In that
work, it is also noted that the presence of a thin SiO;
interfacial layer between the Si substrate and the high-
k dielectric can help boost the resultant mobility by
screening this effect, although the maximum attainable
effective mobility is still below that for the ideal SiO,/Si
system. These researchers further suggest that the effect
is also minimized by the incorporation of Si—O in the
dielectric, as in the case of pseudo-binary systems such
as silicates.

Comparisons of this model with experimental evi-
dence have recently been reported explicitly through the
comparison of HfO, and Hf-silicate mobility studies.
The results indicate that n-MOS and p-MOS poly-Si
gated devices with Hf-silicate dielectrics exhibit bet-
ter mobilities (approaching those of SiO2) over those
obtained using HfO, due to a diminished soft-phonon
scattering mechanism [28.161]. Incorporation of metal
gate electrodes results in further improvement [28.162].

Current High-« Dielectric Research

and Development

At this time (end of 2004), work on Hf-based di-
electric materials, mainly Hf-silicates [28.163] and
HfO, [28.1], dominates the recent engineering liter-
ature (Fig.28.23) and they appear to exhibit useful
properties for integrated-circuit scaling down to the 20-
nm node. These properties include a relative stability
for interfacial reactions that prefer silicate formation
thus can avoid a lower overall dielectric constant of the
high-« dielectric stack, due to a pure SiO; interfacial
layer, as described by equation (28.9). The papers on
these materials systems are too numerous to list individ-
ually here and so the reader is referred to the reviews on
the topic [28.1,2, 144].

Of particular importance for gate dielectrics have
been investigations of the stability (in particular, changes
in morphology and interdiffusion) of these films upon
thermal processing in view of the required integration
constraints for CMOS applications [28.3]. A significant
hurdle for the integration of all dielectrics currently un-
der consideration for conventional CMOS is the stability
of all gate-stack constituents (stable film morphology,
minimal interdiffusion, etc.) under a thermal budget of
~ 1000 °C for 10s for dopant activation and adequate
process integration margin. Under such thermal treat-
ments, gate dielectric constituents such as Zr [28.164] or
Al [28.165] have been reported to penetrate the Si chan-

645

T°8¢ ) Med



646 Part C | Materials for Electronics

T°8¢ ) Med

Number of papers

40

35

30

25

Al)O3
HfO,/Hf-Si-O
ZrOz/Zr—Si—O 20200203
Hf/Z1-Al-O 5001

Hf/Zr-Si-Al-O 2000
Hf-Ti-O
La,03/La-Si-O 1998
Y,05/Y-Si-O

Fig. 28.23 Distribution of papers presented at recent IEEE inter-
national electron devices meeting (IEDM) and very-large-scale
integration (VLSI) conferences indicate the current emphasis of
materials systems examined for gate dielectric research

nel region and thus present a potential source of impurity
scattering for mobility degradation. In contrast, Hf does
not appear to exhibit such penetration within detectible
limits [28.166].

It is also important to note that most of the high-«
metal oxides listed in Table 28.4 crystallize at relatively
low temperatures (7 &~ 500—600°C). An exception is
Al,O3 where crystallization in thin films is observed at
T ~ 800°C [28.167]. In the case of Hf-silicates, film
morphology (viz. suppression of crystallization) and
diffusion-barrier properties can be controlled through
the incorporation of N, as in the case of SiO; [28.157,
168—172]. Currently, HfSiON dielectrics appear to pro-
vide desirable properties in this regard.

Suppression of crystallization is also observed for
aluminates (depending upon the Al content) [28.173],
but there are fewer studies of interdiffusion with the Si
substrate available at this time. As noted above however
for the case of Al,O3 thin films, Al penetration into the
Si substrate has been reported upon thermal annealing
budgets appropriate for dopant activation [28.165]. Such
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1 tunneling current
2 4 10 20 40 100

Dielectric constant

Fig. 28.24 Contours of constant scale length, which is pro-
portional to the transistor gate length, versus dielectric
constant and insulator thickness, showing the useful de-
sign space for high-« gate dielectrics. Data points are rough
estimates of the tunneling constraints for various high-« in-
sulators. The depletion depth is assumed to be 15 nm. The
useful design space will shrink with decreasing depletion
depth. After [28.23] (© 2004 IEEE, with permission)

penetration could be a concern for any high-« dielectric
incorporating Al as well.

The morphology of the dielectric film may also im-
pact on the propensity for capping layer constituents
(from metal gate material layers) to diffuse through the
stack as well. Metal gate materials currently under in-
vestigation include well-known minority-lifetime killers
such as Ni (in NiSi) as well as tunable-work-function al-
loys and layers [28.3, 147, 174, 175]. The potential for
the interdiffusion of metals into the channel region is
clearly undesirable.

The limits of a useful high-« dielectric constant value
have also been examined. For example, the study by
Frank et al. (Fig. 28.24) suggests that there exist a range
of useful permittivity values as planar CMOS transistor
structures are scaled [28.23]. It is noted that the physi-
cal thickness of the gate insulator should be less than the
Si depletion length under the channel region, and that
this results in a limited design space that enables fur-
ther device scaling. Again, one notes that the dielectric
constant cannot be arbitrarily increased without careful
consideration of the complete transistor design.
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28.2 Isolation Dielectrics

Dielectrics are also employed to electrically isolate
various regions of an integrated-circuit technology.
The dominant material for these applications is SiO;.
A method commonly employed to obtain such isola-
tion in larger-scale IC technologies (generally with gate
lengths larger than 0.25 um) is the so-called local oxi-
dation of silicon (LOCOS) technique, where regions of
Si between various components are preferentially (ther-
mally) oxidized [28.18, 28]. Such isolation oxides are
typically several hundred nanometers thick and the ta-
pered shape of the edge of the LOCOS isolation oxide
near the transistor gate dielectric and source/drain region
(often referred to as the bird’s beak) is an important re-
gion to control during the device fabrication at these gate
lengths. Thinning of the dielectrics in this region results
in breakdown reliability concerns, as the electric fields
in this region can be quite high. A reoxidation process is
often performed to improve the thickness and reliability
of the SiO in this region as well.

Scaling ICs beyond this gate-length regime however
has required the placement of isolated regions utilizing
deposited SiO; trench structures, as seen in Fig. 28.6. As
summarized by Wolf, extensive work has been done to
control the shape of the trench walls and the SiO; layer
initially formed on these walls. Chemical vapor depo-
sition methods are normally utilized for the dielectric
deposition as this approach provides superior conformal-
ity in the trench structure. Filling the trench without void
formation, controlling film stress, and chemical mechan-

28.3 Capacitor Dielectrics

Capacitors are employed in a variety of integrated cir-
cuits including storage (memory) circuit elements and
input/output coupling circuitry. Clearly, dielectrics are
critically important in this application. In contrast to the
MIS structure associated with transistors, capacitors are
passive devices incorporating a metal-insulator—metal
(MIM) structure. Early electrodes were composed of
degenerately doped Si while more recent work focuses
on integrating metals for modern devices.

28.3.1 Types of IC Memory
A dominant memory technology for the IC industry

includes dynamic random-access memory (DRAM) in
which capacitors play the essential role of storing charge,

ical polishing properties are also important aspects that
must be addressed in the fabrication process [28.12,28].
Scaling of integrate circuits will result in a decrease of
the area available for these isolation trenches, and so the
increasing aspect ratio of the trench depth to width re-
quires considerable attention in regard to trench filling.
The control of the shape of the top corner regions of the
trench structures is also an area of concern due to high-
field reliability as well as the formation of essentially
a parasitic edge transistor. Initially, thermal oxidation
methods were employed to round off the shape of the
corner, but further scaling will require etch processing
methods.

The fabrication of transistor source/drain regions
utilizing implantation processes also utilizes a dielec-
tric spacer layer that surrounds the transistor gate
region (Fig.28.6). This spacer provides isolation be-
tween the gate and source/drain regions, and also permits
the control of the depth (and therefore profile) of the im-
planted dopant species — a so-called self-aligned dopant
implantation process. Dielectrics used for spacer tech-
nologies include deposited SiO, and Si3N4, and the
extent of the spacer dimensions from the gate is an
important device parameter to control [28.18]. Fur-
ther scaling of transistor structures will likely result
in the need for elevated source/drain regions, and so
process compatibility of the spacer material with the
source/drain formation processes and high-« dielectrics
will become an important consideration [28.12].

and thereby useful information. This type of memory
element requires refreshing in order to maintain use-
ful information, and the rate of refresh is fundamentally
related to the dielectric associated with the capacitor
structure and leakage of charge from that capacitor. As
a result, this class of memory devices is called volatile.
In contrast, a static random-access memory (SRAM)
nonvolatile memory element required a capacitor which
stores charge without the refresh requirement, and can
preserve charge for many years. Again capacitor design
must include the consideration of the dielectric [28.27].

In addition to DRAM capacitors, other types of
capacitors are used in the back end of the transistor
flow. These devices are MIM capacitors, and they typ-
ically reside between levels of metal interconnects, and
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serve as decoupling or radio-frequency (RF) capaci-
tors for input/output functions. For these applications,
the capacitance density is still of critical importance,
but other factors must be considered, such as the lin-
earity of the capacitance as a function of voltage and
temperature.

28.3.2 Capacitor Dielectric Requirements
in View of Scaling

In brief, scaling the capacitor dimensions requires
a tradeoff between the amount of stored charge required
for a reliable memory element and the area occupied
by the capacitor (and the associated transistors for the
memory cell). From generation to generation of devices,
the amount of stored charge is kept roughly constant
(=~ 30fF/cell), even though dimensional scaling oc-
curs, for bit detection (sense amplifier), retention and
reliability reasons [28.28, 176].

As noted in (28.6) for a simple parallel-plate ca-
pacitor, the area associated with the capacitor as well
as the dielectric permittivity play an important role.
Maintaining the required capacitance with scaling was
(and will be) accomplished by increasing the capac-
itor area, for a suitable dielectric thickness where
leakage currents are severely limited; this can be ac-
complished by utilizing three-dimensional capacitor
structures produced in the Si bulk, such as deep-trench
capacitors [28.176, 177]. Clever and intricate process-
ing methods to increase the capacitor area were adopted
for several generations for well-established SiO, and
Si—oxynitride dielectric capacitor materials, such as the
implementation of hemispherical-grain (HSG) poly-Si
and crown structures (Fig. 28.25). Eventually, practical

Crown

15 fF/cell ! !
HSG crown
30 fF/cell

Stacked —f
AR g 0.37 um

0.25 um

HSG stacked
(X2)
16 fF/cell

concerns about cost and device yield make manufac-
turing such structures problematic. Thus, substantially
increasing the dielectric constant of the insulating
material was considered, and less-complicated struc-
tures can be fabricated. At this point, both stacked
and trench capacitor structures are dominant in the
industry. Indeed, the ability to fabricate deep-trench
structures will help guide the need for the incorpora-
tion of alternative dielectrics. These structures often
require the use of chemical vapor deposition (CVD)
methods to ensure conformality over the stacked struc-
ture topography or deep within trenches that have
large aspect ratios. More recently, atomic-layer CVD
processes have been examined for this purpose as
well. Although capacitors do not have requirements re-
garding lateral transport of carriers, as transistors do,
capacitors have much more rigorous charge-storage-
capacity requirements when they serve as memory
elements. This additional constraint results in projected
limitations.

28.3.3 Dielectrics
for Volatile Memory Capacitors

Capacitor dielectric properties for dynamic random-
access memory (DRAM) applications have been
important since these devices were introduced commer-
cially in the early 1970s for volatile memory [28.178].
Fazan provides some rules of thumb that provide
guidance for the selection of desirable materials
(and electrical) properties for DRAM capacitor di-
electrics [28.176]. In addition to the desire to maintain
the storage capacitance around 30fF/cell, leakage of
charge from the storage capacitor must be kept to a cur-

Disk
26 fF/cell

Trench |

Fig. 28.25 Assorted capacitor structures employed in IC technology. Courtesy of S. Summerfelt



Dielectric Materials for Microelectronics | 28.3 (apacitor Dielectrics 649

rent density of less than 0.1 pA/cm? so that less than
~ 10% of the capacitor charge is lost during the asso-
ciated refresh (recharge) cycle. Scaling the DRAM cell
size has resulted in the consideration of a variety of
dielectric materials [28.12,27,28].

Si0z and SiOxNy

The earliest DRAM planar capacitors utilized SiOz
as the dielectric. Subsequent scaling into the Mbit
regime required an increased capacitance density, and
thus a higher dielectric constant. So-called oxide/nitride
(ON) or oxide/nitride/oxide (ONO) dielectric stacks
were incorporated [28.18]. As the names imply, the di-
electric consisted of a stack of SiO» and SizNy layers.
The incorporation of the Si nitride layer, typically by
a deposition method such as chemical vapor deposition,
results in an overall increase in the dielectric constant
of the stack. Scaling the stacked capacitors has required
the development of alternative dielectrics (Al,O3 and
Tay0s) at the 130-nm node. Nevertheless, according
to the 2003 ITRS, Si3Ng4 will be utilized for DRAM
capacitor structures to the 45-nm node.

Al,03

Aluminium oxide exhibits a dielectric constant of k &~ 9
and a significant band gap of 8.7¢eV, as noted in Ta-
ble 28.4. However, the rate of capacitor scaling and
the charge storage per cell appears to require a di-
electric constant significantly larger than this value.
As a result, substantial research and development was
also conducted to incorporate tantalum pentoxide into
DRAM capacitor dielectrics. According to the 2003
ITRS, Al,O3 will be utilized for DRAM capacitor struc-
tures to the 45-nm node.

Ta;0s5

Amorphous tantalum pentoxide provides a dielectric
constant of k &~ 25 with a concomitantly smaller band
gap (~4.4eV). TayOs films are often deposited by
CVD processes for conformality in stacked or trench ca-
pacitor structures. Metal-insulator—metal structures are
required to preserve the maximum capacitance density,
as reactions with polysilicon results in the formation
of a thin SiO, layer as discussed above in connection
with gate dielectric materials. Moreover, the use of MIM
structures permits the possibility of a Ta;Os crystalline
microstructure, which enables a k & 50. Chaneliere et al.
has summarized the research and development associ-
ated with TapOs films [28.179]. According to the 2003
ITRS, TayOs will also be utilized for DRAM capacitor
structures to the 45-nm node.

Barium Strontium Titanate (BST)

Considerable effort has also been exerted in the search
for CMOS-compatible “ultra high-«” dielectrics. Such
materials are envisioned to be required for scaling at and
beyond the 45-nm node [28.12]. CVD BST films have
been a focus of these efforts in the recent past, with a di-
electric constant of k ~ 250. The movement of the Ti
atom (ion) in the BST lattice structure results in a sub-
stantial contribution to the polarization of this materials
system. Utilization of this material has required the use
of noble-metal electrodes including Pt, Ru (RuO;) and Ir
to control interfacial reactions. As a result, considerable
process complexity is introduced into the manufacturing
process.

Alternative Dielectric Materials

We also note that recent research on alternative gate
dielectric materials, such as HfO, and HfSiO, has
also rekindled interest in these materials for capacitor
applications. The prospect of better interfacial oxide for-
mation control has been one motivating factor, although
substantial further work is still required.

28.3.4 Dielectrics for Nonvolatile Memory

As the name implies, nonvolatile memory devices re-
tain their state whether power is applied to the device or
not. A thorough description of such devices is provided
by Hori [28.18]. For example, the electrically erasable
programmable read-only memory (EEPROM) device re-
quires an erase operation prior to programming (writing)
new data to the device. To accomplish this, a stacked-
gate MOS structure is utilized where the intermediate
gate is embedded in a dielectric — a so-called floating
gate. The placement of a higher electric field to permit
Fowler—Nordheim tunneling through such dielectrics to
the floating gate is utilized to program arrays of these
elements — called flash memory. Scaling and the relia-
bility required for such nonvolatile memory devices has
required the evolution from using SiO; to SiO;N.

Si0 and SiOxNy

For flash memory elements, the formation of nitrided
SiO, enables a suitable dielectric for reliable oper-
ation. The nitridation process, as described earlier,
entails the exposure of an SiO; dielectric to an-
neals with N, NHj3, or N,O (or combinations of
these), often under rapid thermal annealing condi-
tions. Details of this process have been summarized
by Hori [28.18]. Subsequent reoxidation of the dielec-
tric is also employed to improve reliability properties.
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So-called silicon oxide nitride oxide silicon (SONOS)
structures are under examination to improve the scal-
ing limitations of the dielectric thickness and tunneling
properties [28.180].

Further scaling of transistors presents significant
challenges for flash memory. The thickness of the di-
electric is again a key constraint given the need for
reliable operation under high-electric-field conditions.
Memories based on Si nanocrystals embedded within
SiO, are currently under development to address this
challenge [28.182].

Ferroelectrics

Ferroelectric materials, such as PbZr;_, Ti, O3 (PZT) or
SrBiyTayO9 (SBT) have been examined for some time
as potential dielectric candidates for memory elements
based upon the ferroelectric effect [28.26]. In storage
capacitors incorporating such materials, the polarization
state of the ferroelectric is preserved (once poled) with-
out the presence of an electric field [28.25]. This state is
then sensed by associated circuitry and can therefore be
used as a memory device.

Principles. Ferroelectricity describes the spontaneous
alignment of dipoles in a dielectric as the result of an
externally applied electric field. This alignment behav-
ior has thermal constraints in that heating the dielectric
above the Curie temperature results in a phase trans-
formation to a paraelectric state. Therefore, capacitors
and circuits which utilize the ferroelectric effect must
contain materials that have a relatively high Curie tem-
perature compared to that experienced during operation
and reliability testing (generally > 200°C). As shown
inFig. 28.26, the polarization response of these materials
to an externally applied electric field exhibits a hys-

+P;

7Pr """ +Vc
—P,

A\

Fig.28.26 Polarization—voltage curve for a ferroelectric
material. After [28.181] (© 2004 IEEE, with permission)

teresis behavior [28.181]. (This behavior is analogous
to that observed in ferromagnetic materials, hence the
name. Note however that ferroelectric materials contain
no iron.) Upon increasing the voltage across the ferro-
electric above a coercive value (V,), the polarization of
the material is limited to the spontaneous value ( P;), cor-
responding to maximum domain alignment. Removal of
the electric field results in a decrease of the polariza-
tion to the remnant value (P;), which can be sensed
accordingly. The time required for the polarization to be
switched is on the order of nanoseconds for these de-
vices. Moreover, this can be accomplished in low-power
circuits, making these materials attractive, in principle,
for scaled CMOS.

Materials. In addition to the perovskite PZT and
SBT materials mentioned above, other materials
investigated for nonvolatile memory applications in-
clude BaTiO3, PbTiOs, Pb_La,Zr;_,Ti,O3 (PLZT),
PbMg;_Nb,O3 (PMN), SrBi;NbyO9 (SBN), and
SrBis (Taj—xNby)2 Og (SBTN). These materials gener-
ally have the cubic structure ABO3 shown in Fig. 28.27,
with the larger (A) cations in the corner of the cubic unit
cell, and the smaller (B) cations (e.g. Ti, Zr, Mg, Nb,
Ta) located in the center of the unit cell. The oxygen
anions are located at the face-centered-cube positions.
The distortion of the unit cell in response to the ex-
ternally applied electric field results in the observed
polarization. In particular, the movement of the B cation
(e.g. Ti) in the associated lattice between the equilibrium

Fig. 28.27 Perovskite ABO unit cell showing motion of the
B ion in the cell among the equilibrium positions, result-
ing in ferroelectric polarization behavior. After [28.181]
(© 2004 IEEE, with permission)
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positions results in substantial distortion and therefore
polarization [28.26, 181].

Issues for Ferroelectric Materials. Substantial research
is underway to understand the reliability issues associ-
ated with ferroelectric memory devices. The retention of
the polarization state is one area of investigation. It is ob-
served that the polarization state decreases slowly over
time (log-time decay behavior), even in the absence of an
electric field, and the reasons are still poorly understood.
Another area of concern is imprint, where a polarization
state, if repeatedly poled to the same state, becomes
preferred. Subsequent switching to the opposite state
can result in relatively poor retention times. Again, the
physical mechanism associated with this phenomenon
is poorly understood. The role of hydrogen exposure is
another area of investigation, where exposure of ferro-
electric random-access memory (FeRAM) elements to
hydrogen, commonly from forming gas during CMOS
back-end processing, can result in the suppression of

28.4 Interconnect Dielectrics

As noted in Fig. 28.1, the performance of the integrated
circuit, as measured by the time delay for signal propa-
gation, also depends upon the interconnections between
circuit elements. The scaling of CMOS has resulted
in a substantial increase in interconnect metal lines
throughout the IC chip, which make a major contribution
to the delay time. The industry segments these levels into
local (interconnection between neighboring devices),
intermediate (metal 1 interconnection between neigh-
boring circuits), and global (interconnection across the
chip), as shown in Fig. 28.28. A cross section of a con-
temporary 65-nm-node IC is shown in Fig. 28.29 where
eight layers of metallization and the associated dielectric
isolation are evident.

As discussed in Sect. 28.0.1, the RC time delay for
the interconnect contribution to performance can be at-
tributed to the metal lines and their isolation dielectrics
(see Fig.28.1). The resistivity of the lines has been
reduced in the industry by recently adopting copper met-
allization processes in lieu of aluminium metallization
in 1998. Further reductions in the delay time then require
the consideration of the dielectric between the lines, as
these essentially form a parasitic capacitor structure, and
therefore low-« dielectrics are required. It is noted that
for the global interconnect level, new concepts such as
RF or optical communication, will likely be needed for
continued CMOS scaling.

the remnant polarization [28.183-185]. Barriers for hy-
drogen permeation into the ferroelectric are an area of
investigation as well.

Phase-Change Memory

An alternative to charge-storage devices, based upon
a controlled phase change, is also now under con-
sideration for scaled integrated circuits [28.186].
Chalcogenides, such as GeSbTe, have been utilized
in compact-disk memory storage technology. In that
technology, a laser heats a small volume of the ma-
terial, resulting in a phase change between crystalline
and amorphous states, which obviously changes the
reflectivity of the exposed region. For the IC appli-
cation, an electric current is passed through these
materials to accomplish the phase-change effect, dra-
matically altering the resistance of the region. This
utilization of alternative (non-dielectric) material is an-
other example of new directions under consideration for
IC scaling.

28.4.1 Tetraethoxysilane (TEOS)

For many years, CVD-deposited SiO; provided ade-
quate isolation for interconnection of ICs. This was
frequently accomplished through the deposition of
tetraethoxysilane (TEOS) and subsequent densification
thermal treatments to render a dielectric constant of
k ~ 4. Films produced in this manner were relatively
easy to process and provided good mechanical strength.
The incorporation of fluorine into these films [fluori-
nated silicate glass or (FSG)] succeeded in a reduction of
the dielectric constant to x ~ 3.5-3.7 after considerable
efforts. As Fis among the most electronegative elements,
the incorporation of F into the silica matrix renders the
film less polarizable due to Si—F bond formation, and
therefore results in a lower permittivity. Scaling CMOS
however has driven the industry to consider interconnect
dielectric materials with k¥ < 4.

28.4.2 Low-k Dielectrics

As seen in Figures 28.28 and 28.29, several levels of
dielectrics must be incorporated with the metallization
schemes associated with ICs. As can be seen, dielectrics
utilized in this back end of (fabrication) line (BEOL)
portion of the IC fabrication process are also segmented
into pre-, inter- and intra-metal dielectrics. Addition-
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dielectric
Tungsten
contact plug

«— Metal 1 pitch

Fig. 28.28 Schematic of a typical chip cross section showing key
interconnect metallization and dielectric layers. From [28.12]

ally, dielectric layers are employed to facilitate etching
control for Cu metal patterning of the various intercon-
nection lines. This requires materials integration with
barrier layers (that control Cu diffusion), etch stop lay-
ers, CMP (chemical mechanical polishing) stop layers
as well as overall mechanical stability. Additionally, for
the local and metal 1 layers, the future incorporation of
metal gate and/or NiSi materials may require extensive
limitations on processing temperatures (< 500 °C).
Several materials are under investigation for the
low-x application, and some of these are summa-
rized in Table 28.5 [28.12, 28]. Most consist of
polymeric (low-Z) materials with varying porosity

Inter-
connect
dielectrics

Fig. 28.29 Cross section of amodern IC chip for the 65-nm
node to be in production in 2005 showing eight levels of
metal interconnects isolated by low-« dielectrics. (Courtesy
of Intel)

to enable a sufficiently low dielectric constant for
interconnect applications. Recent technology announce-
ments for the 90-nm and 65-nm nodes often refer to
these materials as carbon-doped oxides [28.187, 188].
At this point, films are deposited by either CVD
or spin-on methods. Desirable properties for low-«
dielectrics include thermal stability (to ~ 500 °C), me-
chanical stability (to withstand packaging), electrical
isolation stability/reliability (similar to SiO»), chem-
ical stability (minimal moisture absorption, resistance
to process chemicals, resist compatibility), compati-
bility with BEOL materials (e.g., diffusion barriers)
and processes (etching, cleaning, post-metallization
and forming-gas anneals, chemical mechanical polish-
ing, etc.) and of course low cost. As noted by Wolf,
thermal properties of low-k materials are important

Table 28.5 Interconnect dielectric materials (after [28.12,28])

Dielectric constant Material Pre-production year
3.5-3.7 FSG Current

3.0-3.6 Polyimides Current

2.7-3.1 Spin-on glass Current

2.6-2.9 Organo-silicate glasses (OSG) Current — 2011
2.6-2.8 Parylene-based polymers Current

2.5-32 Methyl/hydrogen silsesquioxane (MSQ/HSQ) 2005

1.8-2.4 Porous MSQ, parylene-based polymers 2008

1.1-2.2 Silica aerogels 2011

1.5-2.2 Silica xerogels 2011
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for effective power dissipation in high-performance
applications.

According to the ITRS roadmap, deposited silicon
oxides are envisioned to be employed for pre-metal
dielectrics through the 45-nm node (= 2012). The in-
troduction of Ni-silicide contacts, metal gate electrodes
and high-« dielectrics will certainly have an impact
on the development of alternatives to these deposited
oxides. Methyl/hydrogen silsesquioxane (MSQ/HSQ)
appear to be under consideration for further development
in this regard.

28.5 Summary

It should be evident that IC technology is critically de-
pendent upon suitable dielectrics throughout the entire
chip. Materials properties, and their resultant electri-
cal properties, must be carefully evaluated throughout
the research and development process associated with
integrated circuit technology.
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