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INTRODUCTION

t one goes back only 80 vears, the fust electronic circuits enabling amplification
I were faitly simple. They were composed of independent elements such as vacuum
tubes, transformers, resistors, capacitors, and wiring. Component limitations were
soon identified as this technology developed. For example although vacuum tubes were
lightweight, associated components and chassis were quite heavy. The vacuum tubes
generated a lot of heat, required a warm-up timne from 1 to 2 minutes, and therefore required
hefty power supply voltages of 300 volts de or more.
During World War II, the need to reduce the size, weight, and power consumption of
military electronic equipments became important because of wide spread requirements for
communication equipment. As systems became more complex, their size, weight, and power
requirements rapidly increased until it was considered unacceptable, especially in aircraft and
for infantry personnel. These factors drove the development of smaller, lighter, and more
efticient electronic circuit components.
In 1947, the first pomt-contact transistor was invented by Bardeen and Brattain in the Bell
Laboratories. This was followed by Shockley’s classic paper on p-n junctions and bipolar
transistors in 1949, Two point contacts at the bottom of a triangular quartz crystal were
made from 2 strips of gold foil separated by 50 jim and pressed onto a semiconductor
surface. The semiconductor used was the germanium. With one gold foil contact forward
biased positively respect to the third terminal and the other gold foil reverse biased,
transistor action was observed: the input signal was amplified. The solid-state diode and the
transistor opened the door to microelectronics. The transition from vacuum tubes to solid-
state devices took place rapidly. As new types of transistors and diodes were created, they
were adapted to crcuits. The reductions 1n size, weight, and power use were impressive.
Circuits that earlier weighed as much as 25 kg were reduced in weight to just a few tens of
grams by replacing bulky components with the much lighter solid-state devices. Power

consumption also dropped significantly giving longer autonomy for battery powered circuits.




In the 1954, Champin developed the first solar cell using a p-n junction whilst mn 1957,
Kroemer proposed the heterojunction bipolar transistor, which potentially are the fastest
semiconductor devices. In the 1958 Esaki observed negative resistance characteristics m a
heavily doped p-n junction, leading to the discovery of the tunnel diode. The tunnel diode
and the associated tunneling phenomenon are important for ohmic contacts and carrier
transport through thin layers. In 1959, Kilby created the idea of a monolithic “integrated
circuit” and by the end of that year he constructed several examples, like the famous flip-
flop. Components were connected by hand- soldered wires and isolated by shaping and p-n
diodes used as resistors. In the same year, Hoern1 invented a technique to diffuse impurities
mto silicon to build planar transistors using Si0, as the gate msulator. At the end of 1959
Noyce developed the first integrated circuit (IC) planar transistor using a back-to-back p-n
junction for wsolation, a diode-solated silicon resistor and Si0, as msulator with metal
contacts evaporated on the surface. These last 3 novel inventions were the first step in the
discovery of the most important device for advanced mtegrated circuits: the MOSFIET

{metal-oxide-semiconductor field-effect transistor) which was reported by Kahng and Atalla

in 1960. The device had a gate length of 20 um and a 100 nm S10, gate oxide thermally
grown on silicon. The two keyholes were the source and the drain contacts and the
connection were obtained by evaporating alummum using a mask for the pattern. As the
complexity of the IC increased, technology has moved from the classic nMOS (n-channel
MOSFET) to CMOS {complementary MOSFET) that employs both nMOS and pMOS (p-
channel MOSFET) i order to form the logic component. The CMOS concept was
proposed for the first time by Wanlass and Sah in 1963. The advantage of the CMOS
technology is that logic elements draw significant current only during the transition from one
state to another (from 0 to 1 using digital terminology) and draw very little current between,
resulting i very low power consumption. This technology is today the dominant technology
for ICs.

In 1967, an important 2 element circuit, the dynamic random access memory (DRAM) was
invenited by Dennard. The memory cell contains one MOSTET that serves as a switch to
charge or discharge a storage capacitor. The DRAM is a volatile memory and consume
relatively high power, but is stll today the main choice among vartous semiconductor
memories. In 1984, Masuoka discovered another important and widely used memory device:

the flash memory. Flash memories offer fast read acces time (though not as fast as volatile



DRAM) but they are non-volatile. They also offer a better shock resistance than hard disks
These characteristics explain the popularity of flash memores for applications such as
mnformation storage in battery-powered devices. Only ten years later than the discovery of
the MOSFET and few years later than the discovery of the DRAM, Intel, a new company
founded by Noyce and Moore, appeared on the market with the first large scale integrated
device with 100 to 5000 components all on one chip: a 1 kilobit memory and a microchip
working at 750 kHz. Since then, continuous evolution has increased the number of device
components on a chip by a factor of 64,000 to a fully mtegrated 64 and also 128 megabit
memory chip in which there are more than 100 million electronic components. Scaling down
of the device size not only increased the number of the transistors per chip {and per surface
unit) but also the speed of the circuits up to a few GHz in today’s personal computers.

The scaling down process is well described by the “Moore’s law”. Moote predicted in the
1965 that for each new generation of memory chip and microprocessor unit on the market,
the device size should reduce by 33%, the chip size would increase and the number of
components on a chip would quadruple every 3 years. So far this trend has shown no sign of
stopping even though the increase has been slightly slower due to technological problems.

It 1s unquestionable that the success of microelectronics is due to the use of St because of its
physical properties. Silicon can be grown in single crystals more than 1 m long and 30 c¢m
across, weighing approximately 200 kg, The purity of the crystals and the number of the
electrically active defects are well controlled. The number of atomic crystal defects in sub-
micrometer size MOSFETs 1s now limited to individual centers and these may be identified,
characterized and counted, so that even single-electron transistors are possible. Although
germanium was the initial semiconductor used to demonstrate transistor action, siicon has a
wider band gap which means that silicon devices can operate at higher temperature.
Inasmuch as silicon is a primary constituent of ordmary sand, it 1s a very inexpensive and
abundant clement. Thus, silicon is a low cost source material which is normally not subject
to the “stocks market madness”.

The very special feature, and perhaps the most important, of silicon, which makes it the
semiconductor of choice for MOSFETS, 1s its oxide. Silicon dioxide ($10;) is an almost
perfect insulator with a resistivity of ~ 10 Qcm. Insulating films of SiO, grown thermally
on silicon are smooth with no holes throughout the thickness range even down to single

atomic layers. The interface with silicon i1s abrupt and the actve defects at the interface,




resulting from incomplete bonds can be removed using a post annealing process. In the
commercial labs, it is now possible to produce MOSFETSs and integrated circuits with gate
oxides less than 5 layers thick (1.2-1.3 nm). Such thin films are required to mamtain the
current response of the transistor to lower voltages at the gate electrode resulting from
device scaling,

Manufacturers need to lower the power supply voltages for individual components, if they
are going to integrate even more devices onto a chip. The first MOSFET worked with a
supply voltage of more than 10 V, 10 times higher than what it 1s used today and 15 times
higher than the expected (.7 volts for 2012. Development of “non-leaky”, ultra-thin oxides
for future devices now justifies the worldwide effort to make these almost atomic layer
thickness gate oxides.

The Semiconductor Industry Association in the United States extrapolates Moore’s law into
the future and sets yearly targets for the performances of ICs. These targets are summarized
in a roadmap. For the year 2012, the roadmap indicates that critical device size decreases
from 65 nm to 32 nm, with a physical gate length from 25 nm to 18 nm. Consequently, the
gate oxide (assumed to be Si0,) thickness must be reduced from 1 nm (5 atomic layers) to
0.6 nm (less than 4 atomic layers). Clearly, there is a limit to this scaling down because the
S0, gate oxide s tending to zero thickness. Furthermore, for a thickness of less than 4
atomic layers of silicon atoms leakages currents through the oxide are significant. Muller,
using an electron microscope in combination with a spectroscopic analysis of electron
energy levels at the Si-5i0, mterface showed that the electronic wavefunctions penetrate
through 0.7 nm of 810, from both interfaces (i.e. quantum tunneling occurs). This means
that S10, no longer acts as an insulator for that thickness. In practice the limiting gate oxide
thickness must be a shightly larger than the theoretical limut, around 5 atomic layers of silicon,
because the mterface 1s rough at an atomic level.

The end of the road for S10, as a gate insulator is now expected and has already began. In
the past, various technological limitations to Moore’s law have been predicted and all of
these have been overcome by new developments, leading to silicon-based materials of
unprecedented quality. However, the new limit due to oxide thickness cannot be simply
overcome by technological modification. A fundamental change mn technology 1s necessary.
One possible solution is to use an msulating film with a dielectric constant higher than that

of Si0,, so that a thicker dielectric can be deposited whilst mamtaining the same capacitance



per unit area. In the mid-1990s, the microelectronics industry started to invest heavily m the
development of so called high k dielectrics but to date only with lirmted success. For scaling
of devices to continue to be a reality, the tume has now come to introduce new dielectrics
into the gates of MOSFETs and storage cell capacitors. Long-term goals will only be
achieved it these new materials can be found.

The work reported in this thesis is mainly focused on novel high-k materials for both
memories and MOS based device applications. It 1s divided in 3 major chapters and only the
most remarkable materials studied (IaAlO,,, LaAlO,, S10,, SI,N,, T10,, T10,-510,, Nd,O,
and Pr,0O,). In the first chapter we discuss the main problems related to device fabrication.
We also indicate the status of the art of modern industry and their goals for the near future.
Thus, the first chapter 1s particularly important because it gives the reader the technological
knowledge to understand why such huge mvestments are made every year in the
microelectronic industry and research in general. In the second chapter, we illustrate the
method used to deposit and grow the insulators that are the object of the investigation in
this thesis. Also, we descabe as best as possible the techniques of characterization used to
analyze the physical and electrical properties of our dielectrics. Some examples, based on the
materials analyzed, are used to help the reader to clearly understand our methodology of
scientific investigation.

The last chapter is an overview of my published work in recognized international journals or
presentations at major conferences. This chapter 1s also divided into 3 sections. The first 1s
used to understand the lanthanum-aluminum silicates resulting from different deposition and
annealing methods. These present data and some earlier data, give significant mnsight for our
search for a possible useful high-k material. The second section is dedicated to titanium and
titanium-sihicate oxides. The work presented in these 2 sections provided a general dea of
high-k material behavior and physical properties and lead us to focus our attention on rare-
earth binary oxides, especially on Nd;O, and Pr,O,. With the help of the published literature
and our own wortk, we finally can elucidate the key parameters needed to be determined
when searching for a novel gate oxide. Most importantly, a more organized physical method
to enable selection of a new maternal 1nstead of just “trial and error” emerges.

Finally, in the conclusion, we briefly summarize the objectives achieved in this work and the

research that is currently in progress.
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LOI D’ECHELLE: LIMITATIONS PHYSIQUES
ET TECHNOLOGIQUES

Ce premier chapitre décrit les différents problémes rencontrés en
microélectronique et qui sont liés, soit au semi-conducteur, soit & ’isolant ou au métal de
grille. Il est découpé en trois parties.

Dans la premiére partie, on présente la lo1 de Moore, lo1 d”"échelle” bien connue,
comme fondement économique de I’évolution de la microélectronique. Ensuite, on décrit
les problémes physiques et les difficultés économiques a surmonter pour remplir les
objectifs de la loi de Moore. Ces problémes sont bien évidemment caractéristiques de la
technologie MOSFET : dissipation de la chaleur, augmentation des courants de fuite, et,
bien entendu, travail de sortie.

La deuxiéme partie de ce chapitre a pour objectif de conduire le lecteur dans les
problématiques spécifiques a I'oxyde de grille. Pour cela, aprés avoir introduit les
concepts de diélectrique a forte permittivité (high-k) et d’épaisseur équivalente d’oxyde
de silicium (EOT comme equivalent oxide thickness), on présente une analyse des
problémes les plus significatifs au plan physique et technologique liés a I'introduction de
nouveaux matériaux de grille dans la chaine de production de circuits intégrés silicium.

Enfin, la derniére partie de ce chapitre propose une présentation succincte des

principaux et plus attractifs matériaux a forte permittivité étudiés & ce jour.
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I.1. SCALING

The semiconductor industry, in the last decades, had a massive growth without any
companson with all other industries. This 1s due to many reasons. A clear example is
llustrated by the computer industry: everyone wants to replace a computer after 3 years
because of speed improvements. The essential fact which has driven the successful growth
of the computer industry, is that through industrial skill and technological advances one
manages to make smaller and smaller transistors which go faster and faster.

Compare this siftuation with, for example, the automobile industry: no one would expect a
car which goes five times faster and with five times larger capacity and possibly lower energy
consumption, at the same price as the one which was offered five years ago. Again, this was
possibie in computer technology thanks to the continuing development of the basic device
in the microprocessor and memory circuits: the Metal-Oxide-Silicon Field-Effect-Transistor
(MOSFET). MOSFET’s result from a very mature technology with relatively straight
torward scaling capacity characteristics and, furthermore, the combination of complementary
devices (p-channel and n-channel) enables a substantial lowering of circuit power
consumption.

A third reason for MOSFET scaling is overall reduced area leading to reduced cost. Smaller
MOSFETSs can be packed more densely, resulting in either smaller chips or chips with more
computing power i the same area. Since the cost of producing integrated circuits is highly
related to the number of chips that can be produced per wafer, the price per chip is reduced.
Untl the late 1990s, this size reduction resulted in great improvement in MOSFET
operation with no deleterious consequences. The difficulties with decreasing the size of the
MOSFET were typically associated with the semiconductor device fabrication process, until
most recently when microelectronic companies realized that new materials will also have to

be found and integrated in order to respect certain criteria.
I.1.1. Moore’s law
Formulated in the early 60s, Moore’s law states that the transistor density on an integrated

circuit chip will double every 18 months. This empirical law drove the phenomenal growth

of the sermconductor industry and appears still to guide the industry for the next generations
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[www]. The main consequences of Moore’s Jaw are the scaling down of the devices:
historically, the supplied voltage scales at 0.85 per generation and the gate length at
0.65/ generation. Furthermore the gate length is expected to continue to scale at considerably
less than half the lithography pitch' for future generations. Consequently the supplied
voltage is expected to drop below 1 volt. This considerably impacts the design architecture
of the transistors with the power supply voltage and the gate length. If we lock at the
roadmap [www] goals for the future, for example, we notice that by 2013 it is expected, for a

DRAM process, that the physical gate length will be only 13 nm (Table L.1).

Table L1 Some of the most important parameters included in the micraelectronte roadmap [wmw] for the coming years.

Year of production 2004 2007 2010 2013
Technology node 90 65 45 32
DRAM 2 pitch (am) 90 65 45 32
Physical gate length {(nm) 37 25 18 13
Function/ chip (Gbits) 4.29 17.18 34.36 68.72
Power supplied voltage (V) 0.9-1.1 0.8-1.1 0.7-1.1 0.6-0.9
Leakage current (A cm™) 4.5%10% 9.3%10% 1.9x10° 7.7¢10°
Oxide thickness (EOT ) (nm) 1.3 0.9 0.7 0.6

Looking carefully at Table 1.1, certain observations come directly to the attention of the
reader. For example, in less than 10 years, the gate physical length 15 expected to decrease by
a factor of 3 and the gate oxide (EOT) by a factor of 2. The power supply voltage is

anticipated to vary from 1.1 V to 0.6 V with mcrease of the operational frequency of the

T the simplified approsimation of coherent illuminaticn, the resolution R of a lithography system 1s
conventionally quoted in terms of the smallest half-pitch of a grating that is resolvable as a function of
wavelength & and numerical aperture NA, as expressed by Rayleigh's equation, R = k,A/NA

where 4 is the Rayleigh constant. Hor conventional optical lithography, the ultimate resolution limit is reached
at &1 = (1.5, the stare at which only one set of diffracted orders can pass through the imaging optical system.
Fwven as exposure wavelengths decrease from 248 nm to 193 nm and 157 nm, and numerical apertures increase
from 0.5 to 0.6, 0.68, and 0.75, the resclution limit of & = 0.5 stands firm with conventional optical

lithography [Liebman]
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chip by a factor 10. It 1s evident that there is a correlation between these variables, and in
fact the roadmap 1s generated considering all the aspects that link those numbers.

Reduced voltage specifically calls for either reducing threshold voltage of the devices or
reducing the channel length or both. In the simple model for a FET, the drve current
mnitrally increases hinearly with the applied voltage Vi, then saturates to a maximum when Vi,
is equal to difference between the gate voltage V,; and the threshold voltage V| is equal to
Vo, wr = Vi - V,, [Sze]. The expression for the drive current in saturation regime (I, ) 18

given by [Sze]:

1.1

where

Cr)x = gox /dnx‘ 12

The capacitance of the oxide C__ 1s given per unit area, [L is the channel carrier mobility, W is
the width of the channel and L is the channel length, d_, is the dielectric thickness and €, 15
the oxide permmttivity. Reduction of the channel length or mcrease of the gate dielectric
capacitance will result in an mcrease of I, o, The term Vg - V.15 limited in range because a
too large Vi creates a very strong electric field across the gate oxide. Consequently, reliability
1ssues and working temperature condition can cause constraints in the choice of V. This
threshold voltage cannot be easily reduced below 0.2 V because KT ~ 0.025 V at room
temperature. The presence of fixed charge at the interface between Si and the gate oxide
causes a miss alignment of the semiconductor Fermi energy level and the metal Fermi energy
level (Le. paragraph 1.2.1 Figure 1.6). Thus additional voltage is required in order to bring the
Fermi levels mnto alignment [Sze]. This voltage 1s usually called “flat band voltage V3" for
MOS capacitors.

Reducing the threshold voltage, unfortunately, may increase the current that goes through
the channel when the transistor is in the off state (i.e. paragraph 1.1.5 and Figure 1.3}, causing

excessive power dissipation and a low 1, /1., ratio. If channel length is reduced, the doping
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level must be raised to reduce the magnitude of short channel effect. When the doping level
is raised, more thermal carmer effects raise. Larger doping also means that there may be
increased channel assisted junction breakdown. To reduce some of these problems the dramn
may need 2 more sophisticated doping profile, with a lightly doped region adjacent to the
channel. However, this increases the channel ressstance and trades performance for
reliability. Greater oxide thickness helps to reduce hot carmer effects but it mcreases the
short channel effect. However the oxide thickness is expected to decrease as the supply
voltage decreases, to avoid short channel effects.

It appears relevant here to describe in detail some, if not all, the problems that one has to

face when designing and fabnicating a simple MOSFET.

I.1.2. Power dissipation and heat production

The previous section may be revisited in terms of power dissipation. The increasing density
of MOSFETs on an integrated circuit chip is creating problems because of substantial
localized heat generation that can wnpair circuit operation. Circuits operate slower at high

temperatyres, and have significant reduced reliability. Heat sinks and other cooling methods

are now required for many integrated circuits including microprocessors. This sttuation will

become dramatically evident for very advanced technologies

1.1.3. Process variation

The changes necessary to satisfy the parameter values cited in the Table 1.1 will introduce a

change in the process flow. It is important to understand, at this point, that a need expressed

cannot necessarily become a reality because of technical difficulues. Some of these
difficulties in the process variation includes:

e Si production will be based upon 300 mm diameter wafers. All industrial tools are

expected to work with this standard Si wafer size, and m the near future probably on

450 mm [www]. A larger wafer allows an increase in the number of chips per wafer,

so that the cost per chip decreases. It is understadable that replacing St with a

different material would be extremely expensive, and so all the technology prefers to

remain on Si-based transistors.
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¢ New materials can perhaps be made only using hazardous components (precursors)

e The conversion of the new geometries into binary arrays increases the metrology
problems.

e Design difficulties: the transistor channels are reaching the quantum scale (few

hundred’s of atoms).

Figure 1.1 has been taken from the presentation of Robert Madge (LSI Logic Corporation) at
the Electronic Manufacturing corporate 2005 meeting. The complexity in the design in order
to maintain the predictions of Moore’s law 1s much higher than the industry capability. This

is translated in a time shift between the required device complexity and the actual device

productivity time.

G
r Design
@ complexity (Moore's
W Growing
t productivity
. gap
R
a
t .
e Design productivity
b
Time

Figure L1 Gap between the design complexcity predicied by the Moore’s law and the actual productivity capability

This picture explains how technology 1s already behind the prediction of Moore’s Law. The
technological limits, that have not been an issue since the earlier 90’s, are becoming more

relevant and are overtaking the physical aspects related to the roadmap.

1.1.4. Work function

The work function is the voltage required to extract an electron from the Fermi energy to

the vacuum level. This voltage is between 3 to 5 Volt for most metals. The actual value of
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the work function of a metal deposited onto silicon dioxide 1s not exactly the same as that of
the metal in vacuum.

The primary criterion for the gate material is that it is a good conductor. Highly-doped poly-
crystalline silicon is an acceptable, but certainly not ideal conductor, and 1t also suffers from
sotne more technical deficiencies in its role as the standard gate material. So why use
polysilicon instead of a metal like Al There are a few reasons. The threshold voltage (and
consequently the drain to source on-current) is determined by the work function difference
between the gate and channel material. If there 1s no charge present in the oxide or at the

oxide-semiconductor interface, the so called flatband voltage simply equals the difference

between the gate metal work function, ®y,, and the semiconductor work function, @ :
Vg =@ _~-® =@ 1.3
For nMOS transistor switch-on threshold voltage, V,, 1s then:

v, :VFB+f(¢f'5Cox ,N) 4

where N is the substrate doping concentration éfipressed in cm”, and @ is the bulk voltage.

In the past, when gate voltages were high (of the ordei: of 3 V to 5 V), the high threshold
voltage caused by the work function difference between a metal gate and silicon channel
could still be overcome by the applied gate voltage (| Vg - V| > 0, where Vg 15 the gate-
source voliage). However, as transistor sizes were reduced, the supply voltage was also
reduced for various reasons (such as to avoid gate oxide breakdown, hot-electron stressing,
power consumption reduction ...). In consequence a device with such a high threshold
voltage would not have been operational. Thus, poly-crystalline silicon was used as an
acceptable gate material essentially because its stmilar chemical composition to the siicon
channel resulted 1n a smaller V. In inversion, the work function difference becomes close
to zero, ensuring the transistor can be turned on at a lower voltage and that the on current is
high. However, even heavily doped polysilicon is highly resistive (of the order of 1000 times
more resistive than a common metal), which in turn will reduce the signal propagation speed

through the material (and therefore will increase the time the transistor takes to switch from
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'off' to 'on' or vice versa). A metal is combined into the top of the polysilicon to decrease the
resistivity. Such an alloyed material is called silicide. Silicide - polysilicon layered materzals
have better electrical properties than polysilicon alone. Also, the threshold voltage is not
significantly higher than polysilicon alone, because the material above the silicon channel,
after the gate oxide, remains doped polysilicon.

Pure metal gates would be very desirable to eliminate dopant depletation effects and sheet
resistance constraints. In addition using a metal can lower the required thermal budget by
eliminating the annealing for dopant activatton 1n the polysilicon electrodes. There are two
approaches towards achieving successful integration of a metal electrode. The energy

diagrams associated with the two approaches are shown in Figure 1.2,

(a) =)

Wacun lewel
ry & r
:I:m IE:I:'Iul I:I:'mz
o1 E, E,
F Y
R
I AMOS W,
1.1 eV ————— X ¥
pMOE WV R
¥ M
E E

Figure LZ. Iinergy diagrams of threshold voltage: a} using one mideap metal gate; b) wsing dual metal gates.

a} 'The single midgap metal method uses a metal (i.e. TiN) that has a work function
that places the metal Fermi level at the midgap of the silicon substrate (Figure 1.2
a). The benefit in using midgap metals resides in the definition of the metal
Fermi level (Fg). So that, the same energy difference exists between the Fermi
level and the conduction and wvalence band energies (B, and E.) of the
semiconductor. Consequently V, can be made symmetric for both nMOS and
pMOS. This provides a sumpler processing scheme, since only one mask and one

metal are required for the gate electrode for both types of transistor.
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b} Two separate gate metal electrodes are introduced, one for pMOS and one for
oMOS. In Figure 1.2b we represent the energy diagram for this approach. We
define ®@_, and P, the work functions of the 2 metals. The 2 electrode metals
are chosen in such a way that their Fermi levels line up favorably with the
conduction and the valence bands of the silicon substrate. For example if we use
Al as the metal for nMOS, and Pt as the metal for pMOS, we obtain for both
types of transistor a V., ~ 0.2 V. This is an 1deal case that in practice 15 not
teasible. For example, Al tends to form AlO, in contact with the oxide, so that
an interfacial layer between the metal gate and the gate oxide occurs (this 1s not a
problem if the oxide is really thick). Other metals such as Ta or TalN that have
relatively low work functions are more attractive, especially for very thin oxide
films. Pt also has its limitations. It is quite expensive, does not adhere well on
many oxides, but it is inert with most of the oxides. Therefore it 15 a practical
choice for some research studies, but not industrially acceptable. The same

conchusions can be drawn for Au.

I.1.5. Leakage Current

The presence of the leakage currents degrades the electrical properties of the transistor and it
increases the power that is dissipated. There are 3 main sources in transistors of leakage
current:
a) Juncton leakage: a current due to the increasing of the doping level in the substrate
b) Subthreshold leakage, a weak mversion current across the device
c) Gate leakage, a tunneling current through the oxide mnsulator.
The importance of these leakages for a gate length of 30 nm is represented in the following
Table 1.2.

Table 1.2. Typical leakage cervents in MOSTETS device: junction curvent (1), iotal transistor leakage eurvent per chip (L) and
Zale leakage (1),

Tie (A/um) Lofr (A/pum) I (A/um)

10°- 10T 10%-107 > 107
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In this paragraph, we describe these 3 sources of leakage.

a) Junction leakage: the cause of this leakage 1s due to the high doping

b)

concentration in the channel region required to maintain the threshold voltage V,
and to limit the short channel effects m ageressively scaled down devices. The
proximity of the valence and the conduction band i the depletion region of the
junction causes a parasitic tunneling current. In other words, the leakage junction
current I, increases with the dopmg concentration of the substrate It has been
suggested that this leakage alone will limit scalng [Ghani] and increase the
process complexity [Nakahara}

Subthreshold leakage current: this 1s a intrinsic leakage itself, and is probably
one of the main problems facing continued scaling. The leakage current flows
trom the drain to source of a MOSFET when the transistor is supposed to be off
(l Vs E < | Vi | ). As the transistor becomes smaller, a lower power supply voltage

is required to reduce the dynamic power consumption, as we can show in Eq.

L5:
P=VI=ACV*f+1,V L5

where f1s the chip operating frequency, C is the gate oxide capacitance and I ¢ is
the total transistor leakage current per chip and A s the fraction of gates actively
switching. The first part of the equation refers to the dynamic part or the active
power, (the power that is consumed when the transistor 1s switching from an on-
state to an otf-state), and depends on the square of the supply voltage. The
dynamic power arises from the repeated capacitance charge and discharge on the
output of the hundreds of million of gates in today’s chips. To mamtan the
performance of the chip (I,,, = constant), the power supply scales as well as V, so
that the principal source of the dynamic power dissipation is the chip frequency
{1.c Table 1.1).

The second part of the equation refers to the “stand-by” or off power and
strictly depends on the transistor in off state. The difference between the off

state and the on state 1s represented in Figure L3, There 15 an inherent correlation
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between the I__ and [_; currents, which means that neither of them can be set
completely independently from the other: if the drive current is increased by
reducing the threshold voltage, the leakage current will usually become higher,
toco. The following equation [Chandrakasan] describe the mechanism of the off

state cutrrents:
I, =KWe" " (1-e7"") 16

K, and n are experimentally derived constants and V, is voltage due to the
thermal activation (KT ~ 0.025 V for room temperature) and it increases knearly
as temperature increases. If I g increases enough to build up heat, V; will also
increase, further increasing 1, and possibly causing thermal runway. Eq. L6

suggests that there are 3 ways to reduce the I First, we could turn off the

supply voltage V so that the (17"} = 0. Second we can reduce W and third
we can increase V,. This last solution rises two problems. 15 15 a negative
exponential in V, so that a small increment or fluctyation of V, can lead to a
dramatic variation of I, Furthermore the mcreasing of V. decreases the

operating frequency of the chip as described by the following equation

-y
V

/= 17

where oL 1$ an experimentally derived constant. A smaller f/ means a loss in
performances. The reduction of Iz by 1/3 for 5i0, m Very Large Scale
Integration. (VSLI) technology has been demonstrated by [Boris]

We finally observe that some of the vanables that influence the I g also influence
the gate leakage current (Eq. 1.8). For example if the supply voltage decreases the
1, decreases as well, but as already said the chip operating frequency would be

lowered.
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Figure I.3. Definition of the 1, and Iy cnrvent for a MOSFET
It is interesting to note in conclusion that, from what we said scaling causes the
reduction of the supply voltage, so that the active power decreases but
consequently the off power tends to increase, as has been demonstrated by Intel

researchers in the following diagram (Figure 1.4).
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Figure I4. Power gencrated by transistors versus the technologival node

c) Gate leakage: As well as the leakage current component I g another important

source of leakage arises as one thins the gate dielectric, current begins to leak
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from the gate through the insulator film. This starts to happen around 1.5 nm for
510, gate oxide thickness [Stathis]. For increased scaling, although there 1s some
debate about the exact thickness when this will happen, a change in the transistor
architecture to include high-k, will be necessary. The key factors that influence

the gate leakage are given by [Chandrakasan| and shown in Eq. 1.8

g

pk
1 —KZW{LJ e Mul? 1.8
d

Ox

where K, and o are experimentally derived constant. The terms of interest are
the applied voltage V and the oxide thickness d, . Figure 1.5 shows the behavior
of the oxide leakage versus the gate voltage for different oxide thicknesses [LeeZ]

10 B e e : _
oo Simudagon- 8 Loet al a7 L0 B

s
25 30

Figure L5. Oxide tunneling leakage versus the gate applied vollage and for a certazn pxade thickness. The dotted

lines are the experimental values and the dashed Lnes are the caloulated values [Lee]

Increasing the oxide thickness clearly decreases the oxide leakage. But increasing
of the S10, gate oxide thickness is not an option i order to achieve the goals
required by the roadmap presented in Table L1 Therefore, the research
community is condemned to pursue the development of high-k dielectric gate

msulators.
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I.2. THE GATE OXIDE

Scaling requirements for the next 14 years have been well outlined m the ITRS roadmap
[www]. Because technology used primarly the gate oxide thickness as a relevant parameter,
and the material used to date has been Si0),, the same terminology is retained for future
generations. Requirements show (Table 1.1), that if SiO, were to continue to be used one
would require thicknesses which are physically unreasonable and approaching the
monolayer. However, for such, a symbolism can continue to be used if we talk in terms of
Equivalent Oxide Thickness (EOT). Here, one assumes that an alternative dielectric will 1n
fact replace the Si0, and the EOT will be:

€0,

d 1.9

dSi(}z =

newdielecric
newdieleciic

where dgq, 15 the thickness of silicon oxide, 5102 is the dielectric constant of silicon oxide,

d and £ are the thickness and the dielectric constant of the possible substitute

newdielectric newdiclectric

for S10,. As an example, if the EOT 1s 0.5 nm and one has available a dielectric of constant

40 then the appropriate d would be ~ 5 nm.

newdiclectric

On the basis of the foregoing discussion of scaling, it can be argued that the key element
which to date has enabled scaling of Si-based MOSFETs is the dielectric formed by thermal
oxidation: 5i0),. The use of amorphous thermally grown silicon dioxide as a gate dielectric
and as a surface passivation layer [Frosch| [Stathis2] offers many advantages in CMOS
processing including thermodynamic and electrical stability, a high-quality 5i-510, interface
as well as exceptional electrical insulation properties. These outstanding electrical properties
cleatly present a significant challenge for any alternative gate dielectric candidate. A variety of
considerations must taken into account then:

® Relative dielectric constant

e Dielectric/semiconductor interface quality

e Intrinsic leakage current and reliability

e Tunneling current and band offset
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e Thermal stability (phase change, morphology changes ...)
e Process compatibility (deposition, etching, scale integration ...)
The tunneling leakage current has already been discussed in the paragraph I1.1.5. We will treat

m the following the other issues, one by one.

I.2.1. Gate compatibility, dielectric constant and barrier height

The interfaces with both the gate and the Si channel region are particularly important n
regard to the FET performance. These regions, represented in Figure [.6a, are typically of,
but not necessaty, ~ 0.5 nm. It is evident that these regions can modify the overall
capacitance of the gate stack, especially if they have a thickness which is comparable to that
of the gate dielectric. However, these regions can be used to obtain desirable properties. For
example, in the case of polysilicon gates, the interface between the gate and the oxide can be
used to block boron diffusion from the polysilicon gate. The interface between the 51
channel and the gate oxide can be used to develop low trap densities (e.g. dangling bonds)

and so minimize carrier scattering resulting in increased mobulity.
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&
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Figure L6. (a) Schematic siruetare of a Metal-Insulator-Structure (MIS) and (b) Enerpy band diagram for an ideal MIS. The
red Lnes refér fo a MIS strucinre with p doped semiconductor substrate. @, is the metal work function, B, is the potential barrier

between the metal and the axdde, J is the equivalent of the metal work function for the semiconductor and is known as
semicorduitor elecironic affinity, ¥, is the dielectric electron affinity, V2, is the semicondurtor gap between the conduition band (E.)

and the valence band (B, Ep ir the Fermi enerpy level and E, &5 the intrinsic Fermi Jevel.

The required permittivity must be balanced, however, against the barrier height for the
tunneling process. In the simplest approximation the barrier eight for carrier mjection from

the metal gate on semiconductor into the dielectric conduction band 1s:

q®, =E,, =q0, ~E, 110

where B, 1s the dielectric electron affmity. For SO, E, s ~ 0.9 eV. For Al on S10,, @, (Al)
is ~ 4.1 eV, so the barnier eight Ey, 1s ~ 3.2 eV. For 81 E,, depends upon the semiconductor
doping level [Sze]. For example for Al/n-Si and Al/p-Si junctions B, is ~ 0.2 ¢V and 0.92
eV respectively.

For an electron traveling from the Si substrate to the gate, the so called conduction band

offset (AE,) [Robertson] is given by:

AE, = g[Sy — (@, —®,)] With 0<S<lI L1

where ¥ 1s the semiconductor electron affinity and @, is the barrier height that an electron
sees when traveling from the gate to the Si substrate. S is a term that can modify the barrier
height and 1t depends of the interface state density.

Expanded studies made by [Robertson2] include many more high-k materials (some of them
are still under investigation). The results for some of these materials are given in Table 1.3. If
the experimental AE,_ values for these oxides are much less than 1.0 eV, they will have to be
excluded for gate applications, since electron transport (either thermal emission ot tunneling)
may lead to an unacceptably high leakage current. In fact, in order to obtain low leakage

currents, it is desirable to find a gate dielectric that has a large AE, value with respect to S, as
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it 18 the case of Si0,. For the electron direct tunneling process the leakage current Jyyp,

increase exponentially with decreasing barrier height {and thickness) [Sze]:

T :%exp[—dech((Db ~V,. /2)] 112

ax

C, and C, are constants and V__ is the voltage across the dielectric. For highly defective films,
which have electron trap energy levels in the msulator band gap, electron transport may be
governed by a trap-assisted mechanism such as Frenkel-Poole emission or hopping
conduction [Dekker] [Yang]. Since the AE_values for many potential gate dielectrics have
not been reported in literature, the closest and crudest mdicator of band offsets 1s the band
gap (B of the dielectric. A large E, generally corresponds to a large AE,, as is shown in
Table 1.3 Unfortunately many materials that have a large AE_also have a large valence band
offset. Table 1.3 also indicates that E, will be somewhat lumited: the dielectric constant and
the band gap of the materials follow an inverse relationship. The detailed equations linking

the permitttvity and the band gap are not trvial and will not be reported here.

Table 1.3. Relevant properties of some high-& miulators on St (Wallace] [Robertson]

Materal Dielectric Band  gap | AE_ (eV) | Crystal structure
constant (k or €) | B, €V) to St
510, 3.9 8.9 3.2 Amorphous
SN, 7 5.1 2 Amorphous
ALO, 9 8.7 2.8" Amorphous
Y,0; 15 5.6 237 Cubic
Ta,0, 30 4.3 2.3° Hexagonal, cubic
Ta, O, 26 45 1-1.5 Orthorombic
Ti0), 80 3.5 1.2 Tetragonal (rutile, anatase)
HtO, 25 5.7 1.5° Monoclinic, tetragonal, cubic
Z1Q), 25 7.8 1.4 Monoclinic, tetragonal, cubic

sCalculated by [Robertson]
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12,2, Thermodynamic stability on Si and interface quality

In FET technology the interface with the silicon substrate plays a primary role and in most
cases 15 the dominant factor that determines the overall electrical properties of the device.
Although an extensive thermodynamic gas phase study [Hubbard] suggested that a prior
number of binary high-k oxides were mert with respect to Si, almost all high-k metal oxide
systems investigated so far (in the solid state) have unstable interfaces with silicon: they react
to form an undesirable interfacial layer, after a silicide. Materials that could replace Si0, as a
gate msulator therefore may require an interfacial reaction barrer. Any ultra-thin interfacial
reaction barrier with EOT less than 2 nm must have the same quality uniformity and
reliability qualities as 510, does in the same thicknesses regime. Thus it is important to
understand the thermodynamics of these systems, and attempt to control the interface with
Si.

It 1s dufficult to imagine 2 better interface than that of 810, since typically interfaces have a
mud gap interface state densities of D, = 2#10" states/cm” or less. Most of the high-k/S1

structures reported in the literature so far have D, ~ 107-10" states/cm” and exhibit a
substantial flat band voltage shift AV, > 0.3 V, most likely due to a fixed charge density of ~

10" cm™ or higher at the interface.

I.2.3. Process compatibility

The method by which the dielectrics are deposited in a fabrication process is another crucial
factor in determining the choice of final film material.

The deposition process must be compatible with current or expected CMOS processing,
cost and throughput. Since all of the available deposition techniques occur under non-
equiibrium conditions, it may be possible to obtain properties which differ from those
expected under equilibrium conditions. Furthermore, it 1s important to consider the various
methods for depositing the dielectrics. Here we discuss only the most promising methods.

In order to understand the reasons that tend to eliminate some oxidation processes, it must
first be remembered that the required film thicknesses, even of high-k matertals, are
probably, ultimately < 2 nm. The following requirements for the technologies used to

deposit the materials are:
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Possible low temperature deposition

Very large deposition uniformity (300 mm and in the near future 450 mm) fwww]
Compatbility with S1 processes

Safety: hazardous materials or precursors should be avoided

Very controlled in order to achieved very thin layers and controlled interfaces

Industrially convenent

Here we describe some of the techniques mostly used by the industres.

Physical vapor deposition PVD (ie. sputtering and evaporation), methods have
demonstrated their superior competivity because the deposition process can be
carried at low and high temperature and the material deposited 1s really umform over
a very large surface. The damage inherent to sputtered PVD processes, which can
create unwanted interfacial states, seems to be the major disadvantage of this
method. The CVID method is more successful even if the reaction kinetics of the
precursors used in the process requires careful attention in order to control layer
formation. The precursors used must also be tatlored to avoid unwanted impurities
i the film as well as permit an exact final composition of the deposited film (i.e.
oxide stochiometry). Indeed these precursors may be the key requirement in order to
control interface state formation to a level comparable to that of 510,.

Plasma Enhanced Physical Vapor Deposition (PEPVD) are conceptually the
same as PVD deposition processes. In additon to PVD, PEPVD uses a plasma
source in order to activate the precursors and lower the deposition temperature.
Atomic Layer Chemical Vapor Deposition (ALCVD) is used because of self-
lirmiting chemistres employed to control film formation in a layer-by-layer fashion.
The major limttation to ALCVD 1s the surface preparation and the resultant
chemistry. This 1s water-by- wafer process. |
Molecular Beam Epitaxy (MBE) can easily grow a film layer of less than 1 nm but
cannot utilize high oxygen background pressures. Consequently, mcomplete
oxidation due to incorrect oxygen stochiometry may appear as a challenge.

Pulsed Laser Deposition (PLD) also is very useful because the film thickness

control and stochiometry. It 1s also been used to deposit complex oxides without
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tears of sub-stochiometry. Anyhow due to the incompatibility with the Very Large
Scale Integration (VLSIT), this technique has not been widely developed industrially.

L1.2.4. Film morphology

Much of the success of 510, in present day microelectronics technology arises because the
films are amorphous and therefore able to be very flar and continuous. There are no grain
boundaries as in a polycrystalline material and therefore the suspected leakage current due to
the grains is absent. As shown in Table I.1, with the exclusion of the Al,O,, $i0, and Si,N,
all the high-k of interest will form a polycrystalline film either during deposition or upon a
modest thermal treatment. Many of the high-k matenals, if not all, have large dielectric
constants only in the crystalline phase. If such materials are used as gate dielectrics it 15 to be
anticipated that grain boundary leakage may be significant. Furthermore, the presence of
adjacent crystals of different orentation may give nse to substantial surface roughness
leading to a very non-uniform vanation of the gate dielectric in the active channel region of
the FET device (Le. trreproducible properties).

Tt is important to note, however, that it has been shown for some materials that there is a
suppression of crystallization for very thin oxide films. The extent of crystallization
suppression for a given oxide depends on both oxide and substrate-in-contact composition
and thermal processing.

Single crystal oxides obtained via MBE methods can, in princtple, avoid grain boundaries
while providing a good interface [Eisenbeiser] [[Kwo], but these oxides require sub-
monolayer deposition control, which can be obtained, indeed, only by MBE. Unfortunately
MBE methods are not compatible with VSLI technology as was mentioned in paragraph
1.2.3.

1.3, HIGH-k GATE OXIDE CANDIDATES
Hafnium oxide has a k value of about 15-25 for the crystalline phase [Wallace| [Kukly] and a
value of 15 for the amorphous phase [Okada]. But the use of hafnium oxide presents

tabrication challenges. For example, although 510, can be formed on silicon by simple

thermal oxidation, hafnium oxtde must be deposited with sophisticated Chemical Vapor
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Deposition (CVD) or Atomic Layer Deposition (ALD) techniques. Furthermore, because
the deposition process involves volatihzation, the hafnium molecule must be volatle,
typically organic, precursor. Furthermore, these processes open the way to new technological
issues. T'o be a successful precursor, a compound must be able to survive the volatilization
process, but then be able to dissociate on command on the silicon substrate. It must also
deposit propetly on the substrate such that an amorphous rather than a crystalline film 1s
formed. “You have a narrow window of stability with these precussors”! Amorphous HfO,
means 2 low dielectric constant, which will put the end to the use of these matenals 1 few
years. Futhermore HfO, has demonstrated a limited but important reactivity with 51
[Hubbard}, which tends to results in a thin mterfacial layer, and also has a low (~ 400 °C)
crystallization temperature. To avoid this problem, different alloys of Hf based oxides have
been brought to researched. The H-AI-O compounds do not show any improvement of the
electrical characteristic, compared to the Hf oxide [Lee|. Hafnium titanate films, as the Hf
content increases, the EQOT decreases and the films crystallize anisotropically. But stll an
interfacial layer of pure S$10, grows between the mixed oxide and the St substrate, with the
consequence that an EOT smaller than 1.4 nm is not achievable {Li]. From the pomt of view
of thermodynamic stability with Si, the most successful material has been HfS10. Actually
since 2003 Texas Instrument chose HISION as the matenial for the logic market. More
recently ALD [Seckhoon] of HfSION has also been demonstrated to produce a good
control of the interface avoiding the thermal instabilities between the Si and the HfO
bonds. Obviously the presence of the 8i-O bonds 1 the HIO, matrix decreases the value of
the dielectric constant, and, even if N, is added to increase the density of the oxide in order
to obtain an higher value of k, the permittivity do not exceed the value of 11 [O’Connor].
No long term solution seems to appear for the Hf based compounds, so pure Hf oxide 13

actually leading the market for the moderate high-k.

AL O, (alumina) has many favorable properties as an alternate high-k material: since it 1s very
stable against Si0, formation and, the optical bandgap is 8.7 [Wallace], it remains amorphous
under the processing conditions of mterest. The stability of alumina depends on the
equilibrium condition of the process. The evidence of a layer of AlS1,O, [Klein] has been
found when studying films of ALO, deposited via CVD of 400 °C, which was not expected
on the basis of the phase diagram [Hubbard]. Films of Al,O; deposited using Atomic Layer
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CVD (AL.CVD)) onto H-terminated S1, under non equilibrium condition, using trimethyl-
aluminun and water as the precursor for Al and O, has been obtamed without any interfacial
layer. This is an umportant result because it demonstrates that it 18 possible to control the
interface reaction and hence the deposition conditions. Unfortunately, the maximum k value
was 7.

La,O; was also found to be interesting, because 1ts high deelectric constant of 27 and long
term reliability [Wa). Recently Guha et al investigated thin films (EOT of 1-1.4 nm) with low
leakeage currents (~ 10107 A/cm?) and with an amorphous SiO), interfacial layer [Guhal]
and [Ono] found evidence for the interaction between St and the La. It should be also
underlined that lanthanum oxides are hygroscopic, a characteristic that reduces the long term
reliability and makes processing management difficule.

A combination of both La,O; and Al/O, has attracted interest, as a good combination of a
material with a high dielectric constant, high optical gap and certain stabdity with silicon
Xiang] [Li2]. [Patk], using molecular beam deposition at 800 °C, was able to deposit an
amorphous layer of LaAlO; although the leakage current density was very low, ~ 107
A/cm®, A post annealing process in O, atmosphere, in order to remove the considerable flat
band voltage, lowered the EOT to only 3 nm, probably due to mnterfacial 510, layer
formation between the oxide and the semiconductor. The post annealing in O, seems to
improve the quality of the imnterface as recently [Miotti] had demonstrate on sputtered
LaAlO; MOS capacitors. Once again, the dielectric constant moved from an expected value
of 25 to 14, which indicates that the Si/oxide interfacial layer drastically reduces the
dielectric properties of the high-k dielectric. In conclusion, the literature, as well as our
studies are not that encouraging. The main reason is that the LaAlO, oxide tends to be
highly reactive with the Si mterface, resulting in the formation of silicide that 1s not limited to

one or two interfacial layers.

Titanium dioxide 1s well known among the materials that have a refractive index (n) higher
than S1,IN, (2.00), T1(), is one of the most quoted because it has demonstrated that 1t can be
prepared using different techniques such as evaporation, 1on implantation, sputtering and
plasma enhanced chemucal vapor deposition (PECVD), and it has always shown a value of n
trom 1.79 to 2.6 [Matrtin] [Busani]. This vartability resides in the T10, octahedral structure,

the building block of rutile and anatase. In addition to all these properties, the main reason
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that has maintained Ti0), as an interesting material for research in the chip application 1s its
dielectric constant, which span from 31 to 110 [Tang| [Scarel]. Unfortunately, the reason of
such as wide range in the electrical properties is due to the crystalline phases of TiO),. These
phases usually form at low temperature (600 °C for the rutile, 250 °C for the anatase), which
makes Ti0), incompatible with the standard processes used by microelectronte industries. In
order to obtain a high dielectric constant for amorphous Ti0), and at the same tume be
capable to control the phase transition, CVD and PECVD seems to yield good results.
These methods tnvolve precursors such us TiCl, [Williams], TIPT [Frenck] and TEOT [Hal,
and the use of these metallorganic compounds 1s the subject of 3 considerations: (1) TiCl, 1s
hazardous and highly corrosive and requires special installation, (i) Cl can be a major
contaminant i TiO, and mcreases its optical absorption coefficient [Williams] [Frenck] and
(i) T1i 1s a transition metal and so it can have different stochiometries (110, T1,0;). During
the deposttion O, gas should generally added to ensure the TiO, stochiometry, which
mvolves a detailed knowledge of the process and all variables involved. Complete transistors
using CVD gate dielectric were first reported by [Campbell] using Pt electrodes to prevent
reaction of the gate interface. In these transistors, the device performance was limited by the
formation of the nterfacial oxide layer (due to the post annealing process), a relatively large
mterface state density (‘1012/ cm’” eV) and hence higher leakage currents. Although the carbon
role in high-k is not yet well understood [Campbell] attributed to carbon the formation of a
relevant number of defect states, so that higher leakage currents. Thus a carbon free
precursor for Ti0, and in general for high-k matenials, such as TiCl,, s required. The
resulting devices showed EOT of 2 nm and the leakage current were reduced by a factor of
10% compare to SiO, standard transistors. Transistor made by [Guo} using a Ti0,/SIN
stacked gate dielectric with an mnterfacial barrier layer of S1;N, (1.5 nm) showed an EOT < 2
nm. The barrier layer between the St and the oxide was capable to minimize the formation of
an interfacial layer of SiO, during post annealing process. These structures were stable till

900 °C, but at that temperature the capacitance and the leakage current detertorate.

Rare-earth oxides such as La,O,, Pr,O; and Gd,O, are also very attractive matenals for the
microelectronic industry because they are very similar and gradually changing characterstics.
These oxides are claimed to be thermodynamically stable with the Si interface [Hubbard].

The dielectnc constant vares from 10 to 30 depending upon many factors such as
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composition, crystallinity, deposition, annealing treatment ... RE oxides, in general, suffer of
many technological problems that make them non usable in the standard process or standard
applications. At high temperature (~ 900 °C), they tend to form a consistent interfacial layer
[Ono] which 1s typically 510, or RE silicate or a mixture of the two. The presence of the
interfacial layer and its composition as well as its thickness is determined by the deposition
process, the post annealing condittons and 1t contributes to increase the EOT and the
interface state density defects. The film crystalline structure plays a significant role in both as
grown and annealed samples. In particular it seems that it 1s necessary to increase as much as
possible the crystallization temperature to avoid irreversible film modifications i the
interfacial layer and mn the oxide itself. For these reasons research in these oxides is focused
on epitaxially grown RE oxides and RE compounds deposited using Molecular Beam
Evaporation (MBE), (ALDD) or Pulsed Laser Deposition (PLD) on various sermiconductors
{81, $1Ge and AsGa) [Schroeder] [Liu] [Dongfang] [Hong]. Therefore finally, we can say that,
although a number of issues are addressed, RE oxides can be promising materials 1 micro
or nano-electronic. The interfacial layer, if stabilize, can be engineered.

Even a high-k insulator that meets all the requirements imposed by the roadmap, if it can be
found, and if it can easily deposited on silicon, one last consideration should be made before
it can be processed: s that oxide rehable? The electrical reliability 1s a critical step because
reliability projection comes from different operating conditions and test conditions. Thus the
rehability is a matter of experience, which is not available for a new material i general.

One of the fundamental mechanisms for oxide breakdown in ultra thin SiO, was first
describe by [Degraeve] in its percolation model. Breakdown in this model is described as the
build up of many defects within the S10, layer, where after a cestain amount of stress, (either
constant voltage or current through the oxide at a given temperature) a complete path of
defects forms across the oxide thickness. This pomt defines breakdown, or the falure, of
the oxide. While there 1s a general agreement about the percolation model and its application
to VSLI technology [Bots], the defects, which act as precursors to breakdown are not well
defmed.

The choice of a high-k dielectric, which satisfies the strict reliability criteria, requires a well-
charactenized material system, a prospect not yet available for most of the alternate materials.
The implications of the dependence of voltage acceleration extrapolation on dielectric

thickness and the improvement of reliability projection ansing from mproved oxide
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thickness uniformity have only been undesstood in the past 5 years, despite decades of
research in S10, [Stathis4] [Stathis5] This emphasizes the importance and the urgency to
investigate the reliability characteristics of alternate dielectrics, as these materials, will
certamly differ from Si10,.

Preliminary projections determined by stress-induced leakage current (SILC), time-
dependent dielectric breackdown and mean time to fatlure measurements appear to be
encouraging for ALO;. and HfO, films [Roussel] [Ma]. Similar measurements on ZrQO, seem
discordant, somewhat promising, somewhat less encouraging. Despite the excellent ten-year
reliability projections at high applied voltage of 2.0 V reported for these matertals, it 1s
essential to carry out proper area scaling conversion. Scaling, as mentioned above, can

significantly degrade the reliability projecttons.

We have seen as many factors that play a role in the simplest FET technology. Some of them
are purely technological, others are physical, others are related to economical issues. The
main information we extract from this short summary of the state-of-the-art are essentially
two. First, the permittivities of many simple oxides has been measured on bulk samples and
in same cases on thin films, but for more complex matenials the deelectric constants are not
as well known. There is also a2 wide range of permittivity values for the same oxide. These
discrepancies can be attributed to many factors, including film thickness, method of film
deposition and local electronic structure within the dielectric (morphology). Second 1s that
the characterization and the film deposition processes are essential to understand the

physical behavior of the oxides.

Considering these two information (diclectric constant and process/characterization) we
have decided to investigate some high-k. The purpose of the following chapters 15 to
understand the physical behaviour of those materials when in contact with Si and upon

different operational conditions.
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TECHNIQUES D’ELABORATION
ET DE CARACTERISATION

Ce chapitre est consacré aux techniques expérimentales utilisées lors de ce travail. L'objectif
est de donner une vision générale de ces techniques en donnant leur principe, la mamere de
les utiliser et de les exploiter, et d’en extraire les mnformations utiles. Ce chapitre comporte
deux parties, la premiére portant sur les techniques d’élaboration et le second sur les moyens

de caracténisation.

Les procédés d’élaboration utilisés pour déposer ou faire croitre les oxydes de grlle ont été
mus en euvre dans une salle blanche nwveau 3 du Centre de Haute Technologie des
Matériaux 2 Albuquerque. Les outils utilisés sont décrits de maniére détaillée, de méme que
les principaux parametres expénimentaux accessibles lors de I'élaboration des couches minces
d’oxyde. En particulter, les avantages et les limitadons des techniques de dépot et de recuut

choisis dans cette étude sont argumentées et précisées.

Les techniques de caracténsation nombreuses et vanées utilisées pour analyser les films font
Pobjet de la seconde partie. Toutes ces techniques ont été personnellement maitrisées, sauf
exceptions mentionnées dans le texte. Pour tous les outils de caractérisation utilisés, des
exemples réels et concrets ont été donnés. Ces exemples font référence a la fois a la
technologie Si/S10, et aux technologies Si/high-k et ils sont directement reliés aux résultats

expérimentaux que nous avons obtenus.
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I1.1. DEPOSITION TOOLS

In this section we describe the systems we have used to deposit and to grow either the oxide
films or metal films. Particular attention has been paid to the BCR plasma reactor, because

of its versatility for our applications.

I1.1.1. Plasma deposition tools

IT.1.1.1. General considerations

Many plasma geometries and plasma discharges have been developed over the last decades.
The mult-dipolar microwave ECR and Distabuted BECR (DECR) [Pelletier] [Pelletier2]
[Arnal] was studied and developed for the first time by [Petit 85] and [Pichot 88].
Conventionally DECR, which combines multipolar magnetic field confinement and
microwave excitation at ECR, appeared particularly well suited to the design of large area
plasma sources. In a typical design the production of a plasma is obtained by applying, with a
linear applicator or antenna, the microwave electric field along a multipolar magnetic
structure providing the magnetic field mtensity required for BECR coupling. However,
attenuation of a traveling wave along the antenna leads to nonuniform plasma generation.
The production of uniform plasmas therefore requires standing waves with constant

amplitude along the linear applicators.

In order to circumvent the limitations of DIECR plasmas, one possibility lies i the extension
of the distribution concept, from an array of linear DECR plasma sources to a two-
dimensional netwotk of elementary ECR plasma sources. In this way, large area bi-
dimensional plasma sources can be developed without any size limitation.

This objective can be achieved with muld-dipolar plasmas [Lacoste] whose principles are
described as follows:

1. Uniform low-pressure plasmas are produced from a network of elementary,

independent plasma sougces sustained at ECR. These sources are described i detail
by [Lacoste].

42



2. Dustribution of microwave power m the elementary plasma sources is required.

These plasma sources can be fed with microwaves, either from many microwave
supplies driven independently, or from many independent microwave circuits after
division of the microwave power delivered by a unique, high power microwave
supply. Each microwave power transmisston line includes a circulator with its
matched load to absorb reflected power, a tuner for impedance matching, a matched
vacuum feed-through, and a coaxial line.

3. The mucro-wave multipolar plasma combines the concepts of plasma confinement
ustng a rultipolar magnetic  structure and micro-wave excitation. For an
electromagnetic wave of frequency v and a static magnetic field B, perpendicular to
the electric field of the electromagnetic wave, the gyration frequency of the electrons
in the magnetic field is equal to the frequency of the microwaves (Electron Cyclotron

Resonance ECR condition).

B= 27[( e Jv 11
e
In practice V 1s the microwave frequency and B 1s the intensity of the magnetic field
B, m, is the electron mass and e is the electron charge.
The ECR source offers several advantages and process opportunities as compared to the
more common parallel plate or rf-discharge or as compared to the conventional chemical
process:
* High plasma density with low sheath potentials is created, so that the plasma density can
attain values well above those of low-frequency rf-discharges.
¢ The ion impact energy with respect to the substrate can be controlled independently of
the power source used to excite the plasma driven de or rf source.
The use of multi-dipolar plasma sources in addition to BECR also offers the following
advantages:
¢ Reduced magnetic field interactions between magnets.
* Reduced microwave mteractions between elementary plasma sources. Theretfore, the

microwave power can be adjusted independently for each elementary source.
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¢ Dense plasmas at any microwave frequency. Due to the propagation conditions of

microwaves within the plasma, the plasma density 1s in fact limited to the critical
density n, = ®" &, m, / e’whose value is n, = 7.5 x 10" cm™ at the microwave

frequency £, = @ / 21 = 2.45 GHz. g, is the free space permittivity, m_ and -e are the
electron mass and charge, respectively. The multi-dipolar sources produce plasmas
with densities much higher than the catical densaty.

* Reduced edge effects. The possibility to adjust the microwave power injected to the
elementary plasma sources at the periphery of the reactor allows compensation for
the enhanced plasma losses at the network boundaries.

e Plasma breakdown at very low pressure (below 10 Torr).

¢ The perfect coupling of microwaves with the plasma i the region of ECR
absorption, m addition to the perfect confinement of the fast electrons, allows

plasma breakdown at a very low levels of microwave power (a few watts or less).

The diffusing plasma produced by a single elementary plasma cannot provide uniform
surface treatments. Therefore these elementary plasma sources must then be assembled in
different ways, e.g. networks of sources with alternate or identical magnetic polarities,
rectangular or hexagonal networks, or other combinations. Examples of two-dimensional
planar networks have been already presented in detail by [Lacoste]. The elementary plasma
sources can also be assembled in a three-dimensional network, e.g. at the periphety of a
cylindrical plasma reactor, as demonstrated by [Bechu], where the diffusing plasma in the

central volume 1s produced from two rings of 10 elementary plasma source.

11.1.1.2. The Electron Resonance Plasma Reactor

The experimental multi-dipolar plasma reactor used to deposit or grow the materials we have

studied in this thests, is shown schematically 1 Figure T1.1.
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Figure IT 1. Cross-section of the IECR reactor.

The reactor 1s composed of two chambers: the small one (the load lock on the right side of
Figure II.1) is used to introduce the sample into the main deposition chamber. The first
chamber does not have an independent pump for the vacuum but is constantly flushed with
dry N,.
The reactor 1s cylindrical, it 1s made of steel and 2 pumps are used to maintain the vacuum
with a background pressure ~107 torr (~10° Pa). The main chamber contains different
parts, which make the reactor versatile for different methods of deposition or growth:
1. A system of 6 elementary plasma sources sustained by microwaves at ECR 1s used to
create the plasma. This particular geometry allows generation of a dense plasma. The

magnets create a magnetic field B of 0.12 Tesla. This intensity of B is strong enough
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to create, at the 2 poles of the antennas, the ECR conditions at a 2.45 GHz. The
microwave power is supplied using 6 magnetic antennas themselves. The power of
the generator is vartable from O to 700 W and 1s distributed on the 6 applicators.

The substrate holder is electrically isolated from the rest of the chamber and 1s
connected to an rf generator. It is possible to use the generator to ndependently
apply a voltage to the sample surface so that 10ns in the plasma can be used to
simultaneously densify the depositing film or (using OO or N for example) to mnduce
electrochemical growth of dielectrics (i.e. plasma assisted oxidation).

An f sputtering probe {Taurus 1I), connected to an independent rf generator, 15 also
available positioned in the center of the reactor top plate. This system can be used to
sputter either metallic or dielectric matertals. _

3 independent gas pipelines are available supplying O,, N,, Ar and SiH, for the

plasma generation.

The combination of the different tools added to this reactor chamber makes our muli-

dipolar plasma very versatile. Indeed it 1s possible to deposit or grow the materials in many

different ways:

1.

2.
3

PECVD and also Low Pressure PECVD. The gas line can be eventually heated up if
the precursor has a very low vapor pressure.

The Taurus II «f sputtering source allows traditional sputtering.

The substrate can be polarized and a material can be oxidized using the neutral
oxygen created i the ECR plasma. This electrochemical method 1s available both in
constant current and voltage. This technique 15 well known as plasma anodization

[Peeters]

I1.1.2. Electron Beam Evaporation tools

11.1.2.1. Electron beam fundamentals

In evaporation, the substrate 1s placed nside a vacuum chamber in which a block {source) of

the material to be deposited 1s also located. The source material is then heated to the point

where it starts to boil and evaporate or sublime. High vacuum 1s required to allow the
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molecules to evaporate freely in the chamber, and they subsequently condense on all
surfaces. There are ditferent technologies of evaporation available to usually differing simply
in method used to heat the material to be evaporated. In e-beam evaporation, an electron
beam 15 aimed at the source material causing localized heating and evaporation. The
advantage 1s that multi-constituent targets and also materials that have a high melting point
can be easily evaporated. Furthermore the diameter of the target as well as the diameter of
the electron beam can be extremely small, providing an economical advantage for the
selected material.

However, it should be noted that the electron beam energies used are typical of those 1 an
H-ray source and the radiation generated dumnng the deposition process can damage the
dielectric layers as they deposit. A post annealing process 1s typically used to remove the

defects.

H.7.2.2. The CH.A reactor

The CHA Mark 40 15 a high vacuum stainless steel deposition tool consisting of two main
parts: the vacuum system and the deposition chamber:

1. The vacuum system consists of a cryogenic pump with a pumping speed of 3000 1
per second of air, a liquid nitrogen cooled baffle and liquid nitrogen reservour with a
cryo panel (LN, trap). The cryo pump and the LN, trap combined together allow us
to reach 2 pumping speed of 15,000 1/sec, and a base vacuum of 10710 torr in less
then 2 h.

2. The deposition chamber is equipped with 4 crucibles that can be filled with 4
different materials. This allowed deposition of different film on the same substrate,
without open the chamber. An adjustable angle planetary fixture is installed to hold
12 four inch substrates and 1s designed to ensure uniformity of the deposited
material on any kind of substrate w the limit of 1%. 4 quartz lamp heaters of up to
16 kW are installed to enable heating of the wafers to temperatures of 320 °C
maximum (if required during the deposition). The electron gun operates with a CHA
industries SR-10D power supply at a constant voltage of 10.2 kV and a current up to
1 A. The electron beam source 1s equipped with electromagnets to move the beam

longitudinally and laterally so that it 15 possible to position the electron beam over
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the entire area of the evaporation using a sweep controller. The maximum and
minimum current delivered to the electromagnet determines the amplitude of the
sweep. The amplitude and the frequencies of the sweep are adjustable by the
operator. These parameters, properly programmed aid uniform distrbution of the

evaporation material upon the substrate.

The CHA Mark 40 can operate in automatic or m manual mode. The deposition process,

once the sequence of the different deposition steps 1s set up, 1s fully automatic {CHA].

I1.2. DIELECTRIC GROWTH AND ANNEALING TOOLS

11.2.1. The oxidation furnace

Thermal oxidation is generally carried out in either ultra-dry O, or so-called “wet” oxygen.
For the case of Si, typically the temperature is raised to 800 — 1100 °C. This 1s also the only
method of thin dielectric film which actually consumes some of the substrate as it proceeds.
The growth of the film is due to the diffusion of oxygen though the growing film to the
substrate /dielectric interface. As the thickness of the oxidized layer increases, the diffusion
of oxygen to the substrate becomes more difficult: a parabolic growth regime defines the
diffusion process, so that the film thickness depends on the square of the oxidation time.
This is the classical process used to form silicon dioxide on a silicon substrate.

The thermal oxidation of different materials has been carnied out using a horizontal quartz
tube furnace situated in the CHTM clean room of class 1000 (Chapter 11.4). Several samples
of 2”7 maximum diameter can be loaded into the chamber, and an O, (dry oxidation) gas line
is connected to allow the dry oxidation process. The temperature of the chamber was chosen

as a function of the desired growth rate and final growth thickness.

I1.2.2. The diffusion furnace

The diffusion furnace is an independent furnace, but with the same charactenistics of the
oxidation furnace. The main difference s that this furnace uses N, and O, gases to perform

annealing processes instead of oxidation growth.
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I1.2.3. The Rapid Thermal Annealing

Rapid Thermal Annealing (RTA) RTP-600S [MPTC] is an alternative to standard furnace
annealing. Its advantages include short heat-up and cool-down annealing times (from one
second to 5 nunutes), precise control of the annealing profile, wafer-to-wafer process cycle
repeatability and energy efficiency. The heating cycle is controlled by a micro-controller that
can be programmed. A maximum of 50 cycles are allowed for each user program. A typical

annealing cycle is shown mn Figure 112,

Sleady
step3

Temaerature °C)

Drelayl

T T =

13 20 5

Time (Min.)

Figure IL2. RTA standard cyele for an annealing temperature up to 800 °C.

The delay stz 1s a period duning the cycle when the lamps m the oven are off and a purge gas
1s flowing into the system. Delays are used most frequently at the beginning and at the end
of the cycles, respectively just after the door of the chamber 15 closed, and before opening it
again.

The ramp step 1s a period of time during the cycle when temperature is rising or falling from
one steady temperature to another. The Figure I1.2 illustrates 3 programmed ramp steps.
The first one is used to pre-heat the quartz lamps. The second one 1s necessary in all

processes above 800 °C which cannot be easily controlled. Therefore a 30 seconds pre-heat
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step at 400 °C is used before ramping (the 3 ramp step) to the final desired temperature of
800 °C.

The steady step 15 a period of time during the cycle when the temperature 1s kept constant for a
specified period of time

The RTP-600S system consists of a heating chamber unit with mtegrated computer control
system and software. The wafer to be processed 1s placed on a quartz tray, which slides into
a rectangular quartz chamber. The chamber 15 actually the annealing furnace: argon, nitrogen,
oxygen, H, 10%/balance N, (“forming gas™) are the available gases. Two banks of lamps,
one above and one below the quartz chamber, provide the energy to heat the sample.

The temperature stability 1s 2 °C, a maximum heating rate of 200 °C /s and cooling rate of

150 °C /s and a maximum dwell temperature of 1100 °C.

I1.3. CHARACTERIZATION TOOLS AND TECHNIQUES

In this section we describe the different tools and the different methods we used to analyze
the physical, electrical and optical properties of the materials we have studied m thus thesis.
Chapters 11.3.1, 11.3.2 and I1.3.3 relate respectively to the ellipsometer, infrared and X-ray
techniques and also provide some examples of the measurements. These methods of

characterization were indispensable for our work, thus more details are provided.

1L.3.1. Ellipsometry

Ellipsometry is a very old optical technique for studymg surfaces and films. In
microelectronics, it is widely used because it 1 a non-destructive and non-contact method of
characterization, which implies reproducibility and almost no centammation of the surfaces
that are analyzed.

The physical principle is based upon change in the polarization when a light beam passes
from one medium into another that 1s not totally transparent. A part of the light 1s reflected
and a part 1s not, so that the mtensity of the reflected beam and its polanizability change. The
ellipsometer studies this changes through the amplitude and the phase of the reflected beam.

In fact, the amplitude and phase are the only physical varables that the ellipsometry tools
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can determine. Thus mformation like the refractive index of the material and the thickness

are determined Zndzrectsy.

I1.3.1.1. General theory

The general theory of ellipsometry s described in Appendix A.

I1.3.7.2. The Gaeriner 11258

The ellipsometric instrumentation requires the following:

1.
2

A monochromatic light source: typically a duser fght bearm

An optical element to convert un-polarized light mto linear polarized light: polarizers
are used in different ways. If it 18 used to convert unpolanzed light to polanized kight,
it 1s called “padarizer”. If 1t 1s used to determine the state of polarized light by locating
the null it 1s called an “analyzer’ [Spottiswoode].

An optical element to convert linear polarized light mto an elliptically polarized light:
the element used is an anisotropic optical element and it is typically called a “guarter-
wave plate”. The velocity of the wave depends on its orientation. Thus the wave plate
has a fast and slow axis, both of which are perpendicular to each other and to the
direction of propagation of the wave. The component of the wave whach is aligned
with the fast axis passes through the optical element faster than the component
aligned with the slow axis. If the 2 components of the wave were in phase before
passing through the wave plate (i.e. linearly polarized), then they will be out of phase
when they emerge (elliptically polarized). If the thickness of the wave plate 1s chosen
such as the phase difference is exactly 90° the wave plate is called guarfer-wave plate or

QWP.

A reflection from the sample of interest: The reflection 1s indispensable for reflection
ellipsometry. The reflection of an electromagnetic wave can induce a phase shift
from O to 360° and can attenuate the vector components of the wave.

The analyzer

A detector to measure the light intensity (or to determine the presence of null):

photomultiplier or photodiodes are universally used for these purpose.
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7. Calculation facilities to interpret the results in term of an assumed model

The ellipsometer used is a Gaertner 1-125B | it shown schematically in Figure I1.3.

Y
o - i
/{\@\\% ﬁf,.f’{@f e

@Q@@#

4 Quaﬂf:{;m'ﬂﬁ e 7,#\/
L P ;\\g

(.
Fotating analvzer

Figure I1.3. The Gaeroner 1-125B. In this type of elfipsometer only the analyzer rotates.

This instrument 1s a2 photometer, which means it uses the values of the light intensity. In this

case the polarizer is set at the fixed value of 45°. The laser beam is a red laser working at A =
632.8 nm and the incidence and reflected angles are 50 or 70° and can be chosen
independently. The QWP 15 fixed with the fast axis perpendicular to the plane of incidence.
Only the analyzer rotates. The intensity I measured as a function of time t by the

photomultiplier can be expressed as:

Iy =1,[1+ arcos 24(f) + Bsin 2.4(7)] 1.2
where

A =2nft + A 1.3

with f is the angular frequency of the rotation and A, is the constant phase offset. T, is the
average intensity and o and [} are the Fourier coefficients. [Aspnes] showed that for a
rotating analyzer mstrument, the optimum precision is obtamned when the incident beam on

the rotating analyzer 1s circulatly polarized. To obtain that condition the instrument itself
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works with and without the QWP. Typically ¥ (Psi) 1s measured without QWP in place and
A is measured with and without the QWP (depending of the value obtained). ¥ and A are

defined in Appendix A. The Fourier coefficients ot and P are given by

o = —cos 2\ and B =sin2%¥cosA,, 1.4

where A, is the measured phase difference between the parallel and the perpendicular

components of the light arriving to the analyzer. These equations can be also written as:

2
1
B and tan¥ = T

11.5

If the QWP was not used, before the reflection the 2 components have no phase shift, so

that the reflection phase shift s A = A If the QWP was in place and the light incident on
the sample was circular polarized, then it is necessary to add a retardation to the QWP to

measure the value. Making measurements i both configurations allows one to determine

both negative and positive values of A, for the most precise value of the angle.

IL3.1.3. An example

Maost of the quantities we need to measure have been previously tabulated in handbooks.
Unless the material is extremely reproducible (such as a single silicon crystal) the value of the
optical constants depends on the crystalline structure, grain size, deposition method, etc. The
value of the retractive index, n, for polycrystalline silicon can vary from 3.85 to 4.6 and the k
value spans from 0.02 to 0.3 depending on the deposition temperature [Chandrasekhar]. This
underlines the importance of measuring the substrate parameters prior to investigation of

the film that we would like to study.

The substrate information

We assume a substrate (medium 3) covered or not covered by a thin film (medium 2 of

thickness d) as shown in Figure I1.4
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aubstrate (M3

Figure IT4a. A light beam reflected from a substrate Figure IT.4b. Reflections and transmission scheriu of an

medinm 3

edectromagnetic wape pasing through mltiple redisns and
stirfaces. d is the thickness of the films and the medinm 3 is the

substrale

To determine the properties of the film (n, and d) we must know first something about the

substrate, more preciously the optical constants N3 = ns-ik;, The complex value of

p (defined in Appendix A) can be calculated from Hqg. A8 adapted to the scheme m Figure

I1.4b. Thus a value of N; 1s deduced using Eq. A.10. The problem of the substrate generally

resolves into 2 different kinds of situations that can be represented in Figure 11.4.

1.

2.

The substrate 1s a bulk material: thas is the case of Figure I1.4a. The ellipsometer has
the software program to measure it. The program simply calculates n, and k;
considering the substrate as an absorbing layer. The equations in Appendix A can be
easily adapted to this case by changing the subscript identities.

A film of material with k # 0 can be considered an absorbing layer or a substrate,
depending upon its thickness. Suppose that we are gomg to deposit an absorbing
material onto a substrate gradually. When the absorbing layer thickness 15 zero, the
A/ values correspond to those of the substrate material. When the film 15 very
thick, A/Y will be representative of the bulk deposited matenal. As we progress
from no film, to a thin film to a thick film then, A/ will move from the value
characteristic of the substrate to the value of bulk film material. This behavior can be
visualized schematically from Figure 1L.4b. N; is the substrate medum index and N,

is the medium we are depositing. When the N, medium becomes thick enough the
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structure can be analyzed as describe m the precedent section and represented in

Figure I1.4a. We show this in Table [1.1.

Table X1 Variation of the optical indices for a stoishiometric film of LarAl deposited onto a 8¢ substrate. The O nwm thickness
corvespords to the 57 substrare. The 50° and 70° are the angles of incidence @, n and & are the components of the refractive index:

o an absorbing layer and ¥ and A are the angles in deprees measured by the insirument.

@D, =70° D, = 50°

n k Psi (V) | Del (A) n k Psi (F) | Del (A)
Onm 3.899 0.081 177 11 3.878 0.075 32 179
50nm 1.571 0.902 21 55 1.5 0.916 24 138
125nm 2.461 0.399 6 300 2.565 0.412 25 188
190nm 2.649 1.356 15 103 2.685 1.462 31 161
260nm 2.531 1.639 18 103 2.504 1.6 31 159
380nm 2.6 1.787 19 107 2.570 1.782 32 159
470nm 2.581 1.961 21 109 2.519 1.958 32.88 158
580nm 2.530 2.070 22 109 2.496 2.041 33 158
700nm 2.521 2.113 22 109 2.532 2.147 34 158
1121nm | 2497 2211 23 110 2.465 2.262 34 158
1425nm | 2.497 2.187 22.63 | 10994 | 2496 2181 33.91 157.93

In this case we have deposited a film of LaAl (te. Chapter IIT) onto silicon. To be really
careful in determining the values of ¥ and A, we performed 2 different measurements: one
with the angle of mcidence (coupled with the angle of the analyzer) at 50° and one at 70°.
We will not discuss the evolution of the angle but we mvite the reader to focus his attention
on the evolution of the n and k indices as a function of the matertal (LaAl or medium layer 2
if we refer to the Figure 11.4) thickness. After the LaAl reaches a thickness greater than 1000
nm, the n and k values do not seem to evolve, so that we can confirm that the Si+LaAl film
can be considered as a monolithic substrate. So n=2.497 and k=-2.187 are the indices of the

effective substrate comprised of our “bulk” deposited material.
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The transparent film information

Now we consider having a substrate covered with a film as suggested in Figure IL.4b.
Medium 1 is the atr, medium 2 15 a thin layer of 510, and medium 3 1s our substrate
(Si+LaAl). We shall call a film transparent if the extinction coetficient k, = 0. With the given
values of n,, ky, n, and k, and thickness d we can use the equations given in Appendix A to
calculate the expected value of ¥ and A. Figure 1.5 lustrates the A/ trajectory for S0, on
a SitLaAl substrate. An unknown thickness of silicon dioxide can be determined by
comparing the measuted values of A and ¥ with this curve. For a film with k = 0 (1e. $10,),
the thickness d 15 given by:

d= I1.6

where A is the wavelength of the light beam. For a A = 109.1 and ¥ = 22.83 and n, = 1.46
(typical value for thermally grown S510,) the thickness is d=283 nm. For larger thicknesses
the trajectory in Figure 115 retraces the same path (periods). Thus to determine the actual
thickness from YW and A it is necessary to know the appropriate peniod, which means to have
an idea of the thickness. Different methods can be used to estimate this, such as oxidation
tume, deposition time, alpha-step measurements ...

In Eq. I1.2 we notice that the period depends on A , on the angle of incidence and on the
index of the film. If one has the liberty to vary either the wavelength or the angle of
incidence, a different set of possible thicknesses would be obtained. The value that matches
both lists s then the correct value. Unfortunately our instrument does not provide an

automated system to change A so that we cannot carry out spectroscopic measurements.
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Figare IL5. A/ ¥ trajectory jor $i0,

¥ (degrees)

deposited on a Sit+LaAl substrate with an angle of incidence @, = 70° and a light

waelength of 632.3 nm. The solid line indicates the A) ¥ trajectory, and the square dots represent the increment of thickness of

$i0,.

Figure I1.5 shows the A/W trajectory for a specific refractive index (1.46). Other values of

the index n, would give different trajectories as shown in Figure IL6.
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A (degrees)

100

Y (degrees)

Figure IL6. A/ YV trajectories for films with différent indices of refraction n, on a substrate medinm of Si+LaAl Ondy one

period per refraciive index: i shown.

Finally we analyzed the case in which both n, and d are not known.
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A/ gives us two numerical values, so that is possible to calculate two variables or constants

that are unknown. If the material we investigate 1s transparent {most oxides are transparent

at A = 632.8 nm) k, = 0 so that N, = n,. Figure IL.6 can be used to fit the value of A/ to

determine both the thickness and the refractive index of the material.

The optical properties of all sample measured have been analyzed using the methods
described above and considering that:
1. The [Gaertner] ellipsometer allows only single-wavelength measurements A = 632.8
nm
2. Thicknesses of 40 nm or smaller are almost impossible to measure, if one does not
know the refractive index of the film. In this case the software program coupled with
the ellipsometer requires introduction of the refractive index, which becomes a
constant and not a variable. The same can be done 1f one knows the thickness of the
material and is just interested to see the differences in the refractive mndex.
3. Both the refractive mdex n and the thickness d can be measured for a transparent

film (k = 0}, respecting the limits described in the above sections 1 and 2.

Thus no further details other than the results will be provided m the ensuing chapters.

I1.3.2. Infrared absorption

The term “infra red” covers the range of the electromagnetic spectrum between 0.78 and
1000 um. In the context of infrared spectroscopy, wavelength is measured in
“wavenumbers” which have the units cm™.

It is useful to divide the infrared region into three sections; zear, mid and far infrared (Table

I1.2). The most useful IR region for vibrational studies in solids ltes between 4000 — 400 cm’

1
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Table IL2. The Infrared spectrum

Region Wavelength range (Um) | Wavenumber range (cm™
Near 0.78 - 2.5 12800 -- 4000
Middle 2.5-50 4000 — 200

Far 50 —1000 200 -1

IL3.2.1. General Considerations

IR radiation does not have enough energy to induce electronic transitions in dielectrics as
one observes with UV radiation. Absorption of IR is restricted to compounds with small
energy differences in the possible vibrational and rotational states. This fundamental one-
phonon absorption process 1s associated with the electrostatic motion of opposite charges
which produce an oscillating electric field with which the incidence radiation can couple.
Materials like the tused silica or the sapphire are considered ionic {or at least only partially
covalent). Normally, the infrared photons couple only to the transverse vibrational modes of
the network since the electric and magnetc fields assoctated with the photon are
perpendicular to the direction of propagation. For normal incidence, then, longitudinal
excitations (Le. in the direction of the propagating wave) are not possible. If the mncident
light 15 not normally incident to the plane of the film, the electric field associated with the
vibrational mode can be dissociated mto two mutually orthogonal components, one of
which 15 now in the direction of the normal to the film and therefore excites longitudinal
modes (longitudinal optic, LO modes). The remaining component is at 90° and so excites
the transverse vibrations (transverse optic, TO, modes) [Berrernan 63].

In Table I3 we tabulate the acoustic and optical phonon frequencies for the homopolar
(single compound) covalent material, silicon. For a molecule to absorb IR, the vibrations or
rotattons within it must cause a net change in the dipole moment of the molecule. The
alternating electrical field of the radiation interacts with fluctuations in the dipole moment of
the molecule. If the frequency of the radiation matches the vibrational frequency of the
molecule then radiation will be absorbed, causing a change in the amplitude of molecular

vibration.
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Table I1.3. Absorption rode assignment in sificon [Johnson]

Wavenumber {cm™) Peak energy (eV) Phonon
1448 0.1795 3TO
1378 0.1708 2TO+LO
1121 0.1614 2TOHLA
964 0.1195 27O
896 0.1111 TO+LO
819 0.1015 TO+LA
740 0.0917 LO+LA
689 0.0756 TO+TA
610 0.0702 Lo+TA

Various types of vibrations may be considered: stretching, bending and rocking. Details of
the geometrical configurations and optical frequencies associated with these vibrations are

described in appendix B.

I1.3.2.2. The Nicolet 760 spectrometer

The spectrometer used was a Nicolet 760, equipped with a Michelson interferometer. Fast
Fourter transform analysis 1s employed. The schematic of the instrument is shown in Figure
I1.7.

The chamber in which the sample is loaded 1s purged constantly with N, gas, so that the CO,
and water absorption lines 1n the IR spectra are minimized or totally eliminated. Both the
KBr beam splitter and the KBr detector allowed measurements over the spectral range 400
to 7000 cm” (0.25 to 1.4 um). The resolution in the wavelength for all measurements was set

to+ 2 cm’
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Figure 117, Schematic view of the Nicokt 760 IR spectrometer,
1.3.2.3. An example

The IR region of interest for the oxudes that we have analyzed ranges from 400 to 4000
em "

Absotption bands in the region from 400 to 2500 cm” can arise from stretching vibrations
between hydrogen and some other atoms with a mass of 19 or less. The 2700 - 1850 cm’™
region i usually associated with multiple bands or with limited types of functional groups.
The 1950 to 1450 cm™ region exhibits IR absorption from a variety of double-bonded
functional groups. Finally the 1300 to 350 cm’ region is the most important region and is
termed “the fingerprint region”. Absorptions in this region include the contribution from
complex interactive vibrations and network wvibrations. A good match between the IR
spectra of 2 compounds in the fingerprint region strongly indicates that they have the same
molecular structures.

The Table IT.4 summarizes the location of the most common IR bands of interest in the

nucroelectromc materials.
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Table IL4. Location of some IR bandy of interest.

TR Frequency region (cm™) Type of bond

4000 - 2500 O - (atom with mass of 19 or less) stretching

3300 - 2800 C - H stretching

2260 - 2100 C=C

2260 - 2220 C=N

2000 - 1900 C=C=C

2250 - 2100 Si-H

1870 - 1550 C = O stretching

1690 - 1620 C=CandC=N

1650 - 1400 C - C stretching within the ring

1660 - 1260 NQ, containing groups, asymmetric and symmetric
stretching

1300 - 350 O stretching, rocking and bending for most known oxides

We consider a 2 or a 4”7 81 wafer with a film of $10, thermally grown on its top, polished
surface using the furnace describe in the chapter 1.1.2 and using a pure O, atmosphere. The
growth temperature was 900°C and the oxide thickness was 79.8 nm. Since both front and
back surfaces of the wafer were oxidized, a didute solution of 1:1 HF and de-onized H,O
was used to de-oxidize the un-polished surface.
For each sample, we measure at least 4 spectra:

1. The substrate spectra (Figure I1.9a) also called reference or background spectra. This
measurement conssts in cleaving a piece of the St wafer after removing the oxide
from both the polished and un-polished surfaces then measugng the IR absorbance
in two different ways

¢ The IR incidence bean is perpendicular to the oxide surface, so that only the
TO vibrations are observed.

® The IR inadence beam is 65° mchined compare to the oxide surface, so that
both TO and LO vibratons are observed. The reason of the choice of the

65° is to maximize the intensity of the 1O peak.
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2. The sample spectra (Figure T1.9b) contain both the background and the oxide.
Obviously for the oxide we also have 2 different IR absorbance measurements:
e The IR incidence beam is perpendicular to the oxide surface, so that only the
TO vibrations are observed.

e The IR incidence bean is 65° inclined compare to the oxide surface, so that

the T'O and LO vibrations are observed.

Absorbance (a.u.)

T T T | S

1200 1000 800 600 400

T T T T 1

1200 1000 800 600 400
A
Wavelength (cm™) Wavelength (cm™)

Figure II.9a. 5 absorbance specira, or reference spectra for  Figure I1.9b. Si+5i0,; absorbance spectra.

the medsure that we are concerned about.

The measurements were obtained i the franpuision mode. The spectra typically shows the

absorbance (A), which is defined by the following equation

1
A =log| — I1.7
g(T]

where T 1s the transmission coefficient.
To obtain only the spectrum associated with Si0),, the absorbance reference spectra were

subtracted from the sample spectra.
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The subtraction process is extremely critical, because an over estimated subtraction or an
underestimated subtraction can produce artificial absorbance peaks. In Figure I1.10 we show
3 different subtractions using the same reference and the same sample. Spectrum “a” 1s the
sample when the Si background was over subtracted, spectrum “b” is the sample when the

Si background was under subtracted and spectrum “c” is the correct subtraction absorbance.

Artificial peaks Artificial peaks

from the Si substrate from the S1 substrate

/\

900 400 1200 1000 800 1 600 400
Wavelength (cm™)

Absorbance (a.u.)

Wavelength (cm™)

Figure IL10a. 5i0, spectrum after an over subtraction of the  Figure IL10a. (0, spectrum after an under subtraction of

St substrate. The $iO, thickness is 48 nm. the Si substrate. The Si0, thickness iv 48 nm.
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Figure IL10c. Si0, spectrum after a corvect subtraction of St wwbsivate. The thickness of the 310, is 48 no Only 3 absorbance

resonance peak are associaied with the Si0, structure.
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For the substrate, the Si -Si vibration is located at 607 cm' and the oxygen interstitial
stretching mode in the Si matrix is at 1105 cm. Figures [1.10a and 11.10b clearly show how
an incorrect subtraction of the St peaks does not remove the hnes originating from the
substrate. A correct subtraction shown in Figure 11.10c does remove the Si substrate
associated lines and leads to a good representation of the oxide structure.
Using the Si substrate gives us a great advantage. Since Si 1s a well-known material the
structure and the IR active modes are well known.
We next consider a room temperature deposited T10, film on silicon. After deposition the
sample received post-annealing at 800 °C in N, atmosphere for 30 min. The §i -O peak at
1100 cm™ changed because the oxygen concentration in the Si changed due to the annealing
process, so that in fact the $1 reference can induce the effects presented i the Figures 11.10a
and I1.10b. There are 2 solutions for this undesirable effect:

¢ during the subtraction process we focus our efforts on trying to minimize the 607

cm’' peak instead of the 1100 cm™

¢ The S reference 1s subjected to the same post-annealing treatment.
We better understand the reasons that lead us to carefully obtain a reference spectrum for
each sample that 1s made from a different & wafer. The amount of impurity in the Si
substrate, such as the oxygen, changes as well as the St wafer thickness (we will see later how
the thickness 1s associated with the intensity of the IR absorbance peak). Therefore the best
approxymation is to use a piece of Si of the same wafer as the sample in the background

subtraction process.

Interpretation of the IR spectrum for a “standard” case: Si0, The IR technique
actually allows to obtain mformation about the structure of the material, its density and the
bridging bond angle or the distance between the atoms (8t —O -8i for example). For
amorphous silica the frequencies of vibration of the atoms have been given by [Lehmann)].
Using the central and non-central force model [Lehmann] it 15 possible to predict the

vibrational frequencies of the different network modes. For the TO asymmetrical stretching

frequency W, of oxygen in 510, it 1s grven by:
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Where m 1s the mass of the oxygen atom expressed in kg, 0 is the angle of the 51 -O -81 bond
and o and B are the central and non-central force constants expressed in Nm™, ¢ is the
velocity of light. Values of =613 and B = 102 Nm™ were estimated from experiment by
[Devine]. If we assume 8 = 144°, we conclude that the T'O vibrational mode is expected at
1090 em™. The same procedure can be applied to determine the frequencies of the other
vibrational modes [Lehmann].

In Figure I1.11 we show the spectrum for a 79.8 nm thick $10, film grown on St at 900 °C.
We notice that the location of the stretching mode (1072 cm™) is slightly displaced from the
value of 1090 em™ [Mozzi 69]. The reason for this displacement may be found in two effects
a) the film density depends upon the growth conditions and particularly the growth
temperature; b) multiple reflections within the thin film lead to a “geometric” shift of the
absorption peak. The latter effect, which is preponderant in thin dielectric films, was studied

i detail by [Martinet].

Wro Si-0-Si

1072 Asymmetrical
P Stretching

Si St

Rocking

]
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Figure IT.11. Measured 5i0, IR absorbance spectrum for normal incidence for an oxide of 79.8 nm.

The FWHM 1s a measure of the crystallinity of the sample. As a general rule, more the

sample is amorphous more the FWHM will be larger.

We analyze now the peaks that are not normally excited for normal incidence. 1f the 2
following conditions exist:

e the thickness of the oxide respects the following equation:

—2 <<
0
where A, is the wavelength of the incident beam in vacuum,

e the incident beam is not perpendicular to the oxide surface, but forms an angle with
the normal vector to the surface or the mcident beam 1s p polarized (the electric field
vector lies in the incidence plane),

it 1s possible to measure the LO vibrational peaks, if they exist. For S10,, an important LO
asymmetrical stretching is expected at 1255 cm™. A less intense peak at 505 cm™ is also

expected to be associated with the bending mode.
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Figure ILI12. Obiigue incidence IR absorbance spectra of 510, film 79.8 wm thick. The angles of incidence aere
10.20,30.40,50,65 degrees. "I'he mavdimur intensity for the 1O peak corvesponds to an incident angle of 6.5 degrees.

In Figure I1.12 we show a typical $10, spectrum when the angle of incidence 1s vaned from
0 to 65°. Our experience shows that the maximum intensity of the LO peak is detected for
an angle of 65° This experiment clearly shows how the LO peak depends on the angle of
incidence. [Lehmann]| also published the formulae for O peaks.

Figure I1.12 also shows that the effective FWHM of the LO peak 1s smaller than the FWHT
of the TO peak and that the TO peak intensity decreases with the angle of incidence whilst
the 1O increases.

The thickness of the material can also be approximately estimated using the IR
absorbance. As a general rule we use the TO asymmetrical stretching mode because it 1s the
most intense peak which is proportional to the density of the material and to a coefficient
that takes mto account the oscillator strength of the material. Then, if the density of the
material is known, the thickness 1s known. In Figure I1.13a we show the IR absorbance
spectra for 2 different S10, thicknesses in the region of 900 - 1200 cm’ and also we trace the
intensity of the IR absorbance with the Si0, thickness in Figure I1.13b.
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= S 12
&, 8
@®
8 3

© @ 0.8
2 :
2 2
2 <

14 0.4 4

1300 1200 1100 1000 900 0 . w r . ‘
40 50 60 70 80 920

Wavelength (cm™
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Figure IL13a. The IR absorbance spectra for two  Figure IL13b. The IR symmetrical TO peak infensity versus the

different 5i0; thicknesses: the dotied ne is for 48 nm of  thickness of the 510,
8510, and the solid line i5 for 78.9 nm of 510,
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The equation for the line in Figure I1.13b indicates that, when the S10, thickness 1s 0, the
intensity of the IR beam 1s 0.0015. This value can be considered as “noise” for our
mstrument. We conclude that at least 1 nm of 810, 1s measurable. Extensive studies of the
relationship between the intensity of the LO and TO and the S10, thickness can be found in
the literature [Martinet]
In conclusion from both TO and LO peaks (from normal and oblique IR beam incidence)
we can retrieve the following information about the films:
¢ Studing the active O and TO modes in the region of 1400 - 350 cm™, we obtain
enough information to characterize the structural and molecular properties of the
oxide.
® The TO mode can been used to estimate the thickness of the oxide.
e The LO mode can been used to obtain information about the roughness of the oxide
(this will be discussed in the chapter IIT)
e We did not investigate the relation between the thickness of the sample and the

position of the vibrational frequencies. This information is available in [Devine].

I1.3.3. Electrical analysis

The aim of this paragraph is to give an understanding of the main variables that we have
used duning our studies. The dielectric constant and the leakage currents that characterize a
gate oxide are generally measured using a Metal Oxide Semiconductor capacitor structure

such as that dlustrated in Figure 11.14.
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Figure IL.14. Ideal MOS capacitor. C,, iv the capacitance of the waide, C, is the semiconductor capacitance and W, is the surface

0

potential of the semicondicior.

I1.3.3.7. The Keithley 590 analyzer

The Keithley Model 590 C - V Analyzer measures capacitance versus voltage (C - V) and
capacitance versus time (C - t) characteristics of semiconductor devices. The Model 590 has
been tailored to the requirements of semiconductor device testing. The test frequencies can
be chosen as etther 100 kHz or 1MHz, the measured capacitance between 10 pF to 10 nFf
and conductance between 0.1 08 to 1 US. The instrument is equipped with internal software

to correct for errors from cables, connection and switching paths.
11.3.3.2 Capacitance versus voltage analysis C(V)
Referring to the Figure I1.14, the MOS characteristic can be simply determined by measuring

the capacitance C (the oxide capacitance C_, and the semiconductor capacitance C) versus

the gate voltage V,; (Figure 1.15).
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Figure 1.15. MOS capacitance characteristic C(V) for a S5i0, gate oxide of 48rm.
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For the range of dielectric thickness that we used (a few tens of nm) C,, and C_ are easily

measurable and the relation between the oxide thickness d , and the capacitance is given by

the equation 11.9,
£, & S
C, = ME*E“—_ 11.9

where S 15 the surface area of the metal gate contact. C, allows measurement of the

mversion capacitance of the semiconductor, which s mn series with the oxide capacitance.

L1 1 IL10
CS C ox
We can also calculate the depletion length region We. of the semiconductor:
g
Cy =80 1111
Weo-

where g, 15 the semiconductor capacitance. Wye 15 related to the concentration of the dopant

(N
W, = 28 & (2 WB) 012
V g N,

where Wy is defined by equation I1.13.

W, =—In—= 11.13

where n; represents the mtrinsic concentration of the silicon.
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Equations I1.12 and I1.13 provide the value of the substrate dopant concentration, N, (ideally
supposed uniform), in the silicon.

Now we are able to trace the ideal MOS capacitance characteristic. When we say ideal, we
assume that there are no charges at the interface between the oxide and the silicon (no
interface states) and no charges present in the oxide. This ideal curve is traced in red and
dotted line in Figure I1.16, while in black we show again the measured S10, capacitance on

silicon represented in Figure I1.15.

ox

c/c

0.4
Cra/Cox

0.2

-4 -3 -2 -1 0 1
Gate Voltage Vg (Volt)

Figure IL16. C{17) of an ideal MOS capacitor (red dotted line) and for the measured 48mm 5i0y MOS (black line).

The main difference between these 2 curves 1is represented as a shift of the gate voltage. The
voltage used to determine the differences in the V, is called the flat band voltage Vyy; which
can be determined as follows. First we define the Debye length Lp and the flat band voltage

Vg as:

L,[) — 8.906() (kT/q) I:[]_4
Vv,

72



I1.15

where T 15 the temperature expressed in I, and k 15 the Boltzmann constant. We deduce,
from the experimental curve shown in Figure I11.16 the value of Cp,/C,; and so we can
graphically deduce the value of Vi,
Vg 18 2 fundamental vanable in the MOS characterization, because 1t 1s related to:
e The difference of the wotk functions @, of the metal used for the gate contact and
the semiconductor. Some numerical values of the work functions are published by
[Sze]
¢ The charges m the oxide or at the interface between the oxide and the

semiconductor. These first charges can be “fixed” or “mobile”. In the latter case this

would be due to mobile, charge species i the oxide. If the experimental curve is
“stretched” compare to the ideal curve, a further charge source 1s evidenced and this
is related to the defect states located at the interface between the semiconductor and
the dielectric. If the experimental curve is just simply shifted, only fixed charge in the
oxide 1s present. It is also possible to have a combination of the 2 effects.
Unfortunately a simple C(V) does not enable full analysis of the charges. The Vi, can

be expressed as:

Vo =@, —=2 1116

where @__ is defined in the chapter 1.4 (Eq. 1.3).

Equation I1.16 gives the value of the charge density assuming no mterface states.

NB: the mstrument permits measurement of the conductance G at the same time that the

capacitance 15 acqured.

11.3.3.3. Caurrent versus voliage analysis I(V')
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Current versus voltage I(V) measurements were used to determine the electrical
characteristics of the oxide, for example, the leakage current for a chosen voltage and the
maximum electric field E. which the oxide will tolerate before breakdown. As a general rule
the leakage current density (A cm”) at an applied electric field of £ 1 MV cm™ was taken as a
measure of the film quality consistent with the considerations outlined mn the ITRS roadmap

I1.3.4. X-rays

X-rays are an extremely short wavelength, high energy form of electromagnetic radiation
which finds many applications in science and medicine. X-rays are defined as having a
wavelength of between 107 A to 100 A. Most applications however, use X-rays of between
0.1 At0 25 A. Germanium or the lithium doped silicon (Si(L1)) semiconductor detectors are
commonly used to detect the X rays in scattering expertments. Modern energy dispersive
mstrumentation provides excellent and rapid capability for the qualitative identification of
elements 1n a variety of sample types. The positions and mtensities of the spectral peaks
provide qualitative and quantitative information. Furthermore, X-ray spectrometry is one of
the few techniques, which can be applied directly to solid samples of a wide variety of forms

and tt s not destructive.

I1.3.4.1. XRD used for Bragg diffraction analysis

From the morphological crystallography [Dana] one defines “A crystal as the regular
polyhedral form, bounded by smooth surfaces, which is assumed by a chemical compound,
under the action of its interatomic forces, when passing, under suitable conditions, from the
state of a liquid or gas to that of a solid”. This definition implicitly means that a crystal 1s the
normal form of all solids and chemical compounds. If we also recall the [Antonoff]
definition of the crystal “A crystal 1s a homogeneous, anisotropic body having the natural
shape of a polyhedron”, we deduce that the internal properties of a crystal depend on the
direction, as is observed experimentally.

A natural consequence of what we have said 1s that in general a crystal 1s heterogeneous and

anisotropic. When the crystals that compose an 1sotropic material are randomly onented, we
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say that the material 1s polycrystalline. Its properties are the average of the single crystals

properties, which compose the material.

IL.3.4.1.1. General theory

The terminology and the theory of Bragg diffraction are illustrated 1 Appendix C.

1.34.1.2. The Scintag Pad V™ diffractometer

The Division Analytical Facility Scintag Pad V X-ray Powder Diffractometer is a theta-2theta
goniometer instrument. It s fitted with a Cu X-ray tube with two beam slits, a four-sample
automated sample holder with sample spinning capability, and a low-noise liquid-nitrogen
cooled germanium detector with two detector shits. The X-ray tube has a filter wheel
allowing one to manually select a single filter. The wheel has filters made of vanadium,
manganese, iron, nickel (this is the default filter which 15 used to remove Cu k-beta
radiation), zircontum, or open tube (l.e. no filter).

The goniometer can be scanned in a normal mode {le. theta and 2theta are scanned in
synchronism), or independent theta and 2theta scans can be performed. Rocking curve scans
can be acquired using the independent scanning capability .

The instrument 1s currently fitted with a set of beam and detector slits that balance the needs
of angular resolution and intensity for typical runs.

The instrument 1s capable of very rapid scans for identification of powders that are simple in
composition. Much slower scans are usually required for the analysis of complex mixed
phases, thin film samples, high resolution wotk, cell refinement, or identification of trace
impurities. Two scan modes are possible, a continuous scan mode which integrates counts
over a small angular range (for rapid scans), and a step-scan mode that 1s used for slower
scans and any precision work.

Data collection and processing is controlled using a standard pe computer which contains a
data base of the JCPDS [www2] powder diffraction files. Diffraction spectra are plotted and

can be saved as /TXT files and so compared with spectra in the databases.
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In a typical diffraction measurement the X-ray tube is positioned at an angle 8 with respect
to the surface of the sample and the detector is positioned exactly at 20. This type of

measurement is usually termed “(0, 20) coupled angle”.
I1.3.4.1.3. An example

We want to analyze LaAlQ; deposited on a St (100) substrate. We have deposited the
LaAlO, using the tools described in chapter 11.1.1. The film was scanned in ©, 28 using

continuous scanning as shown in Figure 11.17.

XAy sOurce s

_,/"/J Detector

Z o Z
A v F Y ¥ A 4 7
o " I
4 i / X -"
T He B VA j © e,
/ e ST . T
“‘“-JQ ‘“—JQ

Figure IL17. Schematic arrangement for a @ 20 measurement. The angle @ iv actmally equal v 8, which is the angle of
incidenze of the Xoray beam. We alsa show the axes in which the sample lay. and the possible rofations (€2 and @) that the

gperalor can wse fo anayge the crytallinity of the materials, £2 iy the rotation of XY plane around 7 axes, and 6 is the rotation

of ZX plane arpund Y axes.

The reason of the choice of the continued scanning measurement mstead of the step scan 1s
because this material has a good XRD sensitivity, so that the signal 1s well discriminated with
respect to that coming from the substrate. In this kind of scanning, particular attention
should be taken to align the detector angle and the X-ray source angle as these two angles

must be coupled (gonzometer alignment). Curve “a” in Figure 1118 15 representative of this

76



XRD measurement. In the region of 30-40° a broad and not very intense peak appears. This
peak indicates an amorphous structure and we can conclude that this LaAlO; sample is in its
amorphous state. We also notice that in the region of 60-70° few narrow peaks appear.
These are associated with the Si substrate mono-crystalline cubic structure; in particular there
1s a strong peak at 69.4° which corresponds to the (400) plane reflection. The observation of
this peak provides evidence that the sample and the goniometer have been aligned correctly.

The sample was subsequently annealed at 900 °C in order to understand the evolution of the
structure following thermal treatment. Usually this treatment induces phase changes in the
LaAlQ;, so that a polycrystalline structure forms. Curve “b” in Figure I1.18 shows new
narrow peaks present in the XRD pattern. In order to understand if these peaks are related
to LaAlO; crystal reflections, we need to know the structure of the LaAlO,. LaAlO; is
usually present in a stable rhombohedral crystal geometry tabulated under the perovskite
compounds as R3m. We obtamed a piece of single crystal of LaAlO, which was
subsequently ground in order to make a powder. This powder was spread onto a Si mono-
crystalline (100) substrate and measured. The results are represented in curve ¢ of Figure

11.18.
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Figure L18. XRD patler jor a) LaAlO3 depasited on mons-orystaliine Si (100), b) LaAiO; after 900 °C annealing in an
O, atmosphere and ) powder of single-crysial LaAlO; spread on Si (100).

The existence of just a few narrow lines indicates that the sample is crystalline. No broad
peak is now present in the region of 30-40° and the Si (400) pattern is still visible, which
indicates that the powder is thin enough to let the X-ray beam reach the substrate and also
that the peaks in the region of 60-70° are really related to the mono-crystalline S1. Each of
the lines in Figure 11.18b are assumed to come from the reflections from the rhombahedral
planes. First we consider the region of interest in 28. In this case we have choose the region
between 10 to 60° because the most intense lines are within this range. Obviously the region
between 60 to 70° cannot be investigated because of the intense St pattern. Then we
consider all possible planes that can give a reflection. These planes are presented in the table

IL.5.

Table IL.5, Diffraction parameters in the region of 20 = 10-60° for a rhombohedral geometry and for the TaA; single crysial

pawder. The instrument ervor is eclimated 1o be £0.05°,

Rhombohedral planes Measured LaAlO; powder
20 (%) (hkl) d, (nm) 26 (deg,) d,yq (am)
23.445 012 0379 23.6 0.3767
33.386 110 0.268 33.626 0.2663
39.369 021 0.2287
41.205 202 0.2189 41.442 0.2177
41.289 006 0.2185
47.972 024 0.1895 47.8 0.1901
52.550 211 0.17402
54.030 122 0.1695 54.27 0.1689
54.099 116 0.1693 54.27 0.1689
59.670 300 0.1548
59.701 214 0.1547
59.798 018 0.1545
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We compare the tabulated 20 with the 20 measured. If the angles are close and inside the
error of the imstrument (£0.05%) we assume that the hnes correspond to specific
crystallographic planes. In doing this we should also consider:
1. The grain size should be greater then 40 nm
2. The relattve intensities of the lines should have a certain value (due to the fact
that some planes have a better reflection than other for a certain wavelengths of
the X-ray beam
3. We do not consider distortions or displacements of the diffraction lines due to
possible strain, stress or distortions of the lattice, from the ideal structure
Thus we can easily use the Bragg equation C.6 in appendix C and determine the lattice plane
spacing. Finally using the equation given in Table C.1 in Appendix C we can also calculate
the lattice parameters. We obtain a = 05326 and ¢ = 1.305 nm which results mn a
thombohedral cell volume of 0.321 nm’. The ideal fundamental cell has a volume of 0.326
nm’, which is close to our experimental value. This indicates that the TaAlO; lattice structure
1s close to the ideal case, and that no distortion in the ditfraction peaks is present. We
conclude that our LaAlQ), single crystal powder can be used as a good reference for
companson with other samples. Now we return to Figure 11.18. We notice that the peaks of
curve “b” do not match the lines of curve “c” except for the peak at 54.3° which can, then,
be associated with rhombohedral LaAlO,. The others peaks must be due to different
compounds like sihcides or segregated Al,Q, and LaQ,. In fact both 17.98° and 35.91° peaks

and their mntensities can be associated with the Al O, tetragonal structure.

The intensity of the peaks and the relative miensities between the various peaks 1s not
random but can help us to understand if a line really belongs to a certain structure. As a
general rule the integrated mtensity of a reflection (hkl) and not just the amplitude of the
peak should be taken. Usually the integrated intensities are recorded on a scale of 100 for the
strongest line. The intensities of the lines are more useful when the material under analysis 15
a mixture of different compounds or when different phases of the same compounds can co-
exist. In Figure I1.18 there is clear evidence that the lines in the region of 60-70° are
associated with the Si (100) cubic planes so an investigation of the (hkl) mtensities 1s not
really required for this regime. On the other hand, pattern “b™ in Figure T118 is not well

defined. A study of the mtensities of the peaks (and not just their position 1 20) indicates
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that some of the crystalline structure belongs to the tetragonal AlLQO; confirming the

hypothesis advanced above on the basis of angular arguments alone.

The high temperature annealing of deposited, amorphous dielectric films will in general
result in crystallization in a polycrystalline form for temperatures < 1000 °C.  Growing or
annealing materials on top of mono-crystalline substrates can furthermore induce a
preferential orientation i the polycrystalline film so that all onentatons of the crystallites
are not randomly distributed. XRD is also a powerful technique which may be used to
understand the polycrystallinity of the materials. As an example we deposited Ti oxide onto
Si(100) with the assistance of 2 -41 V tf bias and then annealed it at 600 °C for 30 min 1n N,
The polycrystallinity of the films was studied by varying the sample orientation (e. titing the
plane of the sample surface in a direction at 90 to the mcident beamn direction) [Cullity]. The
results for deposited films of TiO, annealed at 600 °C for 30 minutes in N, are shown in
Figure I1.19. We have decided to represent the spectra only in the 24-30° 28 range, because
the two crystalline phases of TiO, (rutile and anatase} have therr most intense peaks which
are associated with their {110) and (101) erystallographic plane in this range. The sokd line 15
the spectrum observed for the sample when it is rotated either 5, 15, 45 or 90° in the xy
plane (€ rotation — Figure T1.17). The diffracted peak intensities do not vary with angle
within the limits of experimental measurement. The relative intensities of the anatase and
rutile lines is equal to 3.35. The dashed line is the result of 5° rotation in the zy plane (@
rotatton Figure [1.17). The total mtensity changes because of the focusing error [Cullity}
which goes to 0° when © 1s > 10°. The ratio of the intensities of the two lines is now equal
to 3.1, very close to the value obtained from the £ rotational experiments. We conclude that
the rutile and anatase lines resulted from randomly ortented, polverystalline T10,, 1.e. at least

tor this case there was no preferential orientation.
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Figure IL19. Example of the infensity change in fiimr containing anatase and rutile simultanconsty, XRD Ener due 1o the
rotation of the sample in the © direction (dotted curve). When the sample is perfectly parallel to the XY plane the tntensity bas ity
maxcimam. The intensity decreases when the sample Is rolared in the divection of @ but the ratin between the crystalline phases

remain the same. This indicates the material is composed of randomly oriented pobyerystals.

This method may, however be used to remove undesired peaks that come from the
substrate, such as those in the region of 60-70° due to the intense Si (100) reflection (Figure
I1.18).

NB: the procedure described in this section usually has been performed almost automatically
using the help the Jada software that is provided with the Scintag Pad V diffractometer. The
software 1s also hnked to the Jade database, so most of the known compounds and their

phases are tabulated.

L34.2. XRD unsed for reflectivity

This technique 15 also known as small angle X-ray incidence or glancing incidence X ray

scattering

1.3.4.2.7. Theoretical considerations with an example
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Reflectivity measurements, usually called X-ray grazing incidence (GIXA), are very useful to
obtain information about the density, the roughness and the thickness of thin films. The raw
data cannot be used to obtain this information so a fit process is performed. The software
we have been using is WinGixa, and the X-ray instrument 1s a Phalips.

In this experiment a collimated X-ray beam is incident on a flat sample surface at almost
grazing mncidence and one measures the mntensity of the scattered beam as a function of the
scattered angle. Clearly, for perfect grazing incidence the beam 1s transmitted and recerved
essentially unscattered (this condition is in fact used to align the collimated source beam and
detector. Subsequently, the incident angle and scattered angle are varied munutely and the
scattered intensity measured. When the beam penetrates the sample surface completely, the
scattered beam intensity drops to zero. An examples of reflectivity patter in given in Figure
I1.20. The material analyzed was a film of Nd,O, deposited at 280 °C in the CHA evaporator
(Figure 11.20a) and then annealed ex-situ at 800 °C for 30 min in N, atmosphere (Figure

I1.20b). A small amount of O, was mntroduced i the chamber during deposition i order to

assure the stoichiometry of the oxide film. The thickness d, and the density p of the

materials can be extrapolated manually with the support of the equations 11.17 and I1.28.

2

) o
5=~ =4.1516*10"° > .C.f 1117
j=1

ME*

d_ = .18

where 8 is assoctated with the dispersion, 0, is the critical angle, B is the energy in keV of the
Xray, p is the density in g/cm’, M is the molar weight [g/mol] of a compound of N
different atoms, C is the number of atoms of type | per molecule, f, are the atomic
scattering factors for atoms of type j, A is the wavelength (am) of the X-ray, AQtis the
angular period of the oscillation and d 1s the thickness of the oxide. At 1s shown in Figure

[1.20a. In this way, we can compare with the thicknesses data obtained using the

ellipsometry.
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Figure IT.20a. A deposited Nd,O; at 280 °C using the Figure IT.20b. Ddzposited Nd,O; at 250 °C using the

CELA. The red curve is the resuils of the simulation and the black  CTLA gpd anrealed at 800 °C in N, atmosphere for 30
cure is the raw data, minutes. The red curve is the resulls of the simulation and the

black curve is (e raw data.

Finally measuring the angle at which the intensity of the reflectivity is equal to 2 of the
maximum value (low angle region) we can also deduce the density. The red lines in Figure
I1.20 are representative of the fit performed on the raw data (black line). The reason in using
a fit software resides in the extra information we can retrieve from the reflectivity [Stoev]. In
particular, for our studies, the roughness of the film 1s essential information. The equation
becomes more complicated [Stoev] and it is not discussed further in this thesis. For the as
deposited Nd,O; (Figure 11.20a), we obtain from the fit a value of p of 5.85 g/cm’, an
average roughness of 2.9 nm and a thickness of 92.4 nm. Now we consider Figure 11.20b,
which refers to annealed Nd,O;. One notices that the oscillations have almost disappeared
and that the slope of the curve is “less stretched”. These 2 effects are respectively due to the
increasing roughness and a variation of the density. In fact from the simulated curve (red
curve 1 Figure 11.20b) we found that the thickness of the annealed oxide was 81.8 nm, the
density and the roughness increased respectively to 7.017 g/cm’ and to 3.9 nm. This
information indicates that important changes have taken place in the oxide during the

annealing. These changes will be discussed in the chapter IT1.

11.3.4.2.2. The Philips MRD high-resolution diffractometer
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The X-ray Philips X’Pert MR diffractometer is a four-circle system with a horizontal, high-
resolution (2-26) gonjometer (320 mm radius). An open Euleran cradle provides two
additional axes of rotation (-90° < ¥ < 90°, and -360° << @ < +360°). The X-ray source is a
long-fine-focus, ceramic X-ray tube with Cu anode. The ditfractometer i1s equipped with an
incident beam monochromator, offermg pure Ky radiation. This allows the crystallographer
to perform very accurate diffractton expenments without the need for mathematical K,
stripping procedures.

Normal operating power is 45 kV, 40 mA (1.8 kW). The sample stage accepts monolithic
specimens of a wide variety of shapes and stzes.

In the Grazing-Incidence geometry, the X-ray source is used in line-focus. The madent
beam optic is typically a fixed divergence skt assembly. Alternatively, the hybrid
monochromator may also be utilized. The detection system consists of a 0.27 radian parallel
plate collimator, a graphite monoechromator and proportional counter detector. Applications

include phase analysis of polycrystalline thin film samples and X-ray reflectivity (XRR}).

I1.4. CHTM FACILITIES

CHTM 1s housed 1 a new (1997), $14M, 60,000 sq. ft. building provided by the State and
University of New Mexico with state-of-the-art cleanroom and laboratory facilities for
advanced research i microelectronics and related areas. A separate crystal growth facility

with mtegrated safety systems houses MOCVD reactors.

I1.4.1. Semiconductor Processing

The Center for High Technology Materials (CHTM) Facility houses a 3500 square foot

cleanroom with four bays and associated service chases. Cleanroom temperature and
humidity is controlled by a sophisticated digital control network.

¢ The first bay 1s designated for photolithography rated at class 100. Housed in this

bay are two UV Karl Suss MJB-3 mask aligners, a microscope with a CCD camera

and thermal printer, two spinner stations, a develop bench, several ovens for

photoresist baking, a metal Lift-off station, and two solvent benches. The remaining

three bays are rated at class 1000.
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®* The second bay houses an acid and a base wet bench, an AlphaStep 500
profilometer, two Technics reactive 1on etchers with desired gas capabilities, a rapid
thermal processor, a rapid thermal annealer, and an oxygen plasma photoresist
descummer.

e The third bay 1s dedicated to a Reactive lon Beam Etching system, and two electron
beam metal evaporators. It also contains an mspection SEM.

The fourth bay has an ellipsometer, a Plasmatherm inductively coupled plasma etcher
utilizing chlorine, boron trichloride, silane, hydrogen, argon, and mitrogen process gases. A
second tool, a Plasmaquest electron cyclotron resonator plasma processor utilizing argon,
silane, hydrogen, nitrogen and oxygen process gases. Thirdly, a Mark 40 CHA evaporator
dedicated to dielectric film growth, and lastly, a Samco plasma enhanced chemical vapor

deposition system dedicated to silicon nitride film growth.
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RESULTATS

La premiére partie de ce chapitre est focalisée sur I'étude des alliages LaAlO; comme
possibles candidats pour remplacer 'oxyde de silicium. Les travaux publiés sur le sujet sont
nombreux, et les résultats sont divergents. On présente les différents procédés utilisés pour
déposer Poxyde et pour le caractériser. Enfin, on met en relation les propriétés électriques et
physiques des oxydes étudiés, tout en essayant de comprendre leur comportement en

relation avec les condinons de dépdc.

La deuxiéme partie est consacrée aux deux oxydes de terres rares Pr,(00; et Nd,O; Ces
oxydes sont de bons candidats comme des oxydes a forte permittivité. On décrit d’abord
comment ils ont été déposés et caractérisés. On procede ensuite 4 une analyse pour montrer
comment les propriétés électriques de ces oxydes sont lides a leur structure cristalline. De
cette facon, i est possible de comprendre et de prévoir dans le détail le comportement

physique et électrique des oxydes de terres rares.

La troisieme partie est dédiée a loxyde de titane (110,) et aux pseudo alhiages T10,-5:0,. On
décrit succinctement les méthodes avec lesquelles ces oxydes ont été déposés et comment ils
ont été caractérisés, et on montre limportance de ces oxydes en microélectronique. On
analyse tout d'abord les ditférentes phases de Poxyde de titane, puis, en se référant aux
travaux antérieurs, on cherche 4 comprendre les mécanismes physiques déterminant le
comportement de tels oxydes et en particulier les problématiques liées au changement de

densité par rapport a la variation de concentration de T1 dans les alliages mrxtes Ti0,-510),.
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I11.1. LaAlO;: A HIGH-A MATERIAL?

LaAlQy is considered to be a potential high-k material because of its dielectric constant of ~
25 [Xiang] and optical band gap of ~ 5 eV and thermal stability up to 2100 °C. A phase
transiton from cubic to rhombohedral structure occurs at 500 °C and hence, when the
LaAlOQ; films are cooled down from relatively high deposition or growth temperatures to
room temperatute, it is very diffrcult to preserve the ideal cubic structure.
The dielectric constant is mostly isotropic [Samara] so no effects due to the preferential
directton m the crystal growth would be expected. There is significant contusion over the
value of the dielectric constant of films of this material. LaAlO, and LaAlO N, amorphous
films have been deposited by pulsed laser deposition (laser ablation) [Lu] onto St substrates
and Pt films with &1 substrate mamtaned at 700 °C. In the case of Si substrates,
film/ substrate mteraction was evidenced leading to very low dielectric constants ~ 4.9, n the
Pt case, k ~ 25-27 15 quoted. Electron beam evaporation methods have also been used [Park]
in which the films were deposited onto heated S1 substrates (temperatures up to 800 °C) and
values of k ~ 21-25 quoted. This result is surprising since, for the same range of substrate
temperatures, [Lu] data shows clear evidence for significant film/substrate interaction under
these conditions and the development of an umidentified mterfacial layer and
correspondingly reduced dielectric constant. Similar conclusions are arrived at from
annealing studies presented by [Busani] [Devine]. Furthermore, attempts to teproduce the
electron beam evaporated film [Devine] expetiments of [Park] [Parkl] resulted mn low
dielectric constant values and evidence in the remnant target matenial (single crystal LaAlO;)
m the form of blackened areas where the electron beam had mmpacted and given nise to
preferential evaporation. Such preferential evaporation is common in almost all binary ot
mixed oxides since one cannot since there is a tendency for the electron beam to
preferentially remove oxygen.

Finally, films deposited by sputtering from stoichiometric LaAlQO; targets [Devine|
onto 81 substrates at room temperature resulted m dielectric constants 1 the range 11 — 13.
Other sputtering results [[Kang] yield a value of k ~ 8.1 although in this case a 750 °C anneal
was performed and, again, this has been demonstrated to result in measurable film/substrate

interaction.
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In this work we have performed a series of measurements to try to clarify the situation

regarding the dielectric constant of amorphous LaAlO,
II1.1.1. Structure and physical properties of LaAlO,

Lanthanum-aluminate crystallizes in a perovskite ABO; structure. In the ideal case such as
S1T10, the lattice 1s cubic, but, depending upon the A and B the fundamental cell can be
slightly distorted so that the symmetrical cubic structure is lost. The Goldschmidt tolerance

factor t allows determination of the stability of the ABO, structures [Goldschmidt]:

(r,—1)

3207+ E)

- II1.1

where r, and 1, are the ionic radu. If t=1 the structure is perfectly cubic (P, space group) ,
while 1f t <1 a rhombohedric or orthorhombic distortion appears. The BO, octahedra are
now not perpendicular with respect to the crystallographic axes and can order themselves
periodically (Figure IIL.1). One of the consequences of this distortion of the cubic cells is a
change of the B-O-B bond angle, which is obviously 180° for t = 1 and reduces to 156° for a

value of t = 0.75 which 1s the limit of stability for this system [Ramirez].

Figure IIL1 LaAlO; fundamental cell without any distortion of the octabedral A0,
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LaAlO, with PrAlO, and NdAIO, are perovskite structures with a rhombohedral
deformation. [Geller] catalogues these perovskites in the Ry, = D’ group while for
[Derighetti] and [Rango| the space group is the R, = D', with 2 thombohedral needed to
make the fundamental cell. The R, structure can be obtained from the simple cubic

perovskite (P

i

s Dy rotation of the adjacent AlO; octahedra in opposite directions around
the (111), plane. The AlO, octhaedra are non-linearly reproduced but with a constant bond
length of the AI-O of 0.190 nm. The length of the La-O bonds for the oxygen atoms of the

first coordination sphere is approximately 0.250 nm.

The magnetic, optical and electrical properties of LaAlO; are strongly dependent on the
process used to synthesize the material, which can induce small differences in the
thombohedral distortions. This concerns in particular the first order Raman spectra that 1s
allowed exclusively because lattice distortions since no Raman-active modes are anticipated
in the ideal perovskite (P;.;). The 123 cm' Raman symmetric mode (A,,) involves atomic
motion that causes the rhombohedral distortion [Abrashev] and its position in energy can be
used to measure the degree of distortion. In the same way, if the rhombohedral distortions
are small, the A,-E, mode separation in the mfrared spectra should be small (compared to
LO-TO splitting). These modes are coupled and generate 3 IR-active modes which are

visible in the regions of 200, 370 and 700 em™.

In the following paragraphs we endeavor to understand the process conditions that influence
the optical and electrical properties of LaAlO;/Si system, and how these vanables are

correlated.
ITI.1.2. LaAlO, deposited and grown films

LaAlO; was grown or deposited on p-type crystalline Si (100) substrates and also St (111).
Significant differences were not observed m using one Si orentation or the other. We
therefore report only the conclusions drawn for oxides deposited or grown on Si (100)
substrates.

For all samples the Si substrate was initially rinsed 1n 50:50 HF:H, O, then blown dry. This is

to remove most of the surface contaminants and also the native oxide.
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LaAlO; oxides were depostted or grown using the following procedures:

a) LaAlO; sputtered an Si(100).
Thin (La, Al ),0, films were deposited at room temperature by sputtering from a
stoichiometric polycrystallme TLaAlO, target using a 13.56 MHz radio frequency (if)
sputtering source (IORUS 2) with an Ar/O, gas mixiure. Details of this tool can be found
in Chapter I1.1.1.2. The main problem with the sputtering process 1s to insure a sputtering
ratio of La/Al close to 1 and Ta-Al/O close to 0.3 This is for 2 reasons:

¢ The target should remain stoichiometric for further deposition processes

¢ To deposit a stoichiometric LaAlQO,
In order to do this a simulation was performed using the SRIM software [Stim]. The
software allows choice of the target and the plasma gases and it calculates the number of
sputtered 1ons from the target (for each species) for any chosen incident 1on energy. In the
first approximation we assumed a pure Ar plasma. Table I11.1 shows the results of the

simulation.

Table L1 Sputtering simulation of LaAID, sinple target. The first 5 columans refer to a pure Ar atmosphere sputtering, which
miegns only the Ar dons sputtersd the swrface of the targer. The last two rows are for a mixed Ar and Oxygen atmosphers,
respectively with a ratio of Arj O equal to 75/ 1 and 75/ 3.

Ion Enetgy | Number of | Number of Al | Number of O |La/Al | La/O | Al/O
(keV) La sputtered | sputtered ] sputtered

01 0.0731 0.0638 (0.2863 1.1457 | 0.255 | 0.222
0.11 0.0798 0.0725 0.32 1.100 | 0.249 | 0.226
0.12 0.0807 0.0817 0.3645 0.9877 | 0.221 | 0.224
0.13 0.0876 0.0921 0.3645 0.9511 | 0.224 | 0.235
0175 0.0789 0.0793 0.3467 0.9949 | 0.227 | 0.228
0.22 0.1315 0.1514 0.6550 0.868 | 0.20 | 0.231

The ratio of La/Al ions sputtered from the target is close to the unity in the case of 0.17 keV

Ar 1on energy. We also notice that the ratio between the Al or the La and the oxygen 1s never
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close to the ideal value of 0.33 but it is always smaller. This indicates that more oxygen 1s
sputtered from the LaAlO, target, which eventually becomes sub-stoichiometric in oxygen.
In order to minimize the effects of this problem a small quantity of oxygen was introduced
into the chamber with the argon. The two gas line are physically separated and the gases
mixed together only mside the ECR reactor chamber. But does the presence of oxygen
change the La/Al sputtering ratio? Unfortunately the SRIM software only allowed us to
mtroduce, in the sputtering ion parameters, one type of gas and not a muxture of different
gases. To approzimately simulate the actual two gas situation we have calculated the
sputtering rates for each gas in turn then summed the total effect of both gases using a
weighting function equal to the ratio of gas flow actually used expenmentally. The results of
the simulation for a ratdo of Ar/0,=75/1 and 75/5 is represented in the Table 1.1
respectively in the last 2 rows. The optimal ratio between the Ar and the oxygen should be
75/5, ratio so 2as to ensure stoichiometry of the sputtered O, La and Al ions from the
LaAlO, target.

The introduction of a small amount of oxygen in the chamber 1s not without consequences.
[Xiang] has been previously demonstrated that oxygen can play a role on the deposition rate
and the stoichiometry of the sample. Thus different samples were deposited with and
without the presence of the oxygen in the argon atmosphere and the different results were

compared. A summary of the different experimental conditions is grven in the Table IT1.2.

Table ITL2. Different sampies of 1.a A0, deposited onto Si wafer using different deposition parameiers.

_ Deposition
Dustance R Pressure Gases Voltage
rate .,
(cm) {volt) {m'Torr) (sccm) and Power
(nm/ min)
15 - 10 Ar=75,0,=5 175/23 - -
15 - 5.5 Ar=75,0,=5 175/23 - -
15 - 2 Ar=75,0,=5 175/23 - -
9 - 55 Ar=75,0,=5 175/23 0.303 1.358
11 - 5.5 Ar=75,0,=5 118/12 0.17 1.41
11 - 5.5 Ar=75,(,=5 220/30
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11 - 55 | Ar=75,0,-2 | 175/23 0.299 132
T | 50 | 55 | A=75 0.5 | 175/23
11 70 55 | Ar=75,0,.=5 | 175/23
L a0 e s 0
1| 400 | 55 | A=75.0,5 | 175/23
11 110 55 | Ar=75,0,=5 | 175/23 - -

Table I1.2 indicates that different parameters should be considered during the deposition. If
one of these parameters 1s not correct we can even result in the situation in which no oxide
is deposited. For our oxides the main parameters that we have considered are:

¢ Distance between the target and the Si substrate, where the LaAlO, is deposited

¢ R F:voltage that is applied on the back face of the substrate

e Pressure: is the total pressure of all gases during the deposition

® Gases: is the flow rate of gases used, expressed i standard cubic centimetre (Scem)

¢ Voltage and power: 1s the voltage applied on the target

e Deposition rate: measured in nm/min 1s the rate at which the oxide deposits on the

substrate

e Refractive index (n,): the optical refractive index measured ex situ at 632.8 nm.
The shaded rows refers to sample that has been used for further analysis. The criteria used in
our choice were: the homogeneity of the deposited LaAlO, on Si wafer, the higher refractive
index (which indicates that the structure itself may be denser and may be crystalline) and the

stoichiometry of the films.

b) LaAlO; growth on Si(100) after LaAl deposition

To try to circumvent any possibility that the sputtered films were sub-stoichiometric, LaAlO,
tilms were grown by oxidation of deposited, stoichiometric LaAl alloy. LaAl was deposited
by sputtering a stochiometric target of LaAl The sputtering was performed using the same
criteria as desribed above. We were able to oxididize sputtered LaAl films using two

techniques:
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a) Anodic oxidation of the LaAl Details of this method were describe by [Peeters] and
by [Martinet] and details about our sample can be found in [Busani2].
b) Thermal oxidation of LaAl carried out at 700 °C in pure O,. Details of the results
can also be found in [Busani2]
The main problem that arses with these two oxidatation methods is when the oxygen
reaches the interface between the high-k and the silicon substrate, oxidation must be
stopped immediately in order to avoid any Si0, formation.
In the case of thermal oxidation the oxygen diffusion into Si was controlled by depositing a
layer of 81,N, before depositing the LaAl film [Busani2].
In the case of anodic oxidation it turns out that the oxidation of Si is quite difficult
[Martinet]. In any event, by controlling the variation of the anodisation voltage we were able
to halt the process before the formation of S10,. In Figure I11.2a we show the variation of
the anodisation voltage versus time (1.e. which 1s essentially a function of the thickness of the

oxide film), and in Figure I11.2b the corresponding IR spectrum.
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Figure Il 2a. Anodic oxidation of LasAl The wltage Figure IIL2b. Normal incidente IR spetrum of the anodic
across the oxide increases as the thickness of the growing oxide  1.aA0; presented in Figure 11120, The red arca centered at
increases. The blue region refers to LaAl oxidation. The red 1060 oo’ corvesponds lo an estimated 10 nm of $i0,.

region refers fo Si substrate oxidation afier complete oxidation of

the top LaAl film.
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We notice that the formation of the S10, (red area) is associated with a slowly increasing
voltage in the red region of Figure I11.2a. We also observe that in Figure III.2a between the
red and the blue regions there is a transition of about 2 minutes in which the voltage does
not appear to increase. To avoid any S0, formation, the anodic oxidation should be

stopped in that region.

IT1.1.3. Thermal annealing

Annealing was carried out in order to increase the density or to re-crystallize the oxide and to
remove the oxide trapped charge that can compromise electrical properties. Re-
crystallization can improve the dielectric constant (chapter I11.1) but can also change the
morphology.

To improve re-crystallization, all samples were annealed in the range of 700 to 1000 °C . N,
atmosphere using both a standard horizontal diffusion furnace and rapid thermal annealing
furnace (Chapter 11.2). To reduce the charge, annealing at 400 °C in N, for 30 min was also
carried out. More details are provided in [Busani| and [Busani2].

For temperatures < 700 °C differences respect to as-deposited (amorphous) samples were
not observed. For temperatures greater than 700 °C a re-crystallization process begins as
well as an interaction with the Si or S1,N, + 81 substrate. The presence of the 51,N,, however
serves to limit the interaction between S1 and LaAlQO,. This behavior has been observed in all
samples and it is the cause of increasing the surface roughness has shown in the AFM
pictures presented in Figure I11.3. The average roughness before the annealing treatment was
less than 1 nm (Figure III.2a), after thermal treatment it increases to 18 nm (Figure II1.2b)
and [Busani]. For the same annealing conditions, the roughness was less important in the

thermal grown sample, due to the Si;,N, passivation layer.
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Figure ITL.3. AVM images of (a) ununnealed sputtered LaAlO; (b) LaAl deposited on Si and annealed at 400 °C for 30
min in Ny atmosphere (¢) bpical LaAIO; after flash annealing at 500 °C for 1 min in N, atmosphere.

The annealing of the Si/Si;N,/LaAlO; structure needs a further discussion. In this case
the annealing temperature was brought to 850 °C for 6 hours in an N, atmosphere. The
reason of such a long annealing is because [T'aspinar] has found that this is the time in order
to form a crystalline thombohedral (or pseudo cubic) LaAlO;. In this case a slight interaction
between the Si;N, and LaAlQ; was noticed. Increasing the annealing temperature resulted in
a Si substrate-LaAlO, interaction. Again, for all annealing temperatures above 700 °C the
roughness of LaAlO; film also becomes important.
From the annealing and oxidation studies we can make the following observations:
e As deposited sputtered LaAlO; , anodic LaAlO; and thermal oxidized LaAlO; are
amorphous
¢ Annealing over 700 °C always induces re-crystallization of the LaAlO; as well as
provoking interaction among Si Al, O and La. Consequently the oxide becomes
extremely rough.
e A Si;N, layer between the St substrate and LaAlO3 reduces the interaction between

the oxide and the Si substrate.

NB: In Figure III.3¢ we show the surface of the L.aAl deposited onto Si substrate and then
annealed at 400 °C for 30 min ion N, Atmosphere. This sample result, after the XRD
analysis, to be crystalline and actually the roughness of the surface (Figure II1.3c) 1s
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important. Futhermore we have oxidized in O, atmosphere at 800 °C the crystalline LaAl
and we have found that the LaAlQ), 1s amorphous. No interaction has been noted because
we did not oxidize the entire LaAl This is an important result. Indeed one expects that from

a crystalline metal a crystalline oxide is formed. This is not true for St and 510, and it is not

true for LaAl and LaAlO,.

I11.1.4. Characterization

In order to understand the electrical and physical properties of our LaAlO; we have
characterized our oxides using different techniques already presented in chapter II. These
characterizations should help us to understand the discrepancies among the various

published values of k as discussed in chapter [11.1.

a) AFM
The AFM was used to analyze the surface of the oxide sample. In Figure 1IL3 we show

some results. As a general rule, all samples that received a thermal treatment over 700 °C

present a very significant roughness. It is also notable that if one removes the annealed

oxide, the Si substrate is alsc very rough. This 1s an indication that Si reacts with the oxide

and not just that the oxide 1s re-crystallized.

b)  Infrared absorption

The IR absorbance spectra were measured for all samples in order to determine the degree
of crystallinity of the oxides, any possible formation of SiO, at the Si/oxide interface
(chapter II and chapter 111.1.2) and possible La-S1 bond formation [Ono]. The common IR
active modes have been presented in the literature [Saine] [Abrashev] [Busani]. In agreement
with the published data, our deposited and grown samples show a broad absorbance band
centered at 778 cm’. In Figure ITL.4a we show a typical IR spectrum of an amorphous
LaAlO, film deposited on a Si substrate, before (black line) and after annealing at 800 °C for
1 min in N, atmosphere (red line). The amorphous structure presents a broad peak centered
at 758 cm™. The annealed sample shows different narrow bands; each band is representative
of vibration in a different structure as indicated in Figure 1T1.4a. The vibration centered at

650 cm™ can be associated with a pseudo-cubic structure of LaAlO,. This peak has been
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identified in the literature as the asymmetrical stretching of La with 2 nearest neighbor
oxygens in the AlO; octahedra (Figure II1.1) that form the LaAlO, cell. In Figure TT1.4b we
show the IR spectra of the amorphous LaAlO; sample used to produce Figure II1.4a

subsequently annealed at 750 °C for 1 min in N, atmosphere.
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Figure IIL4a. Typical normal incidence IR spectra for amorphous — Figure ITL4b. Typical normal incidence IR spectra for
LaAdlO3 (black ling) and anncaled (red fine) at 800 °C for 1 min in  1.aAlD; anneated at 750 °C for 1 min in IN,,

N, atmosphere.

The peak at ~ 1100 cm™ is due to the baseline subtraction problem (chapter I1.3.2.3), the
peak at 877 cm™, which is characteristic of the Si-La interaction, and the double peak in the
region of 620-730 cm™. This is actually the same vibrational mode of O-La-O in the AlO,
octahedra but split into LO and TO modes. The IR absorbance measurements were
performed in normal incidence, so no LO mode is expected.

The reason of the presence of a LO mode in normal incidence has been investigated using

some S10), samples.

ba) Surface roughness and LO IR peak

A crude estimate of the roughness of the surface can be obtained using the LO absorbance.
Basically when a normal mncident beam is absorbed by a polished surface, only the TO
vibrations are excited as outhned above. When the same beam is absorbed by a surface that

has a finite roughness, the surface is not flat anymore, and so the beam can no longer be
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considered to be perfectly normally incident (Figure I11.5a) in certamn areas of the surface. To
demonstrate this effect we produced a regular pattern of grooves on a Si(100) substrate
which was then oxidized so that a uniformly rough surface of S10, was created. Figure II1.5b
shows the AFM image of 30 nm of 510, grown on the patterned S1 surface. The angle
between the normal to the surface and the pattern was 55° corrsponding to the (111)

direction of the crystallografic plane of the Si. This angle 1s produced by anisotropic etching

used to make the pattern.

Figure HL5b. AFM image of a regular 510, patter gronm

Figure H.54a. Simple schema of an normal incident IR

S 0 s c;;; :;' (100). The angle of each pattern is approximarely 55°-
This effect of non-normal imcidence is evident in the IR spectra inn Figure II1.6 where 3
different cases are represented. The spectra have beeen normalized to the same thickness so
that it is easy to compare the relative amplitudes of the peaks. The black line refers to a
normal incidence absorbance for S510,, the red line is the normal incidence for the S10, with
the regular pattern described above and the blue one 1s the oblique incidence (20°) for a
polished SiO,. The sample that has a regular pattern, produces a peak at 1258 cm™ which is
close to the LO value of 1255 con™. The sample measured in oblique incidence of 20° also

shows the same intense LO peak,
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Figure IIL6. IR absorbance spectra for different SiQ; samples. Black line: normal incidence absorbance for 5:0, Red lne:

normal incidence for patterned Si0;. Blue line: 20° obligue incidence on a reputar, flat 510,

¢)  XRD and grazing incidence X-ray reflectivity

The XRD measurements were performed only on those samples which showed a form of
crystallinity in the IR spectra. Some patterns were also obtained for the as deposited and as
grown LaAlO, to confirm the results of the IR spectra. We already discussed the XRD
properties of the LaAlO; in chapter 11.3.4.1.3. Here we underline that the same conclusion
obtained by IR absorbance analysis is retrieved.

The glazing incidence X-ray reflectivity was measured to study the surface roughness, the
density of the oxide films and to confirm the oxide thickness. The raw data were fitted with
the WINGIXA software provided by PANalytical Company. The results confirm that the
thermal treatment increases the roughness overall. The density data are summarized in

Table I11.3

d) XPS and EDS

The composition of some oxides were analyzed in order to be sure about the stoichiometry
of deposited and grown oxides. These results have been discussed by [Busani] and show that
amorphous LaAlO, has a correct stoichiometry. The XPS profile measurements also indicate

that the amorphous oxides are homogeneous through all their thickness. The annealed
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samples, however, show the presence of St in the oxide layer. This indicates that the 51
interacts with the oxide upon thermal treatment and also that S1 diffuses significantly into
the oxide layer.

EDX measurements were used to study ex situ the LaAl composition. The  instrument was
calibrated with a single crystal LaAlQ; and a polycrystalline sample of LaAl. The results are
shown in Table II1.3

e)  Elipsometry

Ellipsometry measurements were performed on all samples. The evolution of the refractive
index was followed in order to see if changes occurred before and after annealing. Results
are shown in Table I11.2 and Table TT1.3. For the annealed sample (over 700 °C) and the
thermally grown LaAlO, the roughness of the films resulted in exaggerated diffusion of light
from the sample surface such that measurements were meaningless. For those samples we
do not obtain any reasonable data. The higher index value for the anodic oxides corresponds
to that of samples that do not show any evidence of an interfacial S10, layer. These values
should be compared to that of the single crystal that we also measured. Unfortunately we did

not find values of n for amorphous LaAlQ), published in the literature.

t)  Electrical measurensonts

In order to test the electrical quality of the imnterface and the oxide C(V) and I{V)
measurements were performed. The k values obtained by measurements of the oxide
capacitance in accumulation are represented i the Table I11.3. For the annealed samples, the
roughness was cleatly a limit for these measurements, the C(V) curve shapes were extremely
deformed and unusable. So a Metal-Oxide/Insulator-degenerated-semiconductor capacitor
was bult mn order to measure the value of the absolute dielectric constant of the oxide. For
the annealed samples we were unable to make sensible measurements because of the
annealing induced destruction of the oxide stochiometry and morphology.. A further note
should be made about thermal oxides. These oxides are rough but there is not interaction
between Sioand LaAlO, because of the low temperature oxidation process and Si;N,
passivation layer. However their morphology with the encapsulated nitride layer generates
problems in understanding the exact value of k. So we have extrapolated the value of k

considering also the thin layer of S1,N,.

105




Hysteresis was very important for all sputtered samples. The flat band voltage moved from —
10 V to —1.5 V after applying a bias electric field of +(-) 1 MV/cm for a period of 1-10
minutes then sweeping the voltage from positive {negative) to negative (positive). C{V)
curves were very distorted after annealing in an inert atmosphere at 400 °C. This indicates
that sputtering develops damage at the Si/oxide interface that can enhance the Si oxide
interaction during annealing processes [Busani]. The anodized LaAlO, shows a smaller

hysteresis (0.74 V), which indicates the presence of a mobile positive charge [Busani2].

Table L3, Main parameters devived or measared for difforent LaAlO; oxdde films. IR and XRD Crystailine (C) or
Amrphous (A) indioations are given. The bigh thickness of single crystal did nol aillowed absorbance measuwrements. . The ratio of
La/ Al and Laf O are given. Tn this case both XPS and EDS measurements were performed. The ervor was estimaled th be
~ 5%, The diclectric constant k& and the refractive index: n are given Jor that sample e were able ly measure. The k& value for the

single orystal was laken by general literature. The densities p wac meassured within £ 0.3g/ cnt’ error,

Type of LaAlO, La/Al
IR XRD n 13 p
Ta/O
As-deposited sputtered A A 0.98-0.3 1.75-1.801 | 13-15 | 4.20
Annelead sputtered A+C A+C Irregular - -
Anodic A A 0.95-0.33 1.75-1.92 § 8.7-13 4.4
Annelead Anodic A+C A+C Irregular - -
Thermal grown A A 0.95-0.38 - 22
Single Crystal {(bulk) - C 1-0.33 2.01 28 6.51

Finally the 1{(V) measurements at + 1 MV/cm show very low leakage currents of the order
of 107-10® A/cm”,

I11.1.5. Relation between k, n and p'

One of the data sets shown i Table 1113 1s the dielectric constant k of different LaAlO,. In

the first mnstance, we notice that the value of k for crystalline LaAlO, 1s much higher than for

amorphous LaAlO,. We also notice that as k decreases n and p decrease as well. Tt 1s evadent

1 The formula and the physical constants and units ate expressed m CGS system. We did not use the 5T system because
the equations that we wall discuss usually are known mn CGS.
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that a relation should exist between these parameters. In order to understand the reason that
lead to such significant differences in the dielectric constant of the same material, it is
necessary to understand the physical background of these constants.

The equations of Clausious-Mossotti and Lorentz-Lorenz telate the dielectric constant k, the

density p (Le. the mverse of the molar volume V), the refractive index n and the

polarizibilities o of a material [Bunget]:

k-1 4z 1

TR (@, + o) 1.1

n* =1 4r 1
= ( eiec)

e = (g 1112
n+2 3V,

The vibrational polarizability o, involves the variation of the bond distance between two
atoms, or a varation of the bond force. The atoms move with respect to the central
positions due to internal effects. The electronic polanzability (0. the electronic charge
around the nuclei and it 15 therefore, to first order, mdependent of the matrix 1 which the
atoms/ions find themselves. The vibrational polarizability o, is the polarizability term
which reflects the bonding between the atoms/ions in the network. Generally if an external
electric field B 1s oscillating at a very high frequency the vibrational component of the
polarizability cannot respond and only the electronic term 1s sensed. From Equations IT1.1
and 111.2 one concludes that in this limit k = n* In this case one also defines k = k.. where
the symbol eo indicates that the dielectric constant 15 measured for an mfinite frequency of
the electromagnetic wave. The electronic term 1s consequently relevant for optical properties
(for example, the refractive index) because the vibrational part cannot follow the associated

high frequency fields. This can be written:

23 l0ex x| NS <o)
e S (Wi —wo)

1113
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where W, is the energy of the 1 state and the sums run over all electrons (defined by 1) and all

states defined by j. To a first approxsmation the vibrational part of the polarizability, ¢, for

a diatomic chain can be written:

&y = I11.4

¢ 0

where |L. 15 the reduced mass and ®, is a characteristic vibrational frequency of the chain. In
Eq. 1I1.4 the denominator is essentially the msulator band gap and this should decrease with
the vibrational frequency. Indeed the density or the “atomic packing” may have an mfluence
on the polarizability through ®, because @, is a proportional to V_: one can understand that
the phonon frequency 1s lowered when the inter-atomic distance increases (“weaker bonds”).
This would lead to a decrease m polarizability with decreasing density. From Eq. 1114 the
vibrational part of the polarizability should also decrease when the density decreases so that
both polatizability contributions are expected to decrease as the network density decreases.
In Eq. IIL.1 and ITI.2 we also notice that a variation of the molecular volume influences the
dielectric constant and the refractive index. We remember that from V we can also calculate
the density of the matemal. In fact as V, increases, the density p decreases so does the
dielectric constant. Among the typical reasons that contnibute to vanations of the molecular
volume we remember
¢ The coordination mcreases (or decreases) the number of atoms per unit cells so that
the structure 15 more dense (lower molecular volume}. In sunple terms a 4 fold
coordinate cell 1s more “open” than a 6 fold coordinate. This has been clearly
demonstrated in calculations for Zr,Sy O, ternary oxides [Kurtz]. Experimentally
one can appeal to the example of S10, polymorphs where for the four fold
coordinated, amorphous phase the density is typically 2.21 g cm™ whilst for the 6
fold coordinated stishovite phase, the density increases to 4 — 4.4 g cm”.
e The atoms can be closer to each other
® DPorosity

In Figure I11.7 we shows the dependence of n and k on o/ V,
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Figure IIL7. Varation of n and k calinlated from equations JIL7 and 1113,

It is interestine and relevant to notice how, for a matenal that has a high dielectric consrant

or a high refractive index a small variation of Cor V, can have a dramatic effect on k and n.

Furthermore it 1s significant to understand the role of the polarizabilines in the material to

understand the behavior of the dielectric constant.

I11.1.6. Discussion

Using Table 1113 we obtain ((n*1)/(n"+2)}/ ((k-1)/ (k+2))= 0.56 for the single crystal and for
sputtered amorphous LaAlO; and anodic LaAlO,, 0.52-0.59. These values are quite close
and, constdenng the experimental errors, we can conclude that the same ratio 1s found for
the crystal and for the amorphous. This implies that for this material the polarizability does
not change significantly with molar volume.

We analyzed now the porosity of the oxide film. As we already said in the chapter IT1.1.5 this
can influence the density of the material, so that a misinterpretation of the results can lead to
a misunderstandmg of the role that the molar volume plays. We note first that the refractive
index of the film s directly related to its density Eq. 11.2 and that for our deposited samples
with and without substrate bias, the refractive indices are close. It 1s generally assumed that
one of the roles of substrate bias 1s to 1on-assist the deposition of the film and that thas
usually leads to a more densified form. Since there is little difference in our case this may

support the hypothesis that our films are already densified i.e. not porous. Secondly, we have
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performed measurements on anodized LaAl Not only are the refractive indices obtained
very close to the sputtered LaAlO, values but so are the dielectric constants and the density.
It is known from anodization experiments [Mastinet] on Si that anodic oxides ate not usually
porous and that they may even be denser, sometimes, than their thermal counterparts. It is
therefore a reasonable assumption that the sputtered LaAlO), and anodized LaAl films are
not porous. Therefore the experimental data are consistent with the equations 1111 and II1.2
in the sense that LaAlQ; 1s expected to be less dense and to have a lower refractive index in
the amorphous phase.

We now discuss the mfluence of the polarizibilities on the structure. Usually the
polarizibilities can be calculated with the additivity model [Shannon]: the deelectric constant
of a complex oxide can be expressed as a sum of the contributions from the individual
molecules through the weighted sum of their polarizibilities (Fq. TIL5)

(avib + ae/ec. )MAMQO(B-i-P) = c(avr‘b + a‘/c.’cc. )MAOB + (1 - c)(avib + aefec, )M OP IIL5

Q

where ¢ is the effective concentration of M,Op molecules and (1-¢) the concentration of
M0, molecules. It is a tacit assumption of the additivity model that as the concentration 1s
changed, the only variable is the molecular volume of the composite molecule M, M;Oy -

The polarizibilities can be determined using the equations I11.1 and I11.2 once the dielectric
constant and the refractive mdex are known. The molecular volume can be obtained using
the X ray reflectivity data, while the bulk values are taken from the literature. To our
knowledge there are no density data for amosphous LaAlO, available in the literature. 'The
results from our expertments are shown in Table I11.4 [BusaniZ]. If the value of k or n
cannot be measured, it is possible to use the value of o, from [Grmes]. However, 1t must
be noted that [Busani3] has demonstrated for different materials that the experimental data

and the published [Grimes] data for o,

clec

differ consistently by a factor of 2.

Table IIF4. Polarizghifities in LaAl), oxades. Por simplicity £ of 13 nas wsed for amorpbons LaAL0;

Stfuctufe aﬁ]ct [A}I ( (Xelec + C(‘Vlb) [A 3] C("Vib [A 3] Vm [A 3]
Crystal (6.53-6.88) 11.61 (5.1-4.73) 54.45
Amoph.  (83-8.8)10.6 161411 750420  845+6
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From Table I11.4 we notice how the molecular volume 1s consistently lower 1 the crystalline
phase than in the amorphous samples. Magic angle spinning nuclear magnetic resonance
measurements [Tuga] on amorphous and crystallized, bulk LaAlO; show clear evidence for
the fact that in the amorphous phase, the Al atoms are fourfold coordmated with oxygens.

in the crystalline phase, the coordination increases to 6. Also the polarizibilities, o, and

(Olyee™ Oy, ), as expected, are smaller i the crystalline phase than in the amorphous phase.
Therefore both electronic and vibrational polagizibilities terms decrease as the molecular
volume decreases (Figure 5 [Busani2]). The variation of the polarizability with molecular
volume has been the subject of various publications [Piper] [Busani2]. It also been shown
that the same dependence exits between temperature dependence measutements of
polarizibilities and molecular volume.

It 1s clear, therefore, that one should not neglect possible variations in the electronic and/or
vibrational components of the overall polarizibilities as a function of the molecular volume.
Thus invanance of (o, + 0,,) with change in molecular volume cannot be assumed as the
additivity rule assumes.

In concluston, the analysis of the data obtaned from amorphous and crystalline LaAlO,
shows clearly that density, which can be expressed in terms of molecular volume and
polarzibilities, prevents the increasing of the dielectnic constant for LaAlQ; amorphous
oxides. The knowledge of both refractive mndex and dielectric constant are indispensable to
understand the behavior of the matertal and more they can help to predict that behavior.
The thermodynamic mnstability of LaAlQ, with Si, finally forces to use low temperature
processing, which results in the formation of an amorphous oxide. Thus the dielectric
constant of 28 seems not to be achievable.

It 1s still not understandable how people could have found a dielectric constant higher than
20 for amorphous LaAlO, deposited onto St substrate. Some of these works has deposited
LaAlO, with different techniques but always using a substrate temperature higher than 700
°C [Patk] [Patkl] [Sukuzi]. In these cases the stability of the LaAlO; for post annealing
processes over 850 °C ws not studied, but most likely, has we have demonstrated, the La

may react with Si, deteriorating the Si/oxide interfacial properties.
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I11.2. RARE EARTH OXIDES: Pr,0, AND Nd,0,

Generally, there are two groups of possible candidates for epitaxial growth on sihicon:
perovskite-type structures and binary metal oxides. In paragraph [I1.1 we have studied an
example of a ternary RE (Rare Harth) oxide with a promising dielectric constant. We also
have demonstrated that interaction and density problems limit the application of such alloys.
Generally, studies over the past years have shown that RE based oxides usually reacts with St
forming a silicide [Ono] or just a thin S10, layer due to the segregation of the oxide into the
metal and oxygen. These effects have a negative impact on the overall dielectric constant of
the gate capacitor. The most reliable data about the electrical properties appears to be that
on the crystalline RE,O, films grown on Si since here it is most likely that an amorphous
Si0, interfacial barrier is not formed. Other problems such as anisotropy in the dielectric
constant i the crystalline phase and hygroscopy have been reported. Furthermore not much
if we take the case of two specific examples, Pr,O, and Nd,O, not much mformation is
available on their amorphous oxides.

The reason why these oxides are so popular is the reasonable band gap (4-6 eV [Rozhkov])
and the high dielectric constant (in the crystalline state) and very low leakage currents. For
example [Osten] reported that in the case of Pr,O; leakage current densities were 10° A/ cm’
at 1 MV/cm which is 10% lower than the observed value for HfO, and ZtQ), films having the
same BOT of 1.4 nm [Lee][Qi]. Furthermore Pr,O, has a valence and conduction band
offset with respect to 8i (100) which 1s of the order of 1 eV.

As a general rule the RE oxides, based on elements with atomic number Z > 62, form in a
cubic crystalline phase with a dielectric constant which may range from 125 to 14.3
[Busani3]. It has been demonstrated that for the oxides based on the RIE elements with an
atomic number Z< 62, the so called “light” rare-earths, two crystalline phases can be
obtained (cubic and hexagonal) and in consequence two different values of dielectric
constant are anticipated. However the hexagonal phase occurs at temperatures < 1000 °C, so
that this 1s the most common phase for microelectronics applicatiosn. A good example for a
RE oxide with Z < 62 1s Pr,O; while for 2 > 62 it 1s Gd,O,. Gd, O, has a typical stable cubic
phase and its dieleciric constant is < 14 [Busam3]. Pr,O, in its cubic phase also has a
dielectric constant of 15 [Jeon], which increases to 23-25 in the hexagonal phase (as

observed for polycrystalline samples [Busani3][Lo NigroZ]. That Pr,O; has a higher dielectric
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constant than Gd,0, is not, in fact, surprising since it has been demonstrated [Busani3] that
the molecular volume for the hexagonal phase is smaller than for the cubic phase leading
directly to a larger molar permittivity.

It is interesting, therefore, to anpalyze the RE oxides and see what correlation exists between
the dielectric constant and the phase transition, to clanfy the published data and to

understand the importance of the network structure.
HI.2.1. Structure and physical properties of Pr,0, and Nd, O,

The RE,O, system shows polymorphism with the change of R*" ionic radii with temperature
[Yokogawa]. They are known to belong to one or more of hexagonal, monoclinic and cubic
torms. In the hexagonal form usually the metal atoms are 7 fold coordinated, in the
monochinic form they are 6 or 7 fold coordinated and in the cubic form are 6 fold
coordinated. There are also two other forms depending on the atomic radid and there 1s
another hexagonal phase that occurs at high temperature. This differs from the other
hexagonal form by a shift in the position of the diffraction lines mn the XRD spectra. The
cubic structure 15 usually obtained at 600 °C [Dulepov], while increasing the temperature up
to 900 °C results in the hexagonal phase [Brauet]

Praseodymium oxides may have different P/O compositions and form either stoichiometric
compounds of Pr(O), and Pr,O; or non stoichiometric phases [Eyring]. The PrO, phase has
the CaF, structure while Pr,O; has the sesquioxide structure of manganese oxide (Mn,O,) or
a structural hexagonal phase {a= 0.3851 nm and ¢= 0.612 nm) related to lanthanum oxide.
Neodymium oxide is very stmular to Pr,Os. It presents the same cubic or hexagonal phase.

Usually for thin films the hexagonal phase is stabilized at 750 °C [Lo Nigro]

I11.2.2. CHA Pr,0, and Nd,O; deposition

Praseodymium oxides and Neodymium oxides were deposited onto Si (100) substrates using
the CHA evaporator described i the chapter 111.1.2

For all samples the 4 §i substrates were prior rinsed tn 50:50 HF:H,O, then blown dry. This

1§ to remove most of the surface contaminants and also the native oxide. During deposition
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a typical pressure in the chamber was ~ 107 torr, and during deposition O, gas was
introduced in the chamber so that the pressure was controlled at 2.5 x 10” torr.

For all samples the uniformity of the film was typically of 4.

a) PrO,

Commercially available powder of Pr,O,, was used as a source for electron beam
evaporation. It is known that the CHA evaporation causes the formation of the sub-
stoichiometric oxide because of excessive O loss and this 1s why the starting material was not
stoichiometric Pr,O;. The samples were deposited with the 8i substrate temperature close to
room temperature. The deposition rate was 0.05 nm/s in order to not cause excessive
evaporation of the Pr,O,; powder when the electron bean hits it. Particular attention has
been taken to avoid this problem

Typically the total thickness of the oxide deposited film was 110 nm.

b)) NdO;

Single crystal Nd,O; was used for electron beam evaporation. Three sets of sample were
deposited: one at room temperature with a deposition rate of 0.2 nm/s, one at 280 °C with a
deposition rate of 0.2 nm/s and one at 280 °C with a deposition rate of 0.4 nm/s. The
variation of the deposition rate and the temperature was studied in order to be able to
crystallize or densify the deposited oxides prior post annealing processes. This will be

discussed later. Typically the thickness of the oxide film was 88 nm.

111.2.3. Thermal annealing

a) Pr0O,

Annealing of Pr,O; deposited films was performed in a temperature range of 200-500 °C
an O, atmosphere for different annealing times. Oxygen was used in order to re-osidize the
oxide in the event of sub-stoichiometry. We observed that the samples annealed at 400 °C
and 500 °C do not show any structural, optical or electrical differences. So in this thests we

repott only the results for the samples annealed at 400 °C for 50 minutes.

b NA,O,
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The three different types of samples were also annealed in the range of temperature of 400-

600 °C in an O, atmosphere and then at 800 °C for 30 minutes in an N, atmosphere. It
appeared that annealing at 600 °C for 3 hours in an O, atmosphere saturated the optical
indices so that only this annealing temperature was considered for further studies. The N,
gas, for high temperature annealing, was used to minimize possible oxidation of the St at the
dielectric /Si interface while the lower temperature O, anneal was used to ensure re-
oxidation the Nd,O; if by chance it was sub-stoichiometric in the as-deposited state.

Further annealing at 900 °C showed interaction between the St and the Nd, as we will

demonstrate i the IR section of chapter II1.2.4.

I11.2.4. Characterization

a) XRD
XRD was a powerful tool m the characterization of Nd,O; and Pr,O; because these oxides

were found to be a mixture of different phases depending upon different experimental

conditions (Table IIL.5).

aa) Pr,0;
The as-deposited room temperature Pr,O; showed no sharps peaks consistent with the films
being amorphous. Further annealing at 400 °C in O, for 50 min induced a few narrow peaks

indicating that hexagonal crystalline Pr,O, 1s formed (Figure 1 of [Busani3]).

ab) Nd,O;

The sample deposited at room temperature does not show any XRD line, which is an
indication of its amorphous structure. Once annealed at 600 °C for 3 hours, the structure of
cubic polycrystalline Nd,O, appears in the XRD pattern (Figure 4 of [Busani7])). Lines at
34.45° (411) and at 41.77° (431) are quite imperceptible and can be easily mistaken with the
noise. If we do not consider these 2 lines, the XRID pattern can be misinterpreted since cubic
NdO, presents a similar pattern compared to the Nd,O;, just slightly shifted of 0.4° towards
lower 2 theta. Such a small shift could easily have resulted 10 our case because of poor

alignment of the instruments.
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We now consider the samples that were deposited at 280 °C with a deposition rate of 0.2
nm/sec. From Figure II1.8a we observe that as-deposited samples at 280 °C (black curve in
Figure I11.8a) show a cubic structure. It also seems that a small peak (h(002)) due to
hexagonal phase of Nd,O, appears. Further annealing at 600 °C in O, followed by annealing
at 800 °C in N, for 30 munutes (red line m Figure IIL.8a) removed the hexagonal
components and resulted in a pure cubic Nd,O; phase, similar to the one described for the

room temperature sample annealed at 600 °C for 3 hours.
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Figure ITL8a. X ray diffraction pattern for Nd,O; deposited  Figure IL8b. X ray diffraction pattern Jor Nd,O,
at 280 °C at 0.2 nm [5 (biack carve) followed by 600 °C  deposited on Si(100) at 280 °C at 0.04 nm /5 (black curve)
annealing for 3 b in O, and then ar 800 °C for 30 min in N, followed by 600 "C annealing for 3 b in O, and then at 500
(red carve). The hexagonal and cubic phase diffraction linec are  "C for 30 min in N, (red curve). The hexagonal and cubic

‘ 73 tE

indicated with an “h” or a ¢” [Busani7]. phase diffraction lines are indicated with an “h" or a ¢

[Busani7].

These results are interesting. It has been reported that nano-powders of Nd,O, are cubic at
600 °C but transform to hexagonal in the 850 — 1000 °C range [Dong] suggesting that high
temperature treatment should lead to formation of the hexagonal phase.

Finally we consider the sample that was deposited at 280 °C at 0.04 nm/s (Figure IIL8b).
The as-deposited Nd,O, (red curve in Figure II1.8b) presents a strong hexagonal line
(h(011)) which becomes more intense followed by annealing at 600 °C in O, for 3 hours and

then at 800 °C for 30 min in N,. The hexagonal phase was not present in the other samples,
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suggesting that the combination of deposition temperature and deposition rate plays an

mmportant role.

b)  Ellpsometry

All Nd,O, and Pr,O, samples were characterized with the ellipsometry to determine the
refractive index and the thicknesses of the samples. The refractive mndex values were
indispensable to understand the evolution of the oxide structure as a function of different
deposition conditions and post annealing processes. Typically the error in the refractive

index 15 £ 0.005.

ba) PrO;

The refractive index of as deposited room temperature films was typically 1.80 and after
annealing at 400 °C for 50 minutes it rose to 2.025. The increase of the refractive index
usually followed a decrease of the oxide film thickness of the order of 20%.

We also noticed that the Pr,O; powder melted under e-beam evaporation and that the
Pr;O,, became sub-stoichiometric. The refractive index of the Pr,O; deposited with a “new”
Pr,O,, powder source was observed to be 1.85. This value decreases to 1.80 after a few
depositions, and thus is a clear indication of the change in the Pr,O, oxygen stochiometry
resulting from a change in the source stoichiometry. This conclusion justifies the annealing
in O, atmosphere and the mntroduction of a small quantity of O, during the deposition
process. In literature stoichiometric electron beam Pr,O; evaporated using a Pr,Oy; source

has been reported [Osten2] without the use O, gas.

bh) Nd.O,

The measured refractive index of the as-deposited matenal at room temperature was 1.76.
Following annealing at 600 °C the refractive index increased to 1.93 % 0.02. Finally, after
annealing at 800 °C in N,, the refractive index stabilized at 1.92 £ 0.02.

The measured refractive for as deposited samples at 280 °C with a deposition rate of 0.2
am/s was 1.80-1.82, it remained similar after annealing at 600 °C. This value is significantly
lower than the value of 1.93 observed for simularly annealed fidms which were mitially

deposited at room temperature. Following a further anneal at 800 °C the refractive index
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stabilized at 1.84, again lower than the value for the annealed, mutially amorphous films. The
overall behavior of the density and the refractive index strongly points to the conclusion that
deposition at 0.2 nm/s combined with the temperature effect (280 °C substrate temperature)
results in less dense films, perhaps columnar or porous, than we obtain 1f the mitial films are
deposited at room temperature

The measured refractive index for as-deposited films at 280 °C with a deposition rate of 0.04
nm/s shows clear evidence for the hexagonal phase with a refractive index of 1.83. The
refractive index of hexagonal Nd,O, is expected to be ~ 2.11 suggesting that the film is

indeed composed of amorphous and hexagonal material. Upon annealing at 600 °C m

oxygen followed by 800 °C in N, the refractive index mcreases to 1.91-1.94, still lower than
2.11.

NB: Assuming a heterogeneous muxture with an amorphous material of index 1.76, we
estimate the film would be composed of 80% amorphous phase and 20% hexagonal. Note,
however, that the amorphous values were determined for room temperature deposited films

whilst the films discussed here were deposited at 280 °C.

¢ FTIR

Foutier transform infrared absorption (FTIR) spectra, in the absorbance mode using normal
incidence or oblique incidence, was measured in the range of 400-1500 cm™. The primary
peak for Pr,O, and Nd,O, was lower then 400 cm” and therefore not accessible for our
mnstrument. However, as demonstrated in the chapter [1.3.2.3, FIIR can be used to semi-
quantitatively estimate the amount of mterfacial S10, (if present) by observation of the
transverse optic asymmetric stretch mode appearing at ~ 1070 em” (depending upon film
thickness) or the longitudinal optical mode at ~ 1260 cm™. This measurement was carried
out for the three types of samples and no evidence was found for any significant $10), layer
at the dielectric/St interface. We quantify this to mean that any such interlayer was less than
1 nm thick.

FTIR was also used to discern a possible RE-S1 mteraction. We present in the Figure I11.9
the IR spectra for Nd,O, deposited at 280 °C (a) and then annealed at 900 °C for 15 minutes
in N, atmosphere (b).
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The two spectra differ by a broad peak located at ~ 900 cm™. This absorbance region has
been discussed in the IR section of the chapter 111.1.4 and is attributable to RE-Si bonds

[Ono].
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Figure IIL9. Nd,(}; normal incidence absorbance IR specira. (a) deposited at 280 °C and (b) annealed ar 900 °C for 15 min.

d)  Grasing incidence X-ray reflectivity

The density of Pr,O, as deposited and anncaled were tespectively 6.42 and 7.08 g/cm’ as
shown 1 Figure 2 of [Busam3]. The roughness was in the range of 1.2-1.4 nm for both
annealed and unannealed sample.

The results of reflectivity measurements for Nd,O; samples are given in Figure 1, Figure 2
and Figure 3 of [Busani7] and i Table IIL.5. Here we just make the following observations:

¢ Amorphous Nd,O; has a density value of 6.42 g/ cnn’

e  Sample deposited at room temperature and then annealed at 600° C had density
value from our fitting of 6.7 g/cm’, which is consistent with but slightly larger than
the cubic phase value quoted in the [JADE] database of 6.57 g/cm’, and lower than
the value of 6.97 g cm” reported for bulk c-NdQ,. This indirect measurement gives
further credence to the assumption that the 600 °C annealed sample was indeed
polycrystalline, cubic Nd,O,.

¢  Samples deposited at 280 °C at 0.2 nm/s were a mixture of amorphous, hexagonal

and cubic phase, so that the density data cannot be interpreted. Following annealing

at 600 °C in oxygen, density was ascertained to be 6.5 g/cm’ which is slightly lower
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than the value of 6.7 g/ cm’ value determined for the annealed, amorphous material
(t.e. cubic Nd,O;).

¢  Samples depostted at 280 °C at 0.04 nm/s and then annealed at 600 °C i O, for 3
hours then at 800 °C in N, for 30 min showed a density of 7.02 g/cm’ which is
slightly smaller than the bulk value (7.14 g/ cnf’)

* The roughness of all samples was in the range of 1.2-1.5 nm, which confirms the

relatively low roughness found for Pr,O; samples.

¢} Electrical measurements
Metal oxide semiconductor (MOS) capacitors were manufactured by depositing 0.00196 cm®

Al dots on the oxide film surface. Details can be found in Table II1.5.

For the Nd,O, sample deposited at room temperature, which appears amorphous from the
X-Ray diffraction patterns, we measured a dielectric constant (current density) in the range
11-12 (107 A/cm® at 1 MV/cm) whereas for the samples that were mainly composed of ¢
Nd,0, we obtained 13-15 (10" A cm™ at 1 MV/cm). The samples, which were a mixture of
c-Nd203 and h-Nd203, gave a dielectric constant in the range of 17-18 and a current
density of 10* A/cm’. The value for the amorphous samples is slightly smaller than a
previously reported amorphous value (12.9 [Jeon[) and this suggests that our films may be

less dense than those obtained by others. More details can be found in {Busani7]

The dielectric constant of as deposited Pr,O; samples at room temperature was 15-17. A
high level of hysteresis was also found in the C(V) curves. The annealed samples were very
rough and a metal-insulator-metal structure was made to determine the dielectric constant

that was 24.7-25.1.

From the characterization we conclude the following:

¢ The deposition temperature and rate has a significant effect on the structure of the

as-deposited films and on their behavior as a function of annealing temperature.

¢ Pr,O, and Nd,O, were deposited in amorphous and 1 a crystalline phase.
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e The different crystalline phases were obtained with no interaction between the Si

substrate and the RE oxide.

Table ITL5. Summary of the mosi imporiant physical parameters measured or caitnlated for PrsO; and NdyO; The thickness

of the oxcide (4,,) is measured with an error of £ 0.5 nm, the flat band voltage with a typical ervor of 0.2V, the density p with

an ervor of £ 0.2 g/ em’. The column called “Phase” refers to Amorphous (Am), Cubic (C) and hexcagonal (T1) phases of RE-

ascide. The iable is divided into 4 seciions, which corvespond with the different colors. lach color refers to the same as-deposited

sample that recetved a different annealing process.

a = from melal-oxide-metal structure
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Sample name n & Phase h
(nm) (g/cm’) V)
(nm)
Pr, O, 113 1.80 15-17.04" 6.42 Am <14 -
Pr,0, ann 400 °C 85 2.025 24 -26.1° 7.08 H <14 -
Nd,O, 97.8 1.76 TR 6.4 Am  [<14] -
Nd,O, ann. at 600 | L | | —
e 75.7 1.92 13.6-15.4 6.7 G <14| -23
°CO,6h.




I11.2.5. Discussion®

We remember that typically the heavy RE oxides crystallize in the cubic phase, whilst the
light RE oxides crystallize in the hexagonal structure [Lanthanide] [www].

We also observe that the dielectric constants of light crystalline RE’s are significantly larger
than in the heavier crystalline RE oxides (I'able I of [Busani3]). Furthermore we notice from
Table IIL5 that Pr,O; has a larger dielectric constant as compared with Nd,O; and that the £
of Nd,O; increases until the hexagonal phase is reached. Pr are Nd have close atomic
number so that the behavior of the dielectric constant may at first seem unpredictable and
inconsistent. In this section we try to understand these mnconsistencies.

We start by considering the variation of the molecular volume for different RE oxides. In
Table I of reference [Busani3] are shown some values found in the literature for the
dielectric constant and the molecular volume of the crystalline RE oxides. We have plotted
in Figure II1.10a the molecular volume as a function of the RE ion. It is evident that for
those RE oxides that are typically hexagonal a smaller molecular volume is found compared

with the heavier RE cubic oxides.
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Figure II1.10a. Modecutiar wolume a5 a function of the RE Figure ITL10b. Variation of G for eystaline RE,0,
ion in the series RE,0; compounds (O) and (O, +a,) caleulated from Bq. 1111 and

wsing measured dielectric constants [Busani3] (A).

2 The additity rule described in Bq. TT1.5 will not be used, since it is specifically for mixed oxides.
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We also notice that in the transition region a step of a possible monotonic behavior is found

which corresponds to phase change of the RE oxide from hexagonal to cubic. As evidenced

in equation 1111, if one does not change the molecular polarizability (¢,

elec

+ 0OL;) an increase
of k is expected with reduced molecular volume.

Therefore we investigate the molecular polarizibilities of these oxides. Unfortunately we did
not find direct measurements of the polanizibilities 1 the literature, so that using the k values
presented in the Table I of the reference [Busani3] and mtroducing them into Eq. 1111 we
have calculated the value of {0, + O;). In this case we accept that the polarizability 1s a
function of the dielectric constant and the molecular volume as well. It is interesting that a
linear behavior is observed without any non-monotonic step in the transition region (Figure
4a [Busani3]). This 1s also true if one consider the senes of RE,(a,Oy, [Shannon]. So we can
conclude that the step in the diclectric constant results primarily from a change in the
volume of the RE,O, network due to the phase change.

We calculate now the single components of the polarizability. The monotonic decrease of

Ol + OL;) can be expressed by the Eq. 1IL6
P Y 9

{3;:: J(kk_;lzj - (C“vab + a:e,ﬂ_,) = 20‘(RE3* -+ 30502_ + Fo_] (Z - Z')2 1IL6

where the term F," (Z -7 )2 18 defined by [Sangster] and it is related to the relative
displacement of the RE and O 1ons in the network. So we can assume an additive model for

the vibrational component of the polarizability (01,;) and calculate it using the Eq. IIL.7

3V, Y n'-1)_
[ py J[nz " ZJ ={e,,)=20,.. +30,, 1117

(O T O) and of ¢, have been calculated by [Busani3] and we show the values in Figure
ITT.10b. As evidenced by the grey circles, the vibrational polarizability and the molecular
polarizability follow the same linear law in the region of heavy RE ions. Then when we

approach to the transition region there 15 a reduction of the polarizability. Comparing the
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Eq. 111.6 and Eq. II1.7 this reduction in the transition region suggest that some vartation in
the term related to the relative displacement may also be occurring,

Now we consider the Pr,O, that we have deposited. The as deposited samples are
amorphous and using the values from Table IIL5 for an average £ of 16 we obtain V=

85.6x10% cm’ o

elec.

= 17x10% cm’. We compare these values to the hexagonal V, =

m hexa
78.1x10™* cm’ and to the hexagonal polarizability Oy, e, = 16.6x10™ c¢m’. These values fit
perfectly on Figure 11110 and so the large Pr,O; dielectric constant 15 indeed expected.
Furthermore the differences in the molecular volume between amorphous and crystalline
Pr,O, lead us to conclude that the primary driver in varying the dielectric constant is the
density of the network through its atomic structure.

The Nd,O; cubic phase 1s completely known, and in fact the molecular volume (V, =

m cubic

83.4x10™ cm”) and the polarizibilities (O

elec cubic

= 16.4x10™ cm” fit in Figures II1.10a and
I11.10b. However 1t is not possible to measure the real value of the dielectric constant of the
hexagonal phase because, as shown in Table IT1.5, we never formed pure hexagonal Nd,O,
film. However with the help of the cubtc refractive mdex and diclectric constant k values,
using ellipsometry data in order to determine the relative concentration of the hexagonal
phase in the oxide, [Busan7] has determined that the dielectric constant for the hexagonal

Nd,O, is in the range of 21-27. The value of 27 was determined under the approximation

that (o

elec

+ 0, is not molecular volume dependent. This range of values 1s approximately
consistent with the values of 20-27 teported for hexagonal La,O, and 25-25.4 reported for
hexagonal Pr,O,

In conclusion we can confirm that the behavior of the experimentally observed dielectric

constants across the crystalline RE,O); series can be entirely determined in terms of the

structure of the oxtde network and the variation of the tonic contribution {2¢ e T 3 o ).

i

I1L.3. TiO, AND SiO,-TiO, SYSTEMS

In Chapter IT we analyzed the different problems that one should take mto consideration 1n

the quest for new microelectronics materials. As anticipated in  the celebrated

“semiconductor roadmap”, a dielectric with k 2 25 must be found to enable the technologies
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of the year 2016 or even earler. As mentioned previously, permittivity is not the only
criterion for the dielectric. Amongst the numerous requirements we recall that the dielectric
should preferably be amorphous to eliminate electrical leakage along grain boundaries, its
optical bandgap should be large and it should be thermodynamically stable with respect to Si.
Finally the dielectric/Si substrate interface should have interface state densities comparable
to those of the S1/810, interface. Many binary oxides have been studied but it seems so far
that none match all the requrements, i particular because almost everything reacts with Si
upon post deposition thermal treatment.

In the short term industey appears to have adopted [Ttiyoso] a “patch” involving the use of
HESL O, or HESi O N, which has a dielectric constant ~ 12. The basic premise appears to
be that a silicate based material will have a low interactivity with the Si substrate and an
acceptable electronic band gap. Furthermore, it may remain amorphous to high temperatures
where dopant activation anneals are typically carried out. In any event, it is understood that
the criteria for 2014 generation devices will not be met even with this msulator. Another
long term alternative 1s requited. One dielectric which appeared to sattsfy most of the
requirements is HEO), although, whilst the dielectric constant of the crystalline phase is ~ 25
[Kukly], the amorphous state has a value ~ 15 [Okada). Furthermore, interaction with the Si
substrate has been evidenced [Puthenkovilakam| as well as a rather low recrystallization
temperature 450 °C [He].

In order to satisfy some of the requsite conditions outlined one might logically start from
the basis of dissolving a strongly polarizable molecule in 510, and profit from the stability of
the S$10,/81 interface as was the case of Hf in Si0,. The low frequency molecular
polarizability of HfO, is ~ 7.1 x 10" cm”® which is much larger than that of SiO, (~ 4.9 x 10
* ¢m®). Since one obtains a k ~ 12 for diluted Hf in SiO,, one cleatly needs to look for a
much more polarizable ion.

From tabulated polarizability values, TiO, which has a value ~ 15.6 x 10% cm’ might be a
solution, so that mixmg 510, and TiO, could be the right choice. Although the electronic
bandgap i TiO, 1s relatively small (~ 3.5 eV} [Wallace], the dielectric constant of the
crystalline rutile phase is ~ 114 [Tang] in the amorphous phase it drops to ~31-33 [Busani4]
[Scarel] which is still substantially larger than for amorphous HfO,. One must ask if alloying
Ti0, and 510, will cause the relatively high amorphous dielectric constant to reduce too

drastically (e.g. HfSi,O;) and thereby render this mixed dielectric also unusable This would
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be true if one assumes that the dielectric constant varies linearly with the concentration of
the SiO,. In the case of ZrO, which has a crystalline phase constant ~ 26, the dielectric
constant for the stoichiometric compound ZS10, 1s quoted as [Lucovsky] 12 indicating that
the variation between pure Si0, and the stoichiometric compound must be supra-linear
[Lucovsky] [Neumayer]. For the compound Zi1, 151,40, the dielectric constant is 11 whilst
the lineatly extrapolated value for this concentration should have been ~ 6. The origm of
this enhancement has been much discussed but it turns out that the most probable cause is
the network structure [Kurtz]. Initial arguments suggested that Zr simply replaced Siin the
S10, network and that the O coordination around the Zr was 4. However, detailed X ray
absorption fine structure measurements |[Mountjoy2] provide evidence that in dilute
mixtures of Zr(), and Si0,, the coordination of the Zir ion 1s > 7. Figure III of the reference
[Busani5] shows the change in the molecular volume as a function of the Zir coordnation.
HfO, TiO, systems has also been investigated by [Honda]. The results report inear behavior
of the dielectnic constant for concentration of T10, < 50 %. These results, combined with
the ZrO,-S10, and Ta,;-Si0, data indicate that the behavior of the dielectric constant of a
mixed oxide system depends upon different variables, and cannot be simply anticrpated.

For the TiO,-5i0, system [Henderson| has studied the coordination of Ti in the mixed
oxide, for low Ti concentration. He has found that for T1 % < of 3.9 % the Ti 15 4 fold
coordinated, whilst for Ti % > 3.9 Ti 1t 1s 5 fold coordinated. Unfortunately their 510,-T10,
samples were prepared using the sol-gel method and the role of the OH- bonds, in
developing the coordination, was not investigated [Henderson]. It is known that, for
example, H and OH can play an important role m modifying the coordination [Houssa]

The dielectric constant of Ti0), mixed $10, alloys has not been mnvestigated in the literature.
A few studies have been performed on the refractive index [Wang] but typically mixtures of
high % of TiO, seem not to have been considered. Thus mixing TiO), with 510, would be
interesting in order to if network coordination could be engineered to induce supralinear
behavior of the dielectric constant as for the Zr 551, 550, case.

We have therefore studied the electrical and physical properties of TiO, and the mrxed

oxides, T1.51,0,.
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I11.3.1. The TiO, structure

Ti0, presents 3 possible crystalline phases: rutile, anatase and brookite. Rutile’s basic
structural unit is a Ti0O), octahedron, which is slightly distorted so that it forms a chain of
edge sharing octahedra with its neighbors. Rutile with the highest density 1s the most desired
phase in term of transparency and index value, but it also has the highest birefringence, with
n,=2.9 and n,=2.6. The birefringence 1s reflected in the dielectric constant, which make this

material electrically and optically anisotropic. The rutile dielectric constant, in fact, is defined

by €| = 90 and €1 = 180 [Tobar], so that from Eq. I11.8

€= (8¢+ 28”>/3 II1.8

we obtain an average dielectric constant of 120.

Anatase, in the same way, is formed of TiO, octahedra but it is less birefringent and typically
has a refractive index of 2.3-2.5. Both phases are tetragonal with lattice constants, a and ¢, of
0.4594 nm and 0.2958 nm for rutile [Cromer] and 0.3785 nm and 0.9514 nm for anatase
[Baur], they differ in coordination. Anatase is only 8 fold coordinated whilst rutile is 10 fold
coordinated. The fundamental cell has tetragonal geometry as shown Figure III.11.
Compared to rutile, there is a significant degree of buckling associated with O-T1-O bonds in
anatase. The buckling reduces the crystal symmetry and results in larger unit cells dimensions
in the (001) direction. Each of these Ti0)y is more distorted than in the case of rutile, such
that four O-T1-O angles deviate form 90°.

Finally brookite, an instable rhombohedral structure, is rarely observed in thin films.
Although all 3 phases are possible at room temperature, they transform in rutile phases for

temperature higher than 800 °C [Gonzalez].
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Figure ITL11 Unit cell parameters of anatase: the blue and white circles represent respectively the 17 and the oxygen aloms.
I11.3.2. TiO, and Ti0,-Si0, deposition details

Ti0,, $10, and Ti0O,-5i0), were deposited on p-type crystalline S1 (100) substrates and also St
(111) using the ECR reactor described in chapter II.1. Differences were not observed in
using one Si orientation or the other so here we report only the conclusions for oxides
deposited onto St (100) substrates.

For all samples the Si substrate was initially rinsed in 50:50 HF:H,O, then blown dry. This
removes most of the surface contaminants and also the native oxide. Prior to deposition the
gases lines were evacuated (~ 107 Torr).

For all samples the uniformity of the film was typically limited to the central 27 region.

b)  TiO, Plasma Enbhanced Chemical Vapour Deposition
Several problems have been encountered in depositing Ti0), prmarly related to the
uniformity of the oxide on the Si substrate. The reactor (Chapter I1.1) was then modified.

Actually the RF target was removed and a comnical steel mox line was introduced as the
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entrance for the Ti precursor gas (Chapter IL1, Figure I1.1). This modification has several
advantages:

e the substrate/ gas entry distance of the precursor gases can be changed

¢ the precursors gases and the oxidants (O,) are mixed only mside the chamber

* the precursors gases and the oxidants (O,) are symmetrically distributed compared

with 51 substrate.

O, and TiCl, were used as precursor gases. TiCl, was used because of its very high partial
pressure at low temperature (Figure I11.12), so that the risk associated to deposition of T10,
mnside the delvery lines was minimized. The vapor pressure was calculated using the TFq.

111.9

log,,(P)=A-(B/(T+C)) I11.9

where A, B, C, are constants determined by [Luchinskii] and T is the temperature expressed

in I P is the vapor pressure in bar.
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N
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Figure TIL12. TiCi, vapor presinre caleulated from Eg. I3 wwing [Luchinskii] data for the A, B and C constanis.
The partial pressure of the oxidant and the precursor was optmized in order to obtain a

stoichiometric and uniform TiO, film. Two deposition modes were used, both with the

substrate temperature maintained close to room temperature (< 65 °C).

¢ “floating” potential with no substrate bias.
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e — 41 V substrate bias was applied using radio frequencies (rf) biasing of the
substrate. This method has been demonstrated [Mizutami] to enable densification of
the film in the case of deposited Si0, and to enable crystallization of TiO), [Busam4].

0, was first introduced, then the plasma was ignited and finally the TiCl, was allowed m the
chamber. This procedure was established because TiCl, 15 extremely reactive with (J,, 50 that
it can easily deposit in the reactor or onto 51 substrate. Samples of typical thickness of 250
nm were so obtamed. In Table IIL.6 we show the “best” operating conditions [Busani6]. We
observe that the Ti0, deposited with — 41 tf bias has a very low deposition rate compared to
all other samples presented in the Table IIL6. This may be because the ions in the plasma

contribute to densification of the material and also sputter the surface of the oxide.

Table TILG. Summary of the deposition conditions nsed for the different sanmples described in this thesis, The sample identifiers
are related to the expected concentration of the Si ov 11 in the mixed oxcide film. For example the 15y 53, 050 corveiponds 1o a

mole fraction of 5% of TiO, in the film [Busani6).

Sample name Partial gases pressures (107 Torr) Thickness | Deposition rate
(nm) (nm/min)
O,+S1H, TiCl,

S10, 3 0 84 3.35
Ty 55,950 20.40 0.04 118 4.81
Ty 15519 5505 9.52 0.04 119 4.63
Ty 0551 750, 4.03 0.04 242 8.05
Ty 51,50, 4.03 0.11 278 9.22
Ty 755920, 4.03 0.30 259 8.63
Ti0, 7.90 0.18 255 2.22
-41 RF T10, 7.90 0.18 220 1.1

b)  Si0, Plasma Enbanced Chemical Vapor Deposition

Oxygen and SiH, were used as precursor gases. SiH, was diluted with Argon gas mn the ratio
of 20:1, to assure safety. The procedure followed was the same of that for TiO, deposition.
In these conditions the refractive index of the deposited films was 1.4620.003, they were
homogenous across a 4 wafer and the dielectric constant was 3.75-3.85. These values can be

considered the same as thermally grown oxide. We have also performed some rf bias voltage
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assisted deposition as we did for TiO, samples. The results show that the refractive index
increases slightly to 1.61. The small difference in these values allowed us to use the deposited
non-assisted SiO, for our Ti0,-S10, mixed oxides.

The experimental conditions that msure uniform distnibution of the S10), on silicon surface

are summarized m the Table 111.6.

b) TiO~ 510, 0r T 51,0, Plasma Enbanced Chemical Vapour Deposition

Different concentrations of Ti0), and 510, were deposited onto 51(100). The deposition
parameters (Table [11.6) were adjusted in order to form desirable stoichiometric 11,510, For
the lowest concentrations of Ti, working pressutes of O, + Ar/SiH, were necessarily
elevated so that the relative partial pressure of TiCl, could be reasonably adjusted. The
partial pressure values were also determined to nfluence the uniformity of the deposited
film. These values were chosen to optimize this. We underline, in particular, that the
uniformity of the film varied significantly with the concentration of Ti in the plasma. It 1s
not obvious to us why the greatest non-umiformity occurred for the highest Ti

concentrations, it may in part be due to the distribution system for the precursor gas, Ti(l,.

I11.3.3. Thermal annealing

Annealing was performed an all samples 1 order to be able to stabilize the pure material mto
either the rutile or the anatase phases. Annealing was also used to study the thermodynamic
stability of the amorphous oxides bearing in mund that at 800 °C TiO, [Fukada] interacts

with Si.

a) Ti0,

“Floating” plasma deposited TiO, was annealed over the temperature range of 20-600 °C.
Typical annealing was performed for 30 min 1 a N, atmosphere. As we will describe in the
tollowing section, at 250 °C the amorphous oxide films start to form the anatase phase of
TiO,. At 600 °C the films seem to be completely transformed into anatase. The phase
transformation depends upon the annealing time and the annealing temperature. Annealing
at 400 °C for 65 h in N, was also performed: the results are the same for the sample
annealed at 600 °C for 30 min.
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—41 V substrate bias films were annealed in the same temperature range and for the same
times as described for the “floating” plasma deposited Ti0,. It 1s relevant to remark that in
the as deposited biased sample, anatase, rutile and amorphous phases coexist. Annealing at

600 °C results in a mixed anatase-rutile phase.

b) TiO,~ 510, or T1 51,0,
The mixed TiO,-810), samples were annealed up to 400 °C for 30 min in an N, atmosphere.
In this range of temperatures they were amorphous, the annealing 1s performed, then, only

tor electrical characterization purposes.

In the following paragraphs we refer only to TiO, annealed at 250 °C and 600 °C and to
T: 540, annealed at 400 °C.

I11.3.4. Characterization

In this section we will discuss only Ti0, and $10, — Ti0O, samples. As already mentioned
deposited silicon oxide film results are similar to thermal silicon oxides, so their properties

are well known 1n literature.

a) XKD

The XRD data on TiO, samples ate shown in (Figure 3 {Busani4]). We recall that as
deposited samples without substrate bias applied show an amorphous structure. Once these
samples were annealed up to 600 °C the anatase (101) peak increases in intensity and
saturates after 30 min annealing at 600 °C or after 65 hours at 400 °C.

The biased deposited TiO, samples reveal the formation of anatase and rutile structures
already for room temperature as deposited samples. Further annealing at 600 °C in N, shows
that the residual amorphous structure of the as deposited oxide transforms mto anatase and
rutile. Unfortunately we were not able to stabilize the pure rutide phase, which occurs at
temperatures > 800 °C [Tobat]. We cannot determine, using the XRID patterns, the relative
concentration of the rutile and the anatase i these samples.

Preferred orientation in the deposited films was also investigated (Chapter 11.3.4.1.3) and we

conclude that there was no evidence for this effect.



The XRD data for 11,510, shows that as deposited and annealed samples at 400 °C for 30
min 111 N, atmosphere are amorphous, so no curves are reported.

NB: Our data contrast with those obtaiped on thin films of T30, deposited using ion
assistance of an O 1on beam of energy 400 eV [Pecharroman]. In this case no evidence was

found for rutile formation i the as-deposited films, only the anatase phase. Comparison

with our data suggests that the energy of the ions assisting deposition may play a crucial role

&) Ellpsometyy

Ellipsometry data on T10, and mixed TiO,-510, samples have been reported by [Busanid]
and [Busani6]. In Table TTIL.8 we show results for all sample considered for thas thesis. We
essentially notice that
e [For Ti0O, deposited at room temperature without applied bias, further annealing
causes an increase of the refractive index as well as the dielectric constant. This 1s
consistent with the decreasing thickness, due to densification effects when the
amorphous phase transforms into anatase.
* For T10, deposited with —41 V bias the refractive mndex and the dielectric constant
merease but the oxide thickness does not seem to change.
® In the case of mixed oxides, the refractive mdex seemns to follow a linear regime as a
function of the concentration of Si or Ti in the mixed oxide. This regime is plotted in
Figure 3 of reference [Busani6] and the data presented in the Table 111.8 are taken
from this publication [Busam6]. The linear behavior also indicates that the TiO,-$10,
compounds are well mixed and no segregation occurs. Indeed previous studies on
xerogel titania silicates [Mountjoy] showed that for a concentration of at least 40 %
of Ti0, the mixed Ti0,-510, segregates into S10, and TiO,. Finally our data are
consistent for what has been reported mn the literature [Wang| [Boyd] for Ti
concentrations > 40%. Unfortunately we did not find published data for lower T1
concentrations.
The linear vartation of n with concentration confirms the analysis obtained usmg the IR

peaks (following section).

¢) FTIR
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ca) TiO,
Biased and unbiased, as deposited and annealed samples were analyzed using IR absorbance

spectroscopy described in the Chapter II. A typical IR spectrum has shown in Figure TI1.13.

Absorbance (au.)

1100 1000 900 800 700 BOG 500 400
wiavelength (cm- Ty

Figure ITL13. IR abworption spectra taken at 65 ° incidence angle. The solid fines always refers fo as-deposited T30, and ithe

dashed Kres are for the same samples annealed ab 600 °C in an inert atmosphere. (a) Oxide deposited in “fhouting” bins
conditions, (b) Oxide when a—41 V" of bias was applied [Busani4].

The lower curves {a) are the IR spectra for those samples deposited in “floating” bias. The
solid line is the absorption for as-deposited T1O,. The broad peaks in the region of 400-600
and 700-950 cm™ are due respectively to TO and LO vibrations of the Ti-O bonds: they
evidence the amorphous structuse of the oxide film. After annealing at 600 °C, (dashed line
in Figure IT1.13a), two narrow intense peaks clearly appear at 432 and 853 cm™ and can be
assigned to the TO and 1O modes for the anatase phase [Pecharroman| {Scarel]. Observing
the sohd curve in Figure II1.13b, the same vibrations are found for the as-deposited TiO),
when —41 V substrate bias was applied. We also observe the beginning of a peak at 493 em’
that becomes evident after annealing at 600 °C for 30 min in N, atmosphere {dashed line).
This last peak 1s a Ti-O vibration in rutile [Peng] and mdicates that the sample 1s 2 mixture of

anatase and rutile. Unfortunately, due to the wavelength himit of the mstrument, we cannot
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measure with precision the full width of the half maximum for the TO peaks, and we are
unable to estimate the degree of crystallinity of the oxides.

Using the 1070 cm™ absorbance of the $i-O stretching vibrational mode for $i-O bonds we
can ascertain the importance of a possible $1-O-51 intecfacial layer. [Busamd] concluded that
both annealed and deposited samples are stable in contact with Si or no relevant interfacial
layer 1s formed during the eatly stages of the deposition.

No evidence of chlorine has been detected with [R since an absorbance peak at 600 cm™

should be evident 1 Figure 111.13 if T1-Cl bonds were present.

cb) 10, — 370, or 12,510,
Normal incidence IR spectra of mixed oxides was measured for all samples and the results
are presented in the Figure I11.14. As reported in the literature the $i — O — Ti*" bonds

should introduce an absorbance band at ~ 900 cm™ [[Kotami] [Brassard]

SOy

0.5} Ti-0-Si Rocking Si0O5

Absorbance

1250 1000 750 500
Wavelength (cm-1)

Figure HL14. Normal incidence IR absorbance jor difforent Te 500, . (a) Pure $5i0y, (B) Ty 1084 550, () T840, (@)
Ty 0s870750, (8) Tig 15850550, (1) amouphbons THO, [Busanit].

From Figure II1.11 we notice that, once the Ti(), is introduced into the S10, matrix, a peak
in the region of 900-950 cm™ appears which becomes increasingly important for higher Ti
concentrations. This peak moves from 903 cm” for the highest Ti concentration

(T1,7551,,50,) to 935 cm’* for the lowest Ti concentration {T11551,45,0,)
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Using the relative mtensities of these peaks it 15 possible to approximately estimate the
concentration of the T1-O-51 and Si-O-51 bonds, heace the concentration of Ti in the mixed
oxide. This method has been described in detail by [Busani6] so we show only the results in
Table IIL.7.

The results for the annealed samples do not show visible differences in the spectra so they
have not been reported. This confirms the absence of crystalline centers in the films which

might have resulted from the annealing process.

d) EDJS-RBS

Energy Dispersive X-ray spectroscopy (EDS) and Rutherford-Backscattering (RBS) were
performed on all TLSi,0, samples. EDS was carned out soon after mixed oxide depositon
in the CHTM clean room facility (Chapter I1.4) using a JEOL JSM 5800 systern that
combines the Scanning Electron Microscope (SEM) and EDS. A maximum 8-inch diameter
water can be loaded in the chamber and full 7-inch diameter area can be observed. The
acceleration voltage can be widely varied from 0.3 to 30 keV with a 100 V steps, the work
distance (WD) spans from 8 to 48 mm, for a minimum resolution of 50 nm. The zoom
mode 15 18 X for a WD of 48, until 300.000 X. The probe current is from 10™ to 10° A.
Image and EDS acquisition is finally accomplished using Oxford Windows software, which
allows X-ray line identification (qualitative analysis), quantitatrtve analysis (elements
concentration) and X-ray mapping. For flat, polished homogeneous samples, quantitative
analysis can provide 2 relative accuracy of 1-3% when approprate standards are available.
For elements with 70 < 5 the sensitivity is lower than 1% so that 1t 15 almost impossible to
detect low atomic weight elements.

For this measurement Ti10,-510, mixed oxides were deposited onto GaAs substrates for few
reasons. First we cannot cleatly ascertamn the concentration of St 1 the T10,-510, film if the
substrate is composed of Si. Second the Si substrate always has a high concentration of
oxygen (Czochralski) as we demonstrated 1 Chapter I11.3.2.3, which confuses determination

of the O concentration in the film. Third to minimize the substrate effect. For example the

Ko, emission for As and Ga 1s respectively 10.54 and 9.51 keV, much larger than that of T1
(4.51 keV) and &1 (1.74 keV). Finally thin film corrections requires to introduce the ratio of
the measured energy peak area and the standard energy area peak in the GMRFILM free

software. The standards used for Ti and 51 energy peak were 500 nm samples of 510), and
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Ti0,. More details can be found mn [Busani6]. Here, m Table I11.7 we simply show the
results.

RBS was performed by X. Yu and Hye-Won Seo at the University of Huston in Texas.
Details about the experimental procedure are described in [Busani6]. In Table IIL7 we also
show the results of analysis drawn from these measurements and the statstical Ti-O-S1 bond

distrbutions caleulated using our Monte Carlo algorithm.

Table HL7. Perventage 17 concentrution in TiO,-570, mixed axides. The first column refers 1o “exchecred” concentration from
he purtial pas pressure during the deposition, the second and third colummns refers lo the bond distribution caleulated witng a

MonteCarly simulation (Figure 2 in [Busani6]), and the last 3 columns vefer to the concentration measaved wusing different

Techmiques.

S51-0-51 T1-0-51 FTIR EDS RBS
S10, 100 0 100 100 100
T1y,0551 950, 0.9026 0.0949 - 8 5.24
Tt 1651,050; 0.8089 0.1802 11 10 9.4
T1y55514 750, 0.5625 0.3751 34 34 31.7
T1,551y 5O, ©0.25 0.4999 50 60 55
TiysSip250, | 0.0624 0.3751 87 90 79

Table IT1.7 contains relevant information in order to calibrate the deposttion conditions such

as the gas pressure of the precursors required to obtain a desired Ti, 810, concentration.

Once, _the approximate value of the composition of the mixed oxide was determuned via
deposition gas partial pressures, it was enough to use the ellipsometry measurements (quick

and non destructive). Our results appear to indicate that a linear relationship exists between

the Ti concentration and the refractive index.

e)  Electrical measnrenents

The dielectric constant was measured for Ti0, and mixed oxides. In Table III.8 we
summarize the information obtained from these measurements.

As deposited without — 41 'V bias TiO, usually shows a dielectric constant ~ 38-33 as
determuined from C(V) measurements. An example is shown in Figure II.15a. The red C(V)

curve 18 charactenistic of as deposited Tt0),. The curve is not “stretched out” and the flat

137




band voltage is situated at 0.93 V. The oxide thickness was 117.4 nm and the Al metal
contact surface was 0.00198 cm®. Hysteresis was observed when a constant bias was applied.
The green and black lines are representative of a positive bias electric field of 1 MV /em
applied for 1 min and then 10 minutes. We see that the Vi, is considerably shifted towards a
positive value of 4.85 V corresponding to negative charge trapping in the dielectric. Then a
negative bias electric field of =1 MV/cm was applied for 10 minutes. The Vi, (blue curve) 1s
now shifted towards negative value of —3.39 corresponding to positive charges bemng present
in the dielectric. The sample was then annealed at 600 °C for 30 min, so that almost entirely
anatase phase was observed (XRD and IR sections of this chapter). The dielectric constant
rose to 74-80 and the hysteresis was eliminated (Figure II1.15b red and blue curve).
Unfortunately the leakage currents rose from 10® A/cem’ for the as deposited samples to i

A/em? for the annealed films (1 MV cm™ electtic field).
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Figure IT115, (a) C(V) for unbiased ar deposited TiO, and (B) for the same sample anneated at GO0 °C for 30 min in N,.

Ti0, deposited with —41V substrate bias was also characterized electrically in the same way
as we described for the unbiased sample. We show the results in the Table II1.8. The as
deposited samples are a mixture of anatase, rutile and amorphous TiO, The C(V) curves
were so stretched out that it was not possible to determine the dielectric capacitance. So a
metal-insulator-metal (MIM) structure was constructed in order to measure the absolute
value of the dielectric constant, it was 78-85 for the as deposited — 41 V biased samples and

105-123 for the sample annealed at 600 °C for 30 min n N..
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Mixed T10,-5i0, MOS capacitors yielded maximum values of k~ 38 for high concentrations
of Ti0, and this value decreased as the S10, concentration increased as shown in Figure 3 of
[Busani6] and as indicated in Table IIL8. For mixed 51, T1,0, compounds the value of the
dielectric constant is higher than that which has been reported [Brassard] for nano-crystalline
and much higher than the typical value of 10-15, which has been reported for other silicates

[Wilk]. We also observe that the & seems to behave linearly as a function of the Ti

concentration, as was observed for the refractive index. Current density versus voltage (I(V))

measurements at 1 MV em™ for all the deposited, mixed films show acceptable insulator
behavior: the sample with the highest St concentration has a typical value of § =107 A/emd’,

which decreases to 10* A/cm” for the samples with the highest Ti concentration.

A AFM

AFM measurements were performed only to confirm the change in roughness upon thermal
treatment. It was already told that the diffusion of the laser spot, durning ellipsometsy
measurements, is an indicatton of the presence or absence of roughness and/or the
crystallinity of the film. The 5:0,- Ti(), mixed oxide usually presents a very small roughness
even after low temperature annealing at 400 °C in N,. This confirms the amorphous nature

of these oxides, and the crystalline structure of the annealed and bias deposited T10,.

Table IIL8. Summary of the most important physical paramerers measnred or calealated for 150, and mised 170,350, The
thickness of the oxide d, is measured with an ervor of £ 0.5 nm, the [lat band voltage with a typical ervor of 0.2 V7, the density
P with ap error of 0.2 pf o, The dickectric constant iv an average of the anisotropic value or of the measured value. The colupn

catled “Phase” refers to Amorphons (Am), Anatase (A) and Rutile { R) phases of Ti0,.

d,, P Rough |
Sample name n Average f Phase Vg (V)
(nm) (g/cm’) (nm)

Rutile - 2.5-2.7 117° 4.2" R - -
Anatase - 2.4 45" 3.8° A - -
S10, 85 140 3.85 235 Am - -
Tio 03t 00, 116 | 1.482 5.5 Am ; 0.1
T 159101503 170 | 1.512 6.9 Am - 0.2:03
T 25510750, 138 1.658 19 Am - -0.6-0.7
Ty 191520, 268 | 1.821 28 Am - 0.2-0.4
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Ty 7551550, 283 2.23 38 Am - -0.5-0.6
Ti0, 130 2.25 33-35 3.25 Am 1.2 0.9-1.1
T1O, ann 250 °C | 2.55 2.3 Amt+A
TiO, Ann 600 °C | 2.37 2.48 74-84 3.62 A 6.51 0.24
-41 rf ThO, 198 23-2.46 85-78° - Amt+A+R -
-41 of T10O, Ann
202 2527 105-123* 3.85 A+R 7.45

600 °C

a= from Metal-oxide-metal structure b={Tang2| e=[Tang/ d=[Mikami]

From all these results we finally conclude:

® Ruile precursors were found m pure T10, at room deposition temperature

e Anatase forms at 250 °C. Pure rutile was not obtamed due to the high temperature

T1-Si reaction which coincides with its formation temperature.

o Refractive indexes and dielectric constants shows Hnear behavior as a function of the

Ti content in mixed T10,-5t0,.

o Si0), was diluted with different T1 concentrations and no evidence of TiO, or 510,

segregation was noted.

o Combining IR, RBS, EDS, ellipsometry and Monte Carlo data we found a non

destructive method to measure the Ti or St content i the S10,-T10, mixed films.

e amorphous samples show a dielectric constant of 33, low leakage current density

(~10" A/cm® but very significant hysteresis.

ITI.3.5. Discussion

[Shannon| suggested that for a large number of ternary and more complex oxides an

additivity rule may be applied to estimate the dielectric constant of an oxide mixture. The

assumption is that the molecular polarizability of the mixture 1s given by Eq. ITL5.

The limit of this model, as already explamed in Chapter 1I11.1.6 , it 1s that the model itself

ignores any changes in the vibrational component of the polarizability.
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In the case of 510, polymorph and 510, Stishovite [DevineZ] has clearly shown how both
electronic and vibrational components of the polarizability increase with the molecular
volume (or with decreasing of the density).

Ti0, polarizibility behavior for the samples described 1n this thesis has been mvestigated by

[Busani6] [Devine2]. If we know the dielectric constant, the refractive index and the

molecular volume (le. the density) we can calculate the value of {04, + o

elec,

) and O,
Introducing the dielectric constant and the densities given in the Table [I1.8 into the Eq.
ITL1 and ntroducing the refractive index mto eq I1L2 we obtain the polanizibility values for
the Ti oxides studied. These results are shown in Figure 4 and 5 of reference [Busani6| and
show how the polatizibilities increase whilst the density decreases. Moreover the samples
containing anatase and rutile (deposited using —41 V tf bias and also annealed at 600 °C) and

the sample containing mostly anatase (as deposited and annealed at 600 °C) showed much

higher vibrational polarizibilities than one can predict. The electronic component seems not
to vary significantly. Indeed this would be expected since 0. dertves from the electronic
structure of the component ions (O and Ti") which may remain relatively constant from

phase to phase. The vibrational component O, cleatly depends upon the structure and

ib
bonding of the Ti and the O [Bunget] 1.e. the structure of the T1O network (chapter I11.1.5).
We now make the assumption (as the additivity rule supposes) that when the oxide changes

clec

from one phase to another, the term (0, + 0;,) does not change. Then we consider

amorphous Ti0O,, which has a dielectric constant of 33 and a molecular volume of 41.07 x
10* em® (p = M/V,). From the equation IIL.1 we derive the value of the polarizability,
which is 8.96 x 107 cm”. Now we examine the case of rutile. Using the additivity rule we can
constder that the molecular volume varies with the phase transition from amorphous to
crystalline rutile. Using the density value for rutile given in Table ITL.8 (e. V.= 31.4 x 10%
cm’) and the polarizability of the amorphous phase (8.96 x 10 ¢cm”) one can determine the
value of the dielectric constant for the rutile. This value 15 ~ -17, which is considerably
different from the value calculated using the Eq. IIL5. If the polatizability changes slightly
from 8.96 x 107 cm® to 9.5 x 10 cm” the dielectric constant should be —13.53. Finally we
note that the vibrational component 0, should mcrease if the molecular volume decreases

(Eq. I11.4) whereas expermmentally the inverse 1s true. We are thus led to conclude that a

reduction of W, results as a function of molecular volume through variation of the force
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constants. This reduction must override the variation due solely to molecular volume
variation.

On the basis of this analysis we conclude that both electronic and vibrational components of
the polarizability increase with increasing molecular volume in the network. This vanation
shouldn’t be neglected. In fact even the electrical polatizability doesn’t vary dramatically.
These small changes can considerably influence the dielectric constant. Again as we already
demonstrated for the LaAlO, films, the additivity should be used with some caution.

Mixed TiO,-S10, has demonstrated to have a linear behavior with respect to dielectric
constant and refractive index. The announced increasing of the density (1.e. Zr silicate) does
not occurs because, even T10, 1s much more polarizable ion than silica, T1 diluted in the
S10), tents to replace Si in the tetrahedral coordination. This is maybe due to the sinularity in
the $:0, and TiO, structures.

We did not measure the optical band gap. For 10, it 1s 9 €V and for TiO, 1t 15 3.5 eV. From
Hq. 111.4 the band gap is related to the vibrational component of the polanizability. If we
assume that the band gap follows a linear relationship with Ti concentration, for the case of
Tiy 551,50, the band gap should be 6.25 eV. For that mixture the dielectric constant was
measured to be 28 (Table II1.8) so that the combination of the band gap and the dielectric
constant could make this mixed oxide attractive. Unfortunately, due to the high Ti
concentration, such mixed oxide might not be stable on Si when high temperature

pfOCﬁSSiﬁg OCCurs.
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CONCLUSION

In modern microelectronics the need for knowledge of materials science is becoming
dominant. The necessity to achieve the objectives established as Moore’s law is demanding
that technology be able to make transistors based on almost nano-scale dimensions. There
are essentially two types of materials of interest: metals and insulators. For the insulator, the
main technological problem is to find a replacement for 510,. Such a material 1s known as
high-k. We demonstrated the large number of variables that play a role in technological
processes and that these variables are somewhat related each other. For gate oxides we can
summarize the technological issues into three mamn categories: first the oxide should have a
high permittivity value, second it should have a significant optical band gap to avoid electron
injection from Si or the gate electrode material nto the oxide, third it should be stable in
contact with St. These variables can be considered separately but never out of the context of
the one another. For an insulator matenial m contact with Si we have therefore tried to
understand how the structural properties of the oxide are correlated with its optical and
physical properties and how this correlation influences the microelectronic application. It is

obvious that this analysis can be extended to other materials.

We have considered different oxides, and we have deposited or grown them using plasma
based methods such as PECVD, sputtering and plasma anodic oxidation. Also electron
beam evaporation and thermal dry oxidation were used. We chose to work in a class 1000
clean room in order to minimize the possibility of 51 surface contamination prior to oxide
deposition. In this way we removed some possible varables during the sample manufacture

process.

The charactenization of the oxides was carried out using a variety of tools and techniques.
The importance of these techniques resides in the necessity to determine all the fundamental
structural and physical parameters of the oxide. The structural properties of the materials
were studied usmg techniques such as, X-ray diffraction and reflectivity, EDS, FTIR, AFM,
XPS and RBS. Finally mformation about the macroscopic variables (Le. dielectric constant

and refractive indices) was obtained by electrical and ellipsometry measurements.
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Ternary LaAlO, oxide was studied because of its high dielectric constant and because of its
stability with silicon. We have demonstrated that the high-k phase (the one with & = 28) 1s
only achievable for crystalline oxides. Indeed, although the polanzibilities of the crystalline
and amorphous phases are not very different the major change m the dielectric constant is
due to variation of the molecular volume (i.e. density). Crystalline LaAlO; is more dense than
the amorphous phase. Unfortunately this phase forms at temperature higher than 800 °C.
Much effort has been expended in order to obtain such a phase, but all annealing processes
> 700 °C contribute to detertorate the Si/oxide interface, and so degrade the electrical
properties of MOS structure. This clearly limits the use of these oxides for MOSFET

apphcations.

Pr,O, and Nd,O; rare earth oxides were obtained in both amorphous and crystalline phases.
The interaction between the oxide and St substrate was Hmuted at 900 °C. The dielectnic
constant of the amorphous phase appears to be remarkably inferior as compared with the
crystalline oxides. We have noted that these oxides can essentially form two different
crystalline phases: cubic and hesagonal. The formation of one or the other of these
structures depends upon the atomic number of the rare earth metal. The relationship
between the density and the structure was evidenced and its influence on the macroscopic
properties of the insulator was underlined. Finally the formation and the stability of these
phases depends upon the process used to deposit the oxide, which 1s very relevant from a

technological standpoint in microelectronic chip fabrication.

Mixed Si0, - Ti0, films were deposited with a range of different T1 concentrations. Pure
titantum oxide was initially deposited and charactenzed. It shows a thermodynamic
instability with respect to the St substrate at high temperatures and also a fimte anisotropy mn
the macroscopic properties. A dielectric constant of 33 was determined for amorphous TiO,.
Crystalline rutile and anatase were also obtained, but the crystalline phases are very sensitive
to thermal treatment below temperatures of 200 °C. The mixed oxides did not show any
Ti0, crystalline phase or amorphous SiO, or TiO, segregation for temperatures < 600 °C.
Mactoscopic variables such as the dielectric constant and the refractive index seem to behave

linearly with a maximum (pure T1O, value) and a muosmum (pure 510, value). As an example
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113651550, alloys had a dielectric constant of 27 with an estimated optical gap of 6.25.
However, annealing of these alloys at temperatures higher than 600 °C results in segregation

ot 510, and T10, and possible formation of rutile and/or anatase nano-crystals.

Replacing 510, is not easy, but is not impossible. We have discussed most of the issues
related to this problem, and we have clearly understood that a) an ideally amorphous gate
oxide is not achievable with a dielectric constant higher than 25 b) almost all the possible
high-k candidates form a small interfacial layer at the Si/oxide interface. This is considered
disastrous for future technological evolution, especially when the EOT is expected to be less
than 1 nm. Suppose, for example we consider two oxides: one with a £ = 12 and one with a
& value of 25. An oxide with £ =12 is what microelectronic companies are able to process at
the present time. It is mstructive to plot the EOT versus the real thickness of the oxide

(figure T).

— High-k + 0 nm of interfacial 3104
— High-k + 0.1 nm of interfadal SiC.,

— High-k + 0.2 nm of interfacal S0,

Effective Cuide Thickness fnm)
L=
o0

High-k + 0.3 nm of interacdial S[ICJI2

il 1 2 3 4 § ] 7 8
Lctal high-k Thickness (nm)

Figure I BEOT wversus the real oxcide thicknesses.  Different itnes refer to different interfacial Si0, thicknesses at the interface

hight/ St

In a more realistic case a small amount of interfacial S10, will almost surely form between
the 5t channel and the gate oxide. The results are shown in figure I. The black lines refer to
the case in which no interfacial oxide is present, and the blue, green and red lines are

associated respectively to the case of 0.1, 0.2 and 0.3 nm of S10, interfacial oxide. It is
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evident that for the year 2010 a “perfect” oxide could be produced, with a physical thickness
of 2.5 nm. But, in 2016, using the same oxide, with a physical thickness of less than 2 nm
should be produced. If a layer of only 0.3 nm of 510, is formed at the interface between he
Si and the gate oxide, in 2010 and 2016 the physical thicknesses of the oxides with k = 25
and k = 12 should be respectively less than 2 nm and less than 1 nm, the latter being

certainly technologically infeasible. In fact, even if physically a high-k of 1 nm 1s producible

in a laboratory setting, it is not feasible for standard manufaciuring processes.

The microelectronics industry seems to be conscious of this problem. It is not surprising,
actually, that John Mestemacher, marketing manager for emerging materials at Air products
& Chemicals, notes that hafnium-based dielectrics were first expected to debut with the 65-
nm generation of computer chips and then with the 45-nm generation. Now, based on the
state of development at Air Products' customers, Mestemacher expects the industry won't
adopt them even at 45 nm. More recently, on October 2005, David Lammers from INTEL,
on Eetimes online, said: ”It now appears extremely doubtful that high-k oxides can be
inserted into the 45-nm node”. IBM’s Paul Agnello, manager of its 45-nm high-performance
device and integration program, said “Threshold voltage scattering is a killer. ... the high-k
community needs to further improve before high-k oxides can be introduced into

manufacturing”.
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APPENDIX A

We consider a flat mterface between 2 media and a light beam passing through these 2
mediums as mdicated in Figure A.1. The 2 media are transparent, homogeneous, isotropic
and semu-infinite. The incidence plane 1s the one formed using the normal vector to the

interface and the vector that describes the incident electromagnetic wave.

Frgure A.1 Light veflecting from and passing through an interface between a malerial (medinm) T and material 2, respeciively

characterised with N, and N, refractive indices.

The parameter we use to describe the interaction of light with the material is the complex
index of refraction N, which is a combmation of a real part and an imaginary part and 1s

given as:

N, =n, +ik, Al

N, =n, +ik, A2
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n is known as “the real part of the refractive index” or just “refractive index” and k is the

extinction coefficient and 1s a measure of the absorbed light. Maternals that are transparent to
a cerfain {requency light have k = 0. @, and @, are respectively the angle of incidence and

the angle of the of the transmutted electromagnetic wave

The law of reflection says that the angle of incidence is equal to the angle of reflection. The
part of the light beam that enters in the material at an angle @, does not continue in the

same direction, but 1t is refracted with a different angle ®,. The law of refraction 1s named

after Snell and Descartes’s and 1s given by:

Nisin®, =N,sin®d, A3
Two different reflection indices, also known as Fresnel indices, are defined: 1,5, 15 associated
with the value of the parallel electric field and 1y, 1s associated with the perpendicular electric

field of the wave respects to the incidence plan. Their expression is given by equations A4

and A5,

E[, N,cos®, —N cosd,

Fop =70 = . A4
E,, N,cos® +N cos®,
E, Nycos® —N,cosP,

Pas = v = A5
E, N cos® +N,cos®,

which can also be written as:
Hap =§r12p|eXp(i5p) A6
]’12.;- = |r123 | exp('ié‘.s) A7

We now define p as the ratio between the Fresnel coefficients:
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F
p= }Ei =tan ¥ - exp(iA) A8
125

where

i and A=8 -6 A9

tan¥ =
!ﬁZs

¥ is the angle whose tangent is the ratio of the magnitudes of the total reflection coefficients
and its value can be from O to 90°. A is the change in phase differences that occurs upon
reflection and its value can be from 0 to 360°.

Using equations A3, A4, A5 and A.C, we obtain the expression required to calculate the

mdex of refraction of the medium 2:

2
N - 2
—% =gin®, |1+ 1=p tan~ @, A10
N, 1+ p

Obwviously if N, and @, are known, N, can be easily calculated.

Y and A are the quantities measured by the ellipsometer and information about the sample
are contained in the Fresnel indices. The model used in this chapter is a semu-infinitive
medium. In chapter 1.1.3.1 we have seen a real example. The measured quantities of W and A
i both cases will be correct, but if we apply the wrong geometry, the model will lead to

wrong values for n and k.
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APPENDIX B

Stretching: Change in the inter-atomic distance along the bond axis

Iti-plane Ihplatie Chut-plats Chat-plate
Roclng Jcissonng Wagging Twigling

Figure B.1. Represeniation of siretching and bending vibrations for a ri-afomic molecile,

A molecule consisting of n atoms has a total of 3n degrees of freedom, corresponding to the
Cartesian coordinates of each atom in the molecule. In a non-linear molecule 3 of these
degrees are rotational 3 are translational and 3 correspond to the fundamental vibrations. In
a hnear molecule 2 degrees are rotational and 3 are translational. So for example the CO,
molecule is linear and has 4 (3n-5) possible vibrations.

The asymmetric streiching modes are typically the most intense modes in IR spectroscopy

because it requires more effort to change the symmetric relative positions of the atoms in the
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molecule. Hooke’s law can be used to approximate the stretching frequency of a bond. In
this approximation, two atoms and the atomic bond are treated as a simple harmonic

oscillator composed of 2 masses (atoms) joined by a spring.

WV

Figure B.2. Schema of a simple barmonis oscellator.

Accotding to Hooke’s law the frequencies of vibration of the spring are related to the force

constant of the spring k by the following relationship:

1 |k
V=—/,— B1
27 \m

Where m 1s the mass of the atom and Vv 1s the frequency of the vibration. In the classical

harmonic oscillator the energy of the oscillation s H = 1/2 kx> = hv whete x is the
displacement of the spring. The vibrational motion of a molecule 1s due to the phonons,

thus is quantized. From quantum mechanics:
E=hv(n+1/2) with n=(1,23,.)) B.2

where n 15 the fundamental quantum number. The difference between the quantum
oscillator and the classical oscillator then that: the phonons can interact and be absorbed
only for certain vibrational frequencies of the molecule: and those frequencies should be
determined by Fq. B.2.

There are some selectivity rules, which forbid some of the vibrational modes to be IR active.
In order for a mode to have an allowed TR transition, the mode must involve a change in the
electric dipole moment of the molecule: if the mode is associated with a time varying dipole,
the mode can interact with infrared electromagnetic energy to produce a vibrational energy

transition. A permanent dipole moment is #of requured.
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In a diatomic molecule the equation B.1 becomes:

1 f(ml +m2) B3
2 m,im, '

Where Vv 15 the vibrational frequencies expressed in cm’”’, m, and m, are the masses of the 2
atoms of the diatomic molecule and c 15 the velocity of the light. Eq. B.3 shows the
relationship between the atomic mass, the bond strength and the wavenumber at which a
molecule will absorb IR radiation. As the force constant f increases, the wvibrational
frequencies increase and the wavenumber also increases. This equation 1s for diatomic
molecules but s also valid for more complex structures. Any tune we want to consider a
vibration between a very heavy atom bonded to a light atom, the heavy atom can be
considered “as static” and only the light atom is allowed to have small movements
(vibrations) with respect to the center of mass. This 1s possible because the center of mass 1s
very close to the heavy atom. For example in La,0; or LaAlO,, the stretching of the oxygen
compared to the La can be expressed by the Eq. B.3.

It 1s empirically possible to determine the force constant using a different model. If we apply
Eq. B.3 to a Columbic model {the magnitude of the force 1s inversely proportional to the
square of the distance betweens the atoms), we can estimate the frequency of the vibration

within 20% of the measured value.
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APPENDIX C

In order to understand the diffraction patterns and the various terms used it is now
necessary to introduce some geometrical rules to identify the crystal structure as different
faces or polyhedral planes composing a crystal. First we take a geometrical orthorhombic
ternary of axis XYZ or crystal axes and for each axis we define the fundamental vector unit
(or crystal units) a, b, c. This space is the lattice space. In the XYZ space we can trace the

position of the atoms or the molecule, as is represented by small circles in Figure C.1.

Figure C.1. Crystal axes, atom or molecule positions in a crystal lattice spase XY Z. The dotted line represents one of the possible

Lattice fuces.

The fundamental units are chosen arbitrarily for each crystal using a plane, which intercepts

all XY'Z axes.
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A single plane is so define using the fundamental vector (dotted line in Figure C.1). Once the
choice of the unit plane 1s made, due to the symmetry and the penodicity of the crystal, the

equation of all other planes is given by:
ma+ng+p2:cost - Ca

where m, n and p are integer and are the intercepts on the axes. These 3 numbers can have
values up to infinity, which is troublesome m certain mathematical calculations. For this

reason we define the Miller indices as

hoc— koc—, ] oc— Cz2
m 7 p

so that if m, n or p tends to infinity the Miller indices h, k or | have the value of zero. The
Miller indices are integers without a common divisor. For example, referring to Figure C.1
the plane that intercepts the axes in 2, 2 and 3 s defined in the lattice space as [2a, 2b, 3c]. In
the reciprocal axes its equation is [1/2, 1/2, 1/3]. The common divisor is 6, so that the
Miller indices that identify that plane are (332). It must be remembered that the crystal axes
are axes of reference, hence they extend mn both negative and positive directions from the
origin.

It is now evident that if we know the distances of the atoms (or the molecule) from the
origin we can assign a better physical meaning to the a, b and ¢ crystal unit. For Miller
indices (hkl) the distance between the origin of the axes to the plane 1s d,; and its expression
depends with the crystal symmetry. In Table C.1 we give the mathematical expressions of d

for some crystal geometries.
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Table C.1. Uormula for caleulating interplanar spacings dy,, for some cormmon crystal peometries.

Crystal geometry dyy Axtal translation and angles
Cubic — a=b=c
NI K+ a=p=y=90°
1
=b=c
Tet q] s 2 2 2 a
erragorn ]’l? +k72 lg OC:B:'Y:900
a” o co
1
Orthorombic hokr _a ;ﬁ_b i_c o
At R
1
da* ¢, /? a=b=#c
Rhombohedral = (1 + 1% + hk)+cz =B =90°, y= 120°

The Miller indices have no physical meaning but they are mtroduced to explain the concept

of the “Reciprocal Lattice” [Ewald]. The reciprocal lattice is just a geometrical aid with no

physical meaning. The great utility of the concepts hes m the ease with which it permits the

investigator to visualize the crystal planes, their slope and their spacing.

In Figure C.2 we show how to graphically generate the reciprocal lattice for 2 monoclinic

crystal.

160




C *
Projecticn on A
(010} b

N D

Figure C.2. Propection of a simple monocknic lattice on (010) and a portion of its reciprocal lattice (ved).

The relation between the reciprocal space and the lattice space is given by the equation
C.3:

p=— C3

where k 1s 2 constant and p 1s the distance from the origin in the reciprocal lattice. Typically

K is equal to A, the wavelength of the incident x-ray beam.

NB: the real lattice is given by the a, b and ¢ primitive translation and the ternary that

identify the translation (ma.nb.,pc) is a plane. The ternarv that identifies that plane in the

reciprocal lattice is the (hkl) (the Miller indices) and is a single point.

a) the Bragg equation for the real lattice
The easiest interpretation of the x-ray diffraction in terms of reflection was given by Bragg.

Bragg considered a crystal formed by a stack of parallel atomic planes and an
electromagnetic wave of a certain intensity and wavelength A incident on those planes with a

certain angle 0.
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Figure C.3. Geometry of Brage reflection.

o

In Figure C.3 we consider the planes p, p,, p, and so on to represent a stack of planes with a
constant interplanar spacing d. AB, AB, is the array of incident x-rays which are reflected

off in the direction CD. For the reflected wavelet from B, to reinforce the one reflected at C
it must arrive at C in phase with the wave ABC. This will be the case if the path difference is

a whole number of wavelengths, that 1s, if

d
sin@ sind

cos 28 =ni C4

B,C-BC =

which becomes, using simple trigonometry, the most common Bragg equation or Bragg law

[Alonsol.

nA=2dsiné C5
For a crystal of a given d spacing and a given wavelength A, the various orders n of reflection

occur only at the precise value of 8 which satisfies equation [.33. Similarly results are

obtained when considering an electron beam or a neutron beatn.
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b) the Bragg equation for the reciprocal laitice
As we said earlier, x-ray diffraction cannot be explained or demonstrated using the reciprocal
space because this space has no physical meaning. However, it 1s possible to rearrange Eq.

C.5 using the Miller indices and give the expression of the Bragg law m the reciprocal space.

A

_ C.6
2d (k)

siné,,, =
An interesting result is now obtamed by substituting the value of dgy, from Eq. C4 1 Eq.

C.6 including also the substitution =

. pr
sind,,, =2

Git) =5 C7

For each plane (hkl} the Bragg angle 6 is an angle whose sine 1s equal to half its p value.

Because the sin can have values between — 1 and 1, p cannot exceed the value of 2. This
means that no point outside a sphere of radius 2 around the onigin can ever give a reflection

for a given wavelength so that some conditions are necessary in order to obtamn diffraction

from a (hkl) plane.
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ABSTRACT

Amorphous lanthanum eluminate fitms (LaAlQ3) were deposited on Si substrates at room
temperatute using rf sputtering in pure Ar cr an Ar/Oy mixture with a stojchiomerric tacget, The
film composition was aralyzed using XPS and EDX. The evolution of the material resulting
from annealing at temperatures in excess of 900 *C was studied using infrared spectroscopy,
XPS profiting and AFM. We ohiain clear cvidence for in-diffusion of Si from the substate into
the dielectric fitm. FTIR analysis showed only one peak centered at 747 e’ with an FWHM of
185 om’! for as-deposited samples indicating an amorphous structare. Annealed samples showed
very narrow absorptions at 483-510, 607, 695-720 and 811 em™. No evidence for 810, peaks at
~1060 cm’' was observed suggesting that the LaAlO; structure tends nof to reduce into a mixture
of 810; and a silicide. Shozt time annealing at 1000 °C restts in a broad band at 905 e which
can be interpreted in tevms of the formation of a fayer rich in 8i-O-La bonds. Nittidation of the
substsate before oxide deposition and anneafing slows the degradation process but does not
suppress it. X-ray diffraction analysis of the anaealed films indicntes a very ariented crystalling
structire, yet unidentified, whose direction depends upen the orentation of the 31 substrate. The
dielectric constant in hoth annealed and as-deposited films was messured to be less than 14 and
the leakage current density was very low. Some mobile charge was detected. This dielectric
constant is substangially Iess than the value ~ 25 anticipated from bulk, single erystal
miensurenents.

INTRODUCTION

The dramatic expansion in technology and the communications market, including the one
associated with high performance microprocessors as well as low-static power applications such
18 wireless systems [1], has driven industey to requite greater integrated circuit functionality and
performance at lower costs, ‘This means an increase in circuit density for each Si wafer [2].
Obviously, device channel length and the SiOs gate dielectric thickness must decrease,

However, S$i0; layers thinner than ~ 1.3 nm have excessive leakage current (> 1 Afem?) simply
due to direct tunneling through the oxide, and this is far too large for future circuits [3].
Unforlunately, the Semiconductor Indunstry Association road map indicates that a sub-[ nm
effective oxide thickness (EOT) will be required for complementary metal-oxide-semiconductor
(CMOS) devices with 50 nm gate widths so a dilemma exlsts.

An acknowledged solution (in principal) to the leakage cnrrent issus is i maintain the
gate capacitance by increasing the diglectric constant (k) of the oxide and simultaneously thicken
it. Though it is unlikely that the alternative oxide will have the excellent loakage properiies of
thermally grown Si0Os, a comprariise may exist, Many matecials acknowledged as “high-k™”,
have been preposad in the last few years, They must satisfy a vaviety of criteria, such as
thermadynamic stabifity in contact with the Si chanuel, potential barriers to both electron and
hole injection from the substate/inversion tayer, low leakage, eie, Amongst the most commonly
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studied materials were Al:Os TayOs and S1Ti0;, because they have a dielectric constant running
{rom 9 te 80 and a band gap from 3.2 to 8.8 [4-5]. Interfacial reaction, resulting in the formation
of §i0; or some low-k layer, has heen observed in the case of Ta;Oson Si [6] and in a TaxOs
sandwich [7], Furthermore, the barrier height {o carrier injection s estimated to be rather small
(< 0.5 eV). AlLO; is potentially an attractive short term solution because of its relatively low
dielectric constant (~ 9) but studies of Al;01 deposited on $i(100) at temperatures below 400 °C
[B] show evidence of an Aluminum silicate phase formed at the interface with Si. Because of
this, an alternative gate dielectric needs to be found for a long-term indusiry solution.

LaAiO; has been investigated as an alternative dielectric since it is known that the La-0
bonds in the metal oxide are strongly polarizable resulting in an increased diclectric constant.
The crystalline phase of LaAlO3has k~ 28 and a band gap of 5.6 eV [3]. Many studies have
demanstrated that it is possible to deposit LaAlQj Inyers of several nm onto Si with good
electrical properties using different techniques [9-10]. The film is usually, however, amorphous,
All these depositions were carried out at relatively high temperature (2600 °C). Some of the
Tilms were recrystallized ex-situ,

in the present work we analyze in detail the effects of temperature on films deposited
initially at room temperature. We demonstrate that it is not possible to oblain a desired
crystalline phase for LaAlQ; from this starting point.

EXPERIMENTS

p- type S1{100) 3-3 ohm/cn resistivity wafers were first rinsed in pure HF acid then
blown dry. Thin (EazAli.)20s were deposited at room temperatuze by sputtering from &
palycrystaliine LaAlO; target using a 13.56 MHz radio freguency (f) sputtering source (TORUS
2} with an Ar/0; gas mixture, The chamber pressure was 10 mTorr and the gas flow rates were
set respectively at 75 scem and 5 scom. To optimise the stoichiometry of the deposited films the
typical £f power was 6C W [9], caleulations of the spuctering yield indicated that this power was
appropriate for equal sputtering rates of the La and Al. Under these conditions (La,Ali)20s
films were obtained with x=0.6 as determined by x-ray photoelectron spectroscopy (XPS)
profiling and electron micrascopy spectroscopy (EDS) measurements.. The rate of deposition of
the film was typically 1.4 nm/min, typical film thicknesses studied were ~ 100 nm, A second set
of samples was prepared in the same conditions, but initially the 81 surface was exposed lo an Ny
plasma excited at 2.45 GHz . Such exposure is known to generate an uitra-thin SiaNs layer,
probably less than a mono-layer. The (La,Al;- 203 thickness and refractive index (n) for all
films was determined using single wavelength (632.8 nm) ellipsometry, the thickness was
confirmed by comparison of the Fourier Transform Tnfraved (FTIR) absorption and comparison
with preceding work 19]. Surface anatysis and roughness was carried out using an Autoprabe CP
Atomic Force Microscopy (AFM]} in a non-contact mode. The force used was 13.6 nN with a
scanning speed of 3Hz. Capacitance-Voltage (C-V) curves were measured at [00 KHz using a
Keithley 530 system after deposition of Al dots of 0.0078 cm? on the dielectric sarface. The back
face of the wafer was metallized to ensure good electdcal contact. Prior to elecirode deposition
the wafers were cleaved and some samples were subjected (o rapid thermai annealing between
§00 to 1000 °C for 1 to 5 min. in Ny or Ny, atmospheres in an attempt to minimize La and Al
Interactions with the silicon substrate, Finally X-ray diffraction intensity data was obtained in a
0.02° step interval in the 20 range between 10 and 80° with 2 measurement time of 1.2 sec. A
Cuotl source was used.
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RESULTS AND DISCUSSION

LitAlO5 has a ideal perovskite cubic structure Pn3m which presents thres dominant IR
active modes: v corresponds to stretching of O atoms along the Al-O-Al line, v; is perpendicular
to this line, and v; is the La translation respect to Al ard O atoms. This crystal is typically
presemled as a rhombahedral deformation with two arrangements for the fundamental cell (space
group R3ny. The actahedral AlO, are quite regular with an Al-C length of 0,190 nim, the bond
length of La-O is ~0.25 nm [11], We observe that the bond foree constants for La-Q and La-Al
are weak compared to Al-O in the AlOs octahedra, This helps us to separate the vibrational
modes into fnfernal, when we considered the movements ¢f Al or O in the AlOg cell, and
exteriod, related to the La movement respect 10 AlQg octnhedra. Sinee the crystal symunetry is
Tower, some IR irpetive modes become active and new vibrations may appear in the speclra, An
example i the v, vibraljon which is predicted to be split into two peaks depending upon crystal
deformation, Saine et al. [11] give the relation of the AlQy medes among cubie, thombahedrad
and isoletled stroctices.

In Figuee La we show typieal absorbanee TR spectrz of the room temperature deposited films,
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Viguwre Ia. Normal incidence abserbance IR
specten of (Lay Al )20 deposited on & 81
waler, The solid line refers to as-deposited
uxide, the dolled live i after nnnealing at 950
“C* in an Na atmosphere for 1 min, and the
sequinre dashed line is alter sunealing at 1000 °C
for | min,
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Figure b, Normal incidence absorbance IR
speckrn of (LagAlp.)20; deposited on a
previously nitrided St wafer, The solid line
rafers o as-deposited oxide, the dotted line is
for the somple after annealing at 950 °C in Na
atmosphere Tor | oin. and the square dashed
tine iy for a sample npneated ag 1000 °C for §
min,

The solid ling is representative of the as-deposited oxride and shows one intense peak at 747 et
and o very small peak around 1050 e’ The lutter is due to the fermation of an initial $i0 layer
dluring ignition of the Ar and O; plasma, The evidence of an amarphous struclire is confirmed
by the full width at half maxinwm (FWHM) of 185 et of the main pesk. One can very crudely
approxiniate:
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where vis the vibration mode frequency in a B-O molecule (B being Al or La) expressed in cm',
u_(1n3nm)a’(mg+m0) is the reduced mass, imo and m are the atomic weight in Kg of catien B and
anion O, f=17/" is the stretching force comstant and ris the B-O length. We can estimate the
theoretical (requency in the pure, binary glasses B2O; using the bond lengths fm La-0 and Al-O
£12-13]. We find that the stretching modes are respectively at 355 and 778 cm’. From eq. {1},
the wave nomber of the vibzation is inversely proportional to the value of the reduced mass, In
consequence, we can conclude that the presence of La in LaAlO; glass probably has the effect of
meving the IR spectra to lower frequencies than that for pure AL:O; which is consistent with the
result for the amorphous phase shown in Figure la.

The dotted line in Figure 1a shows a typical IR absorbance spectra for a sample annealed
at 930 °C far 1 min, We observe similar spectra in samples where the anneal was carried out at
950 °C for 15 min and 950 °C for 4 min, in an Ny or NaH, atmosphere. First we note that the
intensily of 5i0 small peak does not increase, suggesting that little or no oxygen from the
(LayAl 5201 diffuses and reacts at the Si substrate interface, There are 4 very narvow peaks at
483-510, 607, 695 <720 and 81 cm'" indicating a polycrystalline or local crystalline structure,
The §95-720 e’ peak is the ¥, vibration of the octabedral A0, and the made at 510-483 cny’
could be attributed to v, mode. According to Saine [L1] in the thombahedral structure we should
see another peak at 365 ¢ related to the v; mode in a cubic cell while a peak at 511 em™ is
related to the angular deformation of O-Al-O due o phase movements between two octahedra.
This vibration is impossible in the AlOy isolated structure. Abrashey et al, [15] have calculated
the transverse optic/longitadinal optic (TOMLO = 481/505 cm') peak positions for the v» mode,
Normally, we do not expect to observe LO peaks, since our IR spectra were measured at normal
incidence. However, 2s shown in Table I, our annealed samples have a significant roughness of
several tens of nm, which suggests that the TR beam does not see & flat surface and with such
roughness the beam incidence will be non-normal for parts of the surface, Under these conditions
the Berreman effect [16] will be active and the LO mode may be excited. Unfortunately va is too
low in wave number to be visible by our instrument and this does not help to confirm the
presence of LaAlO; erystal structure,

Max height between | Average roughness

Sample description adjacent peaks [nm] [nm]
(Lay Al 4)203 as-deposited 7 Si substrate 225772 <1
LaxAl 10207 ann 950 °C 1 min / 8i 60-70 1 60 18.18
sihstrate
(LaxAlj.x )20 +8iaMy ann 950 °C § min / Si 37/3.6 11.27
substrate

Table I. AFM surface analysis data for different samples, The words "Si substrate” indicate the
AFM is carried out on the Si after the cxide layer has been removed.

There are other arguments to suggest that hese peaks are not related to a LaAlO; single phase. If
one plots the intensity of the peaks as a function of film thickness, the resultant curve does not go
through zero, which it should if one deals with peaks emanating from the same vibration. The
XRD data presented in Figure 2 demonstrates that the oxide is in a crystalline phase, but that it is
not that of idealized LaAlO;.
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We also identify a broad peak at ~900 et that is the beginning of the interfacial reaction
between Si and La. This interaction has been reported [14] as & vibration of the RE-O-51 bondd
(RE = rare-earth) in different oxides. Ttis evident that increasing the annealing temperatuye Lo

1600

¢, even if for 1 min, results in this peak becaming predominant and the others decrease

considerably, The peak at 808 e is less intense, even it still important, and we identify this
with the presence of an alumino-silicate structire [17]. We can conclude that Si starts to form

more
using

La-0-Si but also Si-Al-La bonds containing oxygens. We have tried to eliminate this effect
an SixN, protecting layer as described previously, the resolts are shown in Figure 1b.

When compared with Figure la, it appears that the sificon nitride iayer does not suppress the
annealing phenomenon, but it does tend to Hmit it.
The AFM {Tahle 1) and XPS (Figure 3) data further help in the nnderstanding of interfneial

degra

dation and reaction in the (LayAlp 0201 /Si system. The measurements were carried out [its

on the annealed and unanneaied samples then the oxide was removed and 5i surfaces were

analysed. The roughness of the axide surface is really significant in ali samples that
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Figure 3, XPS data of
(La,‘All.,hO; dep()sitcd
on Si and annealed at
950 °C for 1 min. The
profile for “SiZpUnn”
refers o as-deposited
samples. The Si signal
appears before the Si
substrate is
encountered. For the
amerphous (as-
deposited} case(solid
lire), thers is no
evidence for Si in the
oxide layer.




received a therma! treatment, but less important on that where SiaN, layer was grown prior to
deposition. These observations are interpreted as indicatin g that St diffised in the oxide layer
during the high terperatare anneals leaving a “rou ghened” structure. The XPS profile data is
shown in Figure 3. Though there is always some imprecision in XPS about the exact loeation of
the dielectric/Si interface, we clearly evidence that in an anaealed sample, Si appears

to be present well into the region we call the “dielectric”. In fact, an anneal at 950 °C for 1
minute appears to suffice for Si to penetrate - 40 nm. Note that this exceeds by a factor ~ 2 the
average roughness of this sample so the Si signal does not arise from the substrate, only from the
film, All of these observations arc consistent with the appearance of an La-0-5i associated
vibrational mode in the infrared absorption spectrum as a disect result of annealing.

Finally, C(V) and current density electyic fisld (I-V) measurements were carried out to test the
electrical guality of the interface and the vxide. For the am orphous, as-deposited films we find k
lower than 14 and the leakage current density ~ 107 Aferm? for an electric field ~- 1 MV ¢m™,
These results are consistent with earlier findings [9]. A hysteresis effect is also visible and this
does not. reduce when moderated annealing, say 400 °C for 30 min in a inert atmosphere, is
employed even though the flat band voltage moves from ~10 V to -1.5 V.

In the light of these experiments, we are hot surprised that is hard to obtain 2 high k
oxide. The crystal phase of LaAlO; fails to appear before significant interaction with the
undeddying 3i has oceurred, In order to employ LaAlO: in a hi gh k application (k ~ 25) it is
hecessary to find a means of depositing densified or crystallized material and to avoid significant
post-deposition annealing at high temperatures.
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Grazing incidence x-ray reflectivity measurements are used to determine the density of
sputter-deposited LaAlQ; and anodized LaAl films. Together with refractive index and dielectric
constant measurements, it s demonstrated that a coherent picture emerges explaining the low
dielectric constant of the amorphous films (-~ 13) as compared to the single-crystal value (~26). The
importance of molecular volume dependence of the electronic and vibrational molscular
polarizabilities is underlined. © 2004 American Institute of Physics. [DOI: 10,1063/1.1808905]

I INTRODUCTION

Despite substantial research into high dielectric constant
oxides to replace Si0, as the metal-oxide-semiconductor
field-effect transistor (MOSFET) gate insulator, nothing has
emerged as a medium to long term solution. Some of the
primary requirements for this application are (a) dielectric
constant (k) ~25 or greater, (b) high electrical barrier height
with respect to the Si substrate and the gate electrode mate-
nal, {c) thermodynarmic stability with respect to Si during
process steps such as implanted dopant activation (~ 1000 °C
for short times), {d} low leakage currents, and (e) low density
of states at the dielectric/ Si interface. Unfortunately, the di-
electric constant is, in general, inversely proporional to the
insulator band gapl so that achieving a high k value to satisfy
(a) may be detrimental for (b). A careful study2 of thermo-
dynamic compatibility of various single and binary oxide
systerns reveals that there is, in fact, a significant number of
oxides which exist that satisfy (c). The use of non-Si-based
dielectrics implies either a direct film deposition or oxidation
of a deposited metal, both of these techniques are well
known to result in films having defect-related conductivities
{(primarily via the Poole-Frenkel mechanism), which are usu-
ally substantially higher than one observes in thermally
grown Si(, on Si. Finally, if crystallization of the film oc-
curs during postdeposition, high-temperature processing se-
quence substantial electrical leakage along grain boundaries
may occur. Both defect-related conductivity and grain-
boundary Ieakage3 may be critical.

Of all the oxide systems studied so far, LaAlO, appears
very promising. It is predicted that there is thermodynamic
stabi]ity2 with respect to Si and the dielectric constant, for
single crystals, is ~26. Furthermore, it is anticipated that
deposited films may remain amotphous even in the presence
of a relatively high-temperature processing (in fact, probably
to 800-850°C) so that potential sources of leakage current

YElectronic mail: devine@chim.unm.edu

0021-8979/2004/96(11)/6642/6/$22.00 6642

via grain boundaries® should be absent. Preliminary measure-
ments on amorphous deposited films*® suggest that direct
leakage currents are, in fact, extremely low (at least for
amorphous films) at typical operational electric ficlds
(~1 MV em™) and electrical barrier heights are large
enough to minimize carrier injection from the valence or
conduction bands of the Si substrate. There is, however, sig-
nificant confusion over the value of the dielectric constant of
these films. LaAlO; and LaAlON, amorphous films have
been deposited by pulsed laser depositi()n7’g (Tlaser ablation}
onto Si substrates™ and Pt films.” In the case of Si sub-
strates, film/substrate interaction was evidenced, leading to
diclectric constants’ ~4,9, in the Pt case, k~25-27 1s
qu()l:ed‘7 Electron-beam evaporation methods have also been
used,6 in which the filmg were deposited onto heated Si sub-
strates (temperatures up to 800°C) and values of £~ 21-25
quoted. This result is surprising since for the same range of
substrate temperatures, the data in Refs. 7 and 8 show clear
evidence for significant film/substrate interaction under these
conditions in the form of an unidentified interfacial layer
and, correspondingly, a reduced dielectric constant. Similar
conclusions are arrived at from annealing studies presented
in Ref. 4. Furthermore, attempts4 to reproduce the electron-
beam-evaporated film experiments of Refs. 5 and 6 resulted
in low dielectric constant values and evidence in the remnant
target material (single-crystal LaAlQs) of preferential evapo-
ration in the form of blackened arcas, where the electron
beam had impacted. Such preferential evaporation is not un-
usual in mixed oxides since one cannot assume that all the
components evaporate at the same rate from the molten tar-
geft,

Finally, films deposited by spattering from stoichio-
metric LaAl(O, targets at room temp«arature4 onto Si sub-
strates resulted in dielectric constants in the range 11-13.
Other sputtering results’ yield a value of k~8.1 although in
this case, a 750°C annealing was performed and, again, this
has been demonstrated to result in a measurable film/
substrate interaction.’

© 2004 American Instituie of Physics

Downdoaded 20 Jul 2008 to 64.108.37.67. Registribution sublect to AIP licanse or copyright, ses hitp:/Map.alp.org/iapfoopyright.jsp




J. Appl. Phys., Vol. 96, No. 11, 1 December 2004

In the work reported here, we have performed a series of
measurements to try to clarfy the situation regarding the
dielectric constant of amorphous LaAlQs, In particular, we
have performed a sequence of measurements which should
enable us to clearly demonstrate the consistency between
such parameters as film density, dielectric constant, and re-
fractive index. To this avail we have produced thin films of
LaAlO; via three routes, sputtering of a stoichiometric
LaAlO; target, sputtering of stoichiometrc LaAl followed by
anodic oxidation in an O, plasma, and sputtering of LaAl
followed by a recrystallization annealing then a thermal oxi-
dation at 700°C. The results of measurements on these
samples are presented in the following.

. EXPERIMENT
A. Sputtered LaAlQ,

Samples were prepared by radio frequency (if) sputter-
ing of a stoichiometric LaAlQ; target onto room temperature
3-5 0 ¢m Si wafers. The wafers were rinsed in hydrofluoric
acid and blown dry prior to installation in the plasma reactor.
During deposition, the chamber pressure was 10 mTorr and
the gas flow rates were (Ar) 75 (cubic centimeters per minute
at STP) SCCM and (O,) 5 SCCM. The 13.56 MHz power
used with the TORUS 2 source was typically 60 W, this
provided a target bias potential ~—140 V suitable for essen-
tially stoichiometric sputtering of the target material (at least
in terms of the La and Al sputtering). The appropriate bias
potential was determined by sputtering calculations (TRLMIO).
The use of a partial atmosphere of Q5 ensured compensation
for any oxygen loss from the target duzing the sputtering
process. Deposition rates were ~1.4 nm min~! and typical
final film thicknesses were up to ~112.0 nm, as determined
by ellipsometric measurement at a single wavelength
{632.8 nm) and confirmed by mechanical stylus measure-
ment {a-step). Some films were obtained using a of substrate
bias to produce an ion-assisted deposition effect, in this case,
voltage levels were between —92 and ~100 V. Larger biases
were found to produce simultaneous sputtering/deposition of
the films. Film composition was confirmed by using x-ray
fluorescence and comparison with a single-crystal standard
using correction for beam energy and film thickness effects.
One sample was analyzed using profiling x-ray photoelectron
spectroscopy to confirm the fluorescence result. The refrac-
tive index and thickness of the deposited films was measured
using a monochromatic (A=632.8 nm) ellipsometer, as was
the refractive index of a bulk, single crystal LaAlO, samyple.
For the as-deposited (without substrate bias) films, we ob-
tained 7~ 1.78 and for the single crystal, n~2.01. The films
deposited with substrate bias (i.e., with ion assistance) had a
maximum refractive index value of 1.83, slightly larger than
the unbiased value.

B. Anodic oxidized L.aAl

A stoichiometric LaAl target was used with the TORUS
2 sputtering system mentioned above. Identical substrate
preparation steps were used and film thicknesses up to
~0.1 wm were deposited at a rate ~3.3 nm min~! using a
chamber pressure of 10 mTorr of Ar. The sputtering power
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was again adjusted to give a target bias potential ~—140 V,
which was calculated to yield stoichiometric sputtering. Fol-
lowing deposition, the O, plasma was established in the re-
actor {pressure ~10 mTorr) using a microwave excitation
system11 and the substrate biased negatively dc. A constant
de mode of anodization was adopted with the total O™ and
electronic current density being ~1.2 mA em™. LaAlO;,
films ~80-nm thick were obtained in 8 min. The refractive
indices of these films varied slightly from 1.65 to 1.92. In the
former case, we confirmed by Fourer transform infrared
(FTIR) spectroscopy that the LaAl film had been completely
anodized and a thin $i0, anodic layer had formed at the
LaAlQ5/8Si interface. The higher index value corresponded to
samples where no evidence was found for an interfacial oxi-
dation, X-ray diffraction and FTIR were used to confirm that
the anodized films were amorphous.

C. Thermal oxidation

Thick LaAl films ~0.5 um were deposited, as men-
tioned previously, but this tine, the substrates were 4-in. Si
wafers coated with a 370-nm-thick film of Si;N, (plasma-
enhanced chemical-vapor deposited). Since the objective of
the experiment was to study thermal oxidation, the Si;N,
was used to remove contact between the LaAl and so avoid a
possible interaction during the high-temperature oxidation
process. The films were subsequently annealed in a tube fur-
nace in flowing N, at 400°C for 30 min in order to recrys-
tallize the LaAl. The furnace was then heated to 700°C and
the polycrystalline film was oxidized for 30 min in flowing
;. The amorphicity of the films was again confirmed by
FTIR. However, refractive index measurements were not
possible on these films because of the extreme roughness of
the structuras resulting from the recrystallization of the LaAl
film. The roughness resulted in an exaggerated diffusion of
light in the ellipsometer, which rendered the measurement
meaningless. It is important to note, however, that the oxide
of the polycrystalline metal alloy is amorphous even though
relatively high temperatures were used.

In order to obtain an estimate of the density of the de-
posited filws, grazing incidence x-ray reflectivity was mea-
sured using a Philips X'pert double-crystal diffractometer
and Cu K ,; radiation together with a 0.45-mm receiving slit.
The experimental reflectivity curves were fitted using the
WINGIXA software provided by the PANalytical company.
Various different samples wese apalyzed in this manner in
order to determine the film density. Measurements were pos-
sible for the anodized LaAl films and the sputtered stoichio-
metric LaAlO; films but not for the thermal oxide, again,
because of the extreme roughness. The dielectric constant of
the as-deposited filins was obtained by performing capaci-
tance voltage {C-V) measurements using a Keithley 590
system at a frequency of 100kHz on MOS capacitors
formed by depositing 0.0078 cm® Al dots on the film surface.
Typical accumulation capacitance of the MOS capacitors
yielded maximum values of k~ 13, consistent with the pre-
vious work.* This maximum value was observed for both the
sputtered LaAlO; and the anodized LaAl. Note that great
care was taken to reduce the series resistance of the MOS
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FIG. 1. Capacitance/gate electrede to substrate voltage (V) curves mea-
sured at 100 kHz on MOS capacitors fromed on 115-nm-thick films of
amorphous LaAlO; deposited by sputtering. The films were annealed at
400°C for 30 min in N, postdeposition. (~--} subjecte¢ an electiic of
—1 MV cm for 10 min before sweeping from negafive to positive voltage
{(—) subjected to an electric field of 1 MV cm™" for 10 min before sweeping
from positive to negative voltages,

capacitor structures in order to minimize frequency-
dependent corrections to the measured capacitance values. It
must be underlined that capacitance-voltage measurements
leading to an estimation of the dielectric constant were not
possible for the case of the thermally oxidized LaAl films. As
for the refractive index measurements, the extreme rough-
ness of the recrystallized then oxidized film yielded a se-
verely distorted curve. Infrared absorption in the films was
measured using a Fourier transform infrared spectrometer
with a resolution of 4 cm™. As mentioned previously, with
this technique, we were able to confirm the amorphous na-
ture of the LaAlQ; films and further dernonstrate the
absence/presence of any significant amount of interfacial
Si0;,.

Il. RESULTS AND ANALYSIS

A. The dielectric constant, refractive index,
and density relationship

We first consider the results of the C—V measurements.
Both as-deposited, zero-substrate bias films, and anodized
LaAl films showed significant negative flat-band voltage
shifts'® consistent with the presence of trapped positive
charge. This charge probably resulted from the radiation
present during the plasma sputtering of the LaAlQ; target
and in the O, plasma used for ancdization of the LaAl. An-
neals were carried out on both types of samples at 400° C for
30 min in flowing N, to reduce the level of trapped charge.
Typical C-V curves resulting from annealed, sputtered
LaAlQ; samples are presented in Fig. 1. They were gener-
ated by first applying a bias electric field of 1 MV cm™!
(=1 MV em™!) for a period of 10 min then sweeping the
voltage from positive (negative) to negative (positive). A
hysteresis ~-0.74 ¥ is evident, which is consistent with the
presence of some mobile, positively charged species in the
annealed film. We underline the fact that the dielectric con-
stant of the sputtered LaAlO; films was in the range 11-13
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FIG. 2. Grazing incidence x-ray reflectivity signal {in counts) as a function
of twice the angle of beam incidence (26) in nominally 71.8-
nm-thick, sputtered, amorphous LaAlQ; films. The density of the film de-
termined from these measurements is 4.220.5 g em™. The upper displaced
curve is the fit obtained using the WINGIXA software package.

and for the anodized LaAl, 8.7-13. Note also that the
samples used to generate the curves of Fig. 1 were not sub-
jected to postmetallization anneals in forming gas, so that
some stretch-out and stracture is present in the C-V curves
associated with interface states at the film/substrate interface.
This stretch-out was also present in the anodized LaAl film,
as one would expect. In the case of sputtered LaAlQ,
samples deposited using ion assistance (ie., using substrate
bias), very large negative flat-band voltage shifts were mea-
sured. Annealing these samples at 400°C for 30 min resulted
in an evident substrate/film interaction and very distorted
C-V curves. We were unable to use these curves to deter-
mine the oxide capacitance in accumulation and hence the
dielectric constant. It can be concluded from this that ion-
assisted deposition developed damage at the film/substrate
interface, which enhanced the probability of intermixing dur-
ing the annealing process.

In Fig. 2, we show a typical example of the experimental
grazing incidence x-ray curve as a function of 24 for sput-
tered LaAlQ; films deposited without an ion assistance.
From the frequency of oscillation of the Kiessig fringes, we
deduce that the film thickness is 71.8 nm, acceptably close to
the value determined from the ellipsometry measurement.
The critical angle, 6, is defined as the angle where the de-
tected number of reflected counts falls to 1/2 the maximum
value. This is related to the film density through'

G2 = 5=4.1516 X 10"*(p/ME®) 2 ¢ fy;, 1

where the sum is over the different concentrations of the
elements in the film (c,) and f; are the associated atomic
scattering factors, p is the density of the film, 3 is the mo-
lecular weight, and E is the energy of the = rays (here,
8.042 keV). From the value of 8- determined from the fit
shown in Fig. 2, for example, we ascertain p=4.2 g cm,
this value is to be compared with the known single-crystal
value of p=6.51 g crm™. Similar values for the density were
found for the anodic oxide samples. Note that in Fig. 2, we
show the it curve obtained using the WINGIXA software; this
curve is simply displaced to avoid confusion and to enable
the reader to clearly see the quality of the fit in terms of the
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frequency of the oscillation, slope of the curve, etc. The
value of 8- is dependent upon the x-ray energy and the ac-
curacy of alignment of the samplca4 Although we were un-
able to measure #- as a function of incident x-ray beam
energy, we can use the data presented in Ref. 14 to set some
upper limits on the precision of the density value; these are
£0.3 g cm™. It is possible that our measurements are more
precise, but in the absence of the variable energy data, we
cannot advance any estimate.

The question atises as to whether or not the sputtered
LaAlO, filins may be porous, giving rise to the lower density
value. We note first than the film refractive index is directly
related to its density [Eq. (2)] and that for our sarnples de-
posited with and without a substrate bias, the refractive indi-
ces are close. It is generally assumed that one of the roles of
substrate bias is to ton-assist the deposition of the film and
that this usually leads to a more densified form. Since there
is little difference in our case, this may support the hypoth-
esis that our films are already densified, i.e., not porous, Sec-
ondly, we have performed measurements on anodized LaAl
Not only are the refractive indices obtained very close to the
sputtered LaAlO; values but so are the dielectric constant
and density. It 1s known from the anodization f:xpaﬂrnen‘[sl5
on Si that anodic oxides are not usvally porous and that they
are even denser, sometimes, than their thermal counterparts.
It is therefore a reasonable assumption that the sputtered
LaAl(Q; and anodized LaAl films are not porous.

From the density values for the single crystal and for
the amorphous films shown in Fig. 2, we can deduce the
molecular volumes: V, (crystal)=54.45 A’ and V,, (amorph.)
=84.5+6 A3 The density of the amorphous films is therefore
substantialty less than that of the single-crystal material and
this alone is probably the prmary cause for the lower dielec-
tric constant, as will be demonstrated. The increased molecu-
lar volume (decreased density) of the amorphous phase of
LaAlO; as compared to the single-crystal value may not
be surprising. Magic angle spinning nuclear magnetic-
resonance measurements  on amorphous and crystallized
bulk LaAlQ; show clear evidence for the fact that in the
amorphous phase, the Al atoms are fourfold coordinated with
oxygens. In the crystalling phase, coordination increases to 4.
Such an increased coordination can lead to more efficient
network packing and enhanced density (smaller molecular
volume), this has been clearly demonstrated through calcu-
fations for the case of Zr,Si;_ O, ternary oxides.!” Experi-
mentally, one can appeal to the example of Si0; polymorphs
where for the fourfold coordinated amorphous phase,
the density is typically 2.21 g em™ whilst for the sixfold
coordinated stishovite phase, the density increases to
4—4.4 g cm™, Unfortunately, to our knowledge, density
measurements on the butk amorphous phase of LaAlO, do
not exist.

The values of the dielectric constant, refractive index,
and molecular volumes are not arbitrary, According to the
Lorentz-Lorenz equation18

{n?’ - 1)/(?22 + 2) = 4"7""15)1"(3 Vm)v (2)

whilst from the Clausius-Mossotti relationship19
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FIG. 3. {z) Variation of the dielectric constant, k, with {(ery+ ai)/ V,, from
the Clausius-Mossotti equation. The filled circles indicate the experimental
points cowesponding to k=13 and k=26. (b} Variation of the refractive
iklex, x, with e,/ V,, from the Lorentz-Eorenz equation. The filled circles
represent the experimental points Tor the refractive index determined at a
wavelength of 632.8 nm in the sputtered films and the open squares are the
points eorresponding to the range of single-crystal values,

(k= 1)k +2) = 4l ag + a3 V). (3)

Here a, is the electronic component of the molecular polar-
izability and ey, is the polarizability component usually as-
sociated with vibrational motion of the network.'” The equa-
tions presented cleatly indicate that the refractive index and
dielectric constant are both sensitive to the molecular volume
(and hence, the density) and the mcreased molecular volume
(lower density} will result in smaller values of both » and .
Therefore, our density, refractive index, and dielectric con-
stant data are consistent with the amorphous films having a
much lower density than the crystalline phase, and this is a
tundamental result of the present study.

B. The electronic and vibrational polarizabilities

From Egs. (2) and (3), one can produce unique plots of n
as a function of ay/V,, and & as a function of (e,
+a,p,)/ Vi, these are shown in Figs. 3(a) and 3(b). In Figs.
3(a) and 3(b), we indicate the crystalline and amorphous val-
ues of (g +ceyy,)/V,, and a,/V,, deduced using the experi-
mental values of k and » for the deposited and anodic films
and single crystals. For simplicity, we take the dielectric con-
stant to be 13 for the amorphous films, the maximum valoe
we have measured. It should be noted here that although
some high k crystals are relatively anisotropic, this is not the
case™ for LaAlQ,, so we make negligible error in taking a
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TABLE 1. The electronic () and vibrational molecular (o} polatizabil-
ities for LaAl(; films and single crystal deduced from refractive index and
dielectric constant measurements. The molecular volume, V,,, for the amor-
phous films was determined by grazing incidence x-ray reflectivity measure-
ment.

Stusture gy [A%] (g +arg,) [A] ayp [A%] v, [A%]
Crystal (6.53-6.88) 11.61 (5.1-4.73) 54.45
Amaorph, (83-88)+0.6 16i4+1.1 75920 84,526

unique value, Note that in Fig. 3(b), we include a range of
values for the crystalline phase corresponding both to our
measurements and those of the others.! Using these known
dielectric constants, refractive indices, and molecular vol-
ames, we can deduce the associated polatizabilities; these are
given in Table I. One observes, as expected, that ay << (e
+av,y,) and that, in general, a, and {a,+ a,y,) are smaller in
the crystalline phase than in the amorphous state.

The polarizability data shown in Table [ indicate that, in
general, both the clectronic and vibrational polarizability
terms decrease as the molecular volume decreases. The
variation of the polarizability with molecolar volume has
been the subject of various publications. For example, a de-
tailed analysis®® of the structure and pressure dependence of
the electronic polarizability, &, in four and eight coordi-
nated MgO clearly evidences the fact that this term increases
as the molecular volume increases, as indeed we cbserve for
LaAlO, in Table I. Further evidence for volume-dependent
effects comes from the measurements of the dielectric con-
stant as a function of volume in single-crystal LaAlO;. We
show the data obtained for the temperature dependence of
the molecular volume™ and dielectric constant™ in Fig. 4.
For simplicity, we represent the data in the form of a plot of
(o + avygp) versus V.. Since volume-dependent refractive in-
dex data do not exist for this material, we cannot extract the
individual molecular volume dependence of &, and ay,.
However, it i clear form Fig. 4 that the polarizability in-
creases with molecular volume in this material.

Similar analysis and conclusions can be reached by ex-
amining the refractive indices of the $i0, polymorphs,” as
shown in Fig, 5. In Fig. 5(a}, we show the electronic polar-
izabilities estimated from the measured refractive indices of
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1148 -

i 1 1 L 1 "
542 543 544 545 546
Molegular Volume (A}

FIG. 4. Variation of the total molecuiar polarizability (og+ g} with mo-
lecular volume, V,, in single crystals of LaAlQ,.
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FIG. 5. (a) Variation of the electronic component of the polarizability of
polymorphs of 810, as a function of molecular volume, as determined from
their refractive indices. (b) Variation of the vibrational component of the
polarizability of three phases of 8iO;, amorphous, «-quartz, and stishovite,
as determined from their dielectric constants.

various amorphous and crystafline phases. Clearly, «, in-
creases as the molecular volume increases. Similarly, in Fig,
5(b), we show the data for (a,+a,) as a function of mo-
lecular volume. In this case, experimental values for the di-
electric constants were only available for amorphous SiO,
and a-quartz. The data used to estimate the value of (a
+ ) for stishovite were taken from calculations.

It is clear, therefore, that one should not neglect possible
variations in the electronic and/or vibrational components of
the overall polarizability as a function of the molecular vol-
ume. In the oxide additivity model,26 the dielectric constant
of a complex oxide can be expressed as a sum of the contri-
butions from the individual molecules through the weighted
sum of their polarizabilities

(e + yiphm AMqOp,p = € (@1 + Coip)M, 08

+{(1 - c)aa + ayp)v 0, {1

where ¢ is the effective concentration of M,0g molecules
and {1—-¢) is the concentration of MuOp molecules. It is a
tacit assumption of the additivity model that as the concen-
tration i changed, the only variable is the molecular volume
of the composite molecule M MqOg,p. The data presented
in Table I for the case of our LaAlQ; oxides clearly show
that invariance of (e, + ayy,) with change in molecular vol-
ume cannot be assumed.
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IV. CONCLUSIONS

As demonstrated in Sec. 1, there is substantial disparty
in the values obtained for the dielectric constant of films of
amorphous LaAlQ; deposited on Si. We have endeavored to
obtain a coherent explanation of the measured refractive in-
dices and dielectric constant in our deposited and anodic
oxidized amorphous films and bulk, single-crystal LaAlO;
samples, It appears that the primary reason for the lower
dielectric constant in the amorphous deposited and anedized
films, as compared to single-crystal values, is a simple result
of the higher molecular volume (lower density) with some
associated change in the electronic and vibrational molecular
polarizabilities. The origin of this density difference may lie
in the coordination of the network since experiments have
shown that Al in LaAlO; is fourfold coordinated in a low-
temperature, amorphous material sixfold coordinated in a
high-ternperature (crystalline} material. Coordination is a
dominant factor in the determination of the network density.
Using the density measurements one can further analyze re-
fractive index and dielectric constant dafa in terms of varia-
tion of the electronic and vibrational parts of the polarizabil-
ity. In the absence of significant interfacial interactions
between the deposited film and the underlying Si substrate,
measuring all these parameters is necessary to achieve a
complete physical understanding. The analysis of our mea-
surements suggests a clear variation of the electronic and
vibrational parts of the polarizability with molecular volume,
and this is consistent with the expectations based upon model
calculations.” These variations of the polarizability are usu-
ally neglected when applying the oxide additivity rule to
estimate the dielectric and refractive constants of mixed al-
loys and this may be a failing of the method.

We are still unable to reconcile the inconsistencies in
other published data on the dielectric constant of deposited
LaAlQ, films. These inconsistencies could certainly be re-
moved to some degree if optical data, in particular, refractive
index. measurements, were avatlable for other authors’ films.
A survey of the rather limited data sets presented in Sec. |
seems to point to the fact that deposition of LaAlO; on Si, at
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elevated terperaturss, results in a low value of the dielectric
constant (as compared to the single-crystal value), at least
partially due fo film/substrate interaction. One data set, in-
volving deposition onto Pt films indicates that high values of
k can be achieved for amorphous films but, perhaps, not on
Si. It would therefore be very interesting to see if this indeed
results from the nature of the substrate (i.e., Pt), in which
case, one would conclude that Si is not a good host for high
k LaAlO, films.
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Measurements of the dielectric constant of amorphous and crystalline Pry04 are reported. The high
valpe ~235 for the polycrystalline phase is discussed in terms of the network structure and
comparison is made with heavy rare-earth oxide values. The specific cases of LaAlO5 and Ta, O are
also discussed and the role of network structure evidenced and elucidated. A potential route to
finding high & materials suitable for microglectronics apphications is suggested. © 2005 American

Institute of Physics, {DOL: 10.1063/1,2012513]

[. INTRODUGCTION

Thin-film high dielectric insulators remain a potential
“show stopper” for the evolution of silicon-based microelec-
tronics in the generations to come as outlined in the semi-
conduetor industries roadmap.’ Specifically, a dielectric con-
stant (k)~25 1s required to satisfy the requirements for
metal-oxide-semiconductor field-effect transistor (MOSFET)
gate dielectrics leading out to years beyvond 2010, Similar or
larger vatues are requited for dielectrics used in embedded
dynamic random access memory (DRAM) cells and radio-
frequency (RF) coupling capacitors. The material must alsoe
respond positively to a series of other demands relating to
such effects as lack of interactivity with the Si substrate, low
leakage currents, low interface state density, high electrical
barriers against charge injection, etc,” To date, no suitable
material has been proposed although a host of different
mixed oxides has been examined.

One of the materials which appeared to potentially have
great promise as high-k dielectric replacement for Si0, was
LaAlO,. It has a wide electronic band gap of ~6eV, an
acceptable band offset’ (~1 eV), dielectric constant of ~26
in the crystalline state, and projected thermodynamic
stability4 in the presence of Si. However, it fums out that
LaAlO, is not stable at high femperature in contact with Si
(Ref. 5} and that the amorphous phase produced during a
deposition sequence’ has a dielectric constant of only 13, As
a consequence of the high-temperature reactivity, the crystal-
line phase with its higher k& value cannot be attained by re-
crystallization of the amorphous material, at least, when the
film is deposited on Si. Though the use of LaAlO; in ad-
vanced Si technology is unlikely on the basis of the informa-
tion advanced, the significantly different dielectric constant
values between the amorphous and crystalline phases are in-
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CHTM, 1313 Goddard SE, Albuguerque, NM 87106; FAX: 505 272 7801,
clectronic mail: devine@ chim.unm.edu
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98, 0441021

triguing. They lead us to suggest that one might, perhaps,
learn something significant from the dielectric constant mea-
suremnents which have been made. The focus of this paper
will therefore be an understanding of the intimate relation-
ship between the dielectric constant and the atomic structure
of the dielectric network. The need to integrate this under-
standing into any considerations used when trying to deter-
mine which alloved oxide systems will potentially resolve
the “high-% dilemma” is assumed to be essential.

The generalized importance of the atomic network in
determining the dielectric constant in simple binary and mul-
tiple oxide systems will be discussed in the following for the
rare-earth (RE) oxide system RE;0;, Ta;0s, and LaAlO;. In
order to include the RE,0, system, we have performed mea-
surements on Pr,05 alloys, these will be described in the first
instance,

Il. EXPERIMENT

In order to resolve apparent inconsistencies in the pub-
lished data on Pry05 we have manufactured thin films of this
material and performed electrical and optical measurements
on it. The 4™ Si (100} wafers were deoxidized in HF acid and
blown dry to leave a passivated, native oxide-free surface
prior to deposition of the PryOa. Using an electron-beam
evaporator together with PrsOy; as the source and a partial
pressure of 2.5 % 1073 torr of O films of ~110 nm of Pry,04
were daposited at room temperature. Single wavelength el-
lipsometry {(A=632.8 nm} indicated that the refractive index
of the depostted film was 1.80+0.005. Some films were an-
nealed in flowing O, at 400 °C following deposition and for
these the refractive index was 2.025£0.005. Al dots, I mm
in diameter, were evaporated onto the surface of the oxide
films through a shadow mask to form metal-oxide-
semiconductor (MOS) capacitors. The capacitance/voltage
curves for these capacitors were then measured at a fre-
quency of 100 kHz using a Keithley 390 system. From the

© 2005 American Institute of Physics
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FIG. 1. The x-ay-diffraction plot for the recrystallized samples of PryO;
annealed in O at 400 “C. The plots have been smoothed 0 accentuate the
diffraction peaks.

capacitance plots in strong accumulation we determined the
dielectric constant of the films to be 161 (as-deposited
samples) and 25.4+0.7 (annealed samples).

Standard x-ray-diffraction measurements were made us-
ing Cu Ke radiation, the diffraction intensity versus 26 curve
is shown in Fig. 1 for the annealed sample. The curve for the
as-deposited sample showed no sharp peaks consistent with
it being amorphous, The recrystallized sample peaks at
29.2° 47.55°, and 56.55° concur with those obtained by
other authors’ and identified as due to the hexagonal phase of
Pry(,. Glancing incidence x-ray reflectivity was used to as-
certain the density of the as-deposited and recrystallized
films, The reflectivity was measured nsing a Philips X pert
double crystal diffractometer with Cu Kea radiation and a
G.45-mm receiving slit. The experimental data is shown in
Figs. 2(a) (amorphous, as deposited) and 2(b) (recrystallized
at 400 °C in flowing O,) together with the fits obtained us-
ing the WINGIXA software supplied by the PANanalytical
company. Note that the fit curves are displaced vertically
with respect to the experimental curves in order to facilitate
judgement of the quality of the fits. The fits yield the values
of 6.42x0,2 and 7.08+0.2 g em™ for the densities in the
as-deposited and annealed samples, respectively.

ill. DISCUSSION

In order to discuss the importance of the network in
determining the dielectric constant we will throughout appeal
to the classical Clausius-Mosotti formula which relates the
dielectric constant to the molecular polarizability c, and the
molecular volume V,,

(k— DYk + 2) = dalDap/V,,. (1)

For the purposes of the discussion here we will not make use
of the oxide add.itivitg rule form of Eg. (1) approprate to
mixed oxide systerms.

A. The RE,O; system

Though the RE,(4 compounds are in general hygro-
scopic and therefore of little use in standard technological
applications, a study of the vanation of the dielectric con-
stant with RE ion is informative. Various authors have mea-
sured the dielectric constants in RE,0, binary oxides and

J. Appl, Fhys. 98, 044102 (2005)
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FIG. 2. (lancing incidence x-ray scattering data for ProOs films (a) amor-
phous and (b) recrystallized. In both plots the fit curves are shown simply
displaced vertically in order to give a clearer indication of the quality of the
overall fil to the experimental curves.

their values are given in Table 1. There is sometimes a wide
disparity which may arise perhaps due to uncertainty as to
the state of the material (amorphous or crystaliine) or be-
cause during the experiments an §i0, layer has formed at the
dielectric/semiconductor Interface which has a net effect of
lowering the overall effective dielectric constant, The most
reliable data appears to be that on the crystalline RE,O; films
grown on Si since here it is most likely that an amorphous
Si0, barrier layer has not formed. As a general rule the
higher dielectric constant values are associated with the crys-
talling phases and this is because the molecular volume is
usualty smaller for these denser polymorphs. The particularly
interesting example in point is the case of Pr,0; where we
have found that k- 16 for the amorphous state and 25.4 for
the crystallized, hexagonal phase. The latter value is consis-
tent with that obtained by other workers for recrystallized
films,'? the structure of these films is polyerystalline hexago-
nal. An even higher value for Pr,0 of 31 has been observed
for epitaxially grown film on the Si (100} face. Note, how-
ever, that in this case the siructure is cubic, not the mote
usual hexagonal, :

What might seem at first inconsistent is that the dielec-
tric constants measured for the crystalline, lighter rare-earth
oxides LayO3, and Pr,O, are significantly larger than in the
heavier, crystalline rare-earth case (as evidenced in Table 1.
It is important to note from Eq. (1) that the rwo parameters
are of importance in deterrining %, the molecular volume V,,
and the molecular polatzability ap. In Fig. 3 we show the
molecular volume values as a function of rare-earth ion for
the rare-earth oxide series as determined from the published
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TABLE 1. Measured values of the diciectric constant & molecular volume (in units of 1072 cm™) and molecular
polarizability (in units of 107 ¢m®) in REO; compounds.

La Ce Pr Nd Pm Sm Eo Gd Th Dy Ho Er Tm Yb Lo
kvalue 228 212° 155 139° 11.4° 13.7° 12.0° 129" 125° 125 12.5° 126" 134" 12.5°
20° 255 1290 468 13.9° 143 12
27 16 145

2541

31¢

15°
Molecalar 798 787 756 757 743 728 724 0.6 69.6
volume 83.1 794 712 762 786 812 768 793 746 735 745 707 702
ap 171 16.85 171 1529 155 146 149 141 339 139 136 13.2

*Reference 9.

*Reference 12,
“Reference 15,
IReference 10.
“Reference 13,
'Reference 17.

density measurements, ™’ We see that for ions lighter than Eu
there appears to be a finite decrease in molecuolar volume and
this step correlates directly with a struciural change. In fact
the heavier rare-earth oxides are cubic whereas the lighter
ones are hexagonal ™ Straightforward inspection of Eq. (1)
indicates that a reduction in molecular volume will lead di-
rectly to an increase in k if the molecular polarizability re-
mains constant or indeed increases. It is important to deter-
mine the molecular polarizabilities in these compounds and
to observe the consequences. if any, of the steplike volume
modification. Using the crystalline k data and molecular vol-
umes from Table I, we calculate, using Eq. (1), the molecular
polarizabilities which are also presented in Table 1 and
shown graphically in Fig, 4(a). In Fig. 4(a) we include the
data on vare-earth garnets, RE;Gas0y, is taken from Ref. 21
a monotonic decrease in & occurs as one crosses the periodic
table from light to heavy REs. There appears to be no dis-
continuity in the variation of « as one crosses the series. If
the large increase in dielectric constant in the lighter REs as
compared to the heavier ones would have been attributed to
a variation in gy, alone, then a nonmonotonic variation would
have resulted rather similar to the nonmonotonic variation of
the molecular volume shown in Fig. 3. The comparatively
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FIG. 3. A plot of the molecular volume #s a function of rate-earth jon in the
series RE,O4. The lighter RE's below Eu are expected to form the hexagonil
ciose-packed phase while the heavier RE’s form the cubic phase.

EReference 16.
FReference 18.
‘Reference 11,
‘Present work.
FReference 14

similar behavior of ap in the oxide and garnet series shown
in Fig. 4{a) confirms our interpretation of the variation of k
with ion in the RE series, namely, that the jump in dielectric
constant results primarily from a change in the volume of the
RE, 05 network due to a phase change.

The data for RE,0; and RE garnet compounds shown in
Fig. 4(a) suggest a monotonic decrease in ¢, with RE ion.
We shall approximate
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FIC. 4. (a) The variation of the molecular polarizability in (O} the RE,0,
compounds deduced from the crystaliine phase dielectric constant values
shown in Table I, left-hand scale and (A) for the RE garnets and right-hand
scale for the RE;GasOy,. (b) Variation of the optical polarizability a,, for
the crystalline RE,O,; compounds, from Ref. 23 (O) (lefi-hand scale) and
the low-frequency molscular polarizability calculated from the measured
dielectric constant (A) (right-hand scale).
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BV, Am k-~ 1k +2) = ap
= Dagper + 3agr + FHZ~ 2,
(2)

where the term F,"{Z-Z')* is defined in Ref. 22 and is
related to the relative displacement of the RE and O ions in
the network. We have assumed an additivity model for the
ionic polarizabilities and that they are related to the material
refractive indices n through

BV, /amin— D (n + 2} = gy = 2aggs + 3o (3)

Values for the optical frequency polarizability in the RE,0O5
seties have been determined™ and they are shown in Fig.
4{b) together with the values of the low-frequency polariz-
ability determined from the dielectric constant using Eq. {2).
There is clearly a reduction in polarizability as cne crosses
the RE,O, series from light to heavy rare earths although the
variation in the optical polarizability component is a factor of
2 smaller than that of the low-frequency polarizability. Con-
paring Egs. (2) and (3) this suggests that some variation in
the term related to the relative displacement of the composite
tons may also be occurring. 'The observed menotonic de-
crease of the effective polarizability across the RE series is
apparently, however, supported both on the basis of the op-
tical and low-frequency measurements. Calculations of ay
may be made using the published individual ionic
(;Ompcmcntzs24 {opg+ and ceqe-) for the closed-shell configu-
rations of the individual tons. Though the absclute magni-
tude is in disagreement with experiment, again the general
trend of a decrease in polanizability across the series is an-
ticipated.

The behavior of the experimentally cbserved diclectric
constant across the crystalline RE,O4 series can therefore be
entirely expected in terms of the structure of the oxide net-
work and the vadation of the tonic contributions with closed-
shell configuration of the RE ions, Before leaving this sec-
tion we return to our single point data on amorphous Pr;O,
where we found that k~ 16 and the demsity p~ 6.4 g cm™.
Using these values we calculate V,,=85.6> 107 cm® and
Hpmophons=17 X 107 e’ to be compared with V,=78.1
X107 em?® and esageny=16.6% 107 cm® for the hexago-
nal crystailine phase. These results lead us to conclude that
the polarizability is relatively network insensitive for Pr,O;
and that the primary driver in varying the dielectric constant
is the density of the network through its atomic structure.

B. The Ta,05; system

The success in understanding the behavior of the dielec-
tric constant in the RE,O, series in terms of variation in the
structure of the netwaork leads us to examine another material
where potentially surprising results are obtained, specifically
Ta,Os. In amorphous Ta,Os the measured™ dielectric con-
stant is typically 25. At relatively low annealing temperatures
(=700 °C) orthothombic™  and hexagonal®®  crystalline
phases have been stabilized. In the former case increased
dielectric comstants varying from 30 to 530 have been
re:portedZLZ(3 whereas in the latter (hexagonal)} the dielectric
constant is reported between 55 and 64.%° Note that the

J. Appl. Phys. 98, 044102 (2005)

TABILE TI. Density, molecular volume, measured diclectric constant, and
molecular polarizability for various phases of TayOs.

Molecolar
Density  Molccular volume  Dielecttic  polarizability
Phase gem™ X107 em® constant X107 em®
Amorphous 810 90.60 25 19.2
Orthorbombic 8.24 89.03 45-52 19.9-20.1
Hexagonal 832 84.18 55-64 19.9-20.1
Monochinic %48 86.51 126142 20.2-20.3

orthorhombic phase appears to be the most stable form. Of
particular note is the data®* concerning the effect of sub-
stimution of Ta,0 by small quantities of TiQ, [particularly
0.92(Ta,05) 0.08(TiO,)}—k values of 126 and 189 have
been reported for these mixed oxide compositions. We note
that the structure of the Ta, Q5 network in the titania stabi-
lized network is monoclinic as it is with other stabilizing
binary oxides. However, not all binary oxide additions sta-
bilize the monoclinic form, many stabilize the orthorhombic
phasf:zg‘34 where significantly lower dielectric constants are
observed as expected.

In Table II we summarize the relevant parameters for the
different phases of Ta,O5 which enable us w calculate the
molecular polarizabilities and molecular volumes. Equation
(1} has been used together with the measured dielectric con-
stants and kanown molecular volumes to dedace the molecu-
lar polarizability for each phase and we remark that over the
range of phases studied, whereas the molecular volurne de-
creases by 4.5%, the molecular polarizability increases by
5.7%. The sense of these changes is such that a/V,, increases
by ~10%. The effect of this change is best seen pictorially in
Fig. 5 where we plot k as a function of a/V,, as calculated
from Eq. (1). The dramatic increase in & with a/V,, clearly
explains why such large & values are cbserved,

We apply the additivity rule o, =2agus+3mg2- to-
gether with the ionic polarizahilities for Ta and O from
Ref. 24 oy, (Ta*)=473X10 em’,  a,u(07)}=2.01
X 107 cm’, and determine a,y(Ta;05)=19.51 % 107 cro?,
This value is actually within 1.6% of the value of ap, deter-
mined for amorphous Ta,(O5 as shown in Table II. However,
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B 120}
=
& sof
2
"/ 40
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FIG. 5. Variation of the dielectric constant as a lunction of the ratic of the
molecular polarizability io the molecular volume (ae/ V) a5 anticipated from
Bq. (13. {A) the values of & measured experimentally which enable deduc-
tion of the respective a/V,, values.
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using Eq. (3) together with the measured refractive index of
2.1 we obtain oy, (Ta;05)=11.3 X 107% em?, this discrep-
ancy is in the same sense and of similar magnitude (almost a
factor of 2} as that observed when treating the case of RE,0;
compounds above. It would appear that the calculated ionic
polarizabilities™ are almost a factor of 2 too large.

C. The LaAlO; system

As mentioned above, the dielectric constant of amor-
phous LaAlO; is ~13 while it is 26 for the crystalline
phase.® It has been determined that V,~84.5x6% 10~
cm’ for the amorphous phase and 54.5 % 1072 em® for the
crystalline  state.  We mote  that  V,{crystalline)/
V o{amorphous) is 64.5% whereas for the Pr,Q; and Ta,0s
cases we obtained V,(hexagonal)/V,(amorphous)=91.6%
and V,,(monoclinic}/ V, (amorphous)=95.5%, respectively,
the latter variations are substantiafly less than that observed
for LaAlOs. It has been underlined that there is evidence in
L.aAlO, for a significant change in atomic coordination num-
ber when comparing the amorphous and erystalline states
and this would account for dramatic changes in apparent
density.

The resultant molecular polarizability values are
ep(amorphous)=16.1+1.1 X 1072 cm® and ap(crystalline)
=11.6% 107" cm’. Again using the ionic polarizahilities de-
termined in Ref 24 we predict a,,(LaAlO;)=12.9
% 1072 gm®. This value is “relatively” close to the crystal-
line ay, value but substantially different from the amorphous
value. Furthermore, using the experimental value™ for n we
deduce e, (LaAlO;}=6.54 X 1072 cm?® which yet again dif-
fors from the calculated value® by a factor of nearly 2,

If we corapare the variation of wp with V), for the vari-
cus materials we have studied, no systematic behavior
emerges. In the case of LaAlO,, oy, increases with V,, which
is the opposite of what is found for Ta,05 (Table II}. How-
evet, in the case of PryO;, ap again increases with increasing
V., although the variation is small, Comparison of the values
of ayy caleulated from the published ion polarizability data
and the values of ap deduced from the experiment give a
guide as to the behavior of the polarizability in the RE,O4
system and, surprisingly, the absolute values are similar. This
is, however, inconsistent with the fact that such calculations
neglect the ion displacement pelarizability term, Fusther-
more, the actual oy, values determined from optical experi-
ments are overestimated by the calculation. More detailed
measurement and analysis are required to elucidate this be-
havior.,

IV. CONCLUSIONS

We have endeavored to analyze the behavior of the di-
electric constant in the amorphous and crystalline alloys of
LaAl0,, Ta,04, and RE;O;. Though the behavior of the mo-
lecular polarizability turns out to be complicated, the overall
importance of the network structure in determining the di-

2. Appl. Phys. 98, 044102 (2005)

electric constant is clearly underlined. Specifically, very
large values observed in the case of Ta,Oy can be directly
related to the formation of a dense crystalline phase which is,
interestingly, stabilized by the addition of relatively small
quantities of secondary binary oxides. This observation
strongly suggests an approach which might be exploited in
the dilemma to find alternative high-k materials for micro-
electronics applications. Namely, to look for metastable,
high-density phases of dielectrics which already have rela-
tively high dielectric constant values in their equilibrium
phases.
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Abstract

Electrical and optical properties of low-temperature, plasma enhanced
chemical vapour deposited films of TiO; have been studied; the source gases
were TiCly and O,. The amorphous, as-deposited films had a dielectric
constant ~33 consistent with their measured density of 3.2 +£ 0.2 g cm ™,
Films deposited using a —41 V substrate bias contained the anatase phase
and some rutile as evidenced from infrared spectroscopy and x-ray
scattering. Annealing of these films at 600 °C resulted in a significant

increase in the rutile content of the film.

1. Introduction

Research into binary and ternary oxides continues in an
effort to find a high dielectric permittivity material to
replace the thin, amorphous SiO, films generally used in
Si based microelectronics. If microelectronics is to evolve
as anticipated in the celebrated ‘semiconductor roadmap’,
a dielectric with permittivity & = 25 must be found to
enable the technologies of the year 2016 or even earlier.
Permittivity is not the only criterion for the dielectric.
(a) It should preferably be amorphous to eliminate electrical
leakage along grain boundaries (many materials crystallize
in the temperature range of 20-1000 °C and this can cause
both significant roughness at the dielectric/semiconductor
interface which compromises the device quality and gate
leakage currents). (b) The optical bandgap should be large.
(c) The band offset of the dielectric conduction/valence
band and the Si conduction/valence band should be large.
(d) The dielectric should be thermodynamically stable with
respect to Si at temperatures up to ~1000¢ °C. (e) The
dielectric should be a good barmrier to dopant diffusion
if polycrystalline Si gate electrodes are used. (f) The
dielectric/Si substrate interface should have interface state
densities comparable to those of the 5i/5i0- interface. Given
the large number of criteria, it is perhaps not surprising
that no immediate solution to the problem has presented
itself.

3 Alsoat the LEMD-CNRS, BP 166X, Avenue des Martyrs, 38042 Grenoble
Cedex, France.
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In the medium term it appears that materials such as
Hf,8i,0,N, may provide an adequate solution to the dielectric
dilemma [1]. However, the dielectric which ultimately
replaces SiO; will most likely be a non-silicate based ternary or
quaternary oxide. With this objective in mind we have begun
a systematic study of the dielectric properties of potential
candidates for inclusion in these compounds beginning with
amorphous TiQ,. Although the electronic bandgap of this
material is relatively small (~3.5 V), the average dielectric
constant of the crystalline, rutile phase is very large (~114)
[2].  Therefore, although TiO, itself is not adapted to
applications in the field of microelectronics, understanding
the nature of the electronic and ionic contributions to
the dielectric constant of materials such as these may be
useful.

Besides the physical issues outlined above, it is important
to note that the materials developed must be obtained in
a technology-compatible way. This implies that thin films
will be deposited using techniques such as chemical vapour
deposition (CVD), plasma enhanced CVD (PECVD) or,
perhaps, atomic layer CVD (ALCVD). Tt is not at all
clear that the physical propertics of the films deposited
using such methods will reflect the idealized ones, which
we might obtain using specialized ‘laboratory’ deposition
techniques. In the present work, therefore, we have
examined the properties of TiO; films deposited using a
standard technology-compatible PECVD process. It is hoped
that the results obtained will give insight into potential
problems with deposited films and ultimately render the
engineering of an appropriate ternary/quaternary compound
gasier.
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2. Experimental details

Thin films of TiO; were deposited onto Si(1 00) wafers using
a microwave (2.45 GHz) excited electron cyclotron resonance
plasma reactor working in the pressure range 1-10 mTorr.
The microwaves were introduce into the reactor viaan antenna
system described elsewhere [3]. The advantage of this method
is that the plasma potential is rather low so that bombardment
of the substrate with energetic species in the plasma commonly
found in parallel plate type reactors can be avoided. TiCl, was
used as a source of Ti containing molecules and depositions
were carried out at substrate temperatures close to room
temperature (i.e., <65 °C). Typical deposition conditions were
as follows: O, partial pressure 8 mTorr, TiCly partial pressure
0.15-0.18 mTorr, microwave power 400 W. Two deposition
modes were used: (a) a “floating’ potential with no substrate
bias and (b) a —41 V substrate bias applied using radio
frequency (1f) biasing of the substrate. Some of the samples
were subjected to post-deposition annealing in N» gas, at
600 °C for 30 min.

Film thicknesses and refractive indices (1) were
determined ex sifu using a single wavelength 632.8 nm
ellipsometer. In the case of set (a) (zero substrate bias), we
obtained a typical deposition rate of 1.1 nm min™', while
for set (b) deposited using a —41 V rf substrate bias, the
deposition rate increased to 2.3 mm min~!, indicating that
the substrate bias plays a positive role in increasing the density
of the reactive species (Ti*,0F) near the Si substrate. The
typical thickness of all samples used in the present study was
220 nm. The as-deposited oxides appeared to have a smooth
surface and the uniformity of the film thickness was typically
5% over a surface area 2 cm by 2 cm.

TiO; film densities were determined by glancing angle
x-ray reflectivity with a Philips double crystal diffractometer
using the Cu Kea(1) radiation (A = 0.1541 nm) after a four
crystal Bartels monochromator and a 0.45 mm receiving slit.
The data taken were analysed using the WINGIXA software
provided by PANalytical. Film crystallinity was analysed
using an x-ray diffractometer (XRD), working with Cu Ke(1)
radiation. The dielectric constant of the films was obtained
by performing capacitance/voltage C(V) measurements at
100 kHz using a Keithley 590 system on metal-oxide-
semiconductor (MOS) capacitors formed by depositing
0.002 cm? Al dots on the oxide surface. For recrystallized
films, grain boundary related leakage currents were found to
be prohibitively high and we were obliged to manufacture
metal /foxide /degenerate Si structures in order to be able to
measure the capacitance and deduce e. Film composition was
determined by using both secondary ion mass spectroscopy
(STMS) and energy dispersive x-ray analysis. The SIMS
profiles reveal a depth-independent, constant concentration
of O and *7Ti appropriate to stoichiometric TiO2. The EDX
measurement confirmed the overall film concentration found
by SIMS and enabled us to confirm that within experimental
error, no Cl from the TiCl, source was incorporated in the film.
Post-oxidation ex sifu measurements of the infrared absorption
spectrum were made using a Fourier transform infrared (FTIR)
spectrometer with a resolution of 4 em™'. The angle between
the TR beam and sample was set to 65° in order to stinmulate
both the transverse optical (TO) and the longitudinal optical
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Figure 1. Infrared absorption spectra measured for an incidence
angle of 65°. Solid lines: as-deposited TiO;; dashed lines: the same
samples subjected to annealing at 600 °C. (@) An oxide deposited
with zero bias; (b} an oxide deposited with a —41 V RF bias.

(LO) IR active vibrational modes. For these measurements
the native oxide on the unpolished Si surfaces was removed
with HF.

3. Results

3.1. Infrared absorption

We present first, in figure 1, the infrared absorption curves.
Curves (a} are the IR spectra for the samples deposited with
a “floating’ bias for 180 min. The solid line is the absorption
for the as-deposited TiO;. The broad peak in the region
of 400-600 cm™ is due to the TO vibration of the Ti-O
bonds; it is associated with the LO vibrational mode in
the tegion of 700950 cm~!. In this region, one observes
two absorption bands centred at 830 cm ! and 850 cm™!
respectively. The EDX measurements confirmed that only
low levels of Cl could possibly be included in the films (i.e..
less than the experimental accuracy which is ~3%) so that one
might invoke Ti—Cl bonds as the origin of the supplementary
infrared absorption. However. Cl related peaks are known to
appear at 600 cm ™!, so this cannot be the origin. This gives us
further confidence that Cl is not present in our deposited films.
Detailed investigation of the nature of these extra vibrational
modes is required. We conclude that the breadth and position
of LO and TO peaks confirm the amorphous nature of the as-
deposited film [4] and that the LO peak has two contributions.
Following annealing at 600 °C (the dashed line in figure [(a)),
two intense, narrow peaks appear at 432 and 853 cm ™. These
correspond to the TO and LO modes for the anatase phase
[5, 6]. In figure 1(b) we show the IR spectra for samples
deposited in 90 min using a —41 V substrate bias, we observe
that even in the unannealed, as-deposited film, the crystalline,
anatase phase vibrational modes are present. Rutile modes, if
present, were unobservable.

We also observe the appearance of another peak at
493 cm~! following annealing at 600 °C for 30 min in an
N, atmosphere (the dashed line). This peak corresponds to the
Ti—O vibration in the rutile [7] phase, which indicates that the
sample must be a mixture of anatase and rutile. Because of
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Figure 2. The infrared absorption spectrum of the Si-O-Si
stretching vibrational mode in 5 nm of thermally grown Si0O; (the
dashed curve). Solid line: a spectrum for TiO; deposited with a
—41 V bias then annealed at 600 °C, expanded in the same spectral
Tegion.

the lower frequency limit of our FTIR instrument, we were
unable to measure with precision the full width of half
maximum for the TO peaks. From the IR measurement we
were further unable to ascertain the degree of crystallinity of
the films.

It has been demonstrated [8] that annealing of TiO, on
Si above 800 “C results in an interaction with the formation
of Ti silicate or Si0O,. Because of concerns about the
potential reactivity of the TiO; film with the Si substrate during
annealing particular attention was paid to the IR absorption
peak around 1070 cm ! where the strongest mode associated
with Si—O vibrations occurs in thin films. In figure 2 we show
the IR absorption for a 5 nm thick SiO, film grown on Si
(the dashed line) and the expanded data (the solid line) from
figure 1(£) associated with the 600 °C annealed film deposited
with a —41 V bias. It is clear from this comparison that any
Si0, interfacial layer present in the annealed TiQ,/Si structure
is less than 1 nm thick.

3.2. X-ray measurements

3.2.1. X-ray diffraction. In figure 3 we show the x-tay
diffraction (XRD) patterns for the same samples as presented
in figure 1. The most intense peaks in all three data sets
shown, in the region of 26 ~ 32-37°, come from the single
crystal Si substrate. Similar observations have been reported
by others [9]. As-deposited, zero bias films show a featureless
spectrum typical of an amorphous network and is shown in
figure 3(a). The narrow peak at 33.2 is the (0 0 2) diffraction of
the Si (100) substrate. The 600 °C annealed oxide deposited
under ‘floating’ bias conditions (figure 3(b)) consists of an
intense line at 25.4° and less intense lines at 38.9°, 48.1°
and 55.5°, which correspond to the (101), (004), 200)
and (2 11) plane reflections of the crystalline phase anatase
respectively. The anatase (101) peak is expected at 26 =
25.28°. The experimental angles are very slightly displaced
compared to the single crystal values, and this may be due to a
variety of reasons: imperfect alignment between the samples
and the substrate holder in the xy plane, roughness of the film,
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Figure 3. The x-ray diffraction pattern for (&) as-deposited at room
temperature without a —41 V bias (b) zero bias deposited, 600 °C
annealed samples (¢) a —41 V bias as-deposited films (d) films as in
(¢) but annealed at 600 °C.

misalignment of the omega/2 theta goniometer, etc. Stress
effects in the oxide film have been neglected even though
the contact between the Si(100) single crystal and the TiO»
could, potentially, introduce this variable. The anatase (103)
reflection expected for an angle of 36.9° is confused with
the Si substrate reflection mentioned previously. Figure 3(c)
shows the data obtained for samples deposited in the presence
of a —41 V substrate bias but not subjected to subsequent
annealing. We again see peaks associated with anatase but
there is also a weak peak at 26 ~ 27° which can be identified
as due to the rutile (1 10) reflection [10]. In figure 3(d) we
show the data for samples shown in figure 3() but subsequent
to annealing at 600 °C. The peak at 27.1° attributed to the
rutile (110) plane is seen to intensify consistently with the
transformation of some of the sample into the rutile phase.
As far as we are able to tell, the appearance of the rutile peak
does not occur at the expense of the anatase peak therefore
suggesting that an anatase to rutile phase transformation does
not occur for the temperature used.

A final check was made to investigate the possibility
of preferred orientation in the deposited films. To this end,
sample rotation experiments were carried out and the intensity
of the anatase and rutile peaks observed in the standard manner
[11] used to ascertain if a preferred orientation is present.
There was no evidence for this effect.

3.2.2. Glancing incidence x-rays. The glancing incidence
data were analysed using the WINGIXA software from
PANalytical. The film density was ascertained for three
samples. For the amorphous films deposited in the absence of
a substrate bias and without further annealing, the density was
3.2+ 0.1 gem ™. Annealed films deposited with no bias had
a density of 3.62 & 0.2 g cm ™ whilst films deposited with the
a —41 V bias then annealed at 600 °C had densities ~3.85 £
0.2 g cm™2. These values were obtained allowing for surface
roughness and beam divergence. From the fitting procedure
we ascertained the surface roughness in the different films to
be 1.2 nm (130 nm thick, as-deposited), 6.5 nm (204 nm, zero
bias, annealed) and 7.4 nm (225 nm, deposited with a bias
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then annealed). Increase of the roughness resulted from the
densification and/or the recrystallization process in the TiO;
films. This is not surprising since it is known that the formation
of polycrystalline films results in a higher surface roughness
because of the random orientation of adjacent grains.

3.3. Electrical measurements

Measurements were possible for the three types of samples
studied. We reiterate that for the annealed films it was
necessary to use metal /oxide /degenerate Si structures in order
to determine . The dielectric constants were as follows:
33 (amorphous films deposited with no bias and no anneal),
7478 (amorphous fAlms deposited with zero bias then
annealed at 600 °C) and 105-117 (films deposited with a
—41 V bias then annealed at 600 °C). The latter values are
very high, exceeding the known single crystal values [2].
For the unbiased /annealed sample which ostensibly contained
amorphous and anatase TiO, the value exceeds that of pure
anatase [12]. ¢ is of the same order as pure rutile for the
biased/annealed sample which actually contains a mixture of
anatase and rutile as evidenced from our x-ray studies.

3.4. The refractive index

The refractive index was measured by ellipsometry using a
single wavelength (632.8 nm) system. The as-deposited film
indices were 2.25 £ 0.005 (deposited with no substrate bias)
and 2.30 (deposited with a substrate bias of —41 V) increasing
to 2.30 and 2.48, respectively, following annealing at 600 °C.
These values are consistent with those usually observed for
amorphous films but a little low for the recrystallized films.
One must remember that rutile is birefringent and also that
our polycrystalline samples are predominately composed of
anatase, or a mixture of anatase and rutile. The refractive
index measured with the ellipsometer results an average value
that takes into account all these aspects.

4, Discussion

The x-ray diffraction data and the infrared absorption
measurements are consistent with the samples being
amorphous when deposited in the absence of a substrate bias.
The samples obtained using a substrate bias clearly evidence
the presence of some crystalline anatase and some rutile.
The infrared absorption spectrum reveals only the anatase
and amorphous signatures. Upon annealing, films deposited
in the absence of polarization evidence the appearance of
anatase whilst the films deposited with a substrate bias
reveal an increasing amount of rutile,  As mentioned
previously, the appearance of the rutile does not seem to
be to the detriment of the anatase. Deposited films are,
of course, not in thermodynamic equilibrium so that any
temperature induced changes cannot be simply compared with
the behaviour seen in bulk samples. The primary effect of high
temperature annealing is for anatase to transform inio rutile
but the appearance of rutile does not coincide with anatase
disappearance for us. Generally [13] the transformation occurs
at temperatures in excess of 800 °C (note that such anneals
could not be performed in our case because of the risk of
film/substrate interaction [8]).
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Figure 4, Low-frequency molecular polarizability for anatase
(¥) and rutile (@) deduced from their anisotropic dielectric
constants. The experimental values of the dielectric constant of
the thin films studied here (M),

The film densities determined from the glancing incidence
x-ray scattering measurements enable us to conclude that the
amorphous, as-deposited film has a density significantly lower
than either of the crystalline phases (3.8 g cm ™3 for anatase
and 4.2 g cm™? for rutile [14]). The 600 °C annealed film
deposited with zero bias appears to contain primarily anatase
(figures 1 and 3), so it is not surprising that the measured
density, 3.62 g em™?, is close to the pure anatase value. The
sample containing both anatase and rutile phases obtained by
annealing the film deposited in the presence of a substrate bias
unsurprisingly has a density which appears to be between the
pure anatase and pure rutile values.

In the simple approach described by the Clansius—
Mossotti equation, the dielectric constant is written as [15]
B (1+ (87/3) aac/ Vim)

(1 — {47 /3) atac/ Vi)
where oy is the low-frequency molecular polarizability and
Vi is the molecular volume. In consequence, it is related
to the densityp, of the material since o = M/V,, with M
equal to the molecular mass. Although we have no @ priori
reason to assume that o is density independent, we can use
the measured values of the dielectric constant and density to
ascertain the sample dependence of a4. The values obtained
for w4 are shown in figure 4 where we include also the
values for crystalline anatase and rutile determined from their
anisotropic dielectric constants [16, 17]. Comparison of the
film derived data and the crystalline values suggests that the
effective polarizabilities for the annealed samples containing
anatase and rutile are too large and should be more than
the values indicated by the arrows in figure 4. One can, in
consequence, assume that we have overestimated the values
of the dielectric constants in the deposited films (in particular
the annealed ones). Using the hypothetical polarizabilities as
indicated by the arrows in figure 4, we can estimate the “real’
value of the dielectric constant we should have measured. For
the anatase containing sample deposited under zero bias and
then annealed we deduce & ~ 34 (as opposed to 74-78). Note
that other authors have reported & ~ 78 in deposited films

(1)
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Figure 5. High-frequency molecular polarizability determined for
anatase (4), rutile (¥) and the thin films studied in this work ().

containing anatase [8] and 33.2 (as opposed to 105-117) for
the sample deposited under a bias and then annealed. At
the present time, we have no explanation for the appearance
of such an anomalously high dielectric constant in the thin
films.

The refractive indices, #, are related to the high-frequency
polarizability, oy, through the Lorentz—Lorenz equation:

2_1) 4
% = ‘g‘(anpl/ V). @)

From our measurements we can deduce the polarizability and
compare it with the values measured in crystalline anatase
and rutile. These data are shown in figure 5. In this case, we
observe that the polarizability in our films and in the crystalline
phases does not appear to be significantly different as it was
in the case of the low-frequency polarizability, a g (figure 4).
This suggests that our optical measurements are reliable. In
general, this would be expected since the optical polarizability
derives from the electronic structure of the componentions (O~
and Ti*) which may remain relatively constant from phase to
phase. The low-frequency polarizability, however, is directly
related to the electronic part and a vibrational energy part, the
latter clearly depends upon the structure and bonding of the Ti
and the O [15], i.e., the structure of the TiO network.

In figure 3, our x-ray data indicate that films deposited
in the presence of an RF bias already contain anatase and
some rutile crystals. Following a short anneal at 600 °C the
amount of rutile increases substantially (figure 3) although
not, apparently, to the detriment of the anatase present. This
conclusion is confirmed by the infrared absorption data shown
in figure 1. Conversion of anatase to rutile does not appear to
be occurring at the anneal temperature of 600 °C. This leads usg
to suggest that rutile “precursors’ may be generated during the
ion-assisted deposition process that can grow /convert during
subsequent annealing without transiting via the anatase phase.
Ion-assisted phenomena of the crystallization kind are not
totally unknown and have been observed in the formation of
a-cristobalite and o-quartz from amorphous Si0;,, using alow
energy (400 eV) neutral or ion beam to bombard amorphous
silica [18]. Interestingly, our data contrast with that obtained
on thin films of TiO; deposited using ion assistance of an O

g74

ion beam of energy 400 eV [6]. In this case no evidence
was found for rutile formation in the as-deposited films, only
the anatase phase. Comparison with our data suggests that
the energy of the ions assisting deposition may play a crucial
role in determining if rutile/rutile ‘precursors’ will be formed
during the deposition process. This is a particularly interesting
problem which requires further investigation.

5. Conclusions

We have studied PECVD TiO; films deposited from TiCly
and O, within the context of understanding their physical
properties as far as they might be useful for microelectronics
applications. We observe that amorphous films have rather
low dielectric constants (~~33) consistent with their measured
densities. We can thus conclude that dilution of TiQ, in
other amorphous hosts such as SiO, will not result in high
dielectric constant ternaries. Films deposited with or without
an RF bias do, however, appear to have surprisingly large
dielectric constants. These films do contain crystalline anatase
and rutile as evidenced from x-ray and infrared absorption
measurements. However, the dielectric constants are too large
to be simply interpreted as due to the presence of the aforesaid
crystalline phases. Note that these data are consistent with
observations of other authors in the case of anatase containing
films. We have no explanation for this effect. We do find
evidence for ion beam assisted generation of polycrystalline
rutile in films deposited in the presence of an RF bias and the
amount grows if the films are subsequently annealed at high
temperature. Both rutile and anatase phases coexist in these
samples. The presence of crystalline phases in the deposited
thin films is clearly undesirable given the magnitude of the
resulting surface roughness we have observed.

Further effort is required to understand the physical
origin of the anomalously large dielectric constants and the
deposition conditions which result in the appearance of the
rutile phase simultaneously with the anatase phase.
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Abstract, The role of the network stracture in determining the dielectric
constant of binary and ternary oxide insulaiors is outlined.  Scemingly
anomalous behavior observed in rare-earth sesguioxides, TayOs-Ti0y mixed
oxides, lanthanum aluminate and dilute Zr,Sy0; is discussed i tesms of the
alomic stracture. Physical examination of the relevant properties of these
materials should lead to an understanding of how to engineer the dielectric
constant.

Keywords: High-k, network structure, crystaliine struciure, dielectric constant,
polarizability, melecular vohime

1. Introduoction

Despite a growing volume of expertmental ressarch designed to find dielectrics
capable of addressing the requirements set down in the Semiconductor
ndustries roadmap’ there is still no medium to long ferm solution for the gate
oxide in metal-oxide-semiconductor field effect transistor (MOSFET) devices.
Solutions may exist or the reguirements may be relaxed for applications
involving embedded capacitors and dynamic random access memory (DRAM)

* To whom cormespondence should be addressed: R A, B. Devine. AFRL-VESE, Space Vehicks
Directorate, 3550 Absrdeen Avenue, Kirtlnd AFB, NM 87117: e-mnail devine@ehtm. upm.edu
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cells. For example, reactivity between the dielectric and the 51 substrate will
not be of concern as it is for the MOSFET where the insulator is in direct
cantact with the active semiconductor surface. Furlhermore, appropriate metal
gate electrodes may be chosen 5o as fo minimize charge injection resulting from
the insulator condiction band-metal conduction band barrier height and band
affset”.

Solutions for the MOSFET pate insulator have been primarily looked for
beginning with simple binary oxides (M:O,), examples of these include™
Tay(ks, RE20; (where RE implies a rare-earth ion}), ALO,, and Zr0; or HED;.
These materials are beset with a variety of problems, however, sitch as
hygroscopy, low Si conduction band-insuiator-conduction band barrier height,
fow temperature recrystallization and subsequent grain boundary related
leakage current or surface roughness issues, inadequate dielectric constant, etc.,
ete. A natural extension has been to begin to explore femary compounds® such
as LaAlOs whose nominal dielectric constant in the crystalline state is ~ 28,
Again, there is cvidence that in the amorphous phase which is desiced for
technological applications in order to avoid grain houndary effects. dielectric
constants are generally < 20 and the material is subject to reaction’ with Si
when heated at elevated temperatares ( for example, > 800 °C).

T turns out that situations such as that for LaAlQ; are not uncornmon and
that frequently the dielectric consiant ohtained in the amorphous phase of a
material is significantly lower than that in the crystalline phase. Surprisingly,
examples also exist, as we shall discuss, where substantially larger dielectric
constants than expected may be obtained, both in amerphous and crystailine
phases . We are naturally lead to ask the question why this comes about so that
we might develop ar understanding epabling us to design or engineer the
material with the desired dielectric properties. Combining all this information
leads us logically to the conchision that time has perhaps come io endeaver to
establish a deeper understanding of the relationship between the insulator
dielectric constant and the atomic stracture of the network of the msulator.

2. Basics of the dielectric constant

Before treating the specific case of binary ot twruary oxides we introduce the
underlying physical basis which will be used throughout our discussion of
existing experimental results.  Following the ciassical Clausius-Mossotti
appmachm for the dielectric constant, k, in terms of the molecular polarizability,
g, and the molecular volume, Vi

(k- 1Yk + 2y = (37/3) 0/ Vi (0
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The polarizabilities have been tabulated by various auihors . I one extends
_ the theory o Ore complicated molecules one cah, to first order. develop an
approximate formula based upon @ tinear sum of the constituent “sub-

molecules™
(k- Dik+2)= {Arf3y e+ e/ Vo @

where we assume & complex molecule ManyOprg can be written as 2 SWT of
the component Daris M0, and 1,0y With ihe concentraiions, €1 and ¢z, as the
weighting factors. Note that ihis heterogengous model assumes the insulator is
comprised of independent molecnles so that the relevant polarizabi%iﬁas are
{hose related to the M-O and m-0 bonds generaily embedded n M-O-M and m-
QO-m bridges. This model does not make allowance for those bridgmg bonds
which interlink such as M-O-m, The model appears work, however, for &
surprisingly {arge number of complex materialsu.

Fipure 1. Wagiation of the relative dielectric consiant, K, with 0V {solid line) 2nd its Jerivative
{dashed line) a8 catcualted from Fg.(3)

Whether one considers Eg.(1) of Eq.(2), i is clear that the important
parameier determining kK is /v, and thig ynderlines the unportance of Va e
the molecular volume of network strietore. We can re-write HgJ{l)in2 form

which demonstrates the importance of of V, MOre rigorously:
k=[1+{8x/3) W Vaullll - (4rd)) o Ve | (3)

In Fig. 1 we represent Fq{3) graphicatly (solid line) amd we include 18
derivative (dashed ling) to show how rapidly K varies with OV ORCE the value
of 0218 exceeded, The mportance of network volume, Yo which is imversely
pmporticmal to fhe network density, 18 clearly demonstrated in Fig. 1. Clearly,
if the network volume decreases (the material density increases) then 1o will
increase providing of course, that any variation is not compensated by a
variaion in

The poiarizabﬂ%_ty torm, o, 18 comphicated beoause. gor the Jow frequency
dielectric constant Case, it is composad of an electronic 1M and a termn related
to vibrational properiies of the network'”. Oty the slectronic Lefm is relevant
for optical properties (for exarnple, the refractive index) because the vibrational
part cannol foltow the associated high frequency figlds, This can be writicn

=2 2 10) X )Gl 2% YW, - Wa) @)
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where the sums il gver ail electrons (defined by i) and ail staies defined by j.
To a fisst gpproximation ihe vibrational part of the potarizability. Ciom for a
diatornic chain can e writlen:

Clion = egﬁl{prvmwoz} (5)

where | is the reduced mass and 0% i a characteristic vibrational frequency of
e chain. In Tig.(3), the denorninator 18 essentially the issutator bandgap and
thig should decrease with the molecuiar volume orf inereasing density. This
would lead to 8 decrease in paiarizability with decreasmg density. From Fq.{3)
she vibrational parl of the poﬁarézabﬂity chould also decrease when fhe density
decreases so that both polarizadility contributions are expected to decrease as
the network density decreases. It turns out' that for at least two systems studied
practically, 10, and TiOq, fhe opposite happens and in fact the polarizabiiity
increases as the density decTeascs. This means that other volume dependent
factors in BQ.(4) and Eq.(3) have neen neglected. At the present e we caniol
simply predict the variation of o with density and we ar forced to tely wpon
expeﬂ'meﬂtal determination. Fortupately. if the 510k and TiQ), data catt be used
as a guide, i would appear that the influence of volume reduction with
increasing density outweighs any coMmpensatug offect due to O 50 that k
increases (Eq.(3)) &5 W, decreases.

The general conclusion of this section 18 that the dietectric constant
increases as the network volaime decreases. We are now equipped t© resgarch
materials whate important manifestations of this effect are apparent.

3. EXAMPLES OF REAL SYSTEMS
3. DILUTE AMORPHOUS SYSTEMS

The “ditute” alloy systetn which raised the most arnount of interest and remnains
related to the probable choice for short e industrial deveiopment 18 based
upon dilution of Zrin gi0,. In fact, industriaily, Hf in Si02 is the likely choice
However, whereas Gi0), has a low frequency dislectric constant of 39, Zr02 has
a crystailine phase constant ~ 20. The diglectric constant for the stoichiometric
cosapound Zr5i0; 15 quoied astt 12 but the variation betweell pure Si0y, and the
stoichiemetric compound 18 found to be supra-hincar 435 gnd a dielectric
constant of i1 18 ohtatied for the mixed oxide Zr(},lﬁsia.&:()g. The dielectric
constant is thus enhanced since 2 linearly extrapolated yalue for this
conceniration should have been ~ 6. The origin of this enhancement has been
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wuch disc;ussed but it turmns oul that the most probable cause is the metwork

structure’’.
Figure 2. Atomic models used in caloulations {reference 16} for Zr in SiCh.
coordinated Z¥ {by Seven fold coordingted Z1. The laiter is the most likely dilute

concentrations of Zz.

ig) Four & 1d

Initia} argurments sugeested that Zr simplty veptaced Si in the 810z network
and that the © coordination around the Zr was 4. Howevel, detaited X T2Y
absorption fine structure measurements previde ovidence that m dilue
mixtures of 70, and SOz the coordination of the Zr ion is > 7. The
CONSSqUEnces of this enhanced coordination were explored theoreticaliyw and
the nature of the problem resolved. In Fig.(2) we show atomic modets of the 4
fold and 7 fold conrdinated strictures. One striking resuli is that when one
examines the density of the peiwork, OnE cleasly sees that higher coordination
numbets tead o much denser networks. The offective molecular volume fhus

' Tecroaces leadmg o this higher density. The effect on the dictectric constant

can be easily anticipated from the arguments relating k 1o meolar vofume
presented previously. Yor the moment the densification resulting from higher
coordipation in the mixed 28,02 oxide has not been quantified but the
gtomnic siructures shown in Fig.(2} leave litile doubt that this 18 indeed the
expianation for k enhancement. In support of this it is further interesting to
exaTnine deﬂsiiyf’ceord‘ma‘tion relationships for gmown STUCEUTSS. Restriciing
ourselves o polymorphs of Zr0n, we show in Fig.(3) 2 plot of maolecular
yolme as a function of Zr coardination using data taken from reference 18,
Though there 18 clearly a dispersion of egults, HNE CAMROL avoid the general
conclusion that as the coprdination increases. the mojecular volume decreases

jeading to higher density struclures.

Figure 3. Yariation of the mokccular volume 252 fanction of Z1 coordination 7102 po]ymozphs
{from reference 18},

To our knowledgs there are no other examples of «dilute” systems where
the digiectric constant has been measured 23 2 function of concentration 3o we
proceed 10 examine e dielectric behavior of stoichiometric, concentrated
rmixtures or pure materisls and how this is influenced by the internal strusiure.

3.2 CONCENTRATED SYSTEMS
The tole of the network struchire in determining the dielectric constant i

concentrated oxide systems 18 oxiremely important 0 help our understanding of
the physics even if these taterials, because of crystalfinity, ™Y furn out to be
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unsuitabie for technological parposes. In the foliowing we witl congentraie oot
yarious M0, com pounds.

321  Ladlds

The dielectric constant of orystaliine LaAlOs is ~ 28 and this rnaterial w ould
therefore appear to be an excellent candidate for applications as 3 replacement
for §i(; as a gate oxide. However, sfforis 1 producs arnorphous 1.3A10; have
failed to yield flms'® with k > 13 despite earlier reports to the contraty” -
Detailed invest gation of the reasons for this “Jiscrepancy” have revealed ihat
the density of typical amorphous films 18 approximately 64% of the value of the
crystafline phase. This alone is sufficient to justify a substantial reduction D
the diglectric constant s is indeed observed. There is presently Do atomic
distribufion data such as extended X ray absorption fine structure which can be
used to prabe coordination, etc. However, 1t i8 worthwhile noting {hat in the
case of Si(h, amorphous SiOz has a density of 2.2 8 crn” whilst the grystathine
phase, quartz, has a density of 2658 cm” indicating that the amosphous phase
density is 83% of the crystalline value, In the case of S0, there is ToO
coordination change 80 these nambers cleatly indicate that qbstantial density
differences may aiso OCCUE without the need t© invoke coordination effects —

simpty the atoms are less densely packed the network.

Figure 4. Wariation of the molecular volumes 28 3 fucntion of on in the rare-earth sesquioxide
series of compounds. Differcni valaes for the same ion correspend to different density vaiues
available in the publisked Ijberature.

122 Rare-earth sesquioxides

A significant effort has been made to study the dielectric properiics of the rare-
carth (R sequioxide insulators (RE2Oa}. Tectmologically, there malerials are
pmblematical hecause they are hygmscopic and react with Si at rolatively low
temperamreszi. in genetal the diglectric constant measured' for the heavy RE
sesquioxides (atomic numbers > Gdy is ~ 1271 3. The structure of these
materials is cubic. Though there have been relatively few measurements of the
dielectric constants of the lighter RE sesquioxides, values do exist for La, Ce
gnd Pr indicating substantially larger constants in the range 70-31. Why would
this be the case 7

In Fig{4) we ptot the molecular volume for the RE sesquioxides as 2
function of RE 1on. One observes that for the lighter RE jons there is a decrease
in molecular velume and this is associated with the fact that the lighter RE
sesquioxides form with a hexagonal structure™. I can therefore be anticipated
that the dieleciric constants of the lighter RE,Os compounds will be larger than
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those of the heavier RE;0y’s because the melecular volumes are smaller. We
have ignored potential variations in the molecular polarizabilities and we have
no independent means to determine such variations, However, one <an
reasonably expect that any variagon in the polarizability be monotonic across
the RE series. Using the diclectric data and the molecular volumes determined
in Fig.{4) we plot, in Fig{5} the anticipated variation of the low frequency
polarizability, o. The predicied values of a do. indeed, vary mongctonicaily. We
include in Fig.(5) data obtaned from & gimilar apalysis on RE garneis
(RFGas0 2) where there are no phase chenges in the crystalline structuze. The
variation of o is again menotenic and similar, though different in absolute size,
to that anticipated in the RE;O; series but where a phase change does exist,
This data gives further credence to the assumption that the significant difference
in the dieleciric constants of the heavy and light RE;03 compaounds 15 primarily
related to the struciute of the network.

Figure 5. Yariation of the molecular pofarizability in (o) RE205 compounds (Jeft hand scale) and

() RE;Gas0y; compounds {right hand scale) as deduced from experimental dersities and
dielectric constanis.

3.23 Ttz O;

Tanialum pentoxide has been identified as a technologically useful dielectric in
DRAM cell applications but not for applications as a gale oxide replacement in
MOSFETs. The reason for the latter is the rather small insulator conduction
Hand-Si conduction band offset (< 1 eV) which could lead fo substantial charge
injection from the Si substrate into the dielectric. In the amorphous phase the
dielectric constant is found to ba® ~ 25 whilst in. the crystalline {orthorhorobic)
state it is?H® 30-50 and 55-64 in the hexagonal phasey. One again suspects the
presence of effects of molecular volume therefore.

An interesting, and important, effect is detected when Ta;0s is diluted with
Ti0,. For a concentration of approximately 8 atomic % T, in T;0s
extremely farge dielectric constants of ~ 126-189 are observed. Intuitively, one
might anticipate that this dramatic increase is in some way related to the large
dielectric constant (~ 100} of crystailine TiO:. However, the mixed oxide
contains only & atomic % of this material. It tums out that the addition of small
quantities of Ti; to Ta, O stabilizes a dense, monoclinic stracture of Ta;0s
and we can therefore anficipaie the presence of network density related
dielectric enhancement. In Fig.(6} we plot the measured dielectric constants for
the varipus phases of TayOs as a finction of the inverse of of Vo For the sake
of discussion we have assumes o~ 20.2 x 107 em’. Also shown in the plot 8
the theoretical curve generated using Hq.(3). Inastuch as we have maintained
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a constant, te epbire variation of the dielectric constant 18 atirfbuted to the
dersity differences of the different Tag()jpolymorphs. Sotne MnoT variation i
o may occur 85 2 function of density but as We have shown in the examples
given prev‘iously, their overall sariation does nof mask the primary variable

which 18 the neiwork densily.

Figure 6. Relative dislecwic constant in Texs polymorphs as 2 fanetion of Y, with & taken 25

202 x 107 cm’. The solid tine shows the predicted <ariation from Ea.(3)-

4. CONCLUS{ONS

In this paper W& have teviewed the role of the network i determimning the
dielectric constant of binary and mixed oxides. We have discussed what were
seetpingly gifficult and imisonderstood sysiems such &s Ta 05T which
appeared to have an anomalousty Jarge dielectric constant. Furthermore, We
nave been able © explan seemingty controversial data 0 RE sesquioxides
which appeared to demonsirale Very much larger dielectric constanis for the
jighter RE’s than for the heavy RrE's. The conclilsian we draw is that network

yoiume and connectivity plays & crucial role in determining k.

o On the basis of the apalysis preseﬁted here it appears that the dielectric
constant of the amorphous phase of any binary oF mixed oxide will atways
be significantly tawer than that for the crystalline phase. This appears 1o
result from the fact that the amorphous nemwork is 188 densely packed than
the crystalline phase.

e The role of coordination 18 extremely jmportant gince higher coordination
gtructuras result in denser networks. This ay be true in both amorphous
and crystaliine phases. The data on Zr(2 pniymorphs demnonstrates the
densifyf’comdiﬂation perfectly for the crysiatline state.

. Some crystailine phases which are nov normalty stable Way hecome s¢ DY
addition of stabilizing components {such 25 Ti0, in Ta0s) Denser
structuses and associated higher ¥ values may b obtainable bY this route.

Thege arguiments neglect the possibie variation of molecuiar polarizabﬂit}!

which, if large enough and of the correct sign, could negate the effects of

reduced molecalar volume resulting 10 densger structures. Fortunately, all of the
systems we have studied fo datd appear to indicate that the volume diminttion
effect dominates.

For technological applications, high k arnorphous materials are generally
supposed 10 be the material most desired since possibie effects due 10 grain
boundaries are absent. The present work leads us. anfornmately, 10 the natural
conclusion that the amorplious stale i the most unsuitable fo enSure that we
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obtain the maximum k values. At the presemt time there appears to be no
obvious selution to this dilemma.

‘The [TRS roadmap is available o http:fpublic.itrs.net/F'tEesstO1ITRS
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Electrical and physical properties of room temperature deposited, mixed

TiO,/Si0, oxides™
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Mixed oxide TiQ,/ Si0, dielectrics have been deposited at room temperature by microwave excited
plasma enhanced chemical vapor deposition from SiH; and TiCly precursor gases. The low
frequency dielectric constant and the refractive index at 632.8 nm are observed to increase linearly
with increasing Ti concentration. No anomalous enhancement of the dielectric constant at low Ti
concentrations is observed, consistent with the conclusion that the Tt ion replaces the Si ion directly
in fourfold coordination. A compound diclectric constant of 25 can be achieved for a concentration
~50% 'Ti where it is anticipated the optical band gap would be ~6.25eV. © 2006 American

Vacuum Society. [DOT: 10.1116/1.21729571]

I. INTRODUCTION

The scaled shrinking of metal-oxide-semiconductor field
effect transistors (MOSFETs) started in the 70s and since
then, the channel length of the devices has gradually reduced
by about a factor 2 every five years. By 2000 MOSFETs with
a 0.18 pm gate length were being manufactured and this
scaling is expected to continue well into the 21st century. It
is a fulfillment of Moore’s law, formulated in the early
1960s, which stated that the number of transistors in an in-
tegrated cirenit chip will double every 18 months. This law
has driven the phenomena of the growth of the semiconduc-
tor industry and seems likely to guide the industry for the
next generations.l

Shorter channel MOSFETs are desirable for various rea-
sons but primarily because these devices have faster switch-
ing speeds. However, the reduction of the channel length
requires scaling of other dimensions of the FET and this has
serious consequences, in particular, for the thickness of the
gate dielectric. In consequence, for the generations expected
in aroond 2014, the equivalent dielectric thickness (com-
pared to S10, as the “standard”™) should be ~0.7 nm or less.
Such thicknesses are untenable for at least three reasons: (a)
technological processing control to such dimensions would
probably be impossible, (b} surface roughness may become a
sizeable fraction of the thickness of the dielectric, and (c)
last, but certainly not least, direct quantum mechanical leak-
age currents through the thin oxide would become substan-
tially larger than the transistor off-current leading to exces-
sive power consumption and heat dissipation. In fact,
evidence for the latter effect apparently begins to appear” for

*No proof corrections received from author prior to publication.

“Anthor to whom comrespondence shonld be addressed; alse at Laboratoire
d’Electrostatique al des materianx Dieleciriques, CNRS, BP 166, 38042
Grenoble, Cedex, lrance; present address: CHTM, 1313 Goddard SE, Al-
buguergue, NM 87106, PAX: 505 272 7801, electronic mail:
busanit@chim.onm.edy
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oxide thicknesses ~2 nm. Consequently, if future genera-
tions of devices are to continue to be scaled, some dramatic
changes will have to occur at the level of the dielectric. The
obvious direction to go is to introduce an insulator with a
dielectric constant % larger than Si0, {k>>3.9) so that thicker
films (d) can be used in the ratio di.y dictectic/ @silicon dioxide
:knew dielectric/ksi}imn dioxides the assumpticm being that the
leakage cuarrent will probably decrease exponentially with
the thickness of the dielectric. Unfortunately, the problem of
finding an appropriate dielectric does not reduce to being one
of simply locating a material with the maximum dielectric
constant. Other very important criteria must alse be ad-
dressed such as (a} stability under high temperature process-
ing (no recrystallization for example), (b) barrier against
dopant diffusion into and across the dielectric from the gate
electrode, (c) remaining inert with respect to interaction with
the Si surface with which it is in contact, (d} low
sermiconductor/insulator interface state density, (e) high po-
tential barrier with respect to charge injection from the gate
electrode or Si substrate, etc. Clearly, this problem is
nontrivial.

In the first instance industry appears to have adopted3 a
short term “patch” involving the use of HfSi,0, or
H1,Si,O,N, which has a dielectric constant ~12. The basic
premise appears to be that a silicate based material will have
a low interactivity with the Si substrate and acceptable elec-
tronic band gap as well as remaining amorphous to high
temperatures where dopant activation annealings are typi-
cally carried out. It is, however, relatively straightforward to
demonstrate that, as mentioned above, the criteria for the
2014 generation devices will not be met even with this
slightly larger dielectric constant insulator. Another long
term alternative is required. One dielectric which appeared to
satisfy most of the requirements is HfQ,, although the dielec-
tric constant of the crystalline phase is ~23, the amorphous
state has a value ~19. Furthermore, interaction with the Si
substrate has been evidenced” as well as a rather low rectys-

©2006 American Vacuum Society 369
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TapLE I Summary of the depesition conditions used for the different
samples described in this work. The sample identifiers are related to the
expected concentration of the Si or Ti in the mixed exide Glm. For example
the Tiy 551,450, corresponds to a mole fraction of 5% of Ti(, in the film.

Partial gases pressures

(107 Torr)
Thickness  Deposition rate
Sample name O, +8iH, TiCl, (nm) (nm/min)
Si0, 3 0 84 335
Ty 53ig0504 2040 0.04 113 4.81
Tig 155155502 9.52 0.04 119 4.63
Tio2s8in 7502 403 0.04 242 8.05
Tig 581050 4.03 0.11 278 922
Tig 78 250, 4.03 030 259 8.63
TiC), 190 0.18 255 2.22

tailization temperati.lre.5 Clearly, the recrystallized state
would be unacceptable because of the potential for grain
boundary induced leakage currents and surface roughness re-
sulting from the presence of polycrystallinity.

It is clear, therefore, that an altemative dielectric system is
desirable. In order to satisly some of the requisite conditions
outlined above it is logical to start from the basis of dissolv-
ing a strongly polarizable molecule in Si0, and profit from
the stability of the Si0,/Si interface as was done for the case
of Hf in 8i0,. The low frequency molecular polarizability of
HfO, is ~7.1% 107 em® which is much larger than that of
Si0,(~4.9 % 107** cm?). Since one obtains a k~ 12 for di-
luted Hf in Si0,, one clearly needs to look for a much more
polarizable ion. The obvious choice, from tabulated polariz-
ability values,® is TiO, which has a value ~15.6
* 1072 cm’®. We have therefore chosen to study the electrical
and physical properties of the compound Ti,Si,0,.

Il. MATERIAL PREPARATION

Ti0,/ 810, and mixed oxides were deposited at room tem-
perature onto 4 in. Si wafers using an electron cyclotron
resonance excited plasma enhanced chemical vapor deposi-
tion (PECVD) reactor.’ Typical 2.45 GHz microwave powers
of 400 W were used to excite the low pressure plasma by
means of a system of six antennas. Prior to deposition the Si
wafers were cleaned in HE rinsed in de-ionized water, then
immediately introduced into the deposition chamber. Specific
details of the gas pressures used are given in Table 1. Gener-
ally the background pressure before deposition was typically
1077 torr, then the TiCl, and the Sil, (in the form of 95%
Ar, 5% SiH,) were introduced as precursor gases. Note that
because cerfain flow rates were extremely low {TiCly, for
example) the regulated parameter was the partial pressure of
the TiCly, dilute SiHy, and O,. In order to obtain the lowest
concentrations of Ti, working pressures of O,+Ar/SiH,
were necessatily elevated so that the relative partial pressure
of TiCly could be reasonably adjusted. The values of the
partia] pressures were ascertained to influence the uniformity
of the deposited film so that values were chosen to try to

J. Vac, Sci. Technol. A, Vol. 24, No. 2, Mar/Apr 2006

optimize this. We underline, in particular, the fact that the
upiformity of the film is varied significantly with the concen-
tration of the Ti in the plasma. It is not obvious to us why the
greatest nonuniformity occurred for the highest Ti concentra-
tions, it may in part be due to the distribution system for the
precursor gas, TiCly. For the “pure” TiO, limit the unifor-
mity was typically limited to the central 2 in. region.

The anticipated concentrations of Ti or Si in the oxide
were, in the first instance, estimated on the basis of the rela-
tive partial pressures. Subsequently extensive “chernical con-
centration” measurements in the deposited films were used to
estimate the real quantities of Ti and Si in the dielectsic film.
We were thus able to crudely calibrate the concentrations of
Si and Ti in the deposited films in terms of the partial pres-
sures used during their deposition. All of the samples re-
ferred to in Table I were also subjected to annealing up to
400 °C in a N, atmosphere for 30 min. This series of experi-
ments was carried out becanse it is well known that in pure
TiO,, crysiallization into the anatase form occurs atf tempera-
tures as low as 250 °C. Furthermore, in titania-sifica com-
pounds prepared by the sol-gel technique, segregation into
Ti0, and $i0Q, occurs® at 400 °C for a Ti concentration of
40%. Tt was therefore important to ascertain that no solid
phase segregation or crystallization was cccurring in our
films.

lll. MATERIAL ANALYSIS
A. Infrared spectroscopy

Throughout the studies reported here we have used Fou-
rer transform infrared (FTIR) spectroscopy in the wave-
length range of 400-1300 cmn™!. Both as-deposited and an-
nealed samples have been characterized. The resolution was
set at 4 em™ and all specira were obtained in the normal
incidence absorbance mode. We have measured the trans-
verse optic (TO) vibrational modes associated with the O
atore motion and, in particular, that associated with the O
atom motion in the M—O-N bridging bond (M=Si, N=Ti),
this usually appears at wave numbers close to 900 e~ in all
the compounds we have considered. This absorption band is
the most intense measured for the mixed bond (Si-O-Ti) and
is the one which is primarily determined by the atomic net-
work structure.” In Fig. 1 we show a series of experimental
curves obtained for a number of samples ranging from pure
deposited SiG, to pure TiO,, the latter has been described
previous]y.w The results for the annealed samples are not
shown because there was no visible difference in the spectra.
This did confirm the absence or crystalline particulates in the
films resulting from the annealing process. The main, broad-
band in the spectrum of TiO, is observed at 400 cm™! and it
is due to the O asyrmmetric stretch which, in Si0,, is gener-
ally in the range of 1090 cm™' (bulk material value) or
~1078 cm! dependent upon the thickuess'! if in thin film
form. Both TiO, and Si0O, structures show broad absorption
peaks indicative of the amorphous structure of the oxide. The
oxygen stretching pealc in TiOy is very broad and has a maxi-
mum which appears very close to the lower limit, in wave
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Fici. 1. Infrared spectra of differenl as-deposited SL,Ti_, 05 films: {a) 8i0,,
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Ti0;. The peaks at 1076 and ~920 cm™! are the asymmetrical steetching of
the oxygen ir Si~O-8i and Ti-O-Si bonds. The peak at 450 cm™! is the
recking mode of the Si-0-S5i boad.

numnbers, of our FTIR instreoment and in the same region as
the oxygen rocking mode in pure $i0, {453 ¢m™). No really
useful information can be extracted from it.

The intensity of the most intense TO peaks is a function
of the number of Si-0-Si or Ti-O-Ti bonds present in the
oxide. In Si;_,Ti O, compounds, when x is small, we expect
the infrared absorption spectrom to be similar to that of pure
Si0, since the majorty of the bonds present in the network
involves Si—O-Si bridges. As the concentration of Ti in-
creases, we cxpect, on a statistical basis, the appearance of
absorption bands associated with other bridging bonds such
as Si-O-Ti and Ti-O-Ti. This is clearly evident in Fig. 1
where the Ti—0-Si peak at ~900 cm™! becomes increasingly
important as the Ti concentration rises. The statistical prob-
ability of finding these various bonding arrangements for any
given x value can be calculated using the Monte Carlo
method. In Fig. 2 we show the results of such calculations,
for simplicity of representation the graph shows the ratio
{number of Ti—0-5i bonds/mumber of Si—0-Si bonds) as a
function of the Ti concentration. Using this curve, the mea-
sured infrared spectra can be used to deduce the concentra-
tion of Ti in the samples measured. The resuits of such cal-
culations are presented in Table II. For very low
concentration of TiQ, we are not able to cobtain a good ex-
perimental rafio between the intensity of the Ti—-O-Si peak
and the Si—-0-5i peak, so the cafculation has not been carried
out for this low concentration.

Finally, we return to the question of annealing. As we said
earlier, the sammples that were annealed showed the same
spectra of the as-deposited samples. This result suggests that
(a) no oxygen-Si substrate inferaction seems to he present
during the low temperature annealing and (b} that no phase
separation of the Si0O, and TiO, occurs. Our experiments
demonstrate that no segregation occurs in the solid phase at
the relatively low temperatures we have used. This result
appears independent of Ti concentration for the range of
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Fig. 2. Monte Carlo simulations of the ratios of the aumbers of bonds
number{Ti—O-Si)/number(Si—0O-8i} which are directly related to the relative
intensities of the 920 and 1079 ¢m ™ peaks in Fig. 1. (a) For the Ti concen-
tration lower than 50% and {b) up to 100% Ti concentration on an expanded
vertical scale.

samples we have studied. Solid phase precipitation of crys-
talline TiO, in pure, amorphous TiO, is found at such
temperatures.

B. Energy dispersive x-ray spectrometry

Energy dispersive x-ray spectrometry {EDS) has been
used to obtain a chemical analysis of the constitution of the
deposited films. The instrument used is a JEOL JSM 5800
that combines the scanning electron microscope (SEM) and
EDS. Maximum of 8 in. diameter wafer can be loaded in the
chamber and full 7 in. diamefer area can be observed., The
acceleration voltage can be varied from 0.3 to 30 KeV in 100
¥ steps. The probe current range is from 1073 to 1075 A.
The EDS system can be utilized in either high or low
vacuum mode, and required a working distance of 15 mm or
less. The EDS has an wltrathin boron window installed and
can therefore charactedze materials with atomic number
greater then boron (7> 5). The detector is controlled using an
Oxford Analytical System interface which contains the elec-
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TabLE II. Percentage concentration of Ti in TiO,+S5i0; oxide measured and caleulated by different methods.
First column {“expected”): the concentration of Ti which expected from the partial gas pressures, Second and
third columns: number of bonds calculated using the Monte Carlo simulation. Final three columns: the vahie of
the actual Ti% in the mixed oxides, as derived from the IR absorbance spectra, EIDS, and RBS measurements.

Si-0-Si Ti-Q-Si FTIR DS RBS
$i0, 100 0 100 100 100
TipsSious0a 0.9026 0.0949 ] 524
T 158ip 550 0.8089 0.1802 11 10 9.4
Tip258in 750 0.5625 0.3751 34 34 31.7
Tl sSig 50, 0.25 0.4995 50 60 55
Tip 25810250 0.0624 03751 g7 90 79

tronic hardware for the EDS signal and image acquisition.
The software allows x-ray emission identification which
yields the quantitative analysis. The energy emission gives
information about the atomic number, so that it is possible to
quantify the components in the film. Investigation of our
samples shows that the mixed oxide is composed of Ti, O,
and Si, and no chlorine is evidenced. This confirms the TR
results since a peak is expected in the region of 600 cm™
resulting from the Ti—C1 vibration would be visible if chlo-
rine is present in the oxide.

Quantitative analysis requires reference spectra of sto-
chiometric TiG, and SiO,, of the background noise, and of
the substrate. For the reference spectra of 500 nm of TiO,
and Si0, were deposited, it was assumed that those oxides
are stochiometric. The choice of substrate is a critical point
since it may generate x-ray fluorescence which is close to
that emanating from the Ti or the Si and might falsely en-
hance the apparent emission. For this reason, GaAs sub-
strates were used for the EDS analysis. The results of the
analysis are presented in Table I

C. Rutherford backscattering spectroscopy

Rutherford backscattering spectroscopy (RBS) was per-
formed using a 2 MeV He* beam at a scattering angle of
165°. The beam of He™* particles was obtained from the 1.7
MY Pelletron tandem accelerator located in the Texas Center
for Superconductivity at University of Houston. The maxi-
mum terminal voltage of the accelerator is 1.7 MV, the singly
and doubly charged He ions covered the energy range of
1.4-5.3 MeV. The detector was located 80 mum from the
target. During the measurement, the vacuum in the target
chamber was maintained at a pressure of 1077 torr with a
550 1/s turbo-molecular pumping system. According to the
propagation of errors formula, the error of the analysis is
estimated to be less then 3% which is large because the O
and Si counts are obtained from the difference of two large
counts. The RBS results are presented in Table I where we
can see that they are consistent with the other two methods
used to estimate the chernical constitution of the films except
for the sample with the highest Tt concentration.
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D. Ellipsometry

Ellipsometry measurements have been carried out using a
single wavelength eHipsometer working at 632 nm. The main
information we extract from this optical analysis is the thick-
ness of the oxide film (which is given in Table I) and the
refractive index. The thickness was also confirmed using an
a-step film thickness monitor. The results of the refractive
index (r) measurements on a large number of samples as a
function of compound composition are presented in the Fig.
2. Data for n versus the TiQO, concentration from other
authors'” are shown by the closed squares in Fig. 2. It ap-
pears that the refractive index varies with Ti concentration
and no data have been presented in the literature for an
amount of Ti lower than 40%. For concentrations greater
than 40% our data are consistent with other authors'* and it
shows that the linear behavior is maintained for amorphous
TiO,+S5i0, across the whole range of concentrations.
Though the data in Fig. 3 is scattered, one might imagine that
the refractive index vartation with concentration is slightly
nonlinear. Ti0,/Si0, compounds obtained by the sol-gel
route® show evidence for segregation in the midrange of con-
centrations which could induce refractive index anomalies.
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FiG. 3. Refractive index n at 632.8 nm as a functicn of the Tl concentration
in mixed Ti0, +8i0, compounds. (M) data from reference 10. (@) data from
the present work. Since diflerent analysis techniques gave different concen-
trations, we show pairs of data symbols for any # value to allow for the
range of concentration.
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However, this is not the case for our materials since our
deposition occurred at room temperature and we find no evi-
dence from infrared measurements for such effects. More
detailed measurements are perhaps necessary to ascertain if a
real nonlinearity of the refractive index (outside the limits of
measurement) is really present

E. Electrical properties

The dielectric constant of the as-deposited films was ob-
tained by performing capacitance/voltage measurements us-
ing a Keithley 590 system at a frequency of 100 kHz on
MOS capacitors forred by depositing 0.002 cm? Al dots on
the film surface. Typical accumulation capacitance [ C{V}] of
the MOS capacitors yielded maximum values of k~38 for
high concentrations of TiO, and this value decreased as the
Si0, concentration increased as shown in Fig. 3. For the
mixed Si;_,Ti,0, compounds the value of the dielectric con-
stant is higher than that which has been reported]3 for nano-
crystalline and much higher than the typical value of 10-15
which has been reported for other silicates."*"> We also ob-
serve that the £ seems to behave linearly as a function of the
Ti%, as was observed for the refractive index. We cannot
relate those two linear relationships, however, since the
physical expressions for the dielectric constant and the re-
fractive index are different.'® Analysis of all the mixed oxide
C(V) curves indicates that as the TiO, concentration in-
creases, better electrical quality is observed in terms of the
hysteresis and the density of interface states [as observed
qualitatively by the C{V) stretch-out].

Current density versus voltage [/(V)}] measurements have
also been made at electric felds up to T MV em™ in order to
understand the role of Tt on the leakage currents in the oxide.
AH the deposited films showed good insulator behavior: the
sample with the highest Si concentrafion has a typical value
of j=10"7 A/em?, which decreases to 107® A/cm? for the
samples with the highest Ti concentration.

Unfortunately it was not possible to characterize the elec-
trical quality as a function of the oxygen partial pressure
during the plasma deposition of the films. However, a suffi-
ciently large ratio of O, partial pressure to SiH, and/or TiCl,
was maintained so that the deposited films should have been
suitably stoichiometric.

V. DISCUSSION

Si0; has a small dielectric constant (3.9) but a significant
optical band gap of ~9 eV. In the amorphous phase it is
generally fourfold coordinated with a not very dense struc-
ture (2.3 g/cm®) resulting from the formations of rings. Pure
TiO, has a density of 3.2 g/cm’, a band gap of 3.5, and a
dielectric constant of 33 in the amorphous phase. There is
significant conjecture about the actual coordination of TiO,
when “dissolved” in Si0,. It would zjlppear17 that for very
low concentrations of TiO, (<<3.6 wt %) the coordination is
5 whereas for larger concentrations it drops to 4. At very
high concentrations of TiO,, the fourfold coordination be-
comes unstable and a sixfold coordination is adopted. It
seems likely, therefore, that throughout the greater part of the
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Fia. 4, Dicleciric constant k 1s plotted as a function of the Ti concentration
in mixed Ti0,+ 510, compounds. (M) and (@} symbols refer to the same k
data but to dilferent concentrations of Ti as was shown for n in Fig. 3.

range of compositions in the system we have studied, the Ti
simply replaces the Si in tetrahedral coordination and this
explains the apparent absence of nonlinearity in the n and &
versus Ti concentration behaviors, In consequence there is a
little possibility for anomalous, bonding induced enhance-
ment of the dielectric constant as has been suggested18 for
the case of Zr in SiO,. It therefore becomes comprehensible
that Ti substituted for Si in Si0, does not, unfortunately, lead
to large k valves. Examination of the data shown in Figs. 3
and 4 indeed suggests that to a good approximation, linear
extrapolation of n or & between the end-point limits is valid
which is not the case, at least for &, for Zr_Si,0,
compounds.

We have not yet measured the behavior of the optical
band gap as a function of Ti concentration but if it can be
approximated to linear then for a 50% Ti0,/50% Si0, mix-
ture the band gap should be ~6.25 eV which is relatively
large. From Fig. 4 we see that for this concentration k~23
so very satisfactory properties appear at first sight to be pos-
sible even if not so at lower Ti concentrations. The danger,
however, 1s that such a mixed compound would not be stable
on Si given the high concentration of Ti.

V. CONCLUSION

We have examined the physical properties of mixed
TiO,/ 810, amorphous compounds obtained by plasma as-
sisted deposition at room temperature. No evidence is found
for the bonding induced dielectric constant enhancement
which has been suggested for Zr(Q,/Si0; mixtures, We at-
tribute this to the fact that the Ti remains essentially fourfold
coordinated except in the extreme concentration limits.
Though these materials may be of limited use in microelec-
tromics because of the relatively high concentrations of Ti
necessary to obtain k values ~25, they may have application
in integrated optics. The refractive index (at 632.8 nm) varies
monotonically from 1.46 to 2.3 as the concentration of Ti
increases from 0% to 100% and this introduces the possibil-
ity to make graded index films of high index films such as
those required for optical waveguides or, indeed, multilayer
structures.
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ABSTRACT
Thin films of Nd;O3 have been studied. For the amorphous phase the dielectric constant

is ~ 11 whilst the refractive index is 1.76 £ 0.02, in the cubic form these values are ~
13.6 — 15.4 and 1.93 + 0.02. Hexagonal films have dielectric constants in the range 17 -
21 and estimates based upon the cubic values lead to k ~ 27, we were unable to deiermine
a reliable refractive index value. The normally high temperature hexagonal phase could
be nucleated on a $i substrate by deposition at relatively low temperature ~ 286 °C.

INTRODUCTION
In standard metal-cxide-semiconductor field effect transistors {MOSFETs), when

the gate oxide thickness is reduced to a few atomic layers, the gate leakage surpasses the
transistor-off current leakage (1). It is consequently recognized that for device scaling to
continue, a change in the transistor composition to include higher dielectric insulators
than Si0, will be necessary (2) so that thicker dielectric films can be used with,
presumably, lower leakage currents. The hypothesis here, of course, is that a dielectric of
thickness deemeric having a dielectric constant, k, can straightforwardly replace an Si0;
film of thickness dsiop providing daeenid dsion = k/3.9. For this application various
binary and ternary oxides have been studied over the past few years and the rare earth
(RE) oxides are amongst the materials examined. The primary reason for the examination
of RE,O; oxides ig that they appear to have k values > 3.5 times the value for SOy
There are, however, certain associated problems with the RE,O; oxide series such as a)
potential interaction of the film with the silicon surface (3) which leads to silicide
formation or a thin Si0; layer due to segregation of the oxide into the metal and oxygen,
b) the films are hygroscopic ¢) anisotropy of the dielectric constant may be relevant for
polycrystalline oxides d) requirement of a new metallic gate electrode and e) strongly ion
dependent dielectric constant. Despite the problems research into these oxides remains
popular because they can have interestingly high dielectric constants, low leakage
currents and a reasonable optical band gap (4).




As a general rule the RE oxides based on elements with atomic number Z > 62
form in a cubic crystalline phase with a dielectric constant which may range from 12.5 to
14.3 (5). It has been demonstrated that for those oxides based on the RE elements with an
atomic number 7Z< 62, the so cailed “light” rare-earths, two crystalline phases can be
obtained (cubic and hexagonat) and in conseguence two different values of dielectric
constant are anticipated. A good example for a RE oxide with Z < 62 is Pr,O; while for
7 > 62 it is Gdz03. GdaOs has a typical stable cubic phase and its dieleciric constant iss
14 {5y. Pry0; in its cubic phase also has a dielectric constant of 15 (6), which increases to
23-25 (7) in the hexagonal phase (as observed for polycrystalline samples (5.7)). The
hexagonal phase is stabilized only for films annealed at 750 °C when deposited onto
Si(100) and unfortunately a Si-RE reaction occurs at the Sifoxide interface at these
elevated temperatures(2). That Pr203 has a higher dielectric constant than GdyO5 is not, In
fact, surprising since it has been demonstrated (5) that the molecular volume for the
hexagonal phase is smaller than for the cubic phase leading directly 1o a larger molar
permittivity.

In the present work we have chosen to try to complete our understanding of the
electrical and optical properties of the RE,O; oxides by examining the case of NdyOs.
NdyOs is likely to be very similar to Pr,0s, because it has both the cubic and hexagonal
phases and is close in atomic number. In the cubic form Nd;O; is reported to have a
dielectric constant in the range 12.9 to 13.9 (6,8) close to the value of 15 measured for the
&-Pr;0; The dielectric constant of the hexagonal phase of NdzO3 has not been reported
and it is partly the purpose of the present work to try to “fill in” this information gap and
confirm our bypothesis about the importance of molecular volume for the REUs

compound series.

EXPERIMENT
Thin films of Nd;O; were deposited onto p - type Si(100) 10-15 ohm cm resistivity

wafers following an HF rinse, via electron beam evaporation, The starting material was
Nd»Os single crystal. A partial pressure of 2.5 x 107 torr of oxygen was introduced in the
chamber to ensure the sioichiometry of the deposited film. Three different sequences of
sample processing were used: the first deposition, at room temperature, at a deposition
rate of 2 A 57!, the second involved heating the sample holder to a temperature of 280 °C
and using same deposition rate of 2 A s and the third, still at 280 °C, but with a lower
deposition rate of 0.4 A st A total thickness, measured in-situ using a quartz oscillatoz,
and confirmed by ex-situ ellipsometry at a wavelength of 632.8 nm, of 88 nm was
typically used. The three different types of samples were also annealed at 600 °C for 3
hours in O, atmosphere and then at 800 °C for 30 minmtes in an N atmosphere. The N;
gas, for high temperature annealing, was used to minimize possible oxidation of the Siat
the dielectric /Si interface while the lower temperature O, anneal was used to ensure re-
oxidation the Nd2 Oy if by chance it was sub-stoichiometric in the as-deposited state.
Oxide film densities and roughness were determined by glancing angle x-ray
reflectivity using a Philips double crystal diffractometer with Cu-K,; radiation (A =
0.1541 nm) together with a four crystal Bartels monoeromator and 0.45 mm recetving
slit. Typical experimental data are shown in Figs.1,2 and 3 including the fits obtained
using the WINGIXA software supplied by PANanalytical company. Note that the fit
curves have been displaced vertically so that the reader can more clearly visualize the
closeness of the fit to the experimental data. For the amorphous samples (as-deposited at
room temperaturg), an average density value of 64 £+ 02 g e was obtained. For the



samples that were annealed ai 600 °C the density was 6.70 £ 0.2 ¢ em” and a density
value of 7.02 £ 02 g crn™ was obtained for the sample that received the further annealing
treatment at 800 °C. From the IADE database (9), the cubic and the hexagonal densities
are expected to be respectively 657 and 7.16 g cm”.
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Fig.2 Glancing incidence X ray reflectivity

data for Nd,O; deposited at 280 °Cat2
at room temperamrg af 2 Alsec. A /szc. fOI].{}Wed by 600 *C amlealing
Curve (a) represents the raw data and for 3h in an O, atmosphere. Curve (a)
curve (b) is the fit performed with the represents the raw data and the (b)

WINGIXA software, The simulation curve is the fit performed with the
indicates that the samples have 2 WINGIXA software. The simulation

density of 6.4 £ 0.2 g em™ and a indicates that the samples have a
roughness of 1.5 nm. density of 6.7 + 0.2 g om” and a
roughness of 1.1 nim.

Fig. 1 Glancing incidence X ray reflectivity
data for amorphous Ndz(s deposited
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Fig.3 Glancing incidence X ray reflectivity data for Nd,Os deposited at 280 °C at 0.4
Afsec. followed by 600 °C annealing for 3k in 0O, atmosphere and then 800 °C for
30 min in Ny, Curve (a) represent the taw data and curve (b} is the fit performed
with the WINGIXA software. The simulation indicates that the samples have a
density of 702202 g em” and a roughness of 3.9 nm.

Film textures were analyzed by X-ray diffraction (XRD) measured in the theta-2

theta mode using a Cu target with a current of 35 mA an acceleration voltage of 40 KV.
In Figs.4, 5 and 6 we show the experimental diffraction pattems. On each line we have




indicated the corresponding crystal plans. When a letter “c” or an «“” js present before
that number, it indicaies that that line 18 associated respectively with a cubic phase or
hexagonal phase in the film. We underline the fact that for some samples both cubic and
hexagonal phases are present i the oxide simuitancously.

The dielectric constant and the leakage curent characteristics were obtained by
performing capacitance/voitage C(V) and current/voltage 1I(V) measurements using 2
Keithley 590 system, the capacitance was measured at a frequency of 100 kHz Metal
oxide semiconductor (MOS} capacitors Were manufactured by depositing 0.00196 cm” Al
dots on the oxide fiim surface. For the sample deposited at Tooni temperature, which
appears amorphous from the K-Ray diffraction paticrms we measured 3 dielectric
constani{current density) in the range 11-12 (1{}'7 Acm”at 1 MV cm’) whereas for the
smnlples that were mainly composed of c-Ndp O3 we obtained 13-15 (1 0 Acm”at 1MV
cm ™). The samples which were a mixture of ¢-NdzO5 and b0 indicated a dielectric
constant in the range 17-18 and a current density of 10% Acm™.

Fourier transform infrared absorption (FTIR) spectra, in the absorbance made using
nogmal incidence or oblique incidence, Were measured in the range of 400-1500 cm™.
The primary peak for Nd;05 was lower then 400 cm 'and therefore not accessible for our
instrement. However, as demonstrated previously (10}, TTIR can be used 10 semi~
quantitatively estimate the amount of imterfacial $i0: Gf present) by observation of the
transverse optic asymmetric ctretch mode appeating at ~ 1070 e’ (depending vpon film
thickness) or the Jongitudinal optic mode at ~ 1260 cmnl. This measurement was carried
out for the three types of samples and 1o © idence was found for any significant 810z
layer at the dielectric/Si interface. We quantify this to mean that any such interlayer was

tesg than 1 nm thick.

PISCUSSION

2. Room temperature deposited W2 O3
The sample deposited at room temperature was determined to be amorphous on

the basis of the absence of a clear XRD tipe struchure. It was subsequently subjected to a
series of anneals in flowing O» in the temnperature range 200 — 500 °C for 45 mminute
periods. No diffraction peaks Wwere observed foliowing these apneals. However,
annealing at 600 °C did result in the appearance of diffraction peaks S0 the sampie was
then annealeG &t this temperature for 3 hours after which the structure of cubic
poiycrystaﬂiﬁe Ndy (5 clearly appeared in the KRD pattern (Fig.4). We nole, in passing,
that the diffraction lines at 34.45° (411) and at 41,77° (431) are barely perceptible above
the level of the noise. In the absence of these lines, the XRD pattern could have been
misinterpreted as being that of cubic NGO, since it presemis 2 similar pattern as ¢- Nd.0s,
ut slightly shifted by 0.4° towards smaller 2 theta. Such a 1ange of shift could be the
result of the alignment of the mstrument.

As mentioned previously, we measured the density of the sample deposited at
roommn ternperature and then annealed at 600° C (Fig.1). The density value from out fithng,
67+02gem’,is consistent with but slightly larger than the cubic phase value quoted in
tha TADE database (9 of657g em, and lower then she value 0f 6.97 g cm” reported for
bulk ¢-NdQ,. This indirect measurement gives further credence to the assumption that the
600 °C annealed sample was indeed poiycrysta.lline, cubic Nd20s3.

The measured refractive index of the as-deposited material was 1.76 + 0.02 and
the dielectric consiant 11-11.8. This latter value is slightly smalier than a previousty

——



reported amorphous value (12.9, reference 6; and this suggests that our films may be less
dense than those obtained by others. Following annealing at 600 °C dielectric constant
increased to 13.6-15.4 and the refractive index increased to 1.93 £ 0.02. Finally, after
annealing at 800 °Cin N, the refractive index stabilized at 1.92 0.02.
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Fig. 4 X ray diffraction pattern for the Nd,05 deposited at room temperature at 2 A Jsec.
Then annealed at 600 °C for 3hin O, We identify the cubic phase related X ray
lines as c{nnn), where {nnn) is the erystaliographic plane. The silicon peaks are not

present, because the sample was slightly tilted with respect to the incidence direction

of the X-ray beam. The sample is polycrystalline.

b. Nd, 0 deposited at 280 °C at 2 As?

The X ray diffraction specira shown in Fig. 5 indicate that the as-deposited films
contain both cubic and hexagonal phases of N&Os, 1tis not possible for us te gstimate
the relative quantities of each phase or if there is a significant amount of amorphous
material. Following annealing at 600 °C in oxygen the density was ascertained to be 6.5
+ 0.2 g cm” which s slightly lower than the value of 6.7 £ 0.2 2 em™ value determined
for the annealed, amorphous material. Furthermore, the measured refractive index of the
600 °C annealed films was 1.82 + 0.02 which 1s significantly lower than the value of 1.93
+ .02 observed for similarly anncaled films which were initially deposited at room
temperature. Following a further anneal at 200 °C the refractive index stabilized at 1.84
+ (.02, again smaller than the value for the annealed, initially amorphous films. The
overall behavior of the density and the refractive index strongly points to the conclusion
that deposition at 2 A s combined with the temperature effect (280 °C substrate
temperature) results in less dense films, perhaps columnar or porous, than we obtain if the
initial films are deposited at room temperature. 1t 18 very interesting that deposition at
180 °C resulied in films swhich afready contained some crystalline phase whereas heating
the amorphous deposited films to substantially higher temperatures (500 °C for example}
did not result in the appearance of crystallinity. Furthermore, it has been reported that
nano-powders of Nd,O; are cubic at 600 °C wut transform to hexagonal in the 850 -~ 1000
°( range {11} suggesting that high temperature sreatment should lead to formation of the
hexagonal phase. Annealing at 800 °C as chown in Fig. 5 appears to remove/eliminate

the hexagonal component observed in 606 °C annealed films.
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Tig. 5 X ray diffraction pattern for Ndz03 deposited at 080 °C at 2 A fsec. (a) followed by
600 °C anmealing o1 3h in 07 and then at 800 °C for 30 min In N, (b). The X ray
lines are identified with the different phases of the oxide: his for hexagonal. € 15 for
cubic. We also indicate the position of the Si(200) which comes from the substrate

(upper curve). In the bottom Curve the sample was silted with respect fo the
incidencs direction of the K-ray to demonstirate that the sample is po&ycrystaﬂine
and o poininze interference from the substrate giffraction pattern. The patierns
indicate that the Ng;Ozis 2 single, cubic phase after the annealing.

c. Nd2Os deposited at 286 °C at 0.4 As?

The physical character of these films is different from the two previously studied
materials. The as-deposited films show clear evidence for the hexagonal phase with 2
refractive index of 1.83 £ 0.02 and a dielecttic constaat of 12— 127402, The refractive
index of hexagonal Nd:O3 is expected 10 be ~ 211 (12) sugeesting that the film 18 indeed
composed of amorphous and hexagonal material. Asgsuming 8 heterogeneous mixfure
with an amorphous material of index 1.76 as we found above, We estimate the film would
be composed of 80% amorphous phase and 20% hexagonal. NOte however, that the

amorphous values were determined for room temperature deposited films whilst the films
discussed here Were deposited at 280 °C.

Upon apmealing at 600 °C in oxygen followed by 300 °C in Na, the refractive
index increases 1o 1.91-1.94 = 0.02 and the density is 702 £ 02¢g e, Note that the
refractive index is still smaller than the bulk value for ihe hexagonal phase (2.11) and the
density 18 somewhat smaller than the bulk value (7.14 € cm™) though within the errof
limits. There is also sOme evidence in the K ray Spectrtin (Fig. 6) for some cubic phase
cinoe annealmg appears 10 result in a cubic (222) peak. We also note that the film has a
dielectric constant of 17-18 202, 1t is clear that the deposition temperature and rate has
a significant effect on the structre of the as-deposited films and on their hehavior as &
function of annealing temperatire.

&. Estimation of the hexagonal diglectric constant

—— )



The primary objective of the work reported here was 10 obtain some estimate of
the dielectric constanmt associated with the hexagonal phase of N&;0s. In order to do this
we first examing refractive index daia for the different films. The refractive index is
related to the molecular volume, Vi and the optical polarizability, Olopts through the
Lorentz-Lorenz equation (13):

(a? — 1)/ +2) =4 7 clop/3 Vi N

For the hexagonal phase we have n =2.11 and V=78 AZ leading 10 Clopt = 9.96 A’ To
first order we will assame that the polarizability does not depend upon molar volume so
shat we can calculate feabic by simply substituting Ve = 83 AYin Eq. 1. We thercfore
expect the cubic phase refractive index to be 1.97. The value measured for 600 “C
annealed amorphous films was 1.93 + 0.02 which is satisfactorily close to the estimated
value altowing for the fact that potential molar volume effects bave been ignored. Weare
therefore lead to cenclude +that the measured values ofn =193 £0.02 and k= 13.6 —
15.4+ 0.02 are reasonable approximations 10 the correct vatues for the cubic phase of
Nd,Os. We retterate that the measured density of the annealed samples was 67+02¢
cm” which is also very close to the bulk, cubic Nd, 05 vatue of 657 gom” .

The refractive index and diclectric constant obtained for the thin film cubic Nd20s3
are consequently 1n satisfactory agreement with expeciations based upon the bulk
material paramelers. In order to apply & similar analysis to the hexagonal phase, a finite
aumber of approximations will be necessary. If we consider first the measurements on
films deposited without sybsequent annealing but showing clear presence for the
hexagonal phase (Fig. 6) we observe a refractive index of 1.83 & 0.02. Assuming this
film is comprised of amorphous and hexagonal Nd20; (there is no evidence in the X ray
spectrum for the cubic phase} we deduce a film composition of 80% amorphous and 20%
nexagonal, The measured dielectric constant was 12 - 12.7 + 0.2 so that under the same
approximation of heterogeneity we conclude that the maximum dielectric constant of
hexagonal Nd»Os 18 ~ 21. Such a value is approximately consistent with the values of 20
27 reported for hexagonal LagO3 and 95 - 25.4 reported for hexagonal P05 (7).

If we analyse the measurements ot annealed samples which appear to be almost
“pure” hexagonal Nd2O3 (Fig. 6) the density was measured as 702 £02¢g cm” whereas
the bulk value is 7.14 ¢ cm” . Assuming the sample deposited at 280 °C at a rate of 0.4
A s then annealed in Op then Nz isin fact the pure hexagonal phase, then the dielectric
constaot would be the measured value, 17-18 = 0.2. Though larger than for the pure
cubic phase, it is smail when compared 10 hexagonal phases of La;Qs and Pra0s.
Furthermore, the measured refractive index for this sample was 1.91— 1.94 + 0.02 which,
compared to the hexagonal phase value of 2.11, suggests the film is not entirely pure
hexagonal phase.

If we accept the principle of making an extremely naive approximation we can
use the data on cubic Nd;Os to estimate Koexagonat  FIOT the Clausins-Mosotta equation:

(k—DAk+2)= 47 0ge/3 Ve 3]
where g is the low frequency molecular polarizability Using the measured values of
Kounic (Taken as 15y and the molecular volume of cubic Ndz0s (85 A%y we determing S
-16.7 A*.  Assuming this value appropriate for the hexagomal phase and taking
Vm(hexag{mai} = 78 A° we deduce Knexagoral 7. ‘We reiterate that this simple calculation
ignores volume dependence (if any} of g and structurai dependence i.e. We ignore any

—esssss




which could result from differences in the vibrational spectrum of the two

changes 11 Gide
ain suggested t© be in the 207s.

phases. Despiie these appr(}ximations, Knexagonal is ag
Qome support for this hypothesis may come from studying amorphous and hexagonal
Pr, 03 where the low frequency poiariz.abﬂity is found to be nietwork insensitive(5).

At the present time, then, there is a dilemma. Annealing of the deposited films at
higher temperatuies than 800 °C to ensure & maximized hexagonal phase content would
lead 1o interfacial interaction with the substrate (3). There would appear to be no clear
approach 10 forming the hexagonal phase on S and profiting from its apparently higher
dielectric constant than the cubic phase. One must thus conclude that such a material

would therefore be impractical for technological purposes.

!
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Fig. 6 X ray diffraction pattern for NdOs deposited on Si(100y at 280 °C at 0.4 A fsec. (a)
followed by 600 °C annealing for 3hin O2 and then at 800 °C for 30 min in Nz (0)-
X ray lines are again rdentified with the different phases of the oxide: h for

hexagonal. ¢ for cubic. The position of the Si(200) which comes rom the subsate
s also indicated {lower curve). In the upper curve the sample was tilted with respect
o the incidence direction of the X-rays 1o suppress the $i(200) reflection. The
patterns show the dominance of the hexagonal phase in the as-deposited, 280 °C
sampte. After apnealing both hexagonal and cubic phases, aré present.

CONCLUSIONS
We have studied NdyO5 films deposited under various conditions and subjected to

different anneals. The dielectric constant of the cubic phase i8 determined to be in the
TANnge 13.6 - 154 which is consigtent with measurements o other RE2Gs oxides. The
refractive index at £32.8 nm wavelength is determined to be 1.93 % 0.02 which is slightly .
less fhan the value of 1.97 we estimate o the basis of the Lorentz-Lorenz gquation
assuming TNhexegonal ™ 9.11 and taking account of differences in molecular volume.
Hexagonpai phase films were obtained by slow deposition at 280 °C and this resuit is
surprising since this phase is not normally obtained until temperatures in excess of 850
o( ate reached. This result strongly suggests that the substrate plays an important role
in determining the structure of the deposited film. The highest refractive index we wWete
able to obtain was 104 + 0.02 which is significantly smaller than the anticipated
hexagonal value and we have no explanation for this at the present iime. We note that the
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flm density was also smaller (702202 g2 cm” as opposed to 7.14 g cm™) bt not
significanily. Baged on these numbers and “neasurements of the dielectric constant we
determine that the value for the hexagonal phase lays in the range 17 — 21 Simple
calculations based upon application of the Clausius-Mosoiti equation using data for cubic
Nd» O3 suggest Knexagonal ™ 27. The major concern associated with the use of this material
in technological applications would be a) the potential reactivity of Nd»Os with the Si
substrate and b) the apparent sensitivity of the structure of the deposited film to the
deposition conditions (temperature and rate)..

We gratefully acknowledge partial travel suppett from the National Science Foundation

to enable presentation of this paper.
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The molecular volume dependence of the ionic and electronic parts of the molecular polarizability
in Si0; and TiG; polymorphs is examined. It is demonstrated that their variation should not be
neglected when using models such as the “additivity rule” to predict multicomponent oxide
diclectric constants. © 2005 American Institute of Physics, [DOL: 10.1063/1.1861511]

Research into binary and more complex oxide dielsctrics
for microelectronics applications remains tapical because of
the industrial need' to replace Si0, in many applications. For
example, in the ateas of dynamic random access memories
{DRAMES) there is a stringent requirement to reduce the sur-
face area occupied by memory cell capacitors and yet main-
tain the overall capacitance, this leads to a thinning of the
dielectric to compensate for the surface area reduction. Simi-
larly, for metal-oxide-semiconductor field effecis transistors
{MOSFETs) the gate dielectric area decreases as the source
to drain length decreases (scaling) and this must be compen-
sated by an increase in capacitance per unit area primarily
resulting from reducing the thickness of the dielectric. It is
well recognized that this thinning process in relation to SiQ,
cannot continue ad infinitum since when quantom mechani-
cal tunnel current becomes preponderant this current will be
intolerably large. This limit is also relevant to DRAM cells
since it results in leakage of stored charge and loss of infor-
mation. Considerable research has been performed on alter-
native, binary, and ternary dielectrics and some useful inter-
mediate term materials” such as HfO, and Hf,Si;_,0, have
been identified. In the long term, an alternative solution with
higher dielectric constant (k>>25) will be necessary and it
would already be useful if the choice of binary, ternary, or
quaternary oxide could be “engineered.” Ignoring other rel-
evant criteria such a current leakage, reactivity with the Si
substrate, band gap, etc., ideally one could predict the dielec-
tric constant of a chosen oxide/mizture of oxides.

It has been suggested” that for a large number of, but not
all, ternary and more complex oxides, an approximate “ad-
ditivity rule” may be applied to estimate the dielectric con-
stant of an oxide mixture. The assumption is that the molecu-
lar polarizability, &, of the “mixture” molecule can be
expressed in terms of the weighted sum of the individual
molecule parts:

UMM pOg ) = Car,0,0(M 4O} + Car,0,0(MpOy), (1)

where the ¢’s are the relative concentrations of the two mol-
ecules M 0y and MpQ, combined to form the overall mol-
ecule M M pOy, . This is in essence a heterogeneous mix-
ture model which ignores, in particular, polarization terms
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related to M, - O-Mp bonding, The model further ignores
any changes in the individual ion polarizabilities resulting
from the alloying process. In the present work we analyze
data on vartous polymorphs of the two pure oxide systems,
Si0, and TiO, in order to ascertain if, in general, the as-
sumed constancy of the individual molecular polarizabilities
is justified and if not, what type of variability may be ex-
pected.

Two formutas link the measurables, the low frequency
dielectric constant (k,) and the high frequency constant (k.,):

(ko — Dilky+2) = (4mi3) eV, ()

and

(k= DIk + 2) = (4a/ 3y WV, (3)

where V,, is the molecular volume. ar={a,; + ey, ), @, 18 the
component of molecular polarizability related to the elec-
tronic polarizability’ whereas ez, is related to the ionic mo-
tion in the M0 network.* &, can be determined from re-
fractive index (1) measurements since k,=n%. As mentioned
above, in application of the additivity rule, it is generally
assumed that both «,; and @, are constants for a given
molecule and that the sole variable giving rise to any change
in the dielectric constant or refractive index is the molecular
volume. On the basis of Egs. {2) and (3) we analyze data on
the Si0, and TiQ, gystem.

We deal first with data available on the refractive indices
in S10; and TiO, polymorphs and deduce the behavior of the
electronic polarizability, In Fig. 1 we show the variation of
the electronic polarizabilty in Si0O, polymorphs. The experi-
mental refractive index data is taken from Revesz® for the
crystalling polymorphs (solid inverted triangles) and from
Bruckner® (open inverted triangles) for amorphous SiO,
(data obtained from amorphous Si0, under hydrostatic com-
pression). Included in Fig. 1 is data taken from theoretical
calculations on Stishovite’ under hydrostatic pressure {open
squares and open triangles} and on all SiO, polymorphsg
(open circtes), Though the theoretical and experimental data
show some disagreement, both sets indicate that the elec-
tronic polarizability of Si0O; increases with increasing mo-
lecular volume. Importantly, it is not a constant. Note in
passing that the Si—O bond in Stishovite is primarily ionic
while in other polymorphs it is covalent.”

Unfortunately, for the case of TiQ,, there is little data
available and there are few polymorphs. However, in Fig. 2

© 2005 American institute of Physics
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FIG. 1. Electronic polarizability as a function of molecutar volame for Si0,
polymorphs: (4), {[J) calculations for Stishovite (Ref. 7), (C) calculations
(Ref. 8 ), {¥) experiment (Ref. 5}, (V) experiment (Ref. 6 ).

we show a similar analysis as in Fig. 1 for amorphous10
TiO,, the anatase phase, and the rutile phase. The scatter in
data is due to the range of experimental refractive index val-
nes available in the literature. As for the case of Si0, one is
again lead to conclude that the electronic polarizability in-
creases with increasing molecular volume.

A more detailed study of the low frequency polarizabil-
ity in 8i0O; and TiO; polymorphs cannot be made because of
a lack of experimental data on the dielectric constant. In Fig.
3, however, we show the variation of &, with molecular
volume deduced from available dielectric constant data after
subtracting out the effect of «,; extracted from the refractive
index data. Note that the dielectric constant value for Stisho-
vite was taken from calculations’ since it is not available
experimentally. The data shown in Fig. 3 clearly indicate that
the ionic component of the polarizability increases with in-
creasing molecular volume. It is therefore obviously an error
to assume that in an alloying situation [as expressed by Eq.
(1)] that one can neglect molecular volume dependence of
the polarizability, whether jonic or electronic.

From the data shown in Figs. 2 and 3 we can estimate
the error made in deducing kq for the 8i0, and TiO, poly-

57F
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b4+

O (Aa)

331
32+
it

501

30 32 34 36 38 40 42
Molecular Volume (A%)

FIG. 2. Electronic polarizability in TiO, polymocphs as a function of mo-
fecular volume. The vertical lines resuit from the range of published values
for the refractive index.
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FIG. 3. Ionic polarizabilities in TiO; and SiQ; polymorphs as a function of
molecular volume. The dislectric constant used to determine oy, for the
$iCy, point at V,,~ 24 A? results from caleulation (Ref. 7 ).

mworphs as a result of neglect of the volume dependent varia-
tion in @, + @y, this is best represented in Table 1. Column
%L shows the actual values of the low frequency dielectric
constants which result from variation of both the molecular
volume and the molecular polarizability. Column k' shows
the values of the low frequency dielectric constant predicted
on the basis of the polarizability value for the amorphous
phase assuming only the molecular volume changes from
polymorph to polymorph. We have assurned that the appro-
priate polarizability is that for the highest molecular volume,
amorphous phase in both cases. The negative values for the
TiQ, seties results from (dn/3} (e, + a0}/ V> 1 in Eq. (2)
which implies the material has transitioned to be a ferroelec-
tric, It is clear from the table that neglect of varation of the
polarizability can lead to very different results,

In concluding we discuss the possible origins of the
variation of the polarizability. In the case of the electronic
term, e, , this may be expressed in simple terms as a product
of matrix elements:*

wy=2 E [(0‘6 E ) le E xiio)]/(wj ~ Wgh, 4

where the first sum runs over all states f 70 and the second
summ runs over all eleciron, {. In this equation the energy
difference between the ground and excited states essentially
represents the dielectric band gap and the wave functions are
those of the valence (|0}) and conduction (|7)) bands. For the
case of Si0, we know ° that the band-gap increases with

TABLE L. Variation of the low frequency dielectric constant in various TiO;
and SiO, polymorphs. The k('{J values are the experimental values allowing
for variation in the molecular volume and the molecular polarizability; k2
values were determined using the molecular polarizability determined from
the experimental dielectric constant for the amorphous phase of each mate-
rial and assuming it to be constant for the two other polymorphs of each
system. Note that negative dielectric constant values infer that the material
is ferroelectric.

Material V(A% ké) £
41.07 33 33

Ti{), 34.19 38 327

31.14 114 -16.6

45.16 39 19

Si0; K 4.6 53
23.27 10 63
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molecular volume so that one would expect a,; to decrease.
The data shown in Fig. 1 clearly show the opposite to be the
case indicating that variations in the matrix elements with
volume exceed the variation of the band-gap energy. Again,
using a simple analysis we can examine the expected behav-
ior of the a;,, term as a function of molecular volume. For a
simple diatomic chain model this term can be written: 4

Do = 32/ (Mcvfrrwg)a (S)

where g, =M M,/ (M,+M,) and M’s are the masses of the
two atom types comprising the chain and w, is the charac-
teristic vibrational frequency resulting from the ionic motion.
Equation (5) clearly saggests that a;,, should decrease as the
molecular volume increases whereas experimentally the in-
verse is true (Fig, 3). We are thus led to conclude that a
reduction in ¢, results as a function of molecular volume
through variation of the force constants. This reduction must
override the variation due solely to molecular volume varia-
ton.

On the basis of the analysis of the TiO, and SiO, poly-
morph data on the refractive index and diclectric constant we
conclude that both electronic and ionic components of the
polarizability increase with increasing molecular volume in

Appl. Phys. Leit. 86, 062902 (2005)

the network. This variation can be understood in terms of
simple models for these two terms. The importance of the
variation of the polarizability with molecular volume
strongly suggests that caution should be exercised when us-
ing simple predictive models such as the oxide additivity rule
to determine the dielectric constant of a mixed, ternary, or
greater oxide. It would be useful to perform the exercise
undertaken here on other dielectrics where many polymorphs
exist if the appropriate refractive index and dielectric con-
stant data are available.
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RESUME DES CHAPITRES
(LANGUE FRANCAISE)




INTRODUCTION

Si Pon regarde seulement 80 années en arriére, on s’apercoit que les premiers circuits
électroniques réalisant une amplification de signal électrique étaient trés sunples. Ils se
composaient d’éléments discrets comme des tubes 4 vide, des transformateurs, des
résistances, des condensateurs et des fils de connexion. Avec le développement de cette
technologie, apparurent les limitations. Par exemple, si les tubes étaient relativement légers,
le poids des composants associés et des chassis était important. Les tubes dissipatent
beaucoup de chaleur, demandaient un temps de préchauffage d’une a deux minutes et
exigeaient de lourdes alimentations de tension continue supérieure a 300 V.

Pendant la 2° Guerre Mondiale, la réduction de la taille, poids et consommation des
équipements électroniques militaires devint une nécessité. Avec laccrotssement de la
complexité des fonctions ces paramétres devinrent rapidement inacceptables, en particulier
sur les instruments embarqués sur avions ou 4 usage de 'infanterie. Ces impératifs dingérent
le développement de composants électroniques de plus en plus petits, 1égers et efficaces.

En 1947, le premier transistor bipolaire {transfert resistor) par pomtes a contacts redresseurs
fut inventé par Bardeen et Brattain des laboratoires Bell. Suivit en 1949 la publication du
classique article de Shockley sur les jonctions PN et les transistors bipolaires. Deux pomnts de
contact 4 la base d’un cristal de quartz triangulaire servant de support étatent réalisés avec 2
bandes de feuille d’or séparées de 50 pm et pressées sur la surface dun semiconducteur
(germantum). La polarisation en inverse et en direct par rapport a un troisiéme contact sur le
semiconducteur {la base) montrait un effet d’amplification.

La diode et le transistor i I'état solide ouvrirent la voie a la microélectronique moderne. La
transition A partir des tubes se fit rapidement. Au fur et 4 mesure de la création de nouveaux
types de diodes et transistors se fit le développement de nouvelles applications. La réduction
en poids, taille et consommatdon fut impressionnante. Des circuits pesant jusqua 25 kg
furent ramenés 4 quelques grammes par utilisation des composants a état sohde. La batsse
de consommation et des tensions de polarisatton permit un allongement de autonomie sur
batteries de moindre capacité et tension.

En 1954, Champin développa la premiére cellule solaire 2 joncton PN, alors quen 1957,

Kroemer proposa le transistor bipolaire & hétérojonction, composant potentiellement le plus



rapide. En 1958, Hsaki  découvrit leffet de résistance négative sur une diode fortement
dopée, aboutissant 4 la mise au pomt de la diode tunnel L’effet tunnel joue un rdle
important dans les contacts métal/semiconducteur et dans les propriétés de transport a
travers les couches fines isolantes. En 1959, Kilby eut l'dée dun ‘circuit mtégré’
monolithique et en réalisa plusieurs prototypes comme la fameuse bascule « tlip-flop ». Les
composants actifs étaient connectés par soudure et 1isolés par découpe, avec des diodes PIN
utilisées comme résistances. La méme année, Hoernt inventa la techmique de diffusion
d'impuretés dopantes dans le silicium et les composants a effet de champ planaires utilisant
Yoxyde de silicium. Fin 1959, Noyce fabriqua le premier circuit intégré (IC) utilisant des
jonctions PN polarisées en inverse pour I'isolation entre transistors et recouvert d’oxyde de
sthicrum gravé pour la prise de contact par évaporation métallique. Ces trois dermeres
mnovations permirent le développement du composant devant jouer un réle crucial dans les
circuits mntégrés: le transistor MOSFET (metal-oxide-semiconductor field-effect-transistor),
intégré par Kahng et Atalla en 1960. Ce transistor avait une longueur de grille de 20 pm et
une épaisseur d’oxyde de grille S10, de 100 nm, obtenu par oxydation thermique. La clé du
succes résidait dans les bons contacts sur source et dramm obtenus par évaporation
d’aluminium 2 travers un masque. Avec Iaccroissement de complexité des IC la technologie
passe du N-MOS (transistor MOS 4 canal N) au C-MOS (MOS N et P complémentaires)
permettant la fabrication du composant de base en logique numérique, 'inverseur. Ce
concept fut proposé en premier par Wanlass et Sah en 1963. L'avantage de Iinverseur
CMOS est de ne consommer du courant que pendant la transition du niveau logique 0 a 1 ou
inversement. Le courant de fuite en mode bloqué est trés faible. Cette technologie CMOS
domine actuellement le marché des 1C.

En 1967, un pomt mémotre a deux composants fut inventé par Dennard, la mémorre
dynamique 4 accés aléatoire (DRAM, dynamis random access memory). Ce point mémoire
comportte un transistor MOSFET servant d'interrupteur et un condensateur de stockage de
charge. La perte de charge du condensateur nécessite un ‘rafraichissement’ périodique et
consomme du courant: c’est une mémoire ‘volatile’, mais qui reste le choix principal de
stockage d’information pour son cycle de lecture-écriture rapide. En 1984, Masuoka proposa
un point mémoire permanent nommé flash-memory, moins rapide que les DRAM mais
présentant une meilleure résistance mécanique que les disques durs. Elles sont utihsées dans

le stockage d’information d’appareils alimentés sur piles. A petne dix aprés la faisabilité du




MOSFET et quelques années apres la découverte des DRAM, Intel, une jeune compagnie
fondée par Noyce et Moore proposa sur le marché les premiers circuits mtégrés avec 100 2
5000 composants sur une méme puce: une mémoire 1 kbit et un amplificateur fonctionnant
a 750 kHz. Aujourd’hui le nombre de composants sur une puce a eté multiplié par 64.000
dans des mémoires de 64 et 128 Mbit (100 millions de composants par puce). La réduction
des dimensions a entrainé Paugmentation de transistors par puce (et donc par unité de
surface), mais aussi la vitesse des circuits (fréquence d’horloge de quelques GHz sur les
ordinateurs de bureau actuels).

Cette réduction des dimensions (en anglais ‘scaling-down’) est décrite par la lo1 empirique
dite de Moore. Moore prévoyait que d’une génération technologique a l'autre la taille des
composants serait divisée par 1,3 et que le nombre de composants sur une puce doublerait
tous les 3 ans. Cette tendance s’est vérifiée, avec un léger ralentissement ces dernieres
années, devant 'accumulation de difficultés techniques croissantes.

Il o’y a pas de doute que le succes de la microélectronique est dit a Putilisation du silicrum et
de ses propriétés remarquables. Le silicum de trés haute pureté peut étre obtenu par
croissance de lingots monocristallins dun diamétre de plus de 30 cm , longs de 1 m et pesant
plus de 200 kg. La densité de défauts électriquement actifs dans ce silictum est parfaitement
maitrisée 4 un taux trés faible, connu et caractérisé, ouvrant la possibilité de fabriquer des
transistors mono-électron. Le germanium, utilisé a I'origine tient moms bien en température
que le silicium (3 bande interdite plus large). Le sable, source d’approvisionnement du
silicium, est peu coiiteux et abondant, peu sujet a la “fievre des marchés’.

Mais P'intérét principal du silicium est sont oxyde, isolant quast-parfait (résistivite d’environ
10" Q.cm) et idéal pour la grille des MOSFET. La croissance par oxydation thermique du Si
donne des couches de SiO, exemptes de défauts et de fable rugosité, méme pour des
épaisseurs de quelques couches atomiques. L'interface Si/S102 est abrupt et les quelques
défauts actifs électriquement dus 4 des liaisons pendantes peuvent étre diminués par des
recuits en fin de fabrication. Dans Pindustrie, il est possible d’obtenir des épaisseurs d’oxyde
de grille de moins de 5 couches monoatomiques (1,2 a4 1,3 nm), nécessaires au contrdle du
potentiel de canal dans les transistors submicroniques.

La diminution des dimensions entraine la baisse des tensions d’alimentation, de 10 V sur les
premiers MOSFETS 4 1 V aujourd’hut et 0,7 V prévus en 2012. L’obtention de couches

aussi fines exemptes de fuites justifie effort mondial de recherche observé sur le sujet.



Aux USA, l'association des industries du semiconducteur, projette la loi de Moore dans
Pavenir et définit chaque année des objectifs pour la performance de IC. Ces objectifs sont
résumés dans une feuille de route. Par exemple, pour Pannée 2012, les prévisions donnent
des dimensions critiques de 65 4 32 nm (demi-pas des lignes d'interconnexion), avec des
longueurs de grille entre 25 et 18 nm. La régle de maigrissement impose une réduction de
Pépatsseur d’oxyde (supposé étre de siicium) de 1T nm a 0,6 nm (mowns de 4 couches
monoatomiques). Il y a 1a une claire himitation physique. Pour ces épaisseurs, les fuites par
ezffet tunnel a travers loxyde deviennent significatives. Les travaux de Muller par
microscopie électronique couplée a I'analyse des niveaux d’énergie des électrons a I'interface
Si/S10,, ont montré que les fonctions d’onde électroniques de 0,7 nm de Si0O, des deux
codtés des interfaces (effet runnel quantique). Pour ces épaisseurs le S10, n’agit plus comime
un 1solant. BEn pratique la limite est de 5 monocouches atomiques, en tenant compte d’une
rugosité de 'ordre d’'une couche monoatomique.

La tin du S10, comme solant de grlle semble atteinte. D’autres limitations 2 1a loi de Moore
avaient été identifides par le passé, mats avaient été surmontés par les améliorations
technologiques. Mais la limite physique d’épatsseur de 510, ne peut pas étre surmontée et
une autre solution doit étre trouvée. Une des possibles solutions est Putihisation de matériaux
de constante diélectrique supérieure a celle du 10, de fagon 4 obtenir la méme capacité par
unité de surface avec une épatsseur plus grande. Au milieu des années 90, industrie
microélectronique investit fortement dans le développement de ces diélectriques 4 forte
constante diélectrique , high k, et a les intégrer comme isolant de grille de transistor MOS ou
de condensateur de stockage. Les objectifs a long terme dépendent du succés de cette
recherche.

Le travail exposé dans cette thése cible les nouveaux maténaux susceptibles d’étre intéprés
dans les mémotres et les applications a base de transistors MOS. Il est divisé en trois
chapitres principaux.

Le premier chapitre traite des contraintes de fabrication des dispositifs. Nous abordons aussi
Iétat de P'art ainst que les objectifs industriels 4 courte échéance. Ce premier chapitre est
important pour donner au lecteur les bases technologiques pour comprendre pourquoi des
mvestissements gigantesques sur ces matériaux  sont consentis dans lindustrie

microélectronique et la recherche associée.




Le second chapitre traite des méthodes de dépét et croissance des isolants étudiés dans cette
thése. De méme nous décrivons au mieux les moyens de caractérisation pour analyser les
propriétés physiques et électriques de ces diélectriques. Quelques exemples de matériaux
analysés aideront le lecteur a comprendre facilement notre méthode dnvestigation
scientifique.

Le dernier chapitre est une revue de mon travail publié dans des journaux scientifiques de
renommée internationale ou d’exposés dans des contérences majeures. Ce chapitre 3 est
sous-divisé en 3 sections. La premiére et deuxieme traite de la compréhension des propriétés
des silicates d’aluminium-lanthane et oxides de terre rare obtenus par différentes méthodes
de dépdt et récuit. Les résultats ajoutés aux résultats de lart antérieur donnent un apercu
significatif de notre recherche d’un matériau candidat potentiel comme isolant high k. T.a

dernier section est dédiée aux oxydes de titane et de silicates de titane.

Pour terminet, en conclusion, nous résumons rapidement les objectifs atteints par ce travail

et les points encore en cours d’'investigation dans le laboratotre.



CHAPITRE 1




LOI D’ECHELLE: LIMITATIONS PHYSIQUES
ET TECHNOLOGIQUES

Ce premier chapitre décrit les différents problémes rencontrés en microélectronique
et qui sont liés, soit au semi-conducteut, soit a I'isolant ou au métal de grille. 11 est découpé
en trots parties.

Dans la premiére pattie, on présente la loi de Moore, lor d™échelle” bien connue,
comme fondement économique de évolution de la microélectronique. Ensuite, on décrit les
problémes physiques et les difficultés économiques 4 surmonter pour remphir les objectifs de
la loi de Moore. Ces problémes sont bien évidemment caractéristiques de la technologie
MOSFET": dissipation de la chaleur, augmentation des courants de fuite, et, bien entendu,
travail de sortie.

La deuxiéme partie de ce chapitre a pour objectif de conduire le lecteur dans les
problématiques spécifiques a 'oxyde de grille. Pour cela, aprés avoir mtroduit les concepts de
diélectrique 2 forte permittivité (figh-£) et d’épatsseur équivalente d’oxyde de siliclum (EOT
comme eguivalent oxide thickness), on presente une analyse des problémes les plus signiticatifs
au plan physique et technologique liés a I'introduction de nouveaux matéraux de grille dans
la chaine de production de circuits intégrés silicium.

Eanfin, la derniére partie de ce chapitte propose une présentation succincte des

principaux et plus attractifs matériaux a forte permittivité étudies 4 ce jour.



CHAPITRE II




TECHNIQUES D’ELABORATION
ET DE CARACTERISATION

Ce chapitre est consacré aux techniques expérimentales utlisées lors de ce travail. L'objectif
est de donner une vision générale de ces techniques en donnant leur principe, la maniére de
les utiliser et de les exploiter, et d’en extraire les mformations utiles. Ce chapitre comporte
deux parties, la premuére portant sur les techniques d’élaboration et le second sur les moyens

de caractérisation.

Les procédés d’élaboration utilisés pour déposer ou faire croitre les oxydes de gnlle ont été
mus en ceuvie dans une salle blanche niveau 3 du Centre de Haute Technologie des
Matériaux a2 Albuquerque. Les outils utilisés sont décrits de maniére détaillée, de méme que
les principaux paramétres expérimentaux accessibles lors de Iélaboration des couches minces
d’'oxyde. En particulier, les avantages et les imitations des techniques de dépdt et de recut

choisis dans cette étude sont argumentées et précisées.

Les techniques de caractérisation nombreuses et variées utilisées pour analyser les films font
I'objet de la seconde partie. Toutes ces techniques ont été personnellement maitrisées, sauf
exceptions mentonnées dans le texte. Pour tous les outils de caractérisation utilisés, des
exemples réels et concrets ont été donnés. Ces exemples font référence 4 la fois a la
technologie Si/Si0, et aux technologies Si/high-k et ils sont directement reliés aux résultats

expérimentaux que nous avons obtenus.



CHAPITRE III




RESULTATS

La premiére partie de ce chapitre est focalisée sur I'étude des alliages LaAlO; comme
possibles candidats pour remplacer I'oxyde de silicium. Les travaux publiés sur le sujet sont
nombreux, et les résultats sont divergents. On présente les différents procédés utilisés pour
déposer Poxyde et pour le caractériser. Enfin, on met en relation les propriétés électriques et
physiques des oxydes étudiés, tout en essayant de comprendre leur comportement en

relation avec les conditions de depot.

La deuxiéme partie est consacrée aux deux oxydes de terres rares Pr,O, et Nd,O, Ces
oxydes sont de bons candidats comme des oxydes a forte permittivité. On déenit d’abord
comment is ont été déposés et caractérisés. On procede ensuite 4 une analyse pour montrer
comment les propriétés électriques de ces oxydes sont liées 4 leur structure cristalline. De
cette facon, il est possible de comprendre et de prévoir dans le détail le comportement

physique et électrique des oxydes de terres rares.

La troisiéme partie est dédiée a 'oxyde de titane (110,) et aux pseudo alliages T10,-510),. On
décrit succinctement les méthodes avec lesquelles ces oxydes ont été déposés et comment 1ls
ont été caractérisés, et on montre l'importance de ces oxydes en microélectronique. On
analyse tout d'abord les différentes phases de l'oxyde de titane, puis, en se référant aux
travaux antérieurs, on cherche a4 comprendre les mécamsmes physiques détermmant le
comportement de tels oxydes et en particulier les problématiques liées au changement de

densité par rapport 4 la varation de concentration de Ti dans les alliages mixtes T10,-510,.



CONCLUSION

La mucroélectronique moderne nécessite une connaissance poussée des propriétés des
matériaux quelle utilise en couches ultra-minces. Les objectifs ambitieux tels qu’établis par la
lot de Moore” prévotent la réalisation de transistors et composants 4 I'échelle du nanométre.
Deux sortes de matériaux sont du plus haut intérét : les métaux et les isolants. Le probléme
crucial qui se pose aujourd’hui est le remplacement du S0, comme isolant de grille des
transistors MOS. De tels 1solants doivent avoir une forte constante diélectrique (thigh k™ en
anglais). Nus montrons le grand nombre de paramétres jouant un rdle dans les procédés
technologiques et les corrélations éventuelles entre certains de ces paramétres. Pour les
isolants de grille, les défis technologiques se classent dans 3 catégories: en premier, ils
doivent avoir une constante diélectrique élevée, en second, une bande interdite optique
élevée pour éviter I'injection d’électrons dans le S1, en troisiéme une bonne stabilité vis-a-vis
du 51 Ces contramntes peuvent étre étudiées séparément mais sans jamais oublier leur
possible interaction mutuelle. Pour un isolant en contact avec le Si, nous avons essayé de
comprendre comment la structure de l'oxyde était corrélée a ses propriétés physiques et
optiques et comment ces corrélatons pouvaient influencer les applications en
microélectronique. Il est évident que cette analyse et méthodologie peut étre étendue 2
d’autres matériaux.

Nous avons étudié plusieurs oxydes que nous avons déposé ou fait croitre par différentes
techniques : méthodes assistées par plasma comme le PECVD), anodisation plasma ou
pulvénsation cathodique. De plus, I’ évaporation par canon a électrons et 'oxydation
thermique ont aussi été utilisés. Nous avons travaillé en salle blanche de classe 1000 et
atmosphere controlée  pour minimiser la contamination de la surface des échantiflons
rédusant ainsi les risques de non reproductibilité des dépdts.

La caractérisation des oxydes a été menée avec une gamme étendue de méthodes et
appareillages. Ces techniques sont essentielles pour déterminer les paramétres structurels et
physiques fondamentaux des oxydes étudiés. La struxture des oxydes a été déterminée par,
diffraction et réflexion X, EDS, FTIR, AFM, XPS et RBS. Pour compléter par les variables
macroscopiques (constante diélectrique et mdice de réfraction) qu sont obtenues par

mesures électriques et elipsométriques.




L’oxyde ternaire LaAlQ, a été choisi pour sa constante di€lectrique et sa stabilité avec le Si.

Nous avons prouvé que la phase de haute constante diélectrique (8=28) n’existe que pour les
oxydes cristallins. Bien que les polarisabiltés ioniques de la phase amorphe et de la phase
cristalline soient trés proches, la grande différence des € est due 2 la différence du volume
moléculaire. Te T.aAlO, en phase cristalline est plus dense quwen phase amorphe.
L’inconvénient est la température élevée de formation, au dessus de 800°C. Les essats
d’obtention de la phase cristalline ont montré que les recuits au dessus de 700°C détériorent
Pinterface SI/oxyde et dégradent les propriétés électriques de la structure MOS. Clest une
limitation sérieuse de ces oxydes pour des applications MOSFET.

Les oxydes de terres rares Pr,O; et Nd,O; sont aussi obtenus en phase amorphe ou
cristalline. A 900°C, linteraction oxyde/St est faible. La constante diélectrique de la phase
amorphe est nettement plus fatble qu'en phase cristalline. Celle-ci prend deux formes
différentes: cubique et hexagonale. La formation de I'un ou lautre dépend du numéro
atomique de la terre rare. La relation entre densité et structure est mise en lumiére ainst que
Finfluence sur les propriétés macroscopiques de lisolant. La formation et la stabilité de ces
phases dépend du procédé de dépdt, pomnt trés important dans la fabrication
microélectronique.

Des oxydes mixtes Si0,-Ti0, ont été déposés avec différentes concentrations en Ti. Mas
auparavant nous avons caractérisé l'oxyde de titane stoechiométrique. A hautes températusres
i présente une instabilité vis-d-vis du S1 et une anisotropie finie dans ses propretes
macroscopiques. Sous la forme amorphe, il a un € de 33. Les phases crstallines rutile et
anatase sont trés sensibles au traitement thermiques en dessous de 200°C. Pour des
températures inférieures a 600°C, les oxydes mixtes n'ont pas de phase TiO, cnstalline ou
amorphe Si0,, ni de ségrégation du TiO,. La constante di€lectrique et I'indice de réfraction
ont une variation linéaire entre un maximum (110, pur) et un minumum (S0, pur). Par
exemple, Palliage Ti1,:51,;0, a un € de 27 avec une bande interdite optique estimée a 6.25.
Mais un recuit de cet alliage au dessus de 600°C donne lieu 2 la ségrégation Si0, et 110,
ainsi que la probable formation nano-cristaux de rutile et/ou anatase.

Ainsi le remplacement du Si0, n’est pas impossible mais s’avére ditficile. Nous avons

discuté de ce probleme et des compromnus 4 faire et compris nettement que :

2) un oxyde de grille amorphe d’ € supérieur 4 25 ne peut pas étre obtenu a Pheure actuelle.



b) la plupart des candidats a € élevé forment une couche mnterfaciale de S10, a la transition
oxyde/ S, ce qui est désastreux pour des EOT (épaisseur équivalente de Si0,) inférieures 4 1
nm. Imaginons deux oxydes I'un avec € =12 et Pautre avec € =25. Le premuer est réalisable
industriellement a I'heure actuelle. Tracons I' EOT en fonction de Pépaisseur réelle de
Poxyde (figure I). Le trait noir correspond a 'absence de couche intermédiaire, le bleu, vert
et rouge a 0.1, 0.2, 0.3 nm d’épaisseur de couche intermédiaire de S10,. Nous constatons
que pour les besoins prévisibles en 2016, a savoir un EOT de 0.45 nm, une couche parasite

mnterfaciale de seulement 0.3 nm impose une épaisseur physique de moins de 2 nm pour €

=25 et de moins de 1 nm pour € =12. Cette derniére épaisseur semble infaisable dans un
environnement industriel avec ses contraintes de reproductibilité. Il est donc indispensable
de viser des matériaux a trés haute constante diélectrique pour relacher la contrainte sur

Pépaisseur et la couche interfaciale.

— High-k + 0 nm of interfacial SiC,
— High-k + 0.1 nm of interfacial S0y

High-k + 0.2 nm of interfacial S0,

Effective Ciide Thickness {fnm)
o

High-k + 0.3 nm of interfacial S0,

o 1 2 3 4 ] G 7 2
Acreal high-k Thickness {nm)

Figure I EOT werius the real oxide thicknesses. Different lines refer o different interfacial SiO, thicknesses ar the interfave
high-k /S

L'industrie de la microélectronique est consciente de ce probleme. John Mestermacher,
directeur commercial des matériaux innovants a Air Products, fait remarquer que les
prévisions d’mtroduction des diélectriques 4 base d’hafnium dans les neeuds 65 sont
retardées au nceud 45 nm ou inférieurs. En octobre 2005, David Lammers d’Intel disait: ‘Tl

est fort improbable que nous soyons en mesure d’introduire des oxydes high k dans le nceud



45 nm’. Paul Angelo, responsable du développement 45 nm 4 IBM déclare: ‘la dispersion de
tension de seuil est mortelle.. Ja communauté des chercheurs en maténaux high k doit
obtenir des améliorations conséquentes avant que nous pussions les introduire en
production’.

Nous espérons que ce travail aura contribué a Pamélioration de la connaissance des

propriétés de ces oxydes a trés haute permuttivité.



Abstrait

Durant les dermiéres décades, les activités de lindustrie de la microélectronique, ot ainsi la recherche en
microélectronique, ont été guidées par la loi de Moore. Cela a conduit & une réduction importante des dimensions
fondamentales des transistors. Pour certains procédés, la dimension des matériaux a rejoint I'échelle atomique, avee les
problémes de fabrication et de fiabilité que cela entraine. Ainsi I'oxyde de grille est-il prévu d'étre constitué de 0.6 nm
do Si0» en 2013, A de telles épaisseurs l'oxyde fuit considérablement lorsqu'un champ électrique est appliqué sur fa
grille, avec pour conséquence une réduction des performances du transistor. Dans ce contexte, notre recherche
s'intéresse & trouver un nouveau diélectrique pour remplacer 810, en se basant sur idée que si I'épaisscur doit étre
augmentée pour réduire le courant de fuite, la constante diélectrique doit &tre augmentée de Ta méme maniére. Nous
avons Gtudi¢ différents matériaux tels que LaAlQ;, NdyOs, PraO;, TiO: et des mélanges Ti0;-Si0O;, qui sont
généralement considérés comme étant des matériaux 4 forte permittivité ("high k"). Les oxydes ont été¢ déposés par
PECVD uiilisant une source ECR, ou bien évaporés au canon 4 électrons, ou encore dépesés par pulvérisation RF.
Enfin, certains matériaux étudiés furent oxydés thermiquement ou oxydés par anodisation. Différentes techniques de
caractérisation ont été adoptées afin d'analyser les propriétés chimiques, physiques, optiques et électriques, La relation
entre technique de croissance et propriétés du matériau a & plus particuli¢rement étudiée. 1l apparait que l'interface
enlre I'oxyde et le substrat de Si dépend de la méthode de dépdt et des conditions de recuit. La constante didlectrique et
I'indice de réfraction de chaque matériau ont été quantifiés. Les valeurs semblent parfois on désaccord avec la
littérature, et la littérature elle-méme présente des incohérences quant aux propriétés diélectriques de ces matériaux. La
relation cntre propri¢tés électriques et optiques a été établie. Nous avons mentré que fa structure du réseau joue un role
fondamental sur la polarisabilité et le volume moléculaire (c-a-d la densité) des matdriaux. Sans une modification
radicale de ces paramétres, généralement il n'est pas possible d'obtenir une phase du matérian possédant une "forte”
constante diélectrique.

Mots-clefs : couches minces, isolants, microélectronique, CVD, PECVD, ECR, plasma, four thermique, recuit,
évaporation par canon d'électrons, XPS, FTIR, IR, absorbance, XRD, réflexion, [(V), C(V), EDX, RBS, ellipsométrie,
LaAl0:, NdyO4, Pry0s;, TiO,, TiO,-Si0;, oxydation anodique, polarisabilité, volume moléculaire, coordination

Astract

Over the last decades, the microclectronic industry, and hence microclectronic rescarch, has been driven by Moore’s
law. The consequence has been a mass scaling down of the fundamental dimensions of the transistor. In this process the
material dimension has reached, in some cases, the atomic scale, with manufacturing and reliability problems that this
implies. [n particular the gate oxide is cxpected to be 0.6 nm of SiO; for 2013. At these thicknesses the oxide leaks
considerably when an electric field is applied to the gate, which results in a loss of performance for the transistor.
Research is focused in finding a new dielectric in order to replace Si0,, using the idea that if the thickness could be
increased in order to reduce the leakage currents, the dielectric constant would be increased as well. We have studied
different materials such as LaAlQ;, Nd,O5, PraOs, TiQ, and imixed TiO,-Si0,, which usually are considered high k
materials. The oxides were deposited via PECVD with an Electron Cyclotron Resonance Microwave Reactor (ECR),
were cvaporated using an Electron Beam Evaporator and also were sputtered using an rf plasma. Finally some of the
materials investigated were thermally oxidized or anodically oxidized. Different techniques of characterization have
been adopted in crder to analyze the chemical, physical, optical and electrical properties of the materials. The relation
between the deposition or growth techmique and the properties of the materials was studied carefully. It appears that the
interface between the oxide and the Si substrate depends upon the deposition method and annealing condition. The
diclectric congtant and the refractive index of each material were ascertained. The value sometimes appeared in
disagreement with the literature and the literature itself shows incoherence among the dielectric properties of these
materials. The relation between the clectrical properties and the optical properties has been established. We show that
the network structure pfays a fundamental role on the polarizibilities and the molecular volume (i.c. density) of the
materials. Without a radical change of these variables, usually a phase of the material in which the dielectric constant is
“high” cannot be obtained.

Key words: Thin Films, Insulator, Microelectronics, CVD, PECVD, ECR, Plasma, Thermal Furnace, Annealing,
Electron Beam Evaporator, XPS, FTIR, IR, Absarbance, XRD, Reflectivity, I(V), C(V), XPS, EDX, RBS,
Ellipsometry, LaAlO,;, NdoOs, Pry(h, TiOa, Ti0p-5i0,, Anodic Oxidation, Polarizabilities, Molecular volume,
Coordination.







