ABSTRACT

CHAMBERS, JAMES JOSEPH. Reactions for Yttrium Silicate High-k Dielectrics. (Under
the direction of Dr. Gregory N. Parsons.)

The continued scaling of metal-oxide-semiconductor-field-effect-transistors
(MOSFETS) will require replacing the silicon dioxide gate dielectric with an alternate high
dielectric constant (high-k) material. We have exploited the high reactivity of yttrium with
both silicon and oxygen to form yttrium silicate high-k dielectrics. Yttrium silicate films with
composition of (Y,0;), XSiO,),, and x = 0.32 to 0.87 are formed by oxidizing yttrium on
silicon where yttrium reacts concurrently with silicon and oxygen. The competition between
silicon and oxygen for yttrium is studied using X-ray photoelectron spectroscopy (XPS) and
medium energy ion scattering (MEIS). The initial yttrium thickness mediates the silicon
consumption, and a critical thickness (~40-80 A) exists below which silicon is consumed to
form yttrium silicate and above which Y,0, forms without silicon incorporation.
Engineered interfaces modify the silicon consumption, and a nitrided silicon interface results
in film with composition close to Y,0,. The silicon consumption also depends on the
oxidation temperature, and oxidation at higher temperature generally results in greater silicon
incorporation with an activation energy of 0.3-0.5 eV. Yttrium silicate films (~40 A) formed
by oxidation of yttrium on silicon have an amorphous microstructure and an equivalent
silicon dioxide thickness of ~12 A with leakage current <1 A/cm? Yitrium silicate
formation on silicon is also demonstrated using plasma oxidation of yttrium on silicon,
reactive sputtering of yttrium and annealing/oxidation of yttrium on thermal SiO,. The
interface reactions described here for yttrium are expected to be active during both physical

and chemical vapor deposition of other high-k dielectrics containing Hf, Zr and La.
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CHAPTER1

INTRODUCTION

1.1 HIGH-K DIELECTRICS FOR MOSFET TECHNOLOGY

Silicon dioxide has been the gate dielectric of choice since 1960 when it was first
proposed that thermally grown SiO, should be used as the gate insulator in metal-oxide-
semiconductor-field-effect-transistors (MOSFETS).1 Research, development and production
over the past four decades have shown SiO, to exhibit superior low-defect interfacial
properties and to provide excellent passivation of the silicon surface from contamination.
The properties of silicon dioxide have been characterized as well as any other dielectric, and
SiO, is entrenched as one of the most basic components in silicon technology. Progress in
silicon integrated circuit technology has been dominated by the reduction in gate length to
increase device performance and integration. To keep pace with drive current demands, the
silicon dioxide gate dielectric thickness must also scale in accordance with the gate length. In
the past, scaling the gate dielectric thickness has simply been handled by a recipe change
where either the oxidation time or temperature was decreased to net a thinner dielectric.
However, scaling the dielectric thickness has resulted in device degradation in recent years.

As a result of device scaling, boron penetration from the polysilicon gate electrode
through the silicon dioxide gate dielectric into the channel region has become a major
concern. Boron depletion causes both an increase in the equivalent oxide thickness (EOT)
and threshold voltage shifting. However, incorporating nitrogen into the silicon dioxide gate
dielectric has been demonstrated to reduce boron penetration, reduce electrically active traps

and defects at the SiO,/Si interface and improve device reliability.23 Many techniques have



been explored to achieve the desired nitrogen profiles in the thin silicon dioxide, including
furnace annealing, rapid thermal annealing and remote plasma nitridation.3> Even though
nitridation has played an important role in device scaling, it is only a near term solution,
since the gate dielectric thickness rapidly approaches the quantum tunneling regime where
the exponential increase in current with decreasing thickness is one of the more fundamental
limits to device scaling.

Since the silicon dioxide thickness is rapidly approaches the quantum tunneling
regime, the latest addition to the “show stopper” list is the proposed physical limit of 20-15
A for the silicon dioxide gate dielectric.6 The physical limit is derived from analysis of the

quantum mechanical tunneling of electrons, which for a change of dielectric thickness of ~35

to ~15 A increases ~13 orders of magnitude from 102 A/cm? to 10 A/cm26 This drastic
increase in leakage current raises severe reliability and power consumption concerns for
device operation in this regime, which has prompted interest in the development of
alternative high dielectric constant (high-k) materials.

The integration of high-k dielectrics into current MOSFET technology can
potentially enable continued device scaling. Since capacitance scales as the dielectric
constant over the dielectric thickness, a high-k dielectric should provide sufficient physical
thickness to block electron tunneling, while maintaining the specific desired capacitance.
When designing a new device technology, this specific capacitance is usually described in
terms of an equivalent oxide thickness (EOT). Figure 1.1 illustrates the potential roadblock
associated with scaling the silicon dioxide thickness and the potential advantages high-k
dielectrics can provide. Figure 1.1 plots the physical thickness versus the device generation
and EOT for SiO, (k = 3.9) and high-k dielectrics with k = 15 and k = 80. The EOT values

for each device generation are derived from the International Technology Roadmap for



Semiconductors (ITRS).” For each high-k dielectric, three curves are presented where the
high-k is assumed to be on an interfacial SiO, layer of zero, 7 and 15 A, where the physical
thickness is calculated using a simple capacitors in series model. The proposed tunneling
limit for SiO, is illustrated in Fig. 1.1 as the dashed line at a physical thickness of 15 A. It is
clear from Fig. 1.1 that SiO, will cross the tunneling limit somewhere around the 100-50 nm
device nodes. Therefore, a high-k dielectric will be necessary to achieve the device
performance required of a 50 nm device. A high-k material with a dielectric constant of 15
without an interfacial SiO, layer will enable EOT = 10 A while remaining above the
tunneling limit. A high-k with a dielectric constant of 80 can afford up to 7 A of interfacial
SiO, and still achieve EOT = 10 A while remaining above the proposed tunneling limit.
With these considerations in mind, recent interest in high dielectric constant (high-k)
materials currently focuses on the eventual replacement of silicon dioxide.

To replace silicon dioxide as the gate insulator in MOSFET technology, high-k
dielectrics must exhibit properties similar to the SiO,/Si system. Any high-k dielectric must
provide low levels of interface defects with interface trap density (D,) ~10"° cm™®eV™ and
fixed charges (Q;) <5x10" cm?. High breakdown fields in excess of 10 MeV/cm are also
necessary. The increased physical thickness of a high-k dielectric should limit tunneling
current to <1 A/cm? but the tunneling current is also exponentially dependent on the
barrier height. Therefore, a high-k dielectric should possess a suitably large bandgap and
barrier height. However, the bandgap is inversely proportional to the dielectric constant for
many high-k dielectrics, consequently the bandgap decreases as the dielectric constant
increases.8 The danger exists that the leakage reduction achieved by an increase in the
dielectric constant (physical thickness) will be lost due to a decrease in the barrier height.

Even though the barrier height may not be directly proportional to the bandgap, a large



bandgap should increase the chance of obtaining a suitably large barrier height. The physical
properties of any potential high-k dielectric are also crucial, and a covalent amorphous
microstructure is advantageous, since grain boundaries may provide high conductivity
pathways. The stability between the high-k dielectric and silicon is of paramount
importance. Instability of the high-k/Si or polysilicon/high-k interface resulting in excess
formation of SiO, can reduce the effective dielectric constant of the stack and negate the
benefits of the high-k, as illustrated in Fig. 1.1. Integration of a high-k dielectric into the
current process flow requires the high-k to remain stable during the particularly strenuous
dopant “drive-in” anneal (~1000 °C, ~30s). As of today, no one material has been identified
that meets all these requirements.

The most common materials proposed to replace silicon dioxide are the metal
oxides, including Ta,O., TiO, HfO, ZrO,, Y,0, and Al,O, and the metal silicates,
including Hf, Zr and Y silicates.>15 The major drawbacks associated with the metal oxides
are: 1) instability on silicon, namely for Ta,O, and TiO,, resulting in low-k interface layers,12
2) pure metal oxides tend to crystallize at relatively low temperatures (~200 °C),16 and, 3)
pure metal oxides tend to conduct oxygen, and the oxygen diffusion can lead to oxidation of
the silicon substrate, as well as, oxygen vacancies that act as traps.l” Silicate films may
alleviate some of these problems by combining the high-k advantages of the pure metal
oxide with the electrical advantages of SiIO,. MOS capacitors using Hf, Zr or Y silicates as

the dielectric have been demonstrated with k~12915  Furthermore, amorphous
microstructure has been demonstrated for Hf and Zr silicates after annealing at 1050 °C

(~20s) and for Y silicate after oxidation at 700 °C (1 hr).8.15



1.2 OBJECTIVE

Developing an alternate high-k material to replace silicon dioxide as the gate
dielectric in MOSFET technology is an arduous undertaking, and the ITRS has set an
aggressive timetable for implementation for these materials. Taking into consideration the
present knowledge and future needs of high-k dielectrics we have outlined certain goals for
this work. The first is to evaluate and develop processes to form yttrium silicate films on
silicon. Specifically, we will appraise oxidation of yttrium on silicon, both thermal and
plasma, and reactive sputtering of yttrium as methods toward yttrium silicate formation.
Next, we must determine of the physical properties of yttrium silicate films on silicon,
including their microstructure and local bonding configurations. Another goal is to
demonstrate yttrium silicate films with EOT @10 A and leakage current <1 A/cm?® And
finally, we will show the effect of metal-silicon bonds on silicon consumption and interface
formation.
1.3 OVERVIEW OF DISSERTATION

This dissertation focuses on the development of yttrium silicate as a high-k
replacement for silicon dioxide in MOSFET technology, the physical and electrical
properties of yttrium silicate and the role of metal-silicon bonds on silicon incorporation and
interface formation. The main approach we use to form yttrium silicate thin films is the
thermal oxidation of yttrium metal on silicon. The yttrium silicate forms through a
competition for yttrium through reactions with silicon and oxygen. This competition can be
mediated by the thickness of the initial yttrium film, the oxidation temperature and through
the implementation of engineered interfaces.

In CHAPTER TWO, we demonstrate the formation of yttrium silicate by the

thermal oxidation of yttrium silicide, compare the physical properties of yttrium silicate to



SiO, and Y,0;,, evaluate the surface morphology of yttrium silicate and characterize yttrium
silicate MOS capacitors.

In CHAPTER THREE, we discuss the physical and electrical properties of yttrium
silicate thin films, compare the film formation by oxidation of yttrium on silicon and by
oxidation of yttrium silicide, describe the competition between silicide formation and
oxidation, and finally, analyze the oxidation kinetics of yttrium films on silicon.

In CHAPTER FOUR, we demonstrate the ability to control silicon consumption
through the use of engineered interfaces.

In CHAPTER FIVE, we further analyze the effect of oxidized silicon and nitrided
silicon interface layers on the consumption of silicon during the oxidation of yttrium and we
demonstrate the interface reaction between yttrium and SiO, to form yttrium silicate.

In CHAPTER SIX, we describe the effect of oxidation temperature on silicon
consumption and analyze the energetics of silicon incorporation.

In CHAPTER SEVEN, we present the chemical bonding and structural
characterization of yttrium silicate thin films formed by the remote N,O plasma oxidation of
yttrium on silicon.

In CHAPTER EIGHT, we present a study on the use of mass spectrometry to sense
silicon dioxide etch end point uniformity and propose a model to explain the observed mass
spectrometry signal.

In CHAPTER NINE, we summarize the major results of this work.

An APPENDICES section includes additional information not found in the body of

the text.
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PHYSICAL AND ELECTRICAL PROPERTIES OF

YTTRIUM SILICATE THIN FILMS

J. J. Chambers and G. N. Parsons

ABSTRACT

This article reports on the physical and electrical properties of yttrium silicate, which is a
possible high k replacement for the SiO, gate dielectric in CMOS devices. The yttrium
silicate (Y,0,),XSIO,), films are formed by sputtering yttrium onto clean silicon, annealing in
vacuum to form yttrium silicide and oxidizing in N,O to form the silicate. Shifts in the Y 3d,
Si 2p and O 1s photoelectron spectra with respect to Y,0, and SiO, indicate that the films
are fully oxidized yttrium silicate. FTIR results that reveal a Si-O stretching mode at 950 cm’
' and Y-O stretching modes in the far-IR are consistent with XPS. XPS and FTIR results
are in accordance with the donation of electron density from the yttrium to the Si-O bond in
the silicate. AFM reveals the yttrium silicate films a RMS roughness of 8.0 nm. The yttrium
silicate films contain a fixed charge density of ~9x10" cm™ negative charges as calculated
from measured C-V curves. The properties of ultra-thin yttrium silicate films with an

equivalent silicon dioxide thickness (electrical) of ~1.0 nm will be discussed elsewhere.
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CHAPTER 2

PHYSICAL AND ELECTRICAL PROPERTIES OF

YTTRIUM SILICATE THIN FILMS

2.1 INTRODUCTION

The continuous scaling of complementary-metal-oxide-semiconductor (CMOS)
devices towards smaller dimensions will require replacing the gate SiO, with an alternate
high dielectric constant (high-k) material. Metal silicates are appealing materials, since they
are expected to posses a greater dielectric constant than SiO, and remain amorphous during
annealing. Yttrium silicate possesses desirable thermodynamic, dielectric and structural
properties that make it attractive as a high-k candidate. The Y-O bond is quite strong, since
the free energy of formationl (at 25 °C, per oxygen atom) is —2.40x10% kcal compared to —
1.70x10* kcal for SiO,, which implies an yttrium silicate should be stable on silicon.
Capacitance measurements2 on MOS capacitors with an Al/ZY, ,:Si,-O:/Si structure yielded
a dielectric constant for the silicate layer of ~12, which should be suitably large to obtain
EOT < 1.0 nm with low tunneling. Figure 2.1a depicts the mineral keiviite (Y,Si,0O-), which
consists of a Si,O,% structural unit with yttrium connecting the two corner sharing SiO,
tetrahedra.3 Figure 2.1b shows the yttrium orthosilicate (Y,SiOs) structure where four of the
oxygen atoms are bound in a silicon tetrahedron with each corner joining two yttrium
octahedron and the fifth oxygen atoms, which are not involved with the silicon tetrahedron,
are shared between four yttrium octahedron in a rod-like chain.#4 Y,0,%2SiO, and Y,0,%iO,

exhibit low lattice mismatch with silicon, since the lattice constants a(Y,Si,O;) = 0.554 nm
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and a(Y,SiO;) = 1.041 nm are closely match with a (Si) = 0.543 and a(Si)®2 = 1.086 nm,

respectively. Also, yttrium silicate films exhibit low oxygen permeability and should provide

excellent passivation.5 These advantageous properties make yttrium silicate an suitable
materials choice for CMOS technology.

We form yttrium silicate films on silicon by oxidation of yttrium silicide, where the
silicide films are formed by vacuum annealing of yttrium films on cleaned silicon. A similar

approach has been utilized elsewhere to investigate the oxidation properties of silicides,

where hafnium silicide is oxidized to from hafnium silicate.®6 One problem with the

oxidation of silicides is that oxidation does not always result in silicate formation, but results

in a SiO, film on silicide, as in the case of nickel silicide and cobalt silicide.” It has been
postulated that oxidation of a metal silicide will result in silicate formation if the metal-

oxygen bond posses a more negative free energy of formation than the silicon-oxygen

bond.8 Since the Y-O bond is stronger than the Si-O bond, we expect oxidation of yttrium
silicide to result in silicate formation.

This article reports on the physical and electrical properties of yttrium silicate (Y-O-
Si) as compared to the properties of SiO, and Y,0,. X-ray photoelectron spectroscopy
(XPS) is used to compare the oxidation state of yttrium, silicon and oxygen in Y-O-Si, SiO,
and Y,0,. Fourier transform infrared spectroscopy (FTIR) is used to identify the Si-O and
Y-O vibrational modes in Y-O-Si, SiO, and Y,0,. Y-O-Si film topology is investigated
using scanning electron microscopy (SEM). The electrical quality of Y-O-Si is tested using

capacitance versus voltage (C-V) measurements.
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2.2 EXPERIMENTAL

Substrates were p-type Si(100) with resistivity 0.1-0.3 Wcm. Samples were prepared
by dipping for 5 minutes in JTB 100 (a tetramethylammonium hydroxide based alkaline
solution with a carboxylate buffer), rinsing in deionized water, etching in buffered hydrogen
fluoride for 30 seconds with no final rinse and loading immediately into vacuum.

Y-O-Si films were formed by sputtering yttrium onto cleaned silicon, vacuum
annealing and oxidizing in N,O. The exact composition of the films reported here is
unknown and we will denote our films as Y-O-Si or simply as yttrium silicate. Sputtering
was performed at 25 °C in 4.3 mTorr Ar, a radio frequency (rf) power of 420 W at 13.56
MHz and an yttrium target dc bias of —1000 V in a system with an ultimate vacuum of 5x10°®
Torr. The yttrium films on silicon were annealed in situ in vacuum (< 1x10°® Torr) at 600 °C
to form yttrium silicide. The yttrium silicide was thermally oxidized ex-situ in a standard tube
furnace in 1 atm N,O at 900 °C. SiO, films were thermally grown (~100 nm) by wet
oxidation. Y,0, films were formed by sputtering yttrium onto ~50 nm SiO, and oxidizing in
N,O for 20 minutes.

Y-O-Si films for XPS, FTIR and SEM analysis were formed by sputtering 240 nm of
yttrium onto cleaned silicon, annealing in vacuum for 30 minutes and oxidizing in N,O for
20 minutes. XPS was performed ex situ using a Riber LAS3000 utilizing a single-pass, field
retarded cylindrical mirror analyzer and non-monochromatic Mg Ka (hn = 1253.6 eV).
Spectra were collected using 0.1 eV step sizes and a resolution of ~1.0 eV. The binding
energies of the core levels were corrected by setting the adventitious carbon 1s peak at 285
eV. FTIR spectra were collected using a Nicolet Magna 750 configured for both mid- and

far-IR data acquisition. FTIR spectra were collected in the absorbance mode and
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normalized to the silicon substrate. The thin SiO, buffer that the Y,O, films were formed
on was substracted from the Y,0, FTIR spectra. High resitivity (15 W-cm) silicon wafers
were used for FTIR analysis to minimize free carrier absorption in the substrate. These
substrates were single side polished and “orange peel” roughened on the backside to reduce
background interference fringes.

Y-O-Si films for electrical testing were formed by sputtering 2.5 nm of yttrium onto
cleaned silicon, annealing in vacuum for 5 minutes and oxidizing at 900 °C in N,O for 15
seconds. Front-side electrical contact (no back-side metal employed) was made to the Y-O-
Si films using a Four Dimensions CV map 92-A mercury probe. Capacitance measurements
were taken at 1 MHz using a HP 4284a LCR meter.

2.3 RESULTS AND DISCUSSION

Chemical bonding in Y-O-Si, SiO, and Y,0, was investigated using XPS. Figure 2.2
presents the Y 3d photoelectron spectra for Y-O-Si and Y,0,. The Y 3d peak is a doublet
resulting from the Y 3d,,, and the Y 3d;,, (the more intense component where peak position

is referenced) components of the spin-orbit splitting. The Y 3d peak for Y,O; is measured

at 156.8 eV binding energy (BE) and reported in the literature? at 156.8 eV. The Y 3d peak
for yttrium silicate is measured at 157.6 eV.

The Y 3d spectra for Y-O-Si and Y,O, in Fig. 2.2 indicate that the yttrium in both

films is fully oxidized, since a metallic Y 3d peak at 156.0 eV is not observed.10 There is no
evidence for Y-Si bonds (155.8 eV) in the yttrium silicate Y 3d spectrum. Since yttrium and
silicon are only bonded to oxygen in the yttrium silicate crystal structures exhibited in Figs.
2.1a and 2.1b, the absence of Y-Si bonding in Y-O-Si films is expected. The Y 3d peak for
Y-O-Si is shifted to higher BE than the Y 3d peak for Y,O,. This is likely due to increased

donation of electron density to the Si-O bond in the silicate compared to the electron
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density donation from yttrium to oxygen in Y,0O, consistent with the relative
electronegativities of yttrium, silicon and oxygen (1.2, 1.8, 3.5 on the Pauling scale).

Figure 2.3 shows the Si 2p portion of the XPS signal for Y-O-Si and SiO,. The Si 2p

photoelectron peak position for SiO, is measured and reported in the literature10 at 103.3
eV. The Si 2p photoelectron peak position for Y-O-Si is measured at 101.0 eV. The yttrium
silicate Si 2p peak is shifted to lower BE than that for SiO,, indicating the silicon in yttrium
silicate is in a lower oxidation state than the silicon in SiO,. This is consistent with yttrium
donating electron density to the Si-O bond. The observation that the Y 3d and Si 2p peak
positions for the Y-O-Si are different than either Y 3d in Y,O, or Si 2p in SiO, indicates the
presence of a uniform material with the absence of phase separated Y,O, or SiO.,.

Figure 2.4 presents the O 1s spectra for Y-O-Si, Y,0, and SiO,. The peak positions
for the Y-O-Si, Y,0, and SiO, are 530.5, 529.25 and 533.0 eV, respectively. The shoulder

observed on the Y,0, spectrum at 531.5 eV is assigned to O-H bonding in the film likely

acquired during post-deposition exposure to ambient water.9 The O 1s peak for Y-O-Si is
measured to fall between Y,0, and SiO,, as expected considering the electronegativity
differences between yttrium and silicon. Again, the absence of an O 1s peak for SiO, or
Y,0;, in the Y-O-Si spectrum indicates the absence of any phase segregation in the silicate.
Analysis of the bonding environments in Y-O-Si, SiO, and Y,0O, were investigated
using FTIR. Figure 2.5a presents the mid-IR region of the FTIR spectrum for Y-O-Si and
Y,0,. The SiO, FTIR spectrum presented in Fig. 2.5a exhibits three characteristic
vibrational modes of SiO,. The peaks located at 1077, 810 and 400 cm™ are the Si-O-Si
asymmetric stretching, bending and rocking modes, respectively. These peaks are typical for
a stoichiometric and relaxed amorphous SiO, network. The dominant peak in the Y-O-Si

FTIR spectrum in Fig. 2.5a is at 950 cm™. Although the peak at 950 cm™ in the Y-O-Si
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FTIR spectrum is broader and shifted to lower frequency, it is similar in shape to the
asymmetric stretch measured at 1077 cm™ and is assigned to Si-O stretching in the Y-O-Si.
The frequency shift and broadening of the Si-O stretch in the yttrium silicate is consistent
with a weakening of the Si-O bond resulting from the combined effects of transfer of
electron density from the yttrium to the Si-O bond and a wider distribution of Si-O bond
angles available in the silicate. Figure 2.5b presents the far-IR region of the FTIR spectrum

for Y-O-Si and Y,0,. The Y,0O, spectrum in Fig. 2.5b exhibits vibrational modes at 374, 335

and 303 cm characteristic of Y-O stretching in Y,0,.11 The Y-O-Si spectrum in Fig. 2.5b
displays two broad peaks assigned to Y-O stretching in the silicate.
Figure 2.6 presents an AFM image of a Y-O-Si film with a root mean square surface

roughness of 8.0 nm. It has been reported that vacuum annealing of yttrium films on silicon

forms an epitaxial silicide with grain sizes on the order of 70 nm.12 The roughness inherent
in the yttrium silicide is consistent with the observed roughness in the Y-O-Si film.
Capacitance-voltage testing of Y-O-Si films was performed to ascertain their
electrical quality and the results are depicted in Fig. 2.7. The equivalent oxide thickness
(EOT) for this film was calculated to be ~5.0 nm. The ideal flat band voltage (Vy,) for a
mercury-oxide-semiconductor (N, = 1x10"" cm?®) is -0.55 V. V,, for the C-V curve displayed
in Fig. 2.7 is calculated at —0.51 V, which corresponds to a fixed charge density of ~9x10%
cm™ and suggests the presence of negative fixed charges in the silicate.
2.4 CONCLUSIONS
We have shown the physical and electrical properties of Y-O-Si films formed on
silicon by oxidation of yttrium silicide. The shift of the Y 3d photoelectron peak to higher
BE compared Y,0,, the shift of the Si 2p peak to lower BE compared to SiO, and the

intermediate location of the O 1s peak compared to Y,0; and SiO, indicate the presence of
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Y-O-Si bonding structure. There is no evidence in the XPS spectra for the presence of SiO,,
Y,0, or yttrium silicide. XPS spectra are consistent with FTIR spectra where a Si-O
stretching peak is measured at 950 cm™ and Y-O stretching peaks are measured in the far-IR,
which are also consistent with the formation of Y-O-Si. These results are consistent with
the donation of electron density from yttrium to the Si-O bond in the silicate. C-V
measurements reveal that the Y-O-Si films are of low defect density. Based on these results,
we have investigated ultra-thin (EOT = ~1.0 nm) Y-O-Si films and will report the results
elsewhere.
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Figure2.6 AFM image for Y-O-S with RMS surface roughness of 8.0 nm.
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Chapter 3 is a reprint of a manuscript to be submitted to the Journal of Applied Physics

PHYSICAL AND ELECTRICAL CHARACTERIZATION OF YTTRIUM

SILICATE HIGH-K DIELECTRICS

J. J. Chambers and G. N. Parsons

ABSTRACT

The physical and electrical properties of yttrium silicate thin films are described. The
reactivity of yttrium metal with silicon and oxygen is exploited to form interface layer free
yttrium silicate thin films. X-ray photoelectron spectroscopy (XPS) and Fourier transform
infrared spectroscopy (FTIR) are used to determine chemical bonding and composition of
yttrium silicate films. Capacitance-voltage testing is used to determine the quality of the
dielectric and the electrical thickness. The oxidation of yttrium on silicon to form
amorphous yttrium silicate films (~40 A) with EOT @1.0 nm has been demonstrated. We
establish that the oxidation of yttrium silicide also results in an yttrium silicate film. The
oxidation of yttrium on silicon results in a films nearly identical, although with a lower
silicon fraction, to films formed by the oxidation of yttrium silicide. These results suggest
that the yttrium silicate forms through a competition between yttrium-silicon reaction and
oxidation. This competition results in an yttrium silicate film for thin (<40 A) initial yttrium
coverage and in an Y,0,/Y-O-Si bi-layer at thick (>80 A) initial yttrium coverage. Analysis

of the oxidation kinetics reveals fast oxidation during yttrium silicate film formation and
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slow oxidation during consumption of the silicon substrate. It is the high reactivity of
yttrium that enables complete oxidation of the yttrium silicate while avoiding excessive
oxidation of the silicon substrate. In principle, the oxidation of other metals on silicon of
the metal oxides of interest as high-k dielectrics (such as, ZrO,, HfO, and La,0,) is expected

to result in a metal silicate film.
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CHAPTER 3

PHYSICAL AND ELECTRICAL CHARACTERIZATION OF YTTRIUM

SILICATE HIGH-K DIELECTRICS

3.1 INTRODUCTION

The semiconductor industry improves performance by decreasing the gate length
with each successive complementary metal oxide semiconductor (CMOS) device generation.
With each generation, the silicon dioxide gate dielectric thickness scales with gate length to
promote high channel transconductance.  The International Technology Roadmap for
Semiconductors predicts that a 50 nm device generation will require the equivalent of a sub-1.0
nm silicon dioxide.l Reducing the silicon dioxide thickness to the sub-1.0 nm regime may
not be feasible because significant leakage and reliability issues become major concerns
below ~2.0-1.5 nm2 due to direct tunneling, which is exponentially dependent on the
dielectric thickness. Maintaining low tunneling current requires an increase in the gate
dielectric thickness and an accompanying increase in the dielectric constant (k), since
capacitance scales as k/thickness, to obtain the desired equivalent silicon dioxide thickness
(EOT).

A variety of metal oxides, including Y,0O,, Ta,O;, TiO,, HfO,, ZrO, and Al,O,, have

been suggested as high-k (k > kg, = 3.9) replacements for silicon dioxide.™® A Ta,O5 (k @

25) gate dielectric can be made approximately 6 times thicker than the equivalent silicon
dioxide gate, assuming the silicon/high-k interface does not contain any SiO,, which would

decrease the capacitance of the gate stack and counteract the advantage of the high-k

30



material. Thermodynamic calculations have been used to evaluate the stability, with respect
to no silicide or SiO, formation, of binary metal oxides in contact with silicon. Y,0,, ZrO,,
HfO, and the rare earth oxides are the most promising binary metal oxides from using this
thermodynamic analysis.® However, pure metal oxides tend to crystallize at relatively low
temperaturesi0 resulting in possible high conductivity pathways along grain boundaries
counteracting the benefits of the high-k dielectric. Therefore, scaling the gate insulator into
the sub-1.0 nm regime requires a material with suitably high-k that remains stable and
amorphous during typical annealing cycles.

Recently, zirconium silicate and hafnium silicate have been demonstrated as potential

high-k gate dielectrics with k ~ 11 and an amorphous microstructure after annealing at 1050

°C for 20 seconds.1! Yttrium silicate also possesses desirable thermodynamic, dielectric and
structural properties that make it attractive as a high-k candidate. The Y-O bond is quite
strong, since the free energy of formation per oxygen atom (-DG;,) (at 25 °C) is 2.40x10*
kcal for Y,0, compared to 1.70x10%* kcal for SiO,.12 The mineral keiviite (Y,Si,0,) (Fig.
3.1a) consists of a Si,O,* structural unit with yttrium connecting the two corner sharing SiO,
tetrahedra.13 In the yttrium orthosilicate (Y,SiOs) structure (Fig. 3.1b), four of the oxygen
atoms are bound in a silicon tetrahedron where each corner joins two yttrium octahedron,
and the fifth oxygen atoms, which are not involved with the silicon tetrahedron, are shared
between four yttrium octahedron arranged in a chain.l4 Y,Si,O, and Y,SiO, exhibit low
lattice mismatch with silicon, since the lattice constants a(Y,Si,O,) = 0.554 nm and a(Y,SiO;)
= 1.041 nm are closely match with a(Si) = 0.543 and a(Si)®2 = 1.086 nm, respectively.1314
The yttrium silicate phase diagram (Fig. 3.1c) indicates a two-phase region between 50% and

67% mole fraction SiO, where Y,SiO; and Y,Si,O, form a stable mixture. This contrasts the
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phase diagrams of the group IV silicates (i.e. zircon and hafnon)1> where the two-phase
regions are silicate with metal oxide or SiO,. Yttrium silicate films exhibit low oxygen
permeability and should provide excellent passivation.16

Previous studies have demonstrated the formation of yttrium silicate by the
oxidation of yttrium on silicon in dry air at 500-700 °C.3 Yttrium silicate films with the
composition 'Y, ,Si, O approximately 26.0 nm thick were created using this process.
Capacitance measurements on MOS capacitors with an Al/Y, ,:Si,:O./Si structure yielded
k~12 for the silicate layer, which should be suitably large to obtain EOT < 1.0 nm with low
tunneling.  These films also exhibited acceptable current-voltage and breakdown
characteristics.

Formation of YSi,, by vacuum annealing of yttrium films on silicon is a well-
characterized process where the silicide is formed by the fast diffusion of silicon into the
metal film.17.18 Hexagonal YSi,, films have been epitaxially grown on Si(100) by annealing
yttrium films on silicon above 550 °C in vacuum.l® Yttrium silicide formation occurs at
relatively low temperatures (120 to 140 °C) and at a very rapid rate (estimated as 40 to 50
A/s at 350 °C).20 Furthermore, films created in this manner have been found to oxidize up
to ~15 times faster than crystalline silicon.2! This creates a situation where thin yttrium
silicate films can be formed on silicon with minimal or no oxidation of the underlying silicon
substrate.

The possibility of forming silicate materials on silicon by oxidizing the metal silicide
is intriguing. The oxidation of silicides has been addressed in terms of the free energy of

formation per oxygen atom (-DG;) for metal oxides compared with that of SiO,.22 If the -

DG; of a metal oxide is less than that of SiO,, the metal oxide can be reduced by silicon.
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Conversely, if the -DG; of a metal oxide is greater than that of SiO,, the metal oxide can
reduce SiO, It has been proposed that oxidizing a metal silicide where the metal oxide has a
-DG; greater than that of SiO, will result in a mixed metal oxide/SiO, film and oxidizing a
metal silicide where the metal oxide has a -DG; less than that of SiO, will result in

preferential oxidation of silicon.22 Table 3.1 presents -DG; for a variety of metal oxides and
the expected oxidation product of the metal silicide on silicon. For example, the oxidation
of MoSi,, WSi, and TaSi, (see Table 3.1) on silicon has been reported to result in the
formation of a metal-free SiO, film on a silicide layer over silicon.*# The SiO, forms
through the oxidation of silicon that has diffused through the silicide, which remains stable.
The silicides were found to oxidize only when the silicides were on SiO, or polycrystalline Si
on SiO,, where there is a limited supply of silicon. However, the oxidation of hafnium
silicide has been demonstrated to result in an Hf-O-Si layer.26 Y,O, has a greater -DG; than
SiO,. Therefore, yttrium silicide is expected to oxidize to form a Y-O-Si film. It is worth
noting that, for other metal oxides of interest as high-k dielectrics, oxidation of their
respective metal silicide is expected to result in a metal-O-Si film.

This article investigates the formation of Y-O-Si films by oxidation of yttrium on
silicon and by oxidation of yttrium silicide. This article is divided into an experimental
section, followed by a results and discussion section and, finally, the results are summarized
in the conclusion section.  X-ray photoelectron and Fourier transform infrared
spectroscopies are used to identify the chemical structure of the Y-O-Si films. Current- and
capacitance-voltage testing is used to determine the electrical quality of the dielectrics.
Transmission electron and atomic force microscopies are used to identify film morphology.

In the results and discussion section, it is demonstrated that exposure of yttrium silicide to
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an oxidizing ambient results in oxidation of the silicide, and the oxidation of yttrium on
silicon results in the mixing of yttrium and silicon. The extreme reactivity of yttrium with

silicon and oxygen enables the formation of interface-free Y-O-Si thin (~40 A) films using

the methods described in this article. Y-O-Si films with EOT @1.0 nm are demonstrated,
which encourages further study of films formed by oxidation of yttrium on silicon and
oxidation of yttrium silicide.
3.2 EXPERIMENTAL

3.21 SPUTTERING AND SURFACE PRETREATMENT SYSTEM

Yttrium films were sputtered in the two-chamber vacuum system shown in Fig. 3.2.
The system is equipped with a load-lock and a plasma processing chamber. A base pressure
of 1x107 Torr is attained in the load-lock using a hybrid-turbo and dry diaphragm pumping
system. Silicon samples are transferred from the load-lock to a manipulator with full X, Y, Z
and ¢ motion in the processing chamber. A base pressure of 5x10® Torr in the processing
chamber is achieved with a hybrid-turbo and dry scroll pump combination, which doubles as
the process gas pumping system. The process pressure can be controlled from 1.0-100
mTorr via a closed loop system containing a motorized 20 cm butterfly valve located directly
above the hybrid-turbo and a capacitance monometer located near the sample in the
processing chamber. The processing chamber is outfitted with a cylindrical plasma source
that can be configured to run in a remote plasma mode to perform in situ silicon surface
preparations and in a direct plasma mode to sputter yttrium thin films. The cylindrical
plasma source consists of a 500 W, 13.56 MHz radio frequency (rf) power supply and auto-
tuned matching network, a quartz plasma tube 5 X 15.25 cm (diameter X length) and an air-
cooled excitation coil (grounded at one end) of 0.95 cm nominal diameter copper tubing

with 2 turns of 12.7 cm diameter spanning 5 cm enclosed in a stainless steel electrostatic
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shield. The Ar, N, and N,O process gas flows are supplied to the chamber through the
front of the plasma tube and regulated from 1-100 sccm (N,) with mass flow controllers.
The processing chamber is equipped with a retractable yttrium (99.1%, Ta as the major
impurity) sputter target that can be isolated from the system by a gate valve. A 200 W DC
power supply provides up to -1000 V of bias to the sputter target and is run in a constant
voltage mode. A 600 W radiant heater enables substrate temperatures up to 650 °C. All
post-deposition vacuum anneals were performed in situ. The plasma processing chamber is
also compatible with in situ plasma oxidation, which will be presented in a separate
publication. For the results in this article, oxidation is performed ex situ from the processing
chamber in a standard 10 cm diameter tube furnace at temperatures from 500-900 °C in 1
atm N,O or air.

3.22 SAMPLE PREPARATION

Substrates were n- (1.0-2.0 W-cm) or p-type (0.1-0.3 W-cm) Si(100) cut from
commercial wafers into 2.5 X 2.5 cm samples. Samples were prepared by dipping for 5
minutes in JTB 100 (a tetramethylammonium hydroxide based alkaline solution with a
carboxylate buffer), rinsing in deionized water (DlI), etching in buffered hydrogen fluoride
(HF) for 30 seconds with no final rinse and loading immediately into vacuum.

3.23 SPUTTER CONDITIONS

Sputtering was performed at room temperature in 4.3 mTorr Ar and an rf power of
420 W. During sputtering, the yttrium target was fully extended into the plasma and biased
at —1000 VDC. Yttrium metal is reactive, and residual oxygen or water in the system will
affect the target surface and sputter rate. To control this problem, the target was
conditioned before loading samples and performing runs by sputtering for 30-60 minutes at

the standard conditions. The target current typically was observed to decrease from ~10 to
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~5 mA during this time, and the target was considered clean when the target current
stabilized at ~5 mA. When performing runs, the samples were rotated into the line-of-sight
of the target at a distance of ~1.25 cm from the target. To calibrate the yttrium sputter rate,
a series yttrium films with thickness of 200-1000 A were blanket deposited onto 1000 A of
wet oxidized SiO,. After deposition, one-half of each sample was masked with photoresist
and soft baked for 2 minutes at 70 °C. The masked samples were then etched in Al etch
(phosphoric/nitric/acetic acid mixture), rinsed in DI and dried with N,. After etching, the
photoresist was stripped in acetone. The samples were then rinsed in DI and dried with N,.
Film thickness was determined by taking five step height measurements across the sample
with an Alpha-Step 500 and taking the average value. Uniformity across the sample was ~85
%. The average thickness was plotted versus sputter time, and the sputter rate was taken as
the slope of a least squares fit. The fits with the y-intercept set at zero were excellent (R* @
0.998), and the sputter deposition rate was typically 40 A/minute. Yttrium film thickness for
each run was determined by monitoring the sputter time while maintaining a constant
sputter rate. The conditions for plasma ignition and stabilization were achieved using an
auto-tuned matching network. Typical thin metal (~8 A) required a sputter time of 15
seconds. Plasma initiation was rapid (< 1s) and, therefore, not expected to affect the initial
sputter rate.

3.24 SILICIDATION CONDITIONS

Silicide films were prepared by sputtering yttrium onto cleaned silicon at room
temperature and in situ annealing in vacuum (maximum pressure was ~5x10° Torr). The

temperature ramp for the annealing step was performed at ~0.5 °C/s up to a temperature of

600 °C where the sample was held for 20 minutes. During the annealing step, the yttrium
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sputter target was isolated from the system. After annealing, the silicide films were allowed
to cool in vacuum for 5 minutes and in 1 atm N, for an additional 5 minutes.
325 THERMAL OXIDATION CONDITIONS

Oxidation was performed ex situ in the furnace described in Section 3.2.1 at

temperatures between 500 and 900 °C for times from 6 seconds to 20 minutes. Samples

were placed onto a quartz boat and quickly (~1 s) pushed by hand to the center of the
furnace, and the oxidation time was the time the sample spent at the center of the furnace.
N,O and air were used as oxidizers. When N,O was used as the oxidizer, the flow rate was 5
slpm (N,).

326 X-RAY PHOTOELECTRON SPECTROSCOPY

X-ray photoelectron spectroscopy (XPS) was performed ex situ using a Riber
LAS3000 equipped with a MAC2 analyzer (single-pass cylindrical mirror analyzer with an

input lens). The photoelectrons were excited using non-monochromatic Mg Ka (hn =

1253.6 eV) or Al Ka (hn = 1486.6 eV) radiation. The base pressure of the surface analysis
chamber was 2x10™ Torr. Survey and detailed spectra were collected at a take-off angle of
90° using 1 eV and 0.1 eV step sizes, respectively. No overlap of any Auger peaks with the
primary Y 3d, Si 2p, O 1s and C 1s photoelectron peaks was observed when using either Mg
Ka or Al Ka radiation. When the films were thin enough to detect the silicon substrate
peak, the binding energies of the core levels were corrected by setting the silicon substrate
2p photoelectron peak to 99.3 eV, which set the adventitious carbon 1s peak near 285 eV.
When the overlayer was thick enough to shield the silicon substrate photoelectrons, the
binding energy was corrected by setting the adventitious carbon peak at 285 eV. The raw

spectra were smoothed using an eleven point Savitsky-Golay algorithm. When peak fitting
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was necessary to locate peak position or integrate area, Gaussian functions were generated
by minimizing the misfit error.

3.27 MEDIUM ENERGY ION SCATTERING

Medium-energy ion scattering (MEIS)27, a low-energy (50-300 KEV) high resolution

(~5 A) version of Rutherford backscattering spectroscopy, is used to obtain proton energy

spectra. Energy spectra of the scattered protons (~100 keV) are collected using a double-
aligned geometry. The compositions determined by MEIS of the films reported here are
average values throughout each film and generally correspond to (Y,0,),XSiO,),, where x
ranges from 0.3 to 0.6. The known yttrium silicates correspond to x=0.5 (yttrium
orthosilicate) and x=0.33 (keiviite).1> In this article, we generally refer to all the films as
yttrium silicate or simply as Y-O-Si.

3.28 ELECTRICAL MEASUREMENTS

Metal-insulator-semiconductor capacitors were formed by evaporating 2000 A of Al
onto blanket Y-O-Si films through a contact mask with holes ranging from 50-500 nm in
diameter. Active area was determined using scanning electron microscopy. Contact was
made to the backside of each sample with 2000 A of evaporated Al. Samples typically
underwent a post-metallization anneal in 90% N, and 10% H, at 400 °C for 30 minutes.
Capacitance-voltage (C-V) measurements were taken at 1 MHz using a HP 4284a LCR
meter. Electrical thickness is described as an equivalent SiO, thickness (EOT) determined
from a fit of the C-V curve that includes the quantum mechanical effect. Samples were
swept from inversion to accumulation with no initial light source. Current-voltage (J-V)
measurements were taken using a Kiethly 236 source measure unit and scanned at least 2 V

past flat band to ensure carrier generation would not limit the current.
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3.29 FOURIER TRANSFORM INFRARED SPECTROSCOPY

Fourier transform infrared spectroscopy (FTIR) was performed using a Nicolet
Magna 750 configured for both mid- and far-IR data acquisition. The spectrometer is
purged with dry air to avoid absorption from ambient H,O and CO,. High resistivity (15 W-
cm) silicon wafers were used for FTIR analysis to minimize free carrier absorption in the
substrate. The substrates were single side polished and “orange peel” roughened on the
backside to reduce background interference fringes. For each spectrum, 256 scans were
taken at a resolution of 4.0 cm™. FTIR spectra were collected in the transmittance mode,
converted to the absorbance mode after acquisition and normalized to the appropriate
substrate (i.e. silicon or SiO,/Si). The normalized spectra were smoothed and base line
corrected using the OMNIC software available from Nicolet.

3.2.10 ATOMIC FORCE MICROSCOPY

Surface morphology was imaged using a Digital Instruments Dimension 3000 in an
intermittent-contact mode. The atomic force microscopy (AFM) was performed in a
vibration-shielded hood to improve image quality. The cantilever probes were c-Si with
nominal tip radius of 5-10 nm.

3.2.11 TRANSMISSION ELECTRON MICROSCOPY

Microstructure and film thickness was investigated using cross-sectional transmission
electron microscopy (TEM). The cross-sectional TEM samples were prepared using a
conventional “sandwich” technique. Two pieces of the sample were glued face-to-face using
epoxy, mechanically thinned to ~50 um using abrasive paper, dimpled to ~5 um and milled
to perforation by a 5 KeV Ar ion-beam. The images were obtained using a Topcon 002B

High Resolution TEM with point-to-point resolution of 0.18 nm.
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3.3 RESULTS AND DISCUSSION

331 ANALYSIS OF THICK (4500 A) Y-O-Si FILMS FORMED BY

OXIDATION OF YTTRIUM SILICIDE

Thick Y-O-Si films (4500 A, determined from cross-sectional SEM) were formed by
sputtering 2500 A of yttrium onto clean Si, annealing in vacuum for 20 minutes to form
yttrium silicide, then oxidizing by annealing in air for 20 minutes at 900 °C. Y,0O, films were
prepared by sputtering 2500 A of yttrium onto 500 A of SiO, and annealing in air for 20
minutes at 900°C. SiO, films (1000 A) were formed by wet oxidation.

XPS results comparing chemical bonding in Y-O-Si to Y,0; and SiO, are presented
in Fig. 3.3. Figure 3.3a presents the Y 3d photoelectron spectra for Y-O-Si and Y,0,.
Consistent with literature values for Y,0,,28 the Y 3d,,, and Y 3d;,, components of the spin-
orbit splitting are measured at 158.8 and 156.8 eV, respectively. The Y 3d.,, peak for Y-O-Si
at 158.2 eV is at higher binding energy than the 156.8 eV measured for Y,O,, indicating the
Y-O-Si has bonding significantly different from Y,O,. The splitting between the Y 3d,,, and
Y 3d.,, components of the Y-O-Si is almost obscured indicating the presence of yttrium in
multiple oxidation states. The Y 3d spectra for Y-O-Si and Y,0O, in Fig. 3.3a indicate that
the yttrium in both films is fully oxidized, since a metallic Y 3d peak at 156.0 eV is not
observed. The binding energy for Y 3d and Si 2p in yttrium silicide are expected to be ~0.2

and ~0.6 eV, respectively, lower than the metallic peak positions.2® There is no evidence for

Y-Si bonds in the Y-O-Si Y 3d spectrum. The feature at ~153.0 eV results from a
combination of the Si-O Si 2s and Y 3d satellite peaks. Figure 3.3b shows the Si 2p portion
of the XPS signal for Y-O-Si and SiO,. Consistent with reference spectra for SiO,,28 the Si

2p photoelectron peak position is measured at 103.3 eV. The Si 2p peak for Y-O-Si (101.6
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eV) is measured at lower binding energy than for SiO,. The full-width-half-maximum
(FWHM) of the Si-O Si 2p peak for SiO, and Y-O-Si are measured at 1.8 and 2.4 eV,
respectively, indicating a wider range of silicon bonding environments available in the Y-O-
Si.  Figure 3.3c presents the O 1s spectra for Y-O-Si, Y,0, and SiO,. The O 1s peak at
531.8 eV is intermediate between O 1s for SiO, (533.0 eV) and Y,0, (529.5 eV). The
shoulder observed on the Y,0, spectrum at 531.8 eV is assigned to O-H bonding in the film
likely acquired during post-deposition exposure to ambient water.30 The measured FWHM
of O 1s in Y-O-Si is 3.1 eV, which is greater than expected for an elemental oxide (i.e.
measured FWHM of SiO, is 1.8 eV) indicating the presence of multiple oxygen bonding
configurations in the Y-O-Si.

Exposing an yttrium silicide film to an oxidizing ambient results in oxidation of the
silicide to form a film with a significant fraction of Y-O-Si bonds. The photoelectron
spectra of Figs. 3.3a and 3.3b do not indicate the presence of Y-Si bonds (within detectable
limits). Since yttrium and silicon are only bound to oxygen in the yttrium silicate crystal
structures exhibited in Figs. 3.1a and 3.1b, the absence of Y-Si bonding in Y-O-Si films is
expected. The chemical shifts of the Y 3d, Si 2p and O 1s (Figs. 3.3a, 3.3b and 3.3c,
respectively) peaks for Y-O-Si compared to Y,0O, and SiO, are consistent with donation of
electron density from yttrium to the Si-O bond in the Y-O-Si in accordance with the relative
electronegativities of yttrium, silicon and oxygen (1.2, 1.8, 3.5 on the Pauling scale). The
observation that the Y 3d and Si 2p peak positions for the Y-O-Si are different than either Y
3d in Y,0O, or Si 2p in SiO, indicates the presence of a uniform material with the absence of

phase separated Y,O; (at 156.8 eV) or SiO, (at 103.3 eV) (within detectable limits) after

annealing in an oxidizing ambient at 900 °C.
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Analysis of the bonding environments in Y-O-Si, SiO, and Y,0O, were investigated
using FTIR. Figure 3.4a presents the mid-1R (1600-400 cm™) region of the FTIR spectrum
for Y-O-Si and SiO,. The mid-IR spectrum of SiO, exhibits three characteristic vibrational
modes of SiO,. The peaks located at 1077, 810 and 400 cm™ are the Si-O-Si asymmetric
stretching, bending and rocking modes, respectively. These peaks are typical for a
stoichiometric and relaxed amorphous SiO, network. The mid-IR spectrum of Y-O-Si
exhibits several broad bands in the Si-O stretching region above 800 cm™. The broad peak
in the range of 500 to 400 cm™ may correspond to the superposition of rocking Si-O
vibrations and Y-O bond vibrations. Figure 3.4b presents the far-IR region (650-45 cm™) of
the FTIR spectrum for Y-O-Si and Y,0;. The far-IR spectrum of Y,O, exhibits vibrational
modes at 374, 335 and 303 cm™ characteristic of Y-O-Y stretching in Y,0,3! The Y-O-Si
far-IR displays two broad peaks assigned to Y-O stretching in the Y-O-Si film.

The infrared spectroscopy results of Figs. 3.4a and 3.4b are consistent with a
dominant Y-O-Si bond structure after oxidation of yttrium silicide. In the mid-IR (Fig.
3.4a), the broad bands above 800 cm™ in the Y-O-Si are assigned to Si-O vibrations,
consistent with a weakened Si-O bond resulting from electron density transfer from yttrium
to the Si-O bond and a wide distribution of Si-O bond angles in the Y-O-Si. In the far-IR
(Fig. 3.4b), the broadening of the Y-O stretching is consistent with a wider distribution of
bond angles in the Y-O-Si compared to Y,0O,. The small oscillations in the Y-O-Si spectrum
are due to interference. The observation that the FTIR spectra peak positions for the Y-O-
Si are different than either Y,0, or SiO, indicates the presence of a uniform material with
the absence of phase separated Y,O; or SiO, (within detectable limits) after annealing in an

oxidizing ambient at 900 °C.
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The oxidation of yttrium silicide is different than the oxidation characteristics of
many silicides. As described in Section 3.1, oxidation of a metal silicide where the metal

oxide has a -DG; per oxygen atom greater than that of SiO, will result in a mixed metal

oxide/SiO, film. Since Y,0, has a greater -DG; per oxygen atom than SiO,, oxidation of
yttrium silicide is expected to form a Y-O-Si film. This is demonstrated in Figs. 3.3 and 3.4,
where XPS and FTIR results show that oxidation of yttrium silicide produces a film with
spectroscopic properties different than either Y,O; or SiO,. The formation of a Y-O-Si film
accounts for these spectroscopic differences.
332 ANALYSIS OF THIN (~40 A) Y-O-Si FILMS FORMED BY
OXIDATION OF YTTRIUM ON SILICON
3.3.2.1 Physical characterization

XPS results for a thin Y-O-Si film (~40 A) formed by oxidizing ~8 A of yttrium on

silicon for 15 seconds at 900 °C are presented in the survey, Y 3d, Si 2p and O1s spectra of
Figs. 3.5a-d, respectively. The photoelectron peaks for yttrium, oxygen, silicon and
adventitious carbon are clearly evident in the survey spectra (Fig. 3.5a). The Y 3d,, and Y
3d.,, peaks in Fig. 3.5b are measured at 160.8 and 159.0 eV, respectively. The Y 3d peak
positions are consistent with Y-O bonding, but at higher binding energy than Y,O, reference
spectra (156.8 eV)28, and the spin-orbit splitting is 1.8 eV, which is less than Y,O, reference
spectra (2.0 V)28, In the Si 2p spectrum (Fig. 3.5¢), the peak at 99.3 eV is assigned to silicon
in the substrate, and the peak at 102.9 eV is assigned to Si-O bonding in the Y-O-Si, which is
lower than the expected binding energy for SiO, (103.3 eV), but within the expected range
for silicates (102-103 eV).28 The O 1s peak (Fig 3.5d) is a broad peak (FWHM = 3.0 eV) at

532.8 eV and is intermediate between O 1s for SiO, (533.0 eV) and Y,0, (529.5 eV). The
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composition calculated from the MEIS spectrum (not shown) of a film formed by oxidation
at 900 °C of a ~8 A yttrium film on silicon is (Y,04),5%Si0,).s Which is within the
experimental error (X £ 0.04) of keiviite (Y,Si,0;).

Similar to the oxidation of yttrium silicide, oxidation of a thin yttrium film on silicon
results in the formation of a film with a significant fraction of Y-O-Si bonds. In Figs. 3.5b
and 3.5c, there is no evidence for Y-Si bonds either as a low energy (<99.3 eV) feature on
the silicon substrate peak or as a peak at 155.6 eV in the Y 3d spectrum. Again, yttrium and
silicon are only bound to oxygen in the yttrium silicate crystal structures exhibited in Figs.
3.1a and 3.1b, and no Y-Si bonding is expected. The chemical shifts of the yttrium, silicon
and oxygen indicate that the dominant bonding structure in the film is not Y,0, or SiO,,
rather the material is uniform and consists of a large fraction of Y-O-Si bonds. The Y 3d
and Si 2p (Figs 3.5b and 3.5c, respectively) peak positions for the film formed by oxidation
of thin yttrium on silicon are both shifted to higher binding energy compared to the thick
film formed by oxidation of yttrium silicide (Figs. 3.3a and 3.3b). This is due to differences
in composition and will be discussed in a separate publication, where the dependence of the
Y 3d and Si 2p peak positions on film composition will be presented in detail 32

The morphology of films formed by oxidizing ~8 A of yttrium on silicon for 15

seconds at 900 °C was investigated using TEM and AFM. Figure 3.6 contains a high
resolution TEM image of a 42 A Y-O-Si film with an Al capping layer. The Al was
evaporated after Y-O-Si formation and the stack did not undergo a post-metallization
anneal. The Y-O-Si/Si interface is sharp and does not exhibit any indication of oxidation of
the silicon substrate to form SiO,. Lattice fringes are observed in the c-Si and Al, however,
lattice fringes are not observed in the Y-O-Si layer indicating an amorphous film. Surface

morphology was investigated using AFM, and the results are presented as the three
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dimensional image in Fig. 3.7. The root mean square (RMS) roughness of this film is 1.0 A,
which is near the RMS roughness of 0.5-0.9 A measured for c-Si.
3.3.2.2 Electrical characterization

Y-O-Si (~40 A) films were formed by oxidizing ~8 A of yttrium on silicon for 15
seconds in N,O at 900 °C. The C-V characteristics of films formed on p- and n-type Si are
presented in Fig. 3.8. Analysis of the C-V traces for Al/Y-O-Si/Si capacitors yields EOT of
12 and 11 A for n- and p-type silicon, respectively. The physical thickness of these films
obtained from TEM (see above in Section 3.3.2.1) is ~42 A, which corresponds to k @14.
The expected ideal flat band voltages (V;,) for aluminum gate MOS capacitors with 5x10*
cm™ n-type and 1x10"" cm™ p-type are —0.057 and —0.79 V, respectively. The measured V,,
are -0.74 and -1.63 V for capacitors on n- and p-type silicon, respectively, indicating positive
fixed charges in the film on both n- and p-type substrates. There is a slight frequency
dependence of the capacitance between 10 kHz and 1 MHz, as observed in Fig. 3.9, possibly
indicating the presence of slow traps. Hysteresis was ~1 and ~10 mV on n- and p-type,
respectively. The J-V characteristics for these films formed on n- and p-type silicon are
presented in Fig. 3.10. The current densities in accumulation are J,(1.0 V) = 0.5 A/cm? and
J,(-2.5 V) = 5.0 A/cm? for capacitors on n- and p-type, respectively.

The C-V curves presented in Figs. 3.8 and 3.9 demonstrate the scalability of an
yttrium silicate dielectric. The V4, shifts of -0.68 and -0.84 V for n- and p-type, respectively,
suggest the presence of positive fixed charge in the dielectric of sufficient density to be
problematic. Dangling bonds resulting from yttrium’s preference to be six-fold coordinated
and silicon’s preference to be four-fold coordinated may contribute to the large charge
densities, although the bonding configurations seen in Figs. 3.1a and 3.1b would satisfy all

bonds. Initial results suggest the large charge density may result from competition between
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yttrium/silicon reaction and oxidation leaving unsatisfied bonds, but this finding requires
further investigation. The leakage current for the n-type capacitor is less than for a silicon
dioxide of equivalent capacitance (J, ~ 100-1000 A/cm?)?, but the leakage is greater than that
expected for a SiO, of similar physical thickness (~1x10° A/cm?)33. The large fixed charge
density in the film possibly contributes to a trap state conduction mechanism, which
accounts for the discrepancy in leakage current.
333 COMPARISON OF THIN FILMS FORMED BY OXIDATION OF
YTTRIUM ON SILICON WITH THIN FILMS FORMED BY
OXIDATION OF YTTRIUM SILICIDE

Figure 3.11 presents the Y3d, Si 2p and O 1s photoelectron spectra for two samples,
both with 25 A of yttrium on silicon, one with oxidation for 20 minutes at 600 °C and the
other exposed to ambient conditions (1 atm air, 25 °C) for ~1 day (i.e. no thermal
treatment). The Y 3d peak for the film exposed in ambient is measured at higher binding
energy (158.2 eV) than expected for yttrium metal (156.0 eV)28. The film oxidized at 600 °C
is shifted an additional 0.3 eV to 158.5 eV. The Y 3d spectrum for the film exposed in
ambient exhibits a clear shoulder at 156.0 eV consistent with yttrium metal or possibly Y,O,
(156.8 eV). The Si 2p spectra for both films display a silicon substrate peak at 99.3 eV and a
feature at higher binding energy assigned to Si-O bonding, although the area of the feature
for the film exposed in ambient is 60% smaller than the feature for the film oxidized at 600
°C. The Si-O features are measured at 102.0 and 102.5 eV for the films exposed in ambient

and oxidized at 600 °C, respectively. The O 1s peaks for the films exposed in ambient and

oxidized at 600 °C are measured near 532.0 eV, however the O 1s peak for the film exposed
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in ambient is measured at slightly higher binding energy and displays a slight shoulder at
530.5 eV.

The spectra in Fig. 3.11 for yttrium films on silicon exposed in ambient and oxidized
at 600 °C are surprisingly similar. The XPS results for the 25 A yttrium film on silicon
oxidized at 600 °C are consistent with a Y-O-Si film, and, even without a thermal treatment,
the spectra in Fig. 3.11 for 25 A of yttrium on silicon exposed in ambient are also consistent
with a Y-O-Si film. The chemical shift of the Y 3d peak for the film exposed in ambient is
consistent with Y-O bonding, and more specifically, Y-O-Si bonding, since the peak is
shifted to higher binding energy than Y,0O,. There is either a small fraction of yttrium metal
or Y,0, present in the film exposed in ambient, as evident by the shoulder near 156.0 eV on
the Y 3d spectrum. The presence of Y,0O, is more likely, since the shoulder at 530.5 eV on
the O 1s spectrum for the film exposed in ambient is consistent with Y-O-Y bonding. The
film exposed in ambient also contains Si-O bonding, as evident by the feature at 102.0 eV in
the Si 2p spectrum of Fig. 3.11. The presence of oxidized yttrium and silicon is interesting,
since the film did not undergo exposure to an oxidizing atmosphere at elevated temperature.
The amount of Si-O bonding in the film is significantly greater than for a clean silicon
sample exposed to ambient for ~1 day. It is clear from the XPS results of Fig. 3.11 that
yttrium metal can react with both oxygen and silicon at room temperature. This reaction is
not complete, since the Y 3d peak for the un-oxidized film is shifted 0.3 eV from the Y 3d
peak of the film oxidized at 600 °C and the Si-O feature for the un-oxidized film is only ~40
% as large and is shifted to 0.5 eV lower binding energy than the Si-O feature of the film
oxidized at 600 °C. The presence of oxidized silicon in the film exposed to ambient

indicates that Y-O-Si film formation may occur through mixing of yttrium and silicon to
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form silicide-like bonds concurrent with oxidation to form a Y-O-Si film. This hypothesis is
tested by comparing the oxidation of yttrium on silicon to the oxidation of yttrium silicide.
Figure 3.12 displays the Si 2p photoelectron spectra for three films: (i) yttrium silicide
formed by vacuum annealing a 550 A yttrium film on silicon at 600 °C, (ii) an Y-O-Si film
formed by oxidation of yttrium silicide, and, (iii) an Y-O-Si film formed by oxidation of
yttrium on silicon. Figure 3.13 illustrates the processes employed to form the three films.
The pathway along arrow (i) describes the process used to form yttrium silicide films, where
yttrium films on silicon are annealed in vacuum. The pathway along arrow (ii) describes the
process for films formed by oxidation of yttrium silicide, where the silicide is formed by the
vacuum annealing step along arrow (ii) and then exposed at elevated temperature to an
oxidizing ambient along arrow (ii). The pathway along arrow (iii) describes the process for
films formed by the oxidation of yttrium on silicon, where the yttrium film is exposed to an
oxidizing ambient at elevated temperature. In Fig. 3.12a, the two Y-O-Si films started with
the same yttrium thickness (~8 A) and were oxidized for the same time and temperature (15
seconds at 900 °C) with the only difference being silicide formation at 600 °C in vacuum
before oxidation for one of the samples. In Fig. 3.12b, the two Y-O-Si films started with the
same yttrium thickness (25 A) and were oxidized for the same time and temperature (20
minutes at 600 °C) with the only difference being silicide formation at 600 °C in vacuum
before oxidation for one of the samples. The photoelectron spectrum for yttrium silicide is
presented for reference in Figs. 3.12a and 3.12b. The photoelectron spectrum for yttrium
silicide shows a peak at 98.5 eV assigned to yttrium silicide and a peak at 102.0 eV assigned
to Si-O bonding in the yttrium silicide. The Si-O peak results from oxidation of the yttrium
silicide during ex situ transfer to the analysis chamber. In both Figs. 3.12a and 3.12b, the

silicide peak at 98.5 eV is not evident in the spectra for either films oxidized at 600 or 900
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°C. For oxidation at 600 or 900 °C, the Si-O peak positions for the film formed by
oxidation of yttrium on silicon and for the film formed by oxidation of yttrium silicide are
nearly identical. However, the area of the Si-O feature for the film formed by oxidation of
yttrium on silicon at 900 °C (Fig. 3.12a) is ~40% smaller than the Si-O feature for the film
formed by oxidation of yttrium silicide at 900 °C, and the area of the Si-O feature for the
film formed by oxidation of yttrium on silicon at 600 °C (Fig. 3.12a) is ~20% smaller than
the Si-O feature for the film formed by oxidation of yttrium silicide at 600 °C. For both

oxidation at 600 and 900 °C, the Y 3d and Ol1s spectra (not shown) are similar.

The similarity between the Si 2p peak (Figs. 3.12a and 3.12b) positions for oxidation
of yttrium on silicon and oxidation of yttrium silicide at 600 or 900 °C indicates that the Y-
O-Si films created by either method are nearly identical. This concept is illustrated using the
cartoon presented in Fig. 3.13. Whether, the oxidation of yttrium silicide (arrow ii) or the
oxidation of yttrium on silicon (arrow iii) is chosen, the end result is essentially the same Y-
O-Si film, with the possible exception of greater silicon incorporation into the Y-O-Si films
formed by oxidation of yttrium silicide. The possible pathways for the incorporation of
silicon into the Y-O-Si film during the oxidation of yttrium on silicon are: (1) no reaction of
yttrium metal with silicon, oxidation of yttrium to Y,O, and decomposition of Y,0O, during
reaction with silicon; or (2) complete reaction between yttrium and silicon to form yttrium
silicide and oxidation of all Y-Si bonds; or (3) a combination of (1) and (2). The formation
of yttrium silicide has been shown to occur at relatively low temperatures (can be
spontaneous for ultra-thin films at room temperature)3# at a fast rate (~50 A/s)20. The XPS
results of Fig. 3.11 also demonstrate that this reaction can occur at room temperature. The

similarity between the film formed by oxidation of yttrium on silicon and the film formed by
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oxidation of yttrium silicide indicates that silicide formation is a possible intermediate step
during the oxidation of yttrium on silicon, as illustrated by the dashed arrow in Fig. 3.13,
where along the arrow (iii) there is also an intermediate pathway for silicide formation.
However, it is likely that, since the yttrium films on silicon are annealed in an oxidizing
ambient, competition between yttrium reaction with silicon and yttrium oxidation silicide
causes a reduced silicon fraction in the film compared to a Y-O-Si film formed by oxidation
of yttrium silicide. An in vaccuo XPS study would confirm the presence of Y-Si bonds during
oxidation of yttrium on silicon.

The competition between yttrium reaction with silicon and yttrium oxidation is
expected to depend on the deposited metal thickness. As the initial metal film thickness
increases, it will be less likely that all the metal will react with silicon before the metal can
oxidize directly. To demonstrate this, Y-O-Si films were formed by oxidation of metal and
oxidation of silicide starting with 30 A of yttrium. Figure 3.14 presents Y 3d, Si 2p and O 1s
spectra (a, b, and, c, respectively) for 30 A of yttrium deposited onto silicon and oxidized for

20 minutes at 600 °C and 30 A of yttrium deposited onto silicon, annealed in vacuum at 600

°C to form yttrium silicide and oxidized for 20 minutes at 600 °C. The Y 3d, Si 2p and O 1s
peak positions for the Y-O-Si film formed by oxidation of yttrium silicide are at 158.5, 102.0
and 531.9 eV, respectively, consistent with a Y-O-Si film. The Y 3d, Si 2p and O 1s peak
positions for the film formed by oxidation of 30 A of yttrium on silicon are at 158.0, 102.3
and 532.8 eV. The Si 2p spectra in Fig. 3.14b both display an attenuated silicon substrate
peak at 99.3 eV and a Si-O feature at ~102 eV. However, the Si-O feature for the film
formed by oxidation of yttrium silicide is clearly larger than the Si-O feature for the film

formed by oxidation of 30 A of yttrium on silicon. The O 1s spectrum (Fig. 3.14c) for the
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film formed by oxidation of 30 A of yttrium on silicon exhibits a strong shoulder on the
lower binding energy side (530.5 eV) of the main peak.

The XPS results of Fig. 3.14 indicate that oxidizing a 30 A yttrium film on silicon is
close to the transition between the competition for yttrium reacting with silicon and yttrium
oxidation. For the film formed by oxidation of 30 A of yttrium on silicon, the Y 3d peak
position (158.0 eV) is shifted towards the expected peak position for Y,0, (156.8 eV), the Si-
O feature (~102 eV) in the Si 2p spectrum (Fig 3.14b) is ~60% smaller than the Si-O feature
for the film formed by oxidation of yttrium silicide and the shoulder at 530.5 eV on the O 1s
spectrum (Fig. 3.14c) for the film formed by oxidation of 30 A of yttrium on silicon is near
the expected peak position for oxygen in Y,0O; (529.5 eV). Compared to the film formed by
oxidation of yttrium silicide, these results are indicative of a film with a decreased silicon
fraction, which results from a competition between silicide formation and oxidation.

334 COMPETITION BETWEEN SILICIDE FORMATION AND

OXIDATION

When a reactive metal is deposited onto Si and exposed to an oxidizing ambient at
elevated temperature, the metal can react with Si and oxidize. If the metal layer is
sufficiently thick relative to the reaction rates, these two processes can be spatially separated.
(i.e. M-Si reaction at the M/Si interface and metal oxidation reaction at the ambient/metal
interface). The effect of metal overlayer thickness on oxidation/reaction products is shown
in Figs. 3.15a-c, which presents photoelectron spectra for initial yttrium thickness of ~8 to
240 A (10 minute oxidation at 900 °C). For an initial yttrium coverage of ~8 to 40 A, the
photoelectron spectra are consistent with a Y-O-Si film: a) the Y 3d peak (Fig. 3.15a) is
measured at the expected Y-O-Si peak position of 159.0 eV; b) in Fig. 3.15b, the Si-O peak

is measured at 102.9 eV and the silicon substrate peak at 99.3 eV becomes increasingly
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attenuated; and, c) slight shifting is observed in the O 1s spectra (Fig. 3.15c), but the peaks
are near the expected O 1s position for Y-O-Si (~532 eV). When the initial yttrium coverage
is 40 A, the spin-orbit splitting of the Y 3d spectrum (Fig. 3.15a) exhibits blurring of the
splitting between the Y 3d,,, and Y 3d.,, components indicating the presence of multiple
yttrium oxidation states. When the initial yttrium coverage is 80 to 240 A, the photoelectron
spectra are consistent with an Y,O, film: a) the Y 3d (Fig. 3.15a) peak position is measured
near the expected Y,O, peak position of 156.8 eV; b) silicon (Fig. 3.15b) is not evident (up
to the escape depth of Si 2p photoelectrons, 31 @75 A) in the film; and, c) the O 1s spectra
(Fig. 3.15c) exhibit a main peak at 529.5 eV with a strong shoulder at 531.8 eV, which is
assigned to O-H bonding in the film likely acquired during post-deposition exposure to
ambient water.

The photoelectron spectra for the yttrium thickness series (Figs. 3.15a-c) illustrate
the film formation mechanism that results from a competition between silicide formation at
the yttrium/silicon interface and oxidation at the atmosphere/yttrium interface. The XPS
results (Figs. 3.15a-c) clearly indicate that oxidation of a thin (<40 A) yttrium film on silicon
produces a Y-O-Si film. Oxidation of a thick (80 A) yttrium film on silicon results in a

top layer comprised of Y,0O, (at least up to the escape depth of the Si 2p photoelectrons, 3l

@75 A). For an initial yttrium thickness of 40 A, a thin Y,O, or silicon-poor layer is
beginning to form on the Y-O-Si film, since the blurring of the spin-orbit splitting in the Y
3d spectrum (Fig. 3.15a) indicates the presence of yttrium in multiple oxidation states. For
thin (< 40 A) yttrium coverage, the reaction at the yttrium/silicon interface to form yttrium
silicide is fast enough to consume most, if not all, of the yttrium film before the oxidation
reaction can form a significant amount of Y,0,, as illustrated by the process labeled “Thin

Initial Yttrium” in Fig. 3.16. The process labeled “Thin Initial Yttrium” starts with a thin
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yttrium film (<40 A), which is then to an oxidizing ambient at elevated temperature resulting
in a thin Y-O-Si film on silicon. For thicker initial yttrium layers, exposure to an elevated
temperature oxidizing ambient results in Y,0O,, and the top layer does not contain any silicon
(up to the detection limit). When the initial yttrium is thicker than some critical thickness
(somewhere around 40-80 A), the silicide reaction is not fast enough to completely consume
the yttrium film and Y,0O, is formed at the top interface while silicide is formed at the
bottom interface. When the oxidation front meets the silicide front, a Y-O-Si film is
produced. This mechanism produces an Y,0,/Y-O-Si bi-layer at thick yttrium coverage, as
illustrated by the process labeled “Thick Initial Yttrium” in Fig. 3.16. The process labeled
“Thick Initial Yttrium” starts with a thick yttrium film (>80 A) and exposes it to an oxidizing
ambient at elevated temperature. The competition for yttrium between silicide formation
and oxidation results in the Y,0,/Y-O-Si bi-layer structure seen in Fig. 3.16. The following

reactions can be written for this materials system:

Yot Oy ® Y05 3.1)

In the thin (<40 A) initial yttrium regime, reaction (3.2) seems to dominate, since no
Y,O, is observed in the XPS spectra. In the thick (=80 A) initial yttrium regime, reaction
(3.1) seems to dominate, since no silicon is observed in the XPS spectra. It would be
convenient to assume yttrium oxidation or yttrium silicide oxidation (reaction “3.1” or “3.3”)
is the rate-limiting step in the thin initial yttrium regime. However, the concentration of
silicon incorporated during oxidation of yttrium depends on the oxidation temperature, and
900 °C oxidation compared to 600 °C oxidation generally results in increased silicon

incorporation into the Y-O-Si film.32 Therefore, the rates seem to be comparable, and the
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detailed analysis required to deconvolute reactions (3.1)-(3.3) is beyond the scope of this
article.

3.35 ANALYSIS OF OXIDATION KINETICS

Oxidation of yttrium (25 A) on silicon was studied at 600 °C for times from 30
seconds to 20 minutes using XPS, and oxidation of yttrium (~8 A) on silicon was studied at
900 °C for times from 6 seconds to 20 minutes using TEM and XPS. For comparison, the
oxidation of Si(100) was studied at 900 °C for times from 15 seconds to 20 minutes. The Si-
O/Si area ratio and the total physical thickness versus oxidation time are presented in Fig.
3.17. The Si-O/Si area ratios of Y-O-Si films formed at 600 and 900 °C are calculated by
resolving the silicon-oxygen and silicon substrate peaks in the Si 2p spectrum, integrating
both peaks and taking the area ratio. The total physical thickness of Y-O-Si and SiO, films
formed at 900 °C is measured using cross-sectional TEM images and ellipsometry (I = 632.8
nm), respectively. The physical thickness and Si-O/Si area ratio of Y-O-Si films are
observed to rapidly increase for oxidation time <1 minute and to slowly increase for
oxidation time >2 minutes. For times <1 minute, the Si-O/Si area ratio of Y-O-Si films
increases at the same rate for oxidation at 600 and 900 °C. For times >1-2 minutes, the Si-
O/Si area ratio is observed to increase more rapidly for films oxidized at 900 °C than for
films oxidized at 600 °C. The thickness of Y-O-Si films is observed to increase more rapidly

than the thickness of SiO, films for times <2 minutes, but oxidation of both films

approaches the same rate for times >2 minutes. Figure 3.18 presents a high-resolution TEM
image of an 8 A yttrium film oxidized for 20 minutes at 900 °C, where the total thickness is
75 A. The lattice fringes in the c-Si and the amorphous nature of the epoxy capping-layer

are clearly visible. Only slight contrast exists between the bottom of the Y-O-Si layer and
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the SiO, layer. After oxidizing an 8 A yttrium film for 20 minutes, the Si-O peak in Fig. 3.19
is observed at 103.3 eV compared to 102.9 eV for the 15 second oxidized film in Fig. 3.5c.
This shift to higher binding energy for the 20 minute oxidized film is consistent with the
oxidation of the silicon substrate to form a buried SiO, layer. Also, the spectrum in Fig 3.19
shows that the silicon substrate peak at 99.3 eV has been attenuated, indicating an increase in
thickness. The Y 3d spectra for 8 A yttrium films oxidized for 6 seconds to 20 minutes at
900 °C is presented in Fig. 3.20. The Y 3d spectrum (Fig. 3.20) shifts from 158.4 to 159.1
eV as the oxidation time increases from 6 seconds to 2 minutes. After 2 minutes of
oxidation, the Y 3d peak stays fixed at 159.1 eV upon oxidation up to 20 minutes. The
absence of phase separated Y,0O, in the Y 3d spectrum indicate the stability of Y-O-Si after
annealing in an oxidizing ambient for 20 minutes. During 6 seconds to 20 minutes of
oxidation, the Y 3d peak position is consistent with Y-O bonding, and the spectra provide
no evidence for any Y,O; or yttrium silicide bonding indicating the stability of the films,
Two regions of oxidation kinetics in Y-O-Si films are observed in the XPS and TEM
results of Fig. 3.17. At short times, fast oxidation results in a rapid increase in film thickness.
At longer times, slow oxidation results in a gradual increase in total thickness. During the
fast oxidation (oxidation time <2 minutes), the shifting to higher binding energy of the Y 3d
peak position observed in Fig. 3.20 indicates chemical changes occurring in the Y-O-Si film.
The fast oxidation is attributed to the oxidation of yttrium-silicon bonds, which oxidize
rapidly. The oxidation rate at 900 °C for times <2 minutes of the yttrium films on silicon is

estimated from the TEM data of Fig. 3.17 as 45 A/minute, which is ~6 times faster than the

oxidation rate of ~8 A/minute at 900 °C for ¢-Si(100) estimated from the same time scale in
the ellipsometry data. During the slow oxidation (oxidation time from 2-20 minutes), the Y

3d peak position does not change, which indicates that the oxidation at long times observed
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in Fig. 3.17 does not occur within the Y-O-Si film, but results from oxidation of the silicon
substrate. The oxidation of the silicon substrate is illustrated in Fig. 3.19, where the shift of
the Si-O peak (103.3 eV) and the attenuation of the silicon substrate peak are consistent with
a buried SiO, layer, as pictured in the TEM image of Fig. 3.18. The slow oxidation at long
oxidation time is consistent with oxidation of the silicon substrate. As expected, the
oxidation rate of the silicon substrate at 900 °C is faster than the oxidation rate of the silicon
substrate at 600 °C, as evident in the slope of the Si-O/Si versus oxidation time data for

times >1-2 minutes. The oxidation rate between 2-20 minutes at 900 °C of the substrate is

estimated from the TEM and ellipsometry data of Fig. 3.17 as ~2 A/minute.
34  CONCLUSIONS

High-k dielectrics often contain metals that have a high affinity for oxygen and form
stable silicides. When a metal, such as yttrium, that has a high affinity for oxygen and forms
stable silicides is deposited on silicon and oxidized, the above results indicate that a
competition between metal-silicon reaction and metal oxidation develops. When the
thickness of the metal is less than some critical thickness (~40-80 A), the metal-silicon
reaction consumes the metal layer before significant metal oxidation can occur resulting in a
metal-O-Si film. When the metal is thicker than some critical thickness, the above results
indicate that significant metal oxidation can occur before the metal-silicon reaction can
consumes the entire metal film resulting in a metal oxide/silicate bi-layer. In the process
described here where a thin metal is deposited onto silicon then oxidized, the high reactivity
of yttrium with silicon and oxygen is an advantage that enables the formation of a Y-O-Si
interface free of SiO,. However, when the desired product is a metal oxide, the high
reactivity of the metal can be a disadvantage that leads to the formation of a silicate interface

layer. The formation of thin Y-O-Si films is thought to result from concurrent yttrium-
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silicon reaction and oxidation to form Y-O-Si bonding units. XPS and FTIR demonstrate
the formation of yttrium silicate when thick yttrium silicide films are oxidized, and similar
XPS results are observed for the oxidation of thin yttrium films on silicon and the oxidation
of thin yttrium silicides. Amorphous yttrium silicate films (~40 A) with EOT = 11 A have
been formed by the oxidation of thin yttrium films on silicon. These results demonstrate
that an yttrium-based silicate can be scaled down to the EOT ~ 10 A regime. In principle,
oxidation of other metals, such as Hf, Zr and La, on silicon is expected to result in a metal
silicate film.
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Figure 3.1c  Y,0,-SiO, phase diagram. A region exists where the 1:1

and 1:2 compositions coexist.
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Table 3.1 Free energy of formation per oxygen atom for metal oxides"

and the expected oxidation products of their metal silicides.

-DG; (10% kcal/O atom)  Expected Oxidation Product

Metal of Metal Oxide of Metal Silicide on Silicon

Si 1.70 -

Ta 1.52 SiO,/TaSi,/Si
Mo 0.88 SiO,/MoSi,/Si
W 1.01 SiO,/WSi,/Si
Y 2.40 Y,0,%6i0,/Si
La 2.26 La,0,%8i0,/Si
Zr 2.06 Zr0,%i0,/Si
Hf 2.16 HfO,6i10,/Si
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Figure 3.2

Plasma Tube

Diagram of system used to sputter yttrium and perform
vacuum anneals. The plasma processing chamber employs a
retractable sputter target that can be isolated from the
processing chamber.
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Figure 3.3a

Binding Energy (eV)

Y 3d region of the photoelectron spectra of Y-O-Si and
Y,0,. The Y-O-Si spectra indicate the presence of Y-O-

Si bonds with no evidence for phase separated Y,0O, or
SiO,.
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Figure 3.3b  Si 2p region of the photoelectron spectra of Y-O-Si
and SiO,. The Si-O feature for Y-O-Si is measured at
lower binding energy than Si-O in SiO,.
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Figure 3.3c O 1s region of the photoelectron spectra of Y-O-Si,
Y,0; and SiO,. O 1s in Y-O-Si is measured at an
intermediate binding energy between SiO, and Y,0O..
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Figure 3.4
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Mid (a) and Far (b) IR regions of the FTIR spectrum
for Y-O-Si, Y,0, and SiO,. The Si-O feature (800-
1200 cm™) for the Y-O-Si film is shifted to lower
wavenumber and broadened compared to the
spectra for SiO,. The Y-O feature (600-100 cm™)

for the Y-O-Si film is broader than observed for
Y,0..
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Figure 3.5a  Survey spectrum for Y-O-Si film formed by oxidation of
~8 A of yttrium on silicon at 900 °C.
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Figure 3.5b Y 3d spectrum for Y-O-Si film formed by oxidation of ~8 A
of yttrium on silicon at 900 °C.
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Figure 3.5c  Si 2p spectrum for Y-O-Si film formed by oxidation of ~8 A

of yttrium on silicon at 900 °C.
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Figure 3.5d O 1s spectrum for Y-O-Si film formed by oxidation of ~8
A of yttrium on silicon at 900 °C.
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Figure 3.6

TEM cross-section of a 42 A Y-O-Si film formed by oxidation of
~8 A of yttrium on silicon at 900 °C. The amorphous nature of
the Y-O-Si film and interfacial layer free interface with silicon are
observed.
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Figure 3.7 AFM image of an Y-O-Si film formed by oxidation of ~8 A of
yttrium on silicon at 900 °C. The RMS roughness is 1.0 A.
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Figure 3.8  Typical C-V curves for thin Y-O-Si films formed by

oxidation of ~8 A of yttrium on n- and p-type silicon at
900 °C with Al electrodes. Analysis of the C-V curves that
includes the quantum correction yields EOT ~ 10 A.
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Figure 3.9  C-V curves from 10k-1M Hz for a thin Y-O-Si film formed

by oxidation of ~8 A of yttrium on n-type silicon at 900 °C
with Al electrode. Slight frequency dispersion indicates the
presence of slow traps.

7



T T T T T
10°
10°
o 10?2 EOT=11A EOT=12A
S | ptype n-type _
< ¢ A=3x10" cm? A=3x10"* cm? |
10°F .
10°F .
L ! | 1 L L ! i !
-4 -2 0 2 4
V, (V)
Figure 3.10  J-V curves for Y-O-Si films on n- and p-type silicon

presented in Fig. 3.8. The leakage currents are higher
than expected for a ~40 A physically thick film.
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Figure 3.11a Y 3d spectra for 25 A yttrium films oxidized at 600 °C and

25 °C. The yttrium film on silicon mixes with silicon and
oxidizes when exposed to ambient conditions.
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Figure 3.11b  Si 2p spectra for 25 A yttrium films oxidized at 600 °C and 25 °C.
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Figure 3.11c O 1s (c) spectra for 25 A yttrium films oxidized at
600 °C and 25 °C.
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Figure 3.12  Si 2p photoelectron spectra for Y-O-Si films formed

by oxidation of yttrium on silicon and yttrium

silicide at 900 °C (a) and 600 °C (b). The spectrum
for yttrium silicide is presented as a reference in (a)
and (b).
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Figure 3.13

Y-O-Si

A

Si

i) DT + O,

Diagram illustrating the processes used to form the films in
Fig. 3.11, 3.12 and 3.14. Y-Si films are formed by annealing
yttrium films on silicon in vacuum (i). Y-O-Si films formed by
the oxidation of yttrium silicide follow the pathway (ii). Y-O-
Si films formed by oxidation of yttrium on silicon follow the
pathway denoted by the arrow (iii). The oxidation of yttrium
films on silicon to form Y-O-Si is believed to occur through a
concurrent silicide step denoted by the dashed arrow.
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Figure 3.14a Y 3d spectra for films formed by the oxidation at 600 °C
of yttrium (30 A) on silicon and yttrium silicide.
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Figure 3.14b  Si 2p spectra for films formed by the oxidation at 600
°C of yttrium (30 A) on silicon and yttrium silicide.
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Figure 3.14c O 1s spectra for films formed by the oxidation at

600 °C of yttrium (30 A) on silicon and yttrium
silicide.
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Figure 3.15a Y 3d spectra for ~8-240 A yttrium films on silicon
oxidized at 900 °C. Initial yttrium coverage <40 A
results in an Y-O-Si film. Initial yttrium coverage
>80 A results in an Y,0,/Y-O-Si/Si stack layer.
This structure results from a competition for yttrium
between oxygen and silicon.
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Figure 3.15b Si 2p spectra for ~8-240 A yttrium films on silicon

oxidized at 900 °C.
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Figure 3.15c O 1s spectra for ~8-240 A yttrium films on silicon

oxidized at 900 °C.
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Figure 3.16  Diagram illustrating the film structure obtained for thin and
thick initial yttrium coverage. For thin initial yttrium coverage,
mixing of the yttrium and silicon results in a Y-O-Si film. For
thick initial yttrium coverage, the reaction between yttrium and
silicon is not fast enough to consume the entire yttrium film
and Y,0; is formed at the top interface.
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Figure 3.17  Si-O/Si area ratio for yttrium films on silicon oxidized at 600
( )and 900 °C( ) plotted with thickness data from cross-section
TEM images for Y-O-Si films oxidized at 900 °C ( ) and from
ellipsometry for SiO, films grown at 900 °C (). The two
regions of oxidation kinetics observed for the oxidation of yttrium
on silicon represent Y-O-Si film formation (times <2 minutes) and
silicon substrate oxidation (times >2 minutes).
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Figure 3.18

Cross-sectional TEM image for ~8 A yttrium film on silicon
oxidized for 20 minutes at 900 °C. The total thickness is 75 A,
which includes a buried SiO, layer formed by oxidation of the
silicon substrate.
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Figure 3.19  Si 2p region for an ~8 A yttrium film on silicon oxidized for

20 minutes at 900 °C. The Si-O peak is consistent with SiO,
and the attenuation of the silicon substrate peak is consistent
with a thick overlayer.
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Y 3d region for ~8 A yttrium films on silicon oxidized at

900 °C for 6 seconds to 20 minutes. The Y 3d peak is

observed to shift to higher binding energy for times up to 2

minutes where it remains fixed at 159.1 eV for times up to

20 minutes. The shifting of the Y 3d peak indicates
chemical changes occurring in the Y-O-Si film.
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YTTRIUM SILICATE FORMATION ON SILICON:
EFFECT OF SILICON PRE-OXIDATION AND NITRIDATION ON

INTERFACE REACTION KINETICS

J. J. Chambers and G. N. Parsons

ABSTRACT

The effects of oxygen and nitrogen pretreatments on interface reaction kinetics during
yttrium silicate formation on silicon are described. X-ray photoelectron spectroscopy (XPS)
and medium energy ion scattering (MEIS) are used to determine chemical bonding and
composition of films formed by oxidation of yttrium deposited on silicon. Capacitance-
voltage testing is used to determine the quality of the dielectric and the electrical thickness.
The effect of ultra-thin silicon oxide, nitrided oxide and nitrided silicon interfaces on metal
oxidation kinetics is also described. When yttrium is deposited on clean silicon and oxidized,
XPS and MEIS indicate significant mixing of the metal and the silicon, resulting in a film
with Y-O-Si bonding and composition close to yttrium orthosilicate (Y,0,%i0,). A thin
(~10 A) in situ pre-oxidation step is not sufficient to impede the metal/silicon reaction,
whereas a nitrided silicon interface significantly reduces the silicon consumption rate, and
the resulting film is close to Y,0,. The mechanisms described for yttrium are expected to

occur in a variety of oxide and silicate deposition processes of interest for high-k dielectrics.
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Therefore, in addition to thermodynamic stability, understanding the relative rates of
elementary reaction steps in film formation is critical to control composition and structure at

the dielectric/Si interface.
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CHAPTER 4

YTTRIUM SILICATE FORMATION ON SILICON:
EFFECT OF SILICON PRE-OXIDATION AND NITRIDATION ON

INTERFACE REACTION KINETICS

4.1 INTRODUCTION

Advanced complementary-metal-oxide-semiconductor (CMOS) devices will require
high dielectric constant (high-k) gate insulators to maintain sufficient capacitance and
minimize tunneling. Physical vapor deposition (PVD) and chemical vapor deposition (CVD)
of high-k materials (including Ta,O., HfO,, ZrO,, ALO;, Y,0,, and metal silicates) often
results in lower-k interface layersl-4 that result from unwanted reactions with the silicon
substrate.> These reactions are generally not predicted from equilibrium thermodynamics of
the Si and bulk metal oxide,® but result from the non-equilibrium nature of the deposition,
where the relative rates and energetics of the individual elementary reaction steps, as well as
thermodynamics, determine interface composition and structure. High-k CVD from metal-
organic sources on clean Si involves breaking of a metal-ligand bond, chemisorption of the
metal complex (likely forming metal-silicon bonds) and subsequent oxidation.
Understanding the role of metal-silicon bonds and engineered interfaces on silicon
consumption reaction kinetics is a critical issue for integration of high-k dielectrics with

silicon.
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4.2 EXPERIMENTAL

In this work, dielectric films were formed by sputtering thin (25 A) yttrium films
onto clean and in situ modified silicon, then oxidizing in N,O at 600-900 °C. The effects of
interface oxidation and nitridation on silicon consumption during thermal oxidation of
deposited yttrium are reported. Yttrium has a strong affinity for oxygen, and Y,0, is
expected to be stable on silicon at high temperature.6 Materials were analyzed ex situ using
X-ray photoelectron spectroscopy (XPS, referenced to Si 2p at 99.3eV) and medium-energy
ion scattering (MEIS)’.
4.3 RESULTS AND DISCUSSION

In the first experiment, 25 A of yttrium is sputtered onto clean Si(100) and annealed
at 600°C in N,O at 1 atm. XPS analysis of the resulting film (sample a) is shown in Figures
4.1a, 4.2a, and 4.3a for the Y 3d, O 1s, and Si 2p regions, respectively. The Y 3d spectrum
(Fig. 4.1a) shows a doublet due to spin-orbit splitting into the Y 3d,, and Y 3d.,
components at 160.3 and 158.3 eV, respectively. The peak at 158.3 eV is higher than the
156.8 eV reported for Y 3ds, in Y,0.8, indicating that the oxidized layer has bonding
structure substantially different from Y,O,. The O 1s peak at 532.0 eV is intermediate
between O 1s for SiO, (533.0 eV) and Y,0, (529.5 eV) and is broader than expected for
either elemental oxide. The two peaks in the Si 2p spectrum (Fig. 4.3a) are assigned to
silicon in the substrate (99.3 V)8 and silicon bound to oxygen in the film (102.2 eV), but the

peak at ~102 eV lies between the silicon substrate peak and the expected peak position for

SiO, (103.3 eV)8. The chemical shifts in Figs. 4.1a, 4.2a and 4.3a are consistent with a thin
film containing a significant fraction of silicate (Y-O-Si) bonding units8 where electron
density is donated from yttrium to neighboring Si-O bonds, in agreement with the

electronegativities of Y, Si and O (1.2, 1.8, 3.5 on the Pauling scale). MEIS results for
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sample (a) (Fig 4.4a), show a high-energy (87.0 keV) shoulder on the silicon substrate peak,

indicating Si in the film. The composition of this film calculated from the MEIS spectrum is
(Y,0,),6%S10,),4. The XPS and MEIS data are consistent with the film being an yttrium
orthosilicate (Y,0,%6i0,) mixed with some additional Y,0,. Other stable yttrium silicates are
also known,? with (Y,0,):(SiO,) ratio <1. The absence of phase separated Y,O, in the Y 3d
XPS spectrum may be due to instrument sensitivity, or due to bond strain in the clustered
Y,0, network. Capacitance voltage analysis of similarly prepared films indicates that good
quality dielectric layers with equivalent oxide thickness of ~12 A and dielectric constant in
the range of 12-15 can be formed using this procedure.l0 As discussed below, the silicate
structure likely results from relatively fast silicon diffusion into the metal leading to a metal
silicide layer that is subsequently oxidized to form Y-O-Si bonds. No evidence for yttrium
silicide bonds is observed in any of the oxidized films discussed here.

Various Si surface pretreatments were explored to modify and control the
silicon/metal interaction and oxidation behavior. Pretreatments included plasma oxidation
of silicon, plasma oxidation followed by nitridation, and plasma nitridation of silicon. Each
of these steps were performed in situ using a remote N,O or N, plasma source (N,O" or N,
respectively).10 Oxidation and nitridation conditions were controlled to attain ultra-thin
(~10 A) pretreatment layers, as determined by XPS.10 Each pretreatment was followed by in
situ yttrium deposition (25 A) and ex situ annealing at 600 °C in N,O at 1 atm.

The oxidation pretreatment results in a ~10 A SiO, layer with a well-defined Si-O
feature at 103.3 eV, as shown in Fig. 4.3(b”). When yttrium is deposited on this surface and
oxidized, the XPS spectra of the resulting film (spectra ‘b’ in Figs. 4.1, 4.2, and 4.3), are

indistinguishable from the film formed directly on silicon without the oxide pretreatment
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(sample a) with possibly a slight shift (~0.1 eV) to lower binding energy (BE). No evidence
for the SiO, feature at 103.3 eV is observed in Fig. 4.3b, indicating conversion of SiO, to
silicate during oxidation. MEIS analysis (not shown) provides a composition of
(Y,0,),5:%SI0,), 5, indistinguishable, within experimental error (~0.04), from the clean Si
case.

In the next experiment, a clean Si sample was oxidized as above, then exposed to a
remote N, plasma under conditions that resulted in 1 monolayer of nitrogen at the SiO,/Si
interface. When yttrium is deposited on this nitrided oxide surface and oxidized as above,
the Y 3d peak (Fig. 4.1c) is shifted to lower BE, and the O 1s peak (Fig. 4.2c) is shifted
slightly to higher BE compared to the film formed directly on silicon. A slight shoulder at
530.0 eV (near the expected O 1s position for Y,0O,) is observed in the O 1s spectrum of
Fig. 4.2c. No evidence for the SiO, feature at 103.3 eV is observed in Si 2p spectrum (Fig.
4.3c), again indicating conversion of SiO, to silicate during oxidation. MEIS yields a
composition of (Y,0,),5%XSI0,),,;, indicating that the silicon fraction is reduced compared
to the film formed on clean silicon. This is consistent with the nitrogen slowing the
interaction between the silicon substrate and the deposited metal, with the SiO, layer still
available for reaction with the metal.

The fourth sample consists of the clean Si being exposed only to the N,
pretreatment prior to yttrium deposition and oxidation. The resulting oxidized yttrium film
is significantly different than when the starting surface is clean or oxidized silicon. For the
oxidized yttrium film on N, -treated silicon, the Y 3d peak (Fig. 4.1d) is shifted 0.8 eV to
lower binding energy compared to films formed on clean or oxidized Si (Figs. 4.1a and 4.1b,
respectively), and the O 1s spectrum (Fig. 4.2d) exhibits a strong shoulder at 530.0 eV. For

Y,0, Y 3d, is at 156.8 eV and O 1s is at 529.5 eV compared to 158.2 and 532 eV,
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respectively, for the silicate formed on clean Si. The chemical shifts for the film formed on
nitrided silicon are consistent with the dielectric layer having composition close to Y,0,.
Figure 4.4 shows MEIS results for dielectric films formed on N,* treated surfaces (spectrum
d), compared to those formed on clean silicon (spectrum a). For spectrum (d), a signal due
to interface N is observed at ~76 keV, consistent with ~1 monolayer of nitrogen localized at
the silicon/dielectric interface after yttrium deposition and oxidation. In spectrum (a), a
signal at 87.0 keV is clearly seen due to Si in the film indicating significant mixing of metal
and silicon before or during the oxidation process. Samples with oxidation and
oxidation/nitridation pretreatments show MEIS spectra qualitatively similar to spectrum (a),
indicating Si mixing with the metal. However, in spectrum (d), corresponding to the N,*-
treated silicon, the silicon signal at 87.0 keV is nearly indiscernible and the composition is
Y,0, with ~15% yttrium silicate consistent with the XPS results.
44  CONCLUSIONS

It is well known that at relatively low temperature, silicon will readily inter-diffuse
with some metals, including Hf, Zr, La, and Y1112 to form silicides. The above results
indicate that when yttrium (which forms a silicide and a stable oxide) is deposited onto
silicon and oxidized, the silicon diffuses to form a silicidel112, and subsequent oxidation
results in a layer with significant silicate composition (sample “a” in Figs. 4.1-4). This
intermixing also occurs when the surface is oxidized before metal deposition. Because
yttrium has a very high affinity for oxygen, annealing results in reduction of the available
silicon oxide, leading to a silicate layer (i.e. samples b and ¢ in Figs. 4.1-3). When ~1
monolayer of nitrogen is present at the interface, the silicon diffusion from the substrate is
impeded. Any silicon oxide on top of the N layer will still react with the metal to form a

silicate (spectra c in Figs. 4.1-3). However, when only nitrided silicon is present (spectra d in
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Figs. 4.1-4), oxidation of deposited metal results in a structure closer to pure metal oxide,
consistent with impeded silicon diffusion through the nitrided layer. These reactions are
demonstrated here for the case of yttrium, but similar results are expected for other metals
that form silicides and stable oxides on silicon including Hf, Zr, La, etc. Elementary reaction
steps in metal oxide CVD will also include metal-silicon bond formation and oxidation, so
similar mechanistic processes described here for PVD films are expected in CVD processes,
and these mechanisms are likely responsible for interface layers commonly observed in these
systems. This demonstrates that, in addition to thermodynamic stability of the metal oxide,
the relative energetics and rates of the elementary reaction steps in film formation is critical
for controlling composition and structure at the dielectric/Si interface.
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Figure 4.1 Y 3d photoelectron spectra for films formed on a) silicon,
b) silicon oxide, c) nitrided oxide and d) nitrided silicon.
Nitrided silicon impedes silicon incorporation in the film
causing the Y 3d peak to shift to lower binding energy.
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Figure42 O 1s photoelectron spectra for films formed on a)
silicon, b) silicon oxide, c) nitrided oxide and d) nitrided
silicon. The shoulder at 530.0 eV indicates an increase
in O-Y-O bonding.
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Si 2p photoelectron spectra for films formed on a)
silicon, b) silicon oxide, c) nitrided oxide and d) nitrided
silicon. The spectrum for plasma oxidized silicon is
presented as b"). For a), b) and c), the peak at 102.2 eV
is consistent with a Y-O-Si.
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Figure 4.4  MEIS energy spectra for films formed on a) silicon and
d) nitrided silicon.  The shoulder at 87.0 keV
representing silicon in the film is clearly larger for the
film formed on a) silicon than d) nitrided silicon.
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INTERFACE REACTIONS DURING YTTRIUM SILICATE

FORMATION ON SILICON

J. J. Chambers, B. W. Busch, E. Garfunkel, S. Wang, D. M. Maher,

T. M. Klein and G. N. Parsons

ABSTRACT

X-ray photoelectron spectroscopy (XPS) and medium energy ion scattering (MEIS) are used
to determine chemical bonding and composition of yttrium, silicon, oxygen alloys. Alloyed
films were formed by oxidation of yttrium deposited on silicon and pretreated silicon. XPS
and MEIS analyses indicate that oxidation of yttrium on clean silicon results in a significant
fraction of Y-O-Si bonding. TEM indicates that the Y-O-Si films are amorphous, and TEM
and XPS analysis indicate the Y-O-Si films form a silicon interface free of SiO,.
Capacitance-voltage testing demonstrates that an equivalent oxide thickness of ~10 A can be
achieved. The effect of ultra-thin silicon oxide, nitrided-oxide and nitrided silicon interfaces
on silicon consumption during oxidation of yttrium is investigated. Oxidation of yttrium on
a thin (~10 A) oxidized silicon surface pretreatment results in Y-O-Si films with similar
bonding and composition as Y-O-Si films formed on clean silicon. However, a nitrided
silicon interface (~10 A) significantly reduces the silicon consumption rate, and the resulting

film is close to Y,0,. The conversion of SiO, to silicate is demonstrated for both the
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oxidation and vacuum annealing of yttrium on SiO,. These results indicate that metal-silicon
bonds play an important role in the film formation described here and are expected to be
involved in interface formation during chemical vapor deposition of other high-k dielectrics
of interest. Integration of high-k dielectrics with existing silicon technology will require an
understanding of interface layer formation mechanisms including the effects of metal-silicon

bonds and engineered interfaces on silicon consumption.
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CHAPTER 5

INTERFACE REACTIONS DURING YTTRIUM SILICATE

FORMATION ON SILICON

5.1 INTRODUCTION

The current scaling rate of metal-oxide-semiconductor-field-effect-transistors
(MOSFETS) has stimulated interest in alternative high dielectric constant (high-k) gate
materials. Traditionally, the semiconductor industry reduces the thickness of the silicon
dioxide gate dielectric to increase channel capacitance and keep pace with transistor drive
current requirements. However, the industry rapidly approaches proposed physical limits for
the thin silicon dioxide.l The limits placed on silicon dioxide depend on the allowable
leakage current due to quantum mechanical tunneling, which increases exponentially with
inverse thickness, and the oxide reliability.2 The exact limit will vary with the device
application (i.e. low-power or high-performance), but current estimates for a lower limit of a
10-20 A silicon dioxide place the insertion point for high-k dielectrics somewhere around the
100-65 nm nodes.l Since the capacitance scales as the dielectric constant over thickness,
high-k materials should allow a thicker dielectric (compared to silicon dioxide) to combat
tunneling, while maintaining sufficient capacitance to enable high channel transconductance.

High-k materials, including Y,0,3 Ta,0;4 TiO,,> HfO,8 ZrO,” and Al,O,8 are
currently being investigated as replacements for silicon dioxide. However, chemical vapor
deposition (CVD) and physical vapor deposition (PVD) of these high-k dielectrics often
results in lower-k interface layers#910 that form due to unwanted silicon substrate

consumption.!l Thermodynamic stability between the bulk metal oxide and silicon, such as
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Al,O./Si,12 does not alone preclude interface reactions from occurring, but interface layer
formation also depends on the individual reaction steps during the deposition process.1! For
example, metal-organic CVD of a high-k dielectric on silicon proceeds by breaking a metal-
ligand bond, chemisorption of the metal complex (possibly involving a metal-silicon bond)
and subsequent oxidation of the metal complex. It is reasonable to assume that metal-silicon
bonds formed during deposition can affect the formation of interface layers. In an attempt
to control or eliminate unwanted interface layer formation, silicon nitride and silicon oxy-
nitride engineered interfaces have been used to inhibit reaction with the substrate during
high-k deposition. Integration of high-k dielectrics with existing silicon technology will
require an understanding of interface layer formation including the effects of metal-silicon
bonds and engineered interfaces on silicon consumption.

In this work, we have used X-ray photoelectron spectroscopy and medium energy
ion scattering to investigate silicon consumption during oxidation of yttrium on clean and in
situ modified silicon. We report that oxidation of yttrium on clean silicon results in mixing
of yttrium and silicon to form a Y-O-Si film. Similar results are also obtained when the
surface is oxidized silicon. However, when the silicon surface is nitrided prior to yttrium
deposition, oxidation creates a structure closer to pure metal oxide consistent with the
nitrided silicon impeding reaction with the substrate. These results indicate that metal-
silicon bonds may play an important role in interface formation during deposition of high-k

dielectrics.
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5.2 EXPERIMENTAL

Samples were Si(100) p-type with resistivity 0.1-0.3 W-cm cut from commercial
wafers into 2.5 X 2.5 cm substrates. The samples were prepared by dipping for 5 minutes in
JTB 100 (a tetramethylammonium hydroxide based alkaline solution with a carboxylate
buffer), rinsing in deionized water (DlI), etching in buffered hydrogen fluoride (HF) for 30
seconds with no final rinse and immediately loading into vacuum. Thermal (40 A) SiO,
substrates were cleaned by by dipping for 5 minutes in JTB 100, rinsing in DI and
immediately loading into vacuum.

Yttrium sputtering and vacuum annealing were performed in the system described in
detail elsewhere.13 A cylindrical plasma source on the processing chamber can be configured
to run in a remote plasma mode to perform in situ silicon surface pretreatments and in a
direct plasma mode to sputter yttrium thin films. Plasma oxidation and nitridation were
used to form silicon surface pretreatments at 300 °C, 50 mTorr, a radio frequency (rf) power
of 400 W in 100 sccm (N,) N,O and N,, respectively. The processing chamber is equipped
with a retractable yttrium (99.1%, Ta is the major impurity) sputter target that can be isolated
from the system by a gate valve. The sputter target was isolated from the processing
chamber during the silicon surface pretreatment. Sputtering was performed at room
temperature in 4.3 mTorr Ar, an rf power of 420 W and a yttrium target dc bias of —1000 V.
The sputter rate was 25 A/minute and was monitored using the target current (3.4 mA).
Annealing was performed in vacuum better than 5x10° Torr at 600 °C for 2 minutes in the

same chamber as the yttrium deposition. A standard 10 cm diameter tube furnace was used

for ex situ oxidation at temperatures from 600-900 °C in 1 atm. N,O or air.
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The following experiments were designed to investigate how silicon surface

pretreatments affect silicon consumption. Yttrium (25 A) was sputtered onto:

(1) clean (HF last) silicon

(2) 20 minute plasma oxidized silicon

(3) 20 minute plasma oxidized silicon followed by 10 minute plasma

nitridation

(4) 20 minute plasma nitrided silicon, and,
then oxidized in 1 atm. N,O at 600 °C for 2 minutes. The plasma silicon surface
pretreatments were grown in the same vacuum chamber as the yttrium deposition.

X-ray photoelectron spectroscopy (XPS) was performed ex situ using a Riber
LAS3000 equipped with a MAC2 analyzer (single-pass cylindrical mirror analyzer with an
input lens) and an Mg Ka (hn = 1253.6 e€V) non-monochromatic X-ray source. Detailed
spectra were collected at a take-off angle of 90° and a 0.1 eV step size. The raw spectra were
smoothed using an eleven point Savitsky-Golay algorithm. When peak fitting was necessary
to locate peak position or integrate area, Gaussian functions were generated by minimizing
the misfit error.

Angle resolved XPS was performed ex situ using a Kratos Axis 165 and Al Ka (hn =
1486.6 eV). The resolution was ~ 0.8 eV, and the spot size was 120 nm. The step size was

0.1 eV and the take-off angle was varied from 20° to 90° at 10° increments. The angle
resolved XPS data were not smoothed.
Medium-energy ion scattering (MEIS),14 a low-energy (50-300 kEV) high resolution

(~5 A) version of Rutherford backscattering spectroscopy, was performed ex situ to obtain

proton energy spectra. Energy spectra of the scattered protons (~100 keV) are collected
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using a double-aligned geometry. The energy spectra are converted to a density versus depth
scale using a kinematic factor calculated within a binary collision model. The compositions
determined by MEIS of the films reported here are average values throughout each film and
generally correspond to (Y,0,)%SiO,),, where x ranged from 0.32 to 0.87. The known
yttrium silicates correspond to x = 0.33 (keiviite) and x = 0.5 (yttrium orthosilicate).1> In
this article, we generally refer to all the films as yttrium silicate or simply as Y-O-Si.

Metal-insulator-semiconductor capacitors were formed by evaporating 2000 A of Al
onto blanket Y-O-Si films through a contact mask with holes ranging from 50-500 nm in
diameter. Active area was determined using scanning electron microscopy. Samples
underwent a post-metallization anneal in 90% N, and 10% H, at 400 °C for 30 minute.
Capacitance-voltage (C-V) measurements were taken at 1 MHz using a HP 4284a LCR
meter. Electrical thickness is described as an equivalent SiO, thickness (EOT) determined
from a fit of the C-V curve that includes the quantum mechanical effect. Samples were
swept from inversion to accumulation with no initial light source.
5.3 RESULTS AND DISCUSSION

531 OXIDATION OF YTTRIUM ON SILICON TO FORM Y-O-SI FILMS

Thin dielectric films were formed by oxidizing ~8 A yttrium films on silicon at 900

°C for 15 seconds. The XPS analysis of these films is presented in the Y 3d, Si 2p and O 1s
spectra of Fig. 5.1. The Y 3d spectrum of Fig. 5.1a exhibits a doublet resulting from the
spin-orbit splitting of the Y 3d,,, and Y 3d;,, peaks at 160.8 and 159.0 eV, respectively,
whereas the reference peak positions for Y 3d,,, and Y 3d;,, for Y,O, are 158.8 and 156.8
eV,16 respectively. The two peaks at 154 and 151 eV in the Y 3d spectrum result from a

combination of the Y 3d satellite, Si-O Si 2s and substrate Si 2s peaks. Peaks assigned to the
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silicon substrate (99.3 eV) and Si-O bonding (102.9 eV) are observed in the Si 2p spectrum
of Fig. 5.1b. The measured Si-O peak is at lower binding energy than expected for SiO,
(103.3 V), but within the expected range (102-103 eV)16 for Si-O bonding in metal silicates.
The Si-O peak is a broad peak (full-width-half-maximum (FWHM) = 2.4 eV, compared to a
measured Si-O peak FWHM = 1.8 eV for SiO,) consistent with a wide range of bonding
environments available to silicon. No peaks for Y-Si at ~0.2 and ~0.6 eV lower than the
metallic yttrium and silicon peaks, respectively, are observed in the Y 3d or Si 2p spectra.
The O 1s peak (Fig. 5.1c) (broad peak with FWHM = 3.0 eV compared to a measured O 1s
FWHM = 1.8 eV for SiO,) is measured at 532.8 eV and is intermediate between O 1s for
SiO, (533.0 eV) and Y,0; (529.5 eV).

Figure 5.2 presents the MEIS proton energy spectrum for a Y-O-Si film form by
oxidizing an ~8 A yttrium film on silicon for 15 seconds at 900 °C. In agreement with the
XPS spectra of Fig. 5.1, peaks for yttrium (~96 keV), silicon (~86.5 keV) and oxygen (~80.5
keV) are observed in the MEIS spectrum of Fig. 5.2. The silicon peak at ~86 keV exhibits a
shoulder at ~87 keV, which is assigned to silicon in the Y-O-Si film.

The bonding in Y-O-Si films was investigated as a function of depth using angle
resolved XPS. Figure 5.3 presents the angle resolved XPS spectrum for a film formed by
oxidizing a ~25 A yttrium film on silicon at 900 °C for 2 minutes. In Fig. 5.3, the take-off
angle is changed from 20° to 90° from grazing to normal incidence in order to probe the
near surface and far surface, respectively. The Y 3d.,, peak in Fig. 5.3a remains fixed at
159.6 eV for take-off angles from 20° to 90°. The silicon substrate peak (99.3 eV) in Fig.
5.3b is observed to increase in magnitude as the take-off angle is varied from 20° to 90°

consistent with the increased depth probed at normal incidence. The Si-O feature (103.4
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eV) in Fig. 5.3b remains fixed at 103.4 eV for take-off angles from 20° to 90°. The O 1s

peak shifts from 532.9 eV at 20° to 532.5 eV at 40° where it remains fixed up to 90°. The
slight shift of the O 1s peak at the near surface is attributed to either adsorbed water or
adventitious carbon on the surface.

The morphology of a Y-O-Si film formed by oxidizing ~8 A of yttrium on silicon at

900 °C for 15 seconds was studied using cross-sectional TEM (Fig. 5.4). Lattice fringes are
detected in the aluminum capping layer and the silicon substrate, but the Y-O-Si layer is free
of lattice fringes indicating the amorphous nature of the film. The Y-O-Si film is 42 A thick.
The interface between the Y-O-Si and the silicon substrate is sharp with no indication for an
interface layer between the two materials.

The C-V curve for a Y-O-Si capacitor on n-type Si(100) with an Al electrode is

presented in Fig. 5.5. The Y-O-Si film was formed by oxidizing an ~8 A yttrium film on

silicon at 900 °C for 15 seconds in 1 atm. N,O. Analysis of the C-V curve that includes the
correction for the quantum confinement of electrons in the semiconductor yields EOT = 12
A. Similar films exhibit leakage current of 0.5 A/cm?. Since a thickness of 42 A is measured
for films undergoing the same processing, a k ~ 14 is estimated for the Y-O-Si film. The
flatband voltage (Vy,) is measured at Vg, = -0.74 V, which is shifted —0.68 V from the
expected V, for an ideal capacitor.

When a reactive metal is deposited onto silicon and oxidized at elevated temperature,
the metal can react with silicon and oxidize. Consistent with the XPS and MEIS spectra of
Figs. 5.1, 5.2 and 5.3, the oxidation of a thin yttrium layer on silicon results in a film with a
significant fraction of Y-O-Si bonds. The Y 3d, Si 2p and O 1s (Fig. 5.1) peak positions for

a film formed by oxidizing a thin yttrium layer on silicon are different than for either Y,0O,
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or SiO, indicating the presence of Y-O-Si bonding structure. The chemical shifts of the Y
3d, Si 2p and O 1s peaks are due to charge transfer from yttrium to neighboring Si-O bonds
consistent with the relative electronegativity of yttrium, silicon and oxygen (1.2, 1.8, 3.5 on
the Pauling scale). The Y 3d, Si 2p and O 1s spectra do not indicate the presence (within
detectable limits) of phase separated Y,O;, SiO, or Y-Si. The broadness (FWHM = 3.0 eV)
of the O 1s peak is consistent with a combination of oxygen bound to yttrium and oxygen
bound to silicon. Analysis of the MEIS spectrum in Fig. 5.2 yields a composition of
(Y,0,)02,XS10,), 65 Which is within the experimental error (x £ 0.04) of the known silicate
Y,Si,0; (x = 0.33). The angle resolved XPS spectra (Fig. 5.3) indicate that the oxidation of a
thin yttrium layer on silicon results in a Y-O-Si film with homogeneous chemical bonding
and an interface with silicon free of SiO,. The constancy as a function of take-off angle of
the Y 3d, Si 2p and O 1s peak positions in the angle resolved spectra signifies the
consistency of the chemical states within the Y-O-Si film. As discussed in detail elsewhere,!’
the Y 3d and Si 2p peaks in a Y-O-Si film shift considerably (up to >1.0 eV) when the
composition of the Y-O-Si film changes. Since angle resolved XPS does not detect any
shifting in the Y 3d and Si 2p peaks positions, the Y-O-Si films are of constant composition
throughout the depth of the film. The Si-O features in the Si 2p spectra of Fig. 5.3 do not
exhibit any asymmetry resulting from the presence of a buried SiO, layer. The O 1s spectra
of Fig. 5.3 are also symmetrical denoting that the ratio of oxygen bound to silicon and
oxygen bound to yttrium does not vary with depth into the film. The C-V curve of Fig. 5.5
illustrates the scalability of a Y-O-Si dielectric down to the 10 A EOT regime. However, the
sizeable flatband shift suggests the presence of positive fixed charge in a sufficient density to

be a concern. The leakage current of 0.5 A/cm? is less than for a silicon dioxide of
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equivalent capacitance (J, ~ 100-1000 A/cm?),2 but the leakage is greater than that expected
for a SiO, of similar physical thickness (~1x10° A/cm?)18,

As discussed in detail elsewhere,13 the chemical bonding structure of Y-O-Si films
formed using the method described here likely results from a competition between yttrium-
silicon reaction to form a silicide-like material and oxidation of the yttrium and silicon to

form Y-O-Si. The following reactions are all possible in this materials system:

Yo+ 029 ® Y205 (5.1)
Y+ Sig ® YSi, (5.2)
YSi, + 0,y ® Y-O-Sig, (5.3)
Si + 0,y ® SiO, (5.4)
Y +Si0,, ® Y-O-Sig (55)

None of the results support defining any one of these reactions as the rate-limiting step.
However, the degree of silicon consumption depends on the oxidation temperaturel? and
the initial thickness of the yttrium film13, therefore, reactions (5.1) and (5.2) occur at
comparable rates. Engineered interfaces can also be implemented to control silicon
consumption during oxidation of thin yttrium films.19

532 EFFECT OF SILICON SURFACE PRETREATMENTS ON SILICON

INCORPORATION

The consumption of silicon during oxidation of yttrium films was studied using the
following pretreatments: (1) clean silicon, (2) oxidized silicon, (3) nitrided-oxidized silicon,
and (4) nitrided silicon. Figure 5.6 presents the Si 2p and N 1s spectra of the silicon surface
pretreatments before yttrium deposition and oxidation. The silicon substrate peak (99.3 eV)

in the Si 2p spectra (Fig. 5.6a) is clearly visible for each pretreatment. A high binding energy
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(102-103 eV) feature is observed in the Si 2p spectra for each of the plasma treated surfaces
(Fig. 5.6a.2-4), but not for the clean silicon surface (Fig. 5.6a.1). The feature at 103.3 eV for
the plasma oxidized silicon (Fig. 5.6a.2) and plasma oxidized silicon followed by nitridation
(Fig. 5.6a.3) is assigned to SiO,. The feature at 102.4 eV on the plasma nitrided silicon (Fig.
5.6a.4) surface is assigned to silicon bound to nitrogen. The thickness of the oxidized silicon
and nitrided silicon layers was estimated from the attenuation of the Si° feature to be ~5-10
A. No detectable nitrogen is observed on the surface of the cleaned silicon (Fig. 5.6b.1).
The N 1s spectra for the plasma oxidized silicon (Fig. 5.6b.2), plasma oxidized silicon
followed by nitridation (Fig. 5.6b.3) and the plasma nitrided silicon (Fig. 5.6b.4) all display a
nitrogen feature near 398 eV. The plasma nitrided silicon clearly contains the most nitrogen,
but the N 1s feature of the plasma nitrided-oxidized silicon pretreatment is larger (~70%) in
area than the N 1s of the plasma oxidized silicon.

Figure 5.7 presents the Y 3d (Fig. 5.7a), Si 2p (Fig. 5.7b) and the O 1s (Fig. 5.7¢)
spectra after yttrium deposition and oxidation for experiments (1)-(4). For oxidation of
yttrium deposited onto clean silicon (Fig. 5.7a.1), the Y 3d;,, peak is measured at 158.3 eV
consistent with a Y-O-Si film. The Y 3d;,, peak positions for the films formed on oxidized
silicon (Fig. 5.7a.2) and oxidized silicon with nitridation (Fig. 5.7a.3) are measured near 158.3
eV, with perhaps slight shifting to lower binding energy for the film formed on the nitrided-
oxide. However, when yttrium is deposited on nitrided silicon and oxidized (Fig. 5.7a.4), the
Y 3d.,, peak shifts 0.8 eV to lower binding energy compared to the Y 3d position of the Y-
O-Si film formed on clean silicon. As the Y 3d peak shifts to lower binding energy, it moves
toward the expected peak position for Y,0, (156.8 eV) and indicates an increase Y-O-Y
bonding. A silicon substrate feature at 99.3 eV and a feature at ~102 eV are observed in the

Si 2p spectra (Fig. 5.7b.1-4) for the films formed on each silicon surface pretreatment. The
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Si 2p spectrum for the film formed on clean silicon (Fig. 5.7b.1) exhibits a peak at 102.2 eV
consistent with a Y-O-Si film. The Si 2p spectra for the films formed on oxidized silicon
(Fig. 5.7b.2) and nitrided-oxidized silicon (Fig. 5.7b.3) exhibits similar features at ~102 eV.
The spectrum for the plasma oxidized silicon from Fig. 5.6a.2 is reproduced in Fig. 5.7b.2°
for reference. The feature at 102.0 eV for the film formed on nitrided silicon (Fig. 5.7b.4) is
shifted 0.2 eV toward lower binding energy and is ~50% of the area of the film formed on
clean silicon. The O 1s peak at 532.0 eV measured for the Y-O-Si film formed on clean
silicon (Fig. 5.7c.1) is a broad peak resulting from the combined effects of oxygen bound to
yttrium and oxygen bound to silicon. Slight shifting of the O 1s peak maximum is observed
when comparing the spectra for the films formed on oxidized silicon (Fig. 5.7¢.2), nitrided-
oxidized silicon (Fig. 5.7¢.3) and nitrided silicon (Fig. 5.7c.4) to the spectrum for the film
formed on clean silicon (Fig. 5.7c.1). However, the most pronounced difference between

these spectra are the shoulders at ~530.0 eV observed in the O 1s spectrum of the films

formed on nitrided-oxidized silicon and nitrided silicon. The shoulders at ~530.0 eV are
near the expected binding energy for O 1s in Y,0, (529.5 eV) and indicate an increase in the
O-Y-0O bonding in the films.

The results of the MEIS analysis of the films formed on pretreated silicon are
presented in Fig. 5.8. The proton energy spectra for the films formed on clean silicon (Fig.
5.8.1), oxidized silicon (Fig. 5.8.2), nitrided-oxidized silicon (Fig. 5.8.3) and nitrided silicon
(Fig. 5.8.4) all exhibit peaks for yttrium (~96 keV), silicon (~86 keV) and oxygen (~80.5 keV).
The shoulder (~87 keV) on the silicon substrate peak is clearly evident in the spectrum of
the Y-O-Si film formed on clean silicon. However, this shoulder is barely evident in the

spectrum of the film formed on nitrided silicon indicating less silicon content relative to the
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Y-O-Si film formed on clean silicon. The difference between the silicon content of the Y-
O-Si film formed on clean silicon and the film formed on nitrided silicon is clearly indicated
in the calculated MEIS depth profiles for these films. As presented in Fig. 5.9, the silicon
distribution is constant at 0.4x10% atoms/cm® for the Y-O-Si formed on clean silicon (Fig.
5.9.1), whereas the silicon distribution increases from approximately zero to 0.1x10*
atoms/cm?® for the film formed on nitrided silicon (Fig. 5.9.4). The silicon profile can only
be calculated to a depth of 1.0 nm due to complications arising from the overlap of the
silicon substrate peak. The film formed on nitrided silicon displays a feature for nitrogen in
the proton energy spectrum at ~76.5 keV, which is detected but not visually apparent in the
raw spectra of the films formed on the oxidized silicon and nitrided-oxidized silicon and
below the detection limit (<0.3 monolayer) for the film formed on clean silicon. The depth
profile for the film formed on nitrided silicon (Fig. 5.9.4) indicates that 2x10%* atoms/cm?® of
nitrogen remains localized at the interface after yttrium deposition and oxidation.

The XPS and MEIS results (Figs. 5.7-9) demonstrate the effects that oxygen and
nitrogen silicon surface pretreatments have on silicon consumption during oxidation of
deposited yttrium. When yttrium is deposited onto silicon and oxidized (experiment “1” in
Figs. 5.7-9), the yttrium and silicon react and oxidize to form a film with a significant
fraction of Y-O-Si bonds. The chemical shifts of the Y 3d, Si 2p and O 1s peaks (Fig. 5.7.1)
are consistent with yttrium donating electron density to neighboring Si-O bonds in
agreement with the relative electronegativity of yttrium, silicon and oxygen (1.2, 1.8, 3.5 on
the Pauling scale). This bonding structure likely results from the high reactivity of the
yttrium metal contributing to concurrent silicide and oxidation reactions. The peak (~87

keV) for silicon in the film is clearly largest for the Y-O-Si films formed on clean silicon.

The composition of this film is (Y,05),%SI0,),4 COnsistent with yttrium orthosilicate
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(Y,SiO;) containing ~33% Y,0,. Phase separated Y,O, is not detected at 156.8 eV in the
XPS spectra, perhaps due to dispersal of Y,0, groups within the silicate bulk or bond strain
in Y,0, clusters.

Similar results are observed in the XPS and MEIS (Figs. 5.7.2-3 and 5.8.2-3) results
for experiments (2) and (3) where yttrium is deposited on oxidized silicon and nitrided-
oxidized silicon, respectively, and the stacks are then oxidized. Films formed by the
oxidation of yttrium on an oxidized silicon pretreatment contain considerable amounts of Y-
O-Si bonding, although the film formed on nitrided-oxidized silicon contains slightly less
silicon than the films formed on clean and oxidized silicon. The Y 3d, Si 2p and O 1s results
for both cases are similar to the Y-O-Si film formed on clean silicon. However, more O-Y-

O bonding is observed in the O 1s spectra for the film formed on nitrided-oxidized silicon.
The composition of the film formed on oxidized silicon is (Y,05),%SIO,),37, Which is
indistinguishable from the Y-O-Si formed on clean silicon (experimental error x + 0.04), and

the composition of the film formed on nitrided-oxidized silicon is (Y,0,),3%SiO,), 7, Which
does not represent a significant departure from the Y-O-Si formed on clean silicon. The
spectrum for the oxidized silicon pretreatment is presented as a reference in Fig. 5.7.b.2".
The Si 2p spectra for the films formed on oxidized silicon and nitrided-oxidized silicon do
not provide any indication (shoulder or additional peak at 103.3 eV) that the interfacial SiO,
layer has remained after yttrium deposition and oxidation. When subjected to an oxidizing
ambient at elevated temperature, yttrium deposited on a SiO, layer will covert the oxide to a
silicate, as discussed in detail in Section 5.3.3. When the yttrium is deposited on oxidized
silicon (experiment “2”), the yttrium consumes the oxide layer and continues to consume
silicon from the substrate until the silicon fraction is the same as the Y-O-Si film formed on

clean silicon. However, when yttrium is deposited on a nitrided-oxidized silicon (experiment
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“3”), the yttrium consumes the SiO, up to the interfacial nitrogen where consumption of
silicon is impeded resulting in a slightly reduced silicon fraction.

When the silicon surface is nitrided prior to yttrium deposition and oxidation
(experiment “4”), the XPS and MEIS results indicate a reduced silicon content compared to
the Y-O-Si film formed on clean silicon. As a result of the decreased silicon fraction in the
film, the Y 3d peak for the film formed on nitrided silicon is shifted toward more Y,O,-like
bonding, the O 1s peak exhibits a definite shoulder near the expected O 1s position for Y,0,
and the MEIS peak for silicon in the film is diminished. The composition determined from
MEIS is (Y,0,),5,%S10,)013 Which corresponds to a Y,0, film with ~15% yttrium silicate.
The MEIS depth profile for the film formed on nitrided silicon demonstrates that the
nitrided interface has remained intact after yttrium deposition and oxidation. The interfacial
nitrogen is responsible for reducing the consumption of silicon by providing a silicon
diffusion barrier that impedes the reaction between yttrium and silicon and allows formation
of Y,0..

The inter-diffusion of silicon and some metals, including Y, Hf, Zr and La, to form
silicides at relatively low temperatures is a well-known phenomenon.2021  When yttrium
(which forms a silicide and stable oxide) on silicon is oxidized (experiment “1”), the above
results indicate that yttrium and silicon react and oxidize to form a Y-O-Si film. Similar
films are observed when the silicon surface is pre-oxidized before yttrium deposition and
oxidation (experiments “2” and “3”). When the silicon surface is pretreated with a nitrided-
oxide (experiment “3”), the yttrium consumes the SiO, layer up to the interfacial nitrogen,
and further reaction with the silicon substrate is inhibited. However, when the silicon
surface is nitrided prior to yttrium deposition and oxidation (experiment “4”), the reaction

between yttrium and silicon is greatly impeded resulting in an Y,O, film with a small fraction
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(~15%) of silicate bonding. Recently, nitrided oxide and silicon nitride films have been used
as diffusion barriers to reduce boron penetration into the gate oxide.2223 It is reasonable to
assume that the silicon nitride pretreatment described in this work provides a sufficient
silicon diffusion barrier to suppress the reaction between the yttrium and silicon.

533 CONSUMPTION OF SiO, BY YTTRIUM

Reaction between yttrium and SiO, to form Y-O-Si was postulated to explain the
consumption of silicon by yttrium in experiments (2) and (3) in Section 5.3.2. Yttrium films
(25 A) on thermal SiO, (40 A) were subjected to oxidizing or vacuum annealing conditions
and probed using XPS to confirm the conversion of SiO, to Y-O-Si. Figure 5.10 presents
XPS results for the oxidation of yttrium films on SiO, at 600 and 900 °C in 1 atm. N,O for 2
minutes. The spectra of the 40 A SiO, film prior to yttrium deposition and oxidation is
presented in Fig. 5.10 as a reference. The Y 3d,, peaks (Fig. 5.10a) for the films after

oxidation at 600 and 900 °C are measured at 158.8 and 159.2 eV, respectively, consistent

with Y-O-Si bonding. The spectrum for oxidation at 600 °C exhibits blurring of the spin-
orbit splitting indicating the presence of multiple yttrium oxidation states. The Si 2s peaks
for SiO, are visible in the Y 3d window at 154.9 and 150.6 eV for the Si-O and substrate
peaks, respectively. The silicon substrate peak (99.3 eV) is observed in the Si 2p spectra (Fig.
5.10b) for SiO, and for the films after oxidation of yttrium on SiO,. The Si-O peak is
measured at 103.6 eV for SiO, and at 102.9 eV for the films after oxidation of yttrium on
SiO,. The Si-O feature for the films after oxidation of yttrium on silicon are consistent with
yttrium silicate and do not exhibit evidence for SiO, (within detectable limits). Consistent
with an increase in overlayer thickness, the silicon substrate and Si-O peaks for the films
after yttrium deposition and oxidation are attenuated relative to the original SiO, layer. The

Si-O peaks for the films after yttrium deposition and oxidation are broader (FWHM = 2.2
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eV) compared to the Si-O peak for SiO, (FWHM = 1.8 eV) consistent with a wider range of
bonding configurations for silicon in the films after yttrium deposition and oxidation. The
Si-O feature for the film oxidized at 600 °C is 50% smaller in area than the Si-O feature of
the film oxidized at 900 °C. The O 1s peaks (Fig. 5.10c) for yttrium/SiO, oxidized at 600
°C, yttrium/SiO, oxidized at 900 °C and SiO, are measured at 532.7, 532.4 and 533.5 eV,
respectively. The FWHM for yttrium/SiO, oxidized at 600 °C, yttrium/SiO, oxidized at 900
°C and SiO, are 3.4, 2.4 and 1.8 eV, respectively. The O 1s peaks for the films after yttrium
deposition and oxidation are broad peaks consistent with the combination of oxygen bound
to yttrium and silicon. The O 1s peak for yttrium on SiO, oxidized at 600 °C displays
asymmetry on the low binding energy side of the peak consistent with O-Y-O bonding.
Figure 5.11 presents the XPS results for yttrium on SiO, annealed at 600 °C in vacuum for 2
minutes. Again, the spectrum for the 40 A SiO, is presented as a reference. The Y 3d.,,
(Fig. 5.11a), Si-O Si 2p (Fig. 5.11b) and O 1s (Fig. 5.11c) peaks for yttrium on SiO, annealed
in vacuum are measured at 158.2, 102.0 and 531.7 eV similar to the peaks for the yttrium
film on SiO, oxidized at 600 and 900 °C. The Si-O feature (FWHM = 2.3 eV) for the
yttrium on silicon annealed in vacuum does not exhibit any evidence for SiO,. The O 1s
peak is a broad peak (FWHM = 3.1 eV) resulting from oxygen bound to yttrium and silicon.

The spectra of Figs. 5.10 and 5.11 confirms the conversion of SiO, to Y-O-Si when
yttrium on silicon is exposed to oxidizing or vacuum annealing conditions. When yttrium on
SiO, is oxidized or vacuum annealed, the Y 3d, Si 2p and O1s peak positions are consistent
with Y-O-Si bonding, with only subtle differences between films formed by oxidizing
yttrium on SiO, and by oxidizing yttrium on silicon. The yttrium film on SiO, oxidized at

900 °C (Fig. 5.10) is similar to the Y-O-Si film formed by oxidation of yttrium on silicon at
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900 °C (Fig. 5.1), since the spectra for both films are similar in shape and position. The
yttrium film on SiO, annealed in vacuum at 600 °C (Fig. 5.11) has structure similar to the Y-
O-Si film formed by oxidation of yttrium on silicon at 600 °C (Fig. 5.7.1), since the spectra
for both films are similar in shape and position. Although the spectra of the film formed by
oxidizing yttrium on SiO, at 600 °C (Fig. 5.10) indicate a significant fraction of Y-O-Si
bonding, the blurring of the Y 3d spin-orbit spitting, the reduced Si-O feature size and the
broadness of the O 1s feature suggest the presence of Y,0O,-like bonding. When yttrium on
SiO, is exposed to an oxidizing ambient, there exists a competition between oxidation of the
yttrium (reaction “5.1”) and consumption of the SiO, (reaction “5.5”). Perhaps, the reaction
between yttrium and SiO, during oxidation at 600 °C does not completely consume the
yttrium leaving metal available for oxidation to Y,O,. In any case, there is enough evidence
in Fig. 5.10 for Y-O-Si bonding (i.e. binding energy of Y 3d.,,, Si-O Si 2p and O 1s) to
conclude that the yttrium has converted most of the SiO,. These results contrast a previous
study where zirconium thin films on SiO, were annealed in vacuum and a ZrO,/Zr.Si,/SiO,
multi-layered structure formed, however, the oxygen content of the mixed zirconium and
silicon layer could not be determined due to overlap of the oxygen signal from the SiO,
substrate.24 The results presented here are in agreement with the ionized cluster beam
growth of Y,O, where a thin layer of yttrium is deposited on a SiO, substrate at 500 °C
before being exposed to oxygen, which results in an amorphous SiO, layer that can be
attributed to a Y-O-Si film.3 Since the free energy of formation (-DG;) for Y,0, (-DG; =
434.0 kcal/mol at 25 °C) is greater than for SiO, (-DG; = 204.6 kcal/mol at 25 °C), yttrium
can reduce silicon with Y,0, and Si being the expected products.l2 However, the XPS

results of Figs. 5.10 and 5.11 indicate the conversion of SiO, to Y-O-Si. The lack of
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thermodynamic data for Y,Si,O, and Y,SiO; prevents complete evaluation of the unbalanced
reaction Y + SiO, + O, ® (Y,Si,0; or Y,SiO;) to determine if the silicates are energetically
favorable products. However, previous researchers have measured the enthalpy of
formation (-DH,) for Y,SiO; as -DH; (25 °C) = 685.3 kcal/mol.2> The experiments
described here are performed at relatively moderate temperatures (600-900 °C) with no
phase changes. Under these conditions, the entropy change can be considered negligible,
and DGy can be approximated as DG; @DH,, since DG = DH - TDS, where T is the
temperature and DS is the entropy change. For the reaction 2Y + SiO, + 3/2 O, ® Y,SiO.,

DG; @ DH; = -480.7 kcal/mol, which implies that the formation of Y-O-Si is
thermodynamically favorable. This processes provides an interesting method to convert the
existing SiO, gate dielectric to a high-k dielectric in a straightforward manner using thermal
oxidation of silicon followed by metal deposition, annealing and re-oxidation.
54  CONCLUSIONS

The above results indicate that deposition of yttrium onto a clean silicon surface
followed by oxidation results in a film with a substantial Y-O-Si component. Silicon from
the substrate is consumed and incorporated into the Y-O-Si film. Oxidation of the silicon
surface prior to yttrium deposition and oxidation results in a Y-O-Si film similar to the films
formed on clean silicon. A nitrided interface can impede silicon incorporation from the
substrate. However, any silicon oxide on top of the nitrided interface can react with the
metal. Oxidation of yttrium deposited on a surface with only nitrided silicon results in a
structure closer to pure metal oxide, consistent with impeded silicon diffusion through the
nitrided layer. Conversion of SiO, to Y-O-Si is demonstrated for both oxidation and

vacuum annealing of yttrium on silicon dioxide, and may be a route for conversion of SiO,
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to a high-k dielectric. The silicon consumption reactions reported here for the case of
yttrium are expected for other metals that form silicides and stable oxides on silicon
including Hf, Zr, La, etc. CVD of metal oxides may also include formation of metal-silicon
bonds, so similar reactions reported here for PVD films are expected to be active during
CVD, and these reactions probably play an important role in interface layer formation.
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Figure 5.1a Y 3d region of the XP spectrum for a Y-O-Si film formed

by oxidation of an ~8 A yttrium film on silicon at 900 °C
for 15 seconds. The chemical shift of the Y 3d peak to
higher binding energy is consistent with a significant
fraction of Y-O-Si bonding in the film.
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Si 2p region of the XP spectrum for a Y-O-Si film formed

by oxidation of an ~8 A yttrium film on silicon at 900 °C
for 15 seconds. Si 2p Si-O peak is measured at lower
binding energy than SiO,.
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Figure 5.1c O 1sregion of the XP spectrum for a Y-O-Si film formed

by oxidation of an ~8 A yttrium film on silicon at 900 °C
for 15 seconds. The O 1s peak results from a
combination of oxygen bound to yttrium and to silicon.
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Figure 5.2 MEIS spectrum for a Y-O-Si film formed by

oxidation of an ~8 A yttrium film on silicon at 900
°C for 15 seconds. Near surface silicon is detected

as the shoulder (~87 keV) on the silicon substrate
peak. The composition of this film determined

from the spectrum is (Y,053)05,%S10,) gs-
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Figure 5.3a  Angle resolved XPS of the Y 3d region for a Y-O-Si

film formed by oxidation of a ~25 A yttrium film on

silicon at 900 °C for 2 minutes. No interface layer can
be discerned, and the chemical states are consistent
throughout the film.
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Figure 5.3b  Angle resolved XPS of the Si 2p region for a Y-O-Si
film formed by oxidation of a ~25 A yttrium film on
silicon at 900 °C for 2 minutes.
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Angle resolved XPS of the O 1s region for a Y-O-Si
film formed by oxidation of a ~25 A yttrium film on

silicon at 900 °C for 2 minutes.
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Aluminum

Figure 5.4 Cross-sectional TEM image of a Y-O-Si film formed by

oxidation of an ~8 A yttrium film on silicon at 900 °C for 15
seconds. The film appears amorphous with no interface layer.
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Figure 5.5 Typical 1 MHz C-V curve for an Al/Y-O-Si/n-type
capacitor. The Y-O-Si was formed by oxidation of an ~8 A

film on silicon at 900 °C for 15 seconds. The Y-O-Si film
has an equivalent oxide thickness of 12 A.
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Si 2p (a) and N 1s (b) spectra for the silicon surface
pretreatments used in this study: (1) clean silicon, (2) plasma
oxidized silicon, (3) plasma nitrided-oxidized silicon, and,
(4) plasma nitrided silicon. The thickness of the plasma
surface treatments is estimated using the attenuation of the
silicon substrate peak as 5-10 A.
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Figure5.7a Y 3d regions of the XP spectra for the Y-O-Si films

formed on: (1) clean silicon, (2) plasma oxidized silicon,
(3) plasma nitrided-oxidized silicon, and, (4) plasma
nitrided silicon. The spectra of the films formed on (1)-
(3) are consistent with Y-O-Si bonding. The film
formed on (4) has significantly more Y-O-Y bonding
than the films formed on (1)-(3), as denoted by the
chemical shift of the Y 3d peak.
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Si 2p region of the XP spectra for the Y-O-Si films
formed on: (1) clean silicon, (2) plasma oxidized silicon,
(3) plasma nitrided-oxidized silicon, and, (4) plasma
nitrided silicon. The spectra of the films formed on (1)-
(3) are consistent with Y-O-Si bonding.
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O 1s region of the XP spectra for the Y-O-Si films
formed on: (1) clean silicon, (2) plasma oxidized silicon,
(3) plasma nitrided-oxidized silicon, and, (4) plasma
nitrided silicon.  The film formed on (4) has
significantly more Y-O-Y bonding than the films
formed on (1)-(3), as denoted by the shoulder on the O
1s peak.
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Figure 5.8 MEIS spectra for the Y-O-Si films formed on: (1) clean

silicon, (2) plasma oxidized silicon, (3) plasma nitrided-
oxidized silicon, and, (4) plasma nitrided silicon. The
shoulder (~87 keV) on the silicon substrate peak
represents silicon in the film. The Y-O-Si film formed
on (1) has the highest silicon fraction and the Y-O-Si
film formed on (4) has the lowest silicon fraction of the
films tested.
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Figure 5.9 Calculated MEIS depth profiles for the Y-O-Si

films formed on (1) clean silicon and (4) nitrided
silicon. The profile for the Y-O-Si film formed on
(4) clearly exhibits the interfacial nitrogen.
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Figure 5.10a Y 3d spectra for a 40 A reference SiO, and ~25 A
yttrium films on 40 A SiO, oxidized at 600 and 900

°C for 2 minutes. The chemical shift of the Y 3d
peak is consistent with Y-O-Si.
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Figure 5.10b  Si 2p spectra for a 40 A reference SiO, and ~25 A
yttrium films on 40 A SiO, oxidized at 600 and 900
°C for 2 minutes. The Si-O peaks shift to lower
binding energy after metal deposition and
oxidation.
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Figure 5.10c O 1s spectra for a 40 A reference SiO, and ~25 A

yttrium films on 40 A SiO, oxidized at 600 and 900

°C for 2 minutes. The O 1s peaks are broad
consistent with oxygen bound to yttrium and to
silicon.
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Figure 5.11a Y 3d spectra for a 40 A reference SiO, and a ~25 A
yttrium film on 40 A SiO, annealed in vacuum at
600 °C for 2 minutes. The Y 3d peak position is
consistent with Y-O-Si.
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Figure 5.11b  Si 2p spectra for a 40 A reference SiO, and a ~25 A
yttrium film on 40 A SiO, annealed in vacuum at
600 °C for 2 minutes. The Si-O peak shifts to
lower binding energy and broadens after metal
deposition and annealing.
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Figure 5.11c O 1s (c) spectra for a 40 A SiO, and a ~25 A
yttrium film on 40 A SiO, annealed in vacuum at

600 °C for 2 minutes. The O 1s peak position is
consistent with Y-O-Si.

151



Chapter 6 is a reprint of an article to be submitted to the
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EFFECT OF OXIDATION TEMPERATURE ON
YTTRIUM/SILICON INTERFACE REACTIONS DURING YTTRIUM

SILICATE FORMATION ON Si(100)

J. J. Chambers, B. W. Busch, E. Garfunkel, T. M. Klein and G. N. Parsons

ABSTRACT

The chemical bonding and composition of yttrium silicate films oxidized at temperatures
from 25-900 °C are investigated using X-ray photoelectron spectroscopy and medium energy
ion scattering. The silicate films are formed by oxidation of yttrium on silicon. The film
formation occurs through interface reaction between yttrium and silicon with oxidation to

form yttrium silicate, and the consumption of silicon depends on the oxidation temperature.
Yttrium silicate films formed at 600 °C have a composition of (Y,0;),¢%Si0,), 4 consistent
with Y,SiO; with excess Y,0,. Yttrium films formed at 900 °C have a composition of
(Y,05),45%S10,), 55 consistent with Y,SiO;. Oxidation of yttrium on silicon at 25 °C results
in consumption of silicon at a lesser degree than oxidation at elevated temperature. The
increase (~1.3 eV) in the Y 3d and Si 2p binding energies, as well as the increase in film

thickness (~40 to 80 A), for oxidation at 25 to 900 °C is attributed to the increased silicon
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fraction at higher oxidation temperature. The activation energy for silicon consumption
from 500-900 °C is measured to be 0.3-0.5 eV. The increase in silicon consumption at
higher oxidation temperature results from the increased diffusivity and reactivity of silicon.
The reactions described here can also occur during chemical vapor deposition and physical

vapor deposition of other high-k materials.
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CHAPTER 6

EFFECT OF OXIDATION TEMPERATURE ON
YTTRIUM/SILICON INTERFACE REACTIONS DURING YTTRIUM

SILICATE FORMATION ON Si(100)

6.1 INTRODUCTION

Excessive direct tunneling of electrons through the thin silicon dioxide gate
dielectric is an intrinsic limitation to continued scaling of metal-oxide-semiconductor-field-
effect-transistors (MOSFETs).l  Since the magnitude of the tunneling current is
exponentially dependent on the insulator thickness, a modest increase in the thickness nets a
large reduction in the tunneling current. However, high drive current requires the channel
capacitance to remain high, and an increase in the dielectric constant of the gate insulator
must accompany any increase in the dielectric thickness. Recent interest in high dielectric
constant (high-k) materials currently focuses on the eventual replacement of silicon dioxide.

The most common materials proposed to replace silicon dioxide are the metal
oxides, including Ta,O., TiO, HfO, ZrO,, Y,0, and Al,O, and the metal silicates,
including Hf, Zr and Y silicates.27 Integration of any high-k material into the existing MOS
process flow requires chemical stability at the high-k/Si interface. The high-k/Si interface
must maintain its stability during the strenuous dopant drive-in anneal (~1000 °C, ~30s).
However, reactions forming low-k interface layers often occur at the high-k/Si interface
during chemical vapor deposition (CVD), physical vapor deposition (PVD) and post-
deposition anneals of metal oxides.81! Low-k interfaces reduce the effective dielectric

constant of the stack and counteract the benefits of the high-k dielectric. Formation of
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silicon-containing oxide interface layers has been attributed to oxidation of the underlying
silicon substrate during deposition or during post-deposition heat treatment from excess
oxygen in the film or annealing chamber.812 However, recent investigations indicate that the
interface layers also contain metal and exhibit silicate properties.9-11 These findings indicate
that additional factors other than the oxidation of silicon to form SiO,, such a metal
oxide/silicon interactionl! and CVD precursor/silicon interaction,10 are active during
interface layer formation. For instance, if interface formation solely results from oxidant
diffusing through the metal oxide, then the thickness of the interface layer should depend on
the thickness of the metal oxide. However, the interface layer thickness shows no
dependence on the thickness of Ta,Og1! but strongly depends on the depositionl! or
annealing temperature.8 Engineered interfaces, such as silicon nitride, have been used
effectively to reduce interaction between high-k materials and the silicon substrate.351314
We propose that one mechanism of interface formation is the reaction between silicon and
metal with subsequent oxidation to form a silicate interface layer.

We have used X-ray photoelectron spectroscopy (XPS) and medium energy ion
scattering (MEIS) to study interfacial reactions between metal films and silicon for a range of
oxidation temperatures. Specifically, we investigate the formation of yttrium silicate by the
oxidation of yttrium on silicon at temperatures from 25-900 °C. We find that the extent of
silicon incorporation into the silicate film depends on the oxidation temperature and that the
silicon incorporation has an activation energy (0.3-0.5 eV) similar to other metal-silicon
reactions. Specific trends in the binding energies of the Y 3d and Si 2p core levels, film
thickness and SiZY fraction are described with respect to the oxidation temperature. These
results suggest metal-silicon interaction as a possible mechanism for interface layer

formation in high-k/silicon systems.
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6.2 EXPERIMENTAL

Samples were cut into 25 X 25 mm substrates from commercial 100 mm Si(100)
wafers with resistivity of 0.1-0.3 W-cm. The silicon surface was prepared by dipping for 5
minutes in JTB 100 (a tetramethylammonium hydroxide based alkaline solution with a
carboxylate buffer), rinsing in deionized water, drying with N,, etching the native oxide in
buffered hydrogen fluoride for 0.5 minutes with no final rinse and loading immediately into
vacuum. The system described in detail elsewhere was used to sputter the yttrium films (25
A) onto cleaned silicon at room temperature.!5 Ex situ oxidation of the yttrium films on
silicon was performed in a standard 100 mm tube furnace. Yttrium films on silicon were
oxidized for 2 minutes in 1 atm. N,O with a flow rate of 5 slpm at a range of temperatures

between 500-900 °C. Also included is a 25 A yttrium film on silicon oxidized at ambient

conditions (25 °C, 1 atm. air) for ~ 1 day.

The films after yttrium deposition and oxidation were investigated ex situ using X-ray
photoelectron spectroscopy (XPS) and medium energy ion scattering (MEIS). Standard XPS
was performed using a Riber LAS3000 with a MAC2 electron energy analyzer (single-pass
cylindrical mirror analyzer with an input lens). The photoelectrons were excited using non-

monochromated Mg Ka (hn = 1253.6 eV). Y 3d, Si 2p, O 1s and C 1s detailed spectra were

recorded at 0.1 eV step sizes and with a resolution of ~1.5 eV at a take-off angle of 90°. The
binding energies of the core levels were corrected by setting the silicon substrate Si 2p peak
at 99.3 eV, which set the C 1s peak at ~285 eV. The raw data were smoothed using an 11-
point Savitsky-Golay algorithm. When peak fitting was necessary to locate peak position or
integrate area, Gaussian functions were generated by minimizing the misfit error. Film

thickness was determined by analyzing the attenuation of the Si 2p substrate peak using:
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Thickness =- | &n§|—°
¥

Q

where | = 25 A is the mean free path of Si 2p photoelectrons, ly is the Si 2p intensity for a
clean silicon surface and 1, is the Si 2p intensity of the silicon substrate peak when an
overlayer is present. Angle resolved XPS was performed using a Kratos Axis 165 and Al Ka
(hn = 1486.6 eV) radiation with a spot size of 120 mm. Y 3d, Si 2p, O 1s and C 1s spectra
were taken with a resolution of ~0.8 eV at take-off angles from 20° to 90° at 10° increments.
Again, the binding energies of the core electrons were corrected by setting the Si 2p
substrate peak to 99.3 eV. The angle resolved XPS data were not smoothed. MEIS, a low-
energy (50-300 keV) high resolution (~5 A) version of Rutherford backscattering
spectroscopy, was used to obtain proton energy spectra.16 Energy spectra of the scattered
protons (~100 keV) are collected using a toriodal electrostatic energy analyzer with ~ 110 eV
resolution configured in a double-aligned geometry. The average film compositions
determined by MEIS are denoted with the notation (Y,0,),XSiO,),.,, where x ranged from
0.45 to 0.6 for this work. The known yttrium silicates correspond to x = 0.33 (keiviite) and x
= 0.5 (yttrium orthosilicate). We generally refer to all the films described in this article as
yttrium silicate or simply as Y-O-Si.

6.3 RESULTS

Figure 6.1 presents the Y 3d (a), Si 2p (b) and O 1s (c) regions of the photoelectron

spectrum for Y-O-Si films formed by the oxidation of thin (25 A) yttrium films on silicon in
1 atm. N,O at temperatures between 500 and 900 °C. Figure 6.1 also presents the spectra
for a 25 A yttrium film on silicon exposed in ambient conditions (25 °C, 1 atm. air) for ~1

day. Consistent with silicate bonding, the Y 3d peaks (Fig. 6.1a) for films oxidized at 25-900
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°C are all shifted to higher binding energy than expected for Y 3d,,, and Y 3d;,, (158.8 and
156.8 eV, respectively)l’ in Y,O,. The Y 3d;,, peaks shift from 158.0 eV for oxidation at 25
°C to 159.3 eV for oxidation at 900 °C. The Y 3d spectrum for the film oxidized at 25 °C
exhibits a shoulder near ~156.0 eV consistent with yttrium metal (156.0 eV) or Y,0, (156.8
eV), but the spectrum does not indicate the presence of any yttrium silicide (155.8 eV).18
The Y 3d spectra for the Y-O-Si films oxidized at 500-700 °C do not exhibit evidence for
Y,0,, yttrium metal or yttrium silicide. The Y 3d satellite and Si 2s photoelectrons cause the
small peaks at ~153 and ~151 eV. The low binding energy peak in the Si 2p spectra (Fig.
6.1b) is assigned to the silicon substrate (99.3 eV) and the higher binding energy peaks are
assigned to silicon bound to oxygen. The Si-O peak positions are consistent with silicon
bound to oxygen in a metal silicate (102-103 eV).17 The Si-O mode shifts from 101.8 eV for
oxidation at 25 °C to 103.1 eV for oxidation at 900 °C. The Si-O mode also increases in
intensity when the oxidation temperature is increased, and the Si-O mode for oxidation at
900 °C is ~3 times the integrated area of the Si-O mode for the film oxidized at 25 °C. The
intensity of the silicon substrate peak is largest for oxidation at 25 °C. Increasing the
oxidation temperature results in an increasingly attenuated silicon substrate peak consistent
with an increase in overlayer thickness. The O 1s peak (Fig. 6.1c) positions for oxidation
from 25-900 °C are measured at ~532 eV. The O 1s peaks are broad peaks resulting from a
combination of oxygen bonding to yttrium and to silicon. As a result, the full-width-half-
maximum (FWHM) for all the O 1s peaks is ~3.0 eV, which is considerably wider than for a
binary oxide (i.e. measured FWHM for SiO, is 1.8 eV). The FWHM generally decreases

when the oxidation is performed at higher temperature, and the measured FWHM is 3.0 and

2.6 eV for oxidation at 25 and 900 °C, respectively. The spectrum for the Y-O-Si film
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oxidized at 25 °C exhibits a shoulder at ~530.5 eV, which is consistent with an increase in O-
Y-O bonding.

The Y 3d spectra of Fig. 6.2, the Si 2p spectra of Fig. 6.3 and the O 1s spectra of Fig.
6.4 present angle resolved XPS results for take-off angles from 20° to 90° for a Y-O-Si
sample oxidized at 600 °C and a sample oxidized at 900 °C. The take-off angle is changed
from 20° to 90° from grazing to normal incidence in order to probe the near surface and far
surface, respectively. In Figs. 6.2, 6.3, and 6.4 the Y 3dy,,, Si-O Si 2p and O 1s peaks remain
fixed at 158.7, 102.6 and 531.9 eV, respectively, for the Y-O-Si film oxidized at 600 °C.
Similarly in Figs. 6.2, 6.3 and 6.4 the Y 3d;,,, Si-O Si 2p and O 1s peaks remain fixed at
159.6, 103.4 and 532.5 eV, respectively, for the Y-O-Si film oxidized at 900 °C. (Note: The
angle resolved XPS system measures SiO, at ~104.0 eV.) Consistent with the increased
depth probed for take-off angles from 20° to 90°, the silicon substrate peak in Fig. 6.3
increases in magnitude for both oxidation temperatures. In Fig. 6.4, the O 1s peaks for take-
off angles 20° exhibit slight shifting attributed to adsorbed water and/or adventitious
carbon on the sample surface. The angle resolved XPS results for oxidation at 600 and 900
°C indicate similar temperature dependencies as observed in Fig. 6.1: (a) the Y 3d peaks
(Fig. 6.2) for oxidation at 600 °C are at lower binding energy than for oxidation at 900 °C,
(b) the Si 2p Si-O peaks (Fig. 6.3) for oxidation at 600 °C are at lower binding energy
compared to oxidation at 900 °C, and, (c) the intensity of the Si-O features for oxidation at
600 °C is less than that observed for oxidation at 900 °C. Similar results are observed in the
angle resolved XPS spectra for oxidation at 500, 700 and 800 °C (not shown) where the Y

3d, Si 2p and O 1s peak positions remained fixed throughout the depth probed, but with
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shifting of the Y 3d and Si 2p Si-O peaks with the oxidation temperature consistent with the
results presented in Fig. 6.1.

The MEIS proton energy spectra for Y-O-Si films oxidized at 600 and 900 °C are
presented in Fig. 6.5. Consistent with the XPS results of Figs. 6.1-4, the MEIS spectra

exhibit peaks for yttrium (~94 keV), silicon (~86.5 keV) and oxygen (~79.5 keV). The MEIS

detects near surface silicon as a high energy (~87 keV) shoulder on the larger silicon
substrate background. The outstanding difference between the two spectra is the shoulder
for silicon in the film. Consistent with a decreased silicon fraction, the shoulder is much
smaller for oxidation at 600 °C than for 900 °C. The composition calculated from the MEIS
spectrum of the film oxidized at 600 °C is (Y,05),%SIO,),.40, Which represents a greater
metal fraction than the most metal-rich yttrium silicate,Y,SIO.. The absence of phase
separated Y,0;, in the Y 3d XPS spectrum (Fig. 6.1a) may be due to instrument sensitivity, or
due dispersal of the Y,O; clusters within the silicate bulk. The composition calculated from
the MEIS spectrum of the film oxidized at 900 °C is (Y,0;),45%SI0,),55, Which is consistent
with Y,SiO; (x = 0.50) considering the experimental error of x + 0.04.

A summary of the results from Figs. 6.1 and 6.4 is presented in Fig. 6.6, which
displays the temperature dependencies from 25 to 900 °C of the Y 3d (squares) and Si 2p
(down triangles) binding energies, Si-O/Y area ratio (circles) and overlayer thickness
(diamonds) all derived from the XPS results presented in Fig. 6.1 and the SiZY ratio (up
triangles) determined from the MEIS compositions calculated from the results presented in
Fig. 6.5. The Si/Y area ratio was calculated by integrating the area under the Si-O Si 2p and

Y 3d peaks and taking the ratio. The overlayer thickness was calculated using equation (6.1).
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The dashed lines connecting the data points only illustrate the trends in the data and are not
meant to indicate any fit or modeling of the data.
6.4  DISCUSSION

Oxidation of yttrium on silicon results in reaction between silicon and yttrium with
oxidation to form a film predominately consisting of Y-O-Si bonding structure. The Y 3d,
Si 2p and O 1s peak positions (Figs. 6.1-4) are different from either Y,O; or SiO,, and the
formation of Y-O-Si bonding explains these chemical shifts. The chemical shifts result from
transfer of electron density from the less electronegative yttrium (1.2 on the Pauling scale) to
the more electronegative oxygen (3.5) and silicon (1.8). The transfer of electron density
away from yttrium results in an increase in the binding energy of the Y 3d (Fig. 6.1a) core
electrons compared to Y 3d in Y,0, (156.8 eV), a decrease in the binding energy of Si-O Si
2p (Fig. 6.1b) core electrons compared to Si-O Si 2p in SiO, (103.3 eV) and the O 1s (Fig.
6.1c) core electrons become bound at an intermediate binding energy between O 1sin Y,0,
(529.5 eV) and SiO, (533 eV). When ~25 A yttrium films on silicon are oxidized at different
temperatures, changes in the Y 3d (Fig. 6.1a) and Si 2p (Fig. 6.1b) spectra suggest chemical
distinctions between the Y-O-Si films. The shifting (~1.3 eV) of the Si 2p Si-O peak to
higher binding energy with increasing oxidation temperature could be attributed to the
formation of a buried SiO, layer. However, the Y 3d peak shift (~1.3 eV) to higher binding
energy with increasing oxidation temperature indicates chemical changes occurring in the Y-
O-Si film. The positions of the Y 3d and the Si-O Si 2p peaks (Fig. 6.6) are observed to
increase in binding energy when the oxidation temperature is increased. The increase in
binding energy is considerable for oxidation temperatures >600 °C. The increase in the
binding energies of the Y 3d and Si 2p peaks is attributed to increased silicon incorporation

into the Y-O-Si film causing yttrium to have an increased number of silicon second nearest
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neighbors. The increase in the intensity of the Si-O feature (Fig. 6.1b) as the oxidation
temperature is increased indicates increased silicon consumption and incorporation into the
Y-O-Si film consistent with the MEIS results of Fig. 6.5 where the shoulder (~87 keV)
representing silicon in the Y-O-Si film increases for oxidation at 900 °C. The dependence of
the silicon fraction on the oxidation temperature is illustrated in Fig. 6.6, which displays the
Si-O/Y area ratio from XPS and the Si/Y ratio from MEIS. Similar to the Y 3d and Si 2p
binding energies, the Si-O-Y area ratio increases slowly for oxidation temperatures <600 °C
and increases rapidly for oxidation temperatures >600 °C. The Si/Y ratio calculated from
the MEIS results of Fig. 6.5 increases from 0.33 for the Y-O-Si film oxidized at 600 °C to
0.61 at 900 °C. The attenuation of the Si 2p (Fig. 6.1b) substrate peak (99.3 eV) indicates
that the overlayer thickness increases when the oxidation is performed at higher temperature,
as illustrated in Fig. 6.6. As a result of increased silicon incorporation into the Y-O-Si film,
the film thickness increase from ~40 A to ~80 A for oxidation at 25 to 900 °C, respectively.
The thickness increase is moderate between 25 and 500 °C, but increases steadily for
oxidation from 500 to 900 °C.

The chemical bonding within the Y-O-Si films does not vary with depth in the film
and the silicon interface is free of SiO,, as indicated by the angle resolved XPS spectra of
Figs. 6.2-4. The Y 3d, Si 2p and O 1s peak positions in the angle resolved spectra do not
vary with the depth probed signifying a constant chemical state within the Y-O-Si films. The
Y 3d and Si 2p peaks observed in Fig. 6.1 exhibit considerable chemical shifts (~1.3 eV)
when the composition changes (as illustrated in Fig. 6.6). The angle resolved XPS does not
detect chemical shifts of the Y 3d and Si 2p peaks (for oxidation at 600 or 900 °C) indicating

constant composition throughout the depth of the Y-O-Si films. The Si-O features in the Si
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2p spectra of Fig. 6.3 do not exhibit any high binding energy asymmetry resulting from the
presence of a buried SiO, layer consistent with the Y 3d and Si 2p Si-O chemical shifts
observed in Fig. 6.1. The symmetry of the O 1s peaks in Fig. 6.4 indicates that the ratio of
oxygen bound to silicon to oxygen bound to yttrium does not vary with depth.

The Y 3d and Si 2p binding energies, Si/Y ratios and film thickness exhibit similar
behaviors with increasing oxidation temperature. For oxidation below 500-600 °C, the
temperature dependence is moderate, and Fig. 6.6 indicates only a gradual increase in the
parameters. However, above oxidation at 600 °C, the parameters all increase at a noticeable
rate. The parametric increase is attributed to increased silicon incorporation into the Y-O-Si

films.  Minimal silicon incorporation occurs for oxidation below 600 °C. The silicon

incorporation rapidly increases for oxidation >600 °C. The properties of the Y-O-Si films
strongly depend on the amount of silicon incorporated in the films. The ratio of the Si 2p
Si-O and Si 2p substrate integrated peak areas approximates the relative amounts of silicon
in the Y-O-Si. The integrated area of the Si 2p Si-O is a measure of the total amount of
silicon in the Y-O-Si film, and the integrated area of the Si 2p substrate peak is a measure of
total film thickness, which also takes into account the attenuation of the Si 2p Si-O mode
due to the increase in film thickness. The intensity of the Si-O mode for thick Y-O-Si films
with the same composition as the thin films would be needed to accomplish a more detailed
analysis of the silicon consumption using the XPS data. However, the similar results are
obtained using the two points from the MEIS analysis by multiplying the silicon fraction
times the film thickness. An Arrhenius plot of the Si-O/Si ratio and (MEIS silicon
fraction)*(thickness) versus 1/T for oxidation from 500-900 °C is presented in Fig. 6.7. The

activation energies (E,) for the consumption of silicon during the oxidation of yttrium
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obtained from the Arrhenius plot are E, = 0.3 eV and E, = 0.5 eV for the Si-O/Si area data
and (MEIS silicon fraction)*(thickness), respectively. These activation energies are strictly a
measure of the barrier to silicon incorporation and do not reflect the energetics of the
overall reaction. The E, = 0.3-0.5 eV for the Y/Si system is consistent with the activation
energy for Gd/Si, Tb/Si and Er/Si reaction (0.37, 0.35 and 0.5 eV eV, respectively).

The following overall unbalanced reactions can occur in the yttrium, silicon and

oxygen system (for the process reported here, as well as, for CVD and PVD):

(Y)s + (O2); ® (Y;05); (6.2)
(Y)s + (Si), ® (Y-Si); (6.3)
(Y-Si), + (O,); ® (Y-O-Si), (6.4)

When formulating a rate law it is convenient to assume a mechanism, such as reactions (6.2)-
(6.4) above, presuppose one of the reactions is the rate-limiting step and develop a rate
expression that describes the behavior of the overall reaction. This rate expression must
then be tested against the experimental results to determine the validity of the expression. If
reaction (6.2) is rate limiting, then reaction (6.3) should run to completion. However, Fig.
6.6 illustrates that the oxidation temperature strongly influences the amount of silicon
incorporated in the film. Increasing the oxidation temperature causes an increase in the
Si/Y ratio consistent with an increase in silicon diffusivity and reactivity at higher
temperature. If reaction (6.3) is rate limiting, then reaction (6.2) should completely consume
the yttrium to form Y,0,. The results presented here for the oxidation of thin (~25 A)
yttrium films on silicon do not indicate the formation of any Y,0O, (156.8 eV), as observed in

Figs. 6.1a and 6.2, for oxidation at 500 °C or higher. Although, the Y 3d spectrum (Fig.

6.1a) for the Y-O-Si film oxidized at 25 °C exhibits a shoulder at ~156 and the O 1s
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spectrum (Fig. 6.1c) exhibits a shoulder at ~530.5 eV, which can be attributed to Y,O,-like
bonding. The consumption of silicon has been observed to depend on the initial thickness
of the yttrium film, as described elsewhere. When the initial yttrium film below some critical
thickness (~<40 A), yttrium and silicon react and oxidize to form a Y-O-Si film, and, when
the initial yttrium film is greater than some critical thickness (~>80 A), then the reaction
between yttrium and silicon is not fast enough to consume the entire yttrium film leaving
metal available for oxidation to Y,O, and forming a Y,0,/Y-O-Si bi-layer on silicon.15
However, the results presented here indicate the consumption of silicon (Figs. 6.1b and 6.3)
for the entire range of oxidation temperature tested. Also, the MEIS and angle resolve XPS
results indicate the presence of silicon near the surface of the Y-O-Si films oxidized at 600
and 900 °C, which provides further evidence that reaction (6.3) is not rate limiting. If
reaction (6.4) is rate limiting, then the XPS should indicate the presence of un-oxidized
yttrium metal or yttrium silicide. However, the oxidation rate seems quite fast, since

oxidation for two minutes at 500-900 °C completely oxidized the Y-O-Si films presented

here, and exposure to ambient condition for ~1 day appears to completely oxidize the 25 A
yttrium film as well.

Complete analysis of this reaction system becomes difficult without being able to
determine a rate-limiting step. However, the results presented here and elsewherel® indicate
that competition exists between silicon/yttrium reaction and oxidation, and the rates of the
individual reactions must be comparable. When the oxidation is performed at reduced
temperature, yttrium can oxidize to form more Y,O,-like bonding resulting in a reduced
silicon fraction compared to Y-O-Si films oxidized at higher temperature. Previous research

has investigated the effects of silicon surface pretreatment on silicon consumption, and a
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nitrided silicon surface was found to impede reaction between yttrium and silicon resulting
in a composition close to Y,0,14 When oxidation is performed at 900 °C, the reaction
between yttrium and silicon is significant resulting in a composition close to Y,SiO,. Further
study is required to isolate reactions (6.2)-(6.4) to determine the individual reaction rates,
which would aid in developing a reaction model for the oxidation of yttrium on silicon.
Reactions similar to the Y/Si reactions described here are expected to occur during CVD
and PVD of HfO,, ZrO, and La,O,, etc. During CVD, a possible mechanism would involve
decomposition of the metal-organic precursor on the silicon substrate likely forming a metal-
silicon bond and subsequent oxidation of the metal ligand. The potential exists for the
chemisorbed metal ligand to react with silicon to form a silicate layer through reactions
similar to the ones described here. During PVD, metal atoms that impinge the silicon
substrate (normally at elevated temperature) have significant opportunity to react with silicon
to form a silicate layer.
6.5 CONCLUSIONS

When a reactive metal is brought into contact with silicon in an oxidizing ambient,
the potential exists for both reaction with silicon and reaction with oxygen. We find the
oxidation of yttrium on silicon results in reaction between yttrium and silicon with oxidation
to form a Y-O-Si film. The silicon content in the Y-O-Si films is dependent on the
oxidation temperature, and high temperature oxidation generally results in greater silicon
incorporation. The binding energies of core levels and the film thickness depend on the
silicon content as a result of the oxidation temperature. The reaction between yttrium and
silicon exhibits an activation energy of 0.3-0.5 eV consistent with the reaction of other rare-

earth metals and silicon. The reactions described here for yttrium and silicon are also
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possible during the CVD and PVD of other high-k materials of interest, such as HfO,, ZrO,
and La,0,.
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Figure 6.1a Y 3d region of the photoelectron spectra for
oxidation at 25 to 900 °C of 25 A yttrium films
on silicon. The Y 3d peak shifts ~1.3 eV for
oxidation at 25 to 900 °C.
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Figure 6.1b  Si 2p region of the photoelectron spectra for
oxidation at 25 to 900 °C of 25 A yttrium films
on silicon. The Si 2p peak shifts ~1.3 eV for
oxidation at 25 to 900 °C.
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O 1s region of the photoelectron spectra for

oxidation at 25 to 900 °C of 25 A yttrium films
on silicon. The O 1s peaks are consistent with

Y-O-Si.
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Y 3d angle resolved XPS spectra for take-off
angles from 20° to 90° for 25 A yttrium films

on silicon oxidized at 600 and 900 °C. The Y
3d peak positions remain fixed as the depth

probed increases.
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Si 2p angle resolved XPS spectra for take-off
angles from 20° to 90° for 25 A yttrium films
on silicon oxidized at 600 and 900 °C. The
spectra show no indication of buried SiO,
layer at the Y-O-Si/Si interface.
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O 1s angle resolved XPS spectra for take-off
angles from 20° to 90° for 25 A yttrium films
on silicon oxidized at 600 and 900 °C. The
shifting of the O 1s peaks for take-off angles

<40° is attributed to adsorbed water and
adventitious carbon and the surface.
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Figure 6.5 MEIS proton energy spectra for 25 A yttrium films

on silicon oxidized at 600 and 900 °C. The
shoulder at 89 keV representing silicon in the Y-O-
Si film is clearly larger for the sample oxidized at
900 °C.
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Figure 6.6 Compilation of the results presented in Figs. 6.1 and 6.5.
The Y 3d.,, ( ) and Si 2p ( ) binding energies, Si-O/Y
area ratio (), Si/Y ratio ( ) and thickness (" ) are plotted

versus the oxidation temperature. Similar temperature
dependence is observed for each of the parameters.

177



(MEIS Si fraction)*(Thickness)

Si-O/Si Area Ratio

9(|)O 8(|)O 7(|)O 6(|)O 5(|)0 °C

10

0 I 1 1 1

10 0.8

Figure 6.7

0.9 1.0 11 1.2 1.3 1.4

1000/T (1/K)

Arrhenius plot of the Si-O/Si area ratio () and MEIS silicon
fraction times thickness ( ) versus inverse temperature for

oxidation from 500 to 900 °C. The activation energy for the
consumption of silicon is 0.3-0.5 eV.
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CHEMICAL BONDING AND STRUCTURAL CHARACTERIZATION OF
YTTRIUM SILICATE FILMS FORMED BY REMOTE PLASMA OXIDATION

OF YTTRIUM ON SILICON

J. J. Chambers and G. N. Parsons

ABSTRACT

Silicate films have attracted attention as possible replacements for silicon dioxide in deep
sub-micron field-effect-transistors. In this article, we described yttrium silicate dielectric
films formed by remote N,O plasma oxidation of sputtered yttrium. The incorporation of
silicon into the Y-O-Si film is described by the formation of a silicide during the temperature
ramp prior to oxidation. X-ray photoelectron spectroscopy, transmission electron
microscopy, reflection high-energy electron diffraction, atomic force microscopy and
current-voltage testing are used to characterize the Y-O-Si films. The chemical shifts of the
Y 3d, Si 2p and O 1s peaks are consistent with donation of electron density from yttrium to
the Si-O bonds and confirm the presence of Y-O-Si bonding structure. Remote plasma
oxidation at 300 °C results in well-defined yttrium oxidation state, whereas, remote plasma

oxidation at 100 °C results in mixed yttrium oxidation states. Annealing at 900 °C causes an

increase in the consumption of silicon compared to oxidation at 100 or 300 °C. The Y-O-Si
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films reported here are amorphous and smooth, as determined by RHEED and AFM,
respectively. TEM analysis of films remote plasma oxidized at 100 °C and then annealed at
900 °C indicate the formation of a bi-layer structure and oxidation of the silicon substrate,
respectively. J-V electrical analysis indicates leakage current of 8x107 A/cm? for a 40 A Y-
O-Si formed by remote N,O plasma oxidation at 300 °C of 30 A of yttrium on silicon.

These results indicate the ability to form silicate films by low-temperature remote plasma

oxidation of sputtered metal.
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CHAPTER 7

CHEMICAL BONDING AND STRUCTURAL CHARACTERIZATION OF
YTTRIUM SILICATE FILMS FORMED BY REMOTE PLASMA OXIDATION

OF YTTRIUM ON SILICON

7.1 INTRODUCTION

Improvements in the speed and integration of metal-oxide-semiconductor-field-
effect-transistors (MOSFETS) have traditionally been realized by reducing the gate length. A
reduction in the gate length also requires an accompanying increase in the channel
capacitance to achieve sufficient transconductance. The increase in channel capacitance has
usually been accomplished by decreasing the thickness of the silicon dioxide gate dielectric.
Recently, the thinning of the gate dielectric has caused degraded device performance.
Specifically, boron penetration from the polysilicon gate electrode through the silicon
dioxide gate dielectric into the channel region causes both an increase in the equivalent oxide
thickness (EOT) and threshold voltage shifting. However, nitridation of the silicon dioxide
has been demonstrated to reduce boron penetration, reduce electrically active traps and
defects at the SiO,/Si interface and improve device reliability.12 Many techniques have been
explored to achieve the desired nitrogen profiles in the thin silicon dioxide, including furnace
annealing, rapid thermal annealing and remote plasma nitridation.24 However, these are
only near term solutions, since the thickness of the gate dielectric is rapidly approaches the

proposed physical limit of 20-15 A5 The physical limit is derived from analysis of the

quantum mechanical tunneling of electrons, which for a change of dielectric thickness of ~35
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to ~15 A increases ~13 orders of magnitude from 102 A/cm? to 10 A/cm*5 This drastic
increase in leakage current raises severe reliability and power consumption concerns for
device operation in this regime.

Recent interest has developed in the area of high dielectric constant (high-k)
materials as a possible solution to the direct tunneling problem. Materials with a higher
dielectric constant than silicon can be made physically thicker than silicon dioxide and still
obtain the desired electrical thickness, since capacitance scales as the dielectric constant over
the thickness. Transition metal oxides and metal silicate are currently being investigated as
potential high-k replacements to silicon dioxide in MOSFET technology.6-8 Physical vapor
deposition (PVD) and chemical vapor deposition (CVD) are the main methods being
investigated to form high-k dielectrics. In this article, we present metal is sputtering onto
silicon followed by remote plasma oxidation as a unique low-temperature route to form
dielectric films.

In this work, we describe Y-O-Si films formed by sputtering yttrium metal onto
silicon followed by remote N,O plasma oxidation. The physical properties of Y-O-Si films
are characterized using X-ray photoelectron spectroscopy, transmission electron microscopy,
reflection high-energy diffraction and atomic force microscopy, and the electrical properties
are analyzed using current-voltage testing. Low-temperature (100-300 °C) remote plasma
oxidation results in reaction between the yttrium and silicon with oxidation to form Y-O-Si
films. The photoelectron spectra of the films described here are compared to reference
spectra for Y,0, and SiO, to ascertain the Y-O-Si bonding structure. The ability to form
silicate films with an amorphous microstructure using the process described here provides an

interesting means for the formation of high-k dielectrics.
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7.2 EXPERIMENTAL

Samples were n-type Si(100) with a resistivity of 1-2 >m cut from commercial 100
mm wafers into 25x25 mm substrates. The substrates were cleaned by dipping for 5 minutes
in JTB 100 (a tetramethylammonium hydroxide based alkaline solution with a carboxylate
buffer), rinsing in deionized water (DI), etching in buffered hydrogen fluoride (HF) for 1
minute with no final rinse and immediately loading into vacuum. Yttrium sputtering and
remote plasma oxidation were performed in the plasma reactor described elsewhere.® The
plasma can be configured to run in a direct plasma mode to sputter yttrium and in a remote
plasma mode to perform oxidation. Yttrium (99.1%, Ta is the major impurity) films (~30 A)
were sputtered in 4.3 mTorr argon, at room temperature and a radio frequency (rf) power of
380 W. The plasma ignited in the tube and the chamber under these conditions, which

resulted in a sputter rate of ~15 A/minute. The substrates were heated in vacuum better

than 5x10°® Torr to either 100 or 300 °C prior to remote plasma oxidation. The remote
plasma oxidation was performed with 5 mTorr N,O and a rf power of 200 W. The plasma
was confined to the tube under these conditions and the sample was positioned ~15 cm
downstream of the plasma glow. The sputter target was isolated from the chamber during
the plasma oxidation step. Post-oxidation annealing was performed in a standard 100 mm
tube furnace for 4 hours at 900 °C in 2.5 slpm N, at 1 atm. The films described in this
article all contain substantial amount of silicon, and we generally refer to all the films as
yttrium silicate or simply as Y-O-Si.

The films were characterized using X-ray photoelectron spectroscopy (XPS), cross-
sectional transmission electron microscopy (TEM), reflection high-energy electron

diffraction (RHEED), atomic force microscopy (AFM) and current-voltage (J-V) electrical
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testing. The XPS instrument (Physical Electronics, PHI 3057) is equipped with a dual anode
(Al/Mg) x-ray source (Mg Ka hn = 1253.6 eV used for this study), 15 kV x-ray generator,
spherical capacitor analyzer, Omni Focus Il small area lens, 16-element multichannel
detector, and amplifier/discriminator. The base pressure of the analysis chamber is 7x10™
Torr. The binding energy of the core levels was corrected by setting the silicon substrate Si
2p peak to 99.3 eV. The cross-sectional TEM samples were prepared using a conventional
“sandwich” technique. The images were obtained using a Topcon 002B High Resolution
TEM with point-to-point resolution of 0.18 nm. Surface morphology was imaged using a
Digital Instruments Dimension 3000 in an intermittent-contact mode. The cantilever probes
were c-Si with nominal tip radius of 5-10 nm. Metal-insulator-semiconductor capacitors
were formed by evaporating 2000 A of Al onto blanket Y-O-Si films through a contact mask
with holes ranging from 7x107 to 8x10° cm? in area. Contact was made to the backside of
each sample with 2000 A of evaporated Al. Current-voltage (J-V) measurements were taken
using a Kiethly 236 source measure unit and scanned at least 2 V past flat band to ensure
carrier generation would not limit the current.
7.3 RESULTS

Figure 7.1 presents the XPS characterization of three films: (1) yttrium (~30 A) on
silicon exposed to a remote N,O plasma for 60 minutes at a substrate temperatures of 100
°C, (2) yttrium (~30 A) on silicon exposed to a remote N,O plasma for 60 minutes at a

substrate temperature of 300 °C, and, (3) yttrium (~30 A) on silicon exposed to a remote

N,O plasma for 60 minutes at a substrate temperature of 100 °C, then subjected to a post-
oxidation anneal for 4 hours in 1 atm. N,. A typical Y 3d spectrum consists of a doublet

resulting from the spin-orbit splitting of the Y 3d,,, and Y 3d.,, peaks (more intense
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component), which for a reference yttrium metal are at 158.0 and 156.0 eV, respectively.10
Yttrium metal and yttrium silicide (Y 3d.,, at 155.8 eV)!1 are not observed in the Y 3d
spectra (Fig. 7.1a) of films (1)-(3). The Y 3d peak maxima for films (1)-(3) are measured at
158.8, 158.3 and 159.6 eV, respectively, and reside at higher binding energy than expected
for Y,0, (Y 3ds,, at 156.8 eV)10. The Y 3d binding energies of the films oxidized at 100 and
300 °C are measured at 158.8 and 158.3 eV, respectively, however the Y 3d spectrum for the
film oxidized at 100 °C exhibits blurring of the spin-orbit splitting indicating multiple
yttrium oxidation states within film (1). The Y 3d spectrum for the annealed film is
measured at higher binding energy (0.8 eV) than the 100 °C plasma oxidized film (1)
indicating increased silicon incorporation after annealing at 900 °C. The small peaks from
150-154 eV result from the combination of the Y 3d satellite and Si 2s peaks. The Si 2p
spectra (Fig. 7.1b) exhibit a peak at 99.3 eV assigned to the substrate and a higher binding
energy peak assigned to silicon bound to oxygen. The Si 2p Si-O peak (102.5 eV) for the
film plasma oxidized at 300 °C is ~2.5 times the area of the Si-O peak (102.7 eV) for the film
plasma oxidized at 100 °C. The Si-O peaks for both of the plasma-oxidized films are
consistent with silicon in metal silicates (102-103 eV).10 The Si 2p Si-O peak for the post-
oxidation annealed film is measured at 103.6 eV and has a larger intensity than the plasma-
oxidized films consistent with the formation of a buried SiO, film. The anneal was
performed in N,, but the sample has continued to oxidize due to oxygen contamination in
the furnace. The Si 2p spectra do not indicate the presence of yttrium silicide at 98.7 eV.
The film thickness calculated from the attenuation of the silicon substrate peak for films (1),
(2) and (3) is 52, 40 and 110 A. The O 1s peak (Fig. 7.1c) maxima for films (1)-(3) are

consistent with oxygen in metal silicates and measured at ~532 eV, which is intermediate to
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O 1sin SIO, (533 eV) and Y,0, (529.5 eV). The O 1s peaks are broad with the full-width-
half-maximum (FWHM) for film (1), (2) and (3) equal to 3.4, 3.1 and 2.9 eV, respectively,
which is broader than expected for an elemental oxide (measured O 1s FWHM for SiO, is
0.7 eV). The O 1s peaks for films (1)-(3) are broad due to a combination of oxygen bound
to silicon and oxygen bound to yttrium. The O 1s features for the plasma oxidized films
exhibit asymmetry on the low binding energy side of the peak near ~530 eV consistent with
O-Y-O bonding in Y,0, (O 1s at 529.5 eV). The O 1s feature for the annealed film exhibits
asymmetry on the high binding energy near ~533 eV consistent with O-Si-O bonding (533
eV) and the presence of a buried SiO, film.

Figure 7.2 present cross-sectional TEM images for a 30 A yttrium film on silicon
remote N,O plasma oxidized for 60 minutes at a substrate temperature of 100 °C (film *1”)
and a film prepared under the same conditions as film (1) with a post-oxidation anneal for 4
hours in 1 atm. N, (film “3”). The 100 °C plasma oxidized film exhibits a bi-layer structure
with a thickness of 45 A for each layer. The annealed film exhibits a faint demarcation
between two layers with a thickness 57 and 76 A for the upper layer and the layer in contact
with the substrate, respectively. The images were taken a resolution insufficient to observe
lattice fringes in the silicon substrate and to determine the microstructure of films (1) and
(3). RHEED images of films (1)-(3) were obtained to determine their microstructure. The
results of the RHEED characterization are presented in Fig. 7.3. The images exhibit the
typical cloud pattern of an amorphous material containing no long-range order.

The surface morphology of films (1)-(3) was analyzed using AFM (Fig. 7.4). The
AFM images are presented in a three-dimensional view with all three axes on the same scale.

The image of the 100 °C plasma-oxidized film (film *“1”) exhibits an island-like structure
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with a root-mean-square (RMS) roughness of 8.9 A. The image of the 300 °C displays a
smaller grain structure and a smoother surface (RMS roughness of 1.4 A) than film (1). The
image of the annealed film (film “3”) faintly exhibits similar structure as film (1), but with a
smoother surface (RMS roughness of 1.7 A). As a reference, the measured RMS roughness
of ¢-Si(100) ranges from 0.5 to 1 A.

Figure 7.5 displays AFM images for 30 A yttrium films on silicon remote N,O
plasma oxidized at 100 °C for zero (a), 5 (b), 10 (c) and 20 minutes (d). The film without
oxidation exhibits the smoothest surface (RMS roughness of 1.15 A). As the yttrium film is
exposed to a remote N,O plasma for increasing oxidation times, the surface roughness
increases, and the RMS roughness is 2.28, 2.44, 5.73 and 8.9 A for 5, 10, 20 and 60 (from
Fig. 7.4) minute oxidation, respectively. Figure 7.6 presents the observed trend for 100 °C
plasma oxidation for zero, 5, 10, 20 and 60 minutes (circles), 300 °C oxidation for 60
minutes (open square), and 100 °C plasma oxidation with 4 hour 900 °C anneal (up triangle).
Figure 7.6 illustrates the trend of increasing surface roughness with increasing oxidation
time, as well as, the smoother films obtained by oxidizing at 300 °C or annealing at 900 °C.

The J-V analysis of a 30 A yttrium film on silicon exposed to a remote N,O plasma
for 60 minutes at a substrate temperature of 300 °C is presented in Fig. 7.7. The measured
leakage at a bias of 1 V ranged from 8x107 to 1x10* A/cm® A “soft” breakdown is

exhibited at a bias of ~1.7 V for one of the capacitors.
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7.4 DISCUSSION

Yttrium and silicon react and oxidized to form a Y-O-Si film, when yttrium on
silicon is exposed to a remote N,O plasma at 100 or 300 °C. When a remote plasma
oxidized film is subjected to high temperature (900 °C) annealing conditions, the Y-O-Si film
incorporates additional silicon and the silicon substrate oxidizes to form SiO,. After the
yttrium films on silicon are either exposed to plasma oxidizing or annealing conditions, the Y
3d (Fig. 7.1a) spectra for films (1)-(3) do not indicate the presence of yttrium metal or Y,QO,,
and the Y 3d and Si 2p (Fig. 7.1b) spectra for do not exhibit peaks for yttrium silicide. Since
yttrium metal and yttrium silicide are not observed, the yttrium and silicon in the films are
completely oxidized. The chemical shifts of the Y 3d, Si 2p and O 1s (Figs. 7.1a, 7.1b and
7.1c, respectively) peaks for films (1)-(3) are consistent with donation of electron density
from yttrium to the Si-O bond in the Y-O-Si in accordance with the relative
electronegativities of yttrium, silicon and oxygen (1.2, 1.8, 3.5 on the Pauling scale). Remote
plasma oxidation of yttrium on silicon at 100 °C results in a film with multiple oxidation
states, as observed by the blurring of the Y 3d spin-orbit splitting, consistent with a silicon-
poor Y-O-Si on a silicon-rich Y-O-Si film. Remote plasma oxidation at 300 °C results in a
Y-O-Si film with a well-defined oxidation state consistent with a Y-O-Si film containing a
constant Y/Si fraction throughout the film. The Y 3d chemical shift of the annealed film to
higher binding energy compared to either of the plasma-oxidized films is consistent with the
incorporation of additional silicon, as illustrated by the large Si-O peak in the Si 2p spectrum
(Fig. 7.1b). The Si-O peak for plasma oxidation at 300 °C is ~1.5 times larger than observed

for plasma oxidation at 100 °C consistent with an increased silicon fraction at higher

temperature. The shoulder (~530 eV) on the O 1s (Fig. 7.1c) peak for plasma oxidation at
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100 °C is consistent with a silicon-poor Y-O-Si film. The O 1s peak for oxidation at 300 °C
exhibits a smaller shoulder compared to oxidation at 100 °C consistent with the increased
silicon incorporation at higher temperature leading to an increase in Y-O-Si bonding. The O
1s peak for the annealed film is consistent with a Y-O-Si film on SiO,, in accordance with
the Si-O peak position (103.6 eV) observed in the Si 2p spectrum.

When a reactive metal, such as yttrium, that forms stable silicides and a stable oxide
is deposited onto silicon and then oxidized, the potential exists for both reaction with the
silicon substrate and reaction with oxygen. The chance for reaction with the silicon
substrate is increased here, since the yttrium film on silicon is heated in vacuum before
exposure to oxygen. For plasma oxidation at 300 °C, the 30 A yttrium film on silicon is
heated from room temperature to 300 °C in vacuum and held at 300 °C for 10 minutes prior
to N,O plasma exposure. Previous researchers have demonstrated yttrium silicide formation
by a similar process.12 Therefore, the yttrium film on silicon likely forms yttrium silicide
before being exposed to the remote N,O plasma at 300 °C. We have previously
demonstrated the formation of Y-O-Si by the thermal oxidation of yttrium silicide films.
The Y 3d chemical shift of the 300 °C oxidized film to 158.3 eV is consistent with the peak
position observed for Y-O-Si films formed by thermal oxidation of yttrium silicide at 600

°C.2 Remote plasma oxidation of yttrium on silicon at 100 °C also indicate the

incorporation of silicon, but not to the extent observed for oxidation at 300 °C. We have
previously demonstrated that the formation of Y-O-Si films by the oxidation of yttrium
silicide results in films with more silicon than films formed by oxidation of yttrium on
silicon.® It is possible that at 100 °C the silicide formation is not complete when the plasma

oxidation is started resulting in a film with a decreased silicon fraction and mixed yttrium
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oxidation states. When a Y-O-Si film formed at 100 °C is annealed at 900 °C, additional
silicon is incorporated into the film and the substrate oxidizes to form a buried SiO, layer.

The TEM images presented in Fig. 7.2 are consistent with the XPS results of Fig.
7.1. The image for the yttrium on silicon plasma oxidized at 100 °C exhibits a bi-layer
structure, which can be attributed to either Y,0,/Y-O-Si or a silicon-poor Y-O-Si on a
silicon-rich Y-O-Si. The absence of Y,O, in the Y 3d spectrum (Fig. 7.1a) for film (1)
increases the likelihood of a silicon-poor Y-O-Si on a silicon-rich Y-O-Si structure.
Additionally, the blurring of the spin-orbit splitting of the Y 3d spectrum of film (1) is in the
expected range for two silicates with different compositions.13 The TEM image for the
annealed film (film “3”) indicates an increase in overlayer thickness from 90 to 133 A and
the absence of a clear bi-layer structure as observed in the TEM image for film (1). The shift
to higher binding energy (~0.7 eV) of the annealed film compared to films (1) and (2)
indicates a silicon-rich Y-O-Si film, but the Si 2p spectrum (Fig. 7.1b) for film (3) also
indicates the presence of a buried SiO, layer. From these results, it is difficult to ascertain
the structure of film (3). It is possible that the Y-O-Si film has incorporated silicon to form
a silicon-rich Y-O-Si film and then the substrate has oxidized. Since there is no clear
contrast between the top and bottom of the film, it is also possible that the yttrium has re-
distributed throughout the entire layer.

Although the microstructure of films (1) and (2) was not evident from the TEM
images, the RHEED images indicate the amorphous nature of films (1)-(3). Pure metal
oxide films tend to crystallize at relatively moderate temperatures (crystallites begin forming

in TiO, at ~200 °C).” Therefore, it is not unexpected to observe crystallization in Y,O; in

the ~200 °C temperature range. Crystallization in high-k materials is generally considered a
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disadvantage due to proposed problems associated with possible high conductivity pathways
through grain boundaries.” The films reported here do not exhibit crystallization up to
anneal temperatures of 900 °C. The high temperature stability of the microstructure is
attributed to the formation of Y-O-Si bonds, which enables the formation of glassy phases.

The plasma oxidation of yttrium on silicon results in films with relatively smooth
surface structure. The deposition of ~30 A of yttrium on silicon results in complete
coverage of the silicon surface with a smooth (RMS roughness of 1.15 A). Exposure of the
yttrium film to a remote N,O plasma increases the roughness of the surface as the oxidation
time is increased, as illustrated in Fig. 7.6. The highest RMS roughness of 8.9 A reported
here for oxidation at 100 °C for 60 minutes still only represents roughness on the order of 3-
4 monolayers. Prolonged exposure to the remote plasma increases the surface roughness
possibly by causing damage with the low-energy bombardment of ions. Performing the
oxidation at higher temperature (300 °C) or high temperature (~900 °C) annealing of plasma
oxidized films results in extremely smooth films with RMS roughness on the order observed
for ¢-Si (0.5-1.0 A).

The lowest leakage measured for a film formed by remote N,O plasma oxidation of
a 30 A yttrium film on silicon (film “27) is 8x107 A/cm?. The physical thickness of this film
measured using the attenuation of the Si 2p substrate peak was 40 A. The measured leakage
is higher than the ~1x10° A/cm? expected for a silicon dioxide film of similar thickness, but

lower than reported for hafnium silicate film of similar physical thickness.8
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7.5  CONCLUSIONS

We have described the formation of Y-O-Si based dielectric films by yttrium sputter
onto silicon followed by remote N,O plasma oxidation. When yttrium on silicon at 300 °C
is exposed to a remote N,O plasma, the yttrium reacts with silicon and is then oxidized. The
films formed in this manner are consistent with Y-O-Si films formed by the thermal
oxidation of yttrium silicide at 600 °C. When yttrium on silicon at 100 °C is exposed to a
remote N,O plasma, the resulting Y-O-Si film contains less silicon than the film formed at
300 °C. The films formed at 100 °C are consistent with the oxidation of yttrium on silicon,
which results in less silicon incorporation than the oxidation of yttrium silicide. The Y-O-Si
films reported here are amorphous and smooth, as determined by RHEED and AFM,
respectively. The results presented here for Y-O-Si films formed at 300 °C demonstrate the
feasibility of forming silicate films by remote plasma oxidation of sputtered metal.
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Y 3d region of the photoelectron spectra for (1) 30 A yttrium on

silicon remote N,O plasma oxidized for 60 minutes at 100 °C, (2)
30 A yttrium on silicon remote N,O plasma oxidized for 60

minutes at 300 °C, and, (3) 30 A yttrium on silicon remote N,O
plasma oxidized for 60 minutes at 100 °C followed by post-

oxidation anneal for 4 hours at 900 °C in 1 atm. N,. The Y 3d
shifts are consistent with Y-O-Si.
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Figure 7.1b
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Si 2p region of the photoelectron spectra for (1) 30 A yttrium on
silicon remote N,O plasma oxidized for 60 minutes at 100 °C, (2)
30 A yttrium on silicon remote N,O plasma oxidized for 60
minutes at 300 °C, and, (3) 30 A yttrium on silicon remote N,O
plasma oxidized for 60 minutes at 100 °C followed by post-
oxidation anneal for 4 hours at 900 °C in 1 atm. N,. A buried

SiO, layer has formed during the 900 °C anneal (3) due to oxygen
contamination.
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Figure 7.1c
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O 1s region of the photoelectron spectra for (1) 30 A yttrium on

silicon remote N,O plasma oxidized for 60 minutes at 100 °C, (2)
30 A yttrium on silicon remote N,O plasma oxidized for 60

minutes at 300 °C, and, (3) 30 A yttrium on silicon remote N,O
plasma oxidized for 60 minutes at 100 °C followed by post-

oxidation anneal for 4 hours at 900 °C in 1 atm. N,. The O 1s
peaks are broad due to oxygen bound to silicon and to yttrium.
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Figure 7.2.1 Cross-sectional TEM image of a 30 A
yttrium film on silicon remote N,O plasma

oxidized for 60 minutes at 100 °C.

Silicon

Figure 7.2.3 Cross-sectional TEM image of a 30 A
yttrium film on silicon remote N,O plasma
oxidized for 60 minutes at 100 °C followed
by a post-oxidation anneal for 4 hours at
900 °C in N.,.
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Figure 7.3.1 RHEED image of a 30 A yttrium film on
silicon remote N,O plasma oxidized for 60

minutes at 100 °C.

Figure 7.3.2 RHEED image of a 30 A yttrium film on
silicon remote N,O plasma oxidized for 60

minutes at 300 °C.
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Figure 7.3.3 RHEED image of a 30 A yttrium film on
silicon remote N,O plasma oxidized for 60

minutes at 100 °C followed by a post-
oxidation anneal for 4 hours at 900 °C in N,.
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(1)

100.000 nm/div

Figure 7.4

(2)

100.000 nm/div

100.000 nm/div

AFM images for (1) 30 A yttrium on silicon remote N,O plasma
oxidized for 60 minutes at 100 °C (RMS = 8.9 A), (2) 30 A yttrium

on silicon remote N,O plasma oxidized for 60 minutes at 300 °C
(RMS = 1.4 A), and, (3) 30 A yttrium on silicon remote N,O plasma

oxidized for 60 minutes at 100 °C followed by post-oxidation anneal
for 4 hours at 900 °C in 1 atm. N, (RMS = 1.7 A).
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Figure 7.5  AFM images for 30 A yttrium on silicon remote N,O plasma

oxidized for zero (a), 5 (b), 10 (c) and 20 minutes (d) at 100 °C.
The RMS roughness for the films are 1.15, 2.28, 2.44 and 5.73 A
for (a)-(d), respectively.
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Results of AFM RMS roughness measurements for 30 A
yttrium on silicon remote N,O plasma oxidation for zero, 5,

10, 20 and 60 minutes at 100 °C ( ), remote N,O plasma
oxidized for 60 minutes at 300 °C () and film post-
oxidation annealed for 4 hours at 900 °C in 1 atm. N, ( ).
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Results of J-V testing of a 30 A yttrium on silicon remote
N,O plasma oxidation for 60 minutes at 300 °C. Lowest
leakage measured at bias of 1 V was ~8x107 A/cm?.
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END-POINT UNIFORMITY SENSING AND ANALYSIS IN SILICON

DIOXIDE PLASMA ETCHING USING IN-SITU MASS SPECTROMETRY

J. J. Chambers, K. Min, and G. N. Parsons

ABSTRACT

Mass spectroscopy is used to characterize the end-point uniformity of silicon dioxide
etching in an electron cyclotron resonance (ECR) plasma etch process. Etch products are
observed using a two stage differentially pumped mass spectrometry system attached to the
ECR process chamber. Specifically, using CF, and D, etch gases, the partial pressure of
CO-containing etch products decays near the endpoint, and the rate of signal decay is
directly correlated with the uniformity determined from optical interferometry thickness
measurements. To correlate the mass spectrometer signal with the etch rate variation across
the wafer, etch uniformity is altered by changing the ECR electromagnet geometry, and by
modifying the initial oxide uniformity. A COF, etch product material balance is developed
to model the observed concentration versus time data, resulting in a quantitative correlation

between change in end-point slope and uniformity. The ability to utilize a process-state

204



sensor, such as a mass spectrometer, for wafer-state information will result in new

approaches for sensing, optimizing, and controlling integrated circuit fabrication processes.
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CHAPTER 8

END-POINT UNIFORMITY SENSING AND ANALYSIS IN SILICON

DIOXIDE PLASMA ETCHING USING IN-SITU MASS SPECTROMETRY

8.1 INTRODUCTION

Integrated circuit etch and deposition steps typically utilize monitor wafers for
process characterization and control. Not every run is monitored, so yield can be reduced
before an out-of-spec run is detected. Increasing wafer costs, along with demands on yield
and cost-of-ownership, make monitor wafers less attractive, and promote the need for real-
time process monitoring and control.

The sensors currently available for real-time process monitoring and control are
either “wafer-state” or “process-state” sensors. Process-state sensors generally detect gas
phase reactant and product species, whereas wafer-state sensors directly observe changes on
the wafer surface. Wafer-state and process-state sensors, including reflectometers,’

2611 rf sensorst and mass

ellipsometers,* interferometers,® ° optical emission spectrometers,
spectrometers,”®**** have been used to monitor end-point, uniformity and process faults.**
> Although process-state sensors are usually easier to implement than wafer-state sensors,
they are not generally expected to provide direct information of local or wafer scale effects.
Dry etch processes offer high resolution, but often suffer from etch rate non-
uniformity and poor selectivity. Poor selectivity and over-etching to compensate for non-

uniformity can result in unwanted removal of the underlying layer. These losses could be

minimized through in-situ determination of etch uniformity.
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Etch uniformity has been previously correlated to the shape of optical emission
end-point data, where a statistical model was used to link the thickness distribution function
across the wafer to the derivative of the optical emission signal.'® A good correlation
(R?=0.71) was observed. However, this correlation may not be sufficient for a real-time
sensor to be an effective metric for uniformity determination. A new approach presented
in this article, involving a material balance etch end-point model, may better explain the
correlation between the process-state and uniformity.

This article demonstrates how in-situ wafer-state information, specifically plasma
etch end-point uniformity, can be obtained using a process-state sensor, such as a mass
spectrometer. A two stage differentially pumped mass spectrometry system samples
gaseous species directly from an electron cyclotron resonance silicon dioxide etch chamber.
Real-time mass spectrometry data is used to estimate etch uniformity by observing the decay
of the partial pressure of CO-containing products (i.e. CO, CO,, COF,, etc.) near the end-
point. We establish that the rate of signal decay correlates to etch uniformity for two
situations: 1) uniform etching of non-uniform oxide films; and 2) non-uniform etching of
uniform oxide films. Using a COF, etch product material balance, an etch end-point
uniformity model is developed to illustrate the correlation between the slope and the
uniformity.

8.2 EXPERIMENTAL SYSTEM AND PROCEDURE

821 ECRETCHING SYSTEM

Silicon dioxide etching investigations were performed in the divergent field electron
cyclotron resonance (ECR) plasma etch system’ shown in Fig. 8.1. The ECR is attached to
a multiple process cluster tool with 100 mm wafer processing capability. The wafers are

introduced into the ECR via a load lock and a central wafer handling system. The reactor
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consists of an alumina-lined 12 cm 1.D. source cavity mounted on a 25.4 cm 1.D. processing
chamber. The base pressure of the reactor is 7x107 Torr. The ECR source includes a 1000
W, 2.45 GHz microwave source and two external solenoid electromagnets (390 mm O.D.
and 150 mm thick). The spacing between the electromagnets is adjustable from 5 to 55
mm. An upper gas dispersal ring introduces the helium carrier gas into the source chamber.
A lower gas dispersal ring introduces the carbon tetrafluoride and deuterium etch gases into
the source cavity. Deuterium is used instead of hydrogen to enable secondary ion mass
spectroscopy tracking of deuterium contamination within the cluster tool. An 1100 1I/s
turbomolecular pump backed by a dry mechanical pump is used for process gas pumping.
The process pressure is controlled via a closed loop system containing a motorized gate
valve and a pressure transducer located in the processing chamber. Wafer cooling is
accomplished through an aluminum thermal contact and positive He back pressure. A
13.56 MHz rf power supply and matching network provide wafer bias for independent
control of the ion bombardment energy.

8.22 MASS SPECTROMETRIC PROCESS SENSING SYSTEM

A two stage differentially pumped mass spectrometer (Fig. 8.2) was used to sense
the stable gaseous species within the reactor. The base pressure of the mass spectrometer
system is 2x10® Torr. A 50 mm O.D. flexible tube connects the first stage of the mass
spectrometer system to the ECR process chamber. The first stage contains a 70 1/s
turbomolecular pump and a mechanical backing pump. The operating pressure in the first
stage is typically 5x10* Torr. A 19 mm O.D. flexible tube connects the first stage to the
second stage, where the mass spectrometer is located. The second stage also contains
another 70 1/s turbomolecular pump and mechanical pump. The operating pressure in the

second stage is typically 5x10° Torr. The mass spectrometer contained in the second stage
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is a Leybold-Inficon closed ion source TS300 mass spectrometer capable of sampling
masses up to 300 a.m.u. and operated with the electron multiplier enabled. The sampling
rate is approximately 1.5 seconds per eight mass data points.

The differential pumping systems allows process sensing in the mTorr range, while
the mass spectrometer operates at 5x10° Torr. In the ECR chamber and near the mass
spectrometer system inlet, the Knudsen number is approximately 0.5, indicating the flow is
transitional between molecular and continuum. The Peclet number is approximately 0.5,
indicating the system is mixed and diffusive. Therefore, gases that enter the first stage are
representative of the gas population in the ECR process chamber. In both stages of the
mass spectrometer, the flow is molecular (Kn >1). The absolute intensities of the species
detected in the mass spectrometer depend on the individual diffusivities, pumping
efficiencies and wall sticking coefficients for the molecules entering the first stage.
However, intensity changes sensed by the mass spectrometer are representative of partial
pressure changes in the process chamber.

8.23 SILICON DIOXIDE ETCHING PROCEDURES

The substrates were 100 mm Si (100) p-type (resistivity 25-50 W-cm). Each wafer
initially had either 1000 or 3000 A of thermal wet oxide with a thickness uniformity of
97.7% blanketing the front. For all experiments, the flow rates of the He, CF, and D, were
held constant at 50, 10 and 20 sccm, respectively. The reactor pressure was held constant at
3.2 mTorr. In addition, the microwave and rf power were held constant at 250 W and 30
W, respectively. The position of the ECR’s electromagnets was changed between runs to
manipulate the etch uniformity.

We calculated etch rate and uniformity using optical interferometry with better than

+2% accuracy to obtain oxide thickness data for nine points evenly distributed in a plus sign
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pattern across the wafer. Etch rates are reported as the arithmetic mean of the change in
oxide thickness at the nine points on the wafer divided by the etch time. Etch uniformity is

calculated using:

& MmaxX 4 - mn 2&00 6.1)

. H 0, = -
Uniformity (%) gl 2>Xverage . g

and thickness uniformity is calculated using an analogous equation.

The mass spectrometer was used to determine the species present during oxide
etching with He/CF,/D,. Up to 100 a.m.u., a large number of species attributed to reactant
and product gases are observed. Signals at 21, 28, 47, 50, 52, 66, 69 and 85 a.m.u. (Table
8.1) from a typical run are shown in Fig. 8.3 as a function of time. These signals generally
exhibit consistent run-to-run behavior.

We evaluated the mass spectrometer’s ability to sense etch uniformity through two
sets of experiments: 1) etching of controlled non-uniform oxide films with the most
uniform etch process; and 2) etching of uniform oxide films with various degrees of process
uniformity. For both sets of experiments, the intensity of the signals listed above was
measured as a function of time with the mass spectrometer. When etching non-uniform
oxide films with the most uniform etch process, the end-point behavior will deviate from
that observed when etching uniform films. When etching uniform oxide films with various
degrees of process uniformity, distinguishable changes in the mass spectrometer signal are
observed and analyzed.

In the first set of experiments, the etching of non-uniform films simulates etch rate
non-uniformity. Non-uniform films were fabricated from wafers covered by 1000 A of

thermal wet oxide. Photolithography was used to mask 25% or 50% of the wafer, and one
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half of the film thickness was etched in buffered oxide etch. Thickness was confirmed using
optical interferometry. One set of wafers had a 1000 A film covering 75% and a 500 A film
covering 25% of the wafer (75%/25%). Another set of wafers had a 1000 A film covering
half of the wafer and a 500 A film covering the other half (50%/50%). The non-uniform
films were etched at the optimal process conditions (94.7% uniformity). Using equation 8.1,
the thickness uniformity of the 75%/25% and the 50%/50% wafers was 60% and 67%,
respectively. Since the thickness uniformity of these films was substantially worse than the
etch uniformity (94.7%), the uniformity for analysis purposes was taken as the thickness
uniformity of the non-uniform films.

In the second set of experiments, the process uniformity was altered by changing
the spacing between the ECR’s electromagnets. The spacing can range from 5 to 55 mm
along four points on the electromagnets’ perimeter. Two points were held constant at 55
mm and two points were adjusted at three positions from 47 to 55 mm to achieve the three
uniformity conditions. The uniformity for each electromagnet position was determined by
performing a calibration run. The calibration involved a partial etch of 1.5 min on a 3000 A
blanket oxide wafer. Using equation 8.1, the uniformity was calculated by measuring the
thickness at nine points on this wafer. For the three electromagnet positions, the
uniformity was found to be 86.2%, 92.1% and 94.7%. The etch rate distribution for the
94.7% uniformity case follows the typical bull's eye pattern with the fastest etching
occurring at the wafer center. Changing the electromagnet’s position shifts the center of
this pattern towards the wafer edge. Using the calibration condition, a 1000 A oxide was
completely etched while monitoring the end-point with the mass spectrometer. These steps

were repeated for two other electromagnet positions.
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8.3 RESULTS

8.3.1 MASS SPECTROMETRIC SENSING OF ETCH PROCESS

The typical trends during oxide etch in He/CF,/D, are shown in Fig 8.3. The
assignments and sources for the mass signals in Fig. 8.3 are presented in Table 8.1. The

CO- and Si-containing species can result from the following reactions:'"**

Si0, (s) + CF,(3) ® SiF,(g) + CO, (g) (8.2)
Si0, (s) + 2CF, (g) ® SiF, (g) + 2CO (q) (8.3)
CF(9) + CF, (5) ® CyiFuuis (9) (8.4)
C/F, (s) +3/2 0, (ab)) ® C,,F, (s) + CO, (g) + CO (g) (8.5)
C/F, (s) + 1/2 0, (ab.) ® C,,F,, (s) + COF, (g) (8.6)

The gaseous reactants and products from these reactions enter the mass spectrometer
where they are cracked and ionized. We find the CO™ (28 a.m.u.) signal the most desirable
to monitor for uniformity sensing because it exhibits a high signal-to-noise ratio and
consistent end-point behavior.

8.3.2 MASS SPECTROMETRIC END-POINT UNIFORMITY SENSING

Figure 8.4 displays the results from etching non-uniform oxides. These results
exhibit the mass spectrometer’s ability to sense gross non-uniformity and provide a wide
uniformity range for the analysis presented in Section 8.4. The CO" signal for the wafer
with a 1000 A uniform oxide rapidly increases when the discharge is ignited (point A in Fig.
8.4) and quickly attains a steady state value. At the process end-point (point B for the
uniform oxide), the signal begins to decrease and continues until the rapid drop when the
plasma is extinguished (point C). This signal exhibits the expected behavior for a process
with high uniformity. The signals for the wafers with non-uniform oxides effectively display

two end-points, one for the 500 A film (point B") and one for the 1000 A film (point B).
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When etching begins, 100% of the wafer is covered with oxide and the signal intensity
represents etching from the entire surface. After the first end-point, the CO™ intensity is
reduced due to the reduction in oxide surface coverage. It is clear from Fig. 8.4 that the
CO" intensity when etching oxide from 75% of the wafer is greater than the intensity when
50% of the wafer is being etched.

Figure 8.5 exhibits the results from etching the uniform oxides and confirms the
mass spectrometer’s ability to sense small changes in uniformity. Fig. 8.6 presents a detailed
view of the end-point region from Fig. 8.5 and contains analysis explained in the next
Section 8.4.1. The CO™ traces for 94.7%, 92.1% and 86.2% uniformity exhibit that the end-
point decays most rapidly for the most uniform etch process. The 94.7%, 92.1% and 86.2%
uniformity runs had etch rates of 674, 680 and 688 A/min, respectively, and were executed
in that order. Since the etch rates are similar, one may expect similar steady state signal
intensities for these runs. The change in signal intensity for the different runs is attributed
to changes in the mass spectrometer sensitivity. This change is not expected to significantly
affect the end-point transition.

8.4 UNIFORMITY ANALYSIS AND DISCUSSION

841 ETCH END-POINT UNIFORMITY SENSING

Figure 8.4 illustrates the mass spectrometer’s capability to distinguish uniformity by
sensing the CO™ intensity. The drop in the signal intensity at point B' for the non-uniform
oxides is largest for the most uniform film. For etching uniform oxides, the data in Fig. 8.5
is consistent with the CO™ signal decaying as the silicon substrate is exposed and the surface
coverage of oxide decreases. For a non-uniform etch process, uneven oxide clearing will

result in a slowly changing end-point signal.
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To establish a quantitative correlation between the mass spectrometer signal and
etch uniformity, the initial end-point slope is averaged over several points. Averaging is
used to help distinguish the true end-point from random noise. The average slope is equal
to the signal intensity change across four points divided by the time interval. As each data
point is collected, a new average slope value can be determined. An example for the four
point averaged slope is shown in Fig. 8.6, where the averaged slope at the fourth point for
each set is represented as the slope across the two solid points. From the data in Fig. 8.6,
the four point slope is calculated as a function of time and is shown in Fig. 8.7 for 94.7%,
92.1% and 86.2% uniformity. As the end-point begins, the slope changes from zero to a
negative value and then slowly increases back to zero.

As discussed in the etching procedures (Section 8.2.3), the non-uniform etching was
concentric for the 94.7% uniformity wafer, but deviated from concentric for the more non-
uniform cases. This deviation is most noticeable for the 86% uniformity etch process, and
is evident in the collected average slope data. As observed in Fig. 8.7 for the 94.7%
uniformity data and will be shown in Section 8.4.2, the slope is expected to decrease, then
slowly increase to zero for a concentric non-uniform etching pattern. After four slope
values are collected (down arrow in Fig. 8.7) for the 86% uniformity data, the slope
continues to decrease, indicating deviation from the concentric pattern. This trend in the
measured slope could be used to sense the presence of azimuthally asymmetric etching.

It is clear from Fig. 8.7 that the initial change in slope at the etch end-point is
sensitive to etch uniformity. This initial change in slope for the four point averaging is
shown in Fig. 8.7 as the difference between the last zero slope point (up arrows in Fig. 8.7)
and the slope four points later (down arrows). This analysis is also performed for the non-

uniform films by averaging the slope of the end-point signal across the B'-B transition
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shown in Fig. 8.4. The measured correlation between change in slope and uniformity for
the cases of uniform etching of non-uniform films and non-uniform etching of uniform
films is shown as the points in Fig. 8.8, where etch uniformity is plotted versus the inverse
of the initial slope. The solid line in Fig. 8.8 represents the correlation predicted by the
[COF,] model, which is presented in Section 8.4.2. It is clear from Fig. 8.8 that the initial
end-point slope of the mass spectrometer data from the uniform and non-uniform films
correlates well with the etch end-point uniformity. The uniformity trend in the
experimental data suggests that, in a perfect etch and sense system, a 100% uniform etch
process would produce a signal with an inverse slope of zero. The correlation between the
uniform and non-uniform film experimental data presented in Fig. 8.8 illustrates the
robustness of the analysis.

842 ETCH END-POINT UNIFORMITY MODEL

An etch product material balance is developed to model the mass spectrometer’s
response to etch end-point uniformity. Specifically, the concentration of the COF, etch
product as a function of time is obtained, and the first derivative is related to the etch end-
point uniformity. Starting from an overall etch reaction:

SiO, + 2CF, ® SiF, + 2COF, (8.7)

a general mole balance on COF, can be written:

alt) R
F&?FZ - kcons.[COFZ] (88)

Vv

dcor,] _ R o

+x C\) dER(r, q) xr|drdg -

dt V V
0 r(t)

where [COF,] is the COF, concentration in the reactor , F is the molar flow rate, V is the

reactor volume, r is the SiO, molar density, ER(r,q) is the non-uniform etch rate

distribution across the wafer, R is the wafer radius, r(t) describes how the radius of the
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clearing oxide film changes with time and k.., is the rate constant for reactions where
COF, is consumed. The integral represents COF, generation from SiO, etching (etch rate x
area), where the integration limits are time dependent due to non-uniform SiO, clearing.
The flow rate of COF, into the reactor is zero, and k., is assumed to be zero. The flow
rate of COF, out of the reactor written in terms of concentration is:

FS% =[COF,|», (8.9)

where v, is the total volumetric flow rate. Applying the above assignments reduces equation

8.8 to:

~

dlcor,] , [COFZ] o W R (8.10)
- v OdER r,q) xr]drdg
r(t)

where t=V/v, is the reactor residence time. An infinite series solution can be obtained for
equation 8.10. An analytical solution is obtained by assuming that the residence time is
short enough that the accumulation term becomes negligible. This assumption is supported
by the data in Fig. 8.6. Using t=0.1s, d[COF,]/dt << [COF,]/t and equation 8.10 simplifies

to:

alt) R
_2at A 9 8.11
[COFZ]—V OdER(r,q) rldrdg (8.11)

0 r(t)

A reasonable approach is to assume an azimuthally symmetric (concentric) etching pattern

and compare the predicted trend in [COF,] to the measured data. Deviations from this case
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will result from asymmetric etch profiles. The non-uniformity for the 94.7% uniformity
case was symmetric in g, with the maximum rate occurring at the wafer center. The etch

rate is described as a function of radius:
ER(r)=a-br? (8.12)

where a and b are constants determined from the etch rate at the wafer center and the
uniformity. The function r(t), which describes the time when SiO, is completely cleared at a
given radius, is obtained from an SiO, balance. The thickness of SiO,, z, at any radius

versus time is given by:
z(rt) = z,- ER(r) t (8.13)

where z, is the initial SiO, film thickness. Solving equation 8.13 for r(t) at zero thickness

yields:

= gg . EH (8.14)

Combining equations 8.11, 8.12, and 8.14 and integrating gives the COF, concentration

Versus time:

1
— C— - 2 %

2 4 5 &b a4 (8.15)

¥ 2 4 2 2
[COF2]=4prt>_ql_amR _bRY0 a&a® 7z
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where the first term in parentheses corresponds to the steady-state concentration of COF,
before the etch begins to clear, and the second term is the time dependent concentration
drop as the oxide coverage decreases. This equation is valid over times from z,/a to z /( a-
bR?). Assuming the parabolic etch rate distribution given in equation 8.12 and given an
initial oxide thickness, the COF, concentration at steady state and during the end-point can
be predicted for any uniformity. This model is also valid for any sensor that detects a
change in [COF,] at the end-point.

To relate the change in COF, concentration to the uniformity, equation 8.15 is

differentiated:

2
d[COF,] _ - 2prtzg Xis (8.16)
dt Vb t

The calculated first derivative of the COF, concentration is shown versus time in Fig. 8.9
for 95%, 90% and 85% uniformity. The trends in Fig. 8.9 are qualitatively similar to the
average slope data presented in Fig. 8.7. It is clear from Fig. 8.9 that the magnitude of the
first derivative at the beginning of the end-point signal (t=z,/a) is sensitive to the etch
uniformity. This value is difficult to obtain experimentally, although averaging the initial
end-point slope supplies a measure of this value. Combining the uniformity equation
(equation 8.1) and the etch rate equation (equation 8.12) yields the uniformity as a function

of the constants a and b:

.
bR 9100 (8.17)

Uniformity (%)=¢1- —— =+
ty( ) ? 2a- bR?
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Equations 8.16 and 8.17 combine to provide the uniformity as a function of two
parameters: the constant a; and the magnitude of the change in the first derivative at the
end-point. The constant “a” is directly obtained from the known initial film thickness and
the time at which the mass spectrometer signal first deviates form steady state (t=z,/a).
The change in the first derivative is estimated from the mass spectrometer data, as shown in
Fig. 8.7. Using a similar approach, uniformity was determined from the modeled and
measured [COF,] versus time data, and the results are shown in Fig. 8.8. The solid line in
Fig. 8.8 represents the model, which has been normalized to experimental data at 94.7%
uniformity. Normalization is necessary because the mass spectrometer system was not
calibrated for COF,. Fig. 8.8 verifies the COF, material balance model predicts a large initial
end-point slope indicates high etch uniformity, as suggested from the experimental data.
The model fits the data quite well for the four point averaged slope of the uniform films.
The mass spectrometer data for the non-uniform films deviates slightly from the model,
probably because the non-uniform films were not azimuthally symmetric and the end-point
slope was averaged over a long time frame.

The uniformity information obtained by this method is acquired early during the
end-point, so that real-time control operations could be enacted. For example, once the
uniformity is obtained, the controller could switch to a more selective etch and then
estimate an etch-stop time. A concern with transferring this algorithm to real-time arises
from a time lag created by the analysis procedure. The analysis described in Section 8.4.1
uses subsets of four data points to estimate the initial end-point slope. Similar analyses were
performed using two and six point subsets, and the results are shown in Fig. 8.10 for the
94.7% uniformity case. When the number of points taken in the subsets decreases from six

to two, the minimum in the first derivative shifts by seven seconds and noise becomes
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evident in the second derivative. The data is broken into four point subsets to smooth the
noise in the data and obtain a clear end-point signal. In principle, this analysis will work for
patterned wafers as well, although the steady state intensity sensed by the mass spectrometer
will scale with the percentage of open area. This method is well suited for processes such as
spacer etch, where the film covers the entire wafer and a large percentage is cleared.
85  CONCLUSIONS

Wafer-state etch end-point uniformity is determined from process-state data by
analyzing the rate of decay of the end-point signal sensed with mass spectrometry. For
silicon dioxide etching with CF, and D,, the initial end-point slope of the CO" intensity
versus time correlates with the uniformity. This correlation was demonstrated by: 1)
performing a uniform etch of non-uniform oxides; and 2) controlling the etch uniformity
on uniform blanket oxide wafers. The correlation is justified with a material balance etch
end-point model, which is valid for any sensor that detects a change in the COF,
concentration at the end-point. Performing this analysis during data collection would allow
mass spectrometry to be a valuable in-situ uniformity sensor for wafer-state analysis.
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Table 8.1

Assignments and sources for masses shown in Fig. 8.3.
See text for reactions (8.2) to (8.6).

a.m.u. Species Possible Source
21 DF* F scavenging by D
28 co”* Reactions (8.2), (8.3), (8.5) and (8.6)
47 COF"and SiF*  Reactions (8.2), (8.3) and (8.6)
50 CF,* CF, reactant
52 CF,D* Polymer reaction product
66 COF," and SiF,*  Reactions (8.2), (8.3) and (8.6)
69 CF;* CF, reactant
85 SiF;* Reactions (8.2) and (8.3)
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Real-time intensity signals for the masses monitored in
these investigations. See Table 8.1 and text for a.m.u.
assignments. A: Gases on; B: Plasma on; C. End-
point signal; D: Plasma off; E: Gases off
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Real-time CO" intensity for wafer uniformly (97.7%)
covered by 1000 A oxide (solid line), 67% thickness
uniformity (50% 1000 A SiO, coverage) wafer (dashed
line) and 60% thickness uniformity (75% 1000 A SiO,
coverage) wafer (dotted line). The arrows indicate the
CO" intensity for 100%, 75% and 50% SiO, coverage
on the wafer. The CO" intensity drops as the surface
coverage of oxide drops. A: Plasma on; B”: 500 A film
end-point; B: 1000 A film end-point; C: Plasma off
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Figure 8.5 Real-time CO" intensity for uniformity series
performed on uniform oxide films. The rate of decay
at the end-point is indicative of a particular etch
uniformity.  94.7% uniformity (solid line); 92.1%
uniformity (dashed line); 86.2% uniformity (dotted
line); A: Plasma on; B: End-point signal; C: Plasma off
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Figure 8.6 Real-time CO" intensity for uniformity series
performed on uniform oxide films. Detailed version
of end-point region from Fig. 8.5. The average slope
is calculated as the slope across the end points (solid
markers) of each subset.
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Figure 8.7  Averaged slope of real-time CO" intensity for 94.7%,

92.1% and 86.2% uniformity versus time. The slope
quickly changes from zero to a negative value at the
end-point signal. The up arrows represent the last
zero slope point and the down arrows represent the
slope four points later, both of which are used in the
uniformity correlation.
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Average slope of real-time CO™" intensity for the 94.7%
uniformity case. As the subset size is decreased from six
points (squares) to four points (circles) to two points
(triangles), the time required to detect a change in the CO*
intensity decreases by seven seconds.

233



CHAPTER 9

SUMMARY

9.1 SUMMARY

We have described the physical and electrical properties of yttrium silicate thin films
for application as high-k dielectrics. The following is a summary of the key results presented
in this research.
9.1.1 OXIDATION OF YTTRIUM SILICIDE

Although the oxidation of many silicides results in the growth of a SiO, film over a
metal silicide, the oxidation of yttrium silicide results in yttrium silicate. XPS and FTIR
analyses of thick (4500 A) yttrium silicate films reveal the formation of Y-O-Si bonding
structure with properties in accordance with the donation of electron density away from the
less electronegative yttrium toward the more electronegative silicon and oxygen. The Y-O-Si
bonding structure leads to spectroscopic properties that are different than either SiO, or
Y,O, Oxidation of thin (<50 A) yttrium silicide films results in similar yttrium silicate
structure to silicates formed by the oxidation of yttrium on silicon, but with increased silicon
incorporation.
9.1.2 OXIDATION OF YTTRIUM ON SILICON

When a metal, such as yttrium, that has a high affinity for oxygen and forms stable
silicides is deposited on silicon and oxidized, a competition between metal-silicon reaction
and metal oxidation develops. When the thickness of the metal is less than some critical
thickness (~40-80 A), the metal-silicon reaction consumes the metal layer before significant
metal oxidation can occur resulting in a metal-O-Si film. When the metal is thicker than

some critical thickness, significant metal oxidation can occur before the metal-silicon
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reaction can consumes the entire metal film resulting in a metal oxide/silicate bi-layer. In
the process described here where a thin metal is deposited onto silicon then oxidized, the
high reactivity of yttrium with silicon and oxygen is an advantage that enables the formation
of a Y-O-Si interface free of SiO,. The formation of thin Y-O-Si films is thought to result
from concurrent yttrium-silicon reaction and oxidation to form Y-O-Si bonding units.
Amorphous yttrium silicate films (~40 A) with EOT = 11 A have been formed by the
oxidation of thin yttrium films on silicon. These results demonstrate that an yttrium-based
silicate can be scaled down to the EOT ~ 10 A regime.
9.1.3 YTTRIUM/SILICON INTERFACE REACTIONS

When yttrium (which forms a silicide and a stable oxide) is deposited onto silicon
and oxidized, concurrent metal-silicon reaction and metal oxidation results in a layer with
significant silicate composition. This intermixing also occurs when the surface is oxidized
before metal deposition. Because yttrium has a very high affinity for oxygen, annealing
results in reduction of the available silicon oxide, leading to a silicate layer. When ~1
monolayer of nitrogen is present at the interface, the silicon diffusion from the substrate is
impeded. Any silicon oxide on top of the N layer will still react with the metal to form a
silicate. However, when only nitrided silicon is present, oxidation of deposited metal results
in a structure closer to pure metal oxide, consistent with impeded silicon diffusion through
the nitrided layer.

Since the interface reaction between yttrium and silicon competes with oxidation, the
oxidation temperature mediates the silicon consumption. High temperature oxidation
generally results in greater silicon incorporation. The reaction between yttrium and silicon

exhibits an activation energy of 0.3-0.5 eV consistent with other rare-earth silicon reactions.
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The properties of yttrium silicate films strongly depend on the silicon content, and as a result
the interfacial reaction between yttrium and silicon.

Annealing or oxidation of yttrium on thermal SiO, results in a solid-state interface
reaction that converts the SiO, to silicate. XPS analysis of the conversion of SiO, to silicate
reveals similar microstructure to silicate films formed by oxidation of either yttrium on
silicon or yttrium silicide. The conversion of SiO, to silicate demonstrates an interesting
method to convert the existing SiO, gate dielectric to a high-k dielectric in a straightforward
manner using thermal oxidation of silicon followed by metal deposition, annealing and re-
oxidation.

The interface reactions reported here for the case of yttrium are expected for other
metals that form silicides and stable oxides on silicon including Hf, Zr, La, etc. CVD of
metal oxides may also include formation of metal-silicon bonds, so similar reactions reported
here for PVD films are expected to be active during CVD, and these reactions probably play
an important role in interface layer formation.

9.14 PLASMA OXIDATION OF YTTRIUM ON SILICON

Yttrium silicate formation by the remote N,O plasma oxidation of yttrium on silicon
can result in films with similar properties to thermally oxidized silicates. The yttrium silicate
films formed by plasma oxidation are amorphous, but display greater surface roughness that
thermally oxidized films. The silicate films formed at 300 °C demonstrate the feasibility of

forming silicate films using a low thermal budget plasma oxidation process.
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9.1.5 END-POINT UNIFORMITY SENSING

Wafer-state etch end-point uniformity can be determined from process-state data by

analyzing the rate of decay of the end-point signal sensed with mass spectrometry. For

silicon dioxide etching with CF, and D,, the initial end-point slope of the CO" intensity

versus time correlates with the uniformity. The correlation is justified with a material

balance etch end-point model, which is valid for any sensor that detects a change in the

COF, concentration at the end-point. Performing this analysis during data collection would

allow mass spectrometry to be a valuable in-situ uniformity sensor for wafer-state analysis.

9.2 SUGGESTIONS FOR FUTURE WORK

The following suggestions for further study have been raised by this work:

1)

The two-step oxidation involving vacuum annealing of yttrium on
silicon (to first form silicide) followed by thermal oxidation has
produced films with improved electrical properties over direct
oxidation of yttrium on silicon. Specifically, silicate films formed by
the two-step process exhibit reduced flat band shifting. Further
investigation is required to fully demonstrate the effectiveness of this
process.

The conversion of SiO, to yttrium silicate is a potentially
advantageous process. The electrical properties of silicates formed
by this process must be addressed.

The electrical properties of Y-O-Si films formed on oxidized silicon
and nitrided silicon engineered interface should be investigated to

determine their feasibility as gate dielectrics.
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APPENDIX A

THERMAL OXIDATION OF SPUTTERED YTTRIUM

Al TWO-STEP OXIDATION

Chapter 3 presented electrical results for yttrium silicates formed by the thermal
oxidation of sputtered yttrium. Oxidation of ~8 A of yttrium on silicon for 15 seconds at
900 °C in 1 atm. N,O resulted in an EOT = 11-12 A with a considerable flat band (V,,) shift
of 0.7-0.8 V. A two-step oxidation process is presented here, for which the initial results
indicate an improvement in the Vi, shift. The two-step process involves annealing the
yttrium film on silicon in vacuum to form yttrium silicide prior to oxidation. Figure A.1
compares the C-V characteristics films formed by the one-step oxidation (original process)
to films formed by the two-step oxidation. The film formed by the one-step oxidation was
deposited by sputtering ~25 A of yttrium onto silicon at room temperature and oxidizing for
5 minutes in 1 atm. air. The film formed by the two-step oxidation process was deposited by
sputtering ~25 A of yttrium onto silicon at room temperature, annealing in vacuum for 5
minutes at 600 °C and oxidizing for 15 seconds in 1 atm. air. The C-V measurements were
performed using a Four Dimensions CV map 92-A mercury probe. The expected V, for a
MOS capacitor with a Hg contact is ~0.55 V for moderately doped p-type c-Si. The
measured Vg's for the one-step and two-step oxidation processes are —1.6 and -0.51 V,
respectively. The fixed charge densities (Q;) of the one-step and two-step oxidation are
~2x10% and 9x10" cm® Clearly, the one-step oxidation process results in a large defect

density, and the two-step oxidation process results in a small defect density. Since silicide
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and oxidation reactions are occurring simultaneously in the one-step oxidation process, the
large charge density is attributed to unsatisfied bonds. In Chapter 3, it was shown that the
one-step oxidation results in a lower silicon fraction that the two-step oxidation. Dangling
bonds may result from the reduced silicon fraction since the Y-O-Si bonds cannot arrange
themselves in a configuration similar to the crystal structures presented in Figs. 3.1a and
3.1b. The two-step oxidation separates the silicide and oxidation reactions allowing the
yttrium and silicon to react completely before oxidation, thus allowing all bonds to be

satisfied and resulting in a reduced Q.
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Figure A.1  C-V curves for one- (a) and two-step (b)
oxidation processes.

240



A2 SPUTTER AUGER ELECTRON SPECTRSCOPY

Figure A.2 presents sputter Auger electron spectroscopy (AES) results for a yttrium
silicate film formed by oxidizing ~8 A of yttrium on silicon for 15 seconds at 900 °C in air.
The surface spectrum of the film indicates the presence of yttrium, silicon, oxygen and
carbon near the surface. The depth profile indicates mixing of yttrium and silicon
throughout the film with a gradient in the silicon concentration. This gradient is in contrast
to MEIS results on similar films (see Section 5.3.2), which show a constant silicon
concentration near the surface. Since silicon is a lighter element than yttrium, preferential

sputtering of silicon would result in a similar profile.
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Figure A.2  AES surface spectrum (a) and AES depth

profile (b) for ~8 A yttrium film on silicon
oxidized for 15 seconds in 1 atm. air.
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A3 ADDITIONAL TEM STUDIES

Figures A.3, A.4 and A.5 present the compilation of all the TEM studies performed
on yttrium silicate formed by thermal oxidation of sputtered yttrium. All of the films in Figs.
A.3, A4 and A.5 were formed with ~8 A of yttrium and oxidation at 900 °C in air for times
from 1 second to 20 minutes. Figure A.3 presents the TEM images of films oxidized for 6,
15 and 60 seconds that were capped with 2000 A of Al with no post-metallization anneal.
The thickness of the films is 30, 42 and 42 A for oxidation for 6, 15, and 60 seconds. In all
instances, lattice fringes are observed in the silicon substrate, but not in the Y-O-Si film
indicating amorphous Y-O-Si structure. The interface for the 6 seconds oxidation appears
slightly roughened, perhaps due to the presence of silicide, but the interface is smooth for
oxidation at 15 and 60 seconds. The images in Fig. A.3 all indicate the presence of one layer
without any SiO, at the Y-O-Si/Si interface. Figure A.4 presents the TEM images of films
oxidized for times ranging from 1s to 20 minutes. These films were not capped with Al, and
the top layer in each image is epoxy. The thickness for oxidation of 1.0 s, 0.25, 1, 2 and 20
minutes is 31, 43, 45, 44 and 75 A. In between the 2 minute and the 20 minute oxidation,
SiO, grows beneath the Y-O-Si layer. For the images in Fig. A.4, where there was not an Al
capping layer, contrast is observed between the top and bottom of the film. This contrast is
not thought to result from the presence of a two-layer structure, as exhibited in Fig. A.5.
Figure A.5 presents two TEM images taken from the same film (0.25 minute oxidation), but
at different transmission thickness (i.e. different spots on the dimple). The degree of
contrast and the thickness of the contrast region changes when the transmission thickness is

changed indicating that the contrast results from instrument effects.
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Figure A.3.1 TEM images for 6 second (a) and 15 second (b)
oxidation.
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Figure A.3.2

TEM image for 60 second (c) oxidation.
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Figure A.4.2 TEM images for 1 minute (c) and 2 minute (d)
oxidation.
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Figure A.4.3 TEM image for 20 minute (e) oxidation.
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Figure A5  TEM images for 15 second oxidation taken at
different transmission thickness.
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APPENDIX B

PLASMA OXIDATION

B.1 C-VTESTING OF PLASMA OXIDIZED Y-O-Si FILMS

Figure B.1 displays the results of C-V testing of a Y-O-Si film formed by sputtering
~25 A of yttrium onto clean Si, annealing in vacuum at 300 °C for 10 minutes and remote
N,O plasma oxidizing at 300 °C for 20 minutes. The measurement was performed using a
Four Dimensions CV map 92-A mercury probe at a frequency of 1 MHz. The measured
EOT is 41 A. The expected flat band voltage is —0.55 V and the measured flat band voltage
is —0.48 V. The shift indicate the presence of negative fixed charge with Q; = 2x10" cm™.

This result is the best to date using this process.
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Figure B.1  C-V of Y-O-Si film formed by
remote N,O plasma oxidation.
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B.2 REMOTE PLASMA OXIDATION OF TANTALUM ON SILICON

Initial results were obtained for the remote N,O plasma oxidation of tantalum on
silicon. Figure B.2 presents the Ta 4f, Si 2p and O 1s regions of the XP spectrum for Ta
films sputtered for 1, 5 and 10 minutes then remote plasma oxidized in 5 mTorr N,O at 100
°C for 10 minutes. The Ta 4f spectrum indicates that very little Ta is sputtered until ~10
minutes of sputter time. The Ta 4f peak position is consistent with Ta,O;, contrasting the
results (Chapter 7) for the remote plasma oxidation of yttrium on silicon, which results in
the Y 3d peak shifting to higher binding energy than expected for Y,O, (i.e. Y-O-Si
formation). The Si-O Si 2p peak positions for Ta sputter times of 1 and 5 minutes are
consistent with SiO,. For a Ta sputter time of 10 minutes, the Si-O Si 2p peak is broadened
and shifted to lower binding energy consistent with a silicate. The O 1s peaks for 1 and 5
minutes Ta sputter are consistent with SiO,. The O 1s peak for 10 minute Ta sputter is
broadened towards lower binding energy consistent with a combination of oxygen-silicon
and oxygen-tantalum bonding. For the 10 minute Ta sputter, since the Ta 4f peak is
consistent with Ta,O, and the Si-O Si 2p peak is consistent with Ta-O-Si, it is not possible
to determine from these results if the remote plasma oxidation of Ta on silicon results in a
Ta,0O; film or a Ta-O-Si film. Similar to Al-O-Si (Klein, et al., APL 75, 4001 (1999)), it is
possible that the Ta 4f peak does not experience the same shifting observed for the Y 3d

peak in a Y-O-Si film.
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Ta sputter
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APPENDIX C

REACTIVE SPUTTERING OF YTTRIUM

C.l ELLIPSOMETRY

Yttrium silicate films were formed using reactive sputtering. The sputtering was
generally performed at an Ar:N,O ratio of 1:2, however, some films were sputtered in 100%
N,O. The substrate temperature was held at a range of temperatures between 25-500 °C.
Figure C.1 presents thickness and refractive index (n) (600 nm) results obtained using the
Woolam VASE ellipsometer. The thickness versus sputter time follows a linear relationship
with the y-intercept at zero and a sputter rate from the slope of ~6 A/minute. These results
do not indicate any temperature dependence of the thickness. The refractive index ranged
from 1.4-1.8, exhibited a thickness dependence and a temperature dependence. The
refractive index was generally lower for thinner films and lower substrate temperature.
C2 FTIR

Figure C.2 presents FTIR results for reactively sputtered films deposited at room
temperature, aged for 12 hours and annealed for 10 minutes at 900 °C in N,. Below 700 cm
', the FTIR spectra exhibit broad modes associated with Y-O stretching. The Y-O
stretching peak sharpens considerable after the film is annealed. Near 1050 cm™, the spectra
exhibit a peak assigned to Si-O stretching. The Si-O stretch increases in intensity after
annealing indicating silicon incorporation during the annealing step. The films deposited at

25 °C and aged for 12 hours exhibit peaks at ~1400 and ~3500 cm™ assigned to absorbed

carbon and water contamination, respectively. Both of these peaks have increased in
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intensity after the film has aged 12 hours in ambient indicating that the contamination
increases and the film degrades over time. The peaks for carbon and for water
contamination do not appear in the annealed film indicating the removal of the
contamination during the annealing step.
C3 XPS

Figure C.3 presents the Y 3d, Si 2p and O 1s regions of the XP spectra for Y-O-Si
films formed by reactive sputtering. The reactive sputtering was performed at Ar:N,O ratios

of 1:1, 1:2, 1:5 and 100 % N,O at a substrate temperature of 500 °C and a sputter time of 8

minutes. The Y 3d peaks are measured at higher binding energy (~158.5 eV) than expected
for Y,0, (156.8 eV) indicating the presence of Y-O-Si bonding structure. For Ar:N,O ratios
from 1:1, 1.2 and 1:5, the Y 3d intensity decreases indicating that less yttrium is deposited.
The decreases in sputter rate with increasing N,O fraction is attributed changes occurring in
the plasma. When the reactive sputtering is performed in 100 % N,O, the Y 3d intensity is

greatest indicating a higher yttrium deposition rate. Si-O modes (~102-103 eV) are observed

in the Si 2p spectra consistent with Y-O-Si bonding. The O 1s peaks are measured at ~532.5
eV consistent with silicate bonding. During reactive sputtering of yttrium on silicon, the
metal can react with the silicon during oxidation resulting in Y-O-Si bonding structure
similar to the results of the preceding chapters.
C4 ELECTRICAL TESTING

Figures C.4 presents electrical testing of Y-O-Si films deposited by reactive
sputtering. The film in Fig. C.4 was deposited at a substrate temperature of 500 °C in 100 %
N,O with a sputter time of 8 minutes. The C-V testing was performed using a HP 4284a

LCR meter at a test frequency of 1 MHz. The gate electrode was Al and the expected V, is
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~1 V. The measured Vy, is —2.4, which is a shift of >1 V and clearly unacceptable. The
EOT including the quantum mechanical correction is 17 A. Using the sputter rate calculated
from the ellipsometry measurements, the film thickness is ~48 A, which corresponds to a k
of ~11 consistent with a silicate film. The EOT is relatively small, but the C,,,, does not

saturate and the flat band shift is excessive. The large fixed charge may result from the

plasma processing and could possibly be annealed out.

255



600F =
g ; ® | ] .
£ a00f . :
X L ]
=) r o | ]
= - i
= i . .
200;— —
O:lll|||||||||I|||||||||I||||||||||||\||w|||||||||||||||||||||
0 20 40 60 80 100 120
Sputter Time (min)
2.0""I""""I""|""""|""I""\""I""""IIIIIIIII
E 18 . . ‘ N
o - e e
8 !.- . -o. ------------
< Ll6f - o e i
% e
e .
L 14F -
& 120 .
1.0...\l....l..\.l\...l......\.I....l.\..\....l....l.\..l....l....
0 20 40 60 80 100 120

Figure C.1
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Thickness (a) and refractive index (600 nm) (b)

from ellipsometry for reactively sputtered Y-
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FTIR spectra for reactively sputtered Y-O-Si films.
The films were deposited with a Ar:N,O ratio of 1:2 at
a substrate temperature of 25 °C. The films were
~800 A thick. (1) as deposited; (2) aged 12 hours in
ambient; (3) anneal at 900 °C in N,
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Figure C.3 Y 3d, Si 2p and O 1s regions of the XP spectra for Y-O-Si films

deposited by reactive sputtering. The films were ~50 A thick
and were deposited at a substrate temperature of 500 °C using
Ar:N,O ratios of : (1) 1:1; (2) 1:2; (3) 1:5; (4) 100 % N,O.
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“If we only wanted to be happy, it would be easy;
but we want to be happier than other people, which is difficult,

since we think them happier than they are.”

Montesquieu (1689-1755)

260





