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Over the past decades, continuing advancements in processes and tools and
the introduction of new materids have facilitated the rgpid downscding of metd-
oxide-semiconductor (MOS) technology. The 90 nm technology node and beyond
will face one of the toughest chdlenges of the semiconductor indusry — the
replacement of conventiond dlicon dioxide (SO;) gae didectric with a high-k
didectric materid. SO, has been used as the gate oxide since the inception of the
MOSFET, but is reaching its physicd scding limits (~10-15A) due to excessive gate
leskage current and reiability issues. High-k materias are required to reduce leskage
current while mantaining a low equivaent oxide thickness (EOT). However, the
integration of high-k dielectrics into the MOS process will be a serious chalenge.

One promisng high-k candidate is zirconium oxide (ZrO;) dnce it is has
demondgtrated therma stability on S, a didectric constant ~20, a bandgap of 5.8 eV,

low EOT (= 10A), and low gate leskage. In this research, sputter-deposited ZrO, and
Vi



nitrogen-incorporated ZrO, (ZrOxNy) were evauated in terms of eectrica, materid,
and rdiability characterigics to determine ther viability as high-k gate didectrics.
Initidly, plainum-gated MOS capacitors were sudied to optimize the ZrO;
deposition process and demondgtrate low EOT (8.2A) and low leskage. Unfortunately,
both ZrO, and ZrO.Ny were found to be incompatible with the polyslicon gate
electrode process due to the formation of Zr-slicide and consequently, high leskage.
However, dud metd gate eectrodes will eventudly replace polyslicon because of
the polysilicon depletion effect.

Tantalum nitride (TaN) is a promising NMOS metd gate candidate due to its
themd dgability and low resdivity. Both TaN-gated MOS capacitors and sdlf-
digned tranggors using ZrO, and ZrOxNy were fabricated to demonstrate process
vidhility and characterized to yidd low EOT (95A), low leskage, negligible
frequency disperson, low C-V hyderess, good therma gability, and wel behaved
transdstor characterigtics.  In addition, a high temperature (500-600°C) forming ges
anneal was found to improve mobility, subthreshold swing, and transconductance.
Ovedl, ZrO, and ZrO«Ny have demondrated extremely promisng electricd,
materid, and rdiability characteristics as wdl as process viability and require further

investigation as potentia high-k gate didlectrics.
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CHAPTER 1

Introduction and Background

1.1 Challenges to Moore’s law: 90 nm and beyond

The most crucial element in the success of the silicon semiconductor industry
has been its continued ability to downscale transistor dimensions over the last few
decades. Innovations in fabrication processes and the introduction of new materials
and tools have allowed chipmakers to follow Moore’s law each generation. Fig 1.1
illustrates how the number of metal oxide semiconductor field effect transistors
(MOSFETs) in Intel processors has doubled with each technology generation as
printed gate lengths have shrunk exponentially [1]. As gate lengths have been scaled

to 90 nm and lower, new problems have arisen:

Si0; minimum scaling limits
Polysilicon depletion (PD) effect
Quantum mechanical (QM) effects
Non-scalability of threshold voltage (V)
Mobility degradation

Ultra-shallow Source/Drain junctions and S/D resistance

vV VvV YV V¥V VY VY V¥V

Both adequate drive current and turn-off
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Figure 1.1 The number of transistors in Intel processors increases and
transistor gate lengths decrease exponentially over the years [1].
The first three challenges — SiO, minimum scaling limits (section 1.2), the PD effect,
and QM effects — will be discussed at length since they are the key motivations
behind the need for high-k gate dielectrics.

Heavily doped polysilicon (poly) has been used as the gate electrode material
since the 1970s. Poly gate electrodes have worked well in complementary metal
oxide semiconductor (CMOS) processes for several reasons. First, the workfunction
can be manipulated to be either p-type or n-type depending on the dopant and doping
level. Additionally, poly gates lend themselves well to the self-aligned MOSFET
process since they can be doped during the source/drain (S/D) implant, activated
during S/D annealing, and can withstand the high temperatures required for CMOS

processing.



The poly depletion (PD) effect is caused when the MOSFET is turned on and
the poly gate electrode is depleted at the poly/SiO, interface. This thin depletion
layer adds to the equivalent oxide thickness (EOT) and consequently, reduces the gate
capacitance and drain current. Although PD only adds a 1-4 angstroms (A) to the
EOT, this represents a large percentage since EOT values will be less than 10A by
2004 [2]. Additionally, PD has been reported to get worse as the gate length gets
shorter (< 35 nm) due to vertical fringing gate fields [3]. Increasing the poly doping
can reduce PD, but achieving uniform doping is difficult due to the constraints of
dopant (boron) diffusion into the gate oxide and maintaining the correct S/D junction
depth and width during activation annealing [4]. Ultimately, PD will force the
replacement of poly by dual metal gate electrodes.

Like PD, the quantum mechanical (QM) effect results in an increase in EOT.
At gate lengths below 0.25 um, the combination of high channel doping and thin gate
oxides results in high electric fields at the Si surface. These high fields result in a
splitting of the conduction band into discrete sub-bands, causing quantization of the
carriers perpendicular to the SiO,/Si interface [5,6]. As a result, carriers in the
channel actually travel a few angstroms (A) below the gate dielectric/silicon interface
leaving a thin charge depletion region. This depletion region has a dielectric
constant of Si (11.7) and thus reduces the gate stack capacitance, and the EOT is
increased ~3-5A [7]. Unfortunately, there is no known solution to avoid the EOT

increase caused by QM.



1.2 Scaling limits of SiO,

One of the industry’s biggest scaling challenges — the replacement of silicon
dioxide (SiO;) as the MOSFET gate dielectric — must be addressed in order for the
scaling to continue in the coming years. SiO; has been used as the gate dielectric
material in MOS technology since the inception of the MOSFET in 1960. The ability
to grow high-quality insulating oxide on silicon was one of the major reasons Si was
chosen as the ‘mainstream’ semiconductor material. High temperature growth of the
oxide directly from the silicon offered many desirable properties such as an excellent
interface, thickness controllability, high thermal stability, and good reliability. Thus,
replacement of SiO, with a deposited material that can offer comparable properties
will prove to be a difficult challenge.

So, what is the driving force behind the replacement of SiO,? The 2001
Edition of the International Technology Roadmap for Semiconductors (ITRS)
predicts that the gate dielectric must have an equivalent oxide thickness (EOT) of 11-
15A in 2003 [2]. A SiO, layer of 11-15A thick is only around 3-4 monolayers of
Si0,, which creates several problems.

First, a physical thickness of 11-15A is so thin that electrons can directly
tunnel through the SiO,, resulting in excessively high gate leakage current. High
leakage is a great concern, particularly for low power applications, and high

performance applications as well. Figures 1.2a and 1.2b show the predicted gate



dielectric leakage limits and equivalent

coming years, respectively [2].
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Figure 1.2 (a) The predicted range of acceptable gate leakage current over the years
where the upper limit represents high performance and the lower

limit represents low power applications [2].

(b) The range of EOT for high performance applications in the coming years [2].



Additionally, SiO, thickness uniformity across a 300 mm wafer becomes even
more crucial for such a thin film, since even a monolayer difference in thickness
represents a large percentage difference and thus can result in varying threshold
voltage (V) across the wafer. Reliability also becomes a huge concern for such a thin

Si0, dielectric.

1.3 Motivation for various high-k gate dielectric candidates

Materials with a dielectric constant higher than that of SiO,, known as high-k
dielectrics, have been under intense investigation in order to identify a SiO,
replacement. High-k materials can provide the same capacitance as a very thin layer
of SiO, although they are physically thicker as shown in equation 1.1 where C
represents capacitance; k is dielectric constant; €, is the permittivity of free space - a
constant; A is capacitor area, and t is dielectric thickness.

C:keoé (1.1)

There is a wide range of high-k materials with a wide range of dielectric

constants as shown in table 1.1.

Si0,

Si3Ny

Al,O3

ZrSi04

HfSi04

ZrO b

HfO,

Ta205

Ti0O,

BST

k| 39

7

~10

~13

~15

~22

~25

~23

~80

~300

Table 1.1 Various gate dielectrics and their dielectric constants [8,9,10]




Materials at both ends of the spectrum will be discussed before concentrating more

closely on the mid-range high-k materials.

1.3.1 Moderate high-k materials: Oxynitrides and SizN4

Oxynitrides have been under investigation for gate dielectric application for
over a decade. It was discovered that the introduction of nitrogen into SiO, via NO,
N,O, or NH; annealing, termed oxynitride, not only raised the dielectric constant
slightly (k ~ 5.5, depending on nitrogen content [11,12]) but also had the added
benefits of improved reliability, increased resistance to boron penetration, and better
interfacial quality [13]. Nitride, SisN4 (k ~ 7), has also been considered as a gate
dielectric, and is attractive because it is already used in MOS technology. In addition,
research on oxide/Si3Ny stack structures has demonstrated MOSFETs with 70 um
gate length [14].

Unfortunately, these oxynitrides, as well as oxide/Si3N4 stacks, and Si3N4 are
still limited by their relatively low dielectric constants, and thus cannot be scaled
much lower than 10A. Consequently, these dielectrics will only last a few

generations due to limitations dictated by low power applications and scalability.

1.3.2 Ultra high-k: Barium Strontium Titanate (BST)
Initial research into high-k MOS gate dielectrics focused on ultra high-k

materials such as barium strontium titanate (BST) because it had already been

7



investigated for giga-bit DRAM applications [15,16,17]. EOT values of less than 1A
have been achieved with DRAM metal-insulator-metal (MIM) capacitors using BST
[15]. However, researchers soon discovered that BST in metal-insulator-
semiconductor (MIS) capacitors yielded much higher EOTs due to the formation of a
relatively thick (~30A) SixOy interfacial layer between the BST and silicon substrate.
The growth of this SiyOy layer resulted from reaction and interdiffusion between the
BST and substrate [18], and it was concluded that BST was not thermodynamically
stable in contact with silicon.

Various barrier layers and surface treatment techniques were used in an
attempt to prevent this interfacial reaction. Barrier layers of Si3Ny [18], Ta,0s, TiO,
[18], and ZrO, [19] did reduce the interfacial layer thickness, and thus the EOT, but
not substantially enough to make BST a viable gate dielectric. Figure 1.3a shows the
EOT reduction (~7A) of Pt/BST/ZrO,/Si capacitors as compared to Pt/BST/Si
capacitors with the same BST thickness after various oxygen anneal temperatures
[19]. Additionally, experiments using nitrogen (N;) implantation into the Si substrate
prior to BST deposition also resulted in reduced EOT values [20]. The nitrogen
incorporated at the BST/Si interface served to decrease the interdiffusion and reaction
between the BST and Si. As shown in figure 1.3b, the EOT decreased with
increasing N, implant dose, but the drawback was that the leakage increased as a

result of both lower EOT and increased implant damage with increasing dose [20].



Although the introduction of high-k barrier layers and the N, implantation
technique did help scale the EOT of BST, they did not improve the scalability

significantly enough to justify the added process complexity.
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Figure 1.3 (a) EOT comparison of Pt/BST and Pt/BST/ZrO, stack structures
for different oxygen annealing temperatures [19]. (b) EOT and leakage (J)
dependence on N, implant dose of BST on Nj-implanted Si[20].
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1.3.3 Mid-range high-k: Ta,0Os, TiO;, BeO, MgO, HfO,, and ZrO,

Of the mid-range high-k dielectrics, Ta;Os and TiO, were initially studied, but
were also found to have problems with interfacial layer formation between the high-k
material and the silicon substrate. Focus was then shifted towards identifying high-k
materials that were thermodynamically stable in contact with silicon.

In 1996, Hubbard and Schlom performed a thermodynamic analysis to
determine which binary metal oxides were theoretically stable in contact with silicon
up to temperatures ~700°C [21]. Chemical equations were analyzed to determine the
change in Gibbs free energy and thus the favored state of a system; if the Gibbs free
energy was lowered for any of the equations, it was an indication of instability of the
oxide with silicon. The chemical equations were as follows where MOy represents

the binary metal oxide [21]:

Si + MO, — M + SiO;, (1.2)
Si + MOy — MSi, + SiO, (1.3)
Si + MOy — MOy, + SiO, (1.4)
Si + MOy — MSi, + MSi,O, (1.5)
Si + MOy — M + MSi, O, (1.6)

Equations 1.2 and 1.3 test for the formation of metal products (M) and silicides

(MSi,), respectively, with SiO,. Equations 1.4-1.6 tested for the formation of other
10



binary oxides (MO,,) as well as ternary phases (MSi,Oy). From these calculations, it
was found that Ta,Os was not thermodynamically stable, as it tended to dissociate
into metallic Ta, thus failing equation 1.2. Furthermore, TiO, was also found to be
unstable at temperatures around 700°C because it tended to form a silicide, TiSiy, thus
failing equation 1.3.

Due to insufficient thermodynamic data, Hubbard and Schlom were not able
to verify the thermal stability of HfO,, although later studies have demonstrated
stability via excellent device and materials characteristics [22,23]. HfO, is a
promising candidate for high-k gate dielectric and will be mentioned periodically in
chapters 3-5.

Hubbard and Schlom were able to verify the stability of three binary oxides:
ZrO,, BeO, and MgO. Since BeO and MgO have fairly low dielectric constants of
6.8 and 9.8 [8], respectively, they are of little interest as oxynitrides and oxide/nitride
stack structures have comparable dielectric constants and are more well established
processes. Because ZrO, has a reported dielectric value ranging from 17-27 [24,25]
and was deemed thermally stable by Hubbard and Schlom, it has received much

attention as a promising high-k gate dielectric candidate.

1.3.4 Requirements for high-k dielectrics [26,27]
As mentioned earlier, the replacement of thermally grown SiO, with a

deposited high-k gate dielectric will be particularly difficult due to the excellent

11



interface properties between Si and SiO,. Some of the required characteristics of
high-k gate dielectrics are listed below.

Material characteristics and process compatibility:

» Thermal stability on Si (section 1.3.3)

» High dielectric constant (> 15)

» Large bandgap and barrier heights

» High crystalline temperature (preferably amorphous phase)

» Compatibility with gate electrode material

» Resistant to interfacial layer growth (EOT increase) during thermal
processing

Low lattice mismatch and similar thermal expansion coefficient with Si

High density to prevent impurity diffusion

Etchability

YV VWV V V¥V

Mass production deposition process capability

FElectrical and reliability characteristics:

> Scalable EOT < 10A

» Low gate leakage current

» Negligible capacitance-voltage (C-V) hysteresis (< 20mV)
» Negligible frequency dispersion

» Density of interface states (Dj;) comparable to SiO,

>

Mobility comparable to SiO; (80-90%)
12



» Good reliability (no charge trapping, high breakdown voltage, sufficient

10 year lifetime operating voltage, etc...)
1.4 Motivation for ZrO, gate dielectric

Past studies on ZrO, have focused on its use in optical and mechanical
applications, and thus concentrated on a much thicker range of films than required for
gate dielectric application (<100A) [28,29]. Deposition techniques include chemical
vapor deposition (CVD) [24,30,31], electron beam evaporation, pulsed laser
deposition [32], atomic layer deposition (ALD) [33], RF sputtering, and DC
sputtering [29]. More recent studies have focused on ZrO, for gate applications and

have produced encouraging results, which will be discussed in detail in chapters 2-5.

1.4.1 ZrO; material properties

Many of ZrO, material properties make it an attractive MOS gate dielectric
material as summarized in table 1.2. ZrO, has a sufficiently high dielectric constant
of around 17-27 [24-25] and is stable in contact with Si[21], which should result in a
scalable EOT. ZrO,’s hardness, chemically inert behavior, and durability [32] make it
attractive for mechanical applications. Additionally, it has a reported refractive index
ranging from 1.84-2.23 [34] and a fairly high density of 5.74 g/cm3, which may help
to prevent impurity diffusion. As for ZrO,’s energy bandgap, it is reportedly 5.8 eV
with calculated band offsets of 1.4 eV for electrons and 3.3 eV for holes [35], which

should be sufficiently large enough for low gate leakage current. It has a high

13



melting point of around 2950K. Finally, it was reported that ZrO, could be etched
with dilute hydrofluoric (HF) solution, which is commonly used in current MOS

processing to remove SiO; [25].

Material property 710, Si0,
Dielectric constant 17-22 3.9
Bandgap 5.8eV 9.0eV
Band offset for electrons 1.4eV 3.5eV
Band offset for holes 33eV 4.4 eV
Refractive index 1.84-2.23 1.46
Density 5.74 g/em’ 2.27 glem’
Lattice mismatch with (100) Si | 2.1% -

Thermal expansion coefficient | 12x 10° K" |[5.0x 107K"
Melting point ~2677°C ~1600°C
Etchability HF solution HF solution

Table 1.2 Material properties of ZrO, and Si0O,

ZrOy’s lattice parameters a,, b,, and c, are 5.148A, 5.203A, and 5.316A,
respectively, which correspond to a lattice mismatch of 5.2%, 4.2%, and 2.1% with
silicon [25]. These values indicate that the lowest lattice mismatch, 2.1%, occurs in

the (100) plane — the most common silicon orientation used in MOS processing today.

14



The thermal expansion coefficient of ZrO, is ~1.2x107 K'l, as compared to Si
(2.6x10° K™) and SiO, (5.0x107 K™). Both the low lattice mismatch and comparable
thermal expansion coefficient with Si will ensure low mechanical stress/strain

between the films.

1.5 Outline

Chapter 1 has given an introduction to scaling challenges facing the
semiconductor industry in the coming years. The combination of the limits to SiO,
gate dielectric scaling, the poly depletion, and quantum mechanical effects will force
the implementation of high-k gate dielectric materials. Of the high-k materials
mentioned, ZrO; is a promising candidate since it possesses many of the material
characteristics required by high-k gate dielectrics. Chapters 2-5 will investigate ZrO,
in greater detail in terms of its electrical, material, and reliability characteristics as
well as its compatibility with conventional CMOS processing.

Chapter 2 focuses on the process optimization and materials characterization
of sputter deposited ZrO, films. Initially, platinum (Pt) electrodes are used to
evaluate ZrO, MOS capacitor (MOSCAP) properties such as EOT scalability,
frequency dispersion, C-V hysteresis, and gate leakage current. Interfacial layer
composition is described as well.

Chapter 3 discusses the experiments performed on ZrO, and nitrogen-

incorporated ZrO, (ZrO4N,) with polysilicon gate electrode. Despite numerous
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attempts to optimize the MOSCAP fabrication process, it is discovered that the poly
deposition process is not compatible with ZrO, or ZrON,. An explanation for this
incompatibility is given.

Chapter 4 details the work performed on both MOSCAPs and MOSFETs
using tantalum nitride (TaN) gate electrode. The motivation behind using TaN gate is
presented along with MOSCAP and MOSFET characteristics such as C-V, frequency
dispersion, C-V hysteresis, J-V, 14-V,, 1¢-V4, and mobility.

Chapter 5 investigates two types of nitrogen incorporation into the ZrO, gate
dielectric: Si surface nitridation prior to ZrO, deposition and nitrogen-incorporated
ZrO; (ZrOxNy). Both processes yield improvements such as improved thermal
stability and higher breakdown voltage. TaN/ZrO«N, and TaN/ZrO, MOSFET
characteristics such as I4-Vy, 14-Vg, and mobility are compared in addition to
reliability tests such as time zero dielectric breakdown (tzdb), time dependent
dielectric breakdown (tddb), and 10-year lifetime operating voltage. Finally, the
effects of high temperature forming gas annealing on MOSCAP and MOSFET
characteristics, including mobility, are investigated.

Finally, Chapter 6 summarizes the results yielded by the fabrication and the
electrical, materials, and reliability characterization of these ZrO, and ZrO.N,
MOSCAPs and MOSFETs. In addition, suggestions are given for possible future

work on ZrO, and ZrO,Ny gate dielectrics.
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CHAPTER 2
ZxrO; Process Optimization and

Initial MOSCAP (Pt/ZrQO,) characterization

2.1 Motivation

The purpose of this chapter is to describe the preliminary work performed on
ZrO, gate dielectrics. The results from this chapter will lay the groundwork for the
experiments in chapters 3-5. Initially, experiments were performed to optimize the
ZrO, deposition process in terms of both low EOT and low gate leakage current.
These sputter-deposited ZrO, films were tested using techniques such as X-ray
photoelectron spectroscopy (XPS), transmission electron microscopy (TEM), atomic
force microscopy (AFM), and X-ray diffraction (XRD) in order to answer questions
about the ZrO, composition, interfacial layer composition, morphology, and surface
roughness.

Platinum (Pt) gate electrodes were used to fabricate MOSCAPs in order to
evaluate these ZrO, films. Pt was chosen as an evaluation gate electrode for several
reasons. First, Pt has a high resistance to corrosion and is thermally stable [1]. Thus,
Pt is not prone to reaction with oxygen to form platinum oxide or prone to reaction
with the ZrO, gate dielectric. Secondly, Pt has a low resistivity and a high melting
point (1172°C) so it can withstand thermal processing [2]. Finally and practically, Pt
was readily available, and the clean room had the facilities to deposit and pattern it.
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However, it should be noted that Pt gate electrodes are not likely to be used in
future MOS technology. First, Pt is a fairly expensive material. Secondly, although
Pt is a fairly inert material, it can react with Si at relatively low temperatures
(~450°C) to form platinum silicide (PtSi) [2,3]. Consequently, with only a thin
dielectric film separating the two, it is possible that the Pt gate electrode and silicon
substrate could react to form PtSi after the high temperature processing necessary for
self-aligned MOSFET fabrication. However, MOSCAP processing does not require
high temperature annealing after Pt gate deposition, so the threat of PtSi formation
can be avoided. Thus Pt was an acceptable candidate for an evaluation gate electrode

material.

2.2 Process optimization

2.2.1 Pt/ZrO,/Si MOSCAP process flow and measurement

Pt/ZrO,/Si MOSCAPs were fabricated using the process flow in table 2.1.

. Piranha clean

. Field oxidation ~3500A at 950°C

. Active area patterning (Buffered oxide etch): 5x107 cm’
. Piranha clean/HF dip/DI water rinse

. Zr deposition ~20-40A: DC magnetron sputtering

. Post deposition anneal (PDA)

. Pt deposition ~1500A: DC magnetron sputtering
. Pt electrode patterning (aqua regia)

. Post-Pt anneal

0. Backside aluminum deposition

Table 2.1 Pt/ZrO,/Si MOSCAP fabrication process
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The starting materials were (100) p-type silicon wafers with a resistivity of
~5-25 Q-cm. A 3500A wet field oxidation was performed in conventional MRL
furnaces at 950°C. Wafers were then 1:1 contact patterned and etched using buffered
oxide etch (BOE) to form the active areas of the capacitors (5x10° cm?).
Immediately prior to Zr deposition, the active patterned wafers were piranha cleaned,
dipped in HF solution (1:40, HF:H,0), and rinsed in deionized (DI) water.

Both Zr and Pt were deposited using a Kurt J. Lesker sputtering machine with
a base pressure < 5.0x10”7 Torr. Around 20-40A of Zr was deposited via DC
magnetron sputtering of a four inch Zr (99.9%) target. The optimized ZrO,
deposition conditions were a sputtering power of 200W, an argon (Ar) ambient at 30
mTorr, and temperature of ~25°C. The deposition rate was approximately 120A of
ZrO, per minute. Section 2.2.3 will explain how these conditions were chosen.

Post deposition annealing (PDA) served to fully oxidize and densify the ZrO,,
and was performed in either a conventional furnace or a rapid thermal process (RTP)
at temperatures ranging from 500-900°C in nitrogen at atmospheric pressure. Some
samples were also annealed after Pt deposition using similar conditions as the PDA.
Pt was deposited using DC magnetron sputtering at 300°C at an Ar pressure of 20
mTorr. Pt was wet-etched using aqua regia (H,O:HCL:HNOs, 5:7:1) at 80°C.
Aluminum was deposited on the wafer backside to improve the contact during
measurements. ZrQO, thickness was measured both before and after PDA using a

single wavelength ellipsometer with the refractive index (n) fixed at 2.0 for thin films
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(£ 60A). For thicker films, the ellipsometer iterated n to be ~ 1.9-2.0, which agreed
with reported values [4,5].

MOSCAP capacitance-voltage (C-V) characteristics were measured using a
HP 4194A Impedance/Gain-Phase Analyzer, and leakage current density-voltage (J-
V) characteristics were measured using a HP 4156 Precision Semiconductor
Parameter Analyzer. J-V measurements were performed by sweeping the MOSCAP
gate voltage from OV to -3V. Then, to prevent any stress-induced leakage effects,
gate voltage was swept from OV to +3V on a different device nearby. For J-V
measurements, the optic lights were kept on to provide minority carriers. For all
other measurements, the lights were turned off.

Capacitance equivalent thickness (CET) was calculated from the accumulation
capacitance (Ca) of 1 MHz C-V curves using equation 2.1 where A is capacitor area
(SXIO'5 sz); k is the dielectric constant of SiO; (3.9), and &, is the permittivity of
free space (8.85 x 107* F/cm).

CET = (ke,A)/Ca (2.1)
The equivalent oxide thickness (EOT) was determined by deducting the quantum
mechanical effect (~2A) from the CET using the NCSU CVC program [6]; the term
EOT will be used throughout this dissertation and implies the quantum mechanical
deduction. As for material characterization techniques, XPS was used to analyze the
ZrO; and interfacial layer (IL) film composition. TEM was used to investigate ZrO,

and IL thickness, AFM for ZrO, surface roughness, and XRD for ZrO, crystallinity.
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2.2.2 Oxidation of Zr [7]

One of the most interesting results was the oxidation of the Zr films during the
post deposition anneal (PDA) in N, ambient. The oxidation could be attributed to
two factors. The first factor was that oxygen adsorbs onto the Zr film from the air,
and thus the top layers of Zr films could react with this oxygen to form ZrO, [8]. The
second factor was the presence of residual oxygen in the RTP chamber or furnace
during the PDA. Despite the fact that only N, was flowing during PDA, both the
RTP and furnace were atmospheric pressure systems, so it was impossible to remove
all traces of oxygen. The residual oxygen could easily diffuse through the ZrO,
during the PDA to oxidize the remaining Zr, and finally the Si substrate as well [9].

X-ray photoelectron spectroscopy (XPS) data (figure 2.1) confirmed that thin
Zr films (~20-40A) could form ZrO, when exposed to air at room temperature.
Figure 2.1 shows sputter-deposited Zr films of varying thickness that have been
brought into atmosphere, but have not been annealed. As shown, all three films were
at least partially oxidized because they all show distinct ZrO, chemical bonding
energy peaks. Films with an original Zr thickness of 20A show no signs of a Zr
binding energy peak, indicating that they were fully oxidized upon exposure to air.
However, thicker Zr films (~30-40A) were only partially oxidized, and still show a

small Zr peak. Thus, the PDA served to fully oxidize and densify the ZrO, film.
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Figure 2.1 XPS data from three Zr films (~20-40A) that have been
oxidized by exposure to air at room temperature [7].

2.2.3 Zr deposition process optimization

The Zr deposition parameters were optimized in terms of temperature,
ambient, target power, and deposition pressure in order to yield ZrO, films with low
EOT and low leakage current. Deposition temperatures ranging from room
temperature (~25°C) to 500°C were attempted, and it was discovered that the higher
the deposition temperature, the higher the EOT. This behavior was attributed to out-
gassing of oxygen from the chamber walls at higher temperatures resulting in
interfacial layer growth and higher EOT. Figure 2.2 shows that the EOT of ZrO,
films deposited at 25°C have lower EOT (~2A) than those deposited at 300°C. Thus,

room temperature was chosen as the optimal deposition temperature.
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As for deposition ambient, Ar-only and Ar + O, were investigated. Although
past experiments using reactively sputtered ZrO, (Ar + O, ambient) have yielded
good electrical and material characteristics [10], samples sputtered in Ar-only have
yielded similar characteristics. In addition, the Ar + O, process was less repeatable
since the O, flow into the chamber was controlled manually in cycles [10]. During
each cycle, when the O, mass flow controller was initially opened, the pressure
increased ~20-40 mTorr before settling back down to its set point value. Also,
studies have shown that Si with a thin layer of ZrO, on top is particularly vulnerable
to plasma anodization, which causes rapid SiO, growth at the ZrO,/Si interface [11],
and thus increase in EOT. Consequently, an Ar-only ambient was chosen.

Sputtering target powers ranging from 100-300W were studied. Higher power
(300W) resulted in increased sputter damage to the Si substrate, and thus increased
leakage current. Low power (100W) had a lower deposition rate, and therefore films
were less dense, and also had higher leakage current. Films sputtered at 200W had a
high enough deposition rate to yield dense films, and low enough power to minimize
sputter damage to the substrate.

Finally, deposition pressures (Ar-only) of 20-40 mTorr were investigated.
High pressure (40 mTorr) resulted in lower deposition rates, and thus less dense film,
and higher leakage as seen in figure 2.3. A deposition pressure of 30 mTorr yielded
slightly lower leakage characteristics than 20 mTorr at PDA temperatures of 600-

700°C (figure 2.3). At 800°C PDA, samples deposited at 20 mTorr had lower
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leakage, but as seen in section 2.2.4, the optimal PDA temperature was ~600°C.

Consequently, 30 mTorr was chosen to be the optimal deposition pressure.
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Figure 2.2 EOT versus PDA temperature for ZrO, sputtered at 25°C and 300°C.
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Figure 2.3 Leakage at V= -1.5 versus PDA temperature for Zr
deposition pressure ranging from 20-40 mTorr.
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2.2.4 PDA process optimization

As mentioned earlier, the post deposition anneal (PDA) occurred in either a
rapid thermal process (RTP) or a conventional horizontal furnace at temperatures
ranging from 500-800°C in N, at atmospheric pressure. Because the furnace was a
hot-walled process, the wafers were loaded into an ambient at temperatures > 400°C.
When the wafers were loaded, air (i.e. moisture and O,) could flow into the furnace,
and as a result, the amount of residual oxygen in the furnace was fairly high
compared to the RTP system. The RTP system was a cold-walled system, meaning
that the wafers were loaded at room temperature, and that the chamber could be
purged prior to annealing to remove residual O,. Therefore, it was not surprising to
find that the EOT of RTP annealed samples was lower than that of furnace annealed
samples (figure 2.4). Because the RTP was a more controllable process in terms of
minimizing residual O, and moisture, and thus minimizing EOT and yielding good
ZrO; film quality, it was chosen as the optimal PDA process.

The next step was to optimize the RTP anneal itself. Figure 2.5 shows the
basic steps in a RTP anneal: purge, pre-heat, temperature ramp-up, anneal, and
cooling. The variables investigated to attain the optimal PDA conditions were purge
time, anneal temperature, and anneal time. It was found that residual oxygen in the
RTP chamber contributed to interfacial layer growth and thus increased EOT. As
expected, longer N, purge (8-10 slm) times lowered the amount of residual O, and
lowered EOT. As seen in figure 2.6, a 7-minute purge time was sufficient to

minimize O, in the RTP chamber.
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Figure 2.6 EOT versus PDA temperature shows 7-minute purge
was sufficient to minimize EOT growth during annealing [7].
Although the residual O, was minimized with the 7-minute purge, it could not
be removed completely from the RTP chamber. As a result, EOT values increased

with increasing PDA annealing temperature (figure 2.7a) and annealing time (figure

2.7b).

In order to maintain both low EOT and low leakage current, PDA (RTP)

conditions were set to a purge time of 7 minutes, anneal temperature of 500-600°C,

and anneal time of 10-30 seconds.
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(b) EOT vs. PDA time shows increasing EOT with

increasing time and temperature [7].
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2.3 Basic ZrO, characteristics

2.3.1 Interfacial layer

Although ZrO; is thermally stable on Si [12], oxygen can still diffuse through
the ZrO, to react with the Si to form an interfacial layer (IL). This diffusion can be
enhanced by annealing at high temperatures for longer times (figure 2.7). Studies
have shown that the growth of this IL can be prevented or controlled by performing
the Zr deposition and annealing in situ in a vacuum system [13,14]. However, the
existence of an IL can be advantageous if it has interface qualities similar to that of
SiO; on Si. Thus, the IL was investigated in terms of thickness controllability,
composition, and morphology.

As discussed in section 2.2.4, optimization of the PDA conditions minimized
IL growth. From figure 2.4, the IL grown during RTP PDA had an EOT of ~4A.
One concern was that the wafer clean prior to Zr deposition — piranha, HF dip, DI
water rinse — may contribute to the IL since the DI water may leave a monolayer or
more of SiO, on the Si substrate. This concern was addressed with an experiment
that compared a HF-last clean with a DI water-last clean. As shown in figure 2.8,
there was no significant difference between the EOT or the leakage current (J) of the
HF-last and the DI water-last process. Consequently, the DI water rinse-last clean

was adopted since it made the wafers safer to handle than the HF-last clean.
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Figure 2.8 EOT and J versus PDA temperature are similar for
two different cleans - HF-last and DI water-last.

By controlling the PDA conditions, the IL layer thickness could be controlled,
but the IL composition was in question. From XPS data, it can be seen that the IL
was not SiO,, but a ZrSiyO, or Zr-silicate layer (figure 2.9). As the PDA
temperature increased, the composition shifted from a Zr-silicate towards a more
stoichiometric SiO,. TEM pictures confirmed that the IL was a Zr-silicate, and not
Si0,. The TEM in figure 2.10 was taken from a Pt/ZrO,/p-Si MOSCAP with an EOT
of 12.6A. If a k of 20 is assumed for the ZrO, (33A) layer, the EOT of the ZrO, layer
is ~6.4A. Then the k of the IL (11A) is calculated to be ~7, which is higher than that
of Si0, (3.9), indicating that the IL must be a Zr-silicate; additionally, the IL was
amorphous (figure 2.10). These results have been confirmed in other ZrO, studies

where the amorphous Zr-silicate IL had a reported k ranging from 5 to 11 [15,16,17].
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Figure 2.9 XPS spectra show that the IL was a Zr-silicate that
converts to more stoichiometric Si0, after 650°C PDA [10].

Figure 2.10 TEM of Pt/ZrO,/Si MOSCAP with EOT of 12.6A and an
amorphous IL composed of Zr-silicate with a dielectric constant of 7.
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2.3.2 ZrO, materials characteristics

To investigate materials characteristics such as composition, surface
roughness, and crystallinity, the ZrO, films were subjected to XPS, TEM, AFM, and
XRD. XPS data showed that the ZrO, films were stoichiometric with Zr:O having a
1:2 ratio. From the TEM in figure 2.10, the ZrO, showed smooth interfaces with both
the IL/Si substrate and Pt. AFM analysis confirmed that a 50A-thick ZrO, film after
PDA was very smooth with a surface roughness value of ~1A rms (figure 2.11).
Other groups have reported similar results with AFM showing surface roughness

values of 1-2A rms [15,18].
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Figure 2.11 AFM picture of ZrO, (50A) after 500°C PDA
shows surface roughness of 1A (rms).

Film crystallization is a concern for high-k gate dielectrics due to possible

issues with leakage current paths or impurity diffusion along grain boundaries. In
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addition, non-uniform grain size and orientation of a polycrystalline dielectric may
lead to inconsistent characteristics from device to device [19]. Glancing angle XRD
analysis of ZrO, (100A) showed signs of film crystallization after 400°C annealing
(figure 2.12). Unfortunately, this crystallization temperature was rather low, although
it agreed with other published results [10,20]. However, despite the crystallization,
ZrO, films yielded low leakage current and consistent electrical characteristics from

device to device. ZrO, crystallization will be discussed further in section 5.3.2.
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Figure 2.12 XRD analysis of ZrO, (100A) films annealed up to 800°C
show crystallization after 400°C annealing.

In conclusion, the ZrO, films demonstrated stoichiometry, smooth interfaces
with the IL/Si and Pt, surface roughness of 1A rms, and crystallization after 400°C

annealing.

37



2.3.3 Pt/ZrO, MOSCAP characteristics [7]

Overall, the Pr/ZrO,/Si MOSCAPs produced extremely promising results.
The MOSCAPs yielded well behaved C-V curve characteristics and demonstrated
EOTs as low as 8.2A (figure 2.13). Three C-V curves are featured in figure 2.13 to
demonstrate the consistent characteristics across the sample. The 8.2A EOT was
calculated from the 1 MHz capacitance at -1.6V; this gate voltage was chosen
because capacitance began to increase for voltages lower than -1.6V due to increasing
leakage current. This sample had a relatively low leakage current of 2.7x10™" A/em?
at a gate voltage of -1.5V and a ZrO, physical thickness of ~35A. The leakage

current characteristics were also well behaved as shown in the inset to figure 2.13.
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Figure 2.13 C-V curves of Pt/ZrO,(35A)/p-Si MOSCAP yielded low EOT (~8.2A)
and low leakage current (2.7x10™ Alem? at V=-1.5V) [7].
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One concern regarding high-k dielectrics is C-V frequency dispersion, which
was not a problem with ZrO,. Figure 2.14 shows both the capacitance and EOT
versus frequency of a Pt/ZrO,(~48A)/p-Si capacitor. The EOT only varied from
11.1-11.6A, and the capacitance varied ~1.3% per decade in the frequency range of 2
kHz to 1 MHz (figure 2.14). The measurement voltage of -1V was chosen so that
leakage current would not adversely affect the capacitance values. Leakage at -1V

was on the order of 1.4x10™ A/cm’

. Other studies have reported negligible ZrO,
frequency dispersion < 2% per decade [21,10] for frequencies up to 46 GHz [22].
Another concern for high-k gate dielectrics is C-V hysteresis, which results in
threshold voltage (Vi) instability. = These ZrO, films typically exhibited a
counterclockwise hysteresis loop as shown in the inset to figure 2.15. Hysteresis was
measured from 1 MHz C-V curves by sweeping the gate voltage back and forth from
-2V to +2V four times before measuring the change in flat band voltage. Typical
hysteresis values were ~ 50-60mV for films with EOT < 11A. Acceptable hysteresis
values are considered to be < 20mV. Hysteresis could be reduced to 20mV with high
temperature PDA (800°C), but at the cost of increased EOT as shown in figure 2.15.
It was speculated that hysteresis might partially be due to damage caused by the Pt
sputtering process. Post-Pt RTP annealing was performed at temperatures ranging
from 500-800°C in order to cure the sputtering damage. Indeed the post-Pt annealing
did reduce hysteresis, but once again with the tradeoff of increased EOT values

similar to the trend shown in figure 2.15. C-V hysteresis will be discussed in more

detail in section 4.2.2.
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Figure 2.14 Capacitance and EOT at -1V versus C-V frequency
of a Pt/ZrO,(~48A)/p-Si MOSCAP showed
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Figure 2.15 C-V Hysteresis decreased while EOT increased with
increasing PDA temperature. Inset shows the typical
counterclockwise behavior of the C-V hysteresis [7].
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As mentioned earlier, leakage current for these RTP-oxidized ZrO, films was
fairly low. Figure 2.16 shows the trend of leakage current values measured at -1.5V
versus EOT of Pt/ZrO,/p-Si capacitors. The gate voltage (V,) value of -1.5V was
chosen because it approximated a V, of flat-band voltage minus 1V. Leakage varied
for similar EOT values based on processing conditions. As expected, leakage current
decreased with increasing PDA annealing temperature as a result of increased IL
thickness.

Overall, the Pt/ZrO,/Si MOSCAP characteristics were well behaved and
demonstrated low EOT scalability (~8.2A), negligible frequency dispersion,

manageable hysteresis, and low leakage current.
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Figure 2.16 Leakage current vs. EOT of
Pt/ZrO,/p-Si MOSCAPs was low.
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2.4 Summary

In summary, chapter 2 discussed the optimization of the ZrO, process as well
as data yielded from the evaluation of Pt-gate MOSCAPs. The Pt/ZrO,/Si MOSCAP
fabrication process was described in detail as well as the material and electrical
characterization techniques. It was found that a thin Zr layer could easily be
converted to ZrO; by exposure to air, followed by further oxidation and densification
in a post deposition anneal (PDA). Both the Zr and the PDA procedures were
optimized in terms of both low EOT and low leakage current.

Although ZrO, was stable on Si, excess exposure to oxygen resulted in
interfacial layer growth. This interfacial layer was composed of an amorphous Zr-
silicate layer with a dielectric constant ~5-11, whose Zr concentration (and thus k)
decreased with high temperature annealing. ZrO, exhibited good material properties
such as smooth interfaces with both the Pt electrode and Si substrate; ZrO, surface
roughness was ~1A rms. XRD analysis revealed that ZrO, was already crystallized
after 400°C annealing, although device leakage was low and uniform from device to
device.

As for MOSCAP characteristics, EOTs as low as 8.2A were achieved with
low leakage current. C-V characteristics such as dispersion and hysteresis were
negligible with the proper process conditions. The leakage current versus EOT trend
of ZrO, demonstrated encouraging low leakage current. Overall, the results were

extremely promising, and ZrO, has proven itself a viable candidate for high-k gate
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dielectric material. The following chapters will delve deeper into the device and

materials characteristics of ZrO,.
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CHAPTER 3

Polysilicon gate electrode on ZrO,

3.1 Motivation

The purpose of this chapter is to present the experiments performed on ZrO,
with polysilicon (poly) gate electrodes as well as to explain the results. As discussed
in chapter 1, the poly depletion effect will eventually force the replacement of poly
gate with dual metal gate electrodes. However, such a drastic change in the current
MOS process will require much time and expense. In addition, due to the process
complexity, industry will be hesitant to implement the change to metal gate during the
same generation as the groundbreaking switch from SiO, to high-k gate dielectric.
Consequently, industry would like to continue using poly electrodes for as many
device generations as possible before switching to metal gates. Thus a high-k gate
dielectric material that is compatible with poly gate is highly desirable.

Several high-k materials have demonstrated a compatibility with the poly gate
process including Al,O3;, Hf-silicate, and HfO, [1]. Al,Os has been integrated into
poly/Al,Os/poly devices for DRAM storage capacitor application yielding
capacitance equivalent thickness (CET) as low as 28A with good time-dependent
dielectric breakdown (tddb) characteristics [2]. In addition, Al,O3 has been integrated
into a conventional CMOS process to yield MOSFETs with EOT of 12A and low

leakage [3] as well as vertical replacement gate MOSFETs with EOT of 16A [4]. The
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main drawbacks to Al,O; gate dielectric are its relatively low dielectric constant ~10-
11 and the high levels of fixed charge in the film [3].

Hf-silicate and HfO, with poly gate electrodes have also demonstrated good
device characteristics. Hf-silicate films have shown clear, smooth interfaces with
poly gates and yielded well-behaved MOSFET characteristics with EOT of 14A [5].
HfO; has also been integrated into conventional self-aligned poly gate MOSFETs and
has exhibited low EOT (~10.4A), low leakage current, negligible C-V hysteresis, and
good MOSFET characteristics [6,7,8]. In addition, these poly/HfO, MOSFETs have
shown excellent reliability such as negligible charge trapping and stress induced
leakage current (SILC) [8], high 10-year lifetime operating voltages ~2.0-2.8V [9,10],
and sufficient immunity to negative bias temperature instability (NBTI) [11].

With such encouraging results from Al,Os;, Hf-silicate, and HfO, gate
dielectrics, one might expect ZrO, to exhibit similar characteristics. After all, like
AL O3, Hf-silicate, and HfO,, ZrO, is thermally stable on Si, and ZrO, shares many
similar material properties with HfO,. However, the results yielded from the
following experiments led to the unfortunate conclusion that ZrO, was not compatible
with the polysilicon gate process. This incompatibility will be described and the

reasons behind it will be discussed fully.
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3.2 Poly/ZrO, and Poly/ZrO,N, NMOSCAP characteristics

3.2.1 Poly/ZrO,/Si MOSCAP process flow and measurement

Poly/ZrO,/S1 MOSCAPs were fabricated using the process flow in table 3.1

where steps labeled with a “*” were only performed in some of the process splits.

1.
2.
3.
4.
5.
6.
7.
8.
9.

Piranha clean

Field oxidation ~3500A at 950°C

Active area patterning (Buffered oxide etch): 5x10™ cm®
Piranha clean/HF dip/DI water rinse

Zr deposition: DC magnetron sputtering in Ar

* ZrN deposition: DC magnetron sputtering in Ar + N,
Post deposition anneal (PDA)

* Si deposition: PVD process

* Anneal of PVD Si layer in RTP/ HF dip

. Poly deposition ~1500-2000A: LPCVD silane process
. Poly electrode patterning (wet etch)

. Phosphorus implant: 30-50 keV, 5x10"° cm?

. Activation anneal: RTP, 850-950°C, N,, 30-60 seconds
. Backside aluminum deposition

* step was not performed in every split

Table 3.1 Poly/ZrO,/Si MOSCAP fabrication process

The first five process steps were identical to those described in section 2.2.1.

The ZrN deposition took place immediately after the Zr deposition in the same Kurt J.

Lesker sputtering system. ZrN sputtering conditions were a power of 200W, pressure

of 30 mTorr, and ambient of Ar and N, at room temperature. Post deposition

annealing (PDA) occurred in either a furnace or in a rapid thermal process (RTP) at

atmospheric pressure and temperatures ranging from 500-800°C in N; or O,. On

some wafers, a layer of sputtered Si (300-500A) was deposited prior to poly
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deposition. This Si was physical vapor deposited (PVD) in the Kurt J. Lesker
machine at 100W, 20 mTorr of Ar, at 300-400°C. This PVD Si layer was densified
during a RTP anneal at 600°C in N, for 1 minute. Immediately prior to low pressure
chemical vapor deposition (LPCVD) of poly, the wafers were dipped in HF solution
to remove any native oxide on the PVD Si layer.

Poly deposition (~2000A) occurred in a conventional LPCVD process using
silane (SiH4) at temperatures of 550°C, 580°C, or 620°C. Deposition at 550°C and
580°C actually yielded amorphous Si (0-Si), which was converted to poly during
activation annealing. The poly or a-Si was patterned, wet etched, and then doped
with a phosphorus implant at energies ranging from 30-50 keV and a dose of 5x10"
cm™. This implant was activated in a RTP anneal at temperatures ranging from 850-
950°C for 30-60 seconds in N,. Finally, Al was deposited on the wafer backside.
Once again, HP 4194 and HP 4156 were used to perform electrical measurements, C-

V and J-V, respectively.

3.2.2 ZrO, incompatibility with the poly process

Many attempts were made to fabricate poly/ZrO, MOSCAPs using the
process flow in table 3.1 (without the optional steps), and all yielded extremely leaky
capacitors — indicative of an electrical short. Several other groups have reported
similar results. Shappir et al. studied fairly thick ZrO, films ~400A, and found that

by lowering the poly deposition temperature from 620°C to 550°C, they could
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produce reasonable C-V characteristics [12]. Thus, the poly deposition temperature
was lowered to 550°C in an attempt to prevent the shorting of the poly/ZrO,
MOSCAPs. Although lowering the poly deposition temperature yielded some
reasonable C-V and J-V characteristics, the EOTs were relatively high > 20A, and J
was relatively high (J > 107 A/em® at V= -1.5V).

Shappir et al. reported that after the poly deposition, the percentage of oxygen
in ZrO, decreased from 60% to 40% while the Zr concentration increased from 30%
to 40%, indicating that the ZrO, films were no longer stoichiometric and were Zr-rich
[12]. Because these films became Zr-rich, they were prone to Zr-silicide formation,
which explained the high leakage problem [13,14,15]. In addition, Lee et al.
discovered via XPS analysis, that during poly deposition a SiO, layer forms,
indicating a reaction between the ZrO, and SiH4 [16]. The formation of a SiO, layer
helped to explain the high EOT of the poly/ZrO, MOSCAPs. However, the cause of
the oxygen reduction of the ZrO, films was not clear. One speculation was that
during poly deposition, the hydrogen from the silane decomposition reacted with the
oxygen in the ZrO, to form water vapor. Figure 3.1 shows a simplified depiction of
how the ZrO, was reduced to a Zr-rich film during poly deposition, and how this film
reacted with the deposited poly to form Zr-silicide during activation annealing. From
Hobbs et al., it was reported that the Zr-silicide formation does not happen uniformly
across the wafer, but in localized patches or nodes [13]. These areas of silicidation

created high leakage paths, which resulted in the shorting of the MOSCAPs.
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Figure 3.1 (a) At the start of the o-Si deposition process, silane arrives at the ZrO,
surface. (b) As the o-Si deposition continues, SiH4 decomposes to Si and H,. The Si
deposits on the ZrO, surface while some H; reacts with oxygen in the ZrO; to form
H,0. Both H;, and H,O leave the surface. (c) After o-Si deposition, a Zr-rich
dielectric remains. (d) During activation annealing, the o-Si converts to poly and also
reacts with the Zr-rich film to form patches of silicide [13]. The remaining dielectric
may be a mixture of ZrO,, Zr-silicate, and SiO,.
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3.2.3 Possible solutions to the incompatibility of ZrO, with poly

There were several attempts made to solve the incompatibility problem
between ZrO, and the poly deposition process. As mentioned earlier, the poly
deposition temperature was lowered to 550°C. ZrO,; film thickness was increased to
~50-70A. In addition, the PDA process time was increased from a 10-30 second
range to a 5-10 minute range in order to densify the ZrO, films so that they might be
less prone to reaction and diffusion with H,. The PDA process was also optimized in
order to incorporate more oxygen into the ZrO, films by performing the PDA in the
furnace, which has more residual oxygen than the RTP system. Also, some anneals
were performed in an oxygen ambient. Lastly, the poly implant activation anneal
temperature was kept below 950°C — the higher the temperature, the higher the
likelihood of silicidation. Although these solutions helped somewhat, the leakage
current in the poly/ZrO, MOSCAPs was still too high considering the high EOTs
(>20A). However, the 550°C o-Si deposition and the optimized PDA conditions
were incorporated with the experiments described in this section and 3.2.3.

The next experiment was to try to create a barrier layer of sputter deposited or
PVD Si on top of the ZrO,, to protect it from reaction with the H,. Approximately
300A of Si was deposited and annealed for densification prior to LPCVD o-Si
deposition. Although some C-Vs were yielded with EOTs ~ 19A, the MOSCAPs
were still leaky as seen in figure 3.2. As the activation temperature increased from

850°C to 900°C, the level of silicidation increased and thus leakage also increased

53



(figure 3.2b). Apparently, H, could still diffuse through the PVD Si to react with the

ZrO, underneath.
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Figure 3.2 (a) C-Vs of a CVD poly/ PVD poly/ ZrO, MOSCAPs
showed EOT as low as 19A, but (b) leakage currents were high.
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3.2.4 ZrOxNy with poly gate [17]

Finally, nitrogen was incorporated into the ZrO, film (ZrONy), in hopes that
this would make it less prone to reaction and reduction. ZrO.Ny films exhibited an
improved thermal stability over ZrO, films due to decreased diffusion of oxygen
through the dielectric during annealing and a more compositionally stable interfacial
layer (see section 5.3). It was hoped that this improved immunity to oxygen diffusion
might also improve the immunity to the diffusion of the H, that was reducing the
ZrO; films during poly deposition. In addition, Koyama et. al reported well behaved
C-V curves of poly/ZrON, with CET of 26.6A and leakage comparable to
gold/ZrON, MOSCAPs with the same ZrO,N, physical thickness of 30A [18].

Initially, a thin layer (~10-20A) of ZrOxNy was deposited on top of the ZrO,
(~40-50A) to form a barrier layer, but it was found that this was not effective enough.
Consequently, the ZrO, was replaced completely by a ZrON, layer. Nitrogen was
incorporated into the ZrO, film by sputtering ZrN in an Ar and N, ambient as
described in section 3.2.1. The ZrN film was converted to ZrOxNy after PDA (see
section 5.3.2). For comparison, MOSCAPs with tantalum nitride (TaN) gates were
also fabricated using the same process flow except with TaN sputter deposition and
RIE patterning (see section 4.2.1) instead of poly gates.

Figure 3.3 shows the C-V curves of a 50A thick ZrO,Ny film with TaN gate
and poly gate. The TaN gate MOSCAP showed both a lower EOT of 13.6A, and
better C-V saturation characteristics than the poly gate capacitor, which had an EOT

of 18.9A. Thus, the ZrON, film was not immune to the oxygen reduction during
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poly deposition. This fact was further supported by the leakage at Vo= -1.5V versus
EOT characteristics shown in figure 3.4. Not only did poly/ZrO«N, have higher
leakage at the same EOT as TaN/ZrOxN, MOSCAPs, but also even higher leakage
than poly/SiO, MOSCAPs. Finally, high resolution TEM pictures showed evidence
of silicide formation in poly/ZrON, MOSCAPs, whereas TaN/ZrO«N, devices
showed smooth interfaces (figure 3.5). The poly/ZrONy, MOSCAP shown in figure
3.5 had leakage too high to extrapolate an EOT value, whereas the TaN/ZrON,

device had an EOT of 12.9A.

120f _TaNgate,
EOT(V =-3V) ~ 13.6A

100 | .
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Figure 3.3 C-V curves of ZrONy (~50A) with poly gate had
higher EOT than TaN gate samples [17].

56



e L A
1024 '.. Gate/ dielectric
—~ 2 o —a— TaN/ZrOxNy
N 3| B_ | —©— poly/ZrOxNy
| mpolys
g 10 3 ‘ - poly/SiO2
< 4 f )
~ 10 E ]
B
< 107¢ r
6
® 109} :
107 b ]
10-8 b b b P b B

10 15 20 25 30 35 40
EOT (A)

Figure 3.4 J at V= -1.5V versus EOT plot shows much lower leakage
for TaN gate as compared to poly gate on ZrOxN, [17].
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Figure 3.5 TEM pictures show (a) reaction between poly and ZrOxNy, and
(b) a smooth interface between TaN and ZrOxNy [17].
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The reasons why these results were different than those reported by Koyama
et. al are not clear, however they did not report the physical thickness of their devices,
or if the leakage characteristics presented were from the same MOSCAPs as the C-Vs
presented [18]. Additionally, the level of nitrogen incorporation in their ZrON, was
higher at 5% [18] as compared to 1.7% in the films presented here. This higher level
of nitrogen may have been the key to a compatibility with ZrO,N, and poly gate.
Nevertheless, their reported CETs were fairly thick at 26.6A [18], while the EOTs
achieved in this study were ~18.9A, which is still too thick for high-k dielectric

application.

3.3 Summary

Chapter 3 discussed the incompatibility of ZrO, and ZrOsN, with the
polysilicon gate electrode process. It was speculated that during the LPCVD poly
deposition process, H, from the silane decomposition stole oxygen from the ZrO,
film, leaving a Zr-rich film. Poly was deposited on this Zr-rich film, and during high
temperature implant activation annealing, the poly and Zr-rich film reacted to form
patches of Zr-silicide. The Zr-silicide formation resulted in high leakage current and
electrical shorting of the poly/ZrO, MOSCAPs.

Several possible solutions were evaluated in order to solve this incompatibility
issue. Among them was optimization of the MOSCAP fabrication process including

lowering the poly deposition temperature to 550°C, depositing thicker ZrO, films,
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increasing the PDA time, and performing the PDA in the furnace with N, or O,
ambient. Additionally, depositing a PVD barrier layer of Si prior to LPCVD o-Si
deposition, or a barrier layer of ZrON, after ZrO, deposition was attempted without
success. Finally the ZrO, was replaced altogether with ZrO.Ny. Although the
poly/ZrO,N, MOSCAPs did yield lower EOTs (~18.9A) than poly/ZrO, devices, they
still had leakage current that was higher than that of poly/SiO, devices [17]. TEM
pictures showed clear interaction of poly with the ZrONy films, whereas devices with
TaN electrode had smooth interfaces [17].

While some groups have reported that ZrO, can be compatible with poly by
using ZrOxNy [18] or by using submicron devices where silicidation nodule formation
was less likely [13,14,19], no one has reported a consistent, repeatable process which
yields EOT < 18A and low leakage current as compared to poly/SiO, devices.
Smaller EOTs have been demonstrated, but only with a titanium nitride (TiN) barrier
layer between the poly and ZrO, [16,20,21], which adds process complexity and
defeats the purpose of using poly gate. If the EOT cannot be scaled to at least < 15A
with low leakage, there is no point in trying to implement ZrO, with poly gate.

Consequently, when the poly/ZrO, MOSCAP process displayed such a narrow
process window with high leakage current, it was clear that focus should be turned to
implementing ZrO, with a more compatible, but also practical gate electrode —

tantalum nitride (TaN).
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CHAPTER 4

TaN/ZrO, MOSCAP and MOSFET characteristics

4.1 Motivation

This chapter will describe the experiments and results yielded from tantalum
nitride (TaN)/ZrO, MOSCAP and MOSFET devices. In chapter 3, it was
demonstrated that ZrO, was not compatible with the polysilicon process. However,
as described in section 1.1, the poly depletion effect will force the replacement of
poly gates with metal gate electrodes in the coming generations. Although ZrO, did
not show good characteristics with poly gate, chapter 2 showed that both low EOT
scalability and low leakage could be achieved with platinum (Pt) gates. Thus, ZrO,
may also show good results with other more practical metal gate electrodes. The
motivation behind using TaN electrode is that it is one of the more promising
candidates for NMOS metal gate electrode. In this section, several metal gate
electrode candidates will be presented, including TaN with high-k dielectrics.

There are several advantages and disadvantages to using metal gate over
polysilicon gate electrode. Poly gate offers the flexibility of use as gate electrode for
both NMOS and PMOS since it can be doped to yield the desired threshold voltage
(Vo). In addition, poly gates can withstand high processing temperatures, and work
well with the self-aligned MOSFET fabrication process. However, as described in

chapter 1, poly gate electrodes will be replaced by metal gate electrodes due to the
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increase in EOT (3-7A) caused by the poly depletion effect [1]. Also, metal gates
have the added benefit of lower sheet resistance and decreased boron penetration
compared to poly gate. It is essential that these metal gate electrodes be compatible
both with the high-k dielectrics as well as CMOS processing. It is possible that a
replacement gate process will be used instead of a self-aligned MOSFET fabrication
process. In a replacement gate process, the source/drain (S/D) implant and activation
anneal are performed prior to gate dielectric and electrode deposition. Thus, the gate
dielectric and electrode never face a high temperature (> 900°C) step. However, the
replacement gate method adds process complexity and difficulty in proper alignment
of the gate to the S/D. Consequently, it is preferred that the metal gate electrodes are
able to withstand high temperatures without any reaction with the high-k dielectric or
degradation of the metal composition and resistivity.

There are two possible scenarios for the replacement of poly with metal or
metal-like gate materials such as conducting metal oxides, metal nitrides, silicides,
and metal alloys. The first is to use a metal with a Fermi level at the midgap of the Si
substrate such that it can be used for both PMOS and NMOS. However, the V, of a
midgap metal will be ~0.5V, which will be too high for sub-0.13um CMOS
technology where the operating voltage will be < 1.0V [2]. These high V; values can
be lowered by counterdoping the channel, but at the cost of degraded short channel
effects [3]. Candidates for midgap metal electrode are titanium nitride (TiN) and

tungsten (W). The second option is to replace poly with dual metal gate electrodes —
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one metal for PMOS and another for NMOS. The NMOS and PMOS candidates are
identified based on their work functions so that their Fermi levels line up accordingly
with the conduction and valence bands of Si, respectively. Ideally, the desired work
functions for PMOS and NMOS gate electrodes are ~5.17 eV and ~4.05 eV,
respectively [4].

Candidates for PMOS metal or metal-like electrodes include Pt, gold (Au),
ruthenium oxide (RuO;), molybdenum (Mo), Ti;<AlNy (TiAIN), tungsten nitride
(WNy), and ruthenium-tantalum alloy (RuxTay). These candidates will be described
briefly. Both Pt and Au are not likely to be used due to difficulty in etching, poor
adhesion, film stress, and high cost [2,5]. RuO, has been used for DRAM storage
capacitor electrode applications, and more recently as a possible PMOS metal
electrode candidate. RuO; has demonstrated low resistivity (35-89 um-cm), thermal
stability up to 900°C, resistance to oxygen diffusion, and a compatibility with Zr-
silicate and ZrO, gate dielectric [5,6]. The work function of RuO, was in the
acceptable range of PMOS metal gate at 5.04 eV on SiO; and 5.10 eV on Zr-silicate
and ZrO, [5,6]. One serious drawback to RuO, was that it formed a toxic and volatile
species, RuQy, if annealed above 900°C in a vacuum or in an ambient containing
oxygen [6]. Mo is a candidate for not only PMOS gate electrode, but when implanted
with nitrogen its work function can be modulated (~4.03 eV) to be a NMOS gate
electrode as well [7]. In addition, Mo has shown compatibility with Si0O,, silicon

nitride, Zr-silicate, and ZrO, gate dielectrics demonstrating a work function ranging
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from 4.76-5.05 eV [7,8,9]. With the correct stoichiometry, TiAIN gates yielded a
work function of 5.0-5.2 eV on SiO, [10]. In addition, TiIAIN was compatible with
ZrO, and HfO, gate dielectrics even after 950°C annealing [10]. Reactively sputtered
WNy electrodes on SiO, have been demonstrated and yielded a barrier height of
3.48 £0.20 eV [11,12]. However, WN films were only thermally stable up to 650°C
annealing [12], and thus could only be adopted in a replacement gate process. Ru-Ta
alloys had the flexibility of application for both PMOS and NMOS gate electrode
depending on the composition. Ru concentration > 90% in the Ru-Ta alloy resulted
in a PMOS work function ~5.2 ¢V, and Ta concentration > 40% resulted in a NMOS
work function ~4.2 eV [13]. On SiO,, Ru-Ta alloys with Ta concentration < 54%
exhibited excellent thermal stability up to 1000°C, but alloys with Ta concentration
> 54% had problems with TaSi, formation or reaction with the SiO; to form Ta,Os
[13]. However, since Ta percentage of 40-54% yielded both NMOS work function
and thermally stability, Ru-Ta alloys were promising candidates for both NMOS and
PMOS gate electrode [13]. Of the PMOS metal gate candidates discussed here,
RuO,, Mo, TiAIN, and Ru-Ta alloys displayed the most promising characteristics,
although further investigation of these materials’ compatibility with high-k gate
dielectrics is necessary.

Candidates for NMOS metal or metal-like electrodes include aluminum (Al),
tantalum (Ta), TaSixNy (TaSiN), and TaN. Both Al and Ta have a similar problem in

that they easily react to form oxide, Al,O3; and Ta,Os, respectively [2]. Thus, during
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thermal processing both Al and Ta can react with the gate dielectric to form an
additional high-k layer in the stack. Also, the formation of Al,O3 or Ta;Os from an
Al or Ta gate, respectively, leads to higher gate electrode resistivity, which is highly
undesirable. TaSiN electrodes have been demonstrated using SiO, and HfO, gate
dielectrics with a thermal stability up to 1000°C and a work function in the range of
4.19-4.50 eV [10,14,15]. In addition, the TaSiN gate remained amorphous after
MOSFET fabrication, minimizing the chance for grain boundary diffusion of dopants
or oxygen [15].

Another promising NMOS gate electrode is TaN, which has been
demonstrated successfully with SiO, [16] and SizNy4 [17] as well as various high-k
gate dielectrics including Ta,Os [18], HfO, [19,20], Hf-silicate [21], Zr-silicate [22],
ZrO; [23,24], and ZrONy [24]. Stoichiometric (Ta:N, 1:1) TaN gate electrodes have
demonstrated thermal stability and low sheet resistance (20-40 ()/square) after
1000°C annealing and a work function of ~4.15 eV [20,23]. Self-aligned TaN-gated
MOSFETs using HfO; [19] and ZrONy [24] have demonstrated EOTs as low as 9.3A
and 10.3A, respectively. Thus, with such encouraging results on TaN, attention was
focused on integrating TaN gate electrode with the ZrO, gate dielectric described in
chapter 2. Chapter 4 will describe the experiments and results yielded from these

TaN/ZrO, MOSCAP and self-aligned MOSFET devices.
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4.2 TaN/ZrO, MOSCAP characteristics

4.2.1 TaN/ZrO; MOSCAP/MOSFET process flow and measurement

TaN/ZrO, MOSCAP/MOSFETs were fabricated using the process flow in

table 4.1 where steps labeled with a ‘*’ were only performed in some of the process

splits.

NI R L=

Piranha clean

Field oxidation ~3500A at 950°C

Active area patterning (Buffered oxide etch)

Piranha clean/HF dip/DI water rinse

Zr deposition: DC magnetron sputtering in Ar

Post deposition anneal (PDA): RTP, 600°C, N,, 10-30 seconds
TaN deposition ~2000A: DC sputtering in Ar + N,

TaN patterning (RIE in CFy)

* Post-TaN anneal: RTP, N,, 500-800°C

. S/D implant: Phosphorus (5x10"°cm™, 50 keV)

. LTO deposition

. Contact patterning

. S/D activation: RTP, 850-950°C, 30-60 seconds, N,
. HF dip, Al deposition

. Al contact patterning

. Backside Al deposition

. Forming gas anneal: 400°C, 30 minutes

* step was not performed in every split

Table 4.1 TaN/ZrO,/Si MOSCAP/NMOSFET fabrication process

TaN-gated MOSCAPs with an active area of 5x10” cm” were fabricated using

steps 1-9 and then step 16 of table 4.1. The first five steps in table 4.1 were identical

to those described in section 2.2.1. The post deposition anneal (PDA) in step 6 was a
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rapid thermal process (RTP) optimized to yield both low EOT and low leakage
current as described in section 2.2.4.

TaN deposition occurred in a Kurt J. Lesker sputtering system with a base
pressure < 5.0x107 Torr. TaN was reactively DC sputtered from a 4-inch Ta
(99.95%) target in an Ar and N, (10 sccm) ambient at 10 mTorr at room temperature.
The N, flow rate was optimized to yield stoichiometric TaN films as described by
B.H. Lee [25]. Ta target power was 1100W, and the TaN sputter rate was
~450A/min. After deposition, TaN sheet resistance was measured using a four-point
probe and was typically in the range of 10-25 Q/square. The TaN was patterned
using 1:1 contact lithography on a Karl Suss aligner and then etched in a reactive ion
etch (RIE). The RIE conditions were an ambient of CF4 (60 sccm), pressure of 30
mTorr, a power of 200W, at room temperature; the etch rate was ~250A/min. Some
MOSCAPs underwent a post-TaN anneal (step 9) in an RTP from 500-800°C.

NMOSFET fabrication with gate width/length of 150um/5um continued with
steps 10-17 in table 4.1. Wafers were implanted with phosphorus (5x10"° cm™, 50
keV) to form the source/drain (S/D). Next ~1200-1500A of low temperature oxide
(LTO) was deposited in a conventional low pressure chemical vapor deposition
(LPCVD) process at 530°C. Contact holes were patterned using 1:1 contact printing
on a Karl Suss aligner, and wet-etched using buffered oxide etch (BOE) at a rate
~1000A/min. Because ZrO, was difficult to etch after high temperature annealing,

S/D implant activation occurred after the contact etching to ensure that ZrO, was
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removed from the contact areas. The S/D activation anneal was a RTP in N, at either
850-900°C for 1 minute or 950°C for 30 seconds. Prior to metallization, the wafers
were dipped in hydrofluoric (HF) solution (HF:H,O, 1:60) to remove any native SiO,
from the contact areas. Aluminum (Al) was deposited in a Varian sputtering machine
with a base pressure of < 3.0x10” Torr at room temperature. The sputtering ambient
was Ar at 3 mTorr. Al was patterned using 1:1 contact printing on a Karl Suss
aligner, and wet-etched at 35°C using commercial Al etchant at a rate of ~1000A/min.
Finally, Al was deposited on the wafer backside, and the MOSFETSs were sintered in
a Mini-brute furnace using forming gas at 400°C for 30 minutes.
ZrO, film thickness was measured using a single wavelength ellipsometer

as described in section 2.2.1. A HP 4194 was used to measure C-V and C-V
hysteresis, where hysteresis was the change in Vg, after sweeping the gate voltage
back and forth between +2/-2V four times. A HP 4156 was used to measure leakage
(J-V) (as described in section 2.2.1), time zero breakdown (tzbd), drain current versus
gate voltage (I4-V,), and drain current versus drain voltage (I4-V4) characteristics.

Mobility (Uerr) was measured using the split C-V method [26] as shown in
equation 4.1 where I4 represents drain current; L represents gate length; V4 represents
drain voltage; W represents gate width, and Q; represents inversion charge density.

Hetr = (Ia*L) / (Va*W*Qy) (4.1)

The 14 comes from the 13-V, characteristics measured at a V4 of SmV. The W/L for

these MOSFETs was 150um/5um. Q; was measured by integrating the area under
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inversion C-V curves. Inversion C-V curves were measured by connecting the gate to
the high end of the C-V measurement and the S/D to the low end, and tying the
substrate to OV. The effective field (E.¢) was calculated using equation 4.2 where 1
is 0.5 for NMOS; Qy is the body charge density; €s; is the dielectric constant of Si

(11), and &, is the permittivity of free space (8.85x10™"* F/m) [26].

Eerr = (M*Qi + Qp) / (Esi*€o) (4.2)
Qo was estimated using the substrate doping concentration which was ~3x10" cm™.
The universal electron mobility (W,) plot for SiO, was calculated using equation 4.3

[26].

Wy =630/ [1 + (Ee/0.75)"%"] (4.3)

4.2.2 Evaluation of TaN/ZrO, MOSCAP electrical characteristics

Similar to the Pt-gated MOSCAPs presented in section 2.2.3, characteristics
such as C-V, EOT scalability, frequency dispersion, leakage, and C-V hysteresis were
evaluated. After post-Pt annealing, the Pt-gated MOSCAPs had the problem of Pt-
silicide formation and thus shorting of the capacitors, and consequently, the results in
chapter 2 did not include much post-Pt annealing. Since the TaN electrodes were
thermally stable with the ZrO, stack, not only was post-TaN annealing possible, but
self-aligned MOSFET fabrication as well. This section will focus on the MOSCAP

results.
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First, the results from MOSCAPs fabricated on both p-type and n-type Si
substrates were evaluated to ensure comparable EOT. Both p-type and n-type Si
wafers were of (100) orientation with a resistivity of ~ 5-25 Q-cm. ZrO; films from
45-120A thick were deposited and annealed (600°C, RTP) using the same conditions
for each substrate. The EOT versus physical thickness plot is shown in figure 4.1 and
shows a similar trend for both n-type and p-type substrate. Unfortunately, the PDA
process was not optimized for such thick ZrO, films, and in addition, the EOT from
the thin films (45A) was 2A thicker than usual. As a consequence, the extrapolated k
values for these films was only ~16, which is smaller than the more typical value > 20
(see figure 2.4). Nevertheless, the main goal of this experiment was to demonstrate

comparable characteristics on both n and p-type Si substrates, which was achieved.
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Figure 4.1 TaN/ZrO, shows comparable EOT characteristics on both
n-type and p-type silicon substrates.
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From this point forward, only NMOSCAPs were evaluated. Next, the
frequency dispersion characteristics were investigated. Figure 4.2 shows the 100 kHz
and 1 MHz C-V curves of a TaN/ZrO, (~42A) MOSCAP, with an EOT of 9.8A. The
two curves show good agreement with the exception of the slight discrepancies near
the base of the C-V curve and at gate voltage (Vy) < -2V. However, these
discrepancies were not due to frequency dispersion. The hump near the base of the
C-V curve was due to slow interface states (Dj), and this hump became more
pronounced at lower frequency. With proper post-TaN annealing, the Dj; can be
reduced, and this C-V hump becomes less pronounced. At V, < -2V, the leakage
current was higher and thus caused the discrepancy between accumulation
capacitances of 100 kHz and 1 MHz curves. Similar to these results, other studies

have shown negligible frequency dispersion for ZrO,, even up to 46 GHz [27].

EOT ~ 9.8A
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Figure 4.2 C-V curves at 1 MHz and 100 kHz for
TaN/ZrO, MOSCAPs show good agreement.
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The leakage characteristics for these TaN-gated ZrO, MOSCAPs were quite
similar to that of the Pt-gated MOSCAPs presented in section 2.3.3. Once again, the
lights were turned on during leakage measurements to provide minority carriers.
Figure 4.3 shows the J-V characteristics for a MOSCAP with EOT of 9.8A whose
C-V characteristics are shown in figure 4.2. This J-V curve was quite typical of the
TaN-gated devices with the exception of the breakdown around V, = -2.7V. This
breakdown voltage (Viq) was smaller than the more typical value of -3.0V or higher,
which will be seen later in section 4.3.1. The leakage for this MOSCAP was fairly
low at 6.6x10° A/cm” at V, = -1.5V. The leakage versus EOT trend for these TaN
gated MOSCAPs can be seen later in figure 4.12 where leakage before and after

MOSFET fabrication are compared.
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Figure 4.3 J-V curves show typical behavior of TaN-gated ZrO, MOSCAPs,
with the exception of the low breakdown voltage.
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Finally, MOSCAPs with post-TaN annealing were evaluated to determine its
effects on C-V characteristics, EOT scalability, and hysteresis. It has been shown that
damage caused by Pt sputtering resulted in increased Dy in ZrO, films [28]. Post-
TaN annealing served an important role in reducing the TaN sputtering damage and
Dj;, thus improving the TaN/ZrO; interface quality. In addition, post-TaN annealing
improved the ZrO, film characteristics in terms of reduced trapped charge (Q) and
reduced fixed charge (Qy).

Figure 4.4 shows the C-V curves of a TaN/ZrO, (42A) MOSCAP prior to
post-TaN annealing, as well as after 700°C, 800°C, and 900°C post-TaN annealing for
30 seconds. Not surprisingly, the capacitance decreased with increasing anneal
temperature due to oxygen diffusion that caused interfacial layer (IL) growth. In
addition, the higher temperature annealing caused the composition of the IL to shift
from a Zr-silicate to a more stoichiometric SiO; (see section 2.3.1). The EOT
increased from 9.7A for no anneal to 13.4A after 900°C annealing. Also observed
was a reduction in the hump near the base of the C-V with higher anneal temperature,
indicating a reduction in Dj. Finally, there was a negative shift in flat band voltage
(V) with increasing anneal temperature. It has been reported that ZrO, films have
negative Qy, and that this Qr can be reduced or compensated for during annealing
[29]. Thus with higher temperature post-TaN annealing, the negatively charged Qf
was reduced/compensated resulting in a negative shift in Vg,. In summary, the post-

TaN anneal was successful in decreasing both Dj; and Qy.
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Capacitance (pF)

Next, the C-V hysteresis of these TaN/ZrO, MOSCAPs was studied. In gate

Figure 4.5 shows both the EOT and hysteresis of the TaN/ZrO, (42A)

compositional changes.
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Figure 4.4 C-V after post-TaN annealing shows both reduced capacitance

and reduced Vg, with increasing anneal temperature.

dielectrics, such as SiO, [30], ZrO; [31,32,33], and HfO, [33], hysteresis is believed
to be caused by trapped charge (Qo), particularly Qo near the dielectric/Si interface.
In these experiments, ZrO, yielded a counterclockwise C-V hysteresis loop indicating

positively charged Q. near the ZrO,/Si interface [31,33].

MOSCAPs after post-TaN annealing. As mentioned, the EOT increased from 9.7A
for samples with no anneal up to 13.4A after 900°C annealing due to IL growth and
The hysteresis reduced from 113mV for samples with no

annealing down to 20mV after 900°C post-TaN annealing.
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Figure 4.5 TaN/ZrO, EOT increases and C-V hysteresis decreases
with increased post-TaN anneal temperature.
The reduction in hysteresis was attributed to the reduction of Q. after post-TaN
annealing, and higher temperature annealing resulted in further reduction of Qu. In
order to test the theory that positively charged Q. was causing the hysteresis, several
different V, sweeps were used for hysteresis measurements; typical hysteresis
measurement V, sweeps were +2V/-2V. ‘Up’ sweeps were from negative to positive
V,, and ‘down’ sweeps were from positive to negative V,. Three different V, were
investigated: a 4V fixed range sweep (-3V/+1V to -1V/+3V), a sweep with the
positive V, fixed at OV (-2.8V/0V to -1.5V/0V), and a sweep with the negative V,

fixed at -2V (-2V/+2V to -2V/0V). In figure 4.6, the hysteresis decreased from

77



167mV down to 25mV as the 4V fixed sweep range went from -3V/+1V to
-1V/+3V, respectively; negative V, served to recharge the positive or hole traps in the
ZrO,, whereas positive V, served to detrap these holes [33]. Thus as the range
approached a high negative voltage (-3V) most of the hole traps were filled, and
caused the negative shift in Vg, (figure 4.6). In figure 4.7, the hysteresis decreased
from 132mV down to 31mV as the sweep range went from -2.8V/0V down to
-1.5V/0V, respectively. Once again, negative V, affected the hysteresis more
strongly than positive V, since negative V, caused the filling of the hole traps and
consequent negative Vg, shift. Finally, on figure 4.8, the hysteresis decreased slightly
from 102mV down to 62mV as the sweep range went from -2V/+2V down to
-2V/0V, respectively. Although higher positive V, was effective at detrapping holes
in the ZrO,, and thus reducing hysteresis, it was the negative V, that dominated the
hysteresis. In figure 4.7, the reduction in hysteresis was 101mV just by changing the
negative V, from -2.8V to -1.5V, whereas in figure 4.8 the reduction in hysteresis was
only 40mV by changing the positive V, from +2V to 0V.

Figure 4.9 shows a cartoon depiction of what happened to the traps in the
ZrO; near the ZrO,/Si interface during negative and positive V, bias. When negative
V, was applied, the traps were filled — with higher negative V, resulting in more traps
filled [33]. When positive V, was applied, some of the traps were detrapped, and
further detrapping occurred at higher positive V,. Since the trapping of the holes

dominated the hysteresis behavior, the negative V,, affected hysteresis more.
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Figure 4.6 Hysteresis decreased as the V, sweep range shifted

positive from -3V/+1V to -1V/+3V.
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Figure 4.7 Hysteresis decreased as the V, sweep range varied

from -2.8V/0V to -1.5V/0V.

79



180 T T I I I

160 | 104
S o140
E down 0.6
= 5 .
— 120 - ] <
- — — =y —Tt O
% 100 F O-—- K\\ up 1-0.8 —~
o T~ =
- 80 TTT O
7]
> <—® 4 -1
I 60 0

40 I EOT ~ 10A 112

20 1 1

-2/+2  -2/+1.5  -2/+1 -2/+0.5 -2/0
Vg sweep range (V/V)

Figure 4.8 Hysteresis decreased slightly as the V, sweep range
varied from -2V/+2V to -2V/0V.
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Figure 4.9 Cartoon of TaN/ZrO, MOSCAP. When (a) negative V, is applied,
holes are trapped in the ZrO; near the ZrO,/Si interface.
When (b) positive V, is applied, some of these holes are detrapped.
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An encouraging result from the experiments was that hysteresis was reduced
drastically down to 10mV for TaN/ZrO, devices after MOSFET fabrication with a
+2/-2V V, sweep (figure 4.11). This reduction was explained by the reduction of Q,
during the high temperature (> 900°C) source/drain activation annealing. In addition,
hysteresis decreased with decreasing V, sweep, particularly the negative V, limit.
Consequently, by the time high-k dielectrics are adopted, hysteresis will be
< 10mV since operating voltages will be closer to +1/-1V.

To summarize the results on TaN-gated ZrO, MOSCAPs, C-V, EOT
scalability, frequency dispersion, leakage, and C-V hysteresis were evaluated. First,
as expected, EOT was found to be similar for devices on both p and n-type Si
substrate. MOSCAPs with EOT of 9.8A demonstrated negligible frequency
dispersion and low leakage. MOSCAPs with post-TaN annealing were evaluated and
not surprisingly, EOT increased with increasing anneal temperature due to IL growth
and compositional changes. However, Qs, Qq, and Dj; were reduced during post-TaN
annealing, resulting in a negative Vg, shift, reduced hysteresis, and steeper C-V
curves, respectively. C-V hysteresis was investigated in further detail, and it was
discovered that positively charged Q. near the ZrO,/Si interface was largely
responsible for hysteresis. Negative V, bias resulted in hole trapping, and positive V,
bias resulted in detrapping of some of these trapped holes. Ultimately, hysteresis can
be reduced below 10mV after MOSFET processing using operating voltages < 1V.

Next, some TaN-gated ZrO, MOSFET characteristics will be presented.
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4.3 TaN/ZrO, NMOSFET characteristics

Self-aligned TaN/ZrO, (42A) NMOSFETs (W/L = 150um/5um) were
fabricated using the process steps 1-8 and 10-17 in table 4.1 and characterized as
described in section 4.2.1. Three different source/drain (S/D) RTP activation anneals
were performed: 850°C for 1 minute, 900°C for 1 minute, and 950°C for 30 seconds.
In this section, C-V, hysteresis, leakage current, time-zero breakdown (tzbd), I3-Vy,
I4-V4, and electron mobility characteristics will be evaluated.

Figure 4.10 shows good agreement between the MOSCAP and MOSFET C-V
curves annealed at 850°C with an EOT of 11.3A. Figure 4.11 summarizes the EOT
and C-V hysteresis for the three S/D anneals as well as the MOSCAP before S/D
annealing. As shown, the EOT increases slightly with increasing annealing
temperature from 9.8A for samples with no S/D anneal to 12.1A for samples with
950°C annealing. The C-V hysteresis after +2V/-2V sweep, reduced from 157mV for
samples with no anneal down to 10mV after 950°C annealing. As described in
section 4.2.2, this reduction in hysteresis was due to reduction of trapped charge (Q)
in the ZrO; near the ZrO,/Si interface. As for leakage, these TaN-gated samples
yielded characteristics similar to the Pt-gated samples presented in section 2.3.3.
Figure 4.12 shows leakage at V, = -1.5 as a function of EOT both before and after
MOSFET fabrication. After MOSFET fabrication, samples showed higher leakage —
possibly due to increased ZrO, crystallization during S/D annealing. Overall, leakage

characteristics were fairly low for the EOTs achieved.
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Figure 4.10 MOSCAP and MOSFET C-V curves show

good agreement and an EOT ~11.3A.
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Figure 4.11 EOT increases and hysteresis decreases with
increasing S/D annealing temperature.

83



—
S

[N
<
N
T

—
S
N
T

g

JatV =-1.5V (Alcm?)
S S
[ )

| ——before MOSFET fabrication
o after MOSFET fabrication

PR [ TN T TN [N SN SN SN NN SN SO TR SN SR SR SN N S S
10 12 14 16 18 20
EOT (A)
Figure 4.12 Leakage at V,=-1.5V before MOSFET fabrication
is lower than after MOSFET fabrication.

—
<
(e}

Ramped voltage tests were performed to analyze time-zero breakdown (tzbd)
both before and after MOSFET fabrication. In figure 4.13, MOSCAPs yielded
comparable effective breakdown field (Epq), which is defined in equation 4.4 where
Vyq 1s breakdown voltage, and Vy, is flat band voltage.

Ebd = [Vba-V//[EOT (4.4)
Vi, was subtracted from Vg to compensate for differences in the Vg, before and after
MOSFET fabrication.

Well behaved 13-V, characteristics for TaN/ZrO, NMOSFETs are shown in
figure 4.14; this MOSFET had an EOT of 12.1A after 950°C S/D annealing. The
subthreshold swing (S) of these MOSFETSs was fairly high at around 90.3 mV/decade

for the 950°C annealed sample up to 95.5 mV/decade for the 850°C sample.
84



99.99
99.9

95

8
7

50

20

10

Cumulative failure (%)

.01

107

107
@ 10
& 10°
3 10°
<
© 107
a)

108

99

1 T57900°C
90

| = 950°C

7~ 850°C

| —®—no S/D anneal i

20 22

24 26 28 30
E =V -V |/EOT (MVicm)
bd bd fb

Figure 4.13 Tzbd characteristics for TaN/ZrO, MOSCAPs both before
and after MOSFET fabrication are comparable.
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Figure 4.14 TaN/ZrO, 14-V, characteristics are fairly well behaved.
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The S values presented here agree with other reported swing values for TaN/ZrO,
NMOSFETs that range from 85-97 mV/decade [23,34]. With further process
optimization such as the high temperature (500-600°C) forming gas annealing
described in section 5.4.2, these S values could be reduced. The threshold voltage
(Vy) for these NMOSFETsS ranged from 400-450mV depending on the S/D annealing
conditions. Typical I4-Vq4 characteristics for these TaN/ZrO, NMOSFETs are shown
in figure 4.15 and compare well with other work [23,34]. The [3-V4 curves were well
behaved and demonstrated reasonable drive current with an EOT of 11.3A after

850°C S/D annealing.
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Figure 4.15 Output characteristics of TaN/ZrO,
NMOSFETs are well behaved.

86



Finally, mobility was measured on these TaN/ZrO, NMOSFETs using the
split C-V method described in section 4.2.1. As shown in figure 4.16, mobility was
drastically degraded as compared to the universal curve for SiO; (equation 4.3). The
main reason for this degradation was the degraded ZrO,/Si interface quality as
compared to that of SiO,/Si. As will be seen in section 5.4.2, the mobility can be
greatly enhanced via process optimization including a high temperature (500-600°C)

forming gas anneal.
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Figure 4.16 Mobility of TaN/ZrO, NMOSFETs was degraded
compared to the universal curve for SiOs.

Overall, the results on TaN/ZrO, NMOSFETs were fairly good, with EOTs

down to 11.3A and hysteresis down to 10mV after 950°C S/D annealing. Leakage
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versus EOT characteristics were slightly higher after MOSFET fabrication, although
dielectric strength (tzbd) was not affected. 13-V, and 14-V4 characteristics were well
behaved and comparable with other published results on TaN/ZrO, NMOSFETs.
Mobility characteristics were severely degraded compared to the universal curve, but

could be improved with further process optimization (section 5.4.2).

4.4 Summary

Chapter 4 described the experiments performed and resulting electrical
characteristics of TaN-gated ZrO, MOSCAPs and NMOSFETs. TaN gate is one of
the more promising metal gate electrode materials for NMOS application in future
MOS technology, due to its thermal stability and low resistivity. In addition, TaN has
demonstrated compatibility and good device characteristics with several high-k
candidates including ZrO; [23,24,34], HfO, [19,20], and their silicates [21,22].

Both MOSCAPs and self-aligned NMOSFETs (W/L = 150um/5um) using
sputter-deposited TaN on ZrO, were fabricated and characterized. As expected,
MOSCAPs on both p and n-type Si substrates yielded similar EOT at the same ZrO,
physical thickness. EOTs of 9.8A were achieved with negligible frequency
dispersion and low leakage current.

Unlike Pt electrodes which tended to form Pt-silicide after annealing, these
thermally stable TaN gates could be annealed, which was useful in reducing the

sputter damage as well as reducing fixed charge (Qy), oxide trapped charge (Qo), and
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interface state density (Dj). After post-TaN annealing, EOT was increased, which
was attributed to interfacial layer (IL) growth and IL compositional changes.
However after post-TaN annealing, Dj; was reduced, Vg, shifted in the negative
direction due to a reduction in negatively charged Qs and C-V hysteresis was
reduced. Reduction in hysteresis was caused by a reduction in positively charged Q
during annealing. It was discovered that hysteresis effects were dominated by the
negative gate bias, which caused refilling of the hole traps in the ZrO, near the
ZrO,/Si interface. Positive gate voltage also affected hysteresis as it caused some
detrapping of the holes.

Next self-aligned TaN/ZrO, NMOSFETs with W/L = 150um/5um and EOT
in the range of 11.3-12.1A were presented. MOSCAPs and MOSFETs showed good
agreement with their C-V characteristics. After 950°C source/drain annealing,
hysteresis was reduced to 10mV at a +2/-2V sweep, and this would be reduced further
at lower operating voltages. Leakage characteristics were low, although leakage
increased slightly after MOSFET fabrication — possibly due to increased
crystallization of the ZrO,. Time-zero breakdown (tzbd) characteristics were fairly
comparable before and after MOSFET fabrication. I4-V, characteristics were well
behaved and yielded subthreshold swing of ~90 mV/decade and threshold voltage of
~400mV. I4-V4 characteristics were also well behaved, although mobility was
severely degraded as compared to the universal curve for SiO,. The mobility

degradation was attributed to the difference in interface quality between ZrO,/Si and
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Si0,/Si.  Without process adjustments, sputter-deposited ZrO, cannot match the
excellent interface properties of thermally grown SiO,. With process optimization,
including a high temperature (500-600°C) forming gas anneal, MOSFET
characteristics such as mobility, drive current, and swing were improved as
demonstrated in section 5.4.2.

Overall, the device -characteristics of the TaN/ZrO, MOSCAPs and
NMOSFETs presented were quite promising and agreed well with other published
results [23,34]. Both TaN and ZrO, proved that they are compatible and viable
candidates for future metal electrode and high-k gate dielectric, respectively. Of
course, further investigation and process optimization of TaN and ZrO, are required

before these materials can be adopted into MOS technology.
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CHAPTER S

Nitrogen incorporation into the ZrQO, gate stack

5.1 Motivation

The purpose of this chapter is to describe the experiments and explain the
electrical, material, and reliability characteristics of nitrogen incorporation into the
7ZrO, gate dielectric. Nitrogen was introduced into the ZrO, gate stack by two
different methods — ammonia (NHj3) annealing prior to ZrO, deposition and reactive
sputtering of nitrogen-incorporated ZrO, or ZrOxNy in an Ar and N, ambient.

There are many motivations behind the incorporation of nitrogen into the
dielectric stack. The incorporation of nitrogen into conventional SiO, dielectric or
oxynitrides has been studied for years, and has already been adopted into the
manufacturing process for flash memory and CMOS logic applications. Oxynitrides
have demonstrated improved resistance to impurity/boron penetration, lower leakage
current, lower stress induced leakage current (SILC), higher dielectric constant,
improved hot-carrier reliability, higher resistance to radiation damage, and higher
dielectric breakdown strength compared to conventional SiO, gate dielectric [1-4].
Oxynitrides also have some disadvantages such as increased fixed charge, interface
states, and electron traps, and degraded mobility compared to SiO; [1].

Thus, it is hoped that the incorporation of nitrogen into the ZrO, gate stack

may improve some of its characteristics. Possible improvements include:
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Improved thermal stability
Prevent/reduce boron penetration
Reduction of leakage current
Improved reliability

Higher crystallization temperature

YV V VYV V¥V V V

Compatibility with poly gate

Even though ZrO, is thermodynamically stable on Si, oxygen diffusion during
thermal processing can result in interfacial layer growth and a consequent increase in
EOT. Boron penetration into the ZrO, films may result in threshold voltage shift and
reliability degradation. Like oxynitrides, nitrogen incorporation into ZrO, may help
to reduce the leakage current and improve reliability characteristics. As shown in
chapter 2, ZrO, films start to crystallize at fairly low temperatures (~400°C); nitrogen
in the films may help to raise this temperature. Nitrogen in the ZrO, may also help to
make the films less prone to the reduction of oxygen during the polysilicon deposition
process, thus making ZrO,N, compatible with the poly gate electrode (section 3.2.3).

In summary, two methods of nitrogen incorporation — NH3 surface nitridation
and nitrogen incorporated ZrO, (ZrOxNy) - will be investigated to determine if there
are any advantages to be gained. In addition, the possible disadvantages — increased
fixed charge, interface states, and electron traps and degraded mobility — and their

effect on device characteristics will be evaluated. In order to reduce the D; and
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improve mobility, a high temperature (500-600°C) forming gas anneal was performed

on ZrOxNy NMOSFETsS and the results will also be presented.

5.2 NH; Si surface nitridation (SN)

Several studies have been performed on silicon surface nitridation (SN) using
Hf-silicate and HfO, high-k gate dielectrics with promising results. Hf-silicate and
HfO, on NHj nitrided substrates showed both reduced EOT and reduced leakage
current as compared to samples without SN [5,6,7]. Also SIMS data and reduced flat
band voltage shift indicated that HfO, with SN had reduced boron penetration during
S/D activation as well [8]. HfO, samples with SN also showed improved hot carrier
reliability compared to SiO, [9]. The main drawbacks to the SN process with Hf-
silicate were higher C-V hysteresis, degraded swing, reduced transconductance, lower
drive current, and lower mobility, which were most likely due to the increased fixed
charge, interface states, and electron traps [5]. Similar advantages and disadvantages

for ZrO, gate dielectrics with SN will be seen.

5.2.1 TaN/ZrO, NMOSCAP with SN process flow and measurement [10]
TaN/ZrO,/Si NMOSCAPs with SN were fabricated using the process flow
in table 5.1 where step 5 was not performed for the control samples — the samples

without nitridation.
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Piranha clean

Field oxidation ~3500A at 950°C

Active area patterning (Buffered oxide etch): 5x10° cm?
Piranha clean/HF dip/DI water rinse

* Surface nitridation (SN): RTP, NH3, 700°C, 10 seconds
Zr deposition: DC magnetron sputtering in Ar

Post deposition anneal (PDA): RTP, 500-800°C, N,
TaN deposition ~2000A: DC sputtering in Ar + N,

TaN patterning (RIE in CF4)

10 * Post-TaN anneal: RTP, N,, 500-800°C

11. Backside aluminum deposition

1.
2.
3.
4.
5.
6.
7.
8.

\o

* step was not performed in every split

Table 5.1 TaN/ZrO, with SN NMOSCAP fabrication process

Post-TaN annealing was not performed for every sample. Steps 1-4 were the same as
described in section 2.2.1. Samples with SN underwent a rapid thermal process
(RTP) in NH; at 700°C for 10 seconds prior to ZrO, deposition. These optimized
nitridation conditions were chosen because they yielded both low EOT and leakage
current as shown in figure 5.1. ZrO, (35-55A) was deposited via DC sputtering and
post deposition annealed as described in 2.2.1. TaN deposition and patterning and
post-TaN RTP annealing were described in section 4.2.1.

Ellipsometry was used to measure the SN layer and ZrO, film thickness.
Once again, a HP 4156 was used to measure leakage current and breakdown voltage,
and a HP 4194 was used to measure C-V and C-V hysteresis. C-V hysteresis was
measured after sweeping the gate voltage (V) back and forth from +2/-2V four times

before measuring the change in flat band voltage (V).
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Figure 5.1 Optimization of SN process - NH; anneal temperature and time -
to yield both low EOT and low leakage current.
5.2.2 Characterization of TaN/ZrO, NMOSCAPs with SN [10]

Figure 5.2 shows that the EOT values for SN samples were 2.6-4.3A lower
than non-nitrided samples with the same ZrO, physical thickness (~35A) over all
PDA temperatures. The difference in the EOT between the SN and non-nitrided
samples increased slightly with temperature, indicating that the SN MOSCAPs had
increased thermal stability over the non-nitrided MOSCAPs. As expected, the EOT
increased with increasing PDA temperature due to interfacial layer (IL) growth and
IL compositional changes. From figure 2.9, XPS analysis showed that the IL of non-

nitrided ZrO, was a Zr-silicate whose Zr concentration and thus dielectric constant
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decreased with increasing thermal budget. Thus the improved thermal stability of SN
samples may be due to the combination of IL growth reduction and IL composition.
The thinnest EOTs achieved for ZrO, (~35A) MOSCAPs were 8.7A with SN
and 11.3A without SN; the 1 MHz C-V curves for these samples were well behaved
(figure 5.3). The C-V for the SN sample was shifted negative relative to the non-
nitrided sample, which was caused by the difference in fixed charge (Qy) in the films.
As discussed in section 4.2.2, ZrO, films have a negative Qg;, however, this negative
Qs can be compensated for by the positive Qy that is common in samples with a heavy
degree of nitridation [1]. Thus the SN samples have less Q; than non-nitrided

samples.

22 TaN T T T T
20 | 7102 (~35A) o -
,,,,,,,, non-nitrided Si R
18 p-Si substrate 7 .
g ad
<L 16 | y
l_ -
O 14| e 1
I -
12 L - nitrided Si 4
- substrate
10 L 7
500 600 700 800

PDA temperature ( °C)

Figure 5.2 TaN/ZrO, MOSCAPs with SN have EOT 2.6-4.3A
lower than similar MOSCAPs without SN [10].
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Figure 5.3 C-Vs of TaN/ZrO, MOSCAPs with SN show thinner EOT,
and are shifted negative due to reduced positive Qs [10].

Counterclockwise C-V hysteresis in these devices could be attributed to
several factors including damage caused during the ZrO, and TaN deposition and
trapped charges (Qq) [11] — all of which are reduced during annealing. Due to Qq
near the ZrOy/nitrided Si interface and Q. near the nitrided Si/Si substrate interface,
the SN samples showed consistently higher hysteresis than non-nitrided samples
(figure 5.4). Qo was higher for the SN samples due to the hydrogen-related traps,
such as -H, -OH, and N-H bonds that result from the NH; decomposition during
nitridation. Hysteresis did decrease with increasing PDA temperature (figure 5.4),
and it should be noted that this hysteresis could be reduced further (< 50mV) with

post-TaN annealing (not shown).
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Figure 5.4 Hysteresis is higher for SN samples due to higher
Q. than samples without SN [10].

High resolution TEM pictures of ~35A thick ZrO, on non-nitrided (figure
5.5a) and nitrided (figure 5.5b) Si were compared. Both samples endured the same
ZrO; deposition conditions and the same PDA conditions of 500°C for 30 seconds in
N,. Both TEM pictures show an amorphous interfacial layer (IL), but the SN samples
actually had a thicker IL than non-nitrided samples, even though the EOT for the SN
sample (8.7A) was lower than the non-nitrided sample (11.3A). Consequently, it was
concluded that the IL of the SN samples must have a higher dielectric constant than
the non-nitrided IL. By estimating the dielectric constant of the ZrO, layer to be 20,
the calculated values of the dielectric constant were 4.8 for the non-nitrided IL and

10.5 for the nitrided IL. Since these IL dielectric constant values were slightly higher
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than those of SO, (3.9) and nitride (7.5) [12], the composition of the nor-nitrided IL
was likdy a Zr-slicate whereas the nitrided IL more resembled a Zr-doped slicon

nitride layer.

| L Z0,(32A)

JRET

RO Y

a. non-nitrided _ b. nitrided

Figure 5.5 TEMs of TaN/ZrO, MOSCAPs (a) without SN and EOT ~11.3A
and (b) with SN and EOT ~8.7A demonstrate that the
SN IL hasahigher k than the IL without SN [10].

Leskage current & a gate voltage of V-1V versus EOT is shown in figure
56. With increasing annedling temperature, Qf was reduced and thus My increased;
Vip ranged from -0.65V to -0.75V for SN samples and -0.38V to -0.52V for nor+
nitrided samples annealed at 900°C to 500°C, respectively. Although the SN samples
showed a thicker IL than the nontnitrided samples, they both showed smilar leakage
characterigtics a the same EOT (figure 5.6). One possble explanation for this is
difference in bandgap between the nonnitrided IL that more resembled SO
(bandgap ~9.0eV) and the SN IL that resembled dlicon nitride (~5.0eV) [12].

Consequently, the tradeoff between the thicker physica thickness and the lower
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bandgap and barrier height of the nitrided IL resulted in comparable leakage current
for the non-nitrided and nitrided samples. Nevertheless, the leakage currents were
low for all the ZrO, samples; the SN sample with EOT of 8.7A had leakage current

~1.0x107 A/em® at V=Vp,-1V.

10"
H  nitrided Si substrate

Ng 102 b —o— non-nitrided Si substrate
O
<
= 10™ |
& 0% L
e

-5
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-

10'6 | | | | |

| |
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EOT (A)
Figure 5.6 Leakage versus EOT characteristics for SN and non-nitrided
samples show comparable leakage for the same EOT [10].

In summary, the effect of silicon surface nitridation (SN) on TaN/ZrO,/p-Si
NMOSCAP characteristics was investigated. It was discovered that SN samples
exhibited lower EOT, comparable leakage current, but a thicker interfacial layer (IL)
with a higher dielectric constant, and increased C-V hysteresis as compared to non-
nitrided samples. Other studies have demonstrated similar results using ZrO, with a

SN process with EOT ~8.9A and low leakage [13], TEMs showing amorphous IL

with k values higher than that of SiO, [14,15], and fairly high C-V hysteresis
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~130mV [14]. Overall, the results were encouraging, and with further evaluation and
optimization, surface nitridation may find an application to further scale the EOT of
high-k dielectrics like ZrO,. However, the high concentration of nitrogen and
hydrogen-related traps from the SN process resulted in fairly high Q, Dj, and C-V
hysteresis. These problems may be avoided by using a method that incorporates less
nitrogen at the ZrO,/Si interface, and one that does not use NH;. One method is the

incorporation of nitrogen in the ZrO, via reactive sputtering or ZrOxN,.

5.3 Nitrogen-incorporated ZrO, or ZrO,N,

There have been various studies on nitrogen incorporation into the HfO, gate
stack via reactive sputtering of HfN followed by annealing to convert the film to
HfOxN,. These HfON, films have demonstrated improved thermal stability, lower
leakage current, and higher crystallization temperature (~800°), compared to HfO,
[16]. They also exhibited good transistor characteristics and EOT < 10A [16].
Another study on HfOsN, focused on using a thin layer of HfO,Ny on top of HfO, to
avoid incorporating nitrogen at the HfO,/Si interface. This top nitrided technique
yielded excellent results with low EOT (<10A), lower leakage current, lower C-V
hysteresis, lower Dj, decreased boron penetration, higher breakdown voltage,
smoother surface roughness, and improved thermal stability compared to HfO,

control samples [17,18].
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One study has presented ZrON, gate dielectrics using gold electrode
MOSCAPs. The ZrOxNy yielded promising results with improved thermal stability
and higher crystallization temperature [19]. However, the capacitance equivalent
thickness (CET) was relatively high at 15A, the gate electrode — gold — was not a
potential metal gate candidate, and no MOSFET characteristics were reported.
Consequently, ZrOxN, was investigated using a viable metal gate candidate — TaN —
and compared to ZrO, in both MOSCAPs and MOSFETs, and materials

characterization such as XPS, XRD, and TEM were performed.

5.3.1 TaN/ZrONy NMOSCAP/NMOSFET process flow and measurement

Both TaN gate NMOSCAPs and self-aligned NMOSFETs were fabricated as
described in table 5.2 to compare the characteristics of ZrO, and ZrO,N,. TaN-gated
MOSCAPs with an active area of 5x10™ cm? were fabricated using steps 1-9 of table
5.2. NMOSFETs (W/L=150um/5um) did not undergo the post-TaN anneal (step 9)
since they had a S/D activation anneal.

Both dielectrics were deposited in a Kurt J. Lesker sputtering system at room
temperature, at a pressure of 30 mTorr, and gun power of 200W. The Zr film was
sputtered in an Ar-only ambient whereas the zirconium nitride (ZrN) film was
sputtered in an Ar and N, (5-20 sccm) ambient. The sputter rate of Zr (~1.9 A/sec)
was faster than that of the ZrN whose sputter rate decreased with increasing N, flow

rate, and ranged from 0.33-0.41 A/sec.
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. Piranha clean
. Field oxidation ~3500A at 950°C
. Active area patterning (Buffered oxide etch)
. Piranha clean/HF dip/DI water rinse
. Zr deposition: DC magnetron sputtering in Ar
ZrN deposition: DC magnetron sputtering in Ar + N,
. Post deposition anneal (PDA): RTP, 600°C, N,, 10-30 seconds
. TaN deposition ~2000A: DC sputtering in Ar + N,
. TaN patterning (RIE in CFy)
. ¥ Post-TaN anneal: RTP, N,, 500-800°C
. S/D implant: Phosphorus (5x10"° cm?, 50 keV)
. LTO deposition
. Contact patterning
. S/D activation: RTP, 900-950°C, 30-60 seconds, N,
. *¥* High temperature forming gas anneal: 400-600°C, 30 minutes
. HF dip, Al deposition
. Al contact patterning
. Backside Al deposition
. Forming gas anneal: 400°C, 30 minutes

* step was only performed for MOSCAPs
** step was not performed for all MOSFETs

Table 5.2 TaN/ZrO, and TaN/ZrONy, MOSCAP/MOSFET fabrication process [20]

Post deposition annealing (PDA) was optimized to produce both low leakage
and low EOT. PDAs were performed in a rapid thermal process (RTP) at 600°C in N,
for 10-30 seconds. Ellipsometry (n=2.0) was used to measure film thickness both
before and after PDA. TaN deposition and patterning via RIE were performed as
described in section 4.2.1. Some MOSCAPs underwent post-TaN annealing in a RTP
in N, at 500-800°C. NMOSFET fabrication continued with steps 10-18, which were
the same as described in section 4.2.1 with the exception of the high temperature

forming gas anneal. Some MOSFETs were subjected to a high temperature forming
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gas annealing (step 14) from 400-600°C for 30 minutes; the results from these
NMOSFETs will be described further in section 5.4.

ZrO, and ZrOxN, films were subjected to materials analysis such as angle
resolved XPS, XRD, and TEM in order to answer questions about their chemical
composition, crystallinity, interfacial layer (IL) thickness, and IL composition. As for
electrical characterization, a HP 4156 was used to measure J-V, time zero breakdown
(tzbd), time dependent dielectric breakdown (tddb), drain current vs. gate voltage (Ig-
V,), and drain current vs. drain voltage (I;-Vg). A HP 4194 was used to measure
MOSCAP and MOSFET C-V characteristics and C-V hysteresis as described in
section 5.2.1. Mobility was measured using the split C-V method as described in

section 4.2.1.

5.3.2 Comparison of ZrO, and ZrO.N, material characteristics

Angle resolved XPS was performed at 15°, 45°, and 75° on ~40A thick ZrO,
and ZrOxNy films both as deposited and after a PDA of 600°C for 20 seconds in N».
Analysis of the Zr 3d peak for the ‘as deposited’ films indicated that there was a Zr
peak (~179.2 eV) for the ZrO, and a ZrN peak (~181.0 eV) for the ZrO.N, film
(figure 5.7). After 600°C PDA, the Zr was completely converted to ZrO, and the ZrN
was completely converted to ZrONy (figure 5.7). In addition, after PDA, the ZrOxNy
peaks were shifted towards a lower energy compared to the ZrO, peaks, indicating the

presence of nitrogen in the ZrO,Ny film.
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Figure 5.7 XPS data (75°) of Zr 3d peaks for ZrO, and ZrON, both before
and after 600°C PDA show that Zr and ZrN have been completely
converted to ZrO, and ZrONy, respectively, after PDA.

As for the nitrogen in the films, figure 5.8 shows the N 1s peaks for both ZrO,
and ZrOxNy, before and after 600°C PDA at 75°. As expected, the ZrO, did not show
any nitrogen peaks. Before PDA, the ZrON, exhibited a large ZrN binding peak
(~396.1 ¢V) and a SiN binding peak (~397.6 eV). However, after PDA, only the SiN
peak remained, indicating that most of the nitrogen was located in the IL layer
between ZrO,Ny and the Si substrate. Nitrogen pile-up near the ZrON,/Si interface
was confirmed by angle resolved XPS (figure 5.9), which showed nitrogen
concentration increasing with increasing XPS angle. SIMS and angle resolved XPS

analysis of HfO«Ny films yielded a similar increase in nitrogen concentration at the

HfON,/Si interface [16].
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Figure 5.8 XPS data (75°) of N Is peaks for ZrO, and ZrON, both
before and after 600°C PDA show ZrN and SiN peaks in ZrONy
before PDA and only a SiN peak after PDA.
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Figure 5.9 Nitrogen concentration in ZrOxNy increased with XPS angle,
indicating a pile-up of nitrogen near the ZrO,N,/Si interface.
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It was likely that the pile-up of nitrogen at the ZrON,/Si interface was
facilitated by the stress/strain between the ZrO,Ny and Si substrate. From figure 5.9,
it is clear that the nitrogen concentration in the ZrO,Ny decreased dramatically after
PDA. Most of the nitrogen in the ZrN probably escaped in the form of N, gas during
the PDA anneal during which the ZrN was fully converted to ZrO.Ny. After PDA,
the overall nitrogen concentration in the ZrONy was ~1.7% from the XPS data.

As discussed in section 2.3.2, high-k dielectric crystallinity is a concern due
to possible problems with leakage paths and dopant/impurity diffusion along grain
boundaries. Unfortunately, ZrO, crystallizes at a fairly low temperature (< 400°C) as
shown in figure 2.12 and in the literature [19,21]. Some studies have attempted to
raise the crystallization temperature of ZrO, and HfO, gate dielectrics by introducing
Al into the high-k stack since Al;O; has a crystallization temperature > 900°C
[22,23,24]. The addition of Al into ZrO, and HfO, has successfully raised the
crystallization temperature up to 900°C with higher Al% yielding higher
crystallization temperature [24]. Unfortunately, high Al% also results in lower
dielectric constant since the k for Al,Os is only ~10. Additionally, Al,O; has high
fixed charge (Qy), so Hf{Al;O, and Zr,Al,O, also have high Qr. A better solution may
be to incorporate nitrogen in the ZrO, (ZrO4N,) to increase the crystallinity
temperature since it does not lower the k value. The introduction of nitrogen into
HfO; films raised the crystallization temperature from ~600°C to 800°C [16].

Both 100A thick ZrO, and ZrONy films were prepared for glancing angle X-

ray diffraction (XRD) analysis. These films were first annealed in a furnace in N,/O,
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at 400°C for 3 minutes in order to fully oxidize the Zr and ZrN into ZrO, and ZrOxNy,
respectively. Next, they were annealed in a RTP at temperatures ranging from 400-
950°C for 1 minute in N». As mentioned, the XRD spectra for the ZrO, were already
shown in figure 2.12, and revealed that the ZrO, was crystallized after 400°C RTP
annealing. Figure 5.10 shows the XRD spectra for the ZrO,N, (100A) annealed from
400-800°C; these ZrOxN, films did not show signs of crystallization until ~600-
700°C. Thus, the addition of nitrogen (~1.7%) into ZrO, resulted in ~200-300°C
higher crystallization temperature. M. Koyama, ef al. also showed that the
crystallization temperature of ZrON, was ~700°C, higher than that of ZrO, ~400°C

[19].

500 RTP: 1 min, N2

800°C

400°C
o+ TN

26 28 30 32 34 36
2 theta

Figure 5.10 XRD analysis of ZrO,Ny (100A) films annealed up to 800°C
show signs of crystallization after ~600-700°C annealing.
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Admittedly, 600-700°C is still a fairly low temperature range for the self-aligned
CMOS process, but it may be adequate if the replacement gate process is adopted in
the future. Additionally, nitrogen content higher than 1.7% in the ZrO.N, may
increase the crystallization temperature higher than 700°C.

Both angle resolved XPS and glancing angle XRD were used to analyze and
compare ZrO, and ZrOxNy thin films. It was found that the PDA served to fully
convert the Zr to ZrO; and ZrN to ZrOxNy. Similar to oxynitrides, the nitrogen in the
ZrONy piled up near the ZrO,N,/Si interface, and the total nitrogen concentration in
the film was ~1.7% after PDA. XRD showed that ZrO.N, films crystallize at a
higher temperature (~600-700°C) than ZrO,, which crystallized at 400°C as shown in

section 2.3.2.

5.3.3 Comparison of ZrO, and ZrONy NMOSCAP characteristics [20]

As described in section 5.3.1, NMOSCAPs were fabricated and characterized
in order to compare the EOT scalability, leakage current, thermal stability, C-V
hysteresis, and dielectric strength of ZrO, and ZrOxNy. Prior to post-TaN annealing,
both ZrO, and ZrO«N, demonstrated comparable scalability with EOTs as low as
9.5A. Figure 5.11 shows the C-V characteristics of ZrO, and ZrONy, MOSCAPs
before post-TaN annealing with film thickness ~40A and EOT of ~10A; both films
exhibited well behaved C-V characteristics. The ZrO, C-V was shifted positive
relative to the ZrON, C-V, which was due to negative fixed charge (Qy) in the ZrO,.

This negative Qf was compensated for by the positive Qf resulting from the nitrogen
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in the ZrOxN,. Conventional oxynitrides also exhibit increased positive Qr due to
nitrogen pile-up at the oxynitride/Si interface [25]. Post-TaN annealing served to
reduce Qr and thus reduce the difference in flat band voltage between the ZrO, and

ZrON, MOSCAPs.
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Figure 5.11 C-V curves of ZrO, and ZrOxNy are

well behaved and show EOT ~10A [20].

The leakage characteristics of the MOSCAPs with EOT ~10A are shown in
figure 5.12. The leakage of ZrON, was seemingly lower than ZrO,, but when the
difference in flat band voltage (Vyg) (seen in figure 5.11) was considered, the two
leakages were quite similar. Both showed a leakage of 4x10° A/cm? at a gate voltage
(Vy) of Vg, - 1V, which was quite low considering the low EOT of 10A. Vj, was
-0.25V for the ZrO, and -0.57V for the ZrOxNy. Overall, leakage at V, = Vi, - 1V for

ZrONy and ZrO, was comparable for the same EOT values.
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Figure 5.12 J-V curves of ZrO, and ZrO,Ny; MOSCAPs
show comparable leakage [20].
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The EOT scalability of ZrO, and ZrON, was quite comparable prior to post-
TaN annealing, but the conventional self-aligned CMOS process requires a high
temperature post-electrode anneal for S/D activation. Thus, it is crucial that these
films retain their low EOT even after post-TaN annealing. Figure 5.13 shows the
EOT of ZrO, and ZrON for different post-TaN annealing temperatures (700-900°C).
Prior to post-TaN annealing, the EOT of both films was ~10A, but after 900°C for 30
seconds, the EOT of the ZrO, has increased by ~4A, whereas the ZrONy EOT has
only increased by ~1A. Thus, the ZrO,N, demonstrated an improved thermal
stability over the ZrO,. This improved thermal stability could be attributed to two
factors. The first factor was that the ZrO,N, was more resilient to oxygen diffusion
during annealing than the ZrO,. The second factor was that nitrogen-incorporated

interfacial layer (IL) of the ZrO«Ny was less prone to compositional changes during
115



annealing. In section 2.3.1, it was shown that the IL of ZrO, was a Zr-silicate whose
Zr concentration decreased with increasing thermal budget. As the Zr concentration
decreases, the k of the Zr-silicate also decreases and results in increased EOT.
Consequently, if the IL of the ZrON, was more stable during annealing, the EOT
would be more stable as well. M. Koyama, et al. reported that the EOT of ZrOxNj
remained stable even after 1000°C annealing [19], which bodes well for the
integration of ZrOxNy into conventional CMOS processing.

As for ZrO, and ZrON, C-V hysteresis, hysteresis vs. post-TaN anneal
temperature (700-900°C) are plotted in figure 5.14. Not surprisingly, hysteresis
decreased with increasing annealing temperature since annealing reduced the sputter
damage and trapped charge (Q.) that heavily contribute to hysteresis. ZrON,
demonstrated slightly higher hysteresis than ZrO,, which was attributed to the
increased Q. resulting from the nitrogen in the ZrOsN,. Further evidence of this can
be seen in figure 5.15, which shows hysteresis as a function of nitrogen flow rate
during Zr sputtering both before and after MOSFET fabrication. Higher nitrogen
flow resulted in higher nitrogen concentration in the ZrOxNy, and indeed hysteresis
increases with increasing flow rate (figure 5.15). However, it should be noted that the
hysteresis was drastically reduced after MOSFET fabrication down to fairly low
values of 10 mV for ZrO, and 30 mV for ZrONy (N, flow rate = 20 sccm). This
reduction was primarily due to the high temperature S/D activation annealing (900-

950°C), which reduced Q..
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Figure 5.13 EOT vs. post-TaN anneal temperature shows
improved thermal stability of ZrONy over ZrO, [20].
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Figure 5.14 Hysteresis vs. post-TaN annealing temperature
shows slightly higher hysteresis for ZrOxNy [20].
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Figure 5.15 Hysteresis vs. N, flow rate during Zr sputtering shows
increasing hysteresis with increasing nitrogen, and
reduced hysteresis after MOSFET fabrication.

To summarize the results on TaN-gated ZrO, and ZrON, NMOSCAPs —
these devices were analyzed to compare differences in EOT, leakage, thermal
stability during annealing, and hysteresis. Prior to post-TaN annealing, both ZrO,
and ZrO4Ny exhibited low EOT (9.5A) and comparable low leakage. After post-TaN
annealing, it was discovered that ZrON, had improved thermal stability over ZrO,
due to the nitrogen in the ZrOxNy interfacial layer (IL), which helped to prevent IL
growth as well as prevent IL compositional changes. Nitrogen in the ZrON, also
resulted in higher Q, that caused higher C-V hysteresis. In addition nitrogen in the
ZrONy caused higher positive Qr that actually compensated for the negative Qr in

ZrO;. Qr, Qo and hysteresis were drastically reduced in both ZrO, and ZrON, after
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MOSFET fabrication. These results were promising, and ZrOxN, warranted further

study in MOSFET devices.

5.3.4 Comparison of ZrO, and ZrONy NMOSFET characteristics [20]

As described in section 5.3.1, long channel NMOSFETs (W/L = 150p/5um)
were fabricated and characterized in order to compare the electrical characteristics of
ZrO, and ZrO.Ny. Figure 5.16 shows MOSFET C-V curves for ZrO, and ZrO,Ny
that showed good agreement between accumulation and inversion capacitance. Prior
to MOSFET fabrication, these devices both had EOT of 9.5A. However, after
MOSFET fabrication, the EOT of the ZrO, increased to 13.8A while the ZrON, EOT

only increased to 10.3A. Once again, the ZrON, demonstrated an improved thermal

stability over ZrO,.
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Figure 5.16 NMOSFET C-V curves for ZrO, and ZrO,N, are well behaved [20].
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This thermal stability increased with increasing nitrogen in the ZrOxNy film as shown
in figure 5.17 which shows the increase in EOT after MOSFET processing versus N;

flow rate during Zr sputtering.
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Figure 5.17 The increase in EOT decreases with increasing nitrogen flow rate during
Zr sputtering. Prior to MOSFET fabrication, all these devices had EOT = 9.5A.

To further investigate the thermal stability of these films, high resolution TEM
pictures (figure 5.18) of ZrO, and ZrON, after MOSFET fabrication were analyzed.
Once again, prior to MOSFET fabrication, these films both had EOT of 9.5A, but
after MOSFET fabrication, the ZrO, EOT increased to 13.8A, and the ZrON, EOT
increased to 10.3A. From the TEMs, the ZrO, and ZrONy film thicknesses were
about the same (~30A), and the interfacial layer (IL) thicknesses were similar at ~9A
for the ZrO, and ~13A for the ZrON,. However, since the EOTs of these two
samples were so different, it was concluded that the dielectric constant of these two
stacks must be different. From the MOSCAP data, it was concluded that the
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dielectric constants of ZrO, and ZrONy were quite comparable ~20. Consequently,
the k values of the ILs must be different. If one assumed a dielectric constant of 20
for the ZrO, and ZrO.Ny films shown in figure 5.18, then the k of the ZrO, IL was
~4.4, and the k of the ZrON, IL was ~11.4. Thus the IL of ZrO, more closely
resembled a Zr-silicate with a low Zr concentration, whereas the ZrONy IL more
resembled a nitrogen-doped Zr-silicate with a higher Zr concentration. The
difference in k values for the ILs supported the hypothesis that nitrogen in the IL
helped to prevent compositional changes in the IL during annealing. The fact that the
IL of ZrO«N, was actually thicker than the IL of ZrO, may be attributed to the

migration of nitrogen to the ZrO,N,/Si interface during post deposition annealing.

Figure 5.18 TEM pictures of TaN gated (a) ZrO, and (b) ZrOxNy
after MOSFET fabrication. The EOT of the ZrO, sample was 13.84,
and 10.3A for the ZrOxNy sample.
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As for other NMOSFET characteristics, figures 5.19 and 5.20 show the 13-V,
and I4-Vq curves, respectively, for these devices. Both I4-V, and I4-V4 curves have
been normalized to compensate for the difference in EOT between the ZrO, (13.8A)
and ZrOxNy (10.3A). From figure 5.19, the ZrO,N, shows slightly higher saturation
current (Igsar), higher transconductance (Gy,), and slightly lower subthreshold swing
(S) than ZrO,. Figure 5.20 also shows higher Iy for the ZrON,. These improved
characteristics for ZrOsN, were unexpected since oxynitrides usually show
comparable MOSFET characteristics to SiO, [1]. An explanation for these

improvements is still under investigation.
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Figure 5.19 Normalized 14 and Gy, versus V, shows improved
Igsats Gm, and S for ZrOxNy [20].
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Figure 5.20 Normalized I3 versus V4 shows higher Iys for ZrOxNy [20].

The mobility characteristics for these MOSFETs were calculated using the
split C-V method (as described in section 4.2.1) and are shown in figure 5.21. The
peak mobility was quite comparable for the ZrO, and ZrON,, but the mobility at
high field was higher for ZrO,, most likely due to surface roughness caused by the
nitrogen at the ZrON,/Si interface. Unfortunately, both ZrO, and ZrO.N,
demonstrated a degraded mobility when compared to the universal curve for SiO,.
This degradation was attributed to the fact that the ZrO,/Si and ZrO.N,/Si interfaces
were of lower quality than the interface between Si and thermally grown SiO,. The
ZrO, and ZrO«Ny have higher Dj, Qo and Qr than SiO, as well. Section 5.4 will
further discuss mobility and process changes that led to improved mobility

characteristics.
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Figure 5.21 Mobility for ZrONy, was lower at high field due to
surface roughness caused by the nitrogen at the interface.

To summarize the results on TaN-gated ZrO, and ZrON, NMOSFETs, C-V,
EOT scalability, TEM, 14-V,, 13-Vy4, and mobility were presented. MOSFET C-Vs
were well behaved and showed good agreement between accumulation and inversion
capacitance. Once again, ZrON, demonstrated improved thermal stability with an
EOT of 10.3A, compared to 13.8A for ZrO, after MOSFET fabrication. The TEM
revealed that the IL of ZrO,Ny more resembled a nitrogen-doped Zr-silicate with a
higher k than the IL of ZrO, that more resembled a lightly Zr-doped SiO,. I4-V, and
I4-Vq revealed higher ljsa, Gm, and lower S for ZrON, compared to ZrO,. Finally,
mobility was degraded for both ZrO, and ZrON, compared to the universal curve,

and ZrO«N, demonstrated further degraded mobility at high field due to surface
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roughness caused by the nitrogen at the ZrOsN,/Si interface. With fairly good

MOSFET characteristics, attention was next turned to reliability characteristics.

5.3.5 Comparison of ZrO, and ZrON, reliability characteristics

Various reliability tests were used to evaluate the ZrO, and ZrOxN, films
including ramped voltage tests, constant voltage stress to determine time dependent
dielectric breakdown (tddb), and lifetime extrapolation. Ramped voltage tests were
performed to test and compare the dielectric strength of the ZrO, and ZrOxN,. The
time zero breakdown (tzbd) tests were performed on MOSCAPs with and without
800°C post-TaN annealing (figure 5.22) and on MOSCAPs after MOSFET fabrication
(figure 5.23). In all cases, the ZrO.Ny had a higher effective breakdown field (Epq)
than ZrO, where:

Ebd = [Vba-V//[EOT (5.1)

V4 represents the breakdown voltage, and flat band voltage (V) was subtracted
from it to compensate for the difference in Vy, between ZrO, and ZrON,. It is
believed that the breakdown of the IL largely dominates the breakdown of the high-k
dielectric stack. As discussed in section 5.3.4, the IL of the ZrONy more closely
resembled a nitrogen-doped Zr-silicate, whereas the IL of the ZrO, more resembled a
lightly Zr-doped SiO,. Oxynitrides are known to have improved dielectric strength
over SiO; [1], so the increased dielectric strength for ZrONy was likely a result of

nitrogen in the IL.
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Figure 5.22 Tzbd of ZrO, and ZrO.N, both (a) before and (b) after post-TaN
anneal at 800°C shows higher breakdown field for ZrOsNy [20].
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Figure 5.23 Tzbd of ZrO, and ZrON, after MOSFET fabrication
shows higher breakdown field for ZrON,.

Next, some tddb tests were performed. After going through the MOSFET

processing, MOSCAPs (area = 1.0x10° cm?) were stressed at constant voltage until
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either the device broke down or after 2000 seconds of stressing. MOSCAP J-V
curves were measured before stressing to screen out any initial extrinsic defects. J
was also monitored during stressing to ensure consistent behavior from device to
device. Approximately 25 MOSCAPs were stressed at each voltage to yield the time-
to-breakdown distributions for ZrO, and ZrOsN, shown in figure 5.24. The ZrO, had
an EOT of 13.8A and was stressed from -3.1V to -3.3V; the ZrOxNy had an EOT of
10.3A and was stressed from -3.3V to -3.6V. The ZrOxN, exhibited a higher
effective breakdown field (Ecfr) than the ZrO,, where Eq¢ was defined as:
Eefr = (Vstress)/EOT (5.2)

Viress Was the stress voltage. From the 50% cumulative failure points in figure 5.24, a
lifetime extrapolation was performed using the E-model and is shown in figure 5.25.
The 10-year extrapolated operating voltage for ZrO, was -2.7V and compared well
with values reported elsewhere [26]. For ZrO4N, the 10-year operating voltage was
slightly lower at -2.4V. However, both of these values were encouraging since the
operating voltage will be < 1V by the time high-k dielectrics are adopted into
manufacturing.

To summarize the reliability characteristics, ZrOxN, demonstrated a higher
breakdown field than ZrO, in tzbd and tddb tests. However, ZrO, had a higher
predicted 10-year lifetime operating voltage of -2.7V as compared to -2.4V for the

ZrONy. Overall, the reliability characteristics were quite favorable.
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Figure 5.24 Cumulative failure distributions of tddb tests on (a) ZrO; and (b) ZrON,
show higher effective breakdown field for ZrOxN,.
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Figure 5.25 10-year lifetime extrapolated operating voltage for
ZrO; was -2.7V and for ZrONy was -2.4V.

5.4 High temperature forming gas annealing of ZrO,N, NMOSFETs

One the greatest concerns regarding high-k dielectrics is the MOSFET
channel mobility. Even if the EOT of these high-k dielectrics can be scaled below
10A, these benefits are useless if the mobility is drastically degraded. As shown in
sections 4.3 and 5.3.4, both ZrO, and ZrON, demonstrated severely degraded
mobility compared to the universal curve for SiO,. Other high-k materials such as
HfO, [27,28,29] and Al,O3 [28] have also exhibited degraded mobility. A few
reports have demonstrated relatively high mobility for high-k gate dielectrics [30,31],

but these films had fairly thick EOT and probably a thick interfacial layer. Unless
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high-k gate dielectrics can boast both low EOT (<10A) and a mobility ~80-90% of
that of Si0O,, they are not likely to be adopted.

The main reason high-k dielectric mobility is so degraded compared to SiO, is
the difference in interface quality. These deposited high-k dielectrics have a poorer
quality interface with the Si substrate than thermally grown SiO,. However, the
interface quality can be improved by reducing the density of interface states (Dj).
Onishi, et al. proposed a method to reduce Dj; and thus improve mobility of HfO,
gate dielectrics by high temperature (500-600°C) forming gas (FG) annealing of
MOSFETs prior to metallization [32]. This FG annealing was found to reduce Dj;
and increase mobility in both NMOSFET and PMOSFET poly-gated devices; peak
mobility was increased ~50-85% as compared to samples without the FG treatment
[32]. Mobility improvements were also seen for TaN-gated HfO, NMOSFETs with a
~75% increase in peak mobility and mobility comparable to the universal curve at
high field [33]. These large improvements in mobility prompted the investigation of

the effects of high temperature FG anneal on TaN-gated ZrO.N, NMOSFETs.

5.4.1 High temperature FG anneal process flow and device measurement
Self-aligned NMOSFETs were fabricated using TaN gate and ZrO«N, gate
dielectrics as described in table 5.2 with the exception of step 9. Step 14 described
the high temperature forming gas (FG) anneal which occurred prior to Al
metallization, and was the final anneal step with the exception of the lower

temperature sintering in FG at 400°C (step 18). The high temperature FG (N,:H,,
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95%:5%) annealing was performed in a conventional furnace at 400°C, 500°C, and
600°C for 30 minutes with a FG flow rate of 10 slm.

After the MOSFET fabrication process, the C-V, J-V, hysteresis, and tzbd
characteristics of MOSCAPs were measured as described in section 5.3.1. MOSFET
characteristics such as Ig-V,, transconductance (Gy), and mobility were also

measured as outlined in section 5.3.1.

5.4.2 NMOSCAP/NMOSFET characteristics after high temperature FG anneal

Not only was the evaluation of the FG annealing effects on the mobility of
interest, but the possible advantageous/disadvantageous effects on other
characteristics as well. One concern was that the fairly long (30 minute) anneal
would cause EOT increase due to interfacial layer (IL) growth. After MOSFET
fabrication, these ZrO,N, (~42A) devices demonstrated an EOT of 11.6A. From
figure 5.26, it can be seen that 500°C and 600°C FG annealing did not affect the EOT,
and in fact, improved the C-V characteristics. The inset to figure 5.26 shows that the
C-V slope was steeper with increasing FG anneal temperature, indicating a decreased
Dj; with increasing FG anneal temperature.

The leakage characteristics for these ZrOxNy (~42A) MOSCAPs were also
quite comparable and well behaved for no anneal, 500°C, and 600°C FG annealing
(figure 5.27). The leakage for these devices was ~9.0x10” A/cm? at V=Vp-1V,

which was reasonable considering the EOT of 11.6A.
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One concern when using hydrogen (FG) annealing was the addition of
hydrogen related traps in the dielectric. Additional trapped charge (Qo) in these
ZrON, (~42A) films would result in increased C-V hysteresis [11]. Thus hysteresis
was evaluated for no anneal, 400°C, 500°C, and 600°C samples. Figure 5.28 shows
that the hysteresis values were actually quite comparable for all the samples at 22-29
mV, indicating that the FG anneal did not affect the hysteresis adversely.

Ramped voltage tests were performed in order to compare the tzbd
characteristics of the samples (figure 5.29). Once again, the no anneal, 500°C, and
600°C FG annealed samples all showed comparable tzbd characteristics with fairly

high effective breakdown field (Eyq) of 22-32 MV/cm as defined in equation 5.1.
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Figure 5.28 C-V hysteresis of ZrONy after no anneal, 500°C,
and 600°C FG annealing was comparable.
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Finally, NMOSFET characteristics were analyzed to determine the effects of
the high temperature FG anneal. The 14-V, characteristics are shown in figure 5.30
and demonstrate several improvements of the FG treatment. First, the off-state
leakage current was reduced with increased FG annealing temperature. Next, the
subthreshold swing (S) was greatly reduced from 96 mV/decade with no FG anneal
down to 69 mV/decade with 600°C FG annealing. A subthreshold swing value of 60
mV/decade is the Dj-free ideal value, so the FG anneal has removed much of the Dj
in these films. Figure 5.31 shows the transconductance (G,,) from these MOSFET
devices, and once again improvements were observed for the FG annealed samples.

Higher FG anneal temperature resulted in higher G,.
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Figure 5.30 Higher temperature FG annealing helped to reduce off-state
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Using the split C-V method, the mobility characteristics were evaluated for

these ZrONy (~42A) films (figure 5.32). As expected from the I4-V, characteristics,

the mobility was improved considerably with increasing FG annealing temperature.

The peak mobility was only 97 cm?/V-sec with no FG anneal and increased by almost

400% to 383 cm?/V-sec after 600°C FG annealing. The mobility at high field (Ecs)

was also increased similarly for the 500°C and 600°C FG annealed samples. These

increased mobility values were extremely promising, although they still fell short of

the universal curve. With further optimization of the high temperature FG anneal

process, ZrONy may achieve the industry goal of ~80-90% the mobility of SiO.
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Figure 5.32 Mobility of ZrO,Ny was appreciably enhanced
after high temperature FG annealing.
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5.5 Summary

Chapter 5 presented the electrical, material, and reliability characteristics of
ZrO, with nitrogen incorporated into the dielectric stack. Two methods of nitrogen
incorporation were discussed — NH; Si surface nitridation (SN) prior to ZrO,
deposition and nitrogen-incorporated ZrO, (ZrOxNy) via reactive sputtering of Zr in
Ar and N,. The motivations behind nitrogen incorporation into the gate dielectric
stack were possible improvements in thermal stability and thus EOT scalability,
reduced leakage, improved reliability, prevention of boron penetration, and higher
crystallization temperature.

For the SN evaluation, TaN-gated NMOSCAPs were fabricated and
characterized. It was discovered that the SN samples had improved thermal stability
(lower EOT) and comparable leakage with non-nitrided samples. In addition, the IL
of SN samples was actually thicker than that of non-nitrided samples, but the SN IL
had a higher dielectric constant than the non-nitrided IL. Thus the SN IL was a
nitrogen-incorporated Zr-silicate with higher Zr concentration than that of the non-
nitrided IL Zr-silicate. The main drawback to the SN process was increased trapped
charge (Q,) that resulted in increased C-V hysteresis. These increased charges were
a result of the hydrogen-related traps from the NH3; decomposition as well as the
nitrogen in the IL. With further process optimization, Q, could be reduced, and with
the EOT scaling advantage and increased thermal stability, SN may find an

application in the MOS process.
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Next nitrogen-incorporated ZrO, or ZrOxN, was evaluated using both TaN
gated NMOSCAPs and self-aligned NMOSFETs. Angle resolved XPS demonstrated
that the ZrN was completely converted to ZrOxN, after post deposition annealing
(PDA). XPS analysis also showed that there was ~1.7% nitrogen in the ZrON, after
PDA and most of it was located near the ZrO4N,/Si interface. XRD revealed that the
ZrONy films crystallized at a higher temperature (~600-700°) than ZrO, (~400°C).
Evaluation of MOSCAPs revealed that both ZrO, and ZrOxN, had comparable EOT
scalability (<10A) and leakage current prior to any post-TaN annealing. However,
after post-TaN annealing, the ZrON, demonstrated an improved thermal stability
over the ZrO,. C-V hysteresis was slightly higher for ZrON, than ZrO, due to
increased Q. caused by the nitrogen in the film. However, after MOSFET
fabrication, the hysteresis was reduced to 10 mV for the ZrO, and 30 mV for the
ZrONy. Finally, the positively charged Qr caused by the nitrogen in the ZrOxNy
compensated for the negatively charged Qr in the ZrO,.

ZrO, and ZrO.N, NMOSFETs demonstrated well-behaved characteristics.
Although both films started with an EOT of 9.5A prior to MOSFET fabrication, the
improved thermal stability of the ZrON, resulted in lower EOT for the ZrOsN, of
10.3A as compared to 13.8A for the ZrO,. TEM pictures revealed that the increased
thermal stability of the ZrON, was due to two factors: reduced oxygen diffusion
through the dielectric and resistance to compositional changes of the interfacial layer
(IL) during annealing. Similar to the SN samples, the IL of the ZrON, was a

nitrogen-incorporated Zr-silicate with higher Zr concentration and thus higher k than
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that of the Zr-silicate IL of ZrO,. I4-V, and I4-V4 characteristics revealed that the
ZrONy had higher g, higher transconductance, and lower swing than the ZrO,.
Peak mobility for the ZrO, and ZrO,N, MOSFETSs was similar, although the ZrO, did
yield a higher mobility at high field due to the surface roughness caused by nitrogen
in the ZrOsN,. Reliability characterization revealed higher dielectric strength and
breakdown field for the ZrON, than the ZrO,. Extrapolated 10-year lifetime
operating voltages from tddb tests were -2.7V for ZrO, and -2.4V for ZrON,.

Finally, improvements to HfO, MOSFET characteristics and mobility using
high temperature (500-600°C) forming gas (FG) annealing [32,33] prompted similar
experiments using ZrON,. High temperature FG annealing prior to MOSFET
metallization had no adverse effects on EOT, leakage, hysteresis, and breakdown
field strength. However, FG annealed MOSFETs did have reduced Dj, which
resulted in reduced swing (69 mV/decade), reduced off-state leakage current, higher
transconductance, and higher mobility. These improved characteristics indicate that
there is great promise for adoption of the high temperature FG anneal process with
high-k gate dielectrics. Further optimization of the FG annealing process will likely
lead to further improvements in mobility.

In conclusion, the two nitrogen incorporation techniques — SN and ZrON, —
demonstrated many advantages over ZrO, including increased thermal stability, and
thus EOT scalability. The disadvantages of the nitrogen incorporation techniques
were the increased Q. and Dj, although these may be controllable with process

optimization. =~ The high temperature FG annealing showed extremely good
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characteristics including a reduction in Dj, which lead to increased mobility. Both
the ZrO, nitrogen incorporation techniques and the high temperature FG annealing

merit further study and optimization in order to apply them in MOS technology.
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CHAPTER 6

Conclusion and future work

6.1 Summary and conclusion

MOS technology has steadily advanced in the past 30 years with transistor
gate lengths shrinking exponentially each device generation (1.5-2 years). Each new
device generation presents new challenges, and these have been overcome with the
introduction of new materials, processes, and tools. The 90 nm node will face new
problems such as SiO, scaling limits, the polysilicon depletion effect, and the
quantum mechanical effect. With a SiO; dielectric only a few monolayers thick (~11-
15A), excessive gate leakage and reliability issues become huge concerns. In
addition, the poly depletion effect and quantum mechanical effect will add a few
angstroms of equivalent oxide thickness (EOT), making scaling even harder.

Oxynitrides or oxide/nitride stacks will serve as replacements for SiO, for a
generation or two, but ultimately, high dielectric constant or high-k materials will
have to be adopted as the gate dielectric material. One of the most promising among
the high-k candidates is zirconium oxide (ZrO,) due to its thermal stability on silicon,
dielectric constant (~20), reasonable bandgap (~5.8 eV) and barrier height (1.4 eV for
electrons and 3.3 eV for holes). In addition, ZrO, has demonstrated scalable EOT <

10A and low gate leakage current.
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For this study, ZrO, was deposited via DC sputtering of Zr followed by a post
deposition anneal (PDA) to fully oxidize and densify the ZrO,. The deposition
process — sputtering and PDA — was optimized to yield both low EOT and low
leakage current. It was discovered that the despite the thermal stability of ZrO, on Si,
an interfacial layer (IL) was formed during the fabrication process. This IL was
composed of a Zr-silicate, whose Zr content decreased with increasing thermal
budget. Despite the fact that ZrO, crystallized after 400°C annealing, the ZrO,
surface roughness was smooth (~1A rms) after 600°C PDA. Platinum (Pt) was used
as an evaluation gate electrode, and low EOT (8.2A), negligible frequency dispersion,
manageable C-V hysteresis, and low leakage were achieved.

Because polysilicon gate electrodes are currently used in MOS technology,
there is great interest in demonstrating a compatibility between poly gate and high-k
dielectrics. Unfortunately, poly gate electrodes were investigated and found to be
incompatible with ZrO,. During poly deposition, the ZrO, films were reduced to
form Zr-rich films; then, during poly implant activation annealing, patches of Zr-
silicide were formed, which resulted in extremely high gate leakage — even higher
than poly/SiO, at the same EOT. Several possible solutions were explored in order to
combat the oxygen reduction of the ZrO, films. The solutions included changing the
ZrO; PDA conditions, changing the poly deposition process conditions, lowering the
poly implant activation anneal temperature, depositing a layer of sputtered Si prior to
poly deposition, and replacing the ZrO, with ZrOsN,. Unfortunately, none of these

solutions yielded low EOT (< 18A) and all of them yielded high leakage. Thus, it
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was concluded that ZrO, and ZrO4N, were not compatible with the poly process and
that attention should be focused on metal gate electrode.

Although poly gates have been successfully used in current MOS technology,
the poly depletion effect will eventually force the replacement of poly with dual metal
gate electrodes. Due to its thermal stability and low resistivity, tantalum nitride
(TaN) is one of the more promising candidates for NMOS metal gate electrode. In
addition it has demonstrated compatibility with several high-k candidates including
ZrO,, HfO,, and their silicates. TaN gate electrodes were deposited using reactive
sputtering of Ta in an Ar and N, ambient, and patterned in a reactive ion etch (RIE)
using CF4. These TaN electrodes exhibited low sheet resistance (10-25 €)/square)
and thermal stability during MOSFET processing. Both MOSCAPs and NMOSFETs
were fabricated using TaN gate and ZrO,.

TaN-gated MOSCAPs demonstrated low EOT (9.8A), negligible frequency
dispersion, and low leakage current. Post-TaN annealing served to reduce negative
fixed charge (Qy), oxide trapped charge (Q.), and density of interface states (Dy),
which led to a negative Vg, shift, lower C-V hysteresis, and steeper C-V curves,
respectively. Hysteresis was caused by positive Qo near the ZrO,/Si interface.
Hysteresis was more affected by negative bias since traps were filled at negative bias,
although there was some detrapping during positive bias. TaN-gated NMOSFETs
(W/L = 150um/5um) also yielded good characteristics such as low EOT (11.3A), low

hysteresis (10mV), relatively low leakage current, high breakdown field, and well
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behaved C-V, 14-V,, and 13-Vq characteristics. Mobility was degraded compared to
the universal curve for SiO,, but could be improved along with subthreshold swing
and drive current with high temperature (500-600°C) forming gas annealing. Overall,
TaN/ZrO, devices yielded good characteristics and merited further study.

Finally, nitrogen incorporation into the ZrO, stack was investigated using
two methods — Si surface nitridation (SN) prior to ZrO, deposition and nitrogen-
incorporated ZrO, (ZrOxNy). The motivation was that the nitrogen in the stack might
help to improve thermal stability, prevent/reduce boron penetration, reduce leakage
current, improve reliability, and increase the crystallization temperature.

Surface nitridation (SN) was introduced via rapid thermal annealing in
ammonia (NHj3) prior to ZrO, deposition to form a thin silicon nitride layer.
TaN/ZrO, MOSCAPs were fabricated with the SN technique and characterized.
Samples with SN had lower EOT (8.7A), higher C-V hysteresis, and similar leakage
compared to samples without nitridation. Lower EOT was attributed to the interfacial
layer (IL) of SN samples, which had a higher dielectric constant than the IL of non-
nitrided samples. Thus, the IL of SN samples was less prone to further growth and
compositional changes during annealing. The increased C-V hysteresis was due to
the increased Q, cause by hydrogen-related traps from the decomposition of the NHj.
Overall, results from SN MOSCAPs were promising, but more work remains to done
including analysis of MOSFET behavior.

ZrONy was deposited via reactive sputtering of ZrN in Ar and N, followed by

post deposition annealing (PDA) to convert the films to ZrOxN,. It was discovered
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that after PDA, there was ~1.7% nitrogen in the ZrON, and most of this was
concentrated near the ZrO,N,/Si interface. Also, the ZrON, films yielded higher
crystallization temperatures (~600-700°C) than ZrO, (~400°C). TaN-gated ZrO, and
ZrO\Ny, NMOSCAPs were fabricated and characterized to compare the two
dielectrics. Before post-TaN annealing, both ZrO, and ZrONy yielded similar EOT
(10A) and leakage current. After post-TaN annealing, the ZrO.N, demonstrated an
improved thermal stability over ZrO,. Hysteresis in the ZrON, (30mV) samples was
slightly higher than the ZrO, (10mV), and increased with increasing nitrogen
concentration.

Next, TaN-gated ZrO, and ZrON, NMOSFETs were fabricated and
characterized. Prior to MOSFET fabrication, both dielectrics had an EOT of 9.5A,
but afterwards, the ZrOxNy had an EOT of 10.3A and the ZrO, an EOT of 13.8A —
once again, the ZrO,N, demonstrated improved thermal stability over the ZrO,. This
thermal stability was attributed to a difference in IL composition and dielectric
constant. For the ZrONy, the IL was composed of a nitrogen-doped Zr-silicate with a
fairly high Zr concentration and k ~11.4. For the ZrO,, the IL was composed of a Zr-
silicate with a lower Zr concentration and lower k ~4.4. Thus, the nitrogen served not
only to prevent further IL growth, but to prevent compositional changes to the IL
during annealing. Reliability characterization such as time-zero breakdown (tzbd)
and time dependent dielectric breakdown (tddb) were also investigated. ZrOxN, had

higher effective breakdown field than ZrO, both before and after MOSFET
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fabrication. As for tddb, ZrON, again showed higher breakdown field, but a lower
10-year lifetime operating voltage of -2.4V as compared to -2.7V for ZrO,.

TaN-gated ZrO, and ZrOyNy NMOSFET C-V, 13-V, and 14-V4 characteristics
were well behaved and revealed higher drive current, higher transconductance, and
slightly lower swing for the ZrO,Ny samples. Peak mobility for the ZrO, and ZrON,
was comparable, but at high field the ZrO, N, mobility was degraded — likely due to
surface roughness caused by nitrogen pile-up at the ZrO,N,/Si interface. Both ZrO,
and ZrO,Ny mobility were degraded compared to the universal curve for SiO.

In order to address the concern over mobility degradation, a high temperature
(500-600°C) forming gas (FG) anneal was introduced prior to the Al metallization
step in TaN/ZrOxNy, MOSFET fabrication. The high temperature FG anneal did not
affect EOT (11.6A), leakage, hysteresis, or tzbd. However, the high temperature FG
anneal served to reduce Dj; in the ZrO,Ny and resulted in lower subthreshold swing
(69 mV/decade), higher transconductance, lowered off-state leakage current, and
most importantly, higher mobility. As these were just preliminary experiments,
further optimization of the high temperature FG anneal and ZrOxN, process will
likely lead to further improvements in mobility as well as other MOSFET
characteristics.

In conclusion, ZrO, and ZrON, have demonstrated favorable electrical,
material, and reliability characteristics and merit further study as potential high-k gate

dielectric materials for future MOS technology.
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6.2 Future work

Although both ZrO, and ZrON, have exhibited promising high-k gate
dielectric characteristics, much work remains to be done before these materials can be
adopted into MOS technology. The list below presents possible future work on ZrO,

and ZrONy gate dielectrics.

MOSFET reliability (e.g. negative/positive bias temperature instability)
High temperature (= 100°C) measurement

PMOS metal gate (e.g. RuO,, Mo, Ru-Ta alloy) compatibility

PMOS metal gate MOSCAP/MOSFET characterization
Boron/impurity diffusion in ZrOxN, and SN samples

Characterization of MOSFETs with SN

Other forms of nitrogen incorporation into the ZrO, stack (e.g. NO or N,0)

Y V VYV ¥V ¥V VY VY VY

Further optimization of high temperature FG anneal to improve mobility
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