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ABSTRACT

Hafnium-Doped Tantalum Oxide High-K Gate Dielectric Films for Future CMOS
Technology.
(December 2005)
Jiang Lu, B.S., East China University of Science and Technology, Shanghai, China

Chair of Advisory Committee: Dr. Yue Kuo

A novel high-k gate dielectric material, i.e., hathium-doped tantalum oxide (Hf-doped
TaOy), has been studied for the application of the future generation metal-oxide-
semiconductor field effect transistor (MOSFET). The film’s electrical, chemical, and
structural properties were investigated experimentally. The incorporation of Hf into TaOy
impacted the electrical properties. The doping process improved the effective dielectric
constant, reduced the fixed charge density, and increased the dielectric strength. The
leakage current density also decreased with the Hf doping concentration. MOS capacitors
with sub-2.0 nm equivalent oxide thickness (EOT) have been achieved with the lightly
Hf-doped TaOy. The low leakage currents and high dielectric constants of the doped films
were explained by their compositions and bond structures. The Hf-doped TaOy film is a
potential high-k gate dielectric for future MOS transistors.

A 5 A tantalum nitride (TaN,) interface layer has been inserted between the Hf-doped
TaOx films and the Si substrate to engineer the high-k/Si interface layer formation and
properties. The electrical characterization result shows that the insertion of a 5 A TaN,

between the doped TaOy films and the Si substrate decreased the film’s leakage current



v
density and improved the effective dielectric constant (Kefective) Value. The improvement
of these dielectric properties can be attributed to the formation of the TaOxNy interfacial
layer after high temperature O, annealing. The main drawback of the TaNy interface layer
is the high interface density of states and hysteresis, which needs to be decreased.

Advanced metal nitride gate electrodes, e.g., tantalum nitride, molybdenum nitride,
and tungsten nitride, were investigated as the gate electrodes for atomic layer deposition
(ALD) HfO, high-k dielectric material. Their physical and electrical properties were
affected by the post metallization annealing (PMA) treatment conditions. Work functions
of these three gate electrodes are suitable for NMOS applications after 800°C PMA.
Metal nitrides can be used as the gate electrode materials for the HfO, high-k film.

The novel high-k gate stack structures studied in this study are promising candidates
to replace the traditional poly-Si-SiO, gate stack structure for the future CMOS

technology node.
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CHAPTER1

INTRODUCTION

1.1. Challenge for Si-based CMOS Transistor Scaling
1.1.1. SiO, Gate Dielectric Material

The success of the silicon based semiconductor industry was mainly attributed to the
excellent material and electrical properties of its native oxide: silicon dioxide (SiO,),
which has served as the gate dielectric for integrated circuit (IC) applications for more
than 40 years.'™ SiO; can be thermally grown on Si with an easy fabrication process and
good control of thickness and SiO,/Si interface quality. The excellent properties of the
SiO, gate dielectric material as shown in Table I, includes a high resistivity, a high
melting point, a high amorphous to crystallization temperature, a large band gap, large
electron and hole band offset, excellent dielectric breakdown strength, and a low defect
density interface with Si substrate.!? In addition, SiO, has the combination of some other
required properties for the complementary metal-oxide-semiconductor (CMOS) field
effect transistor (FET) devices, including high mobility of holes and electrons in
CMOSFET devices channel, low electron or hole trapping density, and excellent CMOS
processing.” The SiO»/Si interface is the heart of the CMOS gate stack structure. Since
the CMOS, as shown in Figure 1, devices constitute the building blocks of the integrated
circuit, SiO, became the most economically and technically important material for the

semiconductor industry. Indeed, Si, instead of other semiconductor materials such as Ge

This dissertation follows the style and format of Journal of the Electrochemical Society.



and GaAs, was selected as the main material for the microelectronic semiconductor
industry due to the lack of a stable native oxide and a low defect density interface for

other semiconductor materials.

Table I Diclectric properties of SiO, gate dielectric '

Si0, is the only stable oxide phase on Si
Melting Point ~1713°C

Crystallization temperature ~1100°C
Resistivity~10""Q-cm

Dielectric Strength ~15MV/cm

Energy band gap ~9.0eV

Electron band offset with Si ~3.2eV

low interface (Si0,/Si) state density ~lOloeV'lcm'2, after H, passivation

low charge trapping density ~10'°cm™




Metal
GND)

Palysilicon
gate

Source Gate Drain

oxide

nMQS transistor

p-type substrate pMOS transistor

Figure 1 Schematic of a CMOSFET. (after reference 2)




1.1.2. Scaling of the CMOS Device

The scaling of the MOSFET devices to smaller physical dimensions has became the
driving force for the semiconductor industry to meet the market’s demand for greater
functionality and performance of the integrated circuit at a low cost.”® This was the
primary activity of advanced device development almost since the basic technology was
established. By reducing the device dimensions of the integrated circuits, the device
performance can be greatly improved in terms of switch speed.! Meantime, the
manufacturing cost of each device can also be reduced by decreasing the device
dimensions.

The improvement of the device performance can be achieved by scaling the gate
channel length of the MOSFET device structure. The drive current (Ip) of a device
available to switch its load devices increases linearly with the decrease of the physical
channel length, which usually provides an improvement in the circuit speed. This can be
explained by a simple model of an on-state transistor current as, ’

W

ID:r

pC. (Vv

inv: GS ~VpV

T) DS [1]

where W is the effective channel width, L is the effective channel length, p is the carrier
mobility in the channel (assumed constant here), Cj,, is the gate capacitance density with
channel in inversion, Vgs is the gate to source voltages, and Vpg is the drain to source
voltages, and Vr is the threshold voltage. Equation 1 shows Ip will increase linearly with
Vps. Eventually, Ip will saturate when Vps=Vps sa=Vss-Vr and yield 7

2
w oo YesVr)

L inv 2 [2]



Based on this simple model, the drive current of a device increases linearly with the
decrease of the physical channel length. Meanwhile, the gate area of the minimum
MOSFET device will also decrease with the reduction of the gate channel length, which
will reduce the input capacitance and the current required by the load devices to achieve
switching, and thus improve the circuit speed. Therefore, the benefit in device reduction
for the improvement of the device performance is two-fold.

The economic benefit in device reduction is even more straightforward. Since the
semiconductor devices are manufactured by single-wafer or batch processes, packing
more devices onto each wafer can lower the manufacturing cost for each device. In the
semiconductor industry, function cost (dollar/device) is the conventional term used to
describe the manufacturing cost for the semiconductor manufacturer. For decades, a
continuously falling functional cost has been a critical factor in stimulating an ongoing
demand for electronics and semiconductor products worldwide. As the capital investment
and expecting revenue increased, the industry had to expand the total number of
transistors built or the number of transistors per chip to maintain an essentially flat
manufacturing cost per square centimeter of Si wafer area. As a result, the critical
dimensions of CMOS devices decreased from 10-20 um to below the 0.1 um range over
the last half-century of the microelectronic industry development.

Moore observed the number of transistors per integrated circuit increased
exponentially and the integrated circuit density doubled every 18 months; this is now
known as Moore’s law.*” He predicted that this trend would continue. Figure 2 shows the

advancement of the Intel processor. Moore’s law has been successfully maintained for



thirty years, and still holds true today. Semiconductor industry expects that it will

continue at least through the end of this decade.

transistors
MOORE'S LAW 1,000,000,000

100,000,000

| 10,000,000
&

1975 1980 2005

Figure 2 Illustration of Moore’s law. (After reference 9)



1.1.3. Scaling of the Gate Oxide
The scaling down of the device dimensions could not be done randomly. With the
reduction of the gate channel length and gate area, the inversion gate capacitance density

Ciny Will decrease accordingly, as shown in Eq.3,

where ¢ ¢ is the permittivity of the vacuum (8.85x10"*F/cm), k is the dielectric constant
of the gate dielectric material, and t is the physical thickness of the gate dielectric. The
physical thickness of SiO, gate dielectric films should be approximately linearly scaled
down together with the lateral channel dimensions of the CMOS device in order to
maintain the same amount of gate control over the channel.

Figure 3 shows the ratio of gate channel length (Lg) to gate oxide thickness (Tox) was
~45 over the past thirty years.'” A more detailed device scaling requirement was provided
by the International Technology Roadmap for Semiconductors to keep the industry on
Moore’s Law. '' As illustrated in Table II, *'' the equivalent oxide thickness (EOT) of
the gate dielectric material should decrease with the advance of the future generation of
Si-based MOSFET technologies. EOT less than 1.5nm will be required for both the high
performance application devices and low operating power application devices when the

technology node scales down to 70nm, which should be fulfilled in the year 2006.
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(After reference 10)



Table II EOT requirements for the future generation of MOSFET technology > "'

Technology | Production EOT (nm)
High Low Operating
node (nm) Year Performance Power
150 2001 1.3-1.6 2.0-24
130 2002 1.2-1.5 1.8-2.2
107 2003 1.1-1.4 1.6-2.0
920 2004 0.9-14 1.4-1.8
80 2005 0.8-1.3 1.2-1.6
70 2006 0.7-1.2 1.1-1.5
65 2007 0.6-1.1 1.0-1.4
45 2010 0.5-0.8 0.8-1.2
25 2016 0.4-0.5 0.6-1.0
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1.1.4. Problems of Ultra-thin SiO, Gate Dielectric

At this thickness, the conventional thermally grown SiO, gate oxide will approach its
physical thickness limit due to several concerns, as illustrated in Figure 4: exponential
increase in tunneling leakage current with decreasing gate oxide thickness, poor
reliability, undesirable boron diffusion from the polysilicon gate through the oxide, and

high density of defects and poor uniformity of the gate oxide.’

High Direct Tunneling Current

High gate tunneling current is the first concern to use the SiO, gate dielectric in the
sub-100 nm MOSFETs. As the oxide thickness scales down below 1.5 nm, the dominant
conduction mechanism for the leakage current will be a quantum mechanic tunneling
mechanism, or direct tunneling. The direct tunneling gate-to-channel leakage current for
Si0; increases exponentially as the thickness of the SiO, gate oxide decreases as shown
in Figure 5."% For a 1.5 nm thick SiO, layer, the leakage current density will reach
~10A/cm® when the gate voltage is 1V, which will result in excessively high power
consumption. According to the specification from the IRTS, the scaling limit of the SiO,
gate oxide in terms of leakage current should be 2.2-2.5 nm for a low operating power
application and 1.4-1.6 nm for a high performance application.> !

It was reported that transistors with 1.3-1.5 nm thick SiO, gate oxide could still be
used for a high performance application but not for a low power application due to their
high gate leakage current density (1-10 A/cm?). % As the SiO, gate oxide thickness

scaled down below 1.0-1.2 nm, no further improvement in transistor drive current could

. 15-18
be achieved.



L O B #FF B #RF e R FRER LR RN AL
LY \l\l‘ AA AR AL AR A
|.l".f\'\""J\t‘f“‘f""“\'\’"\f "J‘l‘[‘l‘l‘l"‘l~"' [N !‘l‘ll } # !‘J A A AR A

X RARAAN AL AR KA R ARSI

':':':’:':':':':"i':‘:':':'\':‘\‘n' ‘\‘\."\':'\'\ :‘\'\'\'

SN Polysiicon gate electrods /A"
\

A e e e e s sttt bt e Y SRS,

S LR RN

L] A )

N Hred tunneling AR Penelration ol v
; ,o‘ leakaga current f:l:f:!:I:!:J:l:J:}:J:J:!:ﬂ:{:l:f‘l‘!‘l gale dupan ; : :
f J £2.22.40 00 ( # l‘l‘n“l‘!‘!\l\f‘l\f‘f‘l‘t\lf‘l‘r‘!"‘J\f‘!‘r‘i“o"‘&‘&‘l RO a"‘o‘r\I\
N N A A O X AN XN

Ulrathin gate oxjds

\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ W
\ Relabilty for Dm‘wtandunrlommyulrim )

charge Injection }. Dielectric breakdow

\{“;{E?;\\\\\ MK

Figure 4 Concern of ultra-thin SiO, gate oxide. (After reference 5)

11



12

104 L r LI L B B L | | rrrTTTTrTT
10° | NMOSFET Toxide (A)
102 » Measurement

I~ — Simulation

Gate Current Density (A/cm?)

0 1 2 3
Gate Voltage (V)

Figure 5 Measured and simulated gate leakage currents for SiO2 dielectrics. (After

reference 12)



13

Reliability Issue

The reliability aspect is another concern related to the SiO, gate oxide scaling. A
stringent ten year lifetime and less than 0.01% failure rate are required for the CMOS
devices.'” Based on the extrapolations of time-dependent dielectric breakdown stress tests,
a minimum 2.2 nm thick SiO, will be required to satisfy the reliability specifications of
ITRS. However, a 1.6 nm thick SiO, was first reported to have reliability projections at
an operation voltage of 1.6 V for over ten years. *° More recently, a 1.4 nm thick SiO,
was projected to meet the ten year reliability requirement at an operation voltage of 1.4V.
2! Similar conclusions had also been independently reached by several groups.**>* All of
these observations suggest that no intrinsic reliability limitation existed for the SiO; ultra-
thin gate oxide at least down to thicknesses of 1.4 nm. But some extrinsic reliability
factors including contaminations and particles could still reduce to life time of the

MOSFETs with ultra-thin SiO, gate oxides and become a serious reliability concern.

Boron Diffusion from the Poly-Si Gate

Boron in the heavily doped poly-Si gate electrode tends to penetrate through an ultra-
thin SiO, gate oxide upon a high temperature treatment due to the large boron
concentration gradient between the poly-Si gate and the Si channel region. This will lead
to a high boron concentration at the Si channel and then cause an undesirable threshold
voltage shift of the MOSFETs. The electrical characteristics of the devices will become
unpredictable due to boron diffusion. Incorporation of nitrogen into the oxide can reduce
the boron diffusion to a certain extent. But eventually, boron diffusion will be a

significant concern for the practical application of the ultra-thin SiO, gate oxide.
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Material Issues of Ultra-thin SiO;

Some material properties of ultra-thin SiO, such as band gap and band offset may
change with the decreasing SiO, gate oxide thickness. ***” Muller et al. studied 0.7-1.5
nm thick SiO, ultra-thin films on Si by energy loss spectroscopy (EELS), and they found
that a minimum of two monolayer of SiO, would be needed to obtain a full band gap.**
The thickness of a SiO, monolayer is about 3.5-4.0 A, therefore at least a 0.7-0.8 nm
thick SiO, gate oxide will be required to exhibit an insulator property. This thickness will

be the ultimate scaling limit for the SiO, gate oxide.

1.1.5. Silicon Oxynitride Dielectrics

Silicon oxynitride or nitride/oxide stack structures were studied to replace SiO; as the
alternative gate dielectric material. Since silicon nitride (SizNy4) has a higher dielectric
constant (k~7) than SiO,, a thicker film can be used for low gate leakage current, reduced

boron diffusion, and better reliability.”*°

In addition, proper incorporation of nitrogen
(~0.1%) near the Si channel interface may also improve device performance.’' However,
too much nitrogen near the Si channel will degrade the performance of the MOSFETSs
with low carrier mobility and drive current. ** Actually, silicon oxynitride has been used
as a gate dielectric in most advanced high performance technologies. A 1.2 nm thick thin
layer with a reasonable leakage current density may be used for the 70 nm node high
performance technology. But with the further scaling of the gate oxide thickness to less

than 1.0 nm, silicon oxynitride will lose its advantages due to high gate leakage current,

high interface state density, and channel carrier mobility degradation.®® In summary,
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silicon nitride and oxynitride can only provide a near term solution for the CMOS

transistor.

1.1.6. Poly Depletion Effects

Poly-Si gate electrodes have been used for Si based MOSFET structures for over 30
years because it is a self-aligned process. However, poly-Si gate electrodes will form a
depletion layer in the poly-Si near the gate/dielectric interface, especially when the Si
channel is biased to an inversion condition. Poly-Si nearest to the gate dielectric layer
will behave like intrinsic Si and therefore, a corresponding increase of about 5 A
effective oxide thickness will be observed. With the decrease of the gate capacitance in
inversion condition, the drive current will decrease accordingly. The poly depletion
effects will be aggravated with a lower poly-Si doping concentration and a thinner gate

. . 34-36
oxide thickness.
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1.1.7. Quantum Mechanic Effects

Ultra-thin gate oxide may also lead to a quantum mechanical carrier quantization. >’
The decreasing gate oxide thickness and the increasing substrate doping density will
cause a higher transverse electric field in the inversion layer. The sharp bending of the
energy bands will cause a significant quantization of the carriers normal to the oxide/Si
interface. The quantum mechanic effects occur when the carriers are confined in a
narrow potential well. The quantum mechanic effects will cause the conduction and
valence energy bands to split into sub-bands. The effective Si band gap increases slightly
because the lowest sub-band is above the edge of the conduction band, as shown in Fig.6
(a). Due to the formation of the sub-bands, the charge distribution peak is shifted further
from the surface than classical theory predicts, as illustrated in Fig.6 (b). *” Hence, the
centroid of induced charge shift into the Si substrate and a depletion region is formed
near the oxide /Si interface, which is equivalent to adding a capacitor in series with the

gate dielectric layer. About 3-5A EOT increase will be contributed to the quantum

mechanic effects of the Si substrate.’’
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1.2. Alternative High-K Gate Dielectric Materials

As discussed in the previous section, as the channel length of MOSFETs scales down
to sub-70 nm feature size, a corresponding SiO, gate oxide with a thickness less than 1.5
nm will be required. At this thickness, the conventional thermally grown SiO, gate oxide
will approach its physical thickness limit due to three major problems: exponential
increase in tunneling leakage current with decreasing film thickness, poor reliability, and
undesirable boron diffusion from the poly-Si gate through the oxide. According to Eq. 3,
using a new gate dielectric material with a high dielectric constant (k) to replace the SiO,
will allow the use of a physically thicker gate dielectric layer while maintaining the same
control of inversion charge. With a thicker insulating layer, the concern of a high
tunneling current through the gate oxide and other reliability issues may be solved
efficiently. Figure 7 shows that using a 3.0 nm thick high-k gate dielectric layer may
improve the capacitance by 60% and decrease the leakage current density by 2 orders of

magnitude. **
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Equivalent oxide thickness (EOT) is a very important parameter for the alternative
high-k gate dielectric materials. It is defined as the thickness of a SiO, gate oxide layer
that would be required to achieve the same capacitance density as the desired high-k gate
dielectric material. The relation between EOT and the physical thickness of a high-k gate
dielectric material is given as,

EOT = (k Si0, /k high —k )Thigh -k [4]

where ksio is the dielectric constant k value of the SiO, gate oxide, knigh-k is the dielectric
constant k value of the high-k gate dielectric material, and Thign« is the physical thickness
of the high-k gate dielectric material. Further scaling of CMOS device dimensions may
continue if smaller EOT can be achieved by using a thicker high-k dielectric layer.
However, there are many issues related to the incorporation of high-k gate materials into
the traditional CMOS fabrication process. A proper alternative high-k gate dielectric

material has to be found to meet the stringent requirements for the gate dielectric.

1.2.1. Candidates for Alternative High-k Gate Dielectrics

Metal oxides, such as Ta,Os and TiO,, have been extensively studied as candidate
materials due to their large dielectric constant k values, ranging from 20 to 80. But these
oxide systems are not thermodynamically stable in direct contact with Si.** A low-k
interface layer will be formed at an elevated temperature, which will degrade the overall
performance of the high-k gate stack structure.

Al,O3 has also been widely studied as the alternative high-k gate dielectric material
because of its robust material properties such as a high band gap (~9.0 eV), a high

amorphous to crystalline transition temperature (~1000°C), and good thermodynamic
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stability on Si. * But Al,O; has a relatively low dielectric constant k value (~9) and thus
it can only offer a short-term solution for CMOS device scaling. In addition, Al,O; has a
similar reactive ion etch (RIE) characteristic with Si, which makes it very difficult to
integrate into a traditional CMOS fabrication flow.

Some researchers have done a lot of investigation on the group IIIB metal oxides
such as Y,0; and La,0O3 because they have a reasonably high dielectric constant and good

thermodynamic stability on Si.*'™*

The dielectric constant k value of Y,0; is 17 grown
on Si0,. This value decreases to 12 when it is grown on bare Si possibly due to the
growth of low-k interface layers upon high temperature treatment. Chin at el.*' reported a
very low EOT (~4.8 A) can be achieved using a 3.3 nm thick La,O; layers. Low leakage
current density (~10"A/em @ 1.0 V gate bias) and excellent interface state density
(Dir~3x10"%eV"'cm™) were also obtained for these films. However, the pure La is very
volatile and reactive at the exposure to the air and La,O; tends to absorb water vapor
from the air. These material properties require a very rigorous environment control
during the fabrication process. Device reliability is another concern for the practical
application of this material.

Group IVB metal oxides such as HfO, and ZrO, have attracted the most attention as
alternative gate dielectrics. With an excellent thermodynamic stability on Si and
relatively large barrier heights, HfO, and ZrO, were considered as the most promising
alternative high-k gate dielectric material."**** In addition, their silicates also exhibited
excellent dielectric properties and were considered as a short term solution for the

alterative gate dielectric material for one or two generation products.*"
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In addition to materials discussed earlier, many other metal oxides were also
investigated as the candidate high-k gate dielectric materials, including Gd,0O3, Pr,O3 and
etc. ' In spite of the excellent material properties of all of the above material systems, no
material can meet all of the stringent requirements for the alternative gate dielectric

material.

1.2.2. Materials Requirements for High-k Gate Dielectrics
There are a set of material and electrical requirements for a viable alternative high-k
gate dielectric material, ° e.g.
» large energy band gap with high barrier height to Si substrate and metal gate to
reduce the leakage current;
» good thermodynamic stability on Si to prevent the formation of a low-k SiO,
interface;
» high amorphous-to-crystalline transition temperature to maintain a stable
morphology after heat treatment;
» low oxygen diffusion coefficients to control the formation of a thick low-k
interface
> low defect densities in high-k bulk films and at the high-k/Si interface with
negligible CV hysteresis (<30 mV), low fixed charge density (~10'’cm™eV™),
and low high-k/Si interface state density (~10'’cm™eV™);
» high carrier channel mobility (~90% of SiO,/Si system);

» good reliability and a long life time.
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In addition, the new high-k gate dielectric material must be compatible with current
CMOS fabrication process flow and other materials used in the CMOS integrated circuits.
In the following sections, some of the most important requirements for the high-k gate

dielectric material will be introduced.

Energy Band Gap and Barrier Height
It is crucial to use a material with a high dielectric constant k value to replace SiO, as
the gate dielectric material. However, the energy band gap (E,) of a metal oxide is in an

inverse relation to its dielectric constant k value, >

3 2
Eg—20x(2+kj [5]

Figure 8(a) shows a schematic band diagram of a MOS structure and Fig 8(b) shows
the energy band gap and dielectric constant k values of some alternative candidate’s high-
k gate dielectric materials. > Generally, materials with a high-k value have a relatively
small energy band gap as shown in Eq.5. A small energy band gap is usually equivalent
to a small barrier height for the tunneling process.

When electrons travel from gate to Si substrate, the barrier height will be a potential
barrier between the gate and dielectric (®g.); when electrons travel from the Si substrate
to the gate, the barrier height will be conduction band offset of the dielectric layers to Si
(AE.). For an electron direct tunneling conduction mechanism, the leakage current
density through thin gate dielectric will increase exponentially with the decrease of
barrier height.”*> Therefore, a high-k gate dielectric material with a large conduction

band offset to Si will be preferred to avoid an unacceptable high leakage current through
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value of some high-k gate dielectric candidate materials. **
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Table III Band gap, conduction band offset, and valence band offset of some gate

dielectric materials. *®’

Gate Dielectric | Energy Band | Conduction Band | Valence Band

Materials Gap E, (eV) Offset AE. (eV) | Offset AE, (eV)
SiO, 9 3.5 4.4
SizN4 5.3 24 1.8
AL O3 8.8 2.8 4.9
Y,0; 6 2.3 2.6
La,03 4.3 2.3 0.9
Ta,0s 4.5 0.3 3.1
TiO, 3.5 1.2 1.2
HfO, 6 1.5 34
ZrO, 5.8 1.4 33
ZrSiOy 6 1.5 34

the gate dielectric. Simple metal oxides with a conduction band offset less than 1.0 eV
will be inappropriate for the gate dielectric applications with a Si substrate. Robertson et
al. theoretically calculated the energy band gap and band offsets of many candidate high-

k gate dielectric materials, as summarized in the Table III. >*>’

Thermodynamic Stability on Si
If a thin high-k gate dielectric material is not thermodynamically unstable on Si, it
tends to react with Si at an elevated temperature and an interface layer will be formed

between the high-k layer and Si substrate as illustrated in Figure 9.



26

Metal Gate

High-k gate

dielectric layer | | Low-k interface layer

i substrate

Figure 9 High-k gate stack structure with a low k interface between high-k and Si.

This interface layer usually has a similar k value with SiO, and acts as a series
capacitor with the high-k dielectric layer. This low-k interface will play an important role
in the electrical properties of the final high-k gate stack structures. It will set the ultimate
scaling limit for the high-k gate stack structures as shown in the Eq.6,

EOT — 3'9 X Tlow—k

low-k

. 3.9% Ty [6]
k

high—k
where Tiow-k 1S the physical interface layer thickness, kiow-k 1s the k value of the interface
layer, kpignh-k 1s the k value of high-k layer, and Thign« is the physical thickness of the high-
k gate dielectric material. The formation of this low-k interface layer must be minimized
in order to achieve a low EOT. A high-k gate dielectric material with a good

thermodynamic stability on Si should be used. Otherwise, a barrier layer with a high
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dielectric constant k value has to be inserted between the high-k layer and Si to hinder the
formation of a low-k interface layer.

Ternary phase diagrams can be used to predicate the thermodynamic stability of
metal oxide on Si.'”** Figure 10 (a) and (b) shows no direct tie lines between Ta,Os and
Si or between TiO, and Si at ~700°C to 900°C when the thermodynamic equilibrium
state is reached. When Ta,;0Os and TiO; are in direct contact with Si, they tend to phase
separately into SiO, and metal oxide or silicide. The tie lines in the ternary phase diagram
of the Zr-Si-O system suggest both ZrO, and ZrSiO4 can be stable in direct contact with
Si at a high temperature. Based on the similar coordination chemistry between the Hf and
Zr element, the same ternary phase diagram can be expected for the Hf-Si-O system. '
Other independent studies confirmed that both HfO, and Hf silicate can be thermally
stable in direct contact with Si up to a high temperature. °*%

Hubbard and Schlom calculated the Gibb’s free energy governing the relevant
chemical reactions for many high-k candidate materials.*® Their results also indicated that
71O, had a better thermodynamic stability on Si than Ta,Os and TiO,.

It is noted to point out that the phase diagram alone can be misleading about the
interface layer formation. This is because the phase diagram data here are from the
reaction of two stoichiometric materials at an equilibrium state. This may not be true for
the ultra-thin high-k films deposited by CVD or PVD methods, because the films are
formed in a non-equilibrium condition for both cases. The phase diagram can only be

used as a reference for interface reaction in this study.
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Figure 10 Ternary phase diagrams for (a) Ta—Si-O, (b) Ti-Si—O, and (c¢) Zr-Si-O

systems at 700°C to 900°C. (From reference 1, 58-59)
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Amorphous-to-Crystalline Transition Temperature

For the gate dielectric application, high-k gate dielectric materials are preferred to be
amorphous throughout the CMOS fabrication process flow. A polycrystalline gate
dielectric layer will suffer a high leakage current because the grain boundaries of the
polycrystalline films may serve as a leaky path.”** Variance in the grain size and crystal
orientation of the polycrystalline films may also cause a non-uniform dielectric property
within the dielectric films, which will become a reliability concern for the practical
application. Although single crystal oxides may theoretically solve the problems caused
by grain boundaries and provide films with good quality, they can only be grown by a

molecular beam epitaxy (MBE) deposition method. * %

However, it will be a great
challenge to incorporate MBE deposition into the traditional CMOS fabrication process
flow due to the inherent low throughput. In contrast, high quality amorphous high-k gate
dielectrics can be easily deposited by commercial equipment. Amorphous high-k gate
dielectric layers will also offer the reproducible and isotropic dielectric properties.
Almost all metal oxides of interest tend to crystallize either during deposition or after
heat treatment. For traditional CMOS fabrication process flow, above 1000°C heat
treatment will be needed for the source/drain and poly-Si dopant activation after ion
implantation. Therefore, an amorphous-to-crystalline transition temperature above
1000°C will be required. For example, HfO, and ZrO, will crystallize at a very low
temperature (~500°C). °°°” Of all the high-k candidate materials, only Al,Os can stay
amorphous at this temperature. However, Al,O3 does not have a sufficient high dielectric

constant k value. Adding a third element into the simple metal may increase the

amorphous-to-crystalline transition temperature.
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High Quality Interface

Si0,-Si offered the best interface quality (Dj ~10'°eV'cm™) for the Si channel area
of the MOSFETs. A comparable interface quality will be expected between the high-k
gate dielectric and Si. However, almost all high-k materials exhibit one or two orders of
magnitude high interface state density and significant flatband voltage shift AVgg mainly
due to a high fixed charge density. The origin of the high interface defect density is still
under intensive investigation.

Lucovsky et al. ® reported that bonding constrains of the high-k materials may play a
significant role determining high-k/Si interface quality. Experiment results showed that if
the average number of bonds per atom is over 3 for a metal oxide, an over-constrained
high-k/Si interface will form and the Dj; will increase exponentially. Other degradation of
device performance will also be expected, i.e., high leakage current density and low
electron channel mobility. Similarly, a metal oxide with a low coordination number will
form an under-constrained high-k/Si interface, which will also lead to a high interface
state density and poor device performance. In addition, formation of metal silicide at the
interface will also generate unfavorable bonding conditions to the device characteristics.
Ideally, no metal oxide or silicide should be present at or close to the dielectric/Si
interface.

Of all the high-k gate dielectric candidate materials, Ta,Os and TiO; will form an
over-constrained interface with Si. Y,0s and La,O; will form an under-constrained
interface with Si. Only ZrO, and HfO, can meet the requirements of bonding constrains.
However, these two materials have high oxygen diffusivities, which will present another

challenge for the interface thickness control.”
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1.3. Doped TaOy Gate Dielectric

Tantalum pentoxide (Ta,0Os) has been the most widely studied alternative high-k gate
dielectric material due to its high dielectric constant value (~25). In addition to CMOS
devices, it may also be used in other applications, such as optical devices, high density
dynamic random access memory (DRAM), thin-film electroluminescent (TFEL) devices,

. : 1-75
and biological sensors.”"”’

However, Ta;Os has several disadvantages to serve as a high-
k gate dielectric for the Si-based CMOS transistors, including poor thermodynamic
stability with Si, small electron barrier height with the Si conduction band, and low

amorphous-to-crystallization temperature (~650-700°C). 64767

Therefore, pure Ta,0Os
cannot serve as the alternative high-k gate dielectric material for the future generation
CMOS transistors without a barrier interface layer.'

Dielectric properties of the binary metal oxide can be improved by the doping
technique, i.e., adding a third element into the binary metal oxide high-k gate dielectric.®""
82 Ta,0s is a good base material for this purpose because its chemical structure is stable
after adding proper amounts of dopants.* Different types of dopants, e.g., Zr, Ti, Al,
have been added into the Ta;Os and the improvement of dielectric properties, such as
dielectric constant, frequency dissipation factor, and temperature coefficient, had been
reported.®™ In addition, adding a third element into the binary metal oxide may also
improve its amorphous-to-crystallization temperature by distorting the original bond

structure order.™ In this study, the dielectric properties of the sputter-deposited Hf-doped

TaOx high-k gate dielectric were studied by electrical and chemical characterizations.
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1.4. Insertion of Nitride Interface Layer

A high quality high-k/Si interface layer is crucial for high performance CMOS
devices. Both the chemical composition and fabrication process of the bulk high-k
dielectric layer can affect the properties of the high-k/Si interface layer. *"** Although
some promising high-k materials, e.g., HfO, and ZrO,, are theoretically predicted to be
stable in direct contact with Si, a low quality interface layer may still exist after a high
temperature annealing treatment, which will limit the ultimate EOT scalability of the

high-k gate stack structures. " ¥

Therefore, the most challenging issue for
implementing the high-k gate dielectric materials for the MOSFET applications is
engineering the high-k/Si interface layer.

Insertion of a high-quality interface layer between the high-k gate dielectrics and Si
substrate is a possible solution to hinder the formation of a low quality interface layer. A
silicon nitride (Si3Ny4) or oxynitride (SiON) interface layer has been used to reduce the

64,91-92
: It

formation of low quality SiOx between the Ta,Os and Si wafer. was reported that

incorporation of nitrogen into the bulk high-k layer or interface layer would decrease the
oxygen diffusion and therefore minimize the formation of the SiO, interface layer.*” °°™
Since the Si3sN4 and SiON interface layer have a dielectric constant k value greater than
that of SiOy, the overall effective dielectric constant k value will be increased.
Incorporation of the nitrogen into the high-k gate stack structures may also improve its

939 1n addition, the

thermal stability and amorphous-to-crystalline transition temperature.
nitrogen atoms are effective to reduce the leakage current by blocking the electron

transport at the interface and releasing the stress between the stacked layers. However,

the traditional silicon nitride or oxynitride interfacial layer does not have a very high k
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value and therefore, cannot contribute too much to the overall capacitance or dielectric
constant of the stacked high-k gate dielectrics. In this study, a 5 A thin, non-
stoichiometric TaNy interface layer is investigated as the barrier interface layer between

the high-k gate dielectric and Si wafer.

1.5. Metal Gate Electrodes

The major problem of the conventional poly-silicon gate electrode is the depletion of
carriers within the polysilicon in the MOS inversion region, which will result in loss of
current drive and transconductance of the transistor.” This poly-silicon depletion is a
serious problem for sub micron CMOS devices because the active poly-silicon dopant
concentration is low at the poly-silicon/gate oxide interface as a result of shallow
junctions. In addition, the sheet resistance of the poly-silicon increased drastically with
the continuous scaling of the device dimensions, which would limit the MOSFET
circuit’s speed. Boron dopant penetration through the thin gate oxide during the
activation thermal cycle is another problem for the conventional poly-silicon gate
electrode, which leads to a shift of the threshold voltage.'

Repacking the conventional poly-silicon gate electrode with a metal gate electrode
may potentially eliminate all of the limitations of poly-silicon. Using a metal gate
electrode may also minimize the interaction between a high-k gate dielectric and the
poly-Si. In addition, the use of a metal gate electrode may also avoid the high
temperature poly-Si dopant activation annealing and hence lower the overall thermal

budget of the CMOS fabrication flow.”
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However, the integration of a metal gate electrode into the conventional CMOS
fabrication process flow will also impose some serious manufacturing and reliability
challenges because the metal electrodes should have excellent thermal/chemical stability
and process compatibility with high k dielectrics and conventional CMOS processing
sequences.”’ In this study, the TaN, MoN, and WN gate electrodes were thoroughly

evaluated for the integration with the 2.5 nm ALD deposited HfO, high-k dielectric films.

1.6. Outline of the Dissertation

Chapter II will first introduce the equipment setups for the device fabrication process.
Basic theory of sputtering deposition for high-k gate dielectric and metal gate electrodes
will be reviewed in the second part of this chapter. The instrumentation and background
of the physical and chemical characterization methods for high-k gate dielectric and
metal gate electrodes will be discussed in the third part. Finally, the electrical
measurement setups and methodology will be discussed.

Chapter III focuses on the Hf doping effects on the material and electrical properties
of the 10 nm thick Hf-doped TaOy films. Physical and electrical properties of hafnium
(Hf)-doped tantalum oxide thin films were studied. The Hf doping effects on the high-k
gate stack’s structures, composition, thickness, dielectric constant, charges, and leakage
current density were investigated. The Hf dopant affects not only the bulk film but also
the interface layer material and electrical properties. Compared with the un-doped film,
the lightly doped film exhibited improved dielectric properties, such as a higher dielectric
constant, a lower fixed charge density, a large dielectric strength, and a lower leakage

current. The post deposition annealing process, such as the temperature and the time, also
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influence the high-k film’s dielectric properties. In summary, the Hf-doped tantalum
oxide film is a promising high-k gate dielectric material for future metal-oxide-
semiconductor devices.

Chapter IV focuses on the ultra-thin lightly Hf-doped TaOy films. Lightly Hf-doped
tantalum oxide with an equivalent oxide thickness as low as 1.3 nm have been
successfully prepared and studied. The doped film has a bulk layer dielectric constant
greater than 28 and an interface layer dielectric constant greater than 8. The doping
process changed the bulk and the interface layer structures as well as energy band gaps.
The post-deposition annealing atmosphere revealed major impacts on material and
electrical properties. The new high-k material is a viable gate dielectric film for future
metal-oxide semiconductor transistors.

Chapter V discusses the effects of insertion of a TaNy interface layer on the dielectric
properties of the 10 nm thick Hf-doped TaOy films. A 0.5 nm thick tantalum nitride
(TaNy) thin film was deposited between the Hf-doped TaOy high dielectric constant
(high-k) film and silicon wafer to hinder the formation of the SiOx interface layer during
the subsequent high temperature annealing step. This interface contributes to the lower
leakage current density, higher dielectric constant, improved dielectric breakdown
strength, and larger charge trapping. The improvement is attributed to the formation of
the TaOxNy interfacial layer, which was confirmed by secondary ion mass spectroscopy
(SIMS) and X-ray photoelectron spectroscopy (XPS).

Chapter VI will study the TaN, MoN, and WN gate electrodes on the 2.5 nm ALD
deposited HfO, high-k dielectric films. High-k gate dielectrics with appropriate gate

electrodes are critical to future CMOS device performance. Hafnium oxide is one of the
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most promising high-k materials. Since a traditional poly-Si gate has many practical
limits for high-k gate electrode applications, e.g., undesired interface layer formation and
dopant diffusion, other conductive materials are being actively sought for this purpose.
Metal nitrides are possible candidates because they can be easily prepared by a sputtering
method, are usually difficult to react with the adjacent oxide layer, and are good diffusion
barriers for dopants. In this study, the authors investigated the influence of various types
of metal nitride electrodes, i.e., molybdenum nitride (MoN), tungsten nitride (WN), and
tantalum nitride (TaN), on electrical characteristics of MOS capacitors with hafnium
oxide as the gate dielectric material. Dielectric properties, including equivalent oxide
thickness, leakage current, flatband voltage, and interface state density were studied.
Work functions of different gate electrodes were determined. Process parameters, such
as the annealing temperatures were varied to investigate their influence on the capacitor’s
electrical properties. Physical properties of interface and bulk layers were characterized
with EELS, HRTEM, SIMS, and XRD. Metal nitride electrode materials and process
parameters drastically influenced dielectric properties.

Chapter VII summarizes all of the work in this study and draws the conclusions.
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CHAPTER II

EXPERIMENTAL SETUP AND ANALYTICAL METHODS

2.1 Introduction

The first part of this chapter will briefly introduce the equipments used for the MOS
capacitor fabrication. Basic theory related to the plasma and RF sputtering will be
reviewed in the second part. The third part of the chapter will focus on physical and
chemical characterizations of high-k films and metal gate electrodes. The instrumentation
and theories of ellipersometer, time-of-flight secondary ion mass spectroscopy (TOF-
SIMS), electron spectroscopy for chemical analysis (ESCA), X-ray diffraction (XRD),
and high-resolution transmission electron microscopy (HRTEM) will also be reviewed.
The last part of this chapter will introduce the electrical characterization in this study.
Measurement setup and methodology used to extract the important electrical properties of

high-k films and metal gate electrodes will be discussed.

2.2 Experimental Equipments for MOS Capacitors Fabrication
2.2.1. RF Reactive Sputtering Machine

All of the high-k films were deposited by a magnetron radio frequency (13.56MHz)
reactive sputtering machine. Figure 11 is a schematic of the sputtering machine. This
sputtering machine is equipped with three sputtering guns, two RF matching network
boxes, two RF generators, one DC generator, and two mass flow controllers (MFC) to
process gas. A 2-inch diameter metal target can be used for each sputtering gun. Two
metal targets e.g., Ta and Hf, can be used simultaneously to deposit Hf-doped TaOy high-

k films in an Ar/O, mixture ambient. The compositions of the as-deposited films were
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varied by adjusting the sputtering powers for each target. The high-k film thickness was
controlled by deposition time. Al gate electrode and backside Al of the MOS capacitor
were deposited by a DC sputtering deposition in a pure Ar ambient with an Al metal
target. The metal nitride gate electrode, e.g., TaN, MoN, or WN was deposited by a RF
reactive sputtering in an Ar/N, mixture ambient with a Ta, Mo, or W metal target,
respectively. A base pressure of 4x107 Torr can be reached with a turbomolecular pump
and a mechanic backing pump. During the high-k film deposition, the working pressure
in the sputtering chamber was fixed at 5x10~ Torr. The substrate and chamber walls were

kept at room temperature during the sputtering deposition.

2.2.2. Annealing Tube Furnace

After sputtering deposition of high-k gate dielectric films, as-deposited films will go
through a post deposition annealing (PDA) to remove the defects caused by the sputtering
process. A tube furnace was used for this purpose. Figure 12 is the schematic of the
annealing tube furnace in our lab. N, and O, gases were used for the PDA of high-k as-
deposited films. Post metallization annealing (PMA) of the Al gate electrode and back
side Al can also be performed in this tube furnace with a forming gas (N, 90% /H, 10%)
ambient. A 300°C FG annealing of a MOS capacitor may reduce the high-k/Si interface
state density and improve the Ohmic contact for the backside Al. A maximum 1000°C
can be reached for this heating system. A base pressure of 4x107 Torr can be achieved

with a roughing pump. The maximum flow rate for the process gases was 2000sccm.
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2.2.3. Load-Lock Chamber and Heating Chamber

A load-lock chamber was attached to the sputtering chamber to reduce the pumping
down time. The advantage of the load-lock chamber is its small volume and therefore it
can be pumped down to a moderately high vacuum for a short time. The bare Si wafer
can be loaded on the sample holder of the transfer arm. It would take about 15 minutes
for the load-lock chamber to reach a vacuum of 5x10” Torr. Then the samples can be
transferred into the main sputtering chamber through the gate valve between the load-
lock chamber and the main sputtering chamber without breaking the pressure of the main
sputtering chamber. After the sample holder was transferred to the substrate, the transfer
arm would pull back into the load-lock chamber and then the gate valve could be closed.
After the sputtering deposition of the high-k films, the samples could be taken back into
the load-lock chamber for further treatment. Using the load-lock chamber can not only
improve the throughput of our fabrication process but also prevent the contamination of
the main sputtering chamber from exposure to the air during the loading and unloading
steps.

A stainless steel heating chamber was designed and built. An ultra high vacuum
(~1x10™® Torr) may be reached by this heating chamber. A resistive button substrate
heater was used as the heating element in the heating chamber. This substrate heater can
provide a much higher temperature ramp rate (~100°C/min) than the annealing tube
furnace. Three process gases (N,, O, and FG) were connected to the heating chamber.
The gas flow rates of the process gases were controlled via metering valves. The high

vacuum heating chamber can provide an ultra clean annealing ambient. High ramp rate
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substrate heaters may minimize the thermal budget of the annealing process by reducing
the temperature ramp up time.

This heating chamber was connected to a load-lock chamber later to form a multi-
chamber reaction system as illustrated in figure 13. With such a multi-chamber reaction
system, a set of MOS capacitor fabrication procedures may be in-situ accomplished. For
example, once a HF cleaned Si bare wafer was loaded into the load-lock chamber, the
processing steps, such as high-k deposition, PDA, metal gate deposition, and PMA can be
performed without breaking vacuum by transferring the sample back and forth through
the load-lock chamber. Reproducible physical and electrical characteristics of the MOS
capacitors may be expected by minimizing the moisture and contamination due to

exposure to the air.

2.2.4 Photolithography and Shadow Masks

Two methods were used for the metal gate electrode area patterning:
photolithography and shadow masks.

Photolithography is the most common processing step in the mass production of
CMOS fabrication. It can transfer the patterns of the photomasks to the underlying Si
wafer. For a typical integrated circuit fabrication process, more than twenty complete
lithographic steps are required on each wafer. For more complex microelectronic
configurations, about thirty to forty complete sequences of lithography operations will be
necessary. Thus, photolithography processes play a crucial role in the microelectronic

fabrication process.
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In this work, only one mask was needed to fabricate a MOS capacitor with a high-k
gate dielectric layer. Figure 14 is the fabrication process flow chart to define the metal
gate electrode of the MOS capacitor. After the metal gate deposition, the positive photo
resist (AZ 1512 or AZ 3312 Clariant, Somerville, NJ) was spin coated on the metal
surface at 4000 rpm. After 1 minute of 90°C soft baking on a heat plate, the samples were
then exposed to UV light for 15 seconds. A Quintel Q4000 series mask contact aligner
(Quintel Corporation, San Jose, CA) was used for the UV exposure. It is a top and bottom
side contact lithography printer with the video-view split field microscope used for fine
line lithography do to 1 micron or better. The samples were developed in a 66% AZ MIF
300 developer (Clariant, Somerville, NJ) solution for 90 seconds to remove the UV-
exposed photo resist to get a pattern. After 3 minutes of 120°C hard baking on a heat
plate, metal film on the open area was then etched away by wet etchant solutions or
reactive ion etching (RIE). At last, the remaining photo resist was stripped by an acetone
solution followed by deionized (DI) water.

Meanwhile, the metal gate electrode definition can also be accomplished by using a
shadow mask. The shadow mask is a metal sheet with many small holes. The metal gate
electrode area can be easily defined by a direct deposition through the shadow mask put
on the Si wafer. This method is very simple and widely used in the worldwide high-k

gate dielectric and metal gate electrode research to form a MOS capacitor.
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The advantage of using a shadow mask is its easy fabrication procedure and less
environmental concern by avoiding many chemicals used in traditional photolithography
and wet/dry etching processes. In addition, the wet etchants for many new metal gate
materials are still unknown and an RIE dry etching process may generate plasma
damages to the metal gate/high-k gate stack structures, which may introduce some
uncertain factors in determining the film characteristics. However, the shadow mask
cannot be used in the traditional CMOS fabrication process because it doesn’t have
capability for alignment. Therefore, it can only be used in the research stage.

There are some other disadvantages related to using a shadow mask. The metal sheet
of the shadow mask must be very thin to minimize the shadow effect during the film
deposition. But, a very thin metal sheet will easily wrap up in daily handling. A non-
uniformity of gate electrode area may be expected due to the shadow effect and inherent
variance of the hole area of the shadow masks. A measurement of each gate electrode
area before the electrical characterization will be necessary to obtain an accurate result.
This gate area measurement can be performed with a microscope or a Dektak 3 Stylus
Profilometer.

In this study, gate electrode definition methods were chosen depending on the gate
electrode materials. Photolithography and wet etching were used to define the Al gate
electrode. Shadow masks were used to define the metal nitride gate electrodes due to the

difficulty in finding a proper wet etchant solution.
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2.3 Plasma Thin Film Deposition
2.3.1. Plasma Processing Fundamental

Plasma processing has become one of the most important and common chemical
processes in the microelectronics industry. It is involved in almost 50% of traditional
CMOS integrated circuit fabrication processes. Its applications include sputtering, plasma
enhanced chemical vapor deposition (PECVD), plasma etching, ashing, implantation,
surface cleaning/modification, and other rapidly growing areas. The plasma machines
account for a major portion of equipment costs in a state-of-the-art semiconductor fab.

Plasma is the most common form of matter, accounting for more than 99% of the
visible universe. When a matter is heated beyond its gaseous state, some outer shells of
electrons will separate from the atoms. Then the matter will become a mixture of positive
ions and free electrons, which is electrically neutral. Not all atoms have to be ionized to
form plasma. Weakly ionized plasma discharges are used in typical microelectronic
processing. Only a very small portion of atoms are excited or ionized in plasma
processing. For example, the radicals only account for 1.0% of the total plasma, and the
total charged species are usually less than 0.01%.”® The rest of the gas remains as neutral
atoms or molecules. Therefore, plasma is composed of free charged particles, radicals,
atoms, and molecules and fields that exhibit collective effects.

In plasma processing, plasma is usually generated and sustained by a DC or RF
electrical filed. When electrons from an applied electric field randomly collide with
molecules, if the energy of the electrons is high enough to dissociate gas molecules, the
electron energy can be transferred to molecules by elastic collisions. Thus activated

radicals, ions, and neutrals can be produced by the elastic collisions. An optional
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magnetic field can be applied to confine the electrons in the plasma in a desired region to
improve the efficiency. The plasma can be sustained as long as the electric field is
present.gg'99

A simple plasma reactor consists of two parallel-plate electrodes in a chamber under
vacuum. Figure 15 is the schematic of a typical electrically driven plasma diagram in a
parallel-plate electrode.”® When the plasma is driven by an ac signal, the electrons will
move with an electrical field caused by a RF driving voltage and collide with molecules
to generate reactive species in the central region. In the central region, electron flux is the
same as ion flux (n.=n;). The central region is quasineutral and filled with reactive
species. It also produces lights of various wavelengths, which can be utilized for the
analysis of the plasma state. In addition, there is no potential drop across this region;
therefore the bulk plasma is considered a good conductor.

At a high frequency RF excitation, the slow ions near the electrode cannot follow the
voltage change because they are big and sluggish. However, since electrons are light and
energetic, they diffuse quickly and are quickly recombined at the electrode. Thus positive
charge layers (n; >> n.) form near the electrodes. The positive charge layer is called
sheath, which is dark and does not emit light. The net positive charge within the sheaths
leads to sharp potential drops between the bulk plasma and two electrodes, and thus this
positive charge layer is considered as a bad conductor. Since the positive ions are
accelerated through the sheath region, the sharp potential drops are responsible for the ion
bombardment energy on the cathode electrode. The advantage of the plasma processing

lies in the fact that the ionized gas has an electron temperature of above 10,000 K, thus
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the thin film deposition or dry etching processing can be carried out at a low thermal

temperature. In this way, some undesired
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Figure 15 Schematic of an electrically driven plasma state and dc voltage profile in

parallel plate electrodes. (After reference 98)
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reaction or contamination related to high temperature treatment may be eliminated or
minimized. The primary disadvantage of the plasma processing is its tendency to cause
damage and defects due to the high electric field present during the deposition and

etching processes.

2.3.2. Plasma Chemistry

Plasma chemistry deals with the behavior of reactions in a weakly ionized gas
composed of ions, electrons, and free radicals. Reactive species, such as ions, electrons,
radicals, and atoms are produced in the plasma by collisions between electrons and atoms
or molecules. For example, the following electron-gas and gas-gas reactions may occur in
0, plasma.'”

1) Molecular excitation

O, +e—> 0, +¢

2) Molecular dissociation

O, +te >20+¢

3) Atomic ionization

O+e—>0"+2¢

4) Molecular ionization

Oy +e — 0, +2¢

5) Atomic excitation

O+e—>0*+e

6) Dissociative attachment

O, —>0+0
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7) Dissociative ionization

Oyt >0+0 " +2¢"

Where, O* and O,* are the excited species. The reactive species generated in O,
plasma are O, Oy*, O', O, and O, ". The major neutral species are atomic O and
molecular O,. The main ions are O and O,".2" 2% °f Wuho The above reactions are
simplified reaction conduct models. The exact mechanism of the plasma chemistry is

very complex and is still not clear.

2.3.3. DC Sputtering

DC sputtering was used to deposit Al gate electrodes and backside Al in a pure Ar
ambient in this study. Figure 16 is the schematic of a DC sputtering system and DC
exited glow discharge. The electrons flow between the electrodes with a DC electrical
field. These electrons collide with the Ar gas molecules to ionize the Ar to Ar’. Then
both Ar" and electrons will accelerate under the electrical field to enter into collisions
with more neutral Ar molecules, which will lead to an avalanche multiplication effect.
The electrical field density, Ar gas pressure, and the electrode’s distance will determine
the magnitude of the avalanche multiplication effect. Figure 16 (a) shows the Ar" ion
moves toward the cathode and bombards the target on the cathode, knocking out the
surface material by momentum transfer. The secondary electrons emitted from the target
make more ionizing collisions with the neutral Ar molecules, sustaining the glow
discharge.

Figure 16 (b) shows the nature of a DC glow discharge.”” Crook’s dark space is the

most important region because almost all of the voltage drops in the vicinity of the
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cathode. Both Ar" ions and electrons are accelerated in the crook’s dark space, resulting
in a high-energy Ar’ ion bombardment to the target. A dark space also exits near the
anode, but it is very thin and it is a relatively field-free region. The bright negative glow
fills the most space between the two electrodes. The positive column and the Faraday
dark space are not required for the DC discharge for normal operation. When two
electrodes get close, the Crook’s dark space and negative glow will not be affected, but
the positive column and the Faraday dark space will shrink. The basic principle of the DC
glow discharge may also be extended to the RF excited glow discharge.

In addition, the polarity of the DC sputtering system can be reversed to etch the
substrate prior to film deposition, which is known as the back-sputtering process. The
back-sputtering process has the capability for in situ cleaning of the substrate. For
example, this technique can be used to etch away the native oxide on the Si substrate
before the high-k deposition. However, since this back-sputtering process may damage
the crystalline structure of the Si substrate and induce an undesired interface layer, only

dilute HF solution was used to remove the native oxide on the Si substrate.
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2.3.4. RF Reactive Sputtering

DC sputtering is mainly used to deposit conducting targets. It is not appropriate for
insulating materials because the positive charges will build up on the cathode (target). In
order to deposit insulator like high-k gate dielectrics, RF sputtering is usually used. In the
RF sputtering technology, a high frequency (13.56 MHz) alternating voltage power
supply is used, so that the charge build-up on the sputtering target can be avoided because
ions and electrons alternately bombard the target. Since the RF sputtering makes more

efficient use of the electron impact ionization, a low working pressure (~1 mTorr) may be
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used, which may reduce the scattering of material sputtered from the target and improve
the sputtering yield.

Figure 17 is the schematic of a RF sputtering system configuration. For a RF
sputtering system with a blocking capacitor, the potential drop near the electrode depends
on the electrode gate area. For example, the potential drops at electrode 1, V1, and at

electrode 2, V2 are inversely related to the surface areas of A; and A,, as below:

v,) (A))
Hm .

where n = 4 for the ideal system. Experimental results suggest the typical values for N are
between 1 and 2.”® Therefore, in order to minimize the sputtering of substrates and
chamber walls during the alternating RF signals, the target is much smaller than the
substrate and chamber wall to ensure a large potential drop and electrical field near the

sputtering targets.
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For reactive sputtering, a second process gas, i.e., O, or Ny, in addition to Ar has to be
introduced into the chamber, whose dissociation products chemically react with the target.
RF reactive sputtering is widely used to deposit oxide and nitride, as well as carbide and
silicide. Although, oxide and nitride can be directly used as sputtering targets, they are
not mechanically robust enough to handle a high-power flux without cracking; hence
metal targets are commonly used in reactive sputtering for high deposition rate and
controllable film stoichiometry. In this study, both high-k gate dielectric layers and metal
nitride gate electrodes are deposited by a RF reactive sputtering method using metallic
targets in an Ar/O, and Ar/N, ambient, respectively.

In RF reactive sputtering, chemical reactions may occur at both target and substrates
depending on the operation conditions. There are two operation modes for reactive
sputtering using metal targets: metallic mode and cover mode. If high Ar flux and low
reactive gas flux are used, the target remains metallic during the deposition, which is
called metallic mode. If low Ar flux and high reactive gas flux are used, the target is
covered by compound during the deposition, which is called cover mode. A higher
deposition rate can be achieved for the metallic mode operation. Fixing the Ar flux and
varying the reactive gas flux, a hysteresis can be observed for transitions between the
covered modes to metallic modes. For example, the transition flux for decreasing the flux
to pass from the covered to metallic mode is lower than the transition flux for increasing
the flux to pass from the metallic to covered mode. A switch between high and low
deposition rate mode will occur at the hysteresis region for a sputtering machine in the
absence of a feedback control system, which is undesirable in the practical processing

.98
operation.



57

In this study, the Hf-doped TaOy high-k gate dielectric films were deposited in cover
mode RF reactive sputtering operation to ensure better stoichiometry and film uniformity;
the metal nitride gate electrodes, such as TaN, MoN, and WN, were deposited in metallic

mode RF reactive sputtering operation for a high deposition rate.

2.4 Physical and Chemical Characterization

The high-k film thickness and refractive index (RI) were measured with a single
wavelength (632.8nm) ellipsometer (Rudolph 11000). The physical thicknesses of various
metal gate electrodes, such as Al, TaN, MoN, and WN, were estimated with a
profilometer (Veeco Dektak stylus). Other physical and chemical properties of Hf-doped
TaOy high-k film and various metal gate electrodes were probed with various advanced
analytical tools. A time of flight secondary ion mass spectroscopy (ToF-SIMS) was used
to determine the element depth profile. Electron spectroscopy for chemical analysis
(ESCA, Kratos Axis His 165), or known as X-ray photoelectron spectroscopy (XPS), was
performed to analyze the chemical bonding structure and elemental composition in the
high-k stack structure. X-ray diffractometry (XRD, Bruker D8) was used to investigate
the crystallinity of the metal gate electrodes. High-resolution transmission electron
microscopy (HRTEM) was used to study the interface formation. Theoretical background

and instrumentation of these techniques will be briefly reviewed in the following sections.

2.4.1. Ellipsometer

An ellipsometer can be used to measure the refractive index and the thickness of

semi-transparent thin films. It can be used to measure a film with thickness ranging from
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2 nm to several micrometers. The principal of this instrument is to measure and simulate
the changes in the polarization state of a light beam reflected from transparent layers,
such as a dielectric layer. When a light transmits through a dielectric layer, the phase of
the incoming wave will depend on the refractive index of the dielectric material. Figure
18 is the schematic of the ellipersometer equipment and its reflection model.

As shown in figure 18, an ellipsometer is made up of a laser source (632.8 nm He/Ne
laser for Rudolph 11000), a polarizer, a quarter wave plate, a detector, and an analyzer.'"'
The quarter wave plate can provide a state of polarization which can be varied from
linearly polarized light to elliptically polarized light by varying the angle of the polarizer.
After the layer beam is reflected from the high-k dielectric layer, it will be analyzed with
the analyzer. The detail calculation procedures and principal of this instrument can be

101
found elsewhere.

It is noteworthy to point out that using an ellipsometer to measure the
high-k film thickness is a fast and nondestructive method, which is its major advantage.

The measured film thickness can be confirmed with the HRTEM result.
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Figure 18 Schematic of an ellipsometer system and light reflection model. (After

reference 101)
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2.4.2. Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS)

Time of flight secondary ion mass spectrometry (ToF-SIMS) is a very powerful and
versatile analytical technique for semiconductor characterization. It is the most sensitive
beam technique, with the detection limits for element even in the ppm range (10"-10"
cm™). The lateral resolution of SIMS is typically between 0.5 to 100 um and the depth
resolution can be as small as 5 nm. It is capable of detecting all elements as well as

isotopes and molecular species.

Figure 19 is a schematic illustration of the ToF-SIMS system.'® Primary ions, such
as Ar+, O,", Cs', or Ga" with energy of 5-20 keV, bombard the sample surface to cause
the secondary elemental or cluster ions to emit from the surface. The secondary ions then
fly toward the mass spectrometer with the same kinetic energy. Ions with lower mass
have higher flight velocity than those with higher mass. Thus they will reach the
secondary-ion detector earlier. As a result, the mass separation is obtained in the flight
time from the sample surface to the detector. The flight time (tf) of various ions are

measured and related to the mass to charge (m/q) ratio as follows:

2Vt,’
== 8]
q L

where L is the flight distance from the sample to the detector, and V is the potential drop.

Since the m/q is solely a function of the t;, fragments with different mass can be

identified.



61

lon Beam

O
detector
Mass Filter
Mass
© Spectrometer
Primary lons O

O Secondary lons

Figure 19 ToF-SIMS system schematic.'™



62

SIMS can provide quantitative depth profiling information of various elements or ion
clusters by converting secondary ion yield to density. Many factors, such as sputter yield,
ionization efficiency, atomic fraction of ions and primary ion beam current, have been
known for the conversion of signal intensity to density. However, some of these factors
are poorly known and some assumptions have to be made for calculation, which present a
formidable challenge for a successful quantitative SIMS analysis. Accurate quantitative
SIMS can only be successfully used to measure the ion-implanted dopants depth profiling
by using standards with composition and matrices identical or similar to the unknown
samples. For current research of high-k gate dielectrics and metal gates, qualitative SIMS
measurements are widely used due to the absence of standards.

In this study, ToF-SIMS was used to investigate the elemental depth profile
information of various metal gate electrodes and high-k gate dielectric films. Other
information including the interface composition and impurity level can also be studied by
this technique. The time to sputtering depth conversion was made by measuring the
sputtering crater depth afterwards. However, interpretation of the depth profiling
information should be done very carefully due to some inherent weaknesses of this
technique, including matrix effects, molecular interference, and depth intermixing as a

result of the sputtering process.

2.4.3. X-ray Photoelectron Spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS), also commonly known as Electron
Spectroscopy for Chemical Analysis (ESCA), is a most widely used analysis technique to

investigate the chemical bonding structure and composition of the constituent elements.
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All other elements in the periodic table can be analyzed by XPS, except for hydrogen and
helium.

Figure 20 shows the electronic process of XPS electron emission and a XPS
measurement schematic. When the sample surface is irradiated with an X-ray, the
electrons of the core levels can be ejected from the sample. The electrons can be emitted
from all of the levels as long as the photon energy is larger than the electron binding
energy, which is known as the photoelectron effect. The kinetic energy Ex of the electron
is measured and related to the binding energy Eg as in the following,

Eg=hv-Ex-® [9]
where hv is the primary X-ray energy and @ is the work function of the spectrometer.
Monochromatic Al (Ko =1486.6 e¢V) and Mg (Koa=1256.6eV) X-ray sources are
commonly used in the XPS instrument to achieve narrow X-ray line widths. A work
function between 3 to 4 eV is widely used for spectrometer.

The binding energy of an element is mainly affected by its chemical bonding
environment and thus the chemical state of the element can be determined. The primary
application of the XPS is to identify the compound from the binding energy shift as a
result of chemical structure changes of the sample atoms. The compounds and elements
are identified from the binding energy peaks of the XPS peaks location. The mass and
atomic ratios of different elements are calculated for the peak heights and area of the XPS
spectrum.

The lateral resolution of XPS analysis is about 1 cm” due to the difficulty in focusing
the X-ray. Efforts have been made to reduce this area and a spot size of 10 um can be

analyzed with the state-of-the-art instrument. Another disadvantage of the XPS lies in its
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3 or 0.1% atomic

relatively low sensitivity. A minimum solid density of 5x10" cm’
concentration will be required for a compound or element to be detected.

In this study, an Axis Ultra XPS instrument (Kratos Analytical Inc. Chestnut Ridge,
NY) equipped with a monochromatic Al Ka (1486.6 eV) X-ray source was used to
investigate the chemical bonding state of various Hf-doped TaOy high-k films and their
interface layers. The carbon C 1s emission at 284.6 eV was used as a reference to correct
the charging effect.

Since XPS is a surface sensitive analytical technique, the detection depth is governed
by the escape electron mean free path, which is between 0.5 to 5.0nm. For samples
thicker than this mean free path, depth profiling by inert ion beam sputtering may be used
to acquire the chemical state information at the high-k/ Si interface. This technique was
successful in identifying the chemical structure of the TaN interface after a high
temperature O, PDA. For samples with thicknesses below 5.0 nm, angle resolved XPS
(ARXPS) can be used to differentiate the chemical bonding states between bulk high-k
film and high-k/Si interface. By tilting the sample position, the detection depth of XPS
analysis will vary with the angle between the sample surface and the trajectory of the
emitted photo-electron.

In addition, the Ols energy loss spectroscopy can also be extracted from the XPS
spectra. The energy band gap (E ;) of the doped and un-doped metal oxide can be
calculated from the O1s energy loss spectroscopy. ' Since the valence band offset (AE
v) of metal oxide to Si can also be calculated from the valence band spectra of the XPS

analysis, the conduction band offset (AE c) can be calculated as following, '**

AE.=E,-AE,-11 [10]
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2.4.4. High Resolution Transmission Electron Microscopy (HRTEM)

High Resolution Transmission Electron Microscopy (HRTEM) is a very important
analytical tool used to study atomic-size level structure information. It has been widely
used in the semiconductor characterization to analyze the interfaces, including oxide-
semiconductors, metal-semiconductors, and semiconductor-semiconductors. The primary
advantage of the HRTEM is its extremely high resolution (~0.15nm), which is mainly
attributed to the short wave length of the electron. However, HRTEM suffers a limited
depth resolution and thus requires a sample thickness less than 100nm to be transplanted
to electrons. The sample preparation for HRTEM analysis is a tedious and time-
consuming process, which makes this technique very slow and expensive.

Figure 21 is a schematic of a HRTEM system.'® Electrons from an electron gun are
accelerated to about 100-400 kV and then focused on the sample by two condenser lenses.
A diffraction pattern in the back focal plane and a magnified image in the image plane is
formed by the transmitted and forward scattered electrons. The structural information can
be obtained with the formation of this diffraction pattern. There are three TEM imaging
modes: bright-field, dark-field, and high-resolution. The TEM image contrast mainly
depends on the scattering and diffraction of electrons. Transmitted electrons form bright-
field images and diffracted beams form dark-field images. Parameters such as mass
contrast, thickness contrast, diffraction contrast, and phase contrast will affect the image

104
contrast.
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Electron energy loss spectroscopy (EELS) is usually used in association with
HRTEM to analyze the distribution of electron energies for electrons transmitted through
the sample. EELS was also used in this study to provide microanalytical and structural
information of the metal gate/high-k stack structure by using a high-resolution electron

beam.

2.4.5. X-ray Diffraction (XRD)

X-ray Diffraction (XRD) is a very powerful non-destructive technique for material
characterization. It can come up with information on structures, phases, and preferred
crystal orientations as well as other structural parameters including average grain size,
crystallinity, and crystal defects. XRD is widely used in high-k gate dielectric research to
determine the morphology of high-k films and determine the amorphous-to-crystalline
transition temperature of various high-k materials after thermal treatment. It is also used
to determine the crystal structures of different metal gate electrodes.

A monochromatic CuK,, X-ray (A = 1.5418 A) source is most commonly used for the
XRD equipments. Figure 22 is the schematic of X-ray diffraction.'” ' The X-ray beam
impinges on the sample surface with an incident angle 6. X-ray diffraction peaks are
observed if a constructive interference is formed between two reflected X-ray beams by
the parallel crystal plains. The peak intensities are determined by the atomic decoration
within the lattice planes. Hence, the X-ray diffraction pattern can be used to determine
the periodic atomic arrangements in a given material. Standard database for X-ray

powder diffraction pattern is essential for quick phase identification for a large variety of
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crystalline samples. The crystal spacing can be related to the incident angle 6 by Bragg’s
law as following, '*°

nA = 2d sin0 [11]

where d is the spacing distance between two parallel planes, n is an integer, and
A=1.5418 A is the fixed wave length of the CuK,, X-ray source. In addition, the averaged
crystallite (grain) size can also be estimated from the peak location and width
(FWHM).'%

In this study, the crystal structures of various metal nitride gate electrodes after
different thermal treatments were determined by XRD. The XRD analysis was performed
on a Bruker D8 Powder X-ray diffractometer, equipped with CuK,, radiation, a diffracted

beam graphite monochromater to cut the Kg component, and a scintillation detector.

2.5 Electrical Characterization
2.5.1. Measurement Setup

In order to obtain the electrical properties of the high-k gate dielectric films and metal
nitride gate electrodes, Capacitance-Voltage (C-V) and Current-Voltage (I-V)
measurements were performed. An HP 4284A LCR meter was used for high-frequency
C-V measurement. An HP 4140B pico-ampere meter or an HP 4155C semiconductor
parameter analyzer was used for I-V measurement. A Labview 6°-program (National
Instruments) was used to control the measurements and record the results.

The measurement equipment setup for the C-V and I-V measurements is very
important to obtain accurate measurement results. Since small gate electrode areas (10°-

10 cm?) are usually used for the MOS capacitors, only very weak electrical signals can
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be detected, e.g., the capacitance value was in a range of 10-100 pF and the leakage
current value was in a range of 10-100 pA. Therefore, the probe station (Signatone S-
1160) together with its wiring was encapsulated inside a light-proof Al-made black box
to ensure a completely dark environment for measurement. The black box was
electrically grounded to shield against environmental from exterior interferences, such as
electrical noises, light, heat, and vibration. A dry ambient should be ensured inside the
black box because the moisture may induce a high leakage current.

In addition, the cabling, cable routing, and the measurement chuck should also be
carefully connected. A tri-axial gold-plated hot chuck, co-axial and tri-axial cables were
connected with the probe station to improve the sensitivity of the electrical measurements.

Figure 23 is the simple schematic for the C-V and I-V equipments setup.

2.5.2 Capacitance-Voltage (C-V) Measurement

The Capacitance-Voltage (C-V) technique is the most commonly used tool for the
electrical characterization of high-k gate dielectrics and metal gate electrodes. Many
important electrical properties of high-k gate dielectrics, including dielectric constant,
EOT, flatband voltage, fixed charges, bulk charges, and interface state density can be
extracted from the high frequency (HF) C-V measurement. The work function of the
metal gate electrodes can also be calculated from the C-V measurement by plotting the
flatband voltage and EOT of MOS capacitors with various thicknesses. The inversion
capacitance can provide the information of the Si substrate doping concentration. In
addition, carrier generation recombination lifetime can also be extracted by using C-t data.

All of these electrical properties from the C-V measurement may provide critical device
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and process information for high-k and metal gate research. The exact methods to extract
these electrical properties from C-V measurement have been explained in later
discussions.

In this study, an HP 4284 A precision LCR meter was used for the C-V measurement.
During the C-V measurement, a small sinusoidal AC drive signal is superimposed on a
linear DC voltage ramp to sweep over the bias range from accumulation region to
inversion region. The frequency of this sinusoidal AC voltage can be varying from 20 Hz
to 1 MHz. A high frequency (above 100 KHz) CV curve is commonly used. Capacitance,
conductance, and impedance values can be determined by selecting an appropriate
equivalent circuit model for the device being characterized. For example, a parallel mode
can be used to measure the differential capacitance (Cgir) and the conductance (G) at the
same time. Then, the impedance (Z) can be calculated based on Cgirand the G.

The HP 4284A precision LCR meter applies the high-frequency drive signal through
the metal gate electrode via probe needle. The measurement signal is picked up through
the backside of the substrate, via the gold-plated chuck. The gold-plated chuck should be
electrically floating to avoid diverting the drive signal to the ground. It should be noted
that the polarity of the measurement is reversed—the drive signal is applied to the
substrate, and the signal is measured at the gate via the probe needle —the additional
capacitance of the chuck on which the substrate rests will complicate the interpretation of
the measurement data. Besides, the chuck itself will act as an antenna, which may pick up
noise from the environment.

During a C-V measurement of the MOS capacitor, small-signal AC may lose energy

due to the presence of series resistance. Serious resistance can cause errors in the
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extraction of the right capacitance and EOT values from a C-V curve, especially for ultra-
thin SiO, and high-k dielectric layers. Series resistance is caused from several sources,
such as the contact between the probe needle and gate electrode, native oxide on the
metal gate, the contact between the Si to chuck, resistance of the bulk Si substrate, and
non-uniform doping distribution of the bulk Si. Efforts have been made to minimize the
series resistance. For example, a backside Al can be deposited after removing the
backside SiO, with a buffer HF solution to improve the contact between the Si substrate
to the gold-plated chuck. A high doping concentration Si wafer can be used to reduce the
bulk Si substrate resistance. In addition, the effect of the series resistance can be greatly
reduced if the C-V measurement is performed at a low frequency. Despite all of these
efforts, it is almost impossible to completely get rid of the series resistance effects on the
C-V measurement. A series resistance correction is necessary before extracting any
useful information from the C-V curves.

A general approach of series resistance measurement and correction has been
proposed by Nicollian et al. >> When the MOS capacitor is biased in an accumulation
condition, the series resistance (R) can be calculated by the following relation, >

Gma
R =G T’ 2]

where Cp, is the measured accumulation capacitance, G, is the measured accumulation
conductance, and o is the angular frequency. The corrected capacitance (C.) and the
corrected conductance (G;) can be determined with the calculated Ry by the following

relations, 5
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G2 +02ct)c
c =-—~n m-__m [13]

c a2 +m2C2

G2 +02c? )
m

G =—>~n m [14]
C 22+ w2c2
m

a=G,, —(G, +o'C})R, [15]

where Cp, is the measured capacitance of the C-V curve of interest and Gy, is the
measured conductance across the terminals of the MOS capacitors. Hence, the real oxide
capacitance (Cox) of the MOS capacitor can be calculated from Eq.13 knowing Cpna, Gua,

and R..

2.5.3 Current-Voltage (I-V) Measurement

Current-Voltage (I-V) Measurement is another important electrical characterization
method. An HP 4140B pico-ampere meter or an HP 4155C semiconductor parameter
analyzer was used in this study. They are mainly used to measure the leakage current
density and the conduction mechanism of the MOS capacitors with a high-k gate
dielectric layer. In addition, they can also be used for some reliability characterization of
the high-k gate dielectrics and metal gate electrodes, including time-dependent dielectric
breakdown (TDDB), charge to breakdown (QBD), and stress-induced leakage Current
(SILC). The HP 4155C semiconductor parameter analyzer can also be used for
quasistatic C-V measurement.

During the I-V measurement, a ramped or stepwise DC bias is applied on the top gate
electrode of an MOS capacitor via the probe needle. The probe needle will serve as both

the DC bias source and current signal detector. For the HP 4140B pico-ampere meter, a
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HP 16053A connection selector is needed to connect the guard ring of the triaxial cable
on the current meter to the voltage source because it has a separate voltage source (V)
and current meter (I). For the HP 4155C semiconductor analyzer, no additional connector
is needed since the source/monitor unit (SMU) configuration of the voltage/current
source already has this ability.

If a ramped DC bias is used, measured current may be contributed from tow
components, leakage current and displacement current. A slow ramp DC bias, e.g., 0.01
V/second, should be used to minimize the displacement current component, especially
when the leakage current is very small. If a stepwise DC bias is used, a relatively long
delay time, e.g., 1-2 seconds, is preferred for the same purpose. However, if the delay
time is too long, the DC bias will serve as a constant voltage stress, causing an excessive

high leakage current due to electron trapping.
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CHAPTER III
DIELECTRIC PROPERTIES OF 10 NM-THICK HAFNIUM-DOPED

TANTALUM OXIDE GATE DIELECTRICS

3.1 Introduction

As the channel length of MOSFETSs scales down to sub 70 nm feature size, the SiO,
gate oxide thickness needs to be reduced accordingly, e.g., less than 1.5 nm."" At this
thickness, the SiO, layer shows some problems, such as a high leakage current, poor
reliability, and undesirable boron diffusion from the polysilicon gate.” >* When a gate
dielectric material with a high dielectric constant (k) is used to replace SiO,, many of the
problems can be solved because a physically thicker layer can be used.

Many binary metal oxides, such as Ta,Os, HfO,, ZrO,, Y,0;, and ALO;, are
considered promising candidates and are under extensive investigation. All of these
materials have many advantages as a high-k gate dielectric, but very few materials can
meet all of the requirements of gate dielectrics. For example, Ta,Os has been widely
studied as an alternate high-k gate dielectric because it has a high dielectric constant (~25)
and has been used as a dielectric material in high-density dynamic random access
memory (DRAM). But Ta;Os is not thermodynamically stable in direct contact with
silicon and it will react with the silicon substrate to form a low-k interface layer at a
raised temperature.” Since this interface layer has a k value lower than that of the bulk
high-k dielectric films, it can drastically reduce the effectiveness of the high-k dielectric
films. In addition, Ta;Os has a relatively small band gap (4.4eV) and electron offset
(0.3eV) with respect to the Si conduction band, which may lead to a high leakage

1,56

current. ° Meanwhile, it was reported that HfO, has good thermodynamic stability on
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top of silicon and a high-k value (~25).*% '07-1%

It also has a relatively wide band gap
(~6.0eV) and a high electron offset (1.5eV). * However, HfO, crystallizes at a relatively
low temperature e.g., ~400°C -500°C for thick films'® and ~700°C for thin
films''®, which will dramatically increase the leakage current and cause other reliability
problems of uniformity and surface morphology during a conventional CMOS fabrication
process flow.

To improve the dielectric properties of the simple metal oxides, the doping technique,
i.e., adding a third element into the binary oxide high-k gate dielectric, had been studied
by many researchers. This could potentially combine the desirable properties from
individual oxides while eliminating or reducing the undesirable properties of end member
oxides. It has been reported that Ta,Os is a good base oxide for the doping technique
because its structure does not change significantly with the addition of another oxide.*>™
Many studies have been done to improve Ta,Os-based alloy oxide systems. Ti, Al, and Zr
have been used as dopemts.%'85 11 Ta,Os-based nanolaminate structures with ZrO,, HfO,,
and AlL,O; were also investigated by many researchers.”* ''>!1* All of these studies
proved that the dielectric properties of Ta,Os could be improved with the doping process.
Moreover, it was observed that by adding a third element into the binary metal oxide, the
amorphous to polycrystalline temperature would increase, which could lower the leakage

current of the high-k films.'"

In this study, the physical and electrical properties of
various Hf-doped TaOy films were investigated for the application of alternative high-k

gate dielectric material.
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3.2 Experimental

All of the Hf-doped TaOy thin films were deposited on p-type (100) silicon wafers
(doping concentration of 10'*-10">cm™) by co-sputtering from separate Hf and Ta targets
using two 13.56 MHz RF generators for sputtering. The sputtering was done in a 1:1
Ar/O; gas mixture with a total flow rate of 40sccm at SmTorr and room temperature. The
Si wafer was pre-cleaned with a dilute HF solution to remove the native oxide. Before
film deposition, both targets were pre-sputtered with Ar to remove any possible
contamination. The Ta sputtering power was fixed at 100 W and the Hf sputtering power
was varied between 20 W and 180 W. In addition, un-doped TaOx and HfOy films were
also deposited at 100 W to serve as references. The film’s physical thickness was
controlled at about 10 nm by adjusting the deposition time. During deposition, the
substrate holder was rotated at 20 rpm to ensure the film uniformity. A post deposition
annealing (PDA) step was carried out in a quartz tube furnace under the O, 200 Torr
atmosphere at 600°C for 60 minutes or 700°C for 10 minutes.

After the PDA step, an aluminum (Al) film was sputter-deposited on top of the high-k
layer. The Al gate electrode (with an area of 0.00125 cm®) was defined with a mask
aligner and wet etched with a mixture of H;PO,4, HNO;, CH;COOH, and H,0O. Another
2000 A Al was deposited on the backside of the silicon wafer for better contact. The
complete MOS capacitors were treated with a post-metal annealing (PMA) step under the
forming gas (N2:H>=9:1) ambient at 300°C for 30 minutes.

The film’s refractive index and thickness were determined by a Rudolph 11000
ellipsometer with a fixed wavelength of 638.2nm. All films in this study had a refractive

index between 1.9 and 2.1. X-ray photoelectron spectroscopy (XPS) with an Al Ko X-
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ray (hv=1486.6eV) monochromatic X-ray source was used to study the chemical
composition and bond structure of the high-k films. All of the peaks were corrected with
the charging factor using C 1s at 284.6 eV as the reference. A time-of-flight secondary
ion mass spectroscopy (ToF-SIMS) was also used to assess the stacked film composition.
The film was sputtered with gallium at 2 keV at an angle of 70°. The interface layer
thickness between the high-k film and the Si substrate was determined by high-resolution
transmission electron microscopy (HRTEM).

Electrical properties, such as dielectric constant, flat-band voltage, fixed charge
density, hysteresis, and interface state density were extracted from the capacitor’s
capacitance-voltage (C-V) curve in the accumulation region, which was measured with a
HP 4284A Precision LCR Meter. The leakage current density and breakdown strength
were determined from the current-voltage (I-V) curve, which was measured with a HP

4140B pico-Ampere Meter.

3.3 Hf Doping Effects on Chemical and Physical Properties
3.3.1. Influence of Hf Dopant Concentration on Bulk High-k Film Material

Properties

Figure 24 shows the Hf/ (Hf+Ta) atomic ratio as a function of Hf co-sputtering power
with the Ta sputtering power fixed at 100W. The ratios were determined by XPS. The Hf/
(Hf+Ta) atomic ratio increases monotonically with the increase of the Hf co-sputtering
power, but the relationship is not linear. This figure clearly shows that the Hf doping
concentration in the films can be adjusted by varying the Hf co-sputtering power. In later

discussions, the Hf co-sputtering power will be used to represent the dopant conditions.
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For example, Hf (20W)-TaO means the film deposited with Hf 20W co-sputtering power,

which corresponds to a Hf/ (Hf+Ta) ratio of 0.25.
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Figure 24 Atomic Hf/ (Hf+Ta) ratio of various Hf-doped TaOy films as a function of Hf
co-sputtering power. During the deposition, the Ta sputtering power was fixed at 100 W

and the Hf sputtering power was varied from 20 W to 180 W.
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Figure 25 shows the normalized XPS Ta 4f and Hf 4f spectra of un-doped and Hf-
doped TaOx films after 700°C O, PDA. All XPS spectra are well fitted with a single spin-
orbit split voigt function pair. The least-squares method analysis of Hf 4f and Ta 4f XPS
spectra indicated that neither Hf nor Ta sub oxides were formed in these films. Therefore,
the doped film is a mixture of fully oxidized Ta,Os and HfO,. For the un-doped TaOy
film, the binding energy of Ta 4f;,, peak is 26.7¢V. For the Hf (20W)-doped TaOx film,
the Ta 417, peak shifts to a low binding energy of 26.3eV. For the Hf (180w)-doped TaOy
films, the Ta 4f7, peak shifts to an even lower binding energy of 26.2 eV. Fig.2 (b) shows
that the Hf 417, peak in the Hf (20W)-doped TaOy film has a higher binding energy than
the un-doped HfOy films, i.e., 17.1 eV vs. 16.7 eV. However, the Hf 4f;, core level
binding energy decreases with the increase of Hf content, e.g., 16.9 eV at the Hf co-
sputtering power of 180W. A similar trend has been observed on the 600°C O, annealed
Hf-doped TaOx films.

It was reported that the binding energy of a metal oxide shifted due to the presence of
a dissimilar metal.'">""” Barr '"* reported when two oxides were mixed to form an alloy
oxide, the cation of the more ionic metal oxide would become more ionic, and the cation
of the more covalent metal oxide would become more covalent. Therefore, the charge of
the more ionic cation is expected to be larger in the mixed oxide than in the pure oxide.
The charge of the more covalent cation is expected to be smaller in the mixed oxide than
in the pure oxide. Since the core level chemical state is a good reference of the cation
charge state, the XPS binding energy of the element in the mixed oxide will be different
from that of the pure oxide. Guittet et al. ''® discussed the general phenomenological rule

of a ZrSi0,4 system using theoretical calculations. They concluded that the charge transfer
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played an important role in the XPS binding energy shift. The Hf is a more ionic cation
than Ta because the average bond iconicity of HfO, and Ta,Os are 0.68 and 0.61,
respectively.''” Therefore, in the Hf-doped TaO, film, the Hf 4f core level shifts to a
higher binding energy and the Ta 4f core level shifts to a lower binding energy compared

with those in the un-doped oxides.

In addition, Lucovsky et al. ''""''® reported the charge transfer involved all elements in
the mixed oxide films, which was an essential factor affecting the core level binding
energy shift. In the Hf-doped TaOy film, both Ta (electronegative=1.50) and O
(electronegative=3.44) are more electronegative than Hf (electronegative=1.30). As the
Hf/ (Ta+Hf) atomic ratio increases, the partial positive charges of Ta and Hf decrease,
and the negative partial charge of O increases. Therefore the corresponding binding
energies of the Ta 4f and Hf 4f peaks decrease as the Hf/ (Hf+Ta) atomic ratio increases

in the film due to charge transfer.



84

Hf 4f

26.7 eV
gy, <« Un-doped TaO,

30 28 26 24 2 19 17 15
Binding Energy (eV) Binding Energy (eV)

Figure 25 Normalized XPS spectra of Hf-doped TaOy films and un-doped films, after

annealed in O, at 700°C for 10 minutes: (a) Ta 4f, (b) Hf 4f.
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3.3.2. Influence of Hf Dopant Concentration on Interface Layer Composition

Figure 26 (a) shows the SIMS depth profile of an un-doped TaOy film on Si after
700°C-10 min O, PDA. The Si signal was detected at the interface region, which mainly
came from the Si,O cluster ion signal as shown in the inset of Fig. 26 (a). The strong
Si,0 signal suggests the formation of a SiOy interface layer in the sample. This result is
consistent with the report of poor thermodynamic stability of Ta,Os when it is in direct
contact with Si at an elevated temperature.” Figures 26 (b)-(c) shows that the Si signal
still exists at the interface region of the Hf-doped TaOy films, but the magnitude is much
lower. The Si signal in the doped film mainly came from the Si,O and HfSiO; ion
clusters as shown in the insets of Fig. 26 (b)-(c). The presence of the HfSiO; ion cluster
signals suggests the formation of HfSi,Oy in the interface layer region after incorporation
of HfOy into the TaOy film. A similar result was observed in the un-doped HfO, sample
as shown in Fig. 26 (d). These results suggest that the interfacial layer composition has
been transformed from SiO,-like to HfSi,Oy-like after the Hf doping process. From the
insets of Fig.26 (a)-(c), the count of Si,O cluster ion signals in the Hf-doped TaOy
interface layer is an order of magnitude lower than that of the un-doped TaOy interface
layer. The Si,O ion cluster count decreased further with the increase of the Hf
concentration in the film. This result implies the doping of Hf into TaOy can effectively
hinder the formation of SiOy at the interface. Additionally, the ratio of HfSiO, to Si,O at
the interface increased with the increase of Hf doping concentration in the bulk films, as
shown in insets of Fig. 26 (b)-(d). Therefore, the interfacial layer composition is directly

influenced by the Hf dopant concentration in the bulk layers.
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The phase diagram of a Ta-Si-O system shows Ta,0Os is not stable when it is in direct
contact with Si and tends to separate into SiO, and metal oxide or silicide."*° Therefore,
it is not easy to form a stable ternary homogeneous compound in the Ta-Si-O system. In
this study, Fig.26 (a)-(c) shows that the Ta signal decays rapidly before the Si signal
reaches the peak value. Therefore, the interfacial layer is Ta-deficient. Albers et al.
reported that the interfacial layer was transformed from a Ta-Si-O mixture to pure SiO;
after 800°C O, annealing.''” However, since tie lines exist in the phase diagram of the
Hf-Si-O system, HfO, and HfSi,O, may co-exist in the presence of Si.* The formation of
the HfSi,Oy interfacial layer between the HfO, and Si substrate had been reported
previously.m'122 The SiOy interface could react with HfO4 to form HfSixOy.120 Si atoms
could also diffuse into the bulk high-k film during high temperature annealing and react
with Hf to form a Hf silicate.'”' Therefore, the Hf doping process can convert the SiOy
interface layer into the Hf silicate layer, and therefore, reduce the Si,0 ion signal as well
as hinder the formation of the low permittivity SiOy interface layer. Since the HfSiOy
has a higher k value than SiOy, it will contribute to the overall k value of the high-k gate
stack. Moreover, it was reported that this kind of silicate-Si interface had similar interface
quality as a SiOy-Si interface, ' which is potentially important to the gate dielectric
application because the interface state density and carrier mobility are dependent on the

interface quality.

Figure 26 also shows Hf ion signals diffuse deeper toward the Si substrate than Ta
ion signals. Ta ion signals decay abruptly in the interface layer. The Hf ion signals persist
throughout the high-k stack layers and start to decay at almost the same position as the Si

signal peak. This is consistent with the SIMS analysis indicating HfSi,Oy is formed at the
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high-k/Si interface and Hf atoms are involved in the interface layer formation process.
However, even though Hf ion signals exhibit long decay tails into the Si substrate as
shown in Fig.26 (b)-(d), it does not necessarily mean Hf atoms diffuse into the Si
substrate. Nieveen et al. '>* observed similar long tailing of Hf ion signals into the Si
substrate during the SIMS analysis of high-k HfO, and HfSiO4 dielectric films. They
performed SIMS and XPS backside depth profiles on the same sample and confirmed that
there were no Hf atoms intrinsically present in the Si substrate and the long Hf tails were
due to the SIMS sputtering process. Therefore, the long Hf ion signal decay tail observed
in this study is likely from the sputter beam-induced artifact in the standard SIMS profile

process.
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3.3.3. Influence of Hf Dopant Concentration on Interface Layer Thickness

Figure 27 shows the HRTEM cross-sectional views of three types of films, i.e., un-
doped TaOkx, lightly Hf (20W)-doped and heavily Hf (160W)-doped TaOy. These samples
were annealed at 700°C for 10 minutes in an O, ambient. For all cases, an amorphous
interface layer was formed between the high-k layer and the silicon substrate. Figure 28
shows the interface layer thickness measured from the HRTEM figures vs. the Hf content
in the bulk high-k film. The interface layer thickness decreases from 25 A to 21 A when
the Hf sputtering power increased from OW to 60W. For moderately and heavily Hf-
doped films, e.g., the Hf sputtering power above 80W, the interface layer thickness was
reduced to as low as 15 A, which is comparable to that formed from the pure HfO, film.*®
The decrease of the interface layer thickness can also be correlated with the decrease of
the Si,0 1on signal intensity from the SIMS analysis, which was discussed in the previous
section. These two results indicate the interface layer thickness between Ta,Os and Si can
be reduced with the Hf doping process. The decrease of the interface layer may be
attributed to better thermodynamic stability of HfO, compared with Ta;Os when in direct
contact with Si. It was reported when the as-deposited Ta,Os films were annealed in the
N» or O, the interface layer was formed by the reaction between the high-k layer and
Si.'** With the high heat of formation of the HfO5, i.e., AH=271Kcal/mol, 48. 110 the HfO
component in the Hf-doped TaOy films can limit the reaction between the high-k layer
and Si and therefore decrease the interfacial layer thickness. This result indicates that the
thermodynamic stability of Hf-doped TaOyx can be improved with the inclusion of the

HfO4 component.
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To further investigate the Hf doping effects on the interface layer thickness, the three
films in Fig. 27 were further annealed for extended periods of time, i.e., 60 minutes and
180 minutes under the same 700°C, O, ambient. Figure 29 shows HRTEM images of
these samples. Figure 30 is a summary of the interface layer thicknesses of samples with
different Hf dopant concentration and annealing times. Several conclusions can be
summarized from this figure. First, the interface layer thickness increases with the
annealing time. The increase rate is high at the beginning and low after a long time.
Second, the interface layer thickness decreased with the increase of the Hf sputtering
power. However, the difference is reduced with the extension of the annealing time. The
interface layer formation is controlled by two mechanisms: 1) interface reaction between
high-k film and Si and 2) diffusion of reactants through the interface layer. Since O atoms
have a low diffusion rate through the interface layer, the diffusion of Si atoms through the
already formed interface layer should be the limiting factor for the second mechanism.'**
When the annealing time is short, e.g., 10 minutes, the interface layer is thin. Si can
easily diffuse through the interface layer. Therefore, the bulk high-k film properties, e.g.,
the thermal stability of HfO, and Ta,Os in the presence of Si, controlled the interface
layer formation process. When the annealing time is long, e.g., 180 min, the interface
layer is thick. It takes a long time to diffuse the Si through the interface layer to the
reaction site. Therefore, the bulk high-k film property is less influential to the interface
layer thickness after a long time of annealing. Beyond 180-minute annealing, there is no
drastic increase of the interface layer thickness, whether the film is un-doped or doped.
The interface layer formation process appears to be self-limited after a long annealing

time.



92

Figure 27 HRTEM cross-sectional views of (a) un-doped TaOy, (b) Hf (20W)-doped

TaOy, (c) Hf (160W)-doped TaOy after 700°C-10 min O, annealing.
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Figure 28 Interface layer thicknesses at high-k/silicon contact region vs. the Hf co-
sputtering power of various Hf-doped TaOyx samples after 700°C-10 minutes O;

annealing.
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The 180 min-annealed Hf (160W)-doped TaOy film was partially crystallized as
shown in Fig. 29 (f). This is due to 1) the excessive thermal budget in the annealing
process and 2) the crystallization temperature of HfO, being lower than that of Ta,Os.
However, the Hf (20W)-doped TaOy film was still amorphous after 180 minutes
annealing. This phenomenon is consistent with reports that the amorphous-to-
polycrystalline transition temperature of a metal oxide can be increased by the addition of

a certain amount of dopant.''* %

3.4 Hf Doping Effects on the Electrical Properties
3.4.1. Influence of the Hf Dopant Concentration on the Effective Dielectric Constant
(Kerr)

Figure 31 shows variations of the ke as a function of the Hf co-sputtering power. The
physical thickness of these films is around 10 nm. The kes values were calculated based
on the maximum capacitance in the accumulation region of the C-V curves measured at a
frequency of 1 MHz after a series resistance correction.”” For a high frequency C-V curve,
i.e., measured at 1 MHz, the measured accumulation capacitance is always lower than the
real oxide capacitance due to the presence of the series resistance in the capacitor. The
effect of the series resistance is especially significant at a high frequency. Although the
series resistance of the MOS capacitor can be minimized during the fabrication process, a
series resistance correction is required to extract the correct oxide capacitance and Kegr
from the measured high frequency C-V curves. The ke value increased with the Hf
concentration and then decreased with the further increase of the Hf concentration. The

kegspeaked at 20W, which has an Hf/ (Hf+Ta) atomic ratio around 0.25. The same trend
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was observed at different PDA conditions, i.e., 600°C-60 min. The increase of ke¢rat the
low Hf doping concentration can be attributed to the improvement of the interface layer
properties. For example, Fig.28 shows that the interface layer thickness decreases with
the increase of the Hf concentration, which enhances the k value. However, the k value
decreases with the further increase of the Hf dopant concentration, which is contradictory
to the above statement. Therefore, other explanations are required. Similar nonlinear
improvement of intrinsic dielectric constant k values was widely observed on other doped
Ta,0s films. ¥ ! 1t is possible that the doping process changed the density or structure
of the bulk high-k films. Devine and Revesz '*® have shown theoretically some mixed
oxides may exhibit a nonlinear improvement of the dielectric constant k value due to the
changes of effective molecular polarizations and molecular volume after the doping
process. It was also reported that adding a proper amount of network modifier ions (e.g.,
Hf and Zr) into some dielectric materials can improve the dielectric constant even at a
low concentration range." '*’ An enhancement of the dielectric constant beyond that
predicted from a simple linear interpolation is expected. The incorporation of Hf or Zr
atoms into a metal oxide may change the localized bonding order of the material and
therefore lead to an increased contribution of the vibrational mode to the dielectric
constant.'””'** However, at a high doping concentration, the excessive Hf-O or Zr-O
bonds may reduce the contribution of the vibration mode to the dielectric constant and
therefore, eliminate the effects of the localized bonding order.

In short, the improvement of kg values of the Hf-doped TaOy films can be attributed
to two factors: thinner interface layer thickness and improvement of the bulk high-k film

properties.
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Figure 31 Effective dielectric constant K values of various Hf-doped TaOy films as a
function of the Hf co-sputtering power. Film thickness is around 10 nm for all of these

samples.

3.4.2. Influence of the Dopant Concentration on the Electrical Properties of the
High-k Stack
The C-V measurements of all Hf-doped and undoped TaOy films have negative flat-

band voltage shifts (Vgg). This indicates the presence of net positive fixed charges in
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these films. Figure 32 (b) shows the fixed charge density (Qgsyx) calculated based on the

following equation, >*

Q
B :¢MS_C1X [16]
()

VF
X

where Vg is the flat band voltage extracted from the C-V curves; ¢wms is the difference of
work function between the Al gate and Si substrate, i.e., -0.8 V; Cy is the accumulation
capacitance per unit area. Figure 32 (b) shows Qgx as a function of Hf co-sputtering
power. For both 600°C and 700°C PDA temperature, the lightly Hf doped film, e.g., Hf/
(Hf+Ta) ~0.25-0.49, has the lowest Qg of ~1x10'* cm™. The decrease of the fixed charge
density is related to the bond structure in the film. For example, it was reported the flat
band voltages of Ta,Os/Al,03; and HfO,/Al,03 mixed oxides shifted to a more positive
direction than their respective composing oxides.'*> Both positive and negative flat band
voltage shifts have been observed in HfO, dielectric under various fabrication processes.
19 39 The amount of positive fixed charge density may be minimized at a certain Hf

1, 131

dopant concentration due to charge compensation. In addition, the 700°C annealing

sample exhibited a lower fixed charge density than the 600°C annealed samples
irrespective of the Hf dopant concentration. This is because the higher annealing
temperature is more efficient in reducing the positive charge, e.g., by fixing oxygen

vacancies and dangling bonds, than the lower annealing temperature **''"
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Figure 32 (a) Terminology for charges in the MOS structure, (b) fixed charge density vs.

Hf co-sputtering power after 600°C and 700°C O, annealing.
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Figure 33 shows the C-V curves of the Hf (20W)-doped TaOy films annealed at
600°C and 700°C. A counter-clockwise hysteresis is observed after a forward-and-
reverse voltage sweep from —3V to +3V. The hysteresis is attributed to the negative oxide
charge trapping in the bulk high-k films.'™ For the 600°C O, annealed sample, hysteresis
of about 100mV was observed. It was lowered to about 30 mV after the 700°C O,
annealing. The charge trapping can be greatly reduced by 700°C O, post-deposition
annealing. The oxide charge trapping density (Q.) of the Hf (20W)-doped TaOy is
5.0x10"' cm™ for 600°C annealed samples and 1.56x10"'cm™ for 700°C annealed samples.
High temperature annealing can effectively reduce the defects caused by the plasma
deposition process. '** A similar trend was obtained in all other Hf-doped and un-doped
TaOy samples.

Figure 34 shows the interface state density (Dj;) of doped and un-doped TaOy samples
vs. the Hf co-sputtering power. The Dj was extracted from C-V curves at flat-band
voltage by using Lehovec’s method.'*® For all doped and un-doped samples, the Dj
values are in the range of 1~2x10'? ecm™eV™". Neither the Hf doping concentration nor the
annealing temperature has noticeable effects on the Dj. In the previous section of the
SIMS and HRTEM analysis, it has been demonstrated that a HfSi,Oy-like interface layer
was formed between Hf-doped TaOy film and Si substrate after high temperature
annealing. Since the interface properties of the HfSi,O,-Si are similar to those of the
SiO-Si interface layer, the Dj can be independent of the Hf doping concentration. In
addition, the 700°C annealed samples always exhibited a slightly lower D;; than 600°C
annealed samples of the same Hf doping concentrations, which can be attributed to the

formation of a high quality interfacial layer after a higher annealing temperature.'**
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3.4.3. Influence of the Dopant Concentration on Leakage Current and Breakdown
Phenomena

The I-V curves of all these Hf-doped TaOy capacitors were measured at both the
accumulation region (negative bias) and the inversion region (positive bias). Figure 35
shows the current density (J) vs. electric field (E) curves of all films are asymmetric
except at the low bias field, e.g., between -1 MV/cm and 1 MV/cm. The leakage current
densities in the inversion region are generally lower than those in the accumulation
region. The leakage current densities tend to saturate at high electric fields under positive
gate voltage for all of the Hf-doped TaOy films. This is mainly attributed to the limited
amount of available minority carrier (electron) densities in the space charge region of the
p-type silicon substrate. '3

Fig.35 (a) also shows that for the un-doped TaOy samples, an abrupt breakdown
occurs at —4.5MV/cm. However, no breakdown was observed for the lightly and
moderately Hf-doped TaOy films, i.e., Hf sputtering power at a range of 20~80W.
However, breakdown occurs again for the films with higher Hf co-sputtering powers, e.g.,
Hf sputtering power higher than 100 W as shown in Fig. 35 (b). Therefore, an

appropriately Hf-doped TaOy film exhibits a higher dielectric strength than un-doped
TaOy and the heavily Hf-doped TaOy film. Similar results are also obtained on 600°C
annealed samples. More severe breakdown phenomena were observed for 600°C
annealed samples. The film’s breakdown strength is consistent with its fixed charge
density, i.e., the low Qgx sample has a high breakdown strength. A high-k film with a
high defect charge density may easily form a conductive breakdown path in the high-k

stack due to the charge trapping. Therefore, samples with a high Qg breakdown at a
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relatively low electrical field. Another contributing factor for the early breakdown of the
heavily Hf-doped TaOy films is the interface layer. For example, the heavily doped high-
k film has a thinner interface layer with a different composition from the lightly doped
film.

Figure 36 shows the leakage current density (J) at -1 MV/cm as a function of Hf co-
sputtering power after 600°C and 700°C annealing. The leakage current densities of the
600°C annealed samples are slightly higher than those of the 700°C annealed samples.
The reduction of leakage current density at high temperature annealing is consistent with
the reduction of the defect charge density. As discussed in the previous section, both the
fixed charged density and the oxide trap decrease with the increase of the annealing
temperature. The leakage current density slightly decreases with the increase of the Hf
dopant concentration. This may be attributed to the change of the electron barrier height
of the film. The relatively small reduction of the leakage current density with the doping
process is consistent with the film morphology, which remains amorphous after 700°C 10
minutes annealing. Although it was reported Ta,Os and HfO, crystallized at relatively
low temperatures, the thin film at this thickness is difficult to crystallize because of the

surface energy hindrance.'*
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Figure 35 I-V curves of the (a) un-doped TaOx and lightly/moderately Hf-doped TaOx

films, (b) heavily lightly Hf-doped TaOy films, after 700°C-10 min O, annealing.
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3.5 Summary

Material and electrical properties of Hf-doped TaOy thin films deposited by the RF
reactive co-sputtering were studied by XPS, SIMS, HRTEM, C-V, and I-V. Influences of
process parameters, e.g., Hf co-sputtering power, post-deposition annealing temperature,
and annealing time, to high-k properties were investigated. The Hf dopant affects both
the bulk and interface structures of the TaO, film. The XPS and SIMS data showed the
binding energy shifts and the composition changes with the dopant concentration. The
doping process reduced the interface layer thickness, too. The moderately and heavily Hf-
doped TaOy thin films formed thinner interface layers at the silicon contact region than
the un-doped TaOy or lightly Hf-doped TaOy films. The annealing time affected the
interface layer thickness change more pronouncedly at the short period than at the long
period. The incorporation of Hf into TaOy impacted the electrical properties. The doping
process improved the effective dielectric constant, reduced the fixed charge density, and
increased the better dielectric strength. The leakage current density in the film decreased
with the Hf concentration. However, the heavily Hf-doped TaOy film suffered from the
low dielectric breakdown strength and its dielectric constant was slightly higher than that
of the un-doped TaOy film. High temperature post-deposition O, annealing effectively
reduced the defect charges in the high-k stack structures. In summary, the Hf-doped TaOy
films have many advantages over the un-doped TaOy and HfOy films. Therefore, doping
is a promising method in preparing high quality gate dielectric materials for future

generation CMOS devices.
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CHAPTER V

HAFNIUM-DOPED TANTALUM OXIDE HIGH-K GATE

DIELECTRIC WITH SUB-2 NM EQUIVALENT OXIDE THICKNESS

4.1 Introduction

In chapter III, it was reported that when Ta,;Os film was doped with hafhium (Hf),
many of its physical and electrical properties, such as the amorphous-to-polycrystalline
transition temperature, interface layer quality, kesr, dielectric breakdown strength, and
leakage current density, improved. For the Hf-doped TaOy films, the optimized dielectric
properties were achieved at a Hf/ (Hf+Ta) ratio of ~0.25. For future MOSFET gate
dielectric applications, the equivalent oxide thickness (EOT) of the high-k film should be
small, e.g., less than 2 nm. In this chapter, the feasibility of preparing the Hf-doped
tantalum oxide into an ultra-thin film under various post-deposition annealing (PDA)

atmospheres will be investigated.

4.2 Experimental

The Hf-doped TaOy thin film was deposited on a p-type (100) Si wafer by reactive
co-sputtering using separate Ta and Hf targets in a 1:1 Ar/O; gas mixture at SmTorr and
room temperature. The sputter powers of the Ta and Hf targets were fixed at 100W and
20W, separately. The Hf/ (Hf+Ta) atomic ratio of the film was kept constant, i.e., 25%.

The PDA process was carried out under an O, or N, atmosphere at 700°C for 5 minutes
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in a quartz tube. About 200nm of aluminum (Al) was sputter deposited through a shadow
mask to the high-k surface to form the gate electrode. The backside of the wafer was also
deposited with Al for better contact. The post-metal annealing (PMA) process was done
at 300°C for 30 minutes in the forming gas (H2:N, = 1:9) atmosphere. The film’s physical
thickness was measured with a Rudolph 11000 ellipsometer, which was confirmed with
the transmission electron microscopy (TEM) picture. The chemical bond structure and
composition of the bulk and interface layers were characterized with the angle resolved
X-ray photoelectron spectroscopy (ARXPS). Electrical properties of the capacitors were
calculated from capacitance-voltage (C-V) and current-voltage (I-V) data collected using

an Agilent 4284 A precision LCR meter and a 4140B pico-Ampere meter, separately.

4.3 Electrical Properties of sub-5Snm Hf-doped TaOy
4.3.1. Capacitance-Voltage (C-V) Characteristics

Figure 37 shows the C-V curves of 4.2-nm and 5.0-nm thick Hf-doped TaOy films
with N, or O, PDA atmospheres. Films with the same physical thickness exhibit different
capacitances when they are annealed under different atmospheres. The O, annealed
sample always yields a higher EOT than the N, annealed sample. For example, the 4.2-
nm thick film has an EOT of 1.3 nm under a N, PDA atmosphere but 1.6 nm under an O,
PDA atmosphere. The 5.0-nm thick film has an EOT of 1.48 nm under a N, PDA

atmosphere but 1.86 nm under an O, PDA atmosphere.
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Figure 37 100KHz C-V curves after N, and O, annealed samples: (a) 4.2- nm thick film,

(b) 5-nm thick film.
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Figure 38 is a plot of the EOT vs. physical thickness. The linear relationship between
the EOT and the physical thickness allows for the extraction of the bulk film’s k value,
i.e., from the slope, and the interface layer EOT, i.e., from the y-intercept.137 The k value
of the bulk high-k film is 29.2 for a N, annealed sample and 27.8 for an O, annealed
sample. They are higher than those of an un-doped HfO, or Ta,Os film, i.e., 21~26." The
higher dielectric constant of the doped bulk film may be attributed to factors such as
changes of molar polarization, molar volume, or local bond coordination."'"7-1%¢

Figure 38 also shows that the N, annealed sample has a thinner interface layer EOT
than the O, annealed sample i.e., 0.9 nm vs. 1.1 nm. Both interface layer EOTs are lower
than their physical thicknesses, i.e., 2.0~2.2 nm determined from TEM pictures.
Therefore, the k value of the interface layer formed between the Hf-doped TaOy film and
the Si wafer is higher than that formed between the un-doped Ta;Os and Si, i.e., 8~9 vs.
3.9. The formed interface is probably a silicate, such as HfSiyOy that has a k value of
g9 116, 137-138

The interface state density (Dj) of these samples was calculated from the C-V curves
using the Lehovec method. Figure 39 shows the variation of the interface state density Dj
as a function of film thickness. With the increase of the film thickness, the interface state
density of the Hf-doped TaOy high-k stack drastically decreased after both O, and N,
annealing. Similar trends were also observed for the Zr-doped TaOy high-k stack
structures with different metal gate electrodes, which was attributed to the influence of

139

metal gate sputtering deposition on the underlying high-k film.”” In addition, O,

annealed samples always exhibited a low D; than N, annealed samples of the same
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thickness. Therefore, the ultra-thin high-k film’s electrical properties are sensitive to the

PDA atmosphere.

A O, annealing k=27.8

o N, annealing k=29.2

0 25 50 75 100
Film Physical Thickness (A)

Figure 38 EOT vs. physical thickness plot. The linear relationship between the EOT and
the physical thickness allows for the extraction of the bulk film’s k value, i.e., from the

slope, and the interface layer EOT, i.e., from the intercept to the y-axis.
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Figure 39 Interface state densities Dy of Hf-doped TaOy vary as a function of film

thickness. The interface state density (Dj;) of these samples was calculated from the C-V

curves using the Lehovec method.
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4.3.2. Current-Voltage (I-V) Characteristics

Figure 40 shows the J-V curves of the 4.2nm thick films annealed under different
ambient. At the negative bias voltage, the O, annealed film has a lower leakage current
than the N, annealed film, i.e., by two orders of magnitude in the accumulation region.
At the positive bias voltage, the same trend is also observed. However, the leakage
current in the strong inversion region is saturated and independent of the annealing
atmosphere mainly due to the limited amount of minority carrier (electron) densities in
the p-type silicon substrate. The N, annealed films always exhibit a higher leakage

current density than the O, annealed film of the same physical thickness.

Figure 41 is the leakage current densities measured @ Vgg-1 V of various film
thicknesses annealed under an O, or N, atmosphere. Fig. 41 shows that 1) the leakage
current increases with the film’s physical thickness, and 2) the N, annealed film has a
higher leakage current density than the O, annealed film based on the same physical
thickness. The high leakage current of the N, annealed film can be attributed to its lower

EOT.

Figure 42 shows variations of the leakage current @ Vgg-1 V as a function of EOT.
The leakage current decreases with the EOT. The slope of N, annealed samples is larger
than the O, annealed samples, implying a high leaky characteristic possibly due to the
existence of the Ta sub-oxide as discussed in later sections. The high leakage current of
the N, annealed film can be attributed to its thinner interface layer thickness. However,
compared to the poly-Si-SiO, with the same EOT, both of the N, annealed and O,
annealed samples exhibit a lower leakage current density by more than three orders of

magnitude.
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Figure 40 J-V curves of 4.2-nm thick films after N, and O, annealing.
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Figure 41 Leakage current densities measured at Vpg-1V of various film thicknesses

annealed under O, or N, atmosphere.
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Figure 42 The leakage current densities of various samples @ Vgg-1 V vary as a function

of EOT.
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4.4 Material Properties of sub-5 nm Hf-doped TaOy

Figure 43 shows an XPS spectra of the 4.2-nm thick Hf-doped TaOy sample after O,
annealing. Fig.43 (a) shows that the Ta with the 4f;, peak binding energy (BE) of 26.4
eV was fully oxidized without a silicide or sub-oxide shoulder. Fig.43 (b) shows the Hf
4f spectra at 90° (vertical to surface) and 30° grazing angles. The Hf 4f;, peak was
deconvoluded into two peaks, i.e., 16.9 eV and 17.6 eV. The former peak corresponds to
the HfO, compound and the latter peak corresponds to the HfSi,Oy compound. He6. 137-138
The intensity ratio of the latter peak to the former peak decreases with the decrease of the
grazing angle. Therefore, HfSi,Oy is located near the Si interface region rather than in the
bulk layer. This is consistent with SIMS and other analytical results reported by various
groups. 211718 The HfS1,Oy interface layer is also consistent with its high-k value
observed in Fig.38.

Figure 44 shows XPS spectra of the same high-k film as Fig. 43 except the N, PDA
environment. Fig.44 (a) shows the Ta 4f;,; peak is composed of a main peak at 26.5 eV
and a small peak at 25.6 eV. The former corresponds to fully oxidized Ta,Os and the
latter corresponds to the tantalum sub-oxide, i.e., TaOx x<2.5. The intensity ratio of the
sub-oxide peaks to the full oxide peaks in Fig.44 (a) is almost independent of the grazing
angle. Therefore, the Ta sub-oxide exists in the bulk film. The Hf 4f;,, peak in Fig. 44 (b)
could also be deconvoluded into two peaks similar to those in Fig.43 (b). The absence of
low BE peaks suggests that the film does not contain Hf sub-oxide (HfO4 x<2) or silicide
(Hf-Si). Therefore, in the N, annealed sample, Hf is easier to oxidize than Ta. This can be
explained by the low electronegativity of Hf compared with Ta, i.e., 1.3 vs. 1.5.""" The

intensity ratio of HfSi,Oy to HfO, in Fig. 44 (b) is higher than that in Fig. 43 (b), i.e., 0.65
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vs. 0.35 at the grazing angle of 90°. Therefore, the N, annealed film has a higher Hf

concentration at the high-k/Si interface than the O, annealed film.

Intensity (a.u.)

33 03 29 27 25 23 2123 21 19 17 15 13 11 9
BE (eV) BE (eV)

Figure 43 ARXPS spectra of 4.2-nm thick O, annealed Hf-doped TaOy sample (a) Ta 4f

at grazing angle of 90°, (b) Hf 4f at grazing angles of 90° and 30°.
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Figure 44 ARXPS spectra of 4.2-nm thick N, annealed Hf-doped TaOy sample (a) Ta 4f

at grazing angles of 90° and 30°, (b) Hf 4f at grazing angles of 90° and 30°.
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Figure 45 (a) shows Si 2p spectra of the 4.2-nm thick Hf-doped TaOy films with PDA
under O, and N, atmospheres. Both Si peaks can be deconvoluded into three peaks, i.e.,
BEs 0f 99.6 eV, 102.6 eV, and 103.5 eV. The first peak is the Si-Si bond from the silicon
wafer. The second peak is higher than the Si** bond and can be contributed to SiIO(Hf) in
the HfSi Oy interface layer.>"*”%* The third peak is the Si-O bond from SiO,. The
SiO(Hf)/Si-O peak ratio of the N, annealed sample is lower than that of the O, annealed
sample. Therefore, the interface layer of the O, annealed sample is closer to the SiO;
structure than that of the N, annealed sample and the interface layer of the N, annealed
sample is similar to HfSiyOy. This result is consistent with the D; and EOT values of
these two films as discussed in Fig. 39.

Figure 46 shows energy band gaps of un-doped Ta,Os and Hf-doped TaOy with
different PDA atmospheres. The energy band gaps were estimated from the O 1s energy-

87,102
loss spectra. °”

It is clear that the energy band gaps decreased in the order of O,
annealed Hf-doped TaOx (5.0 eV) > N, annealed Hf-doped TaOy (4.8 eV) > O, annealed
un-doped TaOs (4.4 eV). A similar relation was detected using the internal
photoemission spectroscopy, i.e., the Hf-Ta mixed oxide has a wider energy band gap
than the un-doped Ta,0s.'* The small energy band gap of N, annealed doped film can be

attributed to the formation of a Ta sub-oxide.'*!
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Figure 45 XPS Si 2p spectra at a 90° grazing angle of the 4.2-nm thick Hf-doped TaOx

samples after 700°C PDA under (a) O, and (b) N, atmosphere.
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Figure 46 O 1s energy loss spectra for 10-nm thick Hf-doped TaOx and un-doped TaO,

the energy band gap values can be estimated from the onset of the loss peak increase.
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4.5 Summary

Hf-doped TaOy high-k films with sub-2 nm thick EOTs have been demonstrated and
studied. The low leakage currents and high dielectric constants of the doped films were
explained by their compositions and bond structures. The Hf-doped TaOy film contains
HfSi Oy in the interface layer irrespective of the PDA atmosphere. However, the O,
annealed film contains more oxidized bulk film and less silicate-rich interface layers. The
energy band gaps in doped and un-doped films could be explained by the film structure.
In summary, the Hf-doped TaOy film is a potential high-k gate dielectric for future MOS

transistors.
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CHAPTER V
EFFECTS OF THE 5 A TANTALUM NITRIDE INTERFACE LAYER

ON HAFNIUM DOPED TANTALUM OXIDE HIGH-K FILMS*

5.1 Introduction

Ta,0s is a promising high-k gate dielectric material due to its high dielectric constant
and successful application in storage capacitors. However, Ta,0Os is thermally unstable
when it is in contact with silicon. It forms an interfacial layer with poor electrical
properties at an elevated annealing temperature. A lower than expected k value is
observed on TaOy film when the thickness is thin. Previous results show that some
dielectric properties of Ta,Os could be effectively improved by adding hafnium into the
structure. However, the low quality SiOx-type interface still exists. It was proposed that
incorporation of nitrogen into the interfacial layer could suppress the formation of the
SiOy interface layer, which resulted in the increase of the overall capacitance or dielectric

20-112 However, the traditional silicon nitride or oxynitride interfacial layer does

constant.
not have a very high k value and therefore, cannot contribute too much to the overall

capacitance or dielectric constant of the capacitors.

* Part of data reported in this chapter is reprinted with the permission from “Effects of
the TaNy interface layer on doped tantalum oxide high-k films” by J. Lu, Y. Kuo, J.-Y.
Tewg, and B. Schueler, Vacuum, 74, 539 (2004) Copyright 2004 Elsevier Ltd, and from
“Tantalum nitride interface layer influence on dielectric properties of hafnium doped
tantalum oxide high dielectric constant thin films” by Y. Kuo, J. Lu, and J. -Y. Tewg,
Japanese Journal of Applied Physics, 42, L769 (2003) Copyright 2003 Japan Society of
Applied Physics
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Its properties can be significantly influenced by its stoichiometry, microstructure, and
deposition parameters.142 For example, a non-stoichiometric tantalum nitride (TaNy) thin
film could be oxidized to nonconductive TaOxNy after high-temperature annealing in
0,."%"* Since the TaOxNy film has a high k value, e.g., approximately over 26, 5319 the
formation of this interfacial layer by oxidizing the TaNy layer can contribute to the high
effective k value (Kefrective). The leakage current density could be lowered down, too. In
this study, a 5 A thin, non-stoichiometric TaN, interface layer is inserted between the Hf-
doped TaOy film and Si substrate to interfere with the formation of the inferior SiOx

interface layer during the high temperature O, annealing process.

5.2 Experimental

Substrates used in this study were p-type (100) Si wafers (10-80 Q-cm). A standard
HF pre-clean step was performed prior to the loading of the bare Si wafer into the
sputtering chamber. The 5 A thick TaN, film was then deposited by reactive magnetron
sputtering using the Ta target at 5 mTorr and room temperature after a base pressure of
5%10° Torr was achieved. In order to improve the uniformity of the TaNjy layer, the
deposition rate was purposely slowed by setting the flow rate ratio of Ar/N, gas mixture
at 1:4. The Hf- doped TaOx thin films were subsequently co-sputtered using two separate
targets, i.e., Ta and Hf in a 1:1 Ar/O; gas mixture without breaking the vacuum. The
HfOy concentration in the bulk film was varied by changing the sputtering power of the
Hf target between 20W and 100W, while the Ta-sputtering power was fixed at 100W.
The film thickness can be controlled by adjusting the deposition time. The un-doped
TaOx and HfOy films were also deposited to serve as references for the purpose of

comparison. After deposition, the as-deposited films were annealed in a quartz tube at
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600°C for 60 minutes or 700°C for 10 minutes under O,. After annealing, about 4000A.-
thick aluminum (Al) dots were deposited on the sample through a shadow mask to form
the gate electrode of the metal-oxide-semiconductor (MOS) capacitor. After another
2000A-thick Al layer was deposited on the backside of the Si wafer, the post-metal
annealing was performed at 300°C for 30 min under N, or forming gas (90%N,/10%H>)
at atmosphere.

The refractive index and the thickness of the film were determined by a Rudolph
11000 elliposometer. The total physical thickness of Hf-doped TaOy films, with or
without a TaNy interface, was controlled at about 10nm for each sample. The film’s
electrical properties were determined from C-V and [-V measurements using a HP 4284A
Precision LCR Meter at 1| MHz and a HP 4140B pico-Ampere Meter, separately. The
Keffective Was extracted from the C-V curve in the accumulation region. The interfacial
composition and chemical states were analyzed with Secondary Ion Mass Spectroscopy

(SIMS) and Electron Spectroscopy for Chemical Analysis (ESCA).

5.3. Influence of TaN, Interface Layer on Film’s Electrical Characteristics
5.3.1. TaN, Interface Layer Effect on I jcakage

I-V curves for all of these Hf-doped TaOy capacitors were measured at both the
accumulation region (negative bias) and the inversion region (positive bias), as shown in
Figure 47. There is no abrupt change of the curve in these curves. All Hf-doped TaOx
films have lower leakage current densities than that of the undoped TaOy film. The 80W
Hf-doped film even has a lower leakage current density than that of the undoped HfOx

film.
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Figure 47 Leakage current density vs. electric field of Hf-doped TaO including a 5 A

thick TaNy interface layer after (A) 600°C-60 min O, annealing; (B) 700°C-10 min O,

annealing.
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Figures 48 show the leakage current densities at —1 MV/cm of the gate field of the
doped TaOy films with and without the TaNy interface layer. All the samples in the Fig.
48 (a) were annealed at 600 °C for 60 minutes in O,. All of the samples in Fig. 48 (b)
were annealed at 700 °C for 10 minutes in O,. For Hf-doped TaOy and pure HfO, films,
the leakage current density is reduced to a factor of more than 10 regardless of annealing
temperature. For undoped TaOy, leakage current density slightly decreased for the film
after the 600 °C-60 min annealing condition. The exact cause for the reduction of leakage
current is complicated. It is possible that the incorporated nitrogen at the interfacial layer
might be responsible for lowering the leakage current density by blocking the electron
transport or varying the stress of the final film structure. Some other researchers observed
the same improvement of the leakage current characteristics after the introduction of
nitrogen into the interfacial layer, and they suggested that the reduction of leakage current
density could be explained by a low trap density due to the incorporation of nitrogen into

the oxide. %' 1V

Fig. 48 also shows that the reduction of the leakage current is
enhanced with the increase of the Hf content in the films with the TaNj interface layer,
which is consistent with the fact that the HfO, film is less leaky than the Ta,Os film.'"?
Therefore, the Hf-doping effect on the leakage current density of the TaOy film exists
whether the TaNy interface layer is added or not. For undoped TaOy film with a TaNy
interface, an increase of leakage current density was observed under the 700°C-10 min
annealing condition. This increase may involve a complicated phase transition in bulk or

interface layers because undoped TaOy film has a relatively lower amorphous to

polycrystalline transition temperature than that of doped TaOy film.
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Figure 48 The leakage current densities at —1 MV/cm electrical filed of the Hf-doped

TaOy films with and without the TaNy interface layer, (a) samples were annealed at

600°C for 60 minutes in Oy, (b)samples were annealed at 700 °C for 10 minutes in O».
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5.3.2. Influence of the TaN, Interface Layer on Breakdown Characteristics of
Undoped TaOy

It is well known that pure TaOx thin films suffer a problem of low breakdown voltage.
In this study, it was observed that the undoped TaOy films without a TaNy interface layer
have abrupt breakdowns at both highly positive and negative biased conditions whether
the film was annealed at 600°C or 700°C under O,, while the film with the TaN interface
layer does not have the breakdowns, as shown in figure 49. No abrupt breakdown was
observed in other Hf-doped TaOy or undoped HfO; thin films with a TaNy interface layer
either as shown in Fig. 47. There may be two explanations for the improvement of
dielectric characteristics. First, the TaNy interface layer was oxidized during the process
of high temperature O, annealing and the interface layer was converted to TaONy. Since
TaOxNy films form a thinner interface layer with the silicon wafer than TaOy, smaller
compressive stress will develop in the interface oxide layer.”” The other explanation may
be attributed to the incorporation of nitrogen into interfacial oxide during the high
temperature O, annealing process. It was reported that dielectric properties of oxynitrides
could be improved by incorporating nitrogen into a SiO4/Si interface with bond states
such as Si,=N-O and Siz;=N, which are capable of reducing the strain at the SiO/Si

interface and therefore decrease defect density and minimize charge traps.'**"'*
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Figure 49 J-E curves undoped TaOy films with or without the TaNy interface layer after

annealing at (a) 600°C for 60 min and (b) 700°C for 10 min under O,
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5.3.3. Influence of both Hf dopant and TalN Interface Layer on the Leakage
Current and Breakdown Characteristic of Hf-doped TaOy

In the previous chapter, it was observed that the dielectric breakdown characteristic
could be improved by slightly doping Hf into the TaOy. In this study, it was observed that
the insertion of a TaNy interface layer can also improve the dielectric breakdown strength
of the undoped TaOy. Figure 50 shows the J-E curves of doped and un-doped TaOy films.
The undoped TaOy film breaks down at a low electrical field of -5SMV/cm. When the film
is doped with Hf, there is no breakdown for up to -6MV/cm. The improvement of the
dielectric breakdown strength was observed in the lightly Hf-doped films, such as at the
Hf/ (Hf+Ta) ratio in the range of 0.24 and 0.49 from ESCA analysis. However, when the
Hf concentration is high, the breakdown phenomenon was observed again. The
improvement of the low breakdown at the low dopant concentration can be attributed to
the better dielectric strength of HfO, compared with that of Ta,Os. The recurring
breakdown phenomenon at the high dopant concentration is probably contributed by the
early breakdown of the thinner interface layer. The leakage current densities of doped and
un-doped TaOy films are similar at the low negative electrical field range, which is in the
accumulation region. With the insertion of the TaNy interface, the leakage current density
of Hf-doped TaOy decreases by one order of magnitude in the accumulation region. The
formation of the TaONy interface layer might play an important role for the dramatic
decrease of the leakage current density. Previously, we also observed that the Hf-doped
TaOy film has a higher dielectric constant after the insertion of the TaNy interface layer,

which is probably also due to the formation of the new interface layer.
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5.3.4. TaN, Interface Layer Effect on k. Value

Figure 51 shows variations of the k . values of various Hf-doped TaOy films with
and without the TaNy interface layer. In both cases, the physical thickness of the films is
around 10 nm and the C-V measurement was performed at 1MHz. The effective
dielectric constant kes was calculated from the maximum capacitance of the accumulation
region without taking quantum mechanical effects into consideration. Annealing
temperature (e.g., 600°C or 700°C) doesn’t have major effects on the keg values for all
Hf-doped TaOy samples with or without the TaNy interface layer. The ke value increases
with the addition of the TaNy interface layer for both Hf-doped and undoped TaOy films.
The increase can be explained by the TaN barrier effects on oxygen diffusion "*° and the
formation of a thin interface TaOxNy insulating layer after high temperature O,
annealing 143144 GQince TaOxNy has a higher k value than that of the SiO film formed
between the un-doped TaOy and silicon wafer, e.g., over 26 vs. 4,93 195 the conversion of
TaN, to TaOxNy during high temperature O, annealing favored the increase of the overall
dielectric constant. The similar increase of dielectric constant was also reported when
silicon nitride or oxynitride was used as passivation interface layer. They attributed the
improvement of the kegto the nitrogen’s barrier effect on oxygen diffusion and the fact
that silicon nitride or oxynitride has a twice dielectric constant k value than that of
Si0y."”*!"? In addition, the phenomenon of the anomalous enhancement of the k value of
the film with the addition of a small amount of Hf, which was previously observed, is

preserved with the existence of the TaNy interface layer.
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5.3.5. TaNy Interface Layer Effect on Flat Band Voltage Shift

By comparing the measured flat band voltage (Vrg) with the ideal flat band voltage
(V°s), the flat band voltage shift (AVgg) can be calculated. The ideal V°p is the
difference of the work function between the metal gate and silicon substrate. In this case,
the V°g is about —0.8V, assuming the Al gate work function of 4.1V and the substrate
doping concentration is 10'*-10'*/cm’. The measured Vg is the corresponding voltage
bias at the flat-band capacitance (Cgp) in the C-V curve. The Cpp can be determined by

the following equation, ’

Cop=7—7— [17]

ox Si

where Lp is the Debye length for the P silicon substrate with the doping concentration of

Na

€. KkT
L= —; [18]
Q"N

In most cases, AVpp is attributed to the fixed charge in the dielectric film. Figure 52
shows that the flat band voltage shift increases negatively with the addition of the TaNy
interface layer after both 600°C and 700°C O, annealing, which suggests the increase of
positive charges to the layered high-k gate stack structure. This observation is consistent
with previous reports by other researchers that the C-V curve of the TaO,Ny film has a
more negative, e.g., by about 0.17 V, than that of the Ta,Os film because of nitrogen
induced positive charges to the interface.” Figure 51 also shows that a high temperature,
e.g.700 °C, can substantially decrease the voltage shift of the Hf-doped TaOy film

whether it has a TaNy interface layer or not. However, the extra positive charges
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introduced by the TaNy interface layer cannot be totally eliminated at this temperature.
Fig. 52 also shows that the lightly Hf-doped film has a lower flat band voltage shift than
those of other doped or undoped films. The lowest shift occurs around the Hf co-
sputtering range that has the highest k value, as shown in Fig. 51. Since this phenomenon
happens independent of the existence of the TaNy interface layer, other factors may be
responsible for these phenomena. For example, the film with the highest k value and the
lowest flat band shift may have the lowest stress among all of the films. The 5 A TaN,

Interface layer may not have a major influence on the stress of the original film.

5.3.6. TaN, Interface Layer Effect on Interface State Density (D)

Figure 53 shows the Dj; values of various Hf-doped TaOx with and without the TaNx
interface estimated at flat-band condition using the Lehovec method. The annealing
temperature e.g., 600°C or 700°C, has negligible effects on the D;; for films doped with
different Hf concentrations with or without the TaNy interface. For all doped and un-
doped samples without the TaNy interface, the Dj; values are in the range of 1~2x 10" cm’
2ev! For samples with the TaNy interface, the Dj; values are increased to the range of
2~8x10'2 cm?eV™'. A similar phenomenon of increasing the Dj; value with the insertion
of a nitride interface layer was reported on the ZrO, film.°® In addition, for the sample
with the TaNy interface, the Dj value increased slightly with the increase of the Hf co-
sputtering power. Since the increase of D;; with Hf doping concentration is not observed
for the sample without the TaNy interface, the increase might be attributed to the stack
layer structure, which affects its physical and chemical properties, such as stress,

composition, and chemical states.
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Figure 52 Flat-band voltage shifts of various Hf-doped films with and without the TaNy

after either 600°C or 700°C annealing.
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5.3.7. TaN, Interface Layer Effect on C-V Hysteresis (AVrp)

Figure 54 is a summary of the hysteresis offset of the flat-band voltage (AVgg) of
doped and un-doped TaOy/TaNy structures at different annealing temperatures. A
counter-clockwise hysteresis was observed for all doped and un-doped TaO,/TaNy
samples after a forward-and-reverse voltage sweep from —5V to +3V. This hysteresis is
attributed to negative charge trapping in the oxide or at interface.'® For most samples,
the AVpp is reduced dramatically to below 50 mV after 700°C O, annealing. Similar
annealing effects on hysteresis were observed for samples without the TaNy interface
layer. For thin silicon oxide films, it is well known that oxide-trapped charges could be

104

annealed out by low-temperature treatment (~550°C).” However, in this case a higher

annealing temperature, e.g., 700°C, is required to anneal them out. Others also reported

similar phenomenon on nitrided Si substrates, e.g., AVpg ~ 30 mV after > 700°C
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annealing in O, or Ar. ~ For the sample without the TaNy interface, a low AVgp, e.g.,

~100 mV, was observed after 600°C O, annealing, which decreased to 20~30mV after
700°C O, annealing. It was reported that Ta,Os deposited on nitrided silicon had a larger
hysteresis than that of the film deposited on silicon because nitride was easier to trap

charges."!

The hysteresis increased further after 800°C annealing due to the
crystallization of the Ta,0s."! Since the doping method can keep the film amorphous

even after 800°C annealing, the increase of hysteresis could be avoided.
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Figure 54 Hysteresis offset (AVggp) of doped and un-doped TaOy films with TaNy after

600°C or 700°C annealing.
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5.3.7. Comparison of SiNy and TaN Interfacial Layers

The incorporation of nitrogen into the interfacial layer has many advantages over the
SiOy interfacial layer formed between the high-k dielectric film and the silicon substrate.
For example, nitrogen can suppress boron and oxygen diffusion and improve thermal
stability. Many methods have been proposed to incorporate nitrogen into the interfacial
layer. The most popular method is to pre-treat the silicon surface in NH3 or NO; to form a
thin silicon nitride or oxynitride layer before the deposition of the high-k dielectric layer
to prevent the oxidation of the silicon substrate. Since silicon nitride or oxynitride has a k
value almost twice that of SiOy, the improvement of the dielectric constant had been

%0- 12 However, silicon nitride and

achieved with the insertion of these interfacial layers.
oxynitride do not have very high k values, which limit the ultimate scalability of overall
equivalent oxide thickness (EOT). In addition, silicon nitride or oxynitride has a high
interface density of states, which deteriorates many transistor characteristics such as
mobility. In this study, non-stoichiometric TaNy was used as the oxidation-barrier layer.
TaNy is easily converted into non-conductive TaONy film during high temperature O,

. 143-144
annealing.

TaO«Nj itself is a good insulator with a high k value, and its deposition
process 1s compatible with the TaO deposition process. The improvement of the Iicakage
and Kefrective With the insertion of the TaNy film is expected after high temperature O,
annealing. The increase of the fixed charges due to the TaNy insertion of film is a

characteristic of the nitride layer. A higher temperature annealing process will be

necessary to further reduce the fixed charge density.
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5.4. Chemical Characterization of the Interface Layer
5.4.1. SIMS Depth Profile of Undoped TaO, With and Without a TaN, Interface
Layer

Figure 55 (a) shows the SIMS depth profile of the 700 °C O, annealed, undoped TaOy
film without the TaNy interface layer. Very strong Si,0O cluster ion signals were detected
at the interface region. These ion signals indicate the formation of a SiOy interfacial layer
between the un-doped TaOy and Si substrate. The TaO ion signals, which represent bulk
TaOy, are uniform across the bulk film. However, these TaO ion signals decrease
abruptly when they reach the interface region, which implies that the interfacial layer is
dominated by SiOy, there being only a very small amount of Ta atoms in the interfacial
region. This is consistent with the previous report that Ta,Os is thermally unstable on top
of Si, and at about 25A thick SiO, interfacial layer is formed during post-deposition high
temperature annealing process.”” Since the k value of this SiOy interfacial layer is very
low, the formation of this interfacial layer will degrade the overall dielectric performance
dramatically.

Figure 55 (b) shows the SIMS depth profile of the TaOx/TaN,/Si structure after
700°C O, annealing. Even though the Si;O cluster ion signals are still detected at the
TaOy and Si interface region, the signal intensities decrease by a factor of 10 compared to
the un-doped TaOy film without the TaNy interface. This decrease might be partially due
to a matrix effect but is most likely due to the barrier effect of the thin TaNy layer on the
oxygen diffusion. In addition, the TaN cluster ion signal peak was detected at the
interfacial region, which confirms the incorporation of nitrogen into the interfacial layer.

At the corresponding TaN ion signal peak position, the TaO ion signal density is still very
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high, which means that there are large amounts of TaO ions in the same interface region.
These TaN ion signals, together with the TaO ion signals in the interface region, indicate
the existence of a non-stoichiometric TaONy layer at the interface before the ion-
sputtering of SIMS analysis. It had been reported that tantalum oxynitride could be
decomposed into TaO, and TaN by ion sputtering.'>* The assumption of the formation of
a TaOxNy interfacial layer can also be confirmed by XPS depth profiling, which will be
discussed in the next section. The relative peak position of the Si,O and TaN cluster ion
signals indicates that this interfacial layer is composed of two regions. The top region is
TaO«Ny rich with a relatively higher k value, and the bottom region is SiOy rich with a
relatively lower k value. Therefore, the enhancement of the kefreciive Value could be

explained by the formation of the complicated high-k interfacial layer.
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Figure 55 SIMS depth profile of (a) TaO4/Si film after 700 °C-10min O, annealing and

(b) TaOx/TaNy/Si film after 700 °C-10min O, annealing.
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5.4.2. SIMS Depth Profile of Undoped TaO, With and Without a TaN, Interface
Layer

Figure 56 shows the SIMS depth profiles of the 700°C O, annealed Hf (20W)-doped
TaOy films with and without the TaNy interface layer. The Hf, Ta and O ion cluster
signals were detected, which represent the HfOx and TaOy in the bulk film. For the film
without the TaNy interface layer, both Si,0 and HfSi10; ion signals were observed in the
interface region. The HfSiO, cluster ion signal indicates the existence of the HfSiOy
component because the bulk film was doped with Hf. The Si,0 cluster ion signal count in
the interface of the Hf-doped film, as shown in Fig.56 (a), is lower than that of the
interface of the undoped TaOy film under the same fabrication condition as shown in Fig.
55 (a). This indicates that the Hf component can hinder the interface layer formation,
which agrees with the TEM result, i.e., the interface layer thickness of Hf-doped films is
less than that of un-doped TaOx.

For the 700°C O, annealed Hf (20W)-doped TaOx sample with the TaNy interface
layer, components, such as N, Si,O, and HfSi0O,, were detected at the interface region.
HfSiO; cluster ion signals indicate the existence of the HfSiyOy in the interface after
doping Hf into the TaOy. The Si»O ion signal’s density of the Hf-doped films is lower
than that of un-doped TaOx with a TaNy interface as shown in Fig. 55 (b) by a factor of 3,
which may explain the improvement of the dielectric constant of Hf-doped TaOy relative
to the un-doped TaOx. However, the ratio of HfSiO; to Si,O decreases slightly with the
insertion of the TaNy interface. This can be explained by the barrier effect of the TaNy

interface to the diffusion of the Hf atom into the silicon substrate.
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Figure 56 shows that the Hf-silicate interface layer is formed independently of the
presence of the TaNy interface. Since the Hf-silicate have a higher k value than that of
SiOy, their formation contributes to the improvement of the Kegrective-

The TaN ion signals were also detected, but their profile cannot be identified
accurately with SIMS due to the interference effect of the HfO cluster ions. Instead, the N
ion signals could be used as an indication of the TaOxNy interface layer because it was
observed that N signals have the similar trend with that of TaN signals in the undoped
TaOy films with the insertion of the TaNy interface. The relative peak position of these
ion cluster signals suggests that the HfSi,Oy interface layer is located at the same position
of the SiOy interface layer.

SIMS results also indicate that nitrogen, instead of just being located at the interface
region, diffuses into the bulk TaOy film after high temperature annealing. This nitrogen
diffusion is not serious because the concentration of nitrogen is out of the detection limit
of XPS. However, it might play an important role in enhancing the film’s dielectric
properties. The decrease of leakage current density and the flat-band voltage shift
characteristic observed in previous sections could also be attributed to the existence of

nitrogen content in the bulk film.
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Figure 56 TOF-SIMS profiles of Hf (20W)-doped TaOy films (a) without and (b) with

the inserted TaNy interface layer, after 700°C-10 min O, annealing.
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5.4.3. XPS Depth Profiling of Hf-doped TaOy with TaN, Interface Layer

The chemical structure of the Hf-doped TaOy with the TaNy interface layer was
investigated by XPS depth profiling. Figure 57 shows that the chemical state of Ta 4f
spectra changes across the Hf-doped TaO,/TaN,/Si high-k gate stack structure. The film
was sputter etched with Ar+ ions. Figure 57 shows that only typical Ta,Os characteristic
peaks, e.g., at ~26.2 eV and ~28.1 eV, were observed for the fresh surface before ion
sputtering. After a 300 sec or 600 sec ion sputtering, two additional low energy doublets
can be observed at the interface layer. The peak binding energies of the first doublet are
located at ~23.6 eV and ~25.5 eV, which can be attributed to the Ta-N bonds. The peak
binding energies of the second doublet are located between the Ta-O bonds and Ta-N
bonds, e.g., at ~24.6 eV and ~26.5 eV, which may be attributed to the Ta-O bonds with
the presence of a third N atom, e.g., Ta-O (N). The observation of the Ta-N and Ta-O (N)
bonds at the interface layer region is consistent with the presence of TaO and TaN ion
clusters at the interface layers detected by SIMS analysis. SIMS and depth profiling XPS
analysis confirmed the formation of a non-stoichiometric TaONy interface layer as
suggested by the electrical analysis in the previous section. Therefore, the inserted TaNy
layer changed the interface layer structure after high temperature annealing in O, by
intermixing TaO, and TaN,. The TaOxNy interface layer is a good insulator and crucial
for high-k gate dielectric applications because it has a low leakage current and a high
dielectric constant.

Figure 58 shows the Hf 4f spectra of the same sample with the same ion etching
condition. Figure 58 shows that only typical HfO, characteristic peaks, e.g., at ~17.0 eV

and ~18.8 eV, were observed for the no etch and 300 sec etch films. The lack of the low
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binding energy peaks suggested that no hafnium nitride or oxynitride was formed in
either bulk film or interface when the TaNy interface layer was inserted between the Hf-
doped TaOx film and Si. This is consistent with the SIMS result that no HfN ion clusters
were detected in these samples. After the 600 sec ion sputtering, an additional low energy
doublet can be observed at the interface layer. The peak binding energies of this doublet
are located at ~17.6 eV and ~19.4 eV, which is higher than that of the typical Hf-O bonds
of the HfO,. These high binding energy peaks can be attributed to the formation of Hf-
silicate interface layer. '*"'%!

Figure 59 shows the Si 2p spectra of the same sample with the same ion etching
condition. The 99.3 eV peaks observed after 300 and 600 seconds of ion sputtering could
be attributed to the Si atoms from the Si substrate. The two small 102.8 eV peaks, which
appear after 300 and 600 seconds of ion sputtering, can be contributed to the oxidized Si
atoms from the interface layer. The high-energy features in the Si spectra provide some
information about interfacial Si atoms. For example, the relative SiOy interface layer
thickness can be estimated from the ratio between the high binding energy Si peak areas
to the low binding energy Si peak areas.'’’ Compared to the Si 2p spectra of the
corresponding undoped TaOy film as shown in Figure 60, the oxidized Si atoms
contained in the interfacial layer of Hf-doped films are much lower than that of the
undoped film, which is consistent with the SIMS results in the previous section. Both
SIMS and XPS results confirm that the doping of Hf into the TaOy can effectively
constrain the formation of a SiO-rich interfacial layer. This observation is also consistent
with the TEM result that Hf doping of the Ta,Os thin film effectively reduces the

interfacial SiO, thickness.
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Figure 57 Ta 4f spectra of a Hf-doped TaOy/TaN,/Si high-k gate stack structure after
700°C-10 min O, annealing. The film was sputter etched with Ar+ ions for 0 sec, 300 sec,

and 600 sec.
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Figure 58 Hf 4f spectra of a Hf-doped TaO/TaN,/Si high-k gate stack structure after
700°C-10 min O, annealing. The film was sputter etched with Ar+ ions for 0 sec, 300 sec,

and 600 sec.
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Figure 59 Si 2p spectra of a Hf-doped TaOy/TaN,/Si high-k gate stack structure after
700°C-10 min O; annealing. The film was sputter etched with Ar+ ions for 0 sec, 300 sec,

and 600 sec.
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Figure 60 Si 2p spectra of an undoped TaO,/TaN,/Si high-k gate stack structure after
700°C-10 min O, annealing. The film was sputter etched with Ar+ ions for 0 sec, 300 sec,

and 600 sec.
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5.4.4. Interface Layer Structure with Hf Doping and TaN, Interface Layer

Figure 61 (a)-(c) are summaries of the interface layer structures and compositions
formed between the silicon substrate and (a) undoped TaOy, (b) Hf-doped TaOx without
an inserted TaNy interface, and (c) Hf-doped TaOy with an inserted TaNy interface layer,
after the 700°C-10 min temperature O, annealing step. These schematic structures were
drawn based on TEM, SIMS and depth profiling XPS analysis. For the undoped TaOx,
the major component in the interface layer is SiOx and the interface thickness is about 2.5
nm after the 700°C, 10-minute O, annealing. For the Hf-doped TaOy, Hf is involved in
the interface formation process. The interface layer is thinner, e.g., 1.5 to 2.4 nm, and is
composed of SiO, and HfS1,Oy. The incorporation of Hf into the bulk TaOy film could
increase the effective dielectric constant k value of the high-k film because the resulting

interface layer has a higher k value than that of Si0Oy.

With the insertion of the TaNy interface layer, the newly formed interface contains a
TaO«Ny after high temperature O, annealing, which is a diffusion barrier for O atoms and
hinders the formation of the low quality interface layer. In addition, the interface layer
structure is changed from the single-zone to the multi-zone where the TaOxNy interface
layer is sandwiched between the bulk high k layer and the HfSi,O,/SiOy interface layer.
However, the inserted 5 A TaN, interface layer cannot completely block the formation of
a SiOy-like interface during the O, annealing. Although the SiOy-like interface is
undesirable from the overall dielectric constant viewpoint, a high quality SiO»-like
interface layer is desirable from the point of view of a low interface state density, which

is critical for the high MOSFET field-effect mobility.'
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Figure 61 Interface layer structures and compositions formed between the silicon

substrate and (a) un-doped TaOy, (b) Hf-doped TaOx without an inserted TaNy interface,

and (c) Hf-doped TaOy with an inserted TaNy interface layer, after a high temperature O,

annealing step.
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5.5. Summary

The electrical characterization result shows that the insertion of a 5 A TaN, between
the doped TaOy films and the Si substrate could decrease the film’s leakage current
density and improve the Kefrecive Value. The improvement of these dielectric properties
can be attributed to the formation of the TaON, interfacial layer after high temperature
O, annealing. The SIMS and XPS results also show that existence of N and Hf in the
interface formed between the Hf-doped TaOy films and Si wafer. The high-k dielectric
film’s properties are improved by the combination of doping the bulk film and inserting a
thin TaNy interface layer although a complicated multi-layer interface layer is formed.
The main drawback is the high interface density of states and hysteresis, which needs to

be lowered down.
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CHAPTER VI
METAL NITRIDE GATE ELECTRODE ON HAFNIUM OXIDE

GATE DIELECTRIC

6.1 Introduction

Unlike thermal grown SiO, gate dielectric, most high-k gate dielectric materials are
not compatible with the polycrystalline silicon (poly-Si) gate electrode, i.e., forming an
interface layer at the poly-Si/high-k contact region.'”*"'>> Other disadvantages related to
the poly-Si gate electrode include poly-depletion, boron diffusion and high resistance.'*®
5% As discussed earlier, poly-depletion will become a serious problem with the
aggressive scaling down of the MOSFET dimension. In the traditional CMOS fabrication
flow, the n+ and p+ poly-Si gate electrodes were formed with an ion implantation and
subsequent high temperature activation. With the scaling of the device dimensions,
shallow junction depths for source/drain decrease accordingly. A limited thermal budget
of the dopants activation will be required, which leads to insufficient active dopants in
the poly-silicon gate, especially at the oxide interface. The depletion of carriers within the
poly-Si gate will increase the EOT in inversion region and therefore results in loss of
current drive and transconductance of the transistor.' In addition, the gate resistance of
poly-Si will increase drastically with the decrease of the device dimensions, which may
reduce the speed of the MOSFET integrated circuits.

All the concerns related to the poly-Si gate electrode may be addressed by using a
metal gate electrode. For example, metal gate electrodes do not have the problems of poly
depletion and boron dopants diffusion. In addition, the metal gate electrode also has a

much lower electrical resistivity. However, replacing the poly-Si gate electrode by a
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metal gate electrode will introduce a lot of integration issues and imposes formidable a
challenge for both manufacturing and reliability.

There are many requirements for the metal gate electrode, including low electrical
resistivity, high thermal stability, low reactivity, adequate work functions for p-channel

. . 96, 159-160
or n-channel devices, and easy to deposit and process.

Refractory metals such as
Tantalum (Ta), Tungsten (W), and Molybdenum (Mo) are promising gate electrode
materials. However, pure metals may have relatively poor thermal stability and high

59, 161

chemical reactivity at elevated temperatures. Metal nitrides, such as tantalum nitride

(TaN), molybdenum nitride (MoN), and tungsten nitride (WN), are good diffusion

162-164
Moreover, the work

barriers with low resistance and high thermal stability.
functions of the metal nitrides may be adjusted with the nitrogen contents.'®"'*” Therefore,

metal nitrides are potentially important gate electrode materials for high-k gate dielectrics

in future MOSFET devices.

6.2 Experimental

The metal nitride film was sputter deposited on a ALD HfO, (2.5 nm thick) in two
steps: 1) a thin nitrogen-rich film was deposited by sputtering the metal targets in a
mixture of 50% N»/50% Ar for 30 seconds, and 2) a second nitride film was deposited by
sputtering the metal target in a mixture of No/Ar for 90 minutes. The optimum N,/Ar ratio
varies with the type of metal nitride. For example, for TaN, MoN, and WN electrodes, the
Ny/Ar ratios were 5%/95%, 10%/90%, and 2.5%/97.5%, respectively. These ratios were

139

selected for their low resistivity, which can be found elsewhere.”” The sputtering

pressure was fixed at 5 mTorr. The metal nitride gate was deposited through a shadow
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mask. The gate electrodes were processed through a post metallization annealing (PMA)
step in a N, ambient, at 10 Torr, for 10 seconds at 600°C or 800°C in a separate heating
chamber attached to the load-lock chamber of the sputtering system. After the backside
Si0, was stripped with a HF solution, a 300 nm thick aluminum (Al) film was DC sputter
deposited to form the Ohmic contact. Lastly, all the MOS capacitors were annealed in a
forming gas ambient (10% H2/90% N») at 300°C for 30 minutes in a tube furnace. In the
later discussions, the as-deposited samples are referred to the samples without the N;
PMA step, but with the backside 300°C Al forming gas annealing step. For the metal
nitride work function evaluation, MOS capacitors with various HfO, thicknesses were
prepared and characterized.

The resistivities of the metal nitride films were measured with a four-point probe
(Keithley DMM 196). The gate electrode/high-k interface layer structures were
characterized with an energy dispersive x-ray spectroscopy (EDXS), electron energy loss
spectroscopy (EELS), high-resolution transmission electron microscopy (HRTEM), time
of flight second ion mass spectroscopy (TOF-SIMS), and x-ray diffraction (XRD). The
electrical properties, such as equivalent oxide thickness (EOT), flatband voltage (Vgg),
interface state density (Dj), and leakage current density (J) were estimated from the
capacitance-voltage (C-V) and current voltage (I-V) data, which were measured with an
Agilent HP 4284A Precision LCR Meter and an Agilent HP 4155C Parameter Analyzer,
respectively. The work function (®,,) of a metal nitride gate electrode was extracted from

the Vgg versus EOT curve.
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6.3. Physical Properties

6.3.1. Microstructures of Gate Electrodes

The microstructures of three metal nitride gates were studied by XRD. Figure 62 (a)
shows the XRD patterns of the as-deposited, 600°C and 800°C N, annealed TaN films.
Prominent cubic-TaN (111) and (200) peaks were observed in all three samples. No
metallic Ta crystal phases were observed in any of these films, suggesting the films were
fully nitridized. The figures also show that the crystallinity of the TaN film improved
with the increase of the PMA temperature. The (200) peak became sharp and narrow after
both 600°C and 800°C PMA, which may be attributed to the increase of the crystal size
or change of the bond structures. The nitrogen content is an important factor for the XRD
peak shape. For example, it was reported that the XRD pattern of the as-deposited TaN
films varied with the nitrogen partial pressure of the sputtering gas. The TaN (200) peak
height increased first with the increase of nitrogen concentration, and then decreased with
the further increase of the nitrogen concentration.'®® The increase of the TaN (200) peak
height in Fig. 62 (a) implies an increase of crystallization with the increase of the
annealing temperature. Separately, SIMS result, which is shown in Figure 63, confirms
that the nitrogen concentration in the TaN film increases with the annealing temperature.

Fig.62 (b) shows the as-deposited MoN sample had a hexagonal MosN, crystal
structure. After high temperature PMA, it transformed to a cubic Mo,N crystal structure.
This structure was stable up to 800°C N, PMA. Similarly, Metallic Mo crystal phases
were not observed in either as-deposited or annealed films. Change of the Mo/N ratio
with the annealing temperature has been confirmed with SIMS analysis, as shown in

Figure 63(b). For the film after 800°C PMA, further changes of crystal size or nitrogen
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Figure 62 XRD patterns of (a) TaN, (b) MoN, (c) WN gate electrodes on 2.5nm HfO,
films with and without N, PMA treatment. All the samples were annealed in forming gas

at 300°C for 30min after backside Al deposition.
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concentration in the MoN films may occur, which leads to a sharp Mo,N C (111) peak
and a small Mo,N C (200) peak. It was reported that the formation of either a two-phase
structure (Mo,N and Mo) or a single-phase structure (Mo,N) was determined by the
initial nitrogen concentration in the as-deposited MoN, film.'®'™ The film’s
microstructure was insensitive to the process condition once the Mo,N phase was formed.
In this study, only the single-phase structure Mo,N was detected after high temperature
PMA because the initial nitrogen concentration was high in the as-deposited film. A
stable single phase Mo,N crystal structure was formed when the PMA temperature was
as high as 800°C.

Fig.62 (c) shows the as-deposited WN film had a cubic W;N crystal structure, which
suggests the as-deposited film was fully nitridized. The intensity of W,N (111) and (200)
peak heights increased with the PMA temperature. After 800°C PMA, a small W (110)
peak appeared, which implies the formation of a metallic W phase. It was reported that
the WN phase was not stable and a prominent W (110) peak was detected after 1025°C
N, annealing.'’' The formation of a metallic W phase may be attributed to the
dissociation of WN or the re-crystallization of amorphous WNy component in the film.
For example, the amorphous metal-rich WNy (x « 0.5) film tends to recrystallize into W
and W,N phases at a relatively low temperature (~450°C)."” Since the No/ (Ar+N,) ratio
in the sputtering gas steam was very low (~2.5 %), the as-deposited WN gate should be
metal-rich and therefore, the formation of a metallic W phase after high temperature
annealing is expected. Although the N-rich WNy (x>1) film is more stable and
recrystallizes at a higher temperature than the N-deficient WNy film, the film has a much

higher resistivity and, therefore, is less desirable for gate electrode applications.
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6.3.2. Nitrogen Distributions in the Bulk Film and at the High-k Interface

The nitrogen concentration in the bulk metal nitride film across the nitride/HfO,
interface is an important factor affecting electrical properties of the gate electrode as well
as the MOS capacitor. Figure 63 (a) shows the TOF-SIMS depth profile of Ta-N ion
clusters in the as-deposited film and after 600°C and 800°C PMA films. The as-deposited
film shows N piled up at the HfO, interface, which is due to the two-step deposition
process. After 600°C PMA, the nitrogen concentration in the bulk layer increased slightly,
but the interface nitrogen concentration decreased. The increase of nitrogen concentration
in the bulk TaN film is consistent with the XRD pattern change as shown in Fig. 62 (a).
The decrease of the nitrogen concentration at the interface indicated that the original
nitrogen atoms accumulated at the HfO, interface were weakly bonded, which could be
removed by annealing at a moderate temperature. After 800°C PMA, the nitrogen
concentration further increased slightly in the bulk TaN film, but a large increase of
nitrogen concentration occurred near the metal nitride/HfO, interface. This increase of
nitrogen concentration may be attributed to the formation of an N-rich TaN phase, e.g.,
TasNs which will be discussed in later sections. This N-rich TaN phase has a high
resistivity and may lead to serious interaction between the TaN gate electrode and the

underlying high-k layer, which will be discussed in later sections.
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Figure 63 SIMS depth profiles of (a) TaN, (b) MoN, (c) WN gate electrodes. All the

samples were annealed in forming gas at 300°C for 30min after backside Al deposition.
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Fig. 63 (b) shows that the nitrogen concentration in the MoN film decreased after the
PMA step. This result is also consistent with the XRD results, as the as-deposited film
has the hexagonal MosNg structure but the 600°C PMA film has the cubic Mo, N structure.
The further decrease of nitrogen contents in the MoN gate electrodes after §00°C PMA
compared to 600°C PMA implied that there could be some extra nitrogen in the
crystalline Mo,N matrix and could be lost during high temperature PMA. Fig. 63 (c)
showing similar decreases of nitrogen concentrations were also observed in the WN films,
which is consistent with the formation of a metallic W phase after 800°C N, PMA as
shown in the XRD pattern. Schaeffer et al also reported a similar reduction of the
nitrogen level with increased annealing temperature based on the SIMS analysis. '”' For

example, about a 20% nitrogen loss was observed after 800°C and 900°C PMA condition;

approximately 60% nitrogen loss was observed at 1025°C annealing.
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6.3.3. Metal Nitride and HfO, Interaction

One major problem of poly-Si gates is the reaction with the high-k layer to form an
interface layer. The interaction between the metal nitride gate and high-k gate dielectric
layer was investigated by TEM and EELS/EDXS. Figure 64 (a) shows the thickness of
the bulk high-k dielectric layer of the as-deposited sample is around 2.2~2.5nm. After
800°C PMA, the thicknesses of the bulk high-k dielectric layer increased by ~0.2 nm
when the MoN and WN gate electrodes were above it as shown in Fig. 64 (b)-(c). A
dramatic increase of the dielectric layer thickness (~0.7 nm) was observed when the TaN
gate electrode was above it after 800°C PMA, as shown in Fig. 64 (d). This increase of
the high-k dielectric layer thickness could be related to the increase of the nitrogen
concentration after 800°C N, PMA as shown in the TOF-SIMS analysis of Fig. 63 (a).
Figure 65 (a) shows the EELS profiles of O, N, and Si across the TaN/HfO, dielectric
interface region. It is clear that O and N interdiffused through the contact region. Fig. 65
(b) shows EDXS profiles of the same sample. It also shows a serious outward diffusion of
Hf atoms into the TaN gate electrode film. The elements profiles in Fig. 65 (a)-(b)
suggest that a top interface layer containing Ta, Hf, O, and N atoms was formed at the
TaN/HfO, contact area. Since this interface layer contains metal atoms, i.e., Hf and Ta,
with similar size and atomic weight, it is difficult to differentiate this interface layer from
the bulk HfO, film in the HRTEM image. Therefore, the thick high-k gate dielectric layer
as shown in the HRTEM image may be contributed by both the top interface layer and
the remaining bulk HfO, layer.

Although similar O and N interdiffusion profiles were detected by EELS on

MOoN/HfO,/Si and WN/HfO,/Si gate stack structures, the details were different. For
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example, the interdiffusion between O and N in the TaN gate electrode sample was more
serious than that in the MoN or WN gate electrode sample. The O shoulder stretched
wider toward the metal gate area in sample with TaN gate electrode but relatively less in
samples with MoN or WN gate electrode. HRTEM results also showed no dramatic
increase of the bulk high-k gate dielectric thickness in these two stacks structures.
Therefore, no serious interaction occurred at the MoN/ HfO, or WN/ HfO, interface after
800°C PMA. In this study, among the three metal nitride gate electrodes, TaN is least
stable because it reacted with N, and HfO, at a high PMA temperature. Other researchers
also reported similar results, e.g., there was some interdiffusion between Hf and Ta atoms
after 1025°C, but no Hf and W interdiffusion was reported at the same temperature.'”
These results may be contributed by the similarities between Ta and Hf atoms in terms of

the weight, electronegativity, and radii.'”
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Figure 64 Comparison of high resolution TEM image of (a) as-deposited MoN/2.5nm
HfO,/Si stack, (b) 800°C PMA MoN/2.5nm HfO,/Si, (¢) 800°C PMA WN/2.5nm HfO,/Si,

(c) 800°C PMA TaN/2.5nm HfO,/Si stack structures.
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6.3.4. Metal Nitride Gate Influence on the Bottom HfO, and Si Interface Layer

An approximately 0.6 nm thick bottom interface layer was formed at HfO,/Si
interface for the as-deposited MoN/2.5 nm HfO,/Si stack, as shown in the Fig. 64 (a). An
increase of the bottom interface layer thickness was observed for all three metal nitride
gate/HfO,/Si stacks after 800°C PMA, as shown in the Fig. 64 (b)-(d). The bottom
interface layer thicknesses could also be estimated from the inflection point of the
EELS/EDXS profiles. Figure 66 is a summary of the bottom interface thickness measured
from TEM and EELS/EDXS for all three metal gate samples after 800°C PMA. The
bottom interface layer thicknesses estimated by the two methods are very close. They
also show similar trends on annealing effects. For example, after 800°C PMA, the bottom
interface layer thickness increases substantially for all three gate stack structures.
Different gate electrodes affect the bottom interface layer thickness differently. Other
researchers also reported that the gate electrode materials have some impact on the

formation of the bottom interface layer.'”" '

This may be attributed to the difference in
the oxygen-block capabilities of wvarious gate electrode materials at the high
‘[empera‘[ure.174 Since the PMA ambient in this study was done under a high purity N,
atmosphere, there must be some other reason for the increase of the bottom interface
layer thickness. The SIMS analysis indicated that the oxygen impurity concentration in
the as-deposited MoN gate electrode was the highest among all three gate electrodes,
which is consistent with its thickest bottom interface layer after 800°C PMA. The lowest
oxygen concentration was detected in the as-deposited WN gate electrode, which had the

thinnest bottom interface layer after 800°C PMA. Based on this observation, the increase

of the bottom interface layer thickness may be related to the oxygen impurity
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concentration in the as-deposited gate electrode films. The high oxygen concentration in
the MoN film may come from the target. More detailed analysis of the target is required
to verify the above assumption. Results in this section suggest that any possible oxygen

source in the process should be eliminated in order to reduce the bottom interface layer

thickness.
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Figure 66 Bottom interface layer thickness for different gate electrodes with and without
800°C N, PMA. All the samples were annealed in forming gas at 300°C for 30min after

backside Al deposition.
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6.4. Electrical Properties

6.4.1. Resistivity

Table IV shows the resistivity of three metal nitride gate electrodes with different
PMA temperatures. For as-deposited films, low resistivity (~50-70uQ-cm) was achieved
for all three gate electrode materials. However, the TaN gate electrode shows a sharp
increase of resistivity after 800°C PMA. It was reported that the as-deposited TaNy films
with relatively high nitrogen concentration would have relatively low thermal stability in
term of resistivity.'’*'” The sharp increase of resistivity after a high temperature anneal
can be attributed to the formation of an N-rich TaN phase, such as T313N5.171’176 In this
study, SIMS analyses indicated an increase of nitrogen content in the TaN gate electrode
after 800°C N, PMA as shown in Fig. 63 (a), but no crystalline N-rich TaN structure was
observed in the XRD patterns. The N-rich TaN phase may still be in amorphous phase.
Tantalum nitride has many polymorphs and their properties vary depending on the
nitrogen contents.'”’

The MoN and WN gate electrodes show a relatively stable resistivity up to 800°C
PMA. A slight decrease of resistivity was observed for both gate electrodes materials.
This observation is consistent with the slight nitrogen loss after high temperature PMA as
shown in the SIMS profiles. The decrease of resistivity may also be attributed to the grain
growth of the MoN and WN gate electrodes after the high temperature PMA, as shown in

Fig. 62 (b)-(c).
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Table IV Resistivity of metal gate electrodes on HfO, films with different PMA

conditions.
Gate Electrodes | As-deposited | 600°C N, PMA | 800°C N, PMA
TaN 70 pQ-cm 80 pQ2-cm 5000 pQ2-cm
MoN 60 pQ-cm 48 pQ-cm 48 pQ-cm
WN 50 uQ-cm 36 pQ-cm 36 uQ-cm
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6.4.2. Equivalent Oxide Thickness

Figure 67 shows the equivalent oxide thickness (EOT) of TaN, MoN, and WN-gate
electrodes/2.5 nm HfO, MOS capacitors at different PMA temperature. Low EOTs
(0.9~1.1 nm) were achieved for the as-deposited samples. The EOT increased
unanimously with the PMA temperature. The EOT increase can be attributed to the
increase of the bottom interface layer thickness as shown in previous TEM and EELS
results. The largest EOT (~3.0 nm) was observed for samples with the TaN gate electrode
after 800°C PMA. This can be explained by the formation of a thick top interface as a
result of serious interaction between the TaN electrode and the HfO, film. The sample
with the MoN gate electrode also shows a large EOT (~2.4 nm) after 800°C PMA, which
can be explained by the dramatic increase of the bottom interface layer thickness as
shown in the TEM figure. Samples with the WN gate electrode display a relatively small
variation of EOT after high temperature PMA, which is consistent with the TEM result

shown in Fig. 64.
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Figure 67 EOT variance with PMA treatments for samples with different gate electrodes.
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6.4.3. Leakage Current Density

Figure 68 shows the leakage current density (J) vs. gate voltage (Vg) curves of
capacitors with different metal nitride gates after (a) 600°C and (b) 800°C PMA. The
800°C PMA samples show lower leakage current densities than 600°C PMA samples.
The decrease of the leakage current densities can be explained by the increase of EOT.
The EOT value is contributed by both the bulk high-k and the interface layers. In addition
to the film thickness, material properties of each layer, such as the composition and
density, also affect the leakage current mechanism. Samples with the TaN gate electrode
always show the lowest leakage current densities among the three types of samples. This
is consistent with its large EOT value. However, for the 800°C PMA sample with the
TaN gate electrode, the leakage current is three orders of magnitude lower than that of the
600°C PMA sample. The decrease of the leakage current density cannot be solely
explained by the slight increase of EOT, i.e., 0.8 nm. The low leakage current could also
be contributed by material property changes of the bulk high-k and interface layers. For
example, Figure 65 (a)-(b) showed a serious interaction between TaN and HfO,, which
resulted in the formation of a top interface layer containing Ta, Hf, O, and N atoms? It
was reported that the formation of an oxynitride interface layer would reduce the leakage
current density of the high-k gate stack structure.'”*"'"

The leakage current of the 800°C PMA sample with the WN gate electrode is about
two orders of magnitude higher than that of the sample with the same PMA temperature
but MoN gate electrode. However, the EOT of the former is only 0.6 nm lower than that
of the latter. Therefore, other factors might contribute to the unusually high leakage

current. One possible reason is the formation of a metallic W phase in the WN film, as
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182

shown in the Fig. 62 (c). It was reported that for the same high-k gate dielectric films, a

WN, gate electrode showed a lower leakage current density than the W gate electrode.'™

8L WN, is superior to W as a gate electrode because the nitrogen from WN, can be
incorporated into the high-k film. The metallic W in the WN electrode may change the

metal gate/high-k top interface properties or even penetrate the high-k film to create a

leaky path, which results in a high leakage current density.

6.4.4. Gate Electrodes Work Functions
The work functions (®,,) of the metal nitride gate electrode was extracted from the
plots of flatband voltage (Vrg) versus EOT.*'"! In this study, a simple linear relation

between Vg and EOT was assumed,

where Q. is the effective oxide charge at the oxide interface, g, is the permittivity of
2

Si0, (3.45x107°F/cm), and ®g1s the difference between the electrode work function

(®y) and Si substrate (p-type ~10"cm™ doping level) work function (Og~ 5.09eV).

The plus and minus (+/-) sign represents the positive and negative fixed charge,

respectively. The Q.sr and the ®,gcan be extracted from the slope and intercepts of the

Vs vs. EOT plot, respectively. The linear relationship in Eq.19 is only a simple model
traditionally used to extract the work function assuming that the stacked high-k is a
homogeneous layer. However, since the high-k stack is composed of two distinct layers,

for more accurate characterization of the work function and charge densities, a large array
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of samples, such as different SiO, interface layer and bulk high-k thicknesses, need to be
prepared.'®

According to calculations of Eq.19, the ¢y of TaN, MoN, and WN after 600°C PMA
are about 5.0eV, 4.5¢V, and 4.29eV, respectively. For films after 800°C PMA, the ¢y of
TaN, MoN, and WN decreased to 4.23eV, 4.16eV, and 4.06eV, respectively. The work
functions of all three gate electrodes materials are suitable for NMOS application after
800°C PMA."””!""! The small variation of work functions of MoN and WN gate electrodes
between 600°C and 800°C PMA conditions can be explained by the minor changes of
microstructures and chemical compositions as shown in XRD and SIMS results. For the
TaN gate electrode, a drastic change of work function with PMA temperature was
observed, which is due to its poor thermal stability and serious interaction with the HfO,.
The TEM, EELS, and SIMS results confirm the serious interaction at the TaN-HfO,
interface after 800°C PMA. The change of work function after thermal treatment had
been observed by many other researchers.'”""'® Crystallization, structure, and chemical
composition can affect the work function of the metal gate electrodes above the HfO,

171,183

films. In this study, the change of work function can be related to the changes of the

physical properties of metal nitride gate electrodes after high temperature PMA treatment.

6.4.5. Interface State Density

Figure 69 shows the change of interface state density (Dj) of 2.5nm HfO, films with
different PMA temperatures. The Dj; in this work was extracted at the midgap by the
single frequency approximation method (Hill’s method) from 1 MHz/100kHz frequencies

184

C-V measurement. = For the samples with TaN and MoN gate electrodes, the Dj
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decreased with the increase of the PMA temperature. This suggested that high
temperature PMA anneal can be effective to anneal out the damage caused by the PVD
gate deposition process.'®#

However, samples with WN gate electrodes show a different trend on the change of
Dy after 800°C PMA. The 800°C PMA sample has a slightly higher Dj; than the 600°C
PMA sample. This phenomenon has been observed on Ta;Os high-k films and the W/ WN
gate electrode. '™ The exact reason for the increase of Dy, after high temperature anneal is
still unknown. In this study, the increase of Dj for WN gate may be attributed to the
formation of the metallic W phase in the WN gate electrodes after 800°C PMA, which
was close to the bottom high-k/Si interface and degraded the interface quality.

It should also be noticed that the Dj; value is influenced by the metal gate electrode
material. For example, samples with a TaN gate show a lower Dj; value than those with
the other two gate electrode materials regardless of the PMA temperature. The gate
electrode material and metal gate deposition conditions were reported to affect the
interface state density of MOS with SiO, and high-k gate dielectrics.'”” '*'*¢ There are
several possible explanations. For example, some deposition processes may cause more
damages to the thin gate dielectric film than other processes, e.g., high ion bombard
energy or strong short wavelength light radiation during sputtering. In addition, different
gate electrodes may have different stresses, which could affect the interface state
density."®” Another reason may be associated with the different barrier properties of metal
gate electrodes related to diffusion of hydrogen atoms during the post metal forming gas
annealing step. More detailed studies on the gate electrodes effects on the interface state

density are under progress.
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Figure 70 shows the Dj; values for different metal nitride gate electrode on HfO; high-
k gate dielectric films with different physical thickness after 800°C PMA. For TaN and
WN gate electrodes, Dj; decreased with the increase of HfO, physical thickness. However,
for the MoN gate electrode, the HfO, physical thickness almost has negligible effects on
the Dj; value. Samples with TaN gate electrode always exhibit a lower Dj; values than

those with MoN and WN gate electrodes.
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6.4.6. Oxide Trap Density

Figure 71 shows the bulk oxide charge density (Q.) of 2.5nm HfO, films with
different metal nitride gate electrode materials. The Q. was extracted from the hysteresis

of the CV curves using the following equation.

Qy=—"— [20]

where the AVgp is the flat band voltage shift after a forward-and-reverse voltage sweep
from -3V to +3V, q is the electronic charge, and C,y is the accumulation capacitance per
unit area. Fig. 71 shows that in all cases the Q. value decreases after the high
temperature PMA step. High temperature annealing can effectively reduce defects in the
high-k film caused by the sputter deposition process of the gate electrode. In addition,
after PMA, the overall high-k stack physical thickness increased. Under the same sweep
voltage condition, the effective electrical field and the amount of the injected charges
decreased accordingly, which may also lead to a lower Q. For samples with WN and
MoN gate electrodes, a lower Q. was achieved by increasing the PMA temperature, e.g.,
from 600°C to 800°C. The lowest Q. was obtained for the sample with a WN gate
electrode after 800°C PMA. However, a slight increase of Q. was observed for the
sample with the TaN gate electrode after 800°C PMA compared to the sample after
600°C PMA. This can be explained by the serious interaction between the TaN and HfO,
film after 800°C PMA. EELS result in Fig. 65 (a)-(b) showed that a top interface layer
containing Ta, Hf, O, and N atoms was formed at the TaN/HfO, contact region, which

132,188

increased the oxide trap density of the high-k gate stack structure Figure 72 shows

the Q¢ values for different metal nitride gate electrodes on HfO, high-k gate dielectric
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films with different physical thickness after 800°C PMA. For all three gate electrodes
materials, the Qot values increase with the increase of the HfO, physical thickness.
Samples with WN gate electrode always show exhibit a lower Q. values than those with

TaN and MoN gate electrodes
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Figure 71 Oxide charge density (Qo) of samples with different gate electrodes.
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6.5. Summary

TaN, MoN, and WN were investigated as gate electrodes for a 2.5 nm thick HfO,
high-k dielectric material. Their physical and electrical properties were affected by the
PMA treatment conditions. Serious interaction was observed at the TaN/HfO, interface
after 800°C PMA and a top interface layer containing Ta, Hf, O, and N atoms was
formed, which lead to an increase of EOT and bulk charge density. No significant
interaction occurred at the WN/HfO, or MoN/HfO, interface. The metallic W was
formed after 800°C PMA, which lead to a high leakage current density. The gate
electrode material also affected the bottom interface’s electrical properties. A thick
bottom interface layer was formed at the HfO,/Si interface for the sample with a MoN
gate electrode, which lead to a high EOT after a high temperature PMA. Work functions
of these three gate electrodes are suitable for NMOS applications after 800°C PMA. In
summary, metal nitrides can be used as the gate electrode materials for the HfO, high-k
film. However, when interpreting electrical properties, the deposition and after-deposition

process conditions have to be specified carefully.
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CHAPTER VII

SUMMARY AND CONCLUSION

Various Hf-doped TaOy gate dielectric materials were deposited by the RF reactive
co-sputtering. Material and electrical properties were studied by XPS, SIMS, HRTEM,
C-V, and I-V. Influences of process parameters, e.g., Hf co-sputtering power, post-
deposition annealing temperature, and annealing time, to high-k properties were
investigated. The Hf dopant affects both the bulk and interface structures of the TaOx
film. The XPS and SIMS data showed the binding energy shifts and the composition
changes with the dopant concentration. The interface layer thickness was reduced by the
doping process, too. The moderately and heavily Hf-doped TaOy thin films formed
thinner interface layers at the silicon contact region than the un-doped TaOy or lightly Hf-
doped TaOy films. The annealing time affected the interface layer thickness change more
pronouncedly at the short period than at the long period. The incorporation of Hf into
TaOx impacted the electrical properties. The doping process improved the effective
dielectric constant, reduced the fixed charge density, and increased the better dielectric
strength. The leakage current density in the film decreased with the Hf concentration.
However, the heavily Hf-doped TaOy film suffered from the low dielectric breakdown
strength and its dielectric constant was slightly higher than that of the un-doped TaOy
film. High temperature post-deposition O, annealing effectively reduced the defect

charges in the high-k stack structures. The Hf-doped TaOy films have many advantages
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over the un-doped TaOy and HfOy films. Therefore, doping is a promising method in
preparing high quality gate dielectric materials for the future generation CMOS devices.
Lightly Hf-doped TaOy high-k gate dielectric films with physical thickness less than 5
nm were prepared into MOS capacitors. Sub-2 nm thick EOTs have been demonstrated
and studied. The low leakage currents and high dielectric constants of the doped films
were explained by their compositions and bond structures. The Hf-doped TaOy film
contains HfSi,Oy in the interface layer irrespective of the PDA atmosphere. However, the
O, annealed film contains more oxidized bulk film and less silicate-rich interface layer.
The energy band gaps in doped and un-doped films could be explained by the film
structure. The lightly Hf-doped TaOy film is a potential high-k gate dielectric for future

MOS transistors.

5 A TaN, interface layer was inserted between the doped TaOy films and the Si
substrate. The electrical characterization result shows that the TaNy interface layer could
decrease the film’s leakage current density and improve the Kereciive value. The
improvement of these dielectric properties can be attributed to the formation of the
TaO«Ny interfacial layer after high temperature O, annealing. The SIMS and XPS results
also show that existence of N and Hf in the interface formed between the Hf-doped TaO
films and Si wafer. The high-k dielectric film’s properties are improved by the
combination of doping the bulk film and inserting a thin TaNy interface layer although a
complicated multi-layer interface layer is formed. The main drawback is the high
interface density of states and hysteresis, which needs to be lowered down.

TaN, MoN, and WN were deposited by RF reactive sputtering on HfO, high-k

dielectric material to as gate electrodes to form MOS capacitors. Their physical and
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electrical properties were affected by the PMA treatment conditions. Serious interaction
was observed at the TaN/HfO, interface after 800°C PMA and a top interface layer
containing Ta, Hf, O, and N atoms was formed, which lead to an increase of EOT and
bulk charge density. No significant interaction occurred at the WN/HfO, or MoN/HfO,
interface. The metallic W was formed after 800°C PMA, which lead to a high leakage
current density. The gate electrode material also affected the bottom interface’s electrical
properties. A thick bottom interface layer was formed at the HfO,/Si interface for the
sample with a MoN gate electrode, which lead to a high EOT after a high temperature
PMA. Work functions of these three gate electrodes are suitable for NMOS applications
after 800°C PMA. Metal nitrides can be used as the gate electrode materials for the HfO,

high-k film.
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