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Abstract

High-k Gate Dielectrics for Si CMOS Applications

Z hijiong L uo  

2003

This thesis focuses on the understanding of many fundamental properties of high-k 

gate dielectrics for Si CMOS gate applications, and on the development o f ultra-thin 

Z r 0 2/Zr silicate, titanium aluminates, and T i0 2/SiN gate dielectrics.

The results demonstrate that the ultra-thin Z r 0 2/Zr silicate films deposited by the 

JVD process can have EOTs down to 1 nm, and possess high thermal stability, among other 

good electrical properties. The presence of a thermally stable Zr silicate interfacial layer 

may prevent the formation o f interfacial silicon oxide during anneal.

Our results also reveal that either incorporating A1 into T i0 2, or using a high- 

quality ultra-thin JVD SiN layer can improve the properties of the gate stack after high 

temperature annealing. The nano-crystallization of titanium aluminates results in 

considerable degradation o f transconductance and reliability.

The barrier heights over Si conduction band edge and conduction mechanisms of 

several scientifically and technically important high-k materials have been studied. Our 

results reveal that (1) Though Ta20 5 possesses a larger bandgap than that o f T i0 2, due to its 

adverse band alignment to Si band, Ta2Os only has a barrier height of 0.28 eV over Si 

conduction band edge, which is much smaller than that of T i0 2. Therefore, Schottky 

emission or thermionic emission becomes the dominant conduction mechanism in over the 

Ta20 5 barrier; (2) The high barrier height of 3.0 eV  for ALD A120 3 over Si conduction 

band edge makes it attractive to block thermionic current at elevated temperatures; The 

barrier height of 2.1 eV for JVD Z r 0 2/Silicate over the Si conduction band edge is sufficient 

to block thermionic current; (3) Incorporating A1 into T i0 2 increases the barrier height of
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T i0 2 over the Si conduction band edge; (4) The work function of 4.7 eV for Tungsten makes 

its Fermi-level at the mid-gap of Si band.

Through the course of this dissertation study, we have found that (1) it is possible to 

make M OSFETs with high-k gate dielectrics with mobilities that fit closely to the universal 

mobility curve, (2 ) a major portion of the reduced transconductance or conductance can be 

attributed to trapping, (3) among M OSFET’s with H f silicate, H f0 2, and H f aluminate, the 

device with H f silicate shows the highest transconductance and lowest trap densities.
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Chapter 1

The Evolution of CMOS Devices and Gate 
Dielectrics

This chapter provides an introduction of the evolution of Complementary-Metal- 

Oxide-Semiconductor (CMOS) devices and gate dielectrics for CMOS applications. First, 

the history o f the evolution o f CMOS will be presented, and the scaling theories will be 

introduced. Then, the current state of CMOS gate dielectric technology and the difficulties 

of continuing the scaling o f silicon dioxide as gate dielectric will be discussed. Finally, a 

possible solution to continue the scaling of CMOS gate dielectric and possible candidates to 

succeed silicon dioxide will be reviewed. The criteria to select new high-k gate dielectrics to 

replace silicon dioxide as CMOS gate dielectric will be summarized.
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1 .1  CM OS

The human society is moving fast into the information age. From huge mainframe 

servers handling trillion bits of data in a second to tiny calculators, from the backbones of 

the telecommunication networks to cell phones, microchips are responsible for the 

generation, storage, and transmission of information, and they constitute brains and nerves 

of our society. In microchips, the most fundamental building block is the silicon Metal- 

Oxide-Semiconductor Field Effect Transistor (MOSFET). MOSFET has greatly influenced 

the society since its birth, and it has become one o f the most important inventions in human 

history.

1.1.1 MOS Structure and MOSFET

W hat is a MOSFET? First, a M etal-Oxide-Semiconductor (MOS) structure is 

composed o f three important planar layers: one metal layer, one insulating layer, and one 

semiconductor layer. As illustrated in Figure 1.1, following the variation o f the applied 

voltage or electric Held, the surface o f the semiconductor can be changed into three 

different conditions, accumulation, depletion, and inversion, respectively. Based on this 

effect, MOSFET was proposed. MOSFET is a four-terminal transistor as illustrated in 

Figure 1.2. For an enhancement mode N-type MOSFET, when the gate voltage is zero or 

negative, the device is off; Thus, there is no current flowing between the source and drain. 

However, when the gate voltage gradually increases and passes a threshold value, the 

semiconductor surface region underneath the gate is inverted. Therefore, a channel filled 

with free electrons is formed, which allows the current to conduct between the source and 

drain.

2
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1.1.2 Brief History o f MOSFET

A conceptually similar MOSFET structure was proposed and patented 

independently by Lilienfeld1 and by Heil2 in 1930, but was not successfully implemented  

until the early 1960s. Kahng at Bell Labs fabricated the first MOSFET in I9603. In 1963, 

W anlass and Sah at Fairchild Semiconductor originated and published the very idea of 

Complementary-Metal-Oxide-Semiconductor (CMOS)4. The circuitry based on CMOS 

structure shrank the stand-by power consumption significantly, reduced the device overlap 

capacitance, and improved frequency performance dramatically. By 1968, both CMOS 

structure and polysilicon gate technology with the gate to source/drain self-alignment 

technology had been successfully developed5. So, at that time, CMOS was poised to take 

over the world. Moreover, MOSFET found a perfect partner in silicon (Si). The low 

stand-by power of CMOS circuitry and the process prowess of Si together propelled the Si 

CMOS circuitry to the dominant role in modern electronics.

There are no better words to describe the phenomenal growth o f the semiconductor 

industry than the famed M oore’s law. In 1965, Gordon Moore, then director of research 

and development at Fairchild Semiconductor, wrote a paper for Electronics entitled 

"Cramming more components onto integrated circuits." 6 In the paper, Moore observed 

that "The complexity for minimum component has increased at a rate of roughly a factor of 

two per year." This observation became known as Moore's law: the number of components 

per Integrated Circuit (IC) doubles every year. Moore's law was later amended to that the 

number of components per IC doubles every 18 months. Moore's law holds to this day. 

Besides the growth of the density of the circuitry, the speed and function o f circuitry are 

also growing at roughly the same rate. Figure 1.3 illustrates the growth of the memory 

capacity and MPU clock speed since the early 70s7. And Table 1.1 reveals the improvement 

of the recent CMOS technology generations8’9’'0’11’12.

5
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1. 2 M O SFET and Gate D ielectric Scaling

There is one driving force behind such astonishing growth: the scaling o f MOSFET. 

At the birth of M OSFET, channel length, the critical feature of MOSFET, is on the scale of 

100 p.m. Now the channel length of the state-of-the-art MOSFET is below 100 nm, which is 

a thousand-time smaller. Now hundreds o f millions of MOSFETs can be integrated on one 

single chip economically.

1.2.1 Short Channel Effect

However, the scaling o f MOSFET is not a simple task. It takes a systematic 

approach to break numerous barriers. I f  the scaling is not conducted properly, instead of 

gaining benefits, it results in malfunctioned devices. W ith a shortened channel length, the 

gate faces a much stronger competition from the source and drain than that in device with 

longer channel. The gate has less influence on the channel region, which causes many 

adverse effects on the shortened channel. The short channel effect is characterized by a 

decrease of the MOSFET threshold voltage as the channel length reduces. When the 

distance between the source and drain are comparable to the depletion width o f the source 

or drain, the space-charge region takes a significant part of the channel region. In this case, 

the M OSFET needs fewer carriers to invert the channel, which results in a lower threshold 

voltage. In the extreme case, the depletion regions for the source and drain connect, so 

carriers can move freely between source and drain without an inverted channel, and the 

device does not function at all. This extreme case is called punch through. Therefore, 

different scaling theories, such as the constant electric field scaling rules13 and the constant 

voltage scaling rules14 (see Appendix), were proposed to solve scaling related problems.

6
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1.2.2 The Scaling o f Gate Dielectrics

Among all the scaling parameters, the gate oxide thickness is probably the most 

important one. It’s difficult to imagine any meaningful scaling of MOSFET without scaling 

the gate dielectric. That is mainly for two reasons: (1) the drive current of MOSFET is 

proportional to the gate capacitance per unit area,

2
IV  Vd,sm

Ids, sal =  ~j~ JLlCax ~ , (1*1)

where W  is the channel width of MOSFET, L  is the channel length, fi is the channel carrier 

mobility, and Cox is the gate capacitance per unit area. A thinner gate oxide or a larger gate 

capacitance per unit area provides a larger drive current; (2 ) a thinner gate oxide or a 

larger gate capacitance per unit area enables the gate to possess better control of the 

channel region. Therefore, it can minimize the short-channel effects. Table A.3 in Appendix 

reveals the requirements of the gate dielectric thickness for the future generations of Si 

CMOS technology15.

Since the birth of Si MOS devices, silicon dioxide (S i0 2) has been used almost 

exclusively as the gate dielectrics. Its outstanding electrical properties and remarkable 

process compatibility with Si were unmatched by any other dielectric. Silicon dioxide is one 

of the most important reasons that Si is the dominant IC material. In the late 70s, the 

thickness of thermal silicon dioxide used in Si CMOS was about 50-70 nm, but now the gate 

oxide thickness is approaching 1 nm. Figure 1.4 shows the magnificent SEM images from a 

state-of-the-art research device presented by Intel Corporation16. In this MOSFET, the 

gate oxide thickness is only about 0 .8  nm, and the gate oxide is only composed of three 

atomic layers. W hile it is a remarkable achievement, it also reveals that silicon dioxide is 

reaching its own limits.

8
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Figure 1.4 A  30nm gate length M OSFET with 0.8nm  gate o x id e16.
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1.2.3 High Tunneling Leakage Current

Until the recent CMOS technology generations, most difficulties that we faced to 

scale down gate oxide were technical problems. However, now we are meeting some 

fundamental physics problems to scale down silicon dioxide. The tunneling current is the 

most severe physics problem raised when we scale down the silicon dioxide thickness below 

2.0 nm. According to Quantum Mechanics, because of its wave character, an electron is 

able to penetrate through an energy barrier. The tunneling probability is related to the 

barrier height and barrier thickness17. The lower the barrier height and the thinner the 

barrier, the higher is the tunneling probability. W ith a 9.1 eV bandgap, silicon dioxide 

enjoys a 3.15 eV barrier over the Si conduction band edge18. However, even with such a 

large barrier height, the tunneling current can be as high as 10 A/cm 2 for a 1.5nm thick 

silicon dioxide biased at 1 V 19, as shown in Figure 1.5. Moreover, the tunneling leakage 

current will increase exponentially with the decrease of the silicon dioxide thickness. Every 

0 .2  nm reduction of the silicon dioxide thickness can result in about one order o f magnitude 

increase of the tunneling leakage current. Such high tunneling leakage current causes 

serious consequences. First, it results in the standby power consumption increasing 

dramatically. If the gate silicon oxide thickness for a microchip is 1.5nm, and the chip 

operates at 1 V with an active area of 1 cm2, the standby power consumption will be at 10 

W! And with further scaling of the gate oxide thickness, it can reach 100 W  in one 

technology generation! Such a high standby power is more than we can bear, especially for 

portable devices. Second, silicon dioxide is no longer acting as an effective insulator with 

such a small thickness. It no longer can hold the channel carriers in the channel region. 

Thus a big portion of the channel carriers transports through silicon dioxide to the gate of 

MOSFET instead of conducting between the source and drain. At a minimum case, it 

degrades the drive current or transconductance (G„,), and in a severe case, it could cause

10
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failure of the device. For the same channel width, the MOSFET with a longer channel has a 

larger gate area and smaller drive current compared to the M OSFET with a shorter 

channel, which results in a larger gate leakage current to drive current ratio. So, there is a 

more severe problem with the gate leakage current in the MOSFET with a longer channel.

1.2.4 Boron Penetration

One major breakthrough in CMOS technology is the invention of the dual-gate 

technology, in which n+ polysilicon and p+ polysilicon are used to form gate electrodes for 

nMOSFET and pMOSFET respectively5. Because the dual-gate technology brought us the 

convenience of the self-alignment of the gate to source/drain, it has become the standard 

technology for CMOS circuitry20. However, the dopant for p+ polysilicon gate, Boron (B) or 

BF2, introduces one serious problem for thin gate oxide: boron penetration21’22,23. In the 

process flow, B or BF2 is implanted after the gate oxide and polysilicon deposition, and then 

dopants are activated by subsequent annealing at a high temperature: 950 °C -  1050 °C. 

Boron atom has high diffusion coefficient in both silicon and silicon dioxide, especially at 

elevated temperatures. For thin silicon dioxide, it is easy for boron atom to penetrate 

through thin silicon dioxide in the implant stage or the following annealing stage. The 

boron penetration causes serious consequences, such as degradation of gate oxide quality, 

unwanted shift of threshold voltage, and degradation of transconductance. Though we can 

reduce the degree of boron penetration by applying a lower implantation dose or a lower 

thermal budget during subsequent annealing, these solutions inevitably cause adverse 

effects, such as less than desirable doping concentration in p+ polysilicon gate, which results 

in severe poly depletion effect and large series resistance.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

GF Exhibit 1094 - 38/245



s

1 E + 6

1 E + 5
<N

a 1 E + 4
o

1 E + 3

1 E + 2

1 E + 1
• *

on
es 1 E + 0
<DT3 I E — 1

4-J I E - 2
CD
fa 1 E —3
*«*C
zs
o
QD

I E - 4

I E - 5

I E - 6
O

I E - 7

I E - 8

nMOSFET model

1 2  

Gate voltage (V)

Figure 1.5 Tunneling Leakage Current in Ultra-thin S ilicon  D ioxide 19

C/juiOJ

to
2
H

10

•  Maximum  

■ Minimum  
a Tolerance

0.1

0.01
1998 2000 2002 2004 2006 2008 2010 2012 2014 2016

Year

Figure 1 . 6  The projected gate dielectric thickness tolerance from 2002  
update o f  the ITR S15.

12

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

GF Exhibit 1094 - 39/245



1.2.5 Silicon Dioxide Reliability and Life Time

Not only is gate oxide one o f the most important elements of MOSFET, its failure is 

also the main cause of device failure. Thus, the reliability o f gate oxide is an extremely 

important factor that determines the device or chip lifetime. Though it may look 

straightforward at first, understanding the reliability and breakdown mechanisms of silicon 

dioxide is still a work in progress after more than three decades intensive research on this 

topic24,25,26,27’28’29. There are a few leading theories that address the reliability of silicon 

dioxide'10,31,32,33,34,35. M ost researchers acknowledge that the silicon dioxide breakdown is 

related to the magnitude of the electric field applied to it. And with the continuous CMOS 

scaling, the electric field across the gate oxide has been increasing. One leading theory, 

based on the anode hole-injection model, predicts a lifetime exponentially dependent on 

1 /E30,31. Another leading theory, the E model, predicts that the Time to Break Down (TBD) 

changes as exp(-rE) 32'33, where r is a constant. Both theories predict that the lifetime o f the 

gate silicon dioxide decreases with the increase of electric field. The percolation model34,35 

suggests that the breakdown happens when a continued path of defects formed as the 

results of defects generation before and during the electric stress. Clearly, with the thinner 

silicon dioxide, it’s easier to form the continued path o f defects inside the insulator. Thus, it 

also suggests a shortened lifetime for the ultra-thin gate oxide. Though there is no clear 

agreement on the limit o f silicon dioxide thickness due to reliability concerns, a range 

between 1.5 nm to 2.5 nm was predicted by various groups as the final reliability limit of 

silicon dioxide36,37,38.

1.2.6 Uniformity and Manufacturability

For the semiconductor industry, manufacturability is one of the most important 

concerns for an Integrated Device Manufacturer (IDM), or a foundry. Now the whole

13
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industry is shifting towards the 300 mm era, and in this new era, the requirement of 

manufacturability is raised to an unprecedented level. As an industry' standard, 3 a  non­

uniformity of less than 4% is required across the whole wafer15. Today’s state-of-the-art 

technology of silicon dioxide realizes the tolerance of less than 0.01 nm for a 1.5-nm film39, 

which is phenomenal. A more detailed requirement for the future gate dielectric thickness 

and tolerance from ITRS15 is shown in Figure 1.6. When considering the following two 

facts: (1) the wafer size is 300 mm in diameter, and (2) the thickness of one monolayer of 

silicon dioxide is about 0.2 to 0.3 nm, we realize that it requires remarkable sub-monolayer 

control of the growth of thin film to fulfill these requirements. Also, the pre-gate silicon 

surface cleaning techniques40 and polysilicon intrusion and shallow trench isolation (STI) 

corner stress effects41 have to be addressed as well in order to meet the stringent tolerance 

required.

1.3 Alternative Gate Dielectrics

Silicon dioxide has been used as the gate dielectric for Si CMOS technology since the 

very first day of Si MOSFET, and it has been the driving force behind the dominance of Si 

CMOS technology. However, after several decades of scaling, clearly silicon dioxide is 

approaching its physical limits, and some aspects of that have been discussed in Section 1.3. 

A solution must be found to continue the CMOS scaling and the growth of the industry. 

Obviously most limits of silicon dioxide, from the leakage current to reliability issues, stem  

from the shrinking thickness of silicon dioxide. Is there a way to get around this thickness 

issue? The answer is YES. However, it’s not an easy task. And most part of this thesis is 

dedicated to addressing this problem.

14
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1.3.1 Fatter is Better

Device physics reveals that the real concern o f the CMOS scaling is the gate oxide 

capacitance, not the gate oxide thickness. A large enough gate capacitance per unit area is 

necessary to improve the control over channel region by gate, and to reduce the short 

channel effect8. The capacitance is inversely proportional to the physical thickness for a 

certain dielectric material. However, the capacitance is also proportional to the dielectric 

constant of the material. Therefore, by finding a gate dielectric with higher dielectric 

constant (high-k) to replace silicon dioxide, we are able to get the same or higher gate 

capacitance per unit area with a larger thickness of the gate dielectric. By doing so, we can 

overcome many limits stemming from the thickness of silicon dioxide.

The most important limit of silicon dioxide is the large tunneling leakage current, 

which is a direct result of the shrunk thickness of silicon dioxide. Basically, the tunneling 

current through gate oxide can be divided into two regions. In the low electric field region, 

where the oxide voltage is smaller than the barrier height, as illustrated in Figure 1.7 (a), 

electrons tunnel through a trapezoidal barrier, and they tunnel into the other electrode 

directly. This process is called directly tunneling42’43,44. In the high electric filed region, 

where the oxide voltage is larger than the barrier height, as illustrated in Figure 1.7 (b), 

electrons tunnel through a triangular barrier, and tunnel into the oxide conduction band 

first, before traveling towards the other electrode. This process is called Fowler-Nordheim  

tunneling45. The tunneling currents for direct tunneling condition and Fowler-Nordheim  

condition, respectively, are described as the following:

~ V  '2)exp[-4?— I 2 ) m ]
2 m  rox ft

h

15
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Figure 1.7 Direct tunneling and Fowler-Nordheim tunneling for silicon  
dioxide and high-k dielectrics.
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and

T  —  r l  r 8 ;r(2< 7»2 ) l /_ 3 / 2  . „  ,  -
W  _  0 ^ 2  M  1 7  ^ h  ^  ^  ^%m(ph 3 h

where 3>b is the barrier height, m* is the effective mass o f an electron, and Tos is the gate 

oxide thickness.

For both cases, the reduction o f tunneling current is exponentially dependent upon 

the increase of gate dielectric thickness. M ost high-k materials have lower barrier heights 

than the barrier height o f silicon dioxide, but for many high-k materials, the gain from the 

increase o f thickness usually overcomes the loss from the decreased barrier heights.

To reduce tunneling leakage current is the foremost motivation to employ high-k 

gate dielectrics to replace silicon dioxide. Moreover, implementing high-k gate dielectrics 

also brings other possible benefits. Using a thicker gate dielectric is expected to suppress 

the possibility of boron penetration. A thicker gate dielectric reduces the electric field at a 

given voltage. Therefore, it may extend the lifetime o f the gate dielectric. A thicker film also 

may relieve the stringent tolerance posed on the gate dielectric thickness with the same 3 a  

standard.

1.3.2 Potential Candidates to Succeed Silicon Dioxide

Now we are going to discuss some possible candidates to succeed silicon dioxide. 

First, we will discuss silicon oxynitride/silicon nitride, then we will consider metal oxides, 

and last we will review ferroelectric materials. Table 1.2 lists the properties of many 

candidates.
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Z r 0 2 H f 0 2 Z r S i04 a i 2o 3 T i0 2 Ta20 5 L a 20 3

D ielec tric  C onstan t -23 - 2 0 - 1 0 - 1 2 - 1 0 -8 0 -25 - 2 1

B a n d  G ap (eV) 5.8 6 6 8 . 8 3.25 4.65 6

C onduction  B a n d  O ffset 
(eV)

1.9 1.5 2 . 1 3 0.9 0.28 2.3

F ree  en ergy  o f  reaction , 
S i  +  M O x t M  +  S i0 2 @  
727 °C  (K cal/m ole)

42.3 47.6 N/A 63.4 7.5 -52.5 N/A

S ta b ility  o f  A m o rp h o u s  
P h a se  a t H igh  Temp.

Low Low High High Medium Low Low

Table 1.2 Properties o f  som e high-k materials.
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Silicon Oxynitride/Silicon Nitride

Silicon oxynitride is the near-term solution to replace silicon dioxide. The 

employment of silicon oxynitride to replace silicon dioxide is in production now. 

Incorporation of a small amount of nitrogen into silicon dioxide has been a common 

practice to enhance silicon dioxide46, to reduce boron penetration47’48, channel hot electron 

degradation49 and defect generation50, and to improve the uniformity control on the growth 

of sub-3.0 nm gate oxide51. However, usually only less than a few percent of nitrogen 

concentration is incorporated in silicon oxynitride to gain the above benefits without losing 

the other superb qualities of silicon dioxide. Such low nitrogen concentrations only have a 

small effect in increasing the dielectric constant. Therefore, the reduction of gate tunneling 

leakage current is marginal. Silicon nitride or high-nitrogen-concentration silicon 

oxynitride’s dielectric constant can be as high as twice that of silicon dioxide. Thus, it has 

the potential to reduce the gate leakage current significantly. Moreover, silicon nitride is 

totally compatible with the conventional CMOS process flow, which makes it very 

attractive. However, until the appearance of Jet-Vapor-Deposition (JVD) silicon nitride52, 

the high density of traps and fixed charges in the silicon nitride or high-nitrogen- 

concentration silicon oxynitride produced by Chemical-Vapor-Deposition (CVD) prevented 

their practical usage as gate dielectrics53. The device-quality JVD silicon nitride, developed 

at Yale University, demonstrated for the first time that silicon nitride or high-nitrogen- 

concentration silicon oxynitride is a valid candidate to replace silicon dioxide as gate 

dielectric. Though the development of silicon nitride or high-nitrogen-concentration silicon 

oxynitride is still a work in progress, it is far ahead of the development o f other candidates 

to replace silicon dioxide.

19
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Metal Oxides

Despite the significant progress in the development of silicon nitride or high- 

nitrogen-concentration silicon oxynitride, it is obvious that due to the mediocre dielectric 

constant, silicon nitride or high-nitrogen-concentration silicon oxynitride only can serve as 

an interim solution. We must look into other alternative dielectrics with higher dielectric 

constants. Many metal oxides have desirable dielectric constants. Therefore, it’s natural 

for us to look into the big pool of metal oxides to search for the next viable gate dielectric to 

replace silicon dioxide. In principle, any non-radioactive metal oxide with a solid phase at 

room temperature is a potential candidate. However, the stringent requirements to succeed 

silicon dioxide have ruled out most of them, and later in this chapter, we will have a more 

detailed discussion about the requirements for the future high-k gate dielectrics. 

Originally, both TiOj54,55,56'57,58 and Ta20 559,60,61 were the leading candidates to succeed 

silicon dioxide. Both have large dielectric constants. The dielectric constant is about 25 for 

Ta20 5, and as high as 80 for T i0 2. Both have been used and researched for a while in the 

semiconductor industry, especially for memory applications. However, they are thermally 

unstable on Si62,63. Both tend to form silicon dioxide or possibly silicides when in contact 

with Si. Moreover, their low barrier heights over silicon make them less favorable to 

replace silicon dioxide64. A12C>36'S'66’67 was another leading candidate in the early stage. Its 

large band gap and high barrier height over silicon conduction band edge and thermal 

stability on Si make it very attractive to replace Si. However, its mediocre dielectric 

constant, about 9, causes serious concern. Z r 0 268’69’70, H f0 271,72,73 and their silicates70,74 are 

the front-runners to become tomorrow’s gate dielectric for Si CMOS technology. Z r 0 2 and 

H f0 2 are very similar in many properties. Both have reasonably high dielectric constants, 

20 to 25; large enough bandgap, about 5ev; and thermal stability with Si from the 

theoretical thermodynamic calculation69. All these desirable characteristics make these two

20
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metal oxides very appealing. Some other materials, such as La2Q375’76, Y20 376‘77, and 

Gd20 377, have been studied as well. Though every effort has been devoted to study many 

metal oxides, we are still facing an up hill battle to employ any metal oxide to replace silicon 

dioxide.

Ferroelectric Materials

Ferroelectric materials are also considered to be possible long-term candidates for 

gate dielectrics. Many ferroelectric materials possess very high dielectric constants, from  

2 0 0  to even 5000 in bulk form, though most of these materials show lower dielectric 

constants as thin films. Materials with a perovskite crystal structure, such as PZT78 and 

SBT79, show the most promise. However, it’s most likely that ferroelectric materials will be 

used in memory applications instead o f for gate dielectric applications.

1.4 Other Issues with Ultra-thin Gate Dielectrics

1.4.1 Equivalent Oxide Thickness

Two gate dielectrics with different dielectric constants can achieve the same 

capacitance per unit area with two corresponding physical thicknesses. Therefore, the 

physical thickness of a gate dielectric is no longer a useful parameter to compare against 

silicon dioxide in terms o f the device performance. As described in Equation 1.4:

3.9
E O T  —  ---------------------Tphysical

Khielectric  ’
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the Equivalent-Oxide-Thickness (EOT), a simple but useful concept, is derived from 

equating the capacitance per unit area achieved by an alternative gate dielectric to that of 

silicon dioxide to compare different gate dielectrics more directly.

However, quantum confinement effect80,81’82, polysilicon depletion effect7'83, leakage 

current, and series resistance further complicate the accurate measurement of EOT of 

ultra-thin gate dielectrics.

1.4.2 Quantum Confinement Effect

Quantum mechanics plays a significance role again. When a classical model, such 

as Maxwell-Boltzman (MB) model or Fermi-Dirac (FD) model, is employed to calculate the 

distribution of inversion charge in Si, it always predicts the maximum charge density 

appearing at the Si/dielectric interface, and it decays fast into the bulk Si region. However, 

quantum mechanics describes a drastically different picture80,81,82. As illustrated in Figure 

1.8, the dielectric energy barrier and the bent Si conduction band under electric fields form 

a potential well to coniine electrons, so the electrons must be treated as a 2-D gas, especially 

in the high electric field region. The calculated electron wave function gives rise to an 

electron density peak away from the interface, and goes to near zero at the interface, as 

shown in Figure 1.9. Because of such a distribution of electron density, it will add about 0.3 

nm on top o f the gate oxide thickness, which is quite significant, if the gate oxide thickness is 

below 3 nm.

1.4.3 Poly silicon Depletion Effect

Using polysilicon gate was a big step forward for Si CMOS technology5. However, 

being a semiconductor cannot avoid depletion, and thus the polysilicon depletion effect7,83.
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Figure 1.8 The electron distribution and energy levels in M OS system  
under inversion by quantum mechanical calculation81.
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Figure 1.10 shows the band diagram of an nMOSFET with n+ polysilicon gate. When the 

device is inverted, the n+ polysilicon gate is under depletion, resulting in an additional 

capacitance in series with the gate oxide capacitor, which reduces the total gate capacitance. 

The polysilicon depletion effect results in an additional 0.4 nm to the EOT of the gate 

dielectric and that due to the quantum confinement effect. Figure 1.11 shows the effect of 

the polysilicon depletion on the gate capacitance in inversion region, and it’s clear that 

polysilicon depletion is much worse for polysilicon gate with less doping83. The extra EOT 

caused by polysilicon depletion effect is becoming intolerable for ultra-thin gate dielectrics, 

so using metal gate to replace polysilicon gate has been proposed to solve this problem92.

1.4.4 C-V Measurement in the Presence o f High Leakage 
Current

The Capacitance-Voltage (C-V) measurement is a convenient and accurate method 

to determine the gate capacitance or EOT. However, for an ultra-thin gate dielectric, the 

large leakage current and series resistance cause distortion o f the measured C-Vs, especially 

in accumulation and inversion regions, due to the higher leakage currents.

For an ideal capacitor, the equivalent circuit can be described in Figure 1.12 (a): a 

capacitor is in series with the series resistance coming from the bulk and connecting 

resistances. However, for a capacitor with an ultra-thin gate dielectric, Figure 1.12(a) is no 

longer a valid description. The capacitor with an ultra-thin gate dielectric can be illustrated  

as a capacitor in parallel with a resistor. Therefore, even for the simplest equivalent circuit, 

there are three components, as illustrated in Figure 1.12(b). No matter whether the LCR  

meter is set to the parallel mode or series mode, the measured C-V can only provide one 

capacitance value and one conductance or resistance value at once. W e have three 

unknowns, but only two independent measured data. Thus, it gives large uncertainty in the 

capacitance value. In order to solve this problem, we must design suitable test structures
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Figure 1.12 Equivalent circuit models, (a) represents model o f  gate 
capacitor without leakage current; (b) represents model o f  gate 
capacitor with leakage current.
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and choose proper frequencies during the C-V measurement to reduce the influence of the 

gate leakage current and series resistance. Because the gate leakage current is much 

smaller in depletion region than that in accumulation or inversion region, one technique 

uses a least square fit of the portion of C-V between depletion and accumulation to a 

theoretical model to extract the gate oxide thickness84. Another method is to use two C-V 

measurements at different frequencies to extract the real C-V curve85. Because two C-V 

measurements provide us with 4 independently measured data points, two capacitance 

values and two conductance values, we will be able to obtain the real C-V.

1.4.5 Other Emerging CMOS Technologies

Besides new gate dielectric materials, many other new technologies, such as Silicon- 

On-Insulator (SOI)86’87, silicon germanium (SiGe) technology88’89, and metal gates90’91’92, or 

new device structures, such as Double-gate MOSFET93’94 or FIN gate MOSFET95’96, are 

being developed to extend the scaling of Si CMOS. We choose two technologies that are 

closely related to gate dielectrics to discuss.

Silicon Germanium Technology

Recent work from IBM and other groups reveals that, using a SiGe layer to tensile 

strain the upper Si channel layer will significantly enhanced the electron mobility88. It has 

been known for a while that, because the six-fold degeneracy o f Si conduction band is 

broken under the tensile strain, electrons tend to stay in the lower effective mass and lower 

energy sub-bands97’98. Therefore, it enhances the electron mobility. The tensile strain also 

breaks the heavy hole and light hole degeneracy. Thus, it raises the hole mobility as well. 

SiGe alloy has larger lattice constant and compatible with Si CMOS process, thus it is an 

ideal candidate to enhance channel carrier mobility. Since a typical MOSFET using a high-
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k gate dielectric shows a lower mobility than that of MOSFET using silicon dioxide as the 

gate dielectric", it seems that employing SiGe technology together with a high-k gate 

dielectric is a possible solution to compensate for the loss of mobility in MOSFET with high- 

k gate dielectrics.

Metal Gate

As we discussed before, the polysilicon depletion can add about 0.4 nm to the EOT  

of the gate dielectric, which is significant when considering that the EOT of today’s gate 

dielectrics is less than 2nm, and one day this 0.4 nm will be more than we can bear. In 

order to eliminate the polysilicon depletion, we have to abandon the almost exclusively used 

polysilicon gate technology, and find a suitable metal gate technology. From a device design 

point of view100, either a dual-gate metal technology or a single-gate metal technology is 

feasible for certain device structures. For bulk or partially depleted SOI technology, 

because o f the need o f heavy doping to control short channel effect and requirement of 

threshold voltage, it’s desirable to use the dual-gate metal technology with the work 

function o f one metal close to the Si conduction band and the work function of the other 

metal close to the Si valence band100. For double-gate M OSFET or fully depleted SOI 

device structure, single-gate metal close to the mid-gap of Si is suitable100. In addition to the 

right work function and low resistance, when considering the process integration issues, 

there are many more stringent requirements. First, a damage-free metal deposition 

technology, such as a CVD technology, must be found to deposit metals. Second, either 

finding metals which can sustain the high thermal budget during CMOS process or 

changing the process flow to low thermal budget to accommodate metals is necessary. Last, 

but not least, are the integration issues with high-k gate dielectrics. A combination o f metal 

gate electrodes and high-k gate dielectrics is the ultimate gate stack for which we are
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looking. However, when a metal contacts with a dielectric, because the dipole formed at the 

metal/dielectric interface can change the effective work function of the metal and dielectric, 

different metal/dielectric combinations can have different work functions, which 

complicates the metal work function requirement. Moreover, the possible chemical 

reaction between metal and dielectric can further complicate the situation. Because of the 

significant benefits brought by the metal/high-k gate stack, notable research activities are 

on going in this area.

1.5 The Requirem ents for H igh-k Gate Dielectrics

Using high-k gate dielectrics to succeed silicon dioxide is a simple but brilliant idea. 

However, the real world is much more complicated. And, moreover, silicon dioxide is a 

tough act to follow. We have discussed the limits of silicon dioxide, but there are many 

superb qualities of silicon dioxide, and that’s why silicon dioxide has been called a “God- 

sent” material. So, before we discuss the requirements for high-k gate dielectrics, we first 

review many premium qualities of silicon dioxide, which can be set as the benchmarks for 

high-k gate dielectrics.

1.5.1 Merits o f Silicon Dioxide

Silicon dioxide is the natural oxide of silicon. Moreover, after decades of research and 

development, it has remarkably low interface and bulk trap densities and low fixed charge 

density. The mid-gap interface state density is ~  1010 /cm2eV, and the bulk defect density is 

about 1010 /cm2. Therefore, it minimizes the trap-assisted leakage current and maintains 

high channel carrier mobility. The breakdown strength of silicon dioxide is about 10 to 15
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MV/cm, which is remarkable. Few defects and high breakdown strength ensure the high 

reliability of silicon dioxide. In addition, silicon dioxide is thermally grown. The growth 

method is more economical and easier to control than deposition methods. Last, but not 

least are integration issues. Through the years, the industry has tailored a process to 

accommodate silicon dioxide. Since the industry has invested enormous resources to 

develop this process, it would like to continue to use it. So, it brings more challenges for 

implementing high-k dielectrics.

With these benchmarks in mind, we will discuss the more detailed requirements for 

the future gate dielectrics. Since metal oxides are the focus of this thesis, our discussion will 

focus on them.

1.5.2 Dielectric Constant and Barrier Height

First, the new gate dielectric should have high dielectric constant and high barrier 

height. The primary motivation to find a new gate dielectric to replace silicon dioxide is to 

reduce the leakage current significantly. As shown in Equations 1.2 and 1.3, either for 

direct tunneling or Fowler-Normheid tunneling, the current reduction is exponentially 

dependent on the dielectric thickness. A material with higher dielectric constant can 

achieve the same capacitance per unit area with a larger thickness, which results in a lower 

leakage current. Also, with a larger physical thickness, the material with a higher dielectric 

constant has potential of serving more CMOS technology generations than the material 

with a lower dielectric constant. A120 3, because of its relatively low dielectric constant, only 

about 9, is less likely to be a serious contender to replace silicon dioxide. The tunneling 

current is also exponentially related to the barrier height. Moreover, considering that 

usually chips are working at elevated temperatures, it’s important to employ a dielectric 

with high barrier height to block the thermionic current. Ta2Os and S rT i03 both were
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early contenders, but their low barrier heights over Si, less than 0.5 eV, cloud their future 

applications.

1.5.3 High-k Gate Dielectrics/Si Interface

Second, it is extremely important to have an excellent Si/dielectric interface, in 

terms of both electrical properties and thermal stability. Most high-k gate dielectrics show 

mid-gap interface-trap densities in the 10n -  1012 /cm2eV range101, which is much higher 

than that o f silicon dioxide. We are not sure about the spatial distribution of fixed oxide 

charge, but if we assume most of it is located at the interface, the fixed charge density is 

about 1012 /cm2, which is also significantly higher than that of silicon dioxide. The traps and 

fixed charges may result in significant degradation of drive current or transconductance, 

serious flat band shift, instability during device operation, and reliability concerns. It is 

difficult to imagine that there is any material that will have a better interface with Si than 

silicon dioxide. Therefore, it’s natural to try to solve the interface quality problem by 

inserting a thin layer of silicon dioxide. However, we need to pay a notable price for this 

solution. Because the two dielectrics are in series, the total capacitance will be reduced. 

The EOT of this gate stack structure is expressed in Equation 1.5:

3.9
E O T " ,  =  T  int erfiice H— —--------- Thigh -  k . ( 1 .5 )

nJiigh -  k

W e are facing a dilemma here; a better interface or a smaller total EOT. Moreover, 

it is extremely difficult to control the interface of Si and metal oxides during the deposition 

and subsequent annealing process. From thermodynamic calculations, some materials, 

such as Ta20.s and T i0 2, are unstable on Si, upon annealing; they either form silicon dioxide 

layer to increase the total EOT of the gate dielectrics, or form silicides to short out the 

source and drain. Even for materials that are supposed to be thermally stable on Si from
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thermodynamic calculations, such as Z r 0 2 and H f0 2, to the best of our knowledge, no 

group has ever produced a high-k stack without the formation of an interfacial layer. For 

the conventional CMOS process flow, the gate dielectric typically experiences an annealing 

step at a temperature higher than 950 °C for the source and drain activation, which poses 

more challenges to control the interface between high-k materials and Si.

1.5.4 Bulk Properties o f High-k Gate Dielectrics

Third, the bulk properties o f the gate dielectrics are critical too. The high density of 

defects or traps in the bulk of a high-k gate dielectric may have the following adverse 

effects: (1) It may cause trap-assisted current, thus undermines our effort to reduce leakage 

current through the use of high-k gate dielectrics; (2) The high densities of traps and 

charges may result in degraded drive current or transconductance; (3) The traps and 

charges in the dielectric may cause instability during device operation, such as unstable 

threshold voltage102; (4) The high density o f defects in the gate dielectric leads to weak spots 

and possible breakdown paths, which may result in degraded breakdown field strength and 

gate dielectric lifetime102. Therefore, it is crucial to reduce the bulk oxide defects and 

charges. For the film morphology, it will be desirable to select a material with amorphous 

phase. A working chip requires good uniformity among numerous devices. However, 

because of the different grain orientations and grain boundaries, a polycrystalline gate 

dielectric fails to provide such uniformity across the whole chip, which may prove 

problematic for designers and manufacturers. To prevent the forming o f silicon dioxide 

layer during the process flow, the high-k gate dielectric should be a good barrier for oxygen 

diffusion as well. The interface between gate electrode and gate dielectric also needs to be 

controlled. A polysilicon compatible material, such as H f0 2104, is crucial for a polysilicon 

gate process flow. Moreover, since metal gates could be used to replace polysilicon gate
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eventually, new gate dielectric should have the right metal-dielectric work function, and 

compatibility among each other.

Now high-k gate dielectrics are far from satisfying these stringent requirements, and 

significant research efforts should be devoted to accelerate the progress.

1.6 Chapter Sum mary

The MOSFET has become the dominant device in the semiconductor industry since 

the early 70’s. Nowadays the MOSFET is smaller, faster, and consumes less power than 

ever. Therefore, we are able to fabricate microchips, denser, faster, with more functions 

and less power dissipation. Yet after more than 30 years, the evolution is still going strong. 

However, the unprecedented scaling of MOSFET is not an easy walk. It took great efforts 

in research and development by the semiconductor industry and academia to push the 

scaling forward. Now with the gate length of Si MOSFET standing at 100 nm and below, 

the scaling of MOSFET is facing even more difficulties. Especially, for the first time, the 

usage of the most critical element of the MOSFET, silicon dioxide, is brought into question. 

The near-term solution, silicon oxynitride, is moving into production now. The long-term 

solutions and the focus of this thesis, high-k gate dielectrics, are rising from the horizon. 

Together with other new technologies, we have great confidence that high-k gate dielectrics 

will extend the extraordinary journey of CMOS scaling much further.
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Chapter 2

Zirconium Oxide (Zr02) Made by Jet-Vapor- 
Deposition (JVD)

As the gate length of Complementary Metal-Oxide-Semiconductor Field Effect 

Transistor (CMOSFET) is entering the sub-0.1 micron region, new gate dielectrics with 

higher dielectric constants—high-k gate dielectrics are under intensive research to succeed 

silicon dioxide. One major advantage of implementing high-k gate dielectrics is to reduce 

the gate tunneling leakage currents while maintaining the same or less Equivalent-Oxide- 

Thickness (EOT), which will increase the drive ability o f MOSFET, and reduce its standby 

power consumption. However, employing high-k gate dielectrics presents tremendous 

challenges, because new high-k gate dielectrics must satisfy numerous stringent 

requirements as we discussed in Chapter 1. Among various candidates, ZK>2 and its
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silicates68,69 are among the promising to replace conventional thermal silicon dioxide as the 

gate dielectric.

In this chapter, we report on the electrical and physical properties of ultra-thin 

Z r 0 2/Zr silicate films deposited by the Jet-Vapor-Deposition (JVD) process. Both MOS 

capacitors and MOSFETs were successfully fabricated. It is shown that JVD Z r 0 2/Zr 

Silicate gate dielectrics can have equivalent oxide thicknesses (EOT) down to 1 nm, and 

possess high thermal stability, low leakage, high reliability, and other good electrical 

properties. Our analysis also shows that the compositions o f JVD films vary with thickness. 

Thinner films are found to be Zr-silicate-like whereas thicker films are likely graded with a 

transition to stoichiometric Z r 0 2. The presence of a thermally stable Zr silicate interfacial 

layer may prevent the formation of interfacial silicon oxide, despite the fact that as- 

deposited films are found to be oxygen rich. In contrast to other Z r 0 2 films reported in the 

literature, the EOTs of our films decrease after post-deposition annealing. From this study, 

JVD Z r 0 2/Zr silicate was found to be able to survive an annealing temperature as high as 

1000 °C, suggesting that JVD Z r 0 2/silicates can be used in a conventional CMOS process, 

and no replacement-gate process is needed. In the last part of this chapter, using the 

examples of aluminum gate electrode and platinum gate electrode on top of Z r 0 2, I will 

discuss the effects of different metal gate electrodes on the EOT and current transport 

properties. The results reveal the importance of choosing the proper gate electrodes for 

high-k gate dielectrics.
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2.1 Jet-Vapor-Deposition (JVD) Process

The Jet-Vapor-Deposition (JVD) process, which was invented by Schmitt and 

Halpern105,106 is an innovative, versatile and potent technique for synthesizing high quality 

thin solid films. The major innovations of JVD are the “sonic jet in a low-vacuum fast 

flow” transporting condensable vapor to a substrate, and the “multiple jets, moving 

substrate” strategy107 for depositing various solid films108.

2.1.1 Gas Flow

In JVD, a light inert gas, such as helium (He), forms a fast gas flow which is 

sustained by a low vacuum environment to carry out the vapor source generated in a nozzle 

to the substrate. Due to the pressure difference between the nozzle and the low-vacuum  

process chamber, as soon as the jet leaves the nozzle, it expands into a fast gas flow 

traveling at super-sonic speed, in which all atoms or molecular are moving in the same 

direction. When the pressure ratio o f Pn/Pc, where P„ is the pressure in the nozzle pressure 

and Pc is the process chamber pressure, passes the Mach number, the species inside the jet 

move at super-sonic speed105. The M ach number, G, is given as,

G =  (Z ± i ) r (r+ «) j (2.i)
z

where y  is the ratio between the two specific heats, Cp/Cv, which has a value of less than 2.1 

for all gases109. The free super-sonic jet is created independent of the chamber boundary 

conditions and background pressure. As illustrated in Figure 2.1, the vapor source is 

carried out o f the nozzle in a clear defined jet, and then it reaches the substrate and forms a 

laminar stream on the surface of the substrate. During the deposition, the jet is fast, highly
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Figure 2.1 Schematic o f  a Jet Vapor D eposition (JVD) source with jet formation.
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directional, and well defined. Thus, the deposition is localized and efficient. Because the 

sound velocities of commonly used carrier gases are quite large, (for example, the sound 

velocities of He and Ar are 1.02 km/sec and 0.322 km/sec respectively.) the kinetic energies 

of the atoms and molecules carried in the super-sonic jet can be as high as a fraction of 1 

eV, which is equivalent to hundreds or thousands of degree Celsius in thermal energy. For 

example, the thermal energy of nitrogen atoms carrier by He is equivalent to 700 °C - 800 

°C. Unlike many CVD processes, which require an elevated substrate temperature in 

order to provide enough thermal activation energy to sustain chemical reactions during film 

deposition, with such a high kinetic energy, JVD can complete many film depositions 

without heating the substrate. This unique feature is advantageous for ultra-thin film 

deposition. JVD possesses another unique feature of shielding effect. The difference of 

pressure inside the jet nozzle and pressure of the process chamber prevents diffusion of 

impurities into the jet. Moreover, because neither “information” nor mass can propagate 

upstream in a fast gas flow moving at a super-sonic speed, each jet maintains its own 

independence. This key feature guarantees that any two jets do not interfere with each 

other during processing, and this feature is very important for multi-jet deposition. As a 

result of the independence of jets and the short transport time of species from nozzle to the 

substrate, reactions only happen at the surface of the substrate.

2.1.2 Vapor Source

Another advantage of JVD is its high flexibility of selecting vapor sources. The 

vapor source could be a sputtered vapor source, a thermally evaporated vapor source, a 

microwave plasma vapor source, or even gas directly from a gas tank.

For metal oxide deposition, the metal vapor is generated by Direct Current (DC) 

sputtering in argon ambient of 1 Torr pressure, as shown in Figure 2.2. A tungsten
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Figure 2.2 Schematic o f  a JVD sputtering vapor source using metal target.
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electrode is connected to a negatively biased power supply, and a glow discharge is 

generated and upheld between the tungsten electrode and the metal target. The plasma and 

the sputtered metal vapor are carried out of the nozzle by He gas. The sputtering current 

providing the vital information of the sputtered species is closely monitored by an ammeter 

to sustain the optimal sputtering condition. In order to reach a strong jet formation 

condition, the downstream pressure is kept about 0.1 Torr to maintain a 10 to 1 upstream- 

to-downstream pressure ratio. Unlike CVD or Atomic Layer Deposition (ALD) which 

requires precursors for film deposition, the sputtering vapor source o f JVD has vast 

flexibility. In principle, it can employ any pure metal as the target to form metal vapor, 

which constitutes a big advantage over CVD and ALD. Moreover, JVD enjoys advantages 

over conventional sputtering process as well. The pressure in the sputtering region of JVD  

can be as high as 1 Torr. At such a high pressure, the sputtered species tend to be 

thermalized with He carrier gas when they exit the sputtering region. As we discussed 

before, the kinetic energy of the species carried downstream by He is about a fraction of 1 

eV, which does not cause damage to the substrate. M ultiple metal vapor sources can be 

generated simultaneously, and carried out in separate jets to form multi-component metal 

alloys or metal oxides. In order to form metal oxide, another type of jet source is used to 

supply oxygen. Oxygen is delivered from a nozzle at super-sonic speed by helium to the 

surface o f the substrate to oxidize the deposited metal to form metal oxide. A microwave 

cavity may be added to the oxygen gas nozzle to generate atomic oxygen for the oxidation of 

metal.
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2.1.3 Substrate Movement

Because of the limit of the jet size, and to accommodate multiple vapor sources, a 

specially designed motion system of substrate was developed to achieve uniformity o f the 

deposited film. The diameter of the jet is usually about 1-2 cm, but the diameter of the 

substrate is at least 2 inches. Therefore, in order to achieve the desired uniformity of 

deposited film, either the substrates or the vapor sources have to move during the 

deposition. Due to the complexity of the setup of the vapor sources, especially considering 

the possibility of employing multiple vapor sources simultaneously, a design with the 

movement of the substrates was implemented. As shown in Figure 2.3, a carousel sits at the 

center of a cylindrical chamber. Wafers are mounted on the sidewalls of the carousel, and 

the vapor sources facing the carousel are mounted on the sidewall of the chamber. The 

carousel spins at a constant speed and moves vertically with a linear translation oscillation 

simultaneously to realize the required thickness uniformity of the deposited film. During 

each cycle, all vapor sources will scan through the wafers once to ensure the uniformity of 

the component concentration of the deposited film. The combination of the motion system  

and the vapor sources makes it possible to achieve sub-monolayer deposition: less than one 

monolayer of metal or other materials may be deposited during one cycle, which enables 

uniform blending of several components at the sub-monolayer level. The substrate holder 

can be heated by a resistance heater during deposition. However, for the ultra-thin gate 

dielectrics studied in this dissertation, the deposition was done at room temperature.

Combining the unique super-sonic gas flow jet, the versatile vapor sources and the 

motion system, JVD is a very useful tool for thin film deposition, and excellent quality of 

dielectrics has been demonstrated in JVD nitride52 and other films to be revealed in this 

dissertation.
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Figure 2.3 Schematic o f  the top v iew  and the side v iew  o f  the JVD system  for ZrC>2 

deposition.
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2.2 Device Fabrication

During the course of the dissertation study, MOS capacitors and M OSFETs were 

fabricated at Yale to study the properties of Z r 0 2 and other high-k materials. Figures 2.4 

and 2.5 illustrate the process flows to fabricate MOS capacitors and MOSFETs with Z r 0 2 

or other high-k materials as gate dielectrics. Most fabrication steps of the Z r 0 2 or other 

high-k MOS capacitors or MOSFETs follow the standard procedure for making MOS 

structures, except for the unique JVD gate dielectric deposition.

Unlike other methods, such as ALD, in which an ultra-thin silicon dioxide layer is 

required in order to grow high-quality ZrO2n0, high-quality JVD Z r 0 2 films are deposited 

by JVD process at room temperature on HF-last Si wafers directly. The omission of the 

ultra-thin silicon dioxide layer simplifies the process, and reduces the total EOT of the gate 

dielectric. The Post-Deposition-Anneal (PDA) is an important step to improve the quality 

of JVD Z r 0 2, and usually the PDA of JVD Z r 0 2 is carried out at 550 °C or above. A 

sufficiently long PDA time at an elevated temperature is necessary to reduce the defects and 

improve the interface properties of JVD Z r 0 2 gate dielectrics. However, excessive 

annealing in an oxygen-rich environment may lead to the growth of the interfacial layer 

between Z r 0 2 and Si, which compromises the total EOT of JVD Z r 0 2. In order to reduce 

the total EOT of JVD Z r 0 2, normally the PDA is conducted in a dry ambient, such as 

nitrogen or forming gas. After the PDA, usually Aluminum (Al) or Platinum (Pt) is 

thermally evaporated on top of the Z r0 2 films to form the top electrodes of MOS capacitors 

or MOSFETs. The Post-Metallization-Anneal (PMA) is another method to improve the 

quality of gate dielectrics. However, we found that the PM A usually leads to either 

degradation of JVD Z r 0 2 gate dielectrics in the presence o f aluminum gate electrodes or
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RCA wafer cleaning; sacrificial oxide growth

JVD ZrC>2 (or other high-k materials) deposition

Post-Metalization-anneal

Remove sacrificial oxide in 5% HF

Load wafer into JVD system

Post-deposition-anneal

Front side AI (or other gate electrodes) deposition

Front side gate electrode photolithography

Back side Al contact deposition

Figure 2.4 The process steps for JVD ZrC>2 (or other high-k materials) based M OS  
capacitor.
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Open gate dielectric window (Mask 2)

Post-deposition-anneal

Open contact window (Mask 3)

Front side A1 (or other gate electrodes) deposition

Front side gate electrode photolithography (Mask 4)

Back side A1 contact deposition

RCA wafer cleaning; sacrificial oxide growth

Open source/drain window (Mask 1)

Source/drain formation by diffusion or ion implantation

Load wafer into JVD system

JVD ZK>2 (or other high-k materials) deposition

Post-Metalization-anneal

Figure 2.5 The process steps for JVD ZrC>2 (or other high-k materials) based MOSFET.
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significant growth of total EOT in the presence o f Platinum gate electrodes. Possible 

reactions between Z r 0 2 and aluminum, or the diffusion of aluminum during PMA may 

result in the degradation o f JVD Z r 0 2 quality. And platinum is known for serving as a 

catalyst to form the highly penetrating atomic oxygen, which may contribute to the 

significant growth o f the total EOT after the PMA, as shown in Figure 2.6. The EOT o f that 

JVD Z r 0 2/Zr silicate gate dielectric increased from sub-1 nm to 1.3 nm after only minimum  

PM A in forming gas. Therefore, usually no PM A was performed on devices using JVD 

Z r 0 2 as the gate dielectric.

2.3 Introduction to Zirconia (Z r 0 2) and Zircon  
(Z r S i0 4)

Zirconia (Z r0 2), or Zirconium dioxide, is an important refractory oxide for both 

scientific and practical reasons. Before it drew the attention from the semiconductor 

industry for potential gate dielectric applications, because of its refractory nature, inertness 

to many hostile environments and availability, it had been used extensively in the high- 

temperature chemical industries. It also has been used extensively in solid-state 

electrochemical oxygen monitors due to its oxygen ion conduction property"1. From the 

properties listed in Table 1.2, Z r 0 2 is a very promising candidate to replace silicon dioxide 

as the gate dielectric for Si CMOS. The dielectric constant o f Z r 0 2 is about 23, and the 

bandgap o f Z r 0 2 is more than 5 eV; moreover, it enjoys a relatively high barrier height, 

about 1.8 eV over the Si conduction band edge. The high dielectric constant, high bandgap, 

and high barrier height should reduce the tunneling leakage current significantly with good 

scalability. Furthermore, from thermodynamic calculations, when Z r 0 2 is in direct contact 

with Si at 1000 °K, it takes a positive free energy o f 42.3 Kcal/mole to form silicon dioxide1". 

The difficulty of forming silicon dioxide with Si at elevated temperatures makes Z r 0 2 very
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desirable for the conventional CMOS process flow, and provides a great potential for 

scalability. Though in reality the thermodynamic process is complicated by the presence of 

kinetic energy, when compared to the other high-k materials, such as T i0 2 and Ta20 5, Z r 0 2 

still possesses better thermal stability. Moreover, JVD Z r 0 2 seems to possess a thermally 

stable interfacial layer on Si, which we will discuss more in this chapter. Z r 0 2 has three 

crystalline structures: monoclinic, tetragonal, and cubic. The monoclinic phase of Z r 0 2 is 

stable up to about 1100 °C. Above 1100 °C, the monoclinic phase transforms to the 

tetragonal phase, and the cubic phase has been observed at 2285 °C112.

Zircon (Z rS i04), or zirconium silicate, is a mineral which has been used widely in 

the iron and steel industry. Zircon is chemically stable113. It is not attacked by inorganic 

and organic acids, except for hydrofluoric acid (HF). Zircon doesn’t undergo dissociation 

until about 1500 °C to 2000 °C. In this temperature range, it disassociates into zirconia and 

silicon dioxide. Recently, with its acceptable dielectric constant, about 12-14, high barrier 

height of 2.1 eV, and high thermal stability on Si, it has become a serious contender in the 

race to replace silicon dioxide. During the JVD Z r 0 2 deposition, an interfacial layer of Zr 

silicate is unintentionally formed. This interfacial layer has demonstrated high thermal 

stability on Si, which will be discussed in more detail in Section 2.4.

2.4 General Properties o f JVD Z r 0 2/Zr Silicate

High quality ultra-thin JVD Z r 0 2/Zr silicate gate dielectrics were successfully 

synthesized. Both MOS capacitors and n-channel and p-channel MOSFETs were 

fabricated to evaluate the electrical properties. It is shown that films with equivalent oxide
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thickness (EOT) of 1 nm still possess good properties. An interfacial layer whose 

composition resembles Zr silicate is formed during the JVD Z r 0 2 deposition. Therefore, we 

name our film JVD Z r 0 2/Zr silicate.

2.4.1 C-VandI-V Characteristics o f 1 nm (EOT) JVD Zr02/Zr 
Silicate Films

C-V measurement techniques are convenient and effective methods to evaluate the 

gate dielectric properties, such as the interface quality and the existence o f mobile ions. For 

ultra-thin gate dielectrics, because of the existence of high leakage current, the quasi-static 

C-V measurement technique is no longer a valid tool. However, the multi-frequency C-V  

method is still effective to evaluate the gate dielectric quality. In Figure 2.7, some typical 

multi-frequency C-V characteristics o f a JVD Z r 0 2/Zr silicate film deposited on HF-last n- 

Si substrate are shown. The film went through a N2 Rapid Thermal Anneal (RTA) at 800 

°C for 5 seconds, followed by a forming gas anneal at 550 °C. Aluminum was thermally 

evaporated to form the top electrode for this capacitor, and aluminum was also used as the 

back contact. To reduce the reaction with the electrode, no PMA was performed. After 

excluding the quantum confinement effect, the extracted EOT of this gate dielectric is 1.1 

nm. The negligible frequency dependence and C-V hysterises window indicate good 

interface and dielectric properties.

As we discussed before, the most important reason to implement high-k gate 

dielectrics to replace silicon dioxide for Si CMOS is to reduce the leakage current. JVD  

Z r 0 2/silicate gate dielectrics satisfy this requirement by reducing leakage current 

significantly. In Figure 2.8, the Current-Voltage (I-V) characteristics of this l .ln m  film are 

compared to the calculated I-V of a l.ln m  thermal Silicon dioxide. In this case, the JVD  

Z r 0 2/silicate capacitor is under substrate injection. Thus, electrons transport from the n-
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Figure 2 .7  C-V Characteristics o f  a 1.1 nm JVD ZrCVZr silicate 
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type silicon substrate to the gate. Because of the presence of the positive fixed charges, the 

flat-band voltage of this JVD Z r 0 2/Zr silicate capacitor is shifted to the negative side, which 

means that for the same positive gate voltage it bears a larger electric field when compared 

to the thermal silicon dioxide without the flat-band voltage shift. However, even without 

correcting for the flat-band voltage difference, the current density of the JVD Z r 0 2/Zr 

Silicate gate dielectric is at least lOx lower than that o f thermal S i0 2 for voltages below  

1.2V, and the reduction is more significant at low electric fields. In Figure 2.9, the leakage 

current densities for JVD Z r 0 2/Zr silicate gate dielectrics at various EOT values are 

compared to thermal silicon dioxide at a gate voltage of 1 V, showing reductions o f at least 

one order of magnitude.

2.4.2 Properties o f JVD ZrO2/Silicate Films after High 
Temperature Anneal

How to reduce the EOT after high temperature annealing is a serious problem faced 

by high-k community. One interesting phenomenon that we have observed on JVD  

Z r 0 2/Zr silicate gate dielectrics is that, in contrast to most other cases, the EOTs of our 

films are reduced significantly after annealing. C-V characteristics of a 1.5nm thick (EOT) 

JVD Z r 0 2/silicate film before and after a N2 RTA at 1000 °C and a forming gas anneal at 

550 °C are compared in Figure 2.10. The accumulation capacitance is inversely 

proportional to the EOT. The accumulation capacitance of this JVD Z r 0 2/silicate film  

increases significantly after annealing, revealing a reduction of EOT. This change can be 

attributed to two factors: (1) the almost unchanged interfacial layer after high temperature 

annealing; (2) the elimination of excess oxygen or hydroxide group in the top layer o f as- 

deposited  films to make it more like stoichiometric Z r 0 2. Moreover, the crystallization of
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the top layer after high temperature annealing may cause the dielectric constant to increase 

as well. The details o f these changes will be explained in Section 2.3 in this chapter. 

Moreover, the good C-V curves also indicate the JVD Z r 0 2/siIicate film possesses good 

dielectric properties after 1000 °C annealing. I-V characteristics also reveal a significant 

reduction of leakage current after 1000 °C annealing when compared to thermal silicon 

dioxide counterpart. The I-V curve measured under substrate injection of this 1.5 nm JVD  

ZrOj/silicate film after 1000 °C annealing is compared to a calculated I-V of a 1.5nm 

thermal silicon dioxide film in Figure 2.11. Just like the data in Figure 2.8, we have 

observed at least one order of magnitude reduction of leakage current for JVD Z r 0 2/silicate 

film when compared to silicon dioxide, and more reduction is observed at low electric fields. 

Both the C-V and I-V characteristics indicate that JVD Z r 0 2/silicate film possesses very 

promising electrical properties after high temperature annealing up to 1000 °C, which is 

very desirable for the conventional CMOS process.

The reduction o f EOT is not only observed on the JVD Z r 0 2/silicate film after 1000 

°C annealing, but also observed after annealing at other elevated temperatures. In Figure 

2.12, the EOTs o f two JVD Z r 0 2/siIicate films before and after annealing at various 

temperatures: 550 °C, 800 °C, and 1000 °C are shown, and the reductions of EOT are 

observed for all annealed films.

2.4.3 Reliability

Constant-current stressing at high current and high electric field reveals the 

robustness and long-term reliability of a gate dielectric. Moreover, constant-current 

stressing is also useful to evaluate the bulk trapping properties o f a gate dielectric. Bulk 

trapping is found responsible for the trap-assisted leakage current, shift o f flat-band 

voltage, dielectric breakdown, and many other undesired properties. The results for some
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JVD Z r 0 2/silicate films on both n-type and p-type silicon substrates under constant-current 

stressing at high currents and high electrical fields are shown in Figure 2.13. The JVD  

Z r 0 2/silicate film on p-type Si substrate is under gate injection, in which electrons transport 

from aluminum gate to the silicon substrate. For this 1.51 nm (EOT) thick JVD  

Z r 0 2/silicate film, the gate voltage shifted 26 mV after the constant-current stressing at 

lA /cm 2 for 1,000 seconds. The 26 mV of the gate voltage shift corresponds to a trapped 

charge density of 3.7 x 10n /cm2. Correspondingly the 1.29nm (EOT) thick JVD  

Z r 0 2/siIicate film on n-type Si substrate is under substrate injection. The voltage shift is 10 

mV after 1000 seconds o f the constant current stressing at 2 A/ cm2, corresponding to a 

trapped charge density of 1.7 x 1011 /cm2. One thing needs to be pointed out is that, because 

for a ultra-thin gate dielectric, it is difficult to keep the carriers in the traps, the calculated 

trapped charge density from the C-V shift may underestimate the real trap density. 

However, the gate voltage shifts after long time high current stressing are sufficiently small, 

suggesting high dielectric strengths o f JVD Z r 0 2/silicate films.

The breakdown statistics provides important information about the dielectric 

strength of a film, such as its intrinsic bonding strength, defect density, and process 

uniformity. A good breakdown statistics figure usually shows a tight distribution and high 

breakdown electric fields. Figure 2.14 presents the breakdown electric field distribution of 

a set of JVD Z r 0 2/silicate gate dielectrics. The device area is 1.1 x 10^ cm 2 for every device 

used in this study. The EOTs o f the n-type JVD Z r 0 2/silicate capacitors under gate 

injection and the p-type JVD Z r 0 2/silicate capacitors under substrate injection are 2.8 nm 

and 2.2 nm, respectively. For both polarities, the breakdown electric fields show tight 

distributions, suggesting high dielectric strength and good uniformity. Moreover, a 50%  

cumulative effective breakdown electric field is about 20 MV/cm for the 2.8 nm (EOT) JVD  

Z r 0 2/silicate film under gate injection, and about 17 M V/cm for the 2.2 nm (EOT) JVD
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Z r 0 2/silicate film under substrate injection. The median effective breakdown electric fields 

are remarkable in both polarities.

The temperature dependence of I-V is another good indicator of dielectric 

properties. The tunneling current is independent o f temperature or only weakly linked to 

temperature, but the trap-assisted leakage current is a strong function of temperature. 

Therefore, the weak temperature dependence of I-V suggests that tunneling is the dominant 

mechanism, and the trap-assisted mechanism only plays a minor role. Because electrons 

have more chances to encounter traps during transport through a thicker film, while the 

tunneling current is reduced due to the larger thickness, a thicker film is more suitable to 

evaluate the trap-assisted current. Thus, a relatively thick film, 12 nm of physical 

thickness, was used in this study. I-Vs of this JVD Z r 0 2/silicate gate dielectric under gate 

injection measured at various temperatures, from 25 °C to 350 °C, are shown in Figure 2.15. 

The weak temperature dependence indicates insignificant trap-assisted leakage currents, 

suggesting low bulk trap density of the JVD Z r 0 2/silicate gate dielectric. A high 

temperature environment is commonly used to accelerate the breakdown process of the gate 

dielectric. For the JVD Z r 0 2/silicate under gate injection, even at 350 °C, the breakdown  

electrical field is still above 10 MV/cm, again suggesting a robust gate dielectric.

2.4.4 Film Morphology

In order to achieve high uniformity o f device properties across the wafer, an 

amorphous phase or a single crystalline phase o f a high-k gate dielectric is required. 

Because of the differences in grain orientations and grain boundaries across the wafer, the 

poly-crystalline phase causes serious concerns. X-ray Diffraction (XRD) is an economical 

and capable method to evaluate the morphology o f a high-k film. In order to achieve 

sufficiently strong signal, a 100 nm thick JVD Z r 0 2/silicate film was employed in the XRD

5 8
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Figure 2.16 X-ray Diffraction (XR D) results show  JVD ZrCVZr silicate 
crystallized after annealing at 650 °C and above.
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measurement. Unlike ALD or CVD deposited films, apparently the JVD Z r 0 2/silicate is 

amorphous after the deposition, according to the XRD results presented in Figure 2.16, 

which is confirmed by Transmission Electron Microscope (TEM) image. However, after 

annealing at 650 °C and above, the (111) and (220) peaks of the tetragonal crystalline 

structure of Z r 0 2 appear on the XRD patterns, suggesting the JVD Z r 0 2/silicate film is 

crystallized or partially crystallized. The formation of the polycrystalline phase may be a 

drawback of the JVD Z r 0 2/silicate film.

Usually, as a consequence o f the crystallization, the surface o f a thin film becomes 

rough, which can cause serious uniformity problems. By measuring the forces at the atomic 

level between a sharp probing tip and a sample surface when the tip moves across the 

sample, Atomic Force Microscope (AFM) is able to take the images o f surfaces of various 

materials in a non-contact mode. The bending o f the cantilever holding the sharp probing 

tip in response to the force between the tip and the sample gives an accurate measure o f the 

force. Very smooth surfaces were observed on the JVD Z r 0 2/silicate films before and after 

5 seconds of annealing in N2 at 1000 °C, as shown in Figure 2.17(a) and (b). The RMS 

roughness of this JVD Z r 0 2/siIicate film is 0.12 nm and 0.13 nm before and after annealing, 

respectively, suggesting the crystallization of the JVD Z r 0 2/silicate film does not result in a 

degradation of surface uniformity.

2.4.5 Dielectric Constant

Figure 2.18 provides important information of the interfacial layers and dielectric 

constants of JVD Z r 0 2/Zr silicates. From the slopes of the curves in these EOT vs physical 

thickness plots, we can get the dielectric constants of the films. Each EOT was extracted 

from C-V method after considering the quantum confinement effect, and each physical 

thickness was measured by ellipsometry. The JVD Z r 0 2/Zr silicate appears to have graded
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(a) RMS Roughness: 0.12 nm

RMS Roughness: 0.13 nm

(b)

Figure 2.17 Very sm ooth surfaces o f  a 3 nm (physical thickness) JVD ZrC^/Zr silicate film  observed by 
AFM  (a) before and (b) after a 1000 °C anneal.
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composition. For a relatively thin film, it is more Zr-silicate-like, with a dielectric constant 

about 11 for the as-deposited film, and a dielectric constant about 16 for the film annealed 

in N2 at 800 °C for 5 seconds and in forming gas at 550 °C. And the top layers of a relatively 

thick film are more Z r 0 2-like with a dielectric constant about 24 for the as-deposited film, 

and a dielectric constant about 26 for the annealed film. If we assume that the interfacial 

layer is caused and self-limited by the dynamic reaction between Z r 0 2 and Si during 

deposition, and unrelated to the total film thickness, then the intercepts of the linear fitting 

lines o f the data on the EOT axis provide the interfacial layer thicknesses. The interfacial 

layer thickness appears very stable -- the extrapolated thickness is about 0.3nm and 0.35 nm 

in EOT before and after annealing, respectively. The results are consistent with XPS and 

High Resolution TEM (HRTEM). The very similar values of the extrapolated interfacial 

layer thickness before and after annealing indicate the high thermal stability of the 

interfacial layer, which we will discuss in detail in the next section.

2.4.6 MOSFET Characteristics

For any high-k gate dielectric, the transistor performance is the most important 

assessment. Because of the limitation of the process facilities at Yale University, only 

MOSFETs with channel lengths larger than 5 pm can be fabricated. Such a long channel 

MOSFET has a small drive current to gate leakage current ratio; thus, relatively thick JVD 

Z r 0 2/Zr silicate gate dielectrics were used in order to obtain working transistors. Both n- 

channel MOSFETs and p-channel MOSFETs using ultra-thin JVD Z r 0 2/Zr silicate as the 

gate dielectric were successfully fabricated, and demonstrated good transistor 

characteristics. Aluminum was thermally evaporated to form the electrodes and back 

contacts. The gate dielectrics of both n-channel and p-channel MOSFETs shown here 

received a 600°C /02/5s post-deposition anneal.
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Figure 2.19 presents the Id-Vd characteristics for a JVD Z r 0 2 /silicate NMOSFET. 

The EOT of this JVD Z r 0 2 /silicate gate dielectric is about 1.6 nm. The transistor with 10 

pm long channel shows well-behaved output characteristics. Figure 2.20 shows the Id-Vg 

characteristics of a 2.4 nm (EOT) JVD Z r 0 2 /Silicate NM OSFET at a drain bias voltage of  

50 mV. The channel length and width for this MOSFET are 5pm and 10pm, respectively. 

The deep subthreshold swing of 78 mV/dec indicates good switching characteristics with a 

high on/off current ratio. Figures 2.21 and 2.22 reveal the Id-Vd and Id-Vg characteristics 

of p-channel MOSFETs with 1.6 nm (EOT) JVD Z r 0 2/silicate gate dielectrics. The devices 

show good output characteristics and good switching property with an 83 mV/dec 

subthreshold swing.

2.5 A Thermally Stable Interfacial Layer Between JVD Z r02 
and Si

Other studies have shown that after high temperature annealing, the thickness of 

the interfacial layer between Z r 0 2 and Si increases dramatically2, the composition of the 

interfacial layer changes from Zr-silicate-like to S i0 2-like, and moreover, under certain 

process conditions, Zr silicide can be formed16. Furthermore, in ALD, a S i0 2 layer at the 

interface is necessary to grow high quality Z r 0 2 smoothly. However, from our study, we 

found that Z r 0 2 deposited by the JVD process can grow smoothly directly on HF-last 

silicon, and it possesses remarkable thermal stability— withstanding anneals as high as 1000 

°C without formation of silicide and silicon dioxide. The interfacial layer has been found to 

be Zr silicate like, and the presence of a thermally stable Zr silicate interfacial layer may 

prevent the formation of interfacial S i0 2 despite the fact that as- deposited  films have been 

found to be oxygen rich.
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First, we shall examine the JVD Z r0 2 before and after 1000 °C anneals through cross- 

sectional HRTEM. In Figure 2.23(a), the cross-sectional HRTEM image of one as-deposited 

JVD Z r 0 2 film shows that the dielectric possesses a two-layer amorphous structure with an 

interfacial layer about l.ln m . From Figure 2.18, the extracted interfacial layer thickness is 

about 0.3nm in EOT, thus the bottom layer has a dielectric constant more than three times 

of that of silicon dioxide, suggesting that the bottom layer is not silicon dioxide, and likely to 

be Zr silicate. Both the interfacial layer and the top layer are very smooth. Another cross- 

sectional HRTEM image of the JVD Z r0 2 after 1000 °C annealing is shown in Fig. 2.23(b). 

The top layer of the film is crystallized after such a high temperature anneal, and we have 

known from XRD measurements that crystallization can happen for annealing 

temperatures above 650 °C. But the interfacial layer was apparently unchanged after 

annealing: the interfacial layer stays amorphous and remains very smooth; there is no 

evidence o f the formation of silicide; and apparently its thickness remains almost identical- 

only increases a couple of Angstroms, which is within the resolution limit of cross-sectional 

HRTEM.

Moreover, the thermally stable interfacial layer has been confirmed by other 

characterization tools. By detecting the energies of photoelectrons that are emitted from 

atoms when they are irradiated by soft X-ray photons in the 1 - 2 keV range, X-ray 

photoelectron spectroscopy (XPS) is a powerful analytical technique for solid thin films. 

Figure 2.24 presents the Si 2p spectrum of XPS before and after annealing. The bonding 

energy difference between the S-O bond and Si-Si bond in Si 2p spectrum is about 3.1 eV, 

which is about 1 eV smaller than the difference between the S-O bond and Si-Si bond in 

S i0 2, which again indicates the interfacial layer is Zr-silicate-like. Furthermore, the results 

from the angle-resolved XPS reveal that the Zr-O bonds are distributed through the whole 

film thickness, which further confirms the interfacial layer is Zr silicate. One striking 

feature of this Si 2p XPS spectrum is that the spectrum remains unchanged after 30 minutes
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Figure 2.23 TEM Images o f  (a) as-deposited and (b) after 1000°C  
annealed JVD ZrCVZr silicate Films.
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annealing at 550 °C, indicating that the interfacial layer between Si and Z r 0 2 is stable 

during such an anneal as well. W hile the Si 2p spectrum remains the same, the O Is 

spectrum changed dramatically during the anneal. Clearly there is a significant amount of 

oxygen loss in the film that occurs already at 550 °C, as can be seen by the O Is spectrum in 

Fig. 2.25. The spectrum reveals two oxygen bonding states before annealing, where as a 

single bond energy is observed after annealing.

Medium Energy Ion Scattering (MEIS) based on the principle of Rutherford 

backscattering spectroscopy (RBS) is another powerful tool for thin film analysis. Because 

of the relatively low ion energy used in MEIS (typically 100 keV), and the usage of a high- 

resolution toroidal electrostatic ion energy analyzer114, almost-monolayer depth resolution 

can be obtained115’116. The data from MEIS, as shown in Figure 2.26, show JVD 

Z r 0 2/silicate is oxygen rich. And a reduction from Zr:0-ratio of 1:2.5 to 1:2.2 after 

annealing can be derived.

The formation of the thermally stable Zr Silicate layer and the oxygen rich feature 

of JVD Z r 0 2/Zr silicate may be attributed to a few unique characteristics of JVD. As we 

discussed at the beginning of this chapter, unlike the ALD, CVD, or sputtering, in JVD all 

Zr atoms and all oxygen molecules or atoms are moving in the same direction in their own 

jets, and basically collision free. The independence of the jets ensures that the oxidization of 

Zr metal only happens at the Si substrate surface, and no reaction happens during 

transportation. Moreover, under our deposition conditions, instead of clusters, only single 

Zr atoms are deposited. And most important, the sub-monolayer deposition feature of JVD  

enables the uniform reaction o f Zr, oxygen, and the exposed silicon surface, thus it results in 

a uniform and dense interfacial layer. After the formation of the interfacial layer, the sub­

monolayer deposition enables sufficient oxidation of Zr metal, which results in an oxygen 

rich film.
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A Z r 0 2 film deposited by CVD or ALD shows the formation of Zr Silicide (ZrSi) 

after annealing in oxygen-free environment117’118, and the oxygen vacancies and the lack of 

oxygen in the environment is believed to be the cause of the formation of ZrSi. In contrast, 

the oxygen rich nature of the JVD Z r 0 2/silicate film prevents the formation o f Zr silicide 

during long-time vacuum annealing. Moreover, Z rS i0 4 is stable on Si, and positive Gibbs 

energy is necessary for Z rS i04 to react with Si to form S i0 2, SiO, ZrSi or Z r 0 2 at elevated 

temperatures. Furthermore, the oxygen diffusion rate is much lower in Z rS i04 than in 

Z r 0 2113. Therefore, the presence o f a high quality Zr silicate interfacial layer may prevent 

the diffusion of oxygen despite the fact that as-deposited films are found to be oxygen rich.

These results reveal that the presence of a high quality Zr silicate interfacial layer, 

which can be attributed to the unique JVD method, may prevent the formation of 

interfacial S i0 2 up to 1000 °C, despite the fact that as-deposited  films are found to be oxygen 

rich, which is very desirable in a conventional CMOS process.

2.6 Z r 0 2 with D ifferent Gate Electrodes

We have discussed the interface between Z r 0 2 and Si, and now let us discuss 

another important interface, the interface between Z r 0 2 and gate electrodes. Because of 

the additional 0.4 nm of EOT brought by the polysilicon depletion effect, metal gates have 

to be implemented together with high-k gate dielectrics as the final solution of the gate 

stack. As predicted in the ITRS 2002 update15, metal gates will be required by 2007 to 

eliminate the polysilicon depletion effect. In order to successfully implement high-k gate 

dielectrics and metal gates, two issues must be addressed. First, the combination o f the 

high-k gate dielectric and its corresponding metal gate should have the right work function
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value. Because of the dipole formed at the high-k gate dielectric and metal gate interface or 

the presence o f a transition layer between high-k gate dielectric and metal gate, the effective 

work function of metal gate is different from the work function measured in vacuum, and it 

may be changed when it is subjected to the subsequent process conditions. Second, the 

formation o f a transition layer between the high-k gate dielectric and metal gate during 

deposition and subsequent annealing may add unwanted EOT to the total EOT of the 

device, which compromises the effort of using metal gates to minimize the extra EOT 

caused by the polysilicon depletion.

Aluminum and platinum are two metals used often as the gate electrodes for high-k 

gate dielectrics during the course of this dissertation study, and indeed, they show different 

behaviors when deposited on top o f Z r 0 2. In order to focus the study on the effect of the 

interface between Z r 0 2 and aluminum, and Z r 0 2 and platinum, we should minimize the 

influence from another interface, the interface between Si and Z r0 2. Therefore, a high 

quality silicon oxynitride layer was used to ensure an excellent interface with the silicon 

substrate. An 8 nm (physical thickness) thick Z r 0 2 was deposited by CVD on top of a 1.5 

nm (physical thickness) thick silicon oxynitride on n-type Si substrate. The aluminum gate 

was thermally evaporated, and the platinum gate was deposited by electron-beam  

deposition. No PMA was performed on these devices. As shown in Figure 2.27, the 

accumulation capacitance o f the capacitor using platinum gate is higher than that of the 

capacitor using aluminum gate, despite the fact that both capacitors are supposed to have 

the identical gate dielectric. The EOT of the device using aluminum gate is about 0.6 nm 

thicker than that of the device using platinum gate, which is even more than the 0.4 nm 

extra EOT one would have gotten from the polysilicon depletion effect. This additional 

EOT may be caused by a transition layer between Z r 0 2 and aluminum, or a reduced 

effective dielectric constant of the gate dielectric caused by aluminum diffusion during
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deposition. The result clearly shows that, if a metal gate is chosen improperly, it may add 

an even larger extra EOT than one would expect from polysilicon depletion. However, it 

seems the extra thickness of the capacitor using aluminum gate does not bring the benefit of 

reduced gate leakage current.

The work function difference between Z r 0 2/aluminum and Z r 0 2/platinium can be 

derived from the flat-band voltage shifts observed from C-V curves. After shifting the I-V 

curve of the Z r 0 2/Aluminum capacitor by the derived work function difference from C-V, 

the I-V curve o f the Z r 0 2/Aluminum capacitor aligns almost perfectly with the I-V curve of 

the Z r 0 2/platinium capacitor, especially in the low electric field region (Figure 2.28). This 

may be explained by the substrate injection mode for both capacitors. Because both n-type 

capacitors are under substrate injection, as illustrated in Figure 2.29, the incoming 

electrons face the same barrier height at the interface, and the same interfacial and bulk 

layers. In substrate injection mode, the possible transition layer between Z r 0 2 and 

aluminum has little influence on electron transport, as it only causes marginal reduction of 

the gate leakage current in the high electric field region.

The EOT derived from the p-type Z r 0 2/aluminum capacitor reveals a larger EOT  

than that of the p-type Z r 0 2/platinum capacitor as well, as shown in Figure 2.30. A 6 nm 

(physical thickness) thick Z r 0 2 was deposited by CVD on top of a 1.9 nm (physical 

thickness) thick silicon oxynitride on p-type Si substrate. The p-type capacitor is under gate 

injection. In gate injection, the incoming electrons are facing different barrier heights and 

different interface layers at the Z r 0 2/aluminum or the Z r 0 2/platinum interface, as 

presented in Figure 2.32. Therefore, they show drastically different current transport 

behavior (Figure 2.31). The applied electric field in the aluminum-gate capacitor is smaller 

than that in the platinum-gate capacitor at the same gate voltage under gate injection. 

However, the leakage current is larger in the aluminum-gate capacitor than that in the
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Figure 2.31 I-V characteristics o f  p-type Zr02 MOS capacitors using A l and Pt as 
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Figure 2.32 In gate injection, electrons in M OS capacitors using Pt gate or A l gate 
face different barrier heights. The electric field applied on Al-gate device is smaller 
than that on Pt-gate device in this case.
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platinum-gate capacitor under gate injection, because o f the smaller tunnel barrier for the 

former, as illustrated in Figure 2.32.

It is clear that in order to choose a proper metal gate, possible formation of a 

transition layer between the metal gate and the high-gate dielectric, or possible diffusion 

from the metal gate into the high-k gate dielectric must be eliminated. And the transition  

layer near the metal gate and high-k dielectric interface influences the leakage current 

significantly under gate injection.

2.7 Chapter Sum m ary

Our results have demonstrated that the ZrOz/Zr silicate film s synthesized by the 

unique JVD process can be scaled to at least lnm  with good dielectric properties, acceptable 

leakage current densities, and high reliability. Well-behaved n-channel and p-channel 

MOSFETs were successfully fabricated. Moreover, the JVD Z r 0 2/Zr silicate gate dielectric 

possesses an interfacial layer with high thermal stability, which is desirable for conventional 

CMOS process flow. Also, the metal electrode has a significant influence on the properties 

of the MOS capacitor using Z r 0 2 as the gate dielectric, especially for the device under gate 

injection operation. The excellent results from JVD Z r 0 2/Zr silicate gate dielectrics suggest 

the possibility o f their use for fabricating high-quality CMOS devices with conventional 

CMOS processing procedures.
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Chapter 3

Some Other High-k Gate Dielectrics: T i02, A120 3, 
and Ta20 5.

Numerous high-k materials have been under intensive research in industry and 

academia. However, none o f the high-k materials studied satisfies all the stringent 

requirements for a gate dielectric to succeed silicon dioxide. Therefore, some innovative 

engineering approaches must be implemented to improve the quality of high-k gate 

dielectrics. In this chapter, we will present the results of the improved bulk properties and 

interface properties o f several high-k gate dielectrics after using novel engineering 

approaches.

Except for its mediocre dielectric constant, A120 3 is an attractive candidate66,67 to 

replace silicon dioxide for its high bandgap and barrier height, high thermal stability on 

silicon, and high crystallization temperature. On the other hand, T i0 2, another candidate, 

has exceptionally high dielectric constant, about 80, but its low bandgap, low thermal 

stability on silicon, and low crystallization temperature make it difficult to succeed silicon 

dioxide, though T i0 2 gate dielectrics, including the JVD T i0 2, have demonstrated good 

interface properties and low leakage current55. The two materials mentioned above possess
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opposite properties, and one’s weaknesses are the other’s strengths. Therefore, it is natural 

for us to combine these two materials to obtain a new material with improved properties. 

By combining A120 3 and T i0 2, we have demonstrated that the new titanium aluminates 

inherit the merits of both A120 3 and T i0 2, with better thermal stability and higher 

crystallization temperature than those of T i0 2 and larger dielectric constant than that of

a i2o 3.

To obtain a good interface between a high-k material and Si is another big challenge 

for implementing high-k materials. Both T i0 2 and Ta20 3 are candidates to replace silicon 

dioxide. However, the low thermal stability on Si, such as the formation of silicon oxide or 

silicides upon processing, places them in disadvantage. In order to solve this problem, an 

ultra-thin JVD silicon nitride layer is inserted between a high-k material and Si. The high 

quality JVD silicon nitride ensures an extraordinary interface layer for the gate stack, and 

the oxygen-diffusion-blocking property o f the JVD silicon nitride makes the EOT of the 

gate stack stable during subsequent high temperature anneals even in the presence of 

oxygen. Moreover, the relatively high dielectric constant of the JVD silicon nitride layer 

compared to that of S i0 2 results in a modest reduction of the effective dielectric constant of 

the gate stack, while providing an excellent interface layer, which is a far better solution 

than a silicon dioxide interface layer. Furthermore, the JVD silicon nitride provides a 

larger barrier over Si conduction band edge than that of either T i0 2 or Ta2Os, enabling it to 

block the thermionic currents at elevated temperatures.

For EOT of gate dielectric below 2nm, how to obtain the correct C-V curve to 

extract the EOT becomes a big problem. In Section 3.3, we will present a simple four- 

element equivalent circuit, together with a dual-frequency C-V measurement, to derive the 

correct C-V curve. This new method has many advantages over the conventional three- 

element method85 and the widely used Hauser’s method84 for the EOT extraction.
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3.1 Titanium Alum inates

In this section, we report the electrical and physical properties of ultra-thin titanium  

aluminates deposited by the JVD process. Both MOS Capacitors and MOSFETs were 

fabricated. It is shown that films with EOTs down to 1.2 nm possess good thermal stability 

and good electrical properties; for Al concentration of 30 atomic % or more, the film can 

survive an annealing temperature higher than 800 °C, which is attractive for the 

conventional CMOS process.

3.1.1 Fabrication o f MOS Structures with Titanium Aluminates 
as Gate Dielectrics

The Jet-Vapor-Deposition process used for the titanium aluminates deposition is 

very similar to the process for the zirconium oxide deposition. However, instead of using 

zirconium vapor source, two separate vapor sources, titanium and aluminum vapor 

sources, are employed. Using DC sputtering in argon ambient, the titanium vapor and the 

aluminum vapor are generated simultaneously by separate titanium and aluminum metal 

targets. One titanium vapor source, one aluminum vapor source, and one oxygen source 

are used to deposit titanium aluminates, as shown in Figure 3.1. The sputtering current, 

which is a function of voltage, electrode to target distance, and vapor pressure, controls the 

plasma density and the amount of the sputtered material. W e are able to control the 

generation rates of the titanium source and the aluminum source by adjusting the 

corresponding sputtering currents. And by altering the generation rates o f the titanium  

vapor and the aluminum vapor, we can modulate the titanium to aluminum ratio in 

titanium aluminates. The titanium vapor and aluminum vapor are carried down stream in 

helium gas. The downstream pressure is kept at about 0.1 Torr to maintain a 10 to 1
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Figure 3.1 Schematic o f  the top v iew  o f  the JVD system  for titanium aluminates deposition.
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upstream-to-downstream pressure ratio in order to generate the strong titanium and 

aluminum jets. W hen only the titanium vapor or the aluminum vapor is operating, the 

system can be used for titanium oxide or aluminum oxide deposition, respectively. The 

motion system for the titanium aluminates deposition is identical to the motion system for 

the zirconium oxide deposition. Wafers are mounted on the sidewalls o f the carousel, which 

spins at a constant speed, and moves vertically with a linear translation oscillation 

simultaneously to achieve the required thickness uniformity of the deposited film. During 

each cycle, the titanium source, aluminum source, and oxygen source scan through the 

wafers one by one. The unique sub-monolayer deposition feature of the JVD process 

ensures uniform blending of titanium aluminates.

Normally ultra-thin titanium aluminates are deposited by the JVD process at room  

temperature on HF-last Si wafers. Various Post-Deposition-Anneal (PDA) conditions up to 

1000 °C are used to tailor dielectric properties. The fabrication steps of the titanium  

aluminate MOS capacitors and MOSFETs are identical to those described in Figures 2.4 

and 2.5. Aluminum is thermally evaporated to form the top electrodes and back contacts of 

MOS capacitors and MOSFETs. In order to reduce the reaction with the electrodes, no 

PMA is performed.

3.1.2 Ti02 and Al20 3

Long before it was considered for the Si CMOS gate dielectric applications, because 

of its high refractive index, excellent chemical and abrasion resistance, and superb 

transmittance in the near-infrared and visible wavelengths, titanium oxide (Ti0 2 ) had found 

its applications in waveguide anti-reflection coatings119. Now owing to its exceptionally high 

dielectric constant, TK>2 has caught the attention as a possible long-term solution to replace 

silicon dioxide. The dielectric constant of T i0 2 can be as high as 170 along the optical axis
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in the single crystal tetragonal rutile phase120. Though normally the dielectric constant of 

TiC>2 thin film is lower than that of its single crystal phase, it still can reach 80121. The 

crystallization temperature of TiC>2 is quite low, which causes serious concerns for the 

uniformity requirement. The anatase crystal phase usually starts to crystallize at 300 °C 

and above, and the rutile phase normally requires a higher temperature, 800 °C or above, to 

crystallize122,123.

Due to its high melting point (2054 °C), hardness, and low electrical conductivity 

even at elevated temperatures, Aluminum oxide (A I 2 O 3 )  is arguably the most widely used 

metal oxide. Now these excellent properties make it an attractive candidate to replace 

silicon dioxide as the gate dielectric for Si CMOS. The a  phase of AI2O3 is the most well 

defined crystalline phase of A I 2 O 3 , and it is also the hardest known crystal and one o f the 

most thermodynamically stable crystals111. However, the amorphous phase of AI2O3 can 

exist up to 1100 °CU1, which satisfies the process integration requirement of the 

conventional CMOS process. Moreover, its high bandgap and high barrier height make it a 

good insulator, though its low dielectric constant makes it less attractive for future CMOS 

applications.

3.1.3 Titanium Oxide Made by JVD

The results on the JVD Ti0 2  are presented first, before we introduce the results on 

the JVD titanium aliminates. The JVD T i0 2 gate dielectrics deposited on Si substrates with 

EOTs down to 1.1 nm (EOT) possess good dielectric properties, as indicated by C-V and I-V  

measurements. And according to the best o f our knowledge, they are the thinnest T i0 2 

films ever made on Si substrate. The deposition of these ultra-thin JVD T i0 2 gate 

dielectrics was conducted at room temperature. The JVD T i0 2 gate dielectrics show 

promising properties after PDA at 600 °C. However, the JVD T i0 2 gate dielectrics
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annealed at higher temperatures show significant degradation of film quality, which raises 

questions on its suitability in the conventional CMOS process flow.

The C-Vs of the JVD T i0 2 films deposited directly on HF-last p-type Si substrates 

and N20  plasma exposed p-type Si substrates are shown in Figures 3.2 and 3.3, respectively. 

The physical thicknesses of both films are about 3 nm, as measured by ellipsometry. Both 

JVD T i0 2 films were annealed at 600 °C in N2 for 5s, and at 550 °C in forming gas for 30 

minutes. The multi-frequency C-V and hysterises C-V results from both of the JVD T i0 2 

films exhibit very small frequency dependence and negligible hysterises, which indicate 

excellent interface and bulk properties.

However, both of the JVD T i0 2 films deposited on the HF-last and N20  plasma 

exposed Si substrates collapse after the PDA at 800 °C in N2 for 5s. As shown in Figure 3.4, 

the irregular shapes of C-V curves indicate very poor dielectric properties. Moreover, I-V 

measurements also reveal that the leakage currents of the JVD T i0 2 films annealed at 800 

°C are significantly higher that those annealed at 600 °C, as shown in Figure 3.5.

It is clear that the JVD T i0 2 films can withstand the PDA at 600 °C, but they show  

signs of severe degradation after annealing at 800 °C. Therefore, the JVD T i0 2 films may 

be suitable for a replacement gate process flow, for which 600 °C is sufficient for anneals.

In order to improve the high-temperature properties o f the JVD T i0 2, we must 

implement some innovative methods. One solution is incorporating Al into T i0 2 to utilize 

the high thermal stability of Al. A thermally stable interface layer may also help to improve 

the properties o f the JVD T i0 2 after high temperature anneals. Because there is no 

significant difference between the JVD T i0 2 films deposited on the HF-last Si surface or the 

N20  plasma treated Si surface, a more aggressive surface treatment, such as inserting an 

ultra-thin SiN layer between Si and T i0 2, is necessary to achieve good dielectric properties 

after high temperature anneals.
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capacitors with JVD T i0 2 gate dielectrics deposited on HF-last Si surface.
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3.1.4 Properties o f Titanium Aluminates 

Crystallization Temperature

One of the important purposes to incorporate Al into titanium oxide is to increase 

the crystallization temperature o f titanium oxide. As shown in Figure 3.6, we observe that 

the crystallization temperature of titanium aluminate increases with the aluminum  

concentration. In order to increase the sensitivity o f the XRD method, the angle between 

the incoming X-ray and the sample surface is set at 5°. At such a shallow angle, the X-ray 

beam travels a relatively long distance in a thin Him, and it increases the X-ray’s probing 

volume. Films as thick as 100 nm are used in this study. As shown in Figure 3.6(a), T i02 is 

obviously crystallized after annealing at 600 °C, which is confirmed by optical 

measurements as well. As indicated in Figure 3.7, £, and Ej for the T i0 2 annealed at 600 <>C 

reveal sharper peaks compared with those o f the as-deposited amorphous T i0 2, which may 

be an indication of the onset of crystallization. By adding 15 atomic % aluminum, where 

the atomic concentration of aluminum is extracted from the deposition rates, this titanium  

aluminate film remains amorphous, as shown in Figure 3.6(b), which is confirmed by the 

TEM image. For the titanium aluminate film with 30 atomic % aluminum, we do not 

observe evidence of crystallization after PDA up to 800 °C (Figure 3.6(c)). Moreover, with 

80 atomic % aluminum in the film, the titanium aluminate film remains amorphous even 

after PDA at 1000 °C. Optical measurements also indicate the rise o f crystallization  

temperature with the increase o f Al concentration, as suggested by the broadening of the 

small feature at ~  3.5 eV, as shown in Figure 3.8.

92

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

GF Exhibit 1094 - 119/245



Dielectric Constant

By adding titanium, we are able to increase the dielectric constant of AI2O3. We 

observe that the dielectric constant of titanium aluminate grows with titanium  

concentration, as shown in Figure 3.9. The dielectric constant was calculated as

£  _  Tphysical 

E O T

The physical thicknesses are measured by ellipsometry, and the EOTs are calculated from  

the capacitances in accumulation. To minimize the influence of the interface layer in the 

calculation of the dielectric constants of titanium aluminates, the dielectric constants are 

calculated from relatively thick films (~100 nm). The dielectric constant rises nonlinearly 

with the increase of the titanium concentration. For films with titanium concentrations less 

than 50 atomic %, the dielectric constant increases slowly. However, for films with 

titanium concentrations more than 50 atomic %, the dielectric constant increases rapidly. 

For the film with 20 atomic % titanium, the dielectric constant of the titanium aluminate is 

only about 10. However, for the film with 50 atomic % titanium, the dielectric constant 

increases to 25, which is comparable to that o f Z r 0 2 or H f0 2. For the titanium aluminate 

film with 70 atomic % titanium, the dielectric constant is as high as 60. Moreover, the 

bandgap and barrier height also change with the titanium concentration, which we will 

discuss in detail in Chapter 4.
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Figure 3.8 Optical measurements also confirm that the crystallization  
temperature for titanium aluminate increases with Al concentration.
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Electrical Properties

Electrical data reveal the improved dielectric properties of titanium aluminates over 

those of titanium oxide after high temperature anneals. Figure 3.10(a) presents the multi­

frequency C-V of a titanium aluminate gate dielectric with 15 atomic % aluminum  

concentration on n-type substrate after PDA at 1000 °C. In contrast to the erratic shape 

and huge frequency dispersion in the accumulation region of the multi-frequency C-V of the 

JVD T i0 2 gate dielectric after a PDA at 800 °C, as shown in Figure 3.4, the negligible 

frequency dependence in the multi-frequency C-V of this titanium aluminate gate dielectric 

indicates good dielectric properties. C-V results demonstrate that adding aluminum into 

T i0 2 improves the high temperature stability of T i0 2. The titanium aluminate gate 

dielectric with 15 atomic % aluminum concentration deposited on p-type silicon substrate 

also shows good multi-frequency C-V characteristics (Figure 3.10 (b)). After considering 

the quantum effect, an EOT of 1.2 nm is extracted for this film.

The I-V characteristics of this titanium aluminate gate dielectric also reveal a 

significant reduction of leakage current even after annealing at 1000 °C, when compared to 

that of thermal silicon dioxide with the same EOT, as presented in Figure 3.11. By 

considering the quantum confinement effect, an EOT of 1.35 nm is extracted from the C-V 

measurement for this titianium aluminate film. We observe at least one order of magnitude 

reduction of leakage current for this titanium aluminate film when compared to silicon 

dioxide, and more reduction is observed at low electric fields. Both the C-V and I-V  

characteristics suggest that the titanium aluminate gate dielectric with 15 atomic %  

aluminum concentration possesses good electrical properties after high temperature anneals 

up to 1000 °C.

Transistors using TiAIO as gate dielectrics were successfully fabricated. Figure 3.12 

shows the Id-Vd characteristics of a NMOSFET with a titanium aluminate gate dielectric
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having 15 atomic % aluminum concentration. The EOT of the gate dielectric of this 5|X long 

and 50|X wide NM OSFET is about 1.9 nm. The good output characteristics of this transistor 

also indicate good dielectric properties of the JVD titanium aluminate.

3.1.5 Effects o f  Nano-Crystallization

TEM images reveal that the titanium aluminate with 15 atomic % aluminum  

concentration is amorphous after annealing at 600 °C, as presented in Figure 3.13(a), which 

is verified by the XRD results as well. However, the titanium aluminate films with 15 

atomic % aluminum concentration annealed at 800 °C and 1000 °C are partially 

crystallized, as shown in Figure 3.13(b) and 3.13(c), respectively. M ost regions of the 

titanium aluminate films annealed at 800 °C and 1000 °C remain amorphous. However, 

there are nanometer-scale crystals embedded in the amorphous films, and the area occupied 

by the nanometer scale crystals is about 10 to 20 percent of the total area.

Such a morphology change of titanium aluminates has impacts on the electrical 

properties of devices using them as the gate dielectric. It seems such nano-crystallization 

has negligible influence on the leakage currents of a MOS capacitor with a considerable 

area. Typical I-V curves from the titanium aluminate films with 15 atomic % aluminum  

concentration after a 600 °C/10s anneal and a 800 °C/10s anneal are shown in Figure 3.14. 

The C-Vs o f these two films indicate that they have identical flat band voltage. The EOTs 

are 1.27nm and 1.29 nm for the titanium aluminate films annealed at 600 °C and 800 °C, 

respectively. The perfect alignment of the two I-V curves measured on these two devices 

indicates that the leakage current is largely unaffected by the presence of the nanometer 

scale crystals. However, the areas o f the devices that we measured are on the scale of 10"4 

cm2 ormore. The effects of the nano-crystalline on the leakage currents for devices with 

much smaller dimensions are not clear at this stage.
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1000 °C/10s

TiAIO 1000c

Figure 3.13 TEM images o f  JVD titanium aluminates with 15 atomic % A l concentration  
annealed at (a) 600 °C, (b) 800 °C and (c) 1000 °C reveal m ixed phases after annealing at 
800 oC or above.
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Figure 3.15 The transconductance o f  an NM O SFET having a JVD titanium aluminate gate 
dielectric with 15 atomic % A l concentration annealed at 800 °C degrades when compared 
with that after annealing at 600 °C.
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Though the nano-crystallization has little influence on the leakage currents of 

devices with considerable sizes, it changes the transconductance of MOSFET dramatically. 

As shown in Figure 3.15, two transconductance curves are measured from two NMOSFETs 

using titanium aluminate gate dielectrics with 15 atomic % aluminum concentration after 

annealing at 600 °C and 800 °C, respectively. The results clearly show that the 

transconductance of the NMOSFET annealed at 600 °C, which is amorphous, is higher than 

that annealed at 800 °C, which is embedded with the nanometer-scale crystals. The results 

reveal that the mixed nano-crystalline-amorphous phase may cause transconductance 

degradation of MOSFET.

Not only does the transconductance suffer after the nano-crystaliztion of the 

titanium aluminate gate dielectric, but also its reliability degrades As shown in Figure 

3.16, during stressing at 12 MV/cm, the titanium aluminate film annealed at 600 °C, the 

amorphous film, shows a constant current, which suggests a robust film. However, in 

contrast, the current of the titanium aluminate film annealed at 1000 °C, the nano­

crystallized film, increases gradually during the whole stressing process. The weak spots 

surrounding the nanometer scale crystals may result in much higher rates of trap 

generation during stressing. And the nano-crystallization of titanium aluminates does cause 

substantial degradation of transconductance and reliability of MOSFET.

By incorporating Al into Ti02, we have successfully increased the crystallization 

temperature of T i0 2, and improved its electrical properties after high temperature anneals.
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3.2 T i0 2/SiN  and Ta2Os/SiN  Gate Stacks

Having an excellent interface between a high-k gate dielectric and Si is one of the 

most important and stringent requirements for any high-k gate dielectric. Besides the low 

trap and fix charge densities at the interface, it is critical that the interface between a high-k 

gate dielectric and Si remains stable during the CMOS process flow. However, even for the 

high-k materials that are thermally stable on Si from thermodynamic calculations, such as 

Z r 0 2, H f0 2, And A120 3, an unintended interfacial layer is unavoidable during deposition 

and subsequent anneals. Other less thermally stable high-k materials, such as T i0 2 and 

Ta2Os, cause more severe problems at the interface. T i0 2 and Ta2Os have the inclination to 

form a silicon oxide layer, which increases the total EOT of the gate dielectric, or form  

silicides, which short out the MOSFET. There is no better interface on Si than that of 

silicon dioxide. Therefore, some have inserted an ultra-thin layer of silicon dioxide between 

a high-k material and Si to improve the interface quality. However, this approach does 

come with a price. As we discussed in Chapter 1, such an approach limits the scalability of 

the gate dielectric. In order to improve the scalability of the gate stack, the interface layer 

is desired to have a high dielectric constant while possess good properties. The JVD silicon 

nitride has demonstrated interface quality comparable to thermal silicon dioxide and a 

dielectric constant about twice that of silicon dioxide. Thus, using the JVD silicon nitride as 

the buffer layer provides an excellent interface and improved scalability over silicon 

dioxide. Moreover, the JVD silicon nitride has strong diffusion resistance, which blocks 

oxygen diffusion and inter-diffusion between high-k materials and Si during thermal cycles 

in the process. Furthermore, the JVD silicon nitride also provides effective boron 

penetration resistance. And from our experimental results, the JVD T i0 2/SiN and 

Ta2Os/SiN gate stacks have demonstrated good electrical properties.

1 0 5
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3.2.1 JVD Silicon Nitride

As the JVD system for the metal oxide deposition, the JVD system for the silicon 

nitride deposition uses the same “sonic jet in a low-vacuum fast flow” principle and the 

“ multiple jet, moving substrate” strategy107 for film deposition. However, the vapor sources 

and substrate movement systems used for silicon nitride deposition are very different from  

those for the metal oxide deposition.

As shown in Figure 3.17, the vapor sources for the JVD silicon nitride deposition are 

provided directly by gas tanks. N2 and diluted silane (0.2% SiH4 in He) are used as the 

reaction gases for the silicon nitride deposition, and He is used as the carrier gas. The gases 

flow through a coaxial double quartz nozzle. N2 and He flow in the outer nozzle, and 

diluted silane (0.2% SiH4 in He) flows in the inner nozzle. A microwave cavity surrounding 

the outer nozzle is employed to generate nitrogen plasma in the outer nozzle. Due to the 

small diameter and high gas flow rate, the inner nozzle pressure remains at a sufficiently 

high level to prohibit plasma formation and associated silane dissociation. He carries out 

nitrogen plasma and silane in the form of supersonic jets. The high kinetic energy helps the 

reaction between silane and nitrogen radicals occurring at the Si surface to form silicon 

nitride. Usually before the silicon nitride deposition, N20  plasma, generated while flowing 

through the outer nozzle with He, is used for the pre-treatment of Si surface.

The schematic of the scanning motion system for JVD silicon nitride deposition is 

shown in Figure 3.18. The motion system is controlled by a computer program through a 

step motor controller to ensure thickness uniformity. One single wafer mounted on the 

sample holder is spinning while moving perpendicular to the super sonic jets in the 

horizontal direction.
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Figure 3.17 Schematic drawing o f  a concentric JVD source configuration for silicon  
nitride deposition.
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Figure 3.18 The top v iew  o f  the JVD silicon nitride deposition system.
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After the JVD silicon nitride deposition, the wafers are moved into another chamber 

for the metal oxide deposition.

The dielectric constant of the JVD silicon nitride is twice that of silicon dioxide. The 

bandgap of the JVD silicon nitride is about 5.19 eV, and it enjoys a barrier height o f 2.15 eV  

over Si conduction band edge124. The JVD nitride has demonstrated excellent electrical 

properties, such as low leakage current, low interface trap density, low bulk trap density, 

low fixed charge density, high breakdown strength, negligible stress-induced leakage 

currents after stressing at high electric fields, and strong boron penetration resistance, on 

silicon and other semiconductors52,125. Both the n-channel MOSFETs and p-channel 

MOSFETs fabricated with the JVD silicon nitride as the gate dielectric exhibit comparable 

performance to the MOSFETs using thermal silicon dioxide as the gate dielectric. 

Moreover, the JVD silicon nitride is fully compatible with the current CMOS process flow. 

Therefore, the JVD silicon nitride is suitable for serving as a buffer layer for high-k 

materials.

3.2.2 JVD Ti02/SiN Gate Stack

The JVD Ti02/SiN gate stack has demonstrated significantly lower gate leakage 

current than that of silicon dioxide, and comparable interface quality, reliability and 

electron mobility to those of silicon dioxide58. Moreover, the JVD T i0 2/SiN gate stack also 

has demonstrated improved thermal stability over the JVD T i0 2 deposited on HF-last or 

N20  plasma treated Si substrates.

The JVD T i0 2 can not sustain an anneal at 800 °C or above, and such simple surface 

treatment as N20  plasma exposure before the JVD T i0 2 deposition is not sufficient to 

improve the thermal stability o f the JVD T i0 2. One way to improve the thermal stability of  

the JVD T i0 2 is incorporating Al into T i0 2, as discussed in Section 3.1. Our study has also
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revealed that, by inserting an ultra-thin SiN layer, we are able to improve the electrical 

properties of the JVD T i0 2 after high temperature anneals. Unlike the JVD T i0 2 samples, 

the JVD T i0 2/SiN gate stack exhibits good interface quality and low leakage current for 

RTA temperatures up to 1000 °C, as indicated in Figures 3.19(a) and 3.19(b). However, the 

film quality degrades significantly after a 1050 °C anneal. The sample that received a RTA 

at 1050 °C shows low-field breakdowns, as shown in Figure 3.19 (b), and no meaningful C-V 

characteristics can be obtained from the film after annealing at 1050 °C.

3.2.3 JVD Ta2Os/SiN Gate Stack

Tantalum Oxide (Ta2Os) has a long history o f applications in the electronics 

industry, owing to its excellent electrical properties. Ta2Os serves as the insulating layer in 

some miniature capacitors used in hybrid circuits, and as an insulator in some DRAM s111. 

More recently, it has been explored to serve as the gate dielectric for Si CMOS126. However, 

its low thermal stability and low barrier height64 could act as the show stopper. Inserting a 

high quality SiN layer between Ta20.s and Si can overcome these two major deficiencies of 

Ta2O s. Just like in the T i0 2 case, the JVD SiN provides an outstanding interface layer on 

Si, prevents possible reactions between Si and Ta20.s at elevated temperatures, and offers a 

sufficiently high barrier to block the thermionic currents at elevated temperatures.

The JVD Ta2O s/SiN gate stack has demonstrated excellent electrical properties, 

such as low interface trap density, low fixed trap density and high reliability after long time 

stressing at high electric fields. After process optimization, we have found that the JVD 

Ta2CVSiN gate stacks demonstrate excellent electrical properties after PDA of 30s at 650 °C 

in oxygen and PMA in water vapor at 400 °C for 4 min.

Ill
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Electrical Properties of JVD Ta->OJSiN Gate Stack

For a gate dielectric with EOT smaller than 2 nm, multi-frequency C-V  

measurement is the primary method to evaluate its interface properties. In Figure 3.20, 

multi-frequency C-V characteristics of the JVD Ta2Os/SiN gate stacks deposited on both n- 

type and p-type Si substrates are shown. The films went through the optimized PDA and 

PMA for the Ta2Os/SiN gate stack. Aluminum was thermally evaporated to form the top 

electrodes and the back contacts of MOS capacitors. After excluding the quantum  

confinement effect, the extracted EOTs are 1.87 nm for the JVD Ta2Os/SiN film deposited 

on n-type Si substrate and 1.73 nm for the JVD Ta2Os/SiN film deposited on p-type Si 

substrate respectively. The almost perfect overlap of the C-V curves from inversion to 

accumulation for both the n-type and p-type MOS capacitors measured from IK  Hz to 

100K Hz indicate excellent interface properties o f the JVD Ta2Os/SiN gate stacks. The 

lower capacitance of the C-Vs measured at 1MHz in the accumulation region is due to series 

resistance. Moreover, the negligible flat-band voltage shifts for both the n-type and p-type 

JVD Ta20 5/SiN MOS capacitors suggest very low fixed charge densities.

As we discussed before, the most significant reason for implementing high-k gate 

dielectrics is to reduce the leakage current. The JVD Ta2Os/SiN gate dielectrics satisfy this 

requirement by reducing leakage currents significantly when compared to their silicon 

dioxide counterparts. Figures 3.21(a) and (b) show the very low leakage current densities of 

a 1.87 nm (EOT) JVD Ta20 5/SiN gate dielectric on n-type Si substrate under substrate 

injection, and another 1.73 nm (EOT) JVD Ta2O s/SiN gate dielectric on p-type Si under 

gate injection, respectively. The leakage current density of the 1.87 nm (EOT) JVD 

Ta20 5/SiN gate dielectric is less than 10'3 A/cm2 at 1 V, which is equivalent to the leakage 

current density of a 2.2 nm thermal silicon dioxide biased at IV.
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The constant-voltage stressing result of the 1.87 nm (EOT) JVD Ta2CVSiN gate 

dielectric on n-type Si substrate under substrate injection is shown in Figure 3.22. After 

stressing at the electric field of 12 MV/cm for 1,000 s, no soft breakdown or any other sign 

of degradation is observed. The leakage current only increases about 6% after such a long 

time o f high electric field stressing, suggesting high dielectric strength of the JVD Ta2Os/SiN 

gate dielectric.

The results from both JVD T i0 2/SiN and Ta2Os/SiN gate stacks have clearly 

demonstrated that, by employing the superb JVD SiN as the interface layer, one can 

produce gate stacks with outstanding interface quality, low leakage current, and other 

improved properties after high temperature anneals.

3.3 Correction for C-V M easurem ent

The gate dielectric thickness, or EOT, is one of the most important device 

parameters of an MOS capacitor or an MOSFET. And with the scaling down of gate 

dielectrics, the requirement for the accuracy o f the EOT is becoming more stringent. The 

C-V method is a precise and most commonly used technique to determine the EOT. 

However, due to the high leakage current and serious resistance, C-V can no longer 

determine accurately the EOTs for ultra-thin gate dielectrics. Normally the EOT is 

determined from the accumulation capacitance or the inversion capacitance; however, the 

leakage currents are larger in accumulation and inversion than in other regions, which 

results in severe distortion o f C-V characteristics in these two regions.

As we discussed in Chapter 1, for an ideal capacitor, the equivalent circuit can be 

described as two elements: a capacitor in series with a resistor, and the impedance of the 

two-element circuit can be presented as
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Z  = Rs +  — —̂ , (3.2)
JlTtfC

where Rs is the series resistance, C is the capacitance, and f  is the measurement frequency. 

Therefore, when the capacitor is measured by a LCR meter, the real part o f the impedance 

is only influenced by the resistance of the series resistor, and the imaginary part o f the 

impedance is only controlled by the capacitance of the gate capacitor.

However, it is no longer valid for a capacitor with an ultra-thin gate dielectric that 

has a large leakage current. The capacitor with an ultra-thin gate dielectric becomes a 

capacitor connected in parallel with a resistor in the equivalent circuit. Adding the series 

resistor, even in the simplest form, will require three components in the equivalent circuit, 

and the impedance o f the three-element circuit can be described as

a o - j z j C T . )

l + (2 TtfCRc)2

where Rs is the series resistance, Rc is the parallel resistance of the capacitor, C is the 

capacitance of the capacitor, and f  is the measurement frequency. In this case, both the real 

part and the imaginary part of the impedance can be influenced by Rc and C. And neither 

the commonly used parallel mode nor the series mode in the C-V measurement represents 

the real capacitance of the ultra-thin gate dielectric anymore.

Usually the parallel circuit mode is the most commonly used equivalent circuit for 

C-V measurement. Therefore, the following discussion uses the parallel mode for C-V  

measurement. Figure 3.23 shows the typical multi-frequency C-V results measured from an 

ultra-thin JVD silicon nitride gate dielectric using the parallel mode. The C-V curves 

exhibit strong frequency dispersion, especially in the accumulation region. Furthermore, 

instead of the steady capacitance in accumulation, as presented by a normal MOS 

capacitor, the capacitance drops off when the capacitor is biased into deep accumulation, 

and this phenomenon is more severe at low frequencies.
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The irregular C-Vs can be explained by the influence of the gate leakage current and 

series resistance. In accumulation, the tunneling leakage current increases exponentially 

with the gate voltage, which means that Rc decreases exponentially with the gate voltage. 

According to Equation 3.3, if C remains unchanged, the rapid decrease of Rc results in a 

drop off of the measured capacitance. Moreover, at high frequencies, the displacement 

current dominates. Therefore, the leakage current is less influential than that at low  

frequencies, causing the measured capacitance in accumulation not to drop off as rapidly as 

that at low frequencies. However, because the impedance of the gate capacitor becomes 

lower at higher frequencies, and the impedance of the series resistor does not change, when 

compared to those at low frequencies, the series resistance becomes more dominant, and a 

larger portion of the applied AC voltage drops across the series resistor. Therefore, the 

measured capacitance is smaller at high frequencies when compared to that at low 

frequencies.

Not only does the C-V curve of an ultra-thin gate dielectric display frequency 

dependence, it also exhibits area dependence. The capacitance of a capacitor can be 

expressed as

^  3.9S£o
C = ---- — , (3.4)

a

where s is the area of the capacitor, and d is the EOT of the capacitor. The capacitance is 

proportional to the area of the capacitor, and inversely proportional to the thickness o f the 

capacitor. Moreover, the resistance of a capacitor is inversely proportional to the area of 

the capacitor, and increases exponentially with EOT. Therefore, a capacitor with a small 

area and a small EOT resembles a capacitor with a large area and a big EOT in the 

equivalent circuit. The influence of the leakage current can be reduced by measuring a 

capacitor with a small area, and the observed abnormal behavior is minimized for a 

capacitor with a small area. Figure 3.24 shows the multi-frequency C-V curves for a
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capacitor with an area less than one tenth of that of the capacitor shown in Figure 3.23. It is 

clear the C-V curves for the capacitor with the smaller area are more similar to the normal 

C-V curves. In principle, we can use a sufficiently small capacitor to obtain accurate 

results. However, it comes at a price as well. The small area increases the relative error in 

the area measurement, and reduces the signal to noise ratio. Thus, it reduces the level of 

precision in the measurement.

In order to accurately measure C-V, several methods have been developed to solve 

this critical problem. Because the gate leakage current is much smaller in depletion than 

that in accumulation or inversion, in order to reduce the influence of leakage current in C- 

V measurement, one technique uses a least square fit of the portion of C-V between 

depletion and accumulation to a theoretical model to extract the gate oxide thickness84. 

Another method uses two C-V measurements at two different frequencies, and a three- 

element equivalent circuit to extract the real C-V curve85. Two C-V measurements at two 

frequencies could provide us with 2 capacitance data and two conductance data at each 

voltage point. Therefore we have enough independent equations to derive C, Rc and Rs. 

Using the parallel measurement mode, where the measured capacitance and resistance are 

connected in parallel, we can derive the real gate capacitance from the commonly used 

three-element circuit model as:

/ .; c„[i+ f t  c.41+0 / 2 ^ 0 J 1
/ ' 2 " / 2 2

Creal _ gale —------------------------------------------------- j----------  , (3.5)

where Cmi, R„,i, C m2, and R m2 are measured capacitance and resistance at various 

frequencies; and f2 are two frequencies used to do the measurement.

Both methods enjoy certain levels of success. However, both of them fail to solve the 

frequency dispersion in the C-V measurement in many cases. For Hauser’s method84, if the 

part of C-V between depletion and accumulation is affected by leakage current as well, as
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Figure 3.25 Hauser’s m odel8 4  fails to correct the adverse effects on C-V characteristics 
o f  an ultra-thin JVD SiN  gate dielectric caused by leakage current and series resistance.
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shown in Figure 3.25, this method loses its effectiveness. Therefore, different EOT values 

are extracted by using C-V curves measured at different frequencies. The dual-frequency 

C-V measurement using the three-element equivalent circuit becomes less useful for certain 

cases too, as shown in Figure 3.26. The extracted C-V from the C-V curves measured at 

10K Hz and 100K Hz fails to align with the extracted C-V from the C-V curves measured at 

10K Hz and 1M Hz, or 100k Hz and 1M Hz, for both the devices with the areas of 2.06 x 10'3 

cm2 and 1.5 x HF4 cm2. In order to solve this problem, some employed a complicated grid 

structure127. It is more useful than the two methods mentioned above. However, it is a 

complicated and time-consuming method. Therefore, it is hard to implement.

A simple and effective 4-element circuit model was developed during the course of 

this thesis study, as shown in Figure 3.27, which significantly expands the usage of C-V  

measurement without adding significant amount of calculation. In the three-element model, 

we only acknowledge the existence o f the series resistance. However, in reality, in an 

Alternative Current (AC) circuit, not only should we consider the series resistance, we 

should also include the capacitance component. An RC network is a much better 

description o f the real circuit, especially in most cases in which the contact capacitance 

cannot be ignored128’129.

In the 4-element circuit, the impedance of the equivalent circuit can be described as 

the following,

R c { \ -  j lr fC R c )  R ,{\-J27tfC sR s) 

l  +  ( 2 n fC R cf  l  +  ( 2 nfG R s)2 ’

where Rs is the series resistance, Rc is the resistance of the capacitor, C is the capacitance of 

the capacitor, Cs is the capacitor component in the contact circuit, and f  is the measurement 

frequency. For the dual-frequency C-V measurement, we have 4 independent data points, 

including two capacitance data and two conductance data for each voltage point. 

Therefore, we have 4 independent equations for deriving four unknowns, C, R„ Cs, and Rs.
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The analytical form of C cannot be derived directly from these equations. However, 

the numerical solutions can be reached. A program coded in Mathmatica® is used to solve 

these equations numerically.

Figure 3.28 (a) shows the corrected C-V curve extracted using the 4-element circuit 

from the multi-frequency C-V curve measured on a device with an area of 2.06 x 10'3 cm2. 

No matter whether one uses the combination o f C-V curves measured at 10 k Hz and 100 

KHz, or 10 KHz and 1MHz, or 10 KHz and 1M Hz, all the extracted C-Vs perfectly align 

with each other, demonstrating significant improvement over the Hauser’s method or the 

three-element equivalent circuit method. Figure 3.28 (b) presents the corrected C-V curve 

extracted from a MOS capacitor with an area of 1.5 x 10-4 cm2 using the four-element 

circuit. This result is consistent with that from the large area device. Obviously after using 

the dual-frequency and 4-element equivalent circuit, the frequency dispersion, area 

discrepancy, and drop o f capacitance in the accumulation region could be corrected, and 

the C-V curve shows normal behavior.

The dual-frequency C-V method coupled with the four-element method clearly 

demonstrates its superiority over either H auser’s method or the three-element circuit 

model, as it solves the problems associated with the area dependence, frequency 

dependence, and capacitance drop in deep accumulation in the C-V measurement o f ultra- 

thin gate dielectrics without adding significant amount of work.
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3.4 Chapter Sum m ary

The JVD T i0 2 has some excellent electrical properties; however, its low thermal 

stability and low crystallization temperature raise serious concerns for its application as the 

gate dielectric for Si CMOS. W e have demonstrated that (1) by incorporating aluminum  

into the JVD T i0 2, the crystallization temperature is increased and the electrical properties 

after high temperature anneals are improved without sacrificing the dielectric constant 

significantly; (2) inserting an ultra-thin JVD silicon nitride buffer layer between T i0 2 and 

Si also improves the properties of the gate stack after high temperature anneals. Moreover, 

the JVD Ta2Os/SiN gate stack also demonstrates outstanding interface quality, low leakage 

current, and high dielectric strength. The effects of nano-crystallization on gate dielectric 

properties haven been investigated, and we have found that the nano-crystallization results 

in considerable degradation of transconductance and reliability. Finally, a new dual­

frequency C-V measurement technique together with a four-element equivalent circuit is 

introduced, which extends the effectiveness o f C-V measurement, and is better suited than 

H auser’s method and a three-element circuit model to deal with the problems of area 

dependence, frequency dependence, and capacitance drop in deep accumulation in the C-V 

measurement of ultra-thin gate dielectrics.
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Chapter 4

Barrier Heights of High-k Dielectrics

The major motivation of employing high-k gate dielectrics to replace silicon dioxide 

is to reduce leakage currents in ultra-thin gate dielectrics without compromising the gate 

capacitance per unit area. If we assume that the tunneling current is the dominant 

conduction mechanism in high-k gate dielectrics, then under a given applied voltage, the 

tunneling current is decided by the thickness and barrier height of a gate dielectric. Usually 

gate leakage currents of different gate dielectrics are compared at the same EOT. 

Therefore, in order to model the tunneling current of a high-k gate dielectric, we must 

possess the knowledge of its dielectric constant and barrier height in addition to its 

thickness. Though determining the dielectric constant of an ultra-thin film is complicated 

by the presence of interfacial layers at the Si/high-k dielectric interface and the gate 

electrode/high-k gate dielectric interface, determining the barrier height o f a high-k gate 

dielectric is a more difficult task.
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In this chapter, the barrier heights of various high-k materials, such as Ta2Os, T i0 2, 

Z r 0 2, A120 3, and Tungsten metal gate are determined. The current transport mechanisms 

in Ta20.s/SiN and T i0 2/SiN gate stacks over a wide temperature range are thoroughly 

investigated. We have found that a large bandgap does not guarantee a high barrier height, 

and the band alignment of a high-k gate dielectric to Si is vital.

4.1 Current Conducting Mechanisms in Dielectrics

In an ideal dielectric, there should be no current conduction. However, in reality, 

current conduction is not extinct even in thick dielectric films. Carriers always find various 

ways to travel through dielectric films. Moreover, the current normally grows rapidly with 

the decrease o f dielectric thickness and the increase o f applied electric field and 

temperature. The conduction mechanisms in dielectrics have been studied extensively, and 

many conduction mechanisms, such as tunneling, Schottky emission, and Frenkel-Poole 

conduction, have been identified and studied. W e will discuss these conduction mechanisms 

in this section.

4.1.1 Tunneling

Tunneling, which we have introduced briefly in Chapter 1, is the most fundamental 

conduction mechanism, and it presents the lowest leakage current that can be achieved in a 

dielectric. As a fundamental quantum physics problem, electron tunneling through an 

energy barrier has been studied since the birth o f quantum mechanics. Sommerfleld and 

Bethe44 conducted the first theoretical study on it. Since then, many more physicists, such 

as Holm130 and Simmons43, have continued to work on this problem. Based on these works,
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a generalized formula for tunneling current through an arbitrary barrier, as illustrated in 

Figure 4.1(a), can be derived as43,

_  _ i  _  _  I

. /  =  / „  {0  exp(-v4 0 2) -  (0  +  e  F )  exP [ - A i t f  +  e V ) 1 } (4.1)

where, 0  =  — (j)(x)dx  , is the average barrier height o f an arbitrary-shape barrier <f)(x)\

t is the tunneling distance or the thickness o f the barrier;

J 0 = q / 2 n l t ( j 3 t ) 2 ;

q  is the electron charge;

h is the Plank’s constant;

yd is a correction factor with a value close to 1;

A =  ( 4 x / k / h ) ( 2 m ' ) V 2 ;

m* is the effective electron mass in the insulator;

V is the voltage drop across the dielectric layer; i.e. the dielectric voltage.

In order to derive Equation 4.1, the electron tunneling probability is calculated by using the 

W entzel-Krammers-Brillouin (WKB) approximation43 with a parabolic E-k  relationship in 

the oxide forbidden band.

As we discussed in Chapter 1, tunneling in oxide can be divided into two modes, 

direct tunneling and Fowler-Nordheim tunneling. Direct tunneling happens in the low 

electric fields region, where the oxide voltage is smaller than the barrier height, and 

electrons travel through a trapezoidal barrier to move into the other electrode directly, 

which is described by Equation 1.2. Fowler-Nordheim tunneling occurs in the high electric 

fields region, where the oxide voltage is larger than the barrier height, and electrons 

transport through a triangular barrier to tunnel into the oxide conduction band first, and 

then travel towards the other electrode, which is described by Equation 1.3. In contrast to
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Figure 4.1 Schematic representations o f  (a) tunneling through an 
arbitrary barrier and (b) inelastic tunneling.
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trap-assisted currents, in either mode, the tunneling current is a weak function of 

temperature.

The tunneling current is a good source to obtain important information of a barrier 

height. If the effective mass o f electron in an oxide and its thickness are known, the barrier 

height can be extracted from the tunneling current.

Moreover, as shown in Figure 4.1(b), the tunneling process can be enhanced by 

interactions with traps and phonons. The trap- or phonon-assisted tunneling process is 

known as inelastic tunneling. The energy spectrum of the inelastic tunneling current, 

Inelastic Electron Tunneling Spectroscopy (IETS)131, is a very useful tool to study traps and 

phonons in ultra-thin dielectrics.

4.1.2 Other Conduction Mechanisms in Dielectrics

For a perfect insulator at low temperature, tunneling should be the dominant 

conduction mechanism. However, at elevated temperatures, due to the limited size of 

barriers and defects in oxides, other, thermally excited, current transport mechanisms, such 

as Schottky emission or Frenkel-Poole emission, may emerge as the dominant conduction 

mechanisms. Normally microchips work at elevated temperatures. Moreover, high-k 

materials usually have a smaller barrier and a larger trap density than silicon dioxide. 

Therefore, it is extremely important to study the thermally excited conduction mechanisms 

in high-k dielectrics. (Tunneling and other conduction mechanisms are summarized in 

Table 4.1.)

Schottky Emission18

Schottky emission or thermionic emission is a carrier transport mode through 

dielectric, in which the thermally excited carriers overcome the barrier at the metal-
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insulator interface or semiconductor-insulator interface and transport to the other side of 

the insulator, as described in Figure 4.2. If the carriers are electrons, the energy 

distribution of them is described by the Fermi-Dirac statistics. At an elevated temperature, 

the energy distribution of electrons tilts to the high-energy side. Therefore, at a sufficiently 

high temperature, a big portion of electrons in metal or semiconductor are excited to energy 

levels higher than the barrier height at the metal-insulator or semiconductor-insulator 

interface, and these high-energy electrons can escape over the barrier. In contrast to the 

tunneling mechanism, the Schottky emission current is a strong function o f temperature. 

Moreover, as shown in Table 4.1, the Schottky emission current is a strong function of 

electric field too, which is due to the barrier lowing effect caused by the image force, as 

shown in Figure 4.3. The amount of Schottky barrier lowering or image force lowering, 

A<p , is written as

where q is the electron charge, E  is the electric field, a n d £ v is the high-frequency dielectric

constant in the image force region.

Schottky emission may become the dominant conduction mechanism in gate

Schottky emission current as a function of temperature and electric field, we are able to 

derive the barrier height at the metal-insulator or semiconductor insulator interface.

Frenkel-Poole Emission18

Frenkel-Poole emission is another common current transport mechanism. The 

physics o f Frenkel-Poole emission is very similar to that of Schottky emission. However, 

Frenkel-Poole emission is a trap-assisted current transport mechanism. In a trap-rich

(4.2)

dielectrics with low barrier heights at high temperatures. By analyzing the variation of
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insulator, the trapped electrons can be thermally excited into the conduction band and 

transport to the other side of the insulator in the presence of a large electric field, as shown 

in Figure 4.4(a). Just like that in Schottky emission, the energy distribution of the trapped 

electrons shifts to the high-energy end, and the depth o f the trap potential well is also 

lowered by the image force at the enhanced electric field. Therefore, the Frenkel-Poole 

emission is also a strong function of both temperature and electric field. Except for 

substituting the barrier height at the interface by the depth of the trap potential well, the 

mathematical formula for Frenkel-Poole emission is almost identical to that of Schottky 

emission. For high-k gate dielectrics, with the presence of high-density traps, Frenkel-Poole 

emission becomes the major conduction mechanism in many cases.

At an extremely high temperature, the trapped carriers can be thermally excited out 

of traps even at low electrical fields and hopping from one trap to another trap, as shown in 

Figure 4.4(b). This process resembles the ohmic conduction characteristics. Therefore, it is 

named Ohmic conduction18.

Various conduction mechanisms exist in the current transport in a dielectric 

simultaneously. However, for a dielectric, different conduction mechanisms may dominate 

at different temperatures and electric fields. And these thermally excited conduction 

mechanisms may significant affect CMOS circuits using high-k gate dielectrics operating at 

elevated temperatures.
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Mechanism Mathematical Formula Voltage and Temperature 
Dependence

F N  Tunneling
J  ~ E 2 exp

4 ^ 2  m\q<j>b) /2 
3qhE

~ K 2 exp ( - b / V )

Schottky
Emission J  = A * T 2ex p

kT ~  T 2 e x p (+ flV F /  T -  q(ph / kT)

Frenkel-Poole
Emission J  ~ E  exp

kT
~  V  ex p (+ 2 flV F / T -q<pb / kT)

Ohmic J  ~ E  exp(-A Zs0C /  kT) ~  V  exp ( c / T)

* J  = current density, E  = electric field, £, = insulator dielectric constant, m  = effective mass, d  = 

insulator thickness, AEac = activation energy, <j)h = energy barrier height, k  = Boltzman’s constant, 

and V  = insulator voltage.

Table 4.1 Basic Conduction Mechanisms in Insulators18

KT

E

Figure 4.2 Schematic representation o f  Schottky em ission.
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Figure 4.3 Schematic representation o f  the barrier low ing effect caused  
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Figure 4 .4  Schem atic representations o f  (a) Frenkel-Poole em ission  and
(b) Ohm ic conduction.
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4.2 Barrier Heights and Conduction M echanism s in 
Ta20 5 and T i0 2

As presented in Chapter 2, both the Ta2O s/SiN stack and T i0 2 or T i0 2/SiN stack  

deposited by the JVD process have demonstrated low densities of interface traps and 

dielectric charges, low leakage currents, and high reliability, and are seriously considered as 

candidates for advanced CMOS gate dielectric applications. Besides the concerns of 

thermal stability of these high-k materials, another major concern is the relatively low 

bandgaps o f these metal oxides (4.65 eV and 3.25 eV, respectively, for Ta20 5 and T i0 2), 

which are significantly lower than those of S i0 2 and Si3N4. Such low bandgaps may result 

in barrier heights that are too low to block the thermionic currents at elevated 

temperatures. Furthermore, adverse band alignments can make barrier heights even lower.

Therefore, it is meaningful to study the temperature dependence of gate currents in 

thin Ta2Os and T i0 2 films. The study was conducted (1) to study the conduction 

mechanisms and band alignments of thin Ta2O s and T i0 2 films, and (2) to determine 

whether the gate leakage current is tolerable at high temperatures for either of these high-k  

oxides. The I-V characteristics of these oxides were measured and analyzed over a wide 

temperature range, from 25 to 400 °C, in order to extract useful information of barrier 

height or conduction mechanism. The currents in Ta2Os samples exhibit stronger 

temperature dependence than those in T i0 2 samples, especially at high fields, mainly due to 

a much smaller electron barrier height of Ta2Os over Si than that o f T i0 2 over Si.

Ta20 5 and T i0 2 films were deposited by the JVD process on p-type (100) Si wafers 

that were covered by an ultra-thin layer o f SiN as an interfacial buffer layer to prevent 

possible reactions between Si and Ta2Os or Si and T i0 2. The SiN buffer layers (~ 1.5 nm of 

physical thickness) were deposited by the JVD method at room temperature, and a post-
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deposition anneal was performed at 600 °C in N 2 for 10s. The Ta2Os layer (~ 9 nm of 

physical thickness) was deposited at 300 °C, followed by a post-deposition anneal at 600 °C 

in 0 2 for 20s. The T i0 2 layer (~ 12 nm of physical thickness) was deposited at 220 °C, 

followed by a post-deposition anneal at 600 °C in 0 2 for 20s. A1 was evaporated and 

patterned by photolithography to form the top electrode of MOS capacitors. The structures 

of both samples are shown in Figure 4.5. The excellent device-quality ultra-thin SiN buffer 

layer for both Ta20 5 and T i0 2 films was processed the same way, and possess substantially 

the same quality. Moreover, because of the much smaller thickness o f SiN buffer layer 

compared to that of either Ta2Os or T i0 2 layer, the leakage currents are limited by the 

metal oxide layers instead of the ultra-thin SiN buffer layer, and the differences between the 

two samples, to be discussed later, should be attributable to the metal oxides. Therefore, 

the I-V characteristics of either sample represent the current transport characteristics of 

metal oxide rather than that of SiN, while the SiN buffer layer provides an excellent 

interface with Si. The physical thicknesses of the gate dielectrics were determined by 

ellipsometry, and their EOT values were calculated from C-V curves by considering 

quantum corrections. The C-V data indicate low densities of interface traps and dielectric 

charges in both samples, and the extracted equivalent oxide thickness is ~2.5 nm for the 

Ta2Os sample and ~2.2 nm for the T i0 2 sample.

Figure 4.6 shows the I-V characteristics of a negatively biased Al/Ta20 5/SiN/Si 

capacitor from  27 °C to 400 °C, and Figure 4.7 shows those o f a negatively biased 

A l/T i0 2/SiN/Si capacitor measured from from  27 °C to  350 °C. In both cases, the Si 

substrates are p-type, so that they are biased in accumulation, and the electron currents 

originate from the A1 electrode. While the room-temperature current levels are 

substantially the same for the two samples, they exhibit dramatically different temperature 

dependence. For negative gate voltages above 2 V, the T i0 2 sample exhibits very weak

138

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

GF Exhibit 1094 - 165/245



' 2 5 0 0 A

- 9 0 A

1 5 A

' 2 5 0 0 A

1 2 0  A

1 5 A

(a)
(b)

Figure 4.5 Schematic cross section view s o f  (a) A l/Ta2 0 5 /S iN /S i 
capacitor and (b) A l/T iC V SiN /Si capacitor.
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temperature dependence, suggesting tunneling as the dominant conduction mechanism, 

while the Ta20 5 sample shows strong temperature dependence throughout the entire voltage 

range measured.

Two possible conduction mechanisms have been considered for the Ta20 5 sample, of 

which the Frenkel-Poole mechanism was discarded because of the gross misfit between the 

theory and the data. The data, however, fit very well the Schottky-emission theory for 

temperatures above 175 °C, as shown in Figures 4.8(a) and (b). Schottky emission is a 

strong function of both temperature and electric field. Figure 4.8(a) presents the fitting as a 

function of electric field for four different temperatures, and Figure 4.8(b) displays the 

fitting as a function o f temperatures above 175 °C, where Schottky emission becomes the 

dominant conduction mechanism. From these data, we extracted a Shottky barrier height 

of 0.35-0.38 eV between A1 Fermi-level and Ta2Os conduction band edge, which is in good 

agreement with the barrier height reported for the Ta2Os/Si barrier of 0.28 eV measured by 

XPS132 when the A1 work function (4.15 eV) and the Si electron affinity (4.05 eV) are taken 

into account.

The weak temperature dependence exhibited in the high fields region of I-Vs o f the 

T i0 2 sample suggests that tunneling may be the main conduction mechanism in this region. 

In deed, from the high-field I-V o f the A l/T i0 2/SiN/Si capacitor at room temperature, we fit 

the tunneling model very well, as shown in Figure 4.9, and extract a barrier height o f ~1 eV 

between AI Fermi-level and T i0 2 conduction band edge by assuming an electron effective 

mass of 0.25 m0.

However, the strong temperature dependence of I-Vs in the low electric region 

suggests that thermally excited conduction mechanisms may be the dominant conduction 

mechanism. Data analysis indicates that Frenkel-Poole conduction is the dominant 

conduction mechanism for the T i0 2 sample in the low electric fields. Figures 4.10(a) and (b)
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Figure 4.8 (a) -ln(J/A*T2) vs 1000/T fitting and (b) -ln(J/A*T2) vs E , /2  

fitting for A l/Ta2 0 5 /S iN /S i capacitor.
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Figure 4.9 Tunneling fitting for Al/TiCVSiN/Si capacitor at high electric 
fields.
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fitting for A l/TiO a/SiN /Si capacitor at low  electric fields.
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show the Frenkel-Poole emission fitting for the A l/T i0 2/SiN/Si capacitor. Just like Schottky 

emission, the I-V data of th eT i0 2 sample were Fitted to the Frenkel-Poole conduction model 

over the variations of temperature and electric field, respectively. In both cases, the low- 

field temperature dependence of the T i0 2 sample fits the Frenkel-Poole conduction model 

perfectly, with an extracted trap energy of 0.28-0.3 eV between the conduction bands of 

T i0 2 and Si.

From the results of this study and existing knowledge, we have constructed the 

band diagrams for AI/Ta20 5/SiN/Si and AI/T i02/SiN/Si systems, as shown in Figures 4.11(a) 

and (b) respectively. From our study, a Schottky barrier height about 0.38ev is extracted 

between A1 and Ta2Os. When we take the AI work function of 4.15 eV and the Si electron 

affinity of 4.05 eV into account, a barrier height of 0.28 eV can be extracted between Ta2Os 

and Si conduction band edges, which agrees with the barrier height measured by XPS6. 

Also, a barrier height o f 0.9 eV between T i0 2 and Si conduction band edges can be 

extracted, when considering the Al work function and Si electron affinity as well. It is 

interesting to note that the bandgap of Ta2O j(~4.65 eV) is substantially larger than that of 

T i0 2 (~3.25 eV), but the electron barrier height for the former, 0.28eV, is much lower than 

that for the latter, 0.9 eV, due to the different band alignments. This is the major reason for 

the much stronger temperature dependence of the I-V characteristics we have observed in 

the Ta20 5 sample.

In summary, we have observed much stronger temperature dependence o f I-V  

curves in Ta2Os than in T i0 2 samples. This is attributable to the much lower electron 

barrier height in the former, which leads to Schottky emission as the dominant conduction 

mechanism. In contrast, the T i0 2 sample exhibits tunneling as the dominant conduction 

mechanism in the high-field region, but Frenkel-Poole conduction in the low-field region. 

This study has revealed that the high bandgap of a high-k material does not guarantee a
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Figure 4.11 Band diagrams o f  A l/T a20s/S iN /Si and A l/T iC V SiN /Si.
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high barrier height over Si conduction band edge, and in certain cases, such as TajOs, the 

band alignment plays a predominant role in the determination of barrier height.

4.3 Barrier Heights o f A120 3, Z r 0 2, and Ferm i-level of 
Tungsten M easured by Photoem ission

The significance o f either ZrC>2 or AI2O3 in the race to replace silicon dioxide as the 

gate dielectric has been stated many times in the former chapters. And in Chapters 1 and 2, 

we have described the significance of employing the proper metal gates to reduce the poly­

silicon depletion effect. M oreover, a mid-gap metal gate electrode is necessary to achieve 

the most desirable threshold voltages for both NMOS and PMOS in Fully-Depleted Silicon- 

On-Insulator (FDSOI) 133 or Double-gate CMOS device structures134, if “intrinsic” 

channels133 are used to reduce the threshold voltage variation and to improve the channel 

mobility. Tungsten is the most promising candidate as a mid-gap metal gate material, 

because o f its good conductivity and near ideal mid gap work function. M oreover, 

Chemical-Vapor-Deposited (CVD) Tungsten136 has shown compatibility with the existing 

CMOS process flow. Therefore, it is significant and necessary to measure the barrier 

heights of these important materials, which are the keys to obtain and model the threshold 

voltages and gate leakage currents of devices based on these materials. In our study, the 

barrier heights of CVD Tungsten and ALD A120 3 and Zr0 2  have been measured by the 

internal photoemission method directly on MOS structures.
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4.3.1 Internal Photoemission

Internal photoemission is an effective method to measure the barrier height directly 

on MOS structures137,138’139. The current transport process of internal photoemission in 

MOS structures is very similar to that of Schottky emission. However, instead of exciting 

carriers to high energy levels by elevating temperature, a different source, light, is employed 

to excite carriers. When shinning light on a MOS structure, electrons in the metal or 

semiconductor absorb photons, and are excited to higher energy levels. If the photon 

energy of the illumination light is higher than the barrier height at the metal-insulator or 

semiconductor-insulator interface, the excited electrons will have enough energy to 

overcome the barrier, and transport to the other side, as shown in Figure 4.12. Therefore, 

instead of depending strongly on temperature as in Schottky emission, the current is a 

strong function of photon energy. In order to ensure sufficient carriers at the metal- 

insulator or semiconductor-insulator interface, a very thin metal layer is used as the top 

electrode to reduce the absorption of photons. Moreover, due to the image force lowering 

effect, the photocurrent is strongly dependent on voltage bias as well. Therefore, by 

studying the photocurrent as a function o f two independent variables, photon energy and 

voltage, we can determine the interface barrier height of metal-insulator or semiconductor- 

insulator140,141.

Three basic processes, exciting electrons by photons, transporting to the metal- 

insulator or semiconductor-insulator interface, and moving over the interface barrier, 

determine the quantum yield of photoemission, which can be described as

ft CO
Y(hco,Eb) =  J N i( f ic o ,E h )x P {E )d E ,  (4.3)

Eh
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Figure 4.12 Schematic representation o f  internal photoem ission.
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Figure 4.13 A  fam ily o f  normalized I U2 vs. (V -V FB) I/2 curves illustrates 
the method o f  determining Eb0-
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where Eb is the barrier height, %C0 is the photon energy, Ni{fiCO,Eb) is the energy 

distribution of electrons at the metal-insulator or semiconductor-insulator interface, and 

P(E) is the surface transmission probability.

If we assume that over a limited energy range, the density o f unoccupied energy 

states, the transition probability between initial and final states, and the electron scattering 

factor are almost unchanged, and furthermore, use the non-direct optical transition 

approximation, the energy distribution o f electrons at the interface becomes only a 

function137 ,38 139of (.E - h a )) ,

Ni(hO), Eh) = Ni(E - t i d ) ) .  (4.4)

Moreover, to a good approximation, we can assume the transmission probability as 

P{E)  = C(E — Eh), (4.5)

where C  is a constant.

Therefore, we can simplify the quantum yield as

ha)

Y(ho),Eh) = C j N i ( E - h a j ) x ( E - E h ) d E . (4.6)
Eh

The photocurrent can be expressed as

I  = LxY/hO ) ,  (4.7)

where L is the total absorbed illuminating light energy in unit time. By substituting 

Equation 4.6 into Equation 4.7, the photocurrent can be written as

hm -E b

I  = A(ha>) f N i ( - E ' ) x ( h a > - E b - E ' ) d E ' ,  (4.8)
o

where A{ti(d) = L x C / fid), and E ' = h c o - E .

For the metal-insulator or degenerated Si-insulator interfacial barriers, the image 

force barrier lowering is the dominant factor for the field or voltage dependence at high

electric fields (> 0.1 MV/cm). Therefore, the barrier can be written as
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Eb = E h o - K ( V - V FB)U2, (4.9)

where V is the applied voltage, and VFB is the flat band voltage of the measured device; 

K  =  {q !4 n t£ s ) V2, in which q is the electron charge, t is the thickness of the dielectric, and

£ s is the high-frequency dielectric constant in the image force region. Including the barrier 

lowering effect, the photocurrent becomes voltage dependent and is rewritten as

t,<o-Elia+ K (V -V yll)u l

I  = A{h(d) JM  ( -E ')x (h O)-E ho + K ( V - V FB) U2- E ' ) d E ' .  (4.10)
o

For photoelectrons injected from the metal side, a step function is a good approximation for 

the energy distribution of electrons at the metal-insulator interface, and the photocurrent 

can be expressed as

I ( h 0 , V )  = A(hd))x(hQ)-  Eho + K ( V  -  VFB)'12)2

or,

\ l (hc t) ,V) f2 = [ A ( h a ) Y 2 x ( h Q ) - E ho + K ( V - V FBy 12) .  (4.11)

A family of normalized I I/2 vs. (V-VFB) ,/2 curves can be obtained, as shown in Figure 4.13. 

For nco = Eh0, the line intercepts the (V-VFB) I/2 axis at zero. And, for fiO)< EbO or

fiCO > E h0, the line intercepts the (V-VFB) 1/2 axis at a positive or negative value, respectively. 

Thus, the barrier height can be simply and accurately determined regardless of the values 

o f Aijhco), K, and the density of the illuminating light.

4.3.2 Barrier Heights o f Al20 3, Z r02, and Fermi-level o f  
Tungsten

Since photo current is small, in order to reduce leakage current, relatively thick 

dielectrics were used in our study. A120 3 was deposited on Si wafers by the ALD method, 

and the thicknesses of A120 3 are about 40nm and 45nm (physical thickness). The surfaces
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of the n-type Si wafers were heavily implanted (1020 /cm3) to avoid possible band bending 

during substrate injection. A1 was evaporated on top of the AI2O3 to form the top electrodes 

by using shadow masks. The thickness of A1 is less than 20nm, which allows enough light to 

pass through. Z r 0 2 films were deposited by CVD method. Tungsten films were deposited 

in high vacuum using W (CO ) 6 method136 directly on 20nm S i0 2 that had been thermally 

grown on p-type Si substrate. The CVD Tungsten films were limited to about 20nm thick to 

allow enough photons through during the internal photoemission measurement. The test 

structures o f the CVD Tungsten films, round shaped capacitors, were defined by 

photolithography, and the CVD Tungsten was etched out by hydrogen peroxide (H20 2) 

solution. The light source used in this study was a mercury UV lamp, and a 

monochrometer was employed to select the light with specific photon energies.

During the internal photoemission measurement, the polarity of the applied voltage 

on the gate electrode determines the direction o f photocurrent generated by light 

illumination. For the Al/Al20 3/p-Si capacitor, when the A1 gate electrode is negatively 

biased, photoelectrons are injected from the A1 gate electrode into A120 3. To use the 

method described in Section 4.3.1, a family of normalized l m  vs. (V-VFB) m  curves measured 

under different photon energies is shown in Figure 4.14. As described in Figure 4.13, if the 

photon energy of the incoming light is equal to the barrier height o f A1-A120 3, the line in the 

high fields region intercepts the (V-VFB) ,/2 axis at zero. And for photon energies smaller or 

larger than the barrier height of A1-A120 3, the extrapolated lines intercept the (V-VFB) ,/2 axis 

at positive or negative values, respectively. Moreover, the values of these intercepts have a 

linear relationship with the photon energy. Therefore, we can plot the values of the 

intercepts vs. the photon energies, as shown in Figure 4.15. And the photon energy at the 

zero intercept is the interface barrier height between A1 Fermi-level and A120 3 conduction 

band edge, which is 3.1 ±  0.1 eV obtained from the measurement. To extract the interface 

barrier height between A120 3 conduction band edge and Si valence band edge, n-type MOS
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capacitors with heavily doped surfaces are used. The gate electrode is positively biased, and 

the photocurrent flows from Si into A120 3 under illuminating. Using the method described 

above to extract the interfacial barrier height, a barrier height of 4.1 ±  0.1 eV between the 

A120 3 conduction band edge and Si valence band edge was obtained, as shown in Figure 

4.16. Considering the difference between the A1 work function and Si valence band of 1 eV, 

the results are consistent with each other. Therefore, a band diagram of the AI- A^O^-Si 

can be built, as shown in Figure 4.17.

Because Pt has a larger work function than that o f Al, A Pt-gate MOS capacitor has 

a much smaller gate leakage current under gate injection than that of its Al-gate 

counterpart at the same electric field. Therefore, in order to minimize the influence of gate 

leakage current on photocurrent, Pt-gate MOS capacitors were used to measure the barrier 

height of Z r 0 2 in the photoemission measurement. A barrier height o f 3.4 eV was obtained 

between Pt Fermi-level and Z r 0 2 conduction band edge.

The same method was applied to measure the work function of Tungsten as well. 

The barrier height between Si conduction band edge and S i0 2 conduction band edge is well 

known, so by studying the barrier height between Tungsten and S i0 2, we can determine 

whether the Fermi-level of tungsten sits at the middle o f Si bandgap. The tungsten gate 

electrode was negatively biased; therefore, electrons were injected from the tungsten gate 

into S i0 2. A barrier height o f 3.8 ±  0.1 eV was extracted between Tungsten Fermi-level and 

S i0 2 conduction band edge, as shown in Figure 4.18. Moreover, the barrier height between 

Tungsten and S i0 2 was obtained using the Fowler-Nordheim tunneling method. From the 

slope of the ln(J/E2)  vs. 1/E  plot, we can calculate the barrier height between Tungsten 

Fermi-level and S i0 2 conduction band edge, as shown in Figure 4.19. Considering the 

correction for the image force barrier lowering effect, a barrier height o f 3.8 eV was
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under gate photoinjection.
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Figure 4.15 A  barrier height o f  3.1 eV  between A1 Fermi-level and AI2 O3 

conduction band edge is determined by the photoem ission method.

1.5
Intercepts with different Photon Energies

Al_0,-Si Valence Band: 4.1 eV1 .0 -

=>
■ 0.5-

w*->a
a>
2a>

0 .0 - -

c
-0 .5 -

-1 .0
3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0 5.2 5.4

Photon energy (eV)

Figure 4 .16 A  barrier height o f  4.1 eV  between AI2 O3 conduction band 
edge and Si valence band is determined by the photoem ission method.
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Figure 4 .17  Band diagram o f  A l-A l2 0 3 -Si.
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conduction band edge is determined by the tunneling method.
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obtained, which is consistent with the value measured by internal photoemission. The 

extracted work function of Tungsten satisfies the requirement of a mid-gap metal for 

FDSOI or Double-gate CMOS structures. In both cases, the well-acknowledged effective 

mass for S i0 2, 0.5mo, was used for calculation. A band diagram is constructed for the W- 

SiOj-Si system, as show in Figure 4.20.

A120 3 enjoys a very high barrier, about 4.1 eV over the Si valence and about 3.0 eV 

over the Si conduction band edge. Such a high barrier makes it very attractive to be used as 

a gate insulator to reduce gate leakage currents, and it becomes more advantageous over 

other high-k materials at elevated temperatures. A barrier height of 3.4 eV is extracted 

between Pt Fermi-level and Z r 0 2 conduction band edge. From the photoemission 

measurement on MOS structures, a barrier height of 3.8 eV was measured between 

Tungsten Fermi-level and S i0 2 conduction band edge, which satisfies the requirement for a 

mid gap metal.

4.4 Barrier Heights o f Z r 0 2 and Titanium Alum inates 
M easured by Low Tem perature Tunneling

Fowler-Nordhein Tunneling is a simple and effective method to determine the 

barrier height from a MOS structure. However, because the barrier height and effective 

mass are coupled in the Fowler-Nordhein current, we have to know either the barrier 

height or the effective mass to derive the other parameter from Fowler-Nordheim  

measurement. In order to solve this problem, a dual gate electrodes method142 is used. By 

using two different gate electrodes, such as Pt and Al, for the same insulator in MOS 

structures, we can obtain two independent equations, from the slopes of ln(J/E2) vs. 1/E  

plots,
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%n{2qm*) (4.11)

a n d

%7c(2qm*)
(4.12)

where m * is the effective mass; 0 /;, and <pAl are barrier heights for Pt and Al, respectively.

Moreover, the work function difference between these two different gate electrodes can be 

determined from C-V results. Therefore, we are able to obtain the values of barrier height 

and effective mass.

In high-k materials, because of the presence of high-density traps, usually Frenkel- 

Poole and other trap-assisted transports constitute a significant part of leakage current. 

However, because Frenkel-Poole and other trap-assisted transport mechanisms are 

thermally excited and exponentially dependent on temperature, the trap-assisted currents 

are drastically subdued at low temperatures. Therefore, the current transport becomes 

tunneling dominated. Combining the effectiveness of the dual-gate electrode method and 

low temperature measurement, we could get the tunneling parameters for high-k materials 

even in the presence of traps.

Gold-gate and Al-gate JVD Z r 0 2 MOS capacitors were used for low temperature I- 

V measurement. The tunneling I-V plots for both the gold-gate MOS capacitor and Al-gate 

MOS capacitor are shown in Figures 4.21 and 4.22, respectively. From these plots, the 

derived barrier heights are 3.2 eV between gold Fermi-level and Z r 0 2 conduction band 

edge, and 1.9 eV between aluminum Fermi-level and Z r 0 2 conduction band edge, and the 

derived effective mass is 0.1 m0. A barrier height of 3.3 eV between Pt and Z r 0 2 was 

measured by photoemission, as reported in Section 4.2. Considering the work function 

difference of 1.4 eV between Pt and Al measured from C-V curves, the barrier height 

derived from tunneling is consistent with the barrier height measured by photoemission. 

Moreover, as presented in Figure 4.23, from the tunneling fitting for n-type JVD Z r 0 2 MOS
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Figure 4.21 Tunneling fitting results from gold-gate JVD ZrCVsilicate capacitor 
under gate injection.
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Figure 4 .2 2  Tunneling fitting results from A l-gate JVD ZrCVsilicate capacitor 
under gate injection.
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capacitor under substrate injection, a barrier height of 2.1 eV between ZrC>2 conduction 

band and Si conduction band was extracted by using the effective mass of 0.1 m0. We have 

shown in Chapter 2 that a thermally stable interfacial layer of Zr silicate is unintentionally 

formed between Z r0 2 and Si during the deposition. And the difference in the barrier 

heights measured from gate injection and substrate injection, even after considering the 

difference in metal work function and silicon electron affinity may be attributed to the 

existence of the Zr silicate layer. Moreover, a band gap of 5.2 eV for the JVD ZrC>2 has 

been measured by an N&K analyzer. Therefore, we can construct the band diagram for 

A l/Z r02/silicate/Si, as shown in Figure 4.24.

We used two different metal electrodes, Al and Pt, on titanium aluminate MOS 

capacitors to measure the barrier heights. The barrier heights of titanium aluminates with  

15, 30, and 50 atomic percent aluminum concentrations have been studied. The work 

function difference between Pt and Al on titanium aluminates is 1.6 eV, which is about 0.2 

eV higher than the work function difference between Pt and Al on ZrC>2. The effective 

work functions of various metal/dielectrics may be altered by the different dipoles formed 

at the metal/dielectric interfaces. The barrier height o f titanium aluminate escalates with 

the aluminum concentration. From our study, the barrier heights of titanium aluminates 

with 15, 30, and 50 atomic % aluminum concentrations over Al Fermi-level are about 1 eV, 

1.1 eV, and 1.5 eV, respectively, as shown in Figure 4.25. The barrier heights for titanium  

aluminates with 15 and 30 atomic % concentrations only increase slightly when compared 

to that of titanium oxide. However, for the titanium aluminate with 50 atomic % aluminum  

concentration, we observe an increase o f barrier height of 0.4 eV when compared to that of 

titanium oxide.

164

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

GF Exhibit 1094 - 191/245



Vacuum Level
A ^ A

1.75 eV
4.05 eV4.15 eV

2.1 eV1.9 eV
e f

5.2 eV

Al Z r 0 2 Silicate

Al/Zr02/Silicate/Si

Figure 4 .24  Band diagrams o f  A l/ZrCVSilicate/Si.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

GF Exhibit 1094 - 192/245



Vacuum Level

Al E

Pt E

4.15 eV 4.05 eV

5.75 eV
1.5 eV

1.0 eV 1.1 eV

M *  -  0 .1  M 0 

Al or Pt 15% A l 30%  Al 50% A l P-Si

TiAlO

Figure 4.25 Band diagrams o f  titanium aluminates w ith 15, 30, 
and 50 atomic %  aluminum concentrations.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

GF Exhibit 1094 - 193/245



4.5 Chapter Sum m ary

The barrier heights and conduction mechanisms of several scientifically and 

technically important materials, such as T i0 2, Ta2Os, A120 3, Tungsten, Z r0 2, and titanium  

aluminates have been studied by various methods.

We found that (1) though Ta20 5 possess as a larger bandgap than that of T i0 2, due 

to its adverse band alignment to Si band, Ta2Os only has a barrier height of 0.28 eV over Si 

conduction band edge, which is much smaller than that of T i0 2 and is too low to block the 

thermionic current. Because o f the low barrier height, Schottky emission or thermionic 

emission becomes the dominant conduction mechanism in Ta2Os; (2) Tungsten Fermi-level 

lies around the mid-gap of Si band, which makes it suitable as the single metal gate for 

FDSOI or Double-gate CMOS structures; (3) The high barrier height of 3.0 eV for ALD  

A120 3 over Si conduction band edge makes it attractive to reduce leakage current, especially 

at elevated temperatures; The barrier height of JVD Z r 0 2/Silicate over Si conduction band 

edge is reasonably high, which is sufficient to block thermionic current at elevated 

temperatures; (4) Incorporating Al into T i0 2 increases the barrier height of T i0 2 over Si 

conduction band edge.
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C h a p te r  5

T ra p s an d  T r a n sc o n d u c ta n c e  D e g r a d a tio n  in  
H ig h -k  G a ted  M O S F E T

As we discussed in Chapter 1, there are three main motivations for or consequences 

of the scaling of CMOS: a larger circuit density, a higher circuit speed, and smaller power 

dissipation per circuit. The whole purpose of employing high-k gate dielectrics to replace 

silicon dioxide can be summarized in one sentence, to reduce the power dissipation (mostly 

standby power dissipation) of a circuit while maintain the equivalent circuit density and 

circuit speed. As presented in the former chapters, several high-k gate dielectrics reduce 

leakage current notably when compared to silicon dioxide. Therefore, the goal of 

minimizing power dissipation can be achieved. However, besides the process integration
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issues, the most difficult issue of implementing high-k gate dielectrics lies on preserving the 

high drive current or transconductance (Gm), which relates to the high circuit speed. In 

reality, the drive current or transcondutance of MOSFET with a high-k gate dielectric is 

considerably lower than that of MOSFET with silicon dioxide as the gate dielectric". 

Therefore, instead of using a high-k gate dielectric, we could achieve the equivalent drive 

current or transconductance by using the silicon dioxide gate dielectric with a larger EOT, 

which also brings down leakage current. Because of this adverse effect, except for 

providing a better control o f the short channel effect, the major benefits o f  implementing 

high-k gate dielectrics are lost.

The high trap density is another major deficiency of high-k gate dielectrics, which 

results in trap-assisted currents, causes shifts of threshold voltage, and raises serious 

concerns on reliability. Thus, the high trap density prevents any practical usage of high-k  

gate dielectrics.

In this chapter, the interface trap density and slow trap density are characterized by 

the charge pumping method at 77k and room temperature. Moreover, the channel mobile 

charge density in inversion is measured by the split-CV method. The transconductances of 

M OSFET’s are measured at various temperatures, and their relations with trap densities 

are studied as well.

Through these studies, w'e have discovered that the high trap density is strongly 

correlated to the lowered transconductance, and the loss of carriers in the inversion 

channel. The degraded carrier mobility is not necessarily the main reason for the degraded 

channel conductance or transconductance of M OSFET’s using high-k gate dielectrics.
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5.1 Charge Pum ping M easurem ent

The charge pumping technique, introduced by Bruglar and Jespers143, is a potent 

method for the characterization o f trap density in a MOSFET. Because it performs directly 

on small geometry MOSFETs, it is powerful for the trap characterization for sub-micron 

transistors. Usually it is used to study the interface-trap density. However, not only can the 

traps located at the interface contribute to the charge pumping current, but also the traps 

located in the oxide within certain distances from the interface, the slow traps, can 

contribute to the charge pumping current by communicating with the Si substrate through 

tunneling144.

Using an n-channel MOSFET as an example (Figure 5.1), where a pulse string is 

applied to the gate of the n-channel MOSFET whose source, drain, and substrate are 

grounded. A current meter measures the current flowing through the source and drain, 

and the other current meter measures the current flowing through the substrate. Relevant 

information of trap density can be derived from either the source/drain current or the 

substrate current.

The basic physics o f the charge pumping technique can be described as follows. 

During the charge pumping measurement, the base level of the applied gate pulse is set 

below the flat band voltage while the upper level of the pulse is placed above the threshold 

voltage o f the device. Therefore, the Si channel surface of the measured MOSFET is swept 

from accumulation to inversion and then back to accumulation during one cycle o f the 

pulse, as shown in Figure 5.2.

If there is no trap, either the total source and drain current or the total substrate 

current during one cycle o f the pulse is zero. However, the presence o f traps changes the 

whole picture. When the channel surface is in accumulation, all trapped electrons are
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Figure 5.1 Schematic representation o f  the charge pumping measurement.
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Figure 5.2 Origin o f  the charge pum ping current.
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located below the Fermi-level. Right after the channel surface is swept from accumulation 

into inversion, because of the short rising period o f the pulse, most traps above the Fermi- 

level remain unfilled. However, as soon as the channel surface reaches inversion, holes are 

pushed out, and electrons are rushing into the channel from the source and drain. 

Therefore, the traps located up to the Fermi-level in inversion are filled in this period, 

which draws an extra source/drain current. W hen the channel surface is driven from  

inversion into accumulation, due to the short transition period, most trapped electrons do 

not have time to be emitted into the conduction band of Si, and they remain in the traps at 

the onset of accumulation. At this time, holes are moving from the substrate into the 

channel region, where they recombine with the trapped electrons, and this recombination 

process results in an additional substrate current. Therefore, either the source/drain 

current or the substrate current during one cycle provides the vital information of trap 

density.

The method used for extracting the interface-trap and slow-trap density is based on 

Bauza’s model145,146,147. Using the Shockley-Read-Hall (SRH) statistics, the change o f the 

occupancy factor F of an interface trap at an energy E can be described as

where c is the capture rate, e is the emission rate, the subscript n stands for electrons, and p  

stands for holes.

If two assumptions, (1) the rise and fall times of the pulse are negligibly small; (2) 

the electron or hole density at the substrate surface is sufficiently large; are valid, carrier 

emissions can be neglected. Therefore, Equation 5.1 is reduced to

 — ( 1  — F ) ( C n  +  e p )  — F ( C p  +  6 n )  ,
d T

(5.1)

(5.2)

at the upper level of the pulse, and to
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at the base level of the pulse.

During one complete cycle, the maximum occupancy factor occurs at the end of 

inversion, and the minimum occupancy factor happens at the end of accumulation. The 

variation of the occupancy factor during one cycle is

aF - F F . _ ( l - e x p ( - c » /2 / ) ) ( l - e x p ( - c P/ 2 / ) )
l\ t  — r  m a x -  Jr mm — --------------------------------------------------------------------- • ( 5 .4  )

1 “  exp((-c« / 2 / )  -  (~cP / 2 / ) )

Therefore, the charge pumping current can be obtained as

Ehtgh

— qA f \D u(E)AFdE
E,n

L /Hlth (1 -  exp(-c« / 2 /) ) ( l  -  exp(-cp / 2 / ) )
(5.5)

=  q A f \ Dtt( E ) ^ / / d E 
eL 1 -  exp((-c/7 / 2 / )  -  { - c p  / 2 / ) )

where Dit(E) is the interface trap density, q is the electron charge, A  is the area o f the 

channel region of a MOSFET, £ ’/,/4./l and E t o are the Fermi-levels corresponding to the 

upper and base levels of the pulse, respectively. Because normally

^  _  (1 -  exp(-Ci) /  2 / ) ) ( l  -  exp(-c„ /  I f ) )  ^
1_  exp((-Cn / 2 / )  -  {-cP / 2 / ) )

Equation 5.5 can be simplified as

Icp =  q 2A fN it , (5.7)

Ehtgh

where N it =  Jl),7 (E )d E . And the interface-trap density can be calculated as

=  (5.8)
q 4 f

Moreover, the slow traps located in the oxide can communicate with Si substrate 

through tunneling, which contributes to an additional charge pumping current. Therefore,
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we should accommodate the charge pumping current contributed by the slow traps in the 

model as well. Using the Heiman and Warfield model148, the capture cross sections of 

electrons and holes are written as

<je (x) =  a e (0) e x p (-x  /  Ae) , (5.9)

and

Oi>{x) =  Oi>( 0 )e x p (-x  /  Ap),  (5.10)

where cr,(0) and <7p (0 ) are the capture cross sections of traps located at the interface; and

A e and Ap are the attenuation coefficients for the capture process. Either the electron or 

the hole capture rate is proportional to its capture cross section. And both decay 

exponentially with the distance to the interface. Therefore, after considering the 

contribution from slow traps, the charge pumping current can be written as

E/tipli Dm

LP{ f )  =  q A f  j  ]D *bF dX dE

E""" ° . (5.11)
(1 -  exp(-Cn(x) /  2 / ) ) ( l  -  exp(-cP(x) /  2 / ) )

Dt
fq vv VJ ^

B, . 0 " * ' exp((-Cn(x) /  2 f )  -  (-Cp(x)  /  2 / ) )J  i  l - <
dXdE

Moreover, because AF  can be approximated by a step function with an effective distance 

written as

X elf =  m in [- Ae ln(c„(0) /  ln (0 .5 )2 /) ,-^ ,  ln(cP(0) /  ln (0 .5 )2 /) ] , (5.12)

the total charge pumping current is simplified to

Dhigh Xmi„

Icp(f)  =  q A f  J jD vd X d E , (5.13)

and the density of slow traps can be obtained from the slope of the Qcp vs ln(f) plot

i t o  = -------- 2.^ S s L H , (5.J4)
A M  d \ n f
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where Qcp(f) is the measured charge pumping charge, and NS!I is the interface trap density 

per unit area. In our study, the barrier heights and effective mass for S i0 2 were assumed to 

extract the effective slow trap densities for various high-k gate dielectrics, which provided a 

meaningful comparison o f trapping properties among different gate dielectrics. Moreover, 

when the leakage current is high, a high-low frequency method was employed to exclude its 

influence149.

The string o f gate pulses used in the charge pumping measurement can have two 

different patterns, as shown in Figure 5.3. In Pattern A, the amplitude o f the pulse remains 

constant while the base level o f the pulse varies from accumulation to inversion. In Pattern 

B, the base level o f the pulse is fixed in accumulation, and the Si surface is driven into 

inversion with increasing amplitude. W e selected Pattern A to perform the charge pumping 

measurement on MOSFETs with ultra-thin gate dielectrics, because it generates smaller 

gate leakage currents than that generated by Pattern B during the measurement.

5.2 The Effects o f Trapping on Transconductance

The low conductance or transconductance in MOSFETs made of high-k films is a 

major obstacle for implementing high-k gate dielectrics. W ithout understanding and 

solving this problem properly, it is hard to imagine that we can place high-k gate dielectrics 

into any commercial product. The drive current or transconductance of a MOSFET is 

proportional to the product o f carrier mobility and free carrier concentration. Many 

believe that the greatly degraded carrier mobility is the cause of the degraded drive current 

or transconductance observed on high-k gate dielectrics, and there has been suggestion that 

the mobility degradation is an intrinsic problem with high-k gate dielectrics caused by soft 

phonon scattering150. The results o f our study reveal the loss o f carriers in the inversion
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channel playing a significant role in the degraded channel conductance or transconductance 

in the devices presented here.

5.2.1 Results from MOSFET’s with JVD Z r02/silicate as Gate 
Dielectrics

Z r 0 2 gate dielectrics were deposited by the JVD process at room temperature on 

HF-last Si wafers. The gate dielectrics received a 600°C /02/5s post-deposition anneal. Both 

n-channel MOSFETs and p-channel MOSFETs used aluminum as gate electrodes and 

metal contacts. In order to improve the source and drain contacts, a 3-minute forming gas 

post-metallization anneal was performed on these devices.

N-channel MOSFET

The loss of transconductance due to the trapping of free channel carriers by slow 

traps (boader traps)151 is evidenced by the hysteretic transconductance curve measured at 

77K in Figure 5.4, where the “reverse sweep” direction renders the slow traps initially 

empty above the Fermi-level at a negative voltage, and these slow traps are gradually filled 

up by trapping electrons in the channel during the subsequent sweep to higher voltages, 

resulting in a lower transconductance. On the other hand, in the “forward sweep” case the 

border traps are initially filled up to the Fermi-level at 1.5 V, and the subsequent sweep to 

lower voltages will involve de-trapping o f electrons (only slightly, due to the low 

temperature), and slightly increased transconductance.

The temperature dependence of the peak Gm from 77K to 473K is shown in Figure 

5.5, where the data from 303K to 473K vary as T'1 and T'0'7 for the 1.6 nm (EOT) and the 

2.4 nm (EOT) JVD Z r 0 2/silicate samples, respectively, which are different from those of 

M OSFET with silicon dioxide gate dielectric7. Moreover, the relative amplitudes
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of the increase of transconductance from 303 K to 77 K of these JVD Z r 0 2/silicate devices 

are only about half o f those normally observed on MOSFETs with silicon dioxide as the gate 

dielectric7. The weakened temperature dependence can be attributed to a few reasons, such 

as temperature-dependent trapping effect, or the weak temperature dependence of remote 

phonon scattering rate due to the smaller energy o f optical phonon modes in Z r 0 2 than 

those in silicon dioxide152.

The charge pumping technique was employed to characterize the interface-trap and 

slow-trap densities, and to study their correlations with transconductance. Figure 5.6 shows 

some charge pumping results on M OSFETs with JVD Z r 0 2/silicate gate dielectrics at 77k 

and room temperature. An interface-trap density of 2~3 x lO'Vcm2 was determined from  

the maximum charge pumping current measured at 0.5 M Hz. At 77k, the Fermi-level o f  

the p-type Si surface is closer to the valance band than that at room temperature. 

Therefore, when the Si surface is driven from accumulation to inversion, the Fermi-level 

sweeps through a larger portion o f the Si band gap. Moreover, the thermal emission rate is 

reduced at 77k. Therefore, the charge pumping current is enhanced at 77k.

Figure 5.7 presents the typical frequency dependence o f the charge pumping 

charges obtained on MOSFETs with JVD Z r 0 2/silicate gate dielectrics, where an average 

interface trap density of 4 x 10n /cm2 was determined at high-frequency end, and a slow trap 

density of 2.5 x 1018/cm3 was determined by applying Equation 5.14. Because of the 

presence of high-density slow traps, the charge pumping charge increased continuously 

with lowered frequency.

In order to study the relation between the trapping and transconductance of 

M O SFET’s with JVD Z r 0 2/silicate gate dielectrics, we plot both the interface-trap density 

and slow-trap density vs. the normalized transconductance peak. And to our surprise, we 

found that the transconductance degrades almost linearly with both the interface-trap
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density and the slow-trap density, as shown in Figure 5.8. The linear relationship existing 

between the normalized transconductance peak and the interface-trap density or the slow- 

trap density is another strong indication of the significant role that trapping plays in the 

transconductance degradation.

Moreover, we have employed the split-C-V method to accurately measure the 

channel carrier density. The split-C-V method is used to obtain the change in channel 

mobile charges with respect to gate voltage, and the change in bulk charge with respect to 

gate voltage, respectively153’154. Our interest is in using the split-C-V method to obtain the 

mobile charge density in the inversion channel of a MOSFET. A schematic representation 

of the split-C-V method is shown in Figure 5.9, where the electron displacement current 

flowing through the source and drain, and the hole displacement current flowing through 

the substrate, are measured separately. And the important information of mobile charges 

can be derived from the source and drain current,

dV  dO
7</+v = — '— » (5.15)"+s dt dVs

where t is the time, Vg is the gate voltage, and Q„ is the charge on the gate in inversion.

i a ,  
dv8

can be measured as a capacitance. Ideally, Q„ equals the charge in the inversion

channel, and by integrating the capacitance over Vg, we can obtain the mobile charge. 

However, when there is significant trapping, Q„ contains both the trapped charge and the 

inversion charge, and the approach mentioned above will result in an overestimation of the 

inversion charge. In order to minimize the effect o f trapping155, an ideal gate capacitance 

vs. gate voltage curve can be obtained by first measuring the gate capacitance vs. gate 

voltage curve from depletion to accumulation, from which one can determine the EOT of 

gate dielectric as well as its ideal gate capacitance vs. gate voltage curve from depletion to 

inversion. Therefore, the mobile inversion charge can be obtained from the ideal curve
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instead of the experimental curve, and in this way we may be able to eliminate the effect of 

trapping155.

Figure 5.10 shows the extracted apparent mobility for two n-channel M OSFET’s 

with EOT of 1.6nm and 2.4 nm, respectively, where the inversion charge in each sample was 

calculated by using the equation, Q, = (Vg-VT)  Cox. The two JVD Z r 0 2/silicate gate 

dielectrics were processed the same way, except for the different physical thicknesses, 5 nm  

and lOnm, respectively. From the physical thickness and EOT, an interfacial layer about 

6~7 A in EOT was extracted, and its composition is Zr silicate-like as we discussed in 

Chapter 2. These two gate dielectrics have similar interface-trap densities as measured 

bythe charge pumping technique. However, they show dramatically different apparent 

mobility values, with that of the 1.6 nm device about 30% lower than that of the 2.4 nm  

device, when one uses Qi =  (Vg-V r)  Cox for the mobility calculation. However, by using the 

split-CV data (Figure 5.11) to obtain Qi more accurately153’154, these two samples almost 

align with the universal mobility curve for effective fields above 3 x 10s V/cm, as shown in 

Figure 5.12! This example strikingly reveals that the low apparent mobility in these 

samples is due to the over counting of channel electrons. Since the transconductance is 

proportional to the product o f channel inversion charge and mobility, an over counting of 

the channel inversion charge would lead to an artificially depressed mobility. The results 

from these JVD Z r 0 2/silicate M OSFETs reveal that the loss o f carriers in the inversion 

channel is a major reason for the degraded channel conductance or transconductance in the 

devices reported here.

P-channel MOSFET

Figure 5.13 shows the hole mobilities at 77K, RT and 473K extracted from a JVD  

Z r 0 2/silicate p-channel M OSFET, where the room temperature data approach the
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universal curve at high fields, but much lower at low fields even with the correction by 

using the split-CV data, which suggest different mechanisms for hole mobility.

The temperature dependence of peak Gm from 77K to 473K for this PMOSFET is 

shown in Figure 5.14, where the data vary as T'0-8 from 303K to 473K, which is also 

different from the temperature dependence observed on p-channel MOSFET’s with silicon 

dioxide as the gate dielectric.

5.2.2 Hf-based High-k Gate Dielectrics

The results from other materials also demonstrate a similar trend. Among 

numerous high-k gate dielectrics, H f0 2 and other Hf-based materials have emerged as 

popular candidates, and these Hf-based gate dielectrics have demonstrated many promising 

properties. But like all other high-k materials, severe trapping and low conductance or 

transconductance in MOSFETs made of these Hf-based high-k films pose daunting 

challenges. We have systematically investigated the transconductances at 77k and room  

temperature of MOSFETs with H f0 2, H f silicate (HfSiOx), and H f aluminate (HfA10x) gate 

dielectrics. Moreover, the oxide charge density, interface-trap density and slow-trap 

density of these Hf-based gate dielectrics have been studied as well. We have found that the 

MOSFET with H f silicate gate dielectric showed the highest transconductance at both 77k 

and room temperature, as well as the lowest trap densities among all the samples studied. 

On the other hand, the MOSFET with H f aluminate gate dielectric shows the lowest 

transconductance and largest trap densities. The transconductance peaks of these three 

M OSFET’s degrade linearly with both the interface-trap and slow-trap densities, which is 

similar to what we observed on M OSFET’s with JVD Z r0 2/silicate gate dielectric, 

suggesting that traps may be responsible for the transconductance degradation in 

M OSFET’s with Hf-base high-k gate dielectrics as well.
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The fabrication of MOSFET’s with these Hf-based high-k gate dielectrics followed a 

standard process flow until the gate dielectric deposition, and the fabrication o f these 

M OSFET’s were done at Motorola. The H f0 2 and 65 atomic % S i0 2 H f silicate were 

deposited at around 500 °C using MOCVD. The 45 atomic % A120 3 H f aluminate were 

deposited at 300 °C using the ALD method. Following a gate patterning step, the junctions 

were implanted and activated using a low temperature anneal. After a Co-silicidation 

process, a standard CMOS integration process was followed to fabricate the poly-Si/High-k 

gate stack M OSFET’s on bulk Si. All devices used in this study were processed in the 

identical CMOS integration flow, except the step of gate dielectric deposition.

M OSFET’s with 20 A (EOTinv) H f silicate, 21 A (EOTinv) H f0 2, and 25 A 

(EOTinv) H f aluminate were used in this study, where the EOTinv refers to the EOT  

extracted from the inversion capacitance without considering the quantum effect and poly­

silicon depletion effect. Except for their different gate dielectrics, all MOSFETs used in this 

study are identical. Figure 5.15 shows the normalized transconductance curves measured 

at both 77k and room temperature for n-channel MOSFETs with S i0 2 and the Hf-based 

high-k gate dielectrics. Obviously the MOSFET with the S i0 2 gate dielectric has the highest 

transconductances at room temperature and 77K. At room temperature, The M OSFET’s 

with H f Silicate and H f0 2 gate dielectrics have relatively low transconductances, whose 

peaks are at 80% and 70% of Gm Peak for the S i0 2 sample, respectively; the Gm peak for 

the sample with the H f aluminate gate dielectric is much lower, only about 30% of that for 

the sample with the S i0 2 gate dielectric. As temperature going down from room 

temperature to 77K, the Gm peak for the sample with the S i0 2 gate dielectric increases 4.4 

times, due to the reduced phonon scattering. However, the Gm peaks for the samples with 

H f Silicate, H f0 2, and H f aluminate gate dielectrics only increase 2.7, 2.4 and 2.2 times, 

respectively, which results in much lower Gm peaks of M OSFET’s with these Hf-based
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high-k gate dielectrics when compared to the Gm peak o f M OSFET with S i0 2 gate 

dielectric at 77K.

Similar results were observed on p-channel M OSFET’s as well. Figure 5.16 shows 

the transconcutance measured at both 77k and room temperature of MOSFETs with S i0 2, 

H f silicate, and H f aluminate gate dielectrics. The data show much stronger temperature 

dependence for the p-channel M OSFET with S i0 2 gate dielectric. The Id-Vg characteristics 

of M OSFET’s with S i0 2, H f silicate, H f0 2 and H f aluminate gate dielectrics measured at 

both 77k and room temperature are shown in Figure 5.17. Due to the smaller thermal 

energy at 77K, the subthreshold swings o f these MOSFETs measured at 77k are much 

smaller than those measured at room temperature. At the same temperature, for 

MOSFETs with similar geometries, the subthreshold swing is a good indicator of the 

interface-trap density. The subthreshold swing o f the M OSFET with H f aluminate gate 

dielectric is considerably larger than those of MOSFETs with other gate dielectrics at both 

77k and room temperature, which suggests a higher trap density. However, for MOSFETs 

with S i0 2, H f silicate and H f0 2 gate dielectrics, their subthrehsold swings virtually align 

with one another, and it is beyond the resolution of the subthreshold method to tell the 

differences. Therefore, a characterization method with higher precision is necessary to 

study the trapping properties.

As revealed in Section 5.2.1, trapping may contribute to the degraded 

transconductance in MOSFETs. Therefore, we employed the charge pumping 

measurement to study trapping in these Hf-based gate dielectrics and its correlation with 

transconductance.

In order to study the relationship between trap densities and transconductances in 

MOSFETs with Hf-based gate dielectrics, we plot their interface-trap densities and slow- 

trap densities vs. their normalized transconductance peaks, as shown in Figure 5.18. 

Consistent with the results from MOSFETs with JVD Z r 0 2/silicate dielectrics, we found
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that normalized transconductance peak degraded linearly with both the interface-trap 

density and the slow-trap density. The linear relationships existing between the 

transconductance peak and trap densities reveal that traps may be responsible for the 

transcondutance degradation of M OSFET’s with these Hf-based gate dielectrics as well. 

Indeed, with the lowest interface-trap and slow-trap densities, MOSFET with the H f silicate 

gate dielectric enjoys the superior transconductance over MOSFETs with H f0 2 and H f 

aluminate gate dielectrics.

The inversion charge density vs. capacitance plots for MOSFETs with S i0 2 and Hf- 

based high-k gate dielectrics, obtained by the split-CV method are shown in Figure 5.19, 

where the modified split-CV method was used to correct for the trapping effect for the H f 

aluminate sample155.

W e also calculated the negative charge density in these Hf-based high-k gate 

dielectrics at room temperature and 77k. At 77K many more electrons are “frozen” in the 

traps than at room temperature, which causes a larger negative charge density. H f 

aluminate has the largest increase of negative charge density from room temperature to 

77k, followed by H f0 2 and H f silicate, as shown in Figure 5.20, which again suggests the 

highest trap density in H f aluminate, followed by H f0 2 and H f silicate, as revealed by the 

charge pumping measurement. Moreover, we plot the negative charge densities vs. the 

normalized transconductance peaks to study their relationships. However, we found that 

the normalized transconductance peak is not correlated to the negative charge density. 

H f0 2 has the smallest negative charge densities at both room temperature and 77k, but its 

transconductance peaks are not the lowest. It indicates that transconductance is not 

directly related to the negative charge density.
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5.3 Chapter Sum mary

The key findings of this study are (1) it is possible to make MOSFETs with high-k 

gate dielectrics with mobilities that fit closely to the universal mobility curve, (2) a major 

portion of the reduced transconductance or conductance can be attributed to trapping, (3) 

the temperature dependence of the transconductance in MOSFETs with high-k gate 

dielectrics is much weaker than that o f MOSFET with silicon dioxide gate dielectric, (4) 

among H f silicate, H f0 2, and H f aluminate, the MOSFET with the H f silicate gate dielectric 

shows the highest transconductance and lowest trap densities, (5) the normalized 

transconductance peaks of M OSFET’s with these Hf-base gate dielectrics degrade linearly 

with both the interface trap-density and slow-trap density, but not correlated to the 

negative oxide charge density.
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C h a p t e r  6

S u m m a r y  a n d  F u tu r e  W o r k

With silicon dioxide approaching its limits as the gate dielectric for Si CMOS, 

making suitable ultra-thin high-k gate dielectrics is becoming necessary to develop faster 

and smaller transistors, creating microchips that work beyond today’s barriers. This thesis 

study is devoted to research and development of ultra-thin high-k gate dielectrics, and the 

followings summarize the key results o f this dissertation, and offers suggestions for future 

work.
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6.1 Sum m ary

Scientifically, this dissertation research focuses on the understanding o f many 

properties of high-k gate dielectrics, such as barrier heights, current conduction 

mechanisms, and degradation of drive current and transconductance; technically, this 

dissertation research focuses on developing ultra-thin high-k dielectrics which can extend 

the scaling limit beyond that provided by silicon dioxide.

Our results show that ultra-thin Z r 0 2/Zr silicate films deposited by the JVD process 

can have EOTs down to 1 nm, and possess high thermal stability, low leakage current, high 

reliability, among other good electrical properties. W ell-behaved n-channel and p-channel 

MOSFETs with JVD Z r 0 2/Zr silicate gate dielectrics have been successfully fabricated. Our 

analysis also shows that the composition of a JVD film varies with its thickness. Thinner 

films are found to be Zr-silicate-like whereas thicker films are likely graded with a 

transition to stoichiometric Z r 0 2. The presence of a thermally stable Zr silicate interfacial 

layer may prevent the formation of interfacial silicon oxide, despite the fact that as- 

deposited films are found to be oxygen rich. In contrast to other Z r 0 2 films reported in the 

literature, the EOTs of our films decrease after post-deposition annealing. From our study, 

JVD Z r 0 2/Zr silicate was found to be able to survive an annealing temperature as high as 

1000 °C, suggesting that JVD Z r 0 2/silicates can be used in a conventional CMOS process, 

and no replacement-gate process is needed.

The JVD T i0 2 gate dielectrics deposited on Si substrate with EOTs down to 1.1 nm 

(EOT) possess good dielectric properties, as indicated by CV and IV measurements. 

However, the JVD T i0 2 gate dielectrics annealed at 800 °C or above show significant 

degradation o f film quality, which raises concerns over its suitability in the conventional 

CMOS process flow. Moreover, the effects o f nano-crystallization on properties o f titanium  

aluminate gate dielectrics haven been investigated, and we have found that the nano-
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crystallization results in considerable degradation o f transconductance and reliability. 

Either incorporating A1 into T i0 2 to increase crystallization temperature, or using a high- 

quality ultra-thin JVD SiN layer to improve interface quality can improve the properties of 

the gate stack after high temperature annealing. CV and IV results reveal that JVD  

titanium aluminate gate dielectrics with 15 atomic % aluminum concentration and JVD 

T i0 2/SiN gate stack can withstand PDA up to 1000 °C.

The barrier height over Si conduction band edge is one of the most important 

parameters o f a high-k dielectric to determine its ability to block leakage current, especially 

at elevated temperatures. The barrier heights over Si conduction band edge and 

conduction mechanisms of several scientifically and technically important materials, such as 

TiOj, TajOs, A120 3, Z r 0 2, and titanium aluminates have been studied by various methods, 

and the Fermi-level o f Tungsten has been studied as well.

Our results reveal that (1) Ta2Os possesses a larger bandgap than that of T i0 2. 

However, due to its adverse band alignment to Si band, Ta20 5  only has a barrier height of 

0.28 eV over Si conduction band edge, which is much smaller than that o f T i0 2 and is too 

low to block the thermionic current. Because of the low barrier height, Schottky emission 

or thermionic emission becomes the dominant conduction mechanism in over the Ta2 0 5 

barrier; (2) The high barrier height of 3.0 eV for ALD A120 3 over Si conduction band edge 

makes it attractive to reduce leakage current, especially at elevated temperatures; The 

barrier height of 2.1 eV for JVD ZrCVSilicate over the Si conduction band edge is 

reasonably high, which is sufficient to block thermionic current at elevated temperatures; 

(3) Incorporating A1 into T i0 2 increases the barrier height of T i0 2 over the Si conduction 

band edge; (4) The work function of 4.7 eV for Tungsten makes its Fermi-level to sit around 

the mid-gap o f Si band. Therefore, it is suitable as the single metal gate for FDSOI or 

Double-gate CMOS structures.
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Drive current or transconductance degradation in MOSFETs with high-k gate 

dielectrics is one of the biggest obstacles for implementing high-k gate dielectrics. Through 

the course o f this dissertation study, we have found that (1) it is possible to make 

M OSFETs with high-k gate dielectrics with mobilities that fit closely to the universal 

mobility curve, (2) a major portion o f the reduced transconductance or conductance can be 

attributed to trapping, (3) the temperature dependence of the transconductance in 

MOSFETs with high-k gate dielectrics is much weaker than that of M OSFET with silicon 

dioxide gate dielectric, (4) Among M OSFET’s with H f silicate, H f0 2, and H f aluminate, the 

device with H f silicate shows the highest transconductance and lowest trap densities, (5) The 

normalized transconductance peaks o f these Hf-base gate dielectrics degrade linearly with 

both the interface trap density and slow trap density, but not correlated to the negative 

charge density.

6.2 Future W ork

It is a daunting job for any high-k gate dielectric to satisfy all the requirements to 

succeed silicon dioxide. Therefore, there is a long way to go before we can place any high-k 

gate dielectric into any commercial product. There are many important and interesting 

issues waiting to be solved, such as process integration issues, reliability issues, etc. Among 

all the unsolved problems, I would like to highlight three important problems associated 

with high-k gate dielectrics further, and they are the trapping problem, the mobility 

degradation problem, and the scalability problem.
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Trapping

In my opinion, trapping is the most critical problem for implementing high-k gate 

dielectrics. It is a do or die problem. The high-density traps in high-k gate dielectrics cause 

extra trap-assisted currents, especially at elevated temperatures, degradation of the drive 

current or transconductance in MOSFET, threshold voltage shift, and other reliability 

issues. All these undesirable consequences o f trapping significantly compromise the 

suitability o f high-k gate dielectrics, and only by solving the trapping problem in high-k 

gate dielectrics, we can have any chance of implementing high-k gate dielectrics in CMOS 

technology.

Understanding the origin of trapping in high-k gate dielectrics will lay the 

foundation to solve it successfully. The traps can be divided into interface traps and bulk 

traps. Interface traps relate to the bonding between Si and high-k gate dielectrics, and bulk 

traps relate to the bonding in high-k dielectrics. In silicon dioxide or silicon nitride, the 

bonds are covalence bonds156. However, the bonds in metal oxides are ionic bonds. Could 

this difference contribute to the more severe trapping in high-k dielectrics? Many physical 

and chemical characterizations accompanied by electrical measurements must be 

performed to understand the origin of trapping.

W ith or without understanding the causes of the severe trapping in high-k gate 

dielectrics, we need to develop engineering solutions, and due to the time constrain, we may 

have to solve this problem, even before understanding the causes thoroughly. The simplest 

way to minimize the interface trap density is to insert a layer of silicon dioxide or high- 

quality SiN between Si and high-k gate dielectrics, though it increases the total EOT. 

Proper surface treatments and anneals could be effective to reduce both interface trap and 

bulk trap densities. Developing new materials which do not exist naturally but have good
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interface with Si is another way to solve this problem. Finally, we may need to develop 

innovative device designs and circuit designs to tolerate trapping to certain levels.

Mobility Degradation

W hether or not phonon scattering is more severe in M OSFETs with high-k gate 

dielectrics than in conventional MOSFET remains debatable. W ith the presence o f high- 

density traps and charges, the phonon scattering mechanism may be overshadowed by the 

coulomb scattering mechanism. Therefore, in order to understand the phonon scattering 

problem in high-k gated M OSFET, besides developing novel mobility characterization  

methods, we should reduce significantly traps and charges in high-k gate dielectrics. 

Moreover, from theoretical calculations150, phonon scattering is less severe in silicate 

dioxide gated MOSFETs than in metal oxide-gated MOSFETs. Therefore, for high- 

performance applications, silicates may be more advantageous than metal oxides.

Scalability

With the EOT of silicon oxynitride gate dielectric approaching 1 nm in the state-of- 

the-art MOSFET, the EOT o f high-k gate dielectrics must be in the same range to be 

competitive. How to minimize both the interface layer between silicon and high-k gate 

dielectric, and the interface layer between gate electrodes and high-k gate dielectric is 

critical for reducing the total EOT. Moreover, in the long term, the dielectric constant of 

the popular choices, HfC)2 and Zr02, may still be too low. Therefore, we must investigate 

dielectrics with higher dielectric constants to improve the scalability.

There is a long way to go before finally implementing any high-k gate dielectric in 

volume production, but because of its importance, enormous resources have been and will
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be committed to solve this problem. And I believe that many innovative solutions will be 

developed to address these difficulties. Hundreds o f years ago, glass was a luxury 

commodity, and only technicians in Venice, Italy could make beautiful bubble-free 

glassware. Even after massive efforts, technicians in other places still failed to solve the 

bubble problem. Therefore, some people decided to buy the recipe from Venice. After 

paying an extremely high price, they got the recipe, but there was only one word on the 

recipe: Stirring. Just like glass making, maybe after a few simple but innovative solutions, 

we will be able to use high-k gate dielectrics in commercial products.
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A p p e n d ix

A .l Constant-Electric Field Scaling Rules

Dennard proposed the first set of rules aiming to chart the design o f the scaled down 

MOSFET to control these adverse effects13. The constant electric field scaling rules shed the 

first light on the complicated design issues o f CMOS scaling, and opened doors for the more 

sophisticated scaling rules. The idea behind it is quite simple, but brilliant. For the device 

operation, ultimately, neither the device dimensions nor the applied voltages, but rather the 

electric fields define the characteristics of the device. In order for a scaled device to work in 

a similar manner to its larger version, we must maintain the electric field values and 

patterns unchanged in the scaled device. To achieve this object, we should scale down both
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the lateral and vertical dimensions of MOSFET. If k is used as the scaling factor, the gate 

oxide thickness, channel length and width, and junction depth should be scaled down by a 

factor of k. Moreover, in order to reduce the depletion region width by a factor o f k as well, 

the substrate doping density and source and drain doping density should be scaled up by a 

factor of k, and the source to drain voltage and gate voltage should be scaled down by a 

factor o f k. Therefore, the drive current is scaled down by a factor of k; the area/per circuit 

is scaled down by a factor of k2; the delay time per circuit, VC/I, is scaled down by a factor 

o f k; and power dissipation VI is scaled down by a factor of k2. Table A .l and Figure A .l 

reveal the details of the constant electric Held scaling. It’s obvious that, following the 

constant electric field scaling rules to scale down MOSFET, we can achieve a denser and 

faster circuit with less power consumption.

A.2 Beyond the Constant-Electric Field Scaling

Though the constant electric field scaling rules provide the basic directions for the 

MOSFET scaling, in the real world the scaling is more complicated, and it is getting more 

and more complicated with the fast shrinking dimensions o f MOSFET. Several reasons 

have contributed to the complicated MOSFET scaling. First, rather than changing the 

voltage to keep the electric fields unchanged, the circuit designers would like to maintain 

the voltage supply constant between different generations o f CMOS technology, which 

increases the electric fields for each generation. Second, there are a few physical 

parameters, that are unscalable, such as the bandgap of Si and the thermal voltage, kT/q. 

Third, for the recent and future technology generations, it is more difficult to scale down 

certain elements than others, which further complicates the MOSFET scaling. Therefore, 

the more generalized scaling rules, such as Baccarani’s constant voltage scaling rules14,
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were proposed. The generalized scaling rules focus on preserving the electric field patterns, 

rather than the electric field values. By doing so, it enables the gate of the scaled down 

device to maintain a very similar control over the channel region as that in the larger 

device, thus reduces the adverse effects coming from the scaled down devices. Table A.2 

shows the details o f the generalized scaling rules. W ith the increase of complexity of 

MOSFET scaling, the worldwide semiconductor industry jointly published the 

“International Technology Roadmap for Semiconductor (ITRS)” to predict and guide the 

evolution o f  the future CMOS technology generations. Table A.3 lists the prediction o f  

CMOS technology up to 2016 from the 2002 update of the ITRS15.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

207

GF Exhibit 1094 - 234/245



kNa, kNd

Figure A .l  M OSFETs under constant-electric field  scaling rule13.

208

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

GF Exhibit 1094 - 235/245



C M O S D evice  a n d  C ircu it P a ra m eters M u ltip lica tive  
F a cto r  (k > 1)

S caling  P aram eters Device Dimensions (Tox, L, W , Xj) 1 /K

Doping Concentration (Na, Nd) K

Voltage (V) 1/K

D evice  C haracteristics Electrical Field (E) 1

after S ca ling Depletion-Layer Width (W D) 1/K
Capacitance (C = eA/ Tox) 1/K
Inversion Charge Density (Qj) 1

Dive Current (I) 1/K

C ircuit C haracteristics Circuit Delay Time (x ~  CV/I) 1/K
after S ca ling Power Dissipation Per Circuit (P ~  VI) 1/K2

Circuit Area 1/K2

Table A .l Constant-field Scaling o f  MOSFET device and circuit parameters13

C M O S D ev ice  a n d  C ircuit P aram eters M u ltip lica tive  
F a cto r (k > 1)

Sca lin g  P aram eters Device Dimensions (Tox, L , W , Xj) 1/K
Doping Concentration (Na, Nd) K2

Voltage (V) 1

D evice  C haracteristics Electrical Field (E) K

a fter  S caling Depletion-Layer Width (W D) 1/K
Capacitance (C = eA/ Tox) 1/K
Inversion Charge Density (Q.) K

Dive Current (I) K

C ircu it C haracteristics Circuit Delay Time (x ~  CV/I) 1/K2
after  S caling Power Dissipation Per Circuit (P ~  VI) K

Circuit Area 1/K2

Table A.2 Constant-voltage scaling o f  MOSFET device and circuit parameters14.
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2004  2007  2010  2013  2016

T echnology  
gen era tion  (nm )

90 65 45 

H igh  Perform ance L ogic T ech n ology

32 22

G ate length  (nm ) 37 25 18 13 9

E O T (ph ysica l)
(nm m

0.9-1.4 0.6-1.1 0.5-0.8 0.4-0.6 0.4-0.5

E O T (electrica l)  
(nrnm

2 1.4 1.2 1 0.9

S u pp ly  V oltage  
(V)

1 0.7 0.6 

L ow  Standby Pow er T ech n ology

0.5 0.4

G ate length  (nm ) 53 32 22 16 11

E O T (ph ysica l)
(nm )(a>

1.4-1.8 1.0-1.4 0.8-1.2 0.7-11 0.6-1.0

E O T (electrica l) 
(nrnm

2.4 1.7 1.5 1.4 1.3

S upplyV oltage
(V)

1.1 0.9 0.8 0.7 0.6

(a) E O T (physical) on ly  accounts fo r the E O T  value o f  the gate dielectric.
(b) EO T (electrical) accounts fo r the E O T  values o f  the gate electrode dep letion , inversion layer quantum

effect and gate dielectric.

Table A.3 The future CMOS technology generations from 2002 update o f  the IT R S15.
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