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Abstract 

 
Recent advancements in gate stack engineering has led to the 

development of aggressively scaled, high mobility, high-κ dielectric based 

NMOSFETs with metal gates. Most of the current literature on the subject 

also stressed on the need for a high temperature process step to attain the 

high mobility under minimal change of effective oxide thickness. However, 

the physical origin of high mobility is not well understood. In this work, 

fundamental insight into the necessity of the high temperature process 

step is provided. Novel experimental strategies are developed to 

understand the impact of interface states and bulk traps separately and 

exclusively on channel mobility. It is conjectured that the interface states at 

the SiO2/(100) bulk-Si interface are identical in nature (as far as coupling 

with the channel electrons is concerned) to those at the high-κ/SiO2/(100) 

bulk-Si interface. Thus, the response of interface states on channel 

electrons in high-κ insulator based NMOSFETs is properly calibrated by a 

novel thermal desorption of hydrogen experiment on SiO2/(100) bulk-Si 

NMOSFETs to yield a highly accurate parameterized equation. The value of 



interface state response parameter determined by the aforementioned 

experiment is compared with theoretical predictions, and independently 

determined projections from electrical stress measurements. The impact of 

transient charging on transport in the channel is investigated. It is 

conclusively shown that remote charge has minimal impact on mobility in 

the channel. The role of nitrogen induced fixed oxide charge is studied on a 

set of Hf-silicate samples. Role of soft optical phonon scattering and the 

beneficial impact of metal gates on soft optical phonon limited mobility are 

thoroughly investigated both theoretically and experimentally. Conclusions 

are drawn on the fundamental limit of mobility attainable in high-κ dielectric 

based NMOSFETs.      
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Chapter 1 
 

Introduction 
 

1.1 Introduction 
 
Continuous downscaling of MOS transistor gate length/channel length’s requires 

extremely thin gate oxides for (i) improvement in vertical oxide electric field leading to 

increase in inversion charge and subsequent decrease in channel resistance [1] which 

leads to increase in on-current and hence improvement in performance (ii) better short 

channel control, since short channel control is determined by the relative thickness of 

gate dielectric to Si depletion width [2].  However, extremely thin gate oxides lead to 

runaway direct tunneling leakage through the gate oxide [3].  This in turn leads to 

unacceptably high static power dissipation which seriously affects the functionality and 

reliability of a chip. As a specific example, the International Technology Roadmap for 

Semiconductors (ITRS) predicts sub-1 nm electrical oxide thickness (EOT) gate oxides    

for the 32 nm technology node and below [4], gate oxide thicknesses at which direct 

tunneling leakage will be greater than 10, 000 A cm-2 [5]. The only way to contain this 

high gate leakage is to use a thicker gate dielectric layer without changing the value of 

the EOT. This necessitates the replacement of SiO2 with a high-κ insulator. The 

motivation behind using high-κ insulator in advanced MOS transistors is discussed in 

more detail in the following section.  
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1.2 Why High-κ? 

Elementary electrostatics predicts that the physical thickness of a high-κ dielectric can be 

connected to an equivalent electrical oxide thickness (EOT) through the following simple 

mathematical relationship, 

                         ε Ox/ TOx = ε Hi-κ / T Hi-κ                                                                            (1) 

, terms being usual. Clearly, the simple relationship stems from constancy of gate 

oxide/dielectric capacitance (COx), before and after replacement of SiO2 by high-κ. Since, 

ε Hi-κ  is greater than ε Ox, the above equality holds if and only if  THi-κ is greater than TOx. 

This is pictorially surmised in Figure 1.1.  

 

    

  

Figure 1.1. Why High - κ? A set of  representative TEMs showing the increase in THi-κ 

with replacement of SiO2 with Hf based high-κ gate stack [6] 

 

This definitely comes about with marked decrease in gate leakage as depicted in Figure 

1.2, where a one-to-one comparison is made between gate leakage behavior of a SiO2 

dielectric layer with a similar EOT representative high-κ Al2O3 gate stack. A 10  X 

Cox = const.

4
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reduction in leakage current is observed. Evidently, higher the magnitude of the dielectric 

constant (κ or ε), higher is THi-κ, and larger is the reduction in gate leakage. 

 

0 1 2
10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

101

102

 

10'000X

~ 1.6 nm

 

Al2O3

SiO2
1.5 - 1.7 nm

C
ur

re
nt

 D
en

si
ty

 (A
/c

m
2 )

Gate bias (V)

 

  

 

 

 

 

Figure 1.2. Around 10,000 X reduction of leakage current observed with Al2O3 gate 

1.3 High-κ and Metal Gates 

om SiO2 to high-κ is not the only major change that needs 

dielectric over SiO2 at a gate bias of 1 V [6] 

 

However, the paradigm shift fr

to be made to enable sub-1 nm oxide scalability. Poly crystalline Si (Poly-Si) gate, the 

gate electrode material of choice  for the chip industry for the last two decades, is 

incompatible with aggressively scaled high-κ gate stacks [7]. Primarily, because of poly 

depletion, a phenomenon which occurs  in MOS transistors during inversion, a severe 

EOT penalty has to be paid if high-κ were to be integrated with Poly-Si. So, solely from a 

device design perspective, the sub-1 nm EOT as required by ITRS [4] for sub-32 nm gate 

length, may be extremely difficult to achieve. To get around this problem, a metal gate 
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needs to be used with high-κ. Metal gates have high carrier concentration and thus may 

be used to eliminate the impact of EOT increase with poly-depletion. This is clearly 

shown in Figure 1.3, where the same leakage level with the lowest possible EOT is 

obtained for a metal gate (TiN)/HfO2 gate stack [7]. 

      

 

 

 

 

 

 

Figure 1.3. At the same gate leakage level (1 A cm-2) @ (VFB+1) V gate voltage, the 

l

However, high-κ and metal gates have their problems when they are integrated with bulk-
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owest EOT is achieved for metal gate (TiN)/HfO2 stack as opposed to a Poly-Si/HfO2 

stack because of absence of poly depletion with the former [7]. 

 

Si devices. In this work, we focus on one such problem, namely mobility degradation in 

bulk-Si NMOSFETs in presence of high-κ  insulator. Fundamental insight into this 

problem will be provided, and a discussion on the physical origin of high mobility in 

aggressively scaled metal gate/high-κ gate stacks, as recently reported [8] will be 

thoroughly investigated. In the next section, we cite the different physical mechanisms 
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discussed in literature which cause mobility degradation in the bulk-Si channel in 

presence of a high-κ. Each of those mechanisms is then discussed briefly based on the 

current state-of-the-art. Also, the beneficial impact of replacing conventional poly-Si gate 

electrode with an ideal metal gate (in the context of mobility degradation) is discussed. In 

each of the following sections of this chapter, we also give an overview of how each of 

those topics relate to the rest of the thesis. 

 

1.4 Mobility degradation mechanisms 

-κ insulator based MOSFETs may be classified 

.5 Charge Trapping 

lated mobility degradation or additional scattering mechanisms 

rred to as Nit. 

may include 

independent electrical measurements like flatband/threshold voltage shift [9]. 

Mobility degradation mechanisms in high

into two broad categories: (i) Extrinsic like charge trapping (ii) Intrinsic like soft optical 

phonon scattering. As the name suggests, the former may be controlled or minimized by 

careful process optimization, while the latter is  related  to  the  basic physics of the high-

κ insulator system.   

 

 

1

The charge trapping re

may be further sub-divided into the following two categories: 

(i) Scattering from the interface states, henceforth refe

(ii) Scattering from remote charge or “charge at a distance”, which 

but not limited to fixed oxide charge from impurities at the interface, or, 

compensated charge in the gate stack, which may not be detectible by 
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Going 

extensi  

ote charge in the high-κ insulator (or “charge at a distance” to 

istinguish it from the Nit which are right adjacent to the channel electrons) on the 

back to the first topic of Nit limited scattering, we take guidance from 

ve work done on the topic in SiO2 based NMOSFETs. It is instructive to note

that charge trapping belongs to the larger category of the Coulomb scattering limited 

mobility degradation mechanisms which also include ionized impurity scattering in 

the bulk-Si channel from the dopants in the channel. However, here the emphasis is 

on those charge trapping related mobility degradation mechanisms which are 

exclusive to the high-κ gate insulator. It has been pointed out in literature quite 

extensively, that the high-κ/bulk-Si system comes very often with a large number of 

Nit [6, 10]. So a very careful investigation of this scattering mechanism is necessary 

when dealing with the mobility problem in high-κ gate insulators. Substantial insight 

into the problem has been provided by W. Zhu et. al [10] from a characterization 

standpoint. From a fundamental standpoint, the Coulombic term has been thoroughly 

investigated in works such as [11]. However, these treatments are extremely complex, 

and do not provide closed form solutions to the Boltzmann transport equation, which 

forms the basis of any mobility study in MOSFET structures. To gain a 

phenomenological insight into the problem, we adopt an approach which is very 

similar to the one used by Villa et. al. [12] . This approach also helps us to separate 

out the impact of ionized impurity limited scattering and scattering from the Nit 

within the Coulombic mobility term very easily.  This will be dealt with in more 

detail in Chapter 4.  

 

The influence of rem

d
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channel mobility is largely based on the work of Yang et. al [13], Saito et. al [14], and 

more recently Gamiz et. al [15] . Though they investigated the role of remote charge 

in the depleted poly-Si gate on the channel mobility, it may be extrapolated to study 

the impact of remote charge in the high-κ insulator itself on the channel electrons, 

since the mechanism of coupling of the “charge at a distance” with the channel 

electrons is through remote Coulomb scattering (RCS) mechanism. An attempt to 

study this phenomenon experimentally in detail, has been attempted by R.J Carter et. 

al., L. A Ragnerssen et. al, and E. A Cartier [16, 17, 6 respectively], where the 

magnitude of remote charge (in this case fixed oxide charge) was estimated from a 

VFB vs. EOT plot, and the mobility estimated by split-CV/Id-Vg technique (Figure 

1.4). However, no attempt was made to extend the understanding so obtained to the 

existing theory of RCS. Also it is not immediately clear what the role  of Nit is, and 

how and why the two should be treated differently from a very fundamental 

perspective.   For the first time, we will provide objective experimental evidence on 

the impact of remote charge in the gate dielectric layer itself on transport in the 

channel. As pointed out in [15], the proximity of the gate (poly-Si or metal) decides 

the strength of coupling of the remote charge with the channel electrons. This is 

because the gate provides a ground plane where the charge in the dielectric may be 

screened. Larger the screening, lower is the strength of coupling with the channel 

electrons [15]. By using a systematic set of samples, where the distance of the poly-Si 

gate is pushed farther and farther away from the channel by using an insulator 

capping layer (viz.: Al2O3), we try to provide an empirical understanding of the role 

of screening by the gate on the RCS. This will be discussed very briefly in Chapter 3.  
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Figure 1.4. Estimation of fixed oxide charge from VFB-1/Chk (EOT) plots, 

e to the possible presence Degradation in mobility in a HfO2 based gate oxide stack du

Another RCS limited mobility de  floated recently by Hiratani et. 

al. [18] is possible coupling of the channe electrons with compensated charge in the 

of fixed charge [6].  

 

gradation mechanism

l 

dielectric layer itself. They pointed out that the entire mobility degradation cannot be 

explained by charge scattering induced by the charge present in stack which may be 

detectible by voltage shifts obtained by conventional electrical measurements. In 

order to explain the additional decrease of mobility, Hiratani et. al [18] proposed that 

there is an additional compensated charge located in the dielectric layer itself, this is 

schematically described in Figure 1.5. The problem with this scheme is that an 

independent experimental confirmation would be almost impossible to come up with. 
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And a back of the envelope estimate of the amount of compensated charge that may 

be necessary to bring about a mobility degradation cited in [18] is on the order of 1013 

cm-2 , an extremely large quantity of charge solely because the mechanism of 

coupling between channel electrons and compensated charge is through dipole 

scattering, a coupling which is substantially weaker than RCS induced by unipolar 

charge.  

 

Figure 1.5. Schematic illustrating the compensated charge hypothesis, unipolar 

charge can cause both mobility reduction and flatband voltage shift but compensated 

 

The impact of bulk trapping, or transient charge trapping unique to high-κ insulator 

systems will also be discussed in Chapter 3. It will be shown fast trapping has negligible 

charge can cause mobility degradation without affecting flatband or threshold 

voltage.    

impact on mobility. 
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This brings us to the next high-κ specific scattering mechanism namely that of soft 

optical phonon scattering limited mobility, an intrinsic scattering mechanism which is 

guided by the basic physics of the high-κ insulator system. 

 

 

1.6 The role of Remote Phonon Scattering 

In 2001, M.V Fischetti et. al [19] pointed out that there are some fundamental limitations 

to the maximum mobility attainable in high-κ insulator based NMOSFETs. The dielectric 

constant of a non-metallic solid stems from two factors: the ionic and the electronic 

polarization. Pure insulators, by definition have large bandgap and since the electronic 

polarization is roughly proportional to the square of the direct bandgap of the solid 

averaged over the first Brillouin zone [19], there is little that can be done to tune this 

component. Naturally, the high permittivity of a high-κ dielectric can come only from the 

large ionic polarization, often due to the highly polarizable (‘soft’) metal-oxygen bonds. 

Associated with soft bonds are low energy “optical phonons” which cause severe remote 

phonon scattering. By contrast, the hard Si-O bonds in SiO2 yield reduced ionic 

polarization. Associated with “hard” bonds, are stiff optical phonons. Expectedly, this 

scattering component will be less in SiO2 based NMOSFETs. In Figure 1.6, theoretical 

estimates of mobility in the inversion layers of MOS systems are depicted for different 

high-κ dielectrics. Anisotropic scattering with acoustic phonons and remote scattering 

with surface optical phonons are accounted for. Surface roughness and ionized impurity 

scattering have been incorporated using simple Matthiesen’s rule as described in Figure 

7. As predicted, higher the dielectric constant, worst is the mobility degradation from the 
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SiO2 control. It was also observed that in dual layer stacks, higher the interfacial oxide 

thickness, less severe is the mobility degradation. M.V Fischetti et. al [19] conjectured 

that this is consistent with the remote phonon scattering theory. Theoretical calculations 

predict that proximity of the high-κ to the inversion channel worsens scattering due to 

remote phonons.      

   

 

 

        

   

 

 

     

 

 

 

Figure 1.6. Soft optical phonon scattering limited mobility for different high-κ insulator 

systems. It is instructive to note that higher is the dielectric constant of these stacks, 

lower is the soft optical phonon scattering limited mobility [19]. 
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Figure 1.7. Different scattering components merged together by Matthiessen’s rule (Nit 

limited scattering factor not included) [19] 

 

 

 

Direct experimental evidence on this topic was provided by Zhibin Ren et. al. [20] in 

IEDM 2003. They noted the following two points: 

1. Weak temperature dependence with strong remote phonon scattering was 

predicted and measured. (Figure 1.8) 

2. Hf-silicate which has lower dielectric constant compared to HfO2 has higher 

mobility in the intermediate electric field (or inversion charge) regime where 

phonon scattering is expected to dominate. 
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Figure 1.8. Weak temperature exponent of mobility at intermediate inversion charge 

densities (Ninv= 3 X 1012 cm-2) for high-κ suggesting dominance of optical phonons 

which predictably have weak temperature dependence [20]. 

 

It is instructive to note that temperature dependence will be used copiously in Chapter 5 

while investigating physical origin of high mobility in advanced high-κ gate stacks. 
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1.6 High Mobility in High-κ/Metal gate stacks – Role of Metal gate Screening 

In 2003, R. Chau et. al. demonstrated high mobility in aggressively scaled (Tinv of 1.45 

nm) HfO2/TiN stacks [8]. The reason for high mobility in these stacks was attributed to 

metal gate screening  of some of the soft phonon modes in the high-κ insulator by the 

ideal metal gate (TiN in this case) on top. The underlying physics related to this 

phenomena was pointed out for the first time by A.R Bhatt et. al in 1993 [21] in polar 

semiconductors (as opposed to high-κ insulator) sandwiched between a metal layer and a 

bulk non-polar semiconductor in a classic MSS structure. Using simple electrostatics and 

the dielectric continuum model, they showed disappearance of the transverse optical 

phonon modes in a MSS structure. It should be noted at this point that a polar 

semiconductor can be easily replaced by a high-κ insulator without making any major 

changes in the formalism proposed. Particularly, from a phonon spectrum standpoint, 

both can be approximated by a linear chain of dissimilar atoms which leads to emission 

in the optical region of the spectra. The phonon dispersion relations for an ionic insulator 

such as HfO2 are very similar to that of an ionic semiconductor such as GaAs. From a 

comparison of the dispersion relations of an ideal metal/high-κ/bulk-Si system with the 

non-ideal metal or poly-Si/high-κ/bulk-Si , it is clear that disappearance of some of the 

optical phonon modes with the latter has profound implications on transport of electrons 

in the channel. For instance, in a metal gate/high-κ NMOSFET, the optical phonon-

electron coupling in the channel will be significantly reduced and this is what is observed 

experimentally as shown below (Figure 1.9). 

 

 14



 

 

  

 

 

 

 

 

Figure 1.9.  Comparison of surface phonon limited mobility of a HfO2/TiN gate stack 

with HfO2/poly-Si gate stack. Clearly, the HfO2/TiN stack is seen to recover some of the 

mobility lost by remote optical phonon scattering with the HfO2/poly-Si stack. 

 

In course of this thesis, we will perform novel ultra low temperature measurements on 

aggressively scaled, high mobility metal gate HfO2 stacks to study for the first time the 

impact of metal gate screening on soft optical phonon limited mobility in high-κ/ metal 

gate stacks. Next, we discuss the physical origin of high mobility in aggressively scaled 

metal gate/high-κ   stacks. 

 

 

1.7 Physical origin of high mobility in High-κ gate stacks 

It is worth pointing out here that though [8] reported high mobility in high-κ gate stacks, 

no information was given as to the process steps that led to such high mobility in 
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advanced high-κ gate stacks. Very recently,  however, A.  Callegari et. al. [22] gave some 

insight into the high mobility phenomenon in aggressively scaled high-κ/metal gate (in 

this case, W/HfO2) stacks. It was pointed out that a high temperature process step, post 

metal gate deposition brings about a structural change in the gate stack itself, leading to 

formation of a low dielectric constant Hf-silicate layer, which screens the soft optical 

phonon modes in the HfO2  layer itself. This leads to significant recovery in the mobility 

with the metal gate/high-κ gate stack itself (Figure 1.10). The problem with this scheme 

is that under high temperature treatment , an EOT penalty (about 0.2-0.4 nm) is paid 

which affects overall scalability into the sub-1 nm regime.  

 

Figure 1.10. High Mobility attained in W/HfO2 gate stack after high temperature 

treatment (T9>….>T1, T-temperatures) [22]. 

 

Very recently, however, L. A Ragnarsson tried to investigate the role of  the high 

temperature process step in attaining high mobility in metal gate/high-κ gate stacks [23]. 
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Using SPER (solid phase epitaxial regrowth) technique, a low temperature activation 

anneal was used to form the source/drain (600 0C) junction, thereby ensuring that the 

high-κ/metal gate stack is protected from high temperature treatment. However, the high 

mobility so attained is low compared to those values reported in [8]. So the necessity of a 

high temperature processing step cannot be excluded. However, there are exceptions. 

Very recently, in VLSI 2005, Y Akasaka et. al. demonstrated high mobility in 

TaSiX/HfO2 stack NMOSFETs [24] under low processing temperature conditions. 

Though the physical origin of this high mobility was not well understood, but it has been 

attributed to possible nitrogen profiling in the gate stack itself.  

 

1.8 Scope and Organization of the Thesis 

From the foregoing discussion, it is clear that recent developments in gate stack 

engineering has led to the development of aggressively scaled, high mobility, high-κ 

dielectric based NMOSFETs with metal gates. Most of the current literature on the 

subject also stressed on the need for a high temperature process step to attain the high 

mobility provided there is minimal change of effective oxide thickness. However, the 

physical origin of high mobility is not well understood. In this thesis, fundamental insight 

into the necessity of the high temperature process step is provided. Novel experimental 

strategies are developed to understand the impact of interface states and bulk traps 

separately and exclusively on channel mobility. Role of soft optical phonon scattering 

and the beneficial impact of metal gates on soft optical phonon limited mobility are 

thoroughly investigated both theoretically and experimentally. Conclusions are drawn on 

the fundamental limit of mobility attainable in high-κ dielectric based NMOSFETs.     
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In Chapter 2, the amplitude sweep charge pump technique, an useful charge trapping 

characterization technique as it applies to high-κ gate dielectrics, is discussed. The 

inversion charge pump based mobility characterization technique is also discussed, and a 

novel variant to the one and two contact correction scheme is proposed. The split-CV/dc 

Id-Vg conventional mobility estimation technique is also compared against the non-

standard inversion charge pump technique to identify the best split-CV (frequency) for 

use in Chapter 4 to estimate mobility in presence of varying interface state densities (Nit). 

  

In Chapter 3, a novel experimental strategy is developed on a controlled set of samples to 

get a semi quantitative estimate of the location and the magnitude of trapped charge. 

Through a simple electrical stress experiment, bulk charge or “charge at a distance” is 

introduced and its impact on mobility studied. 

 

In Chapter 4, a thermal desorption experiment on SiO2/Si NMOSFETs is carried out to 

controllably introduce Nit in SiO2/Si NMOSFETs and its impact on mobility studied. 

Conclusions are drawn on its applicability to high-κ based advanced gate stacks. A highly 

accurate Nit scattering limited mobility estimate is also provided. 

 

In Chapter 5, we study the aggressively scaled high mobility metal gate/high-κ gate 

stacks. The role of metal gate screening on the soft optical phonon modes is investigated 

theoretically. Ultra low temperature measurements are performed on the above 

mentioned high mobility stack to separate out the different scattering mechanisms. 
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Conclusions are drawn on the theoretical limit of the high mobility attainable in high-κ 

metal gate stacks.  

 

In Chapter 6, we conclude our work. Future directions are chalked out. Novel 

experimental methodologies enabling direct measurement of metal gate screening are 

proposed. Lastly, the feasibility of high-κ gate dielectrics making its way into mainstream 

Si electronics is discussed.  
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Chapter 2 
  

Charge Pumping and its impact on Mobility Characterization 
Methodologies 

 
2.1 Introduction 
 
In this chapter, we start by describing in detail a popular charge trapping characterization 

methodology namely the charge pumping technique. Principally, the amplitude sweep 

charge pump technique is given the maximum attention, the more conventional base 

sweep technique is also discussed for the sake of completeness. It is emphasized that with 

the amplitude sweep charge pump technique, information about both the interface states 

and traps away from the interface (namely bulk traps) may be studied, whereas base 

sweep is only limited to providing information about the interface states (Nit). It is 

instructive to note that there is a voluminous amount of literature on this subject, and 

charge pump technique has become commonplace over the past few years as a very 

powerful technique of characterizing charge trapping in high-κ gate stacks. In this 

chapter, only those portions, which we believe has not been dealt with thoroughly before, 

are emphasized. More importantly, the connection between the said technique and 

mobility measurement schemes (for instance the inversion charge pump based mobility 

estimation scheme or the ICP technique) is discussed in detail. A novel variant of the ICP 

technique-replacing the well known 1 and 2 contact measurement scheme with a 50/100 

technique, is proposed. Charge trapping in metal gate based high-κ gate stacks is also 

discussed in the end. An attempt is made to connect the understanding acquired in 

studying charge pump characteristics in ordinary high-κ based MOSFETs with more 

important metal gate/high-κ based high mobility NMOSFETs discussed in Chapter 5.  
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2.2 Experimental Methodology 

Figure 2.1 schematically describes the charge pumping technique. The source and drain 

of a high-κ based NMOSFET is tied together and grounded. The gate is pulsed from 

accumulation to deep inversion by applying a pulse train. And the charge pump response 

is measured by monitoring the substrate current. For a detailed understanding of this 

scheme, the interested reader is referred to [1]. The amplitude sweep charge pump 

characteristics as it applies to the high-κ based devices is described in detail in [2]. 

Interestingly, though the charge pumping effect in MOSFETs was reported in the late 

1960s [3], reliable interpretation of the results only came by in the 1980s [4]. As 

described above, the applied pulse train to the gate drives the surface potential from 

accumulation into inversion and vice versa. As mentioned in [1], it is often customary to 

apply a small reverse bias to the source drain junctions tied together, but from our 

experience we have observed that this leads to significant increase in junction leakage 

thereby smearing out completely the charge pumping response in some cases. So in the 

following discussion, all the data shown and described have source drain junctions tied 

together and grounded. Going back to the discussion on the charge pumping 

characterization methodology, the charge pumping technique is based on the 

recombination process of charged interface (surface) states, Nit at the Si/SiO2 or 

Si/SiO2/high-κ interface which contributes to the charge pumping current at the substrate. 

The additional components of the charge pumping current observed specifically with 

high-κ will be described in detail in the next paragraph. For instance, the physical 

processes that take place during one pulse cycle regardless of the nature of the gate 

dielectric, involve drifting back of the inversion carriers; this is critically dependent on 
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the device geometry, as well as the rise and fall times of the applied pulses as we will 

find out in the next paragraph. In addition, trapped electron near the conduction band get 

thermally emitted to the conduction band, and also drift to the source/drain junction, 

whereas electrons trapped deeper in the bandgap remain captured in the interface traps 

(this is typically dependent on the lattice relaxation energy of the gate dielectric chosen 

and is expected to be different for SiO2 and high-κ [5]). When the hole barrier is reduced, 

holes accumulate at the Si substrate, and recombine with trapped electrons giving rise to 

the charge pumping current. As depicted in Figure 2.2, in the amplitude sweep charge 

pump measurement, the base level of the applied pulse is kept fixed, whereas the 

amplitude is varied, whereas in base sweep, the amplitude is kept fixed, and the base 

level is altered.   
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Figure 2.1. Schematic showing the charge pump measurement technique, the numbers 

and arrows mark the different components of the charge pump current measured at the 

substrate [2]. 
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Figure 2.2. Schematic describing the difference between the conventional Base sweep 

and the Amplitude sweep. Below, the difference between the base sweep and amplitude 

sweep characteristics for a conventional SiO2 gate dielectric [2]. (It is wort
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As pointed out earli the different current 

omponents giving  rise to the charge pumping response at the substrate are described 

 arrows and numbered in Figure  

 

hat the flat characteristics are not obtained in reality, this is an approximation assuming 

constant Trise (rise time) and Tfall (fall time)) 

.3 Charge Pumping as applied to high-κ gate stacks 

er, we will now focus our attention to 

c

below, it is worth pointing out these are also marked with

2.1 [6]. They are classified (as pointed out in [2]) as follows: 
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(1). Response of Nit 

(2). Gate Leakage 

(3). The geometrical component. 

      (4). Response of the bulk traps. 

      (5). Diffusion of injected carriers back to the source/drain junctions. 

It is  carriers recombining at the substrate is determined 

time). Due to the fact that bulk defect density in 

aps to the charge 

 

Figure 2.3. Amplitude Sweep Charge Pump Characteristics for a conventional, thick, 

thermally grown SiO2 based NMOSFET. Compare and contrast this with Figure 2.4 

 worth noting that the amount of

by the pulse shape (rise and fall 

conventional SiO2 is very small, no significant contribution from bulk tr

pumping current measured at the Si substrate is expected. If a typical initial trap density 

of 1015 – 1016 cm-3 is used for thermally grown gate dielectrics, the contribution from 

bulk oxide traps is expected to be on the order of 109 cm-2 [7]. Typical interface trap 

densities (Nit) in MOSFETs with thermally grown gate dielectrics are in the 1010 cm-2 

range as shown in Figure 2.3. 
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Thus, due to the low density of bulk traps in conventional gate dielectrics, their 

contribution to the charge pumping current cannot be easily separated. However, in high-

κ gate dielectrics, it is demonstrated as in Figure 2.4 below, the response of the bulk traps 

cannot be ignored. 

itude sweep charge pump characteristics for a representative high-κ 

r 3. 

Clearly, when a direct comparison is made between the charge pump characteristics 

described in Figure 2.3 with the one described in Figure 2.4, we find that the charge 

pump characteristics in case of  the high-κ gate stack shows severe frequency dispersion, 

this has got to do with the fact that the bulk traps exhibit both temporal and spatial 

variation. This kind of frequency dispersion is expectedly absent in conventional SiO2 

stack represented in Figure 2.3 where only the interface states are important (Nit). It is 

 

Figure 2.4. Ampl

2 µs

based NMOSFET, namely: Hf-silicate deposited by conventional self-aligned CMOS 

process [2]. These stacks will be revisited in a different context in Chapte

 

 29



in , 

se 2 

stacks -11). 

This is because as pointed out in [5], higher the dielectric constant, lower is the dielectric 

structive to note that higher the dielectric constant of the gate dielectric involved

vere is the bulk trapping. This is very clearly demonstrated in Figure 2.5 where HfO

 (κ ~ 22-25) exhibit more bulk trapping than Hf-silicate gate stacks (κ ~ 10

relaxation energy required to re-emit the trapped carrier to recombine with the incoming 

holes in the substrate. Or in other words, for conventional SiO2 or SiON based dielectric 

stacks, this relaxation energy is fairly high, and one needs to go to unreasonably high 

voltages to observe this kind of trapping. Whereas, for a high-κ based gate stack, this 

kind of bulk trapping is observed at very low gate biases (Vg ~ 2 V). Also as better 

exemplified in Figure 2.5, the bulk trapping behavior is critically dependent on the 

interfacial oxide layer thicknesses of the high-κ gate stack under consideration. For 

instance, the 2.5 nm EOT HfO2 has lesser bulk trapping than the EOT 1.8 nm one, 

because the thicker interfacial layer HfO2 is more SiO2  like than the thinner one [8]. It is 

interesting to note here that the Hf-silicate gate stack shows an anomalous rollover 

behavior at higher gate biases, namely the normalized charge pump current changes 

direction at around Vg ~ 1.5 V or so. It should be noted that in Figure 2.5, the X-axis 

represents (Vg+1) V. This is attributed to tunneling of electrons from the valence band of 

Si. This is investigated in detail in the subsequent figures. Figure 2.6 monitors the 

normalized source/drain current along with the normalized charge pump current. 

Ordinary electron tunneling as also pointed out in [2], should make the charge pump 

curve to separate out from the source drain current curve as shown in Figure 2.6. And the 

difference is strongly frequency dependent, tunneling being a slow phenomenon fails to 

be dominant at higher frequencies (~1 MHz). But the moot point is, the feature observed 
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in the EOT ~ 2 nm Hf-silicate is different from ordinary tunneling leakage depicted in 

Figure 2.6.   
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Figure 2.5. Direct comparison of bulk trapping behavior in two representative high-κ 

 

Figure 2.6. Comparison of normalized charge pump and normalized source/drain current. 

The difference expectedly is strongly frequency dependent. 

gate stacks. All the stacks have poly-Si gate on top and are fabricated by self aligned 

process [2]. (X-axis: (Vg+1) V) 

 31



In l 

(F t 

all. For an EOT of 2 nm, the similar turnaround behavior 

at gate bias of about Vg ~ 1.5 V, earlier attributed to valence band tunneling from the Si 

band. On the other hand, as depicted in Figure 2.8, this is strongly frequency dependent 

as well, the 10 KHz curves being worst affected by the turnaround behavior, and the 1 

MHz curves being the least. This is also indicative of the fact that almost all the features 

that are attributed to any tunneling phenomenon are present.  

More evidence on the same are provided by Figure 2.9 where it is clearly observed that if 

the substrate current is directly measured along with the gate leakage current as a 

function of gate voltage, around the point where valence band tunneling comes into play, 

terestingly, similar behavior is observed in a thin SiON based NMOSFET as wel

igure 2.7). This is indicative of the fact that this is not a high-κ specific phenomenon a

 SiON based NMOSFET shows 

 

Figure 2.7. An EOT of 2 nm SiON based, poly-Si NMOSFET shows similar turnaround 

behavior attributed to valence band tunneling leakage. 
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the substrate current follows the gate leakage (It is instructive to note here that the X-axis 

of Figure 2.5 is essentially (Vg-peak- Vbase); Vbase in this case being -1.0 V.) 

Figure 2.8. Vale  consistent with 

the fact that tunneling is a slow phenomenon. 

 

Figure 2.9. By simultaneously monitoring the gate current (Ig) and substrate  current 

(Isub), or charge pump current, it is seen that around Vg~1.5 V, around the bias region 

where valence band tunneling comes in play, Isub follows Ig. 

 

nce band tunneling shows severe frequency dependence
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 So far, we have discussed in detail three of the five charge pumping current components 

mentioned at the beginning of this section-namely, the Nit response, the response of the 

bulk traps, and a specific component of gate leakage (components 1, 2 and 4 mentioned 

above) viz: the valence band tunneling leakage or electron tunneling from the valence 

band of bulk-Si in a NMOSFET. The geometrical component was deliberately side 

stepped because it will be taken up in greater detail in the next section, when we discuss 

the inversion charge pumping based mobility estimation technique. Before we end this 

section, we take up the issue of channel length dependence of trapped charge.  

Figure 2.10. 

less severe in sm  + Poly-Si 

transistor with EOT~2.5 nm vide Figure 2.5) 

 

As depicted in Figure 2.10, we find that a longer channel transistor (10 µm) is more 

severely affected by bulk trapping (more severe tailing up of the charge pumping curve at 

higher peak amplitude biases) than shorter channel length (5 µm) transistors. It is worth 

 

Channel length dependence of trapped charge, bulk trapping is found to be 

aller channel length  devices than longer channel ones. (HfO2
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mentioning that the minority carriers injected either from the Nit or bulk traps have 

certain lifetime in the bulk-Si channel. In the time range where the emitted carrier 

remains active, it can either go back to the source drain (where it originated) or can 

recombine with an incoming hole in the substrate. In the former case, it does not 

contribute to the charge pump response. Since bulk traps are slow traps (slower than Nit), 

they are likely emitted back into the Si substrate when it is accumulating again (during 

the downward cycle of the applied pulse at the gate). For a shorter channel transistor, the 

propensity of the carrier to travel back to the source and drain (source drain back-

diffusion [2]) is higher than in a longer channel transistor. Hence the observation in 

Figure 2.10. Also, for short channel transistors, sidewall oxidation may lead to local 

thickening of the interfacial oxide layer, thereby contributing to some of the weakening in 

the trapped charge response, compared to long channel transistors with the same high-κ 

gate stack. 

 

2

M

exclusively of the inv n charge [1]. A static 

Id-Vg with the drain biased in the linear reg  determines the drive, and an estimate of 

.4 Conventional Mobility Estimation Technique – The Split-CV Id-Vg Technique 

obility is usually determined by split-CV method, wherein the capacitive response 

ersion channel is used to estimate the inversio

ion

the mobility is obtained by combining the two. The carrier mobility so obtained is usually 

plotted vs. the effective Si field which is either calculated from the substrate doping or 

obtained from the depletion split-CV. In Figure 2.11, typical split-CV and conventional 

dc Id-Vg characteristics are shown for an EOT~5 nm SiO2 NMOSFET [2]. However, in 

case of high-κ materials, this technique is not reliable due to the presence of strong 
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charging effects during the quasi-dc measurements. To overcome this difficulty, an 

alternative measurement technique is proposed in literature [9], which measures the 

inversion charge and drive current in the µs time scale. A modification to the original 

technique proposed in [9] will also be discussed in the following section. 

0.0

0.2

0.4

0.8

1.0

1.2

 

Figure 2.11. The conventional split-CV/Id-Vg technique-The inversion charge is 

estimated by integrating the split-CV and the mobility henceforth calculated by 

combining it with the dc I -V  [2]. (Note: V  = 10 mV ensures that the transistor is biased 

in the linear region.) [2] 

 

2.5 The Inversion Charge pump based Mobility Estimation Technique (ICP) 

Before we delve into the details of the ICP technique of directly estimating the inversion 

charge using the geometrical component of the amplitude sweep charge pump of a large 

geometry device, we will discuss the motivation behind doing this. For a starter, we take 

a closer look at Figure 2.12 and Figure 2.13. This is a family of split-CV curves measured 

at different frequencies for a 5 nm SiO2 control based NMOSFET with extremely high 

Nit~ 1 X 10  cm  (measured independently by amplitude sweep charge pump 

technique). The mechanism of Nit generation would be discussed in detail in Chapter 4. 
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However, it is worth noting here that under this kind of high Nit, severe frequency 

dispersion in the split CV characteristics is observed. This translates into significant 
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errors in the mobility versus Ninv plots as shown in Figure 2.13. In order to ascertain the 

right mobility, one needs to benchmark and compare these plots with mobility estimated 

by a different technique, which is believed to reasonably immune to distortions caused by 

Nit and trapped charge in the integrated split-CV [2]. 
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Figure 2.12. Frequency dispersion in Split-CV curves in a conventional SiO  NMOSFET 

with large N ~1 X 1012 cm-2  

In Figure 2.13, we have also subtly emphasized on one aspect of  the mobility estimation 

problem which we have so far ignored, namely the impact of series resistance/channel 

resistance and the accuracy with which the effective channel length is measured. This is 

also depicted in Figure 2.13. Apart from the frequency dispersion observed because of 

the errors in estimating the trapped charge, different channel length transistors exhibit 

Gate Voltage (V)
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different mobilities. Using shift and ratio [10] technique, an accurate estimation of the 

series resistance was made and subsequently the mobility curves were corrected. This 

will be discussed in more detail in the context of low temperature measurements in 

Chapter 5, where it will be shown that this is a more pressing concern at low 

mperatures  will be reported 

roughout this thesis, it will be co ected for series resistance, Rs (wherever it is 

n) and the printed gate length will be corrected subtracting twice 

the overlap length from the printed gate length, Lg to account for S/D side-diffusion.  
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expected to be a concer

 

 

 

 

Figure 2.13. Frequency dispersion evident in mobility plots, the severe channel length 

dependence stems from the fact that series resistance, Rs and channel resistance depends 

strongly on channel length, L. Also the inaccuracy in mobility estimation stems from the 

fact that the metallurgical channel length is different from the printed gate length (in this 

case, Rs~ 65 Ω and 2∆L ~ 0.165 µm) 
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Now, we will develop the ICP technique as a means to benchmark the split-CVs for 

accuracy, so that we can use the split-CV/Id-Vg technique frequently while we study the 

Nit response on transport (or more specifically calibrate accurately the Nit response 

parameter for the mobility curve) in Chapter 4. It’s implications on high-κ transport will 

also be discussed. 

 

It is wor provements in the 

obility estimation technique has been suggested in literature to skirt around the problem 

f charge trapping as will be discussed in the following paragraph. Here, we have 

deliberately chosen a conventional SiO2 based NMOSFET with high Nit as a test case 

nce it is a system which is very well studied. 

 modified split-CV technique taking into account the role of trapped charge was 

developed by W. Zhu et.al [11] wherein a measured split-CV is corrected using an ideal 

lit-CV estimated for the same effective oxide thickness (EOT). The EOT is determined 

fr  

a  

technique, a detailed stud  Ragnarssen et. al. [12]. 

all technique was used to determine mobility in Hf-based dielectric structures. 

th mentioning that apart from the ICP technique several im

m

o

si

 

A

sp

om the accumulation capacitance or Cox. The problem with this technique is that the

ccuracy of the estimated mobility is critically dependent on the accuracy of the

estimated EOT. Also the technique is untested on state of the art gate stacks where charge 

trapping may be low. An alternative way to measure the mobility is to use the Hall 

y of which has been carried out by L.A

H

However, the accuracy of this scheme hinges on the value of Hall factor used. 

Ragnerssen et. al. used a value of unity. We believe any uncertainty in the value of Hall 

 39



factor can introduce errors into the mobility value so obtained. Over and above that, how 

the Hall mobility relates to the surface field effect mobility in bulk-Si channels of 

MOSFETs (where the mobility is completely limited by surface recombination) is 

nclear and a matter of conjecture.   

ple to carry out, 

nd does not require any special characterization setup to perform (viz: a 4284 CV meter 

u

 

Thus, we adopt the technique reported for the first time in [9] and tune it to suit our 

purpose- namely choosing the best split-CV (frequency) and the channel length for future 

mobility estimation. The motivation behind doing this is to take advantage of the fact that 

a conventional split-CV/Id-Vg mobility estimation technique is very sim

a

for estimating the split-CV and a 4155 for doing the Id-Vg) . On top of that, the 

conventional split-CV/dc Id-Vg technique has the advantage of being integrated in line 

with an automated test environment.  

 

Here, we discuss in detail the ICP technique of mobility estimation (based on inversion 

charge pumping) developed by A. Kerber in his PhD thesis [2, 9].  Inversion charge in 

mobility estimation is determined from the geometrical component in amplitude sweep 

charge pump measurements, schematically described in Figure 2.14. It is interesting to 

note that inversion charge pump component (ICP) or the geometrical component so far 

was regarded as a parasitic component in amplitude sweep charge pump type 

measurements, and measurement conditions were optimized in such a way so as to reduce 

this component. In this case, however, in order to maximize the contribution of the 

geometrical effect, long channel devices in combination with fast rise and fall times were 
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used. Figure 2.14 describes the detailed measurement scheme as reported by Kerber et. 

al. [9]. It is instructive to note here that even though long channel devices were used, 

me fraction of the inversion charge still escapes back to the source/drain junctions and 

capacitive coupling between the source and drain can smear out the difference between 

so

does not contribute to the substrate current. By making use of the device symmetry, A. 

Kerber [9] corrected for this. The charge pumping current was measured contacting both 

junctions in one case and only one junction in the other case. The complete inversion 

charge was then computed by using the formula shown in Figure 2.14. 

AA

V pea

V bas

   

Figure 2.14. Schematic showing the inversion charge pump scheme of directly 

measuring the inversion charge, the one and two contact scheme of measuring the 

complete inversion charge correctly is also shown [2] 

 

However, despite the best of our efforts, we never got the one and two contact correction 

scheme, which accounts for loss of inversion charge to the source/drain during inversion 

charge pump, to work. We came to the definitive conclusion that the proposed correction 
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the one and two contact inversion charge pump curves. In order to get around this 

problem, we chose two symmetric devices namely a 50/50 (µm/µm) and a 100/100 

(µm/µm) transistor. Amplitude sweep charge pump measurements with fast rise/fall time 

pulses (to ensure that the inversion charge does not get sufficient time to drift back to the 

source or drain junctions) were carried out on the two transistor geometries mentioned 

y write the following two equations: 

                                            ICP’ (100) = 4ICP (50) - I                                        ……(2.1) 

                                             ICP’ (50) = ICP (50) – ∆I                                           ……(2.2) 

 the first order, ICP (50) gives the correct estimate of the inversion current. Once the 

curre ncy, 

and be 

obtained from the

                                     NCP = 2NCP’(100) – N ’ (50)                                     ……….(2.3)                            

above. It is assumed that whatever charge escapes, despite using very fast rise and fall 

times, does so from the edges of the channel. This in turn implies that charge loss is 

directly related to the width of the transistor under consideration. Hence, for a 100 µm 

width transistor, the charge loss during an inversion charge pump is twice as large as a 50 

µm width transistor. Thus, we ma

2∆

To

nt magnitudes are normalized using the dimensions of the devices, and freque

 electronic charge, a quantitative estimate of the correct inversion charge may 

 following simple equation 

CP

 

It is instructive to note that there is a surprising similarity between the original 1 and 2 

contact correction equation and the proposed correction technique. This is partly because 

of the similarity in assumptions made in both cases – namely loss of inversion carriers 

from the edge of the channel. However, there is a caveat-if charge loss occurs from the 

body of the channel, rather than from the edges, this assumption breaks down. So the 
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experimental conditions need to be so optimized as to ensure that charge loss happens 

only from the edges of the channel and nowhere else. 

 

It has been assumed in the foregoing calculation that the trapped charge or interface state 

densities (Nit) are negligible. How we deal with the trapped charge in the scheme 

described above will be taken up in the latter part of this section. Before we go any 

farther, we would like to check the accuracy of the proposed 50/100 scheme over the 1 

and 2 contact scheme. We implicitly assume that for low Nit, the split-CV/Id-Vg technique 

and the ICP technique should yield the same value of corrected inversion charge and 

demonstrate an exact match justifying the assumptions of the 50/100 correction scheme. 

 

subsequently mobility. This is what is depicted in Figures 2.15 and 2.16. 

 

Figure 2.15. Corrected inversion charge obtained from ICP and split-CV/Id-Vg technique 
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Figure 2.16. Comparison of mobility estimated from the Split-CV/dc Id-Vg technique and 

the ICP technique using the 50/100 correction scheme rather than the 1 and 2 contact 

correction methodology. The match between the two is excellent.   

 

With the benchmarking of the proposed technique complete, we now focus our attention 

on how to use this technique in presence of trapped charge. It should be noted that with 

~ns order rise/fall time, the inversion charge does not get enough time to escape to the 

source drain junctions, and the channel gets pinched off, with the channel charge 

subsequently recombining with the incoming holes in the substrate thereby giving the 

charge pump response at the substrate, referred to as inversion charge pumping (ICP) or 
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However, when a longer rise/fall time is used, the channel charge drifts back to the 

urce/drain and the charge pump response contains only the response of Nit (and also 

 

ma

rrected with the trapped charge information before applying the correction scheme 

epicted by equation (2.3). However, no matter how long the pulses used are, there is still 

possibility that some amount of inversion charge would be still pumped, particularly in 

case of long channel transistors as is evident in Figure 2.17. 

 

 

 

Figure 2.17. Channel Length dependence of Trapped Charge (Note that at higher fall/rise 

times (~µs), there is still substantial dispersion in charge pump current between the 

different channel length transistors) 
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So knowing exactly the right trapped charge is a formidable challenge, and the problem 

of determining the correct trapped charge is compounded by the fact that it is extremely 

difficult to get detectible charge pump response in very small channel length transistors. 

It is also worth mentioning in this context what has been pointed out earlier, that on very 

small channel length transistors, there may be substantial loss of even trapped charge to 

the source and drain junctions, and the signature of the entire trapped charge may not be 

detected in the charge pump response. It is therefore necessary to optimize the 

measurement conditions and the choice of channel length in such a way that the entire Nit 

 

it

signature of the trapped charge is measured on an extremely short, 1 µm transistor, where 

there is no response of inversion ch p response. 

 

response is obtained. One such representative case is depicted in Figure 2.18. 
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Figure 2.18. ICP measurement carried out on a transistor with 3 x 1011 cm-2 N . The 

arge in the charge pum
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Now, the corrected inversion charge determined by this method is compared with two 

different frequencies (10 and 100 KHz) split-CV curves. It is noticed that the 100 KHz 

split-CV carried out on a large geometry transistor (in this case W/L: 20/10 µm/µm) 

gives the inversion charge value closest to that measured by the ICP technique. This is 

depicted in Figure 2.19. Figure 2.20 shows the mobility curves of the device mentioned 

earlier determined by the ICP and 100 KHz split-CV technique. On a log scale, it is seen 

there is excellent match between the ICP and the split-CV mobility curves at low fields 

where Coulomb scattering is expected to be dominant. 
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Figure 2.19. Comparison of integrated inversion charge obtained by integrating the split-

CVs with two different frequencies (10 and 100 KHz) and that obtained by the ICP 

technique as described earlier in this section. 

 

CV10 KHz/CV100 KHz
ICP/CV 100 KHz
ICP/10 KHz CV

R
at

io
 o

f i
nv

er
si

on
 c

ha
rg

e

Gate Voltage (V)



Based on the foregoing analysis, it is instructive to note that throughout the rest of the 

thesis, we will be using a 100 KHz split-CV/dc Id-Vg technique for estimating the 

mobilities even in presence of Nit. As depicted in Figure 2.19, the subsequent errors in 

analysis are negligible, particularly at low fields. The difference between the ICP 

determined mobility and the split-CV technique determined mobility at intermediate 

fields is in all probability due to the non-quasistaitc nature of the ICP measurement. 

 

 

V technique. (Inset: Mobility plotted in the log-scale to emphasize the difference at low 

Th ce 

state response (Nit) on -Si/high-κ and metal 

ate/high-κ based advanced gate stacks. The errors introduced by not using the ICP 

technique in our opinion will be minimal as will be demonstrated by the accuracy of the 
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 mobility, and subsequently apply it to Poly
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proposed calibration scheme, and as mentioned earlier, the simplicity of the split-CV/Id-

Vg technique makes it extremely attractive in determining the mobility in MOSFETs. 

 

 

2.5 Charge Pumping in Metal Gate/High-κ Stacks 

Before we end this chapter, we would like to take a closer look at the charge pumping 

sponse on metal gate based high-κ gate stacks. In this section we give a very brief 

 

n. Whereas, for a metal gate electrode, 

because of high carrier density in the gate electrode, a poly-depletion like phenomenon is 

absent. This in turn implies that the ground plane where the charge in the high-κ gate 

stack is screened is much nearer than in the case of a poly-Si gate electrode. Thus 

quasistaic measurements which track inversion phenomena like threshold voltage shift 

may not be able to detect the full extent of charge trapping. In this context, a direct 

measurement of trapped charge provided by an amplitude sweep charge pump is 

extremely useful. 

 

Figure 2.20 shows charge pump characteristics of a representative metal gate high-κ gate 

stack with reasonably low EOT~1.8 nm (Tinv ~ 2.2 nm). The metal gate is TaSiN and the 

re

overview of charge pumping measurements carried out on metal gate high-κ gate stacks. 

It is necessary to take into consideration the basic physics of a metal gate high-κ system. 

It is well known that a poly-Si/high-κ or poly-Si/SiO2 based transistor in general shows 

poly-depletion [10]. So if there is a sheet of charge in the high-κ gate stack, the ground 

plane in the gate electrode where this charge is screened, is pushed farther and farther 

away, depending on the scale of poly-depletio

 49



high-κ used is HfO2. The stack has been fabricated using non-self aligned gate last 

process details which may be found in Chapter 2 of [2]. Both base sweep and amplitude 

weep are simultaneously plotted, it is instructive to note that base sweep gives 

formation about the interface states only (Nit) whereas amplitude sweep gives 

r studying high mobility aggressively scaled metal gate high-κ 

MOSFETs in Chapter 4 and 5 later in this thesis. We will be using the conductance 

s

in

information about both bulk traps and Nit. 

 

Figure 2.21. Amplitude and Base Sweep simultaneously performed on a TaSiN/HfO2 

gate Stack 

 

This charge pump study on TaSiN/HfO2 gate stack based NMOSFET is designed to act 

as a template fo

N

technique in Chapter 5 to estimate Nit in presence of high leakage in aggressively scaled 

metal gate/high-κ NMOSFETs.  
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2.6 Conclusions 

In the foregoing discussion, we have discussed in detail the amplitude sweep charge 

pump technique as a viable characterization methodology for determining interface state 

densities (Nit) and also bulk traps in advanced high-κ gate stacks. We also discuss in 

detail an inversion charge pump based mobility estimation technique-also develop a 

correction scheme to the already existing methodology of inversion charge pump based 

mobility determination. The proposed correction methodology is found to work 

extremely well when tested against the more conventional split-CV/Id-Vg technique 

performed on a thermally grown SiO2 based NMOSFET with low Nit. Then using the 

developed methodology, we benchmarked the split-CVs to choose the most correct split-

CV to be used later in estimating the mobilities in SiO2 and high-κ based NMOSFETs in 

presence of interface states. 

 

In the next chapter, we identify two components of trapped charge in a representative 

high-κ based gate stack namely: stable charge and unstable or transient charge. By a 

no d 

magnitude of trapped charge is made. xperimental technique namely the in-

tu sense at stress technique is introduced in order to quantify the full extent of transient 

vel experimental methodology, a semi-quantitative estimate of the location an

A separate e

si

charging. The impact of transient charge and remote stable charge on transport will also 

be studied.  
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Chapter 3 
 

Location and Magnitude of Trapped Charge – The Impact of 
Remote Charge on Mobility 

 
 
3.1 Introduction 
 

The magnitude and the location of trapped charge in Al2O3 capped Hf-silicate (HfSiO) 

gate stacks with Poly-Si gate electrodes is studied with ‘stress-and-sense’ type 

measurements using standard CV measurements to monitor the flatband voltage shifts as 

a function of injected charge. A simple quantitative model is used to estimate the charge 

location within the multilayer gate stack. To the first order, the magnitude of trapped 

charge is found to be on the order of 5 X 1012 cm-2, independent of the cap layer 

thickness, and the charge is found to be located within the Hf-silicate layer with the 

charge centroid situated 1 nm away from the Al2O3/HfSiO interface. The motivation 

behind using Al2O3 cap layer and its utility in advanced gate stack is properly justified. It 

is also emphasized that though this experiment has been carried out with Hf-silicate gate 

stacks, it is applicable to more commonly used HfO2 gate stacks as well. It is clearly 

pointed out that these stacks have two components of charge, namely, stable charge and 

unstable charge. The former component is detected and quantified by the method 

described above and the latter component is detected by the in situ sense at stress 

technique. The impact of transient charging on mobility is studied. A novel experimental 

methodology is proposed by which stable charge is introduced inside the gate stack 

(away from the interface or “charge at a distance”) by electrical stressing. Direct 

experimental evidence is given on the impact of remote charge on mobility. Theoretical 
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conjectures on impact of screening of remote charge by the carriers in the gate is also 

discussed. It is conclusively shown that charge away from the interface has very limited 

influence on transport in the channel. 

3.2 Motivation: Why Al2O3 (Alumina) Cap? 

The utility of Alumina cap on high-κ gate stacks is summarized below: 

(1) The well known pFET Vt shift observed in poly-Si and high-κ based gate stacks is 

often attributed to Fermi level pinning on the gate side of the poly-Si gate electrode as 

illustrated in Figure 3.1 [1]. 

 

Figure 3.1. Band Structure of poly-Si, HfO2, (100)-Si illustrating Fermi level pinning 

leading to the pFET Vt shift [1]. 

This phenomenon of Femi level pinning leads to increase in pFET threshold voltage (Vt) 

thereby making the pFET Vt asymmetric with respect to the nFET Vt.  
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A number of solutions have been proposed in literature to counter this problem, T. 

Iwamoto et. al. tried to eliminate the pFET Vt problem by channel engineering. Figure 

3.2 conclusively shows that this method of attempted Vt –adjustment failed to solve the 

problem [2]. 

 

Figure 3.2. Taking oxynitride as the baseline, it is demonstrated that careful halo 

engineering cannot eliminate the pFET Vt shift [2]. 

T. Iwamoto et. al. [2] also showed that with a dual layer symmetric structure, with SiO2 

layers on either side of the high-κ structure, the pFET Vt shift may be eliminated. 

However, with this structure, a severe EOT penalty has to be paid (Figure 3.3) rendering 

this technique unattractive. 
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Figure 3.3. Dual layer symmetric structure eliminates pFET Vt shift, but a severe EOT 

penalty is paid affecting scalability. The schematic on the right illustrates the mechanism 

of oxygen diffusion resulting in increase of EOT [2]. 

There is consensus in the literature [1,2,3] that the pFET Vt shift is due to Fermi level 

pinning on the gate side, possibly between the p+ poly-Si gate and the high-κ gate stack. 

In this context, putting a capping layer between the gate electrode and the underlying 

dielectric appears attractive, so long it does not adversely affect the EOT. SiN as a 

capping layer was tried in [3] with limited success. Whereas, Al2O3 cap on Hf-silicate 

appears to be a reasonably credible solution [3]. It is to be noted that this capping layer is 

deposited by atomic layer deposition technique (see section on processing details) and 

growth of the capping layer from cycle to cycle appears to be strongly nonlinear (Figure 

3.4). This has an inherent advantage, upto ~5 cycles, there is limited EOT change, but Vt 

moves back to a value, reasonably symmetric with nFET Vt (Figure 3.5). Thus , a 

symmetric Vt configuration may be achieved without affecting scalability. 
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Figure 3.4. EOT growth during ALD cycle highly nonlinear thereby ensuring that the 

EOT change during the first few cycles to be nominal (Dotted line represents linear 

growth assuming a growth rate of 0.1 nm/cycle) 
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Figure 3.5. Reasonably symmetric Vt configuration achieved after ~5 cycles of ALD 

Al2O3 with minimal change of EOT [3] 
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(2) Recent reports [4] in literature with HfAlO2 based gate stacks both with poly-Si  and 

FUSI gates also show elimination of pFET Vt shift.   

(3) Al2O3 cap on HfO2 may be a credible way to increase (by making use of Hf-Al 

intermixing) the dielectric constant of the gate stack thereby extending scalability into the 

sub-1 nm regime [5]. 

(4) Al2O3 cap is known to simplify process integration and is also known to yield pFET 

like workfunction on SiO2 [6] (vide Figure 3.6) 
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Figure 3.6. Flatband shift with Al2O3 cap on SiO2 minimal, preserving pFET Vt to its 

original value, but increasing the dielectric constant [6]. 

(5) A recent work by a group at SEMATECH [7] has shown that TiN metal gates with  

Al2O3 capped HfO2  can yield pFET like workfunction. Thus, this capping layer approach 

may be used for workfunction tuning on high-κ. 
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(6) Al2O3 cap on Hf-silicate shows excellent leakage reduction (Figure 3.7) and if it is 

properly integrated with poly-Si stack can be used as a credible ultra low power solution. 
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Figure 3.7. Excellent leakage reduction with Al2O3 capped HfSiO nFETs. Asymmetry in 

leakage characteristics relate to the asymmetry in the band structure in dual layer stacks 

as pointed out in [8]. 

 

(7) The samples as will be described in the section on processing details, which includes 

varying cycles of ALD Alumina cap on HfSiO and provides an opportunity to study 

transport in the channel in possible presence of remote charge in the Hf-silicate layer 

itself because the ground plane where the remote charge is screened namely the poly-Si 

gate electrode is pushed farther and farther away from the bulk-Si channel. 

However, it is well known that Al2O3 is known to increase charge trapping in Si 

MOSFETs [9]. So using it as a capping layer to take advantage of the factors stated above 

 60



may come with some negative effects. In this work, we focus on investigating two such 

aspects: 

(1) Identifying the sources of charge trapping with Al2O3 cap, namely locating stable 

charge, and also investigating the role of transient charging [10] as a limiting 

factor in these stacks. 

(2) Incorporating by controlled electrical stressing remote charge or “charge at a 

distance” far away from the channel and thereby studying its impact on mobility 

in the channel. 

3.3 Processing Details and Description of samples 

Silicon oxynitride layers with a nominal thickness of 1 nm were used as a starting layer 

for CVD Hf-silicate (4 nm) deposition. For Al2O3 cap layer deposition, samples were 

transferred to an ALD reactor and 2, 5, 10 and 20 cycles of Al2O3 were deposited and the 

layers were capped with LPCVD poly-Si. n and p-FET devices were fabricated in a 

standard CMOS process using 1000 0C for gate activation. A final forming gas anneal 

was performed at 500 0C for device passivation. All measured devices have Tinv’s in the 

range of 2.5-3.0 nm which is of interest for low power applications [11] in present day 

VLSI  technology. This is evident from the CV-plot in Figure 3.8. 

 

The impact of Al2O3 cap layers on the effective oxide thicknesses (EOT’s) was already 

depicted in Figure 3.4. As can be seen, the cap thickness does not increase linearly with 

ALD cycle number. Only after about 10 cycles does EOT increase at a rate consistent 

with the layer thickness increase of 0.1 nm per ALD cycle and with a dielectric constant 
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of ~ 11 as expected for Al2O3. As pointed out earlier, the data suggests that the growth is 

initially inhibited and that the cap is physically closed only for caps having more than 

~10 cycles of Al2O3. This growth behavior is also reflected in the threshold voltage 

instability, as will be shown in a later section. It is instructive to compare and contrast 

this growth behavior with growth of Al2O3 cap layer on SiO2 as described in [6], where 

growth is completely linear.  If used for flatband voltage adjustment, the scaling penalties 

are quite small for less than about 10 cycles of Al2O3.  
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Figure 3.8. CV-plots showing Tinv ‘s in the range of 2.5 – 3.0 nm [3]. 

A representative TEM for the 5 cycle Al2O3 based HfSiO stack is shown in Figure 3.9. 

The high-κ (Hf-silicate) is found to be completely poly-crystalline. Alumina cap is not 

discernible, this is consistent with growth inhibition observed in the early ALD cycles as 

illustrated in Figure 3.4. The oxynitride interfacial layer appears to be significantly 

thicker than the targeted 1 nm thickness. The actual thickness is on the order of 2 nm, this 

appears to be either due to regrowth during the high temperature annealing step or more 
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likely due to TEM induced thickening. Depending on the exposure time of the electron 

beam on the gate stack, some thickening may be possible. It is difficult though to make a 

conclusive statement on the occurrence of TEM induced thickening. 

 

Figure 3.9 A representative TEM of the 5 cycle Al2O3 capped Hf-silicate  

 

In order to investigate the charge trapping behavior of these stacks, we start by using 

conventional charge trapping characterization technique described in [12,13], also known 

in literature as the stress and sense characterization technique [14].   
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3.4 The “Stress and Sense” Characterization Technique 

As pointed out earlier, this technique has been used extensively in literature to study the 

instabilities in conventional SiO2 based gate dielectrics, and is known as the “stress and 

sense” method. In this case, an initial sense measurement is carried out prior to stressing 

the devices. The stress is then interrupted periodically and a sense measurement is 

performed. A schematic drawing of the bias sequence in “stress and sense” procedure is 

shown in Figure 3.10 below. 

 

Figure 3.10. Schematic describing the stress and sense technique, CV or Id-Vg sense 

sweeps are used in this thesis to monitor the shift in flatband/threshold voltage. 

The instability of the device is extracted by comparing the sense measurement after stress 

with the initial device characteristics. Predictions to operation conditions are usually 
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made when combining the time dependence with the voltage dependence of the 

instability.  

One of the known issues of the stress and sense procedure is the inherent time delay 

between stressing and sensing. In case, some recovery of the instability occurs at the time 

periods on the order of ~ 10 to 100 ms, this procedure will not capture its full extent. This 

will be aptly illustrated in section 3.6. Despite this limitation, this technique is chosen as 

a unique tool for detecting the full impact of stable trapped charge in high-κ based gate 

stacks.  

3.5 Location and Magnitude of Trapped Charge 

The threshold voltage instability for Hf- based dielectrics has been shown to be limited 

by electron trapping under positive gate bias (substrate injection) [10]. In this study, the 

charge trapping under positive gate bias is measured with a conventional ‘stress-and-

sense’ procedure described earlier. The stress induced flatband voltage shift in capacitors 

on n-type substrates (pMOS) is monitored after each stress pulse using a conventional 

CV sweep measurement. Essentially, identical results were obtained if the Vt instability 

was measured on nMOSFETs, as expected. The evolution of the sense CV as a function 

of injected charge are shown in Figure 3.11 for 0 and 20 cycles of Al2O3 on the Hf-

silicate. The reduction of the maximum capacitance with 20 cycles of ALD Al2O3 cap is 

indicative of the increase in EOT with Al2O3 cap thickness as summarized in Figure 3.4, 

and shows the scaling limitations of a cap layer approach for Vt adjustments. As can be 

seen from the data in Figure 3.11, no CV distortions are observed for substrate injection 

(CVs are shifted parallel) and the charge induced flatband voltage shifts, δVfb, as a 

function of injected charge are readily extracted. No interface states are generated in 
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these gate stacks for the gate biases and injected charge magnitudes studied. The injected 

charge is obtained by integrating the gate leakage current,  
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Figure 3.11. Comparison of the sense CV’s measured in between 

successive stress pulses for a gate stack with no cap layer (solid lines) and 

with 20 cycles of ALD deposited Al O  on the 4 nm Hf-silicate layer. 

Positive gate bias is used for charge injection from the substrate

2 3

. 

 

The flatband voltage shifts for substrate injection (positive gate bias) as a function of 

injected charge are summarized in Figure 3.12. As can be seen, the flatband instability is 

substantially enhanced for the layers with thicker Al2O3 caps. To quantify the amount of 

trapped charge and to obtain information on the charge location, it is assumed that the 

Al2O3 cap does not alter the trapping behavior of the stack. The Al2O3 cap is assumed to 

only change the physical location of the charge centroid with respect to poly-Si gate 

electrode, as illustrated in Figure 3.13.  
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 Thus, the measured flatband voltage shift changes with cap layer thickness as,  

δVfb = Qtr / CX (3.1)

where Qtr is the magnitude of the trapped charge per unit area and CX is the capacitance 

density of a hypothetical capacitor of physical thickness X, covering the volume from the 

poly-Si gate to the charge centroid [15]. 
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Figure 3.12. Flatband voltage shifts versus total injected charge for Hf-

silicate gate stacks with various ALD Al O  cap layers (0, 2, 5 10 and 20 

cycles) as extracted from data like that shown in Figure 3.11.  
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These simple assumptions allow a good quantitative description of the experimental data, 

as illustrated in Figure 3.14, in which the measured flatband voltage shifts for the various 

layers at a constant injected charge magnitude of 1 mC/cm2 (from Figure 3.12) are 

compared with a model curve using the equation in Figure 3.13. The calculated curve 

corresponds to a charge magnitude of 5 X 1012 cm-2 with a charge centroid located at a 
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distance of 1 nm from the Hf-silicate/Al2O3 interface. This analysis is independent of the 

amount of injected charge. To illustrate this point, we calculated the differential trapping 

probability, δNtr/δQinj, for the various layers studied using the charge centroid derived 

from the equation in Figure 3.13. The calculated data in Figure 3.15 support the use of 

the simple trapping model. A cap layer independent trapping behavior is obtained at all 

levels of injected charge, showing that to first order, the differential trapping probability 

only depends on the Hf-silicate layer and not on the cap thickness. Larger voltage shifts 

are only observed because the location of the charge centroid changes with respect to the 

poly-Si gate, thereby implying that the varying levels of ALD Al2O3 cap act as 

amplifiers. These findings justify our assumption that the cap layer does not change the 

trapping behavior substantially. Trapping remains controlled by the Hf-silicate trapping 

properties. The trapping probability of the Hf-silicate layer is found to be high for small 

amounts of injected charge and to decrease with ~Qinj
-1, a behavior frequently reported 

for Hf-based gate stacks with poly-Si gates [14]. With such high trapping probabilities, 

changes in the trapping behavior due to intermixing may not be detected easily. Also, 

extra trapping in the thin cap is close to the gate and has little impact on the net voltage 

shifts. 

 

The magnitude and location of the trapped charge in Al2O3 capped Hf-silicate high-k gate 

stacks has been measured. It is shown that the threshold voltage instability can be 

substantially enhanced by such cap layers. However, no evidence is found that the 

presence of the cap layer dramatically alters the trapping properties of the gate stack. The 

reduced threshold and flatband stability for thicker cap layers is predominantly caused by 
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the change of  the location of the centroid of the trapped charge with respect to the gate. 

The trapped charge is found to be located in the Hf-silicate layer within 1 nm of the Hf-

silicate/Al2O3 interface. It is likely that the trapping behavior of the gate stack is changed 

somewhat due to intermixing, and charge trapping in the cap is also expected to be 

possible. However, based on the analyses presented here, the contributions of these 

effects to the threshold voltage instability under positive gate bias (substrate injection) 

appear to be small. If used for flatband voltage adjustments in pFETs, Al2O3 cap layers 

should be kept thin to minimize the distance of the trapped charge to the gate. 

x Q0

δVi ~ Q0*(1/CAl2O3 + 1/Cx
HfSiO)

charge 
centroid

Poly-Si    Al2O3         Hf-Silicate              Si
               ε = 11            ε = 11

    

 

Figure 3.13. Schematic representation of charge trapping in Hf-silicate/Al2O3 dual layer 

gate stack used to calculate the location and magnitude of trapped charge. The charge 

centroid is assumed to be located within the Hf-silicate layer @ a distance x from the Hf-

silicate/Al2O3 interface. 
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Figure 3.14. Theoretical voltage shifts versus measured data. 
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Figure 3.15. Trapping probability as a function of injected charge for Hf-silicate layers 

with Al2O3 caps of various thicknesses (0, 2, 5, 10, 20 ALD cycles). 
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In the foregoing analysis, we have shown through a simple analysis of electrical 

characterization data, a quantitative estimate of the location and magnitude of trapped 

charge may be obtained. It is instructive to note here that the simple analysis stated above 

does not determine uniquely both the location and magnitude of trapped charge, but what 

it uniquely determines is the first moment of the charge centroid. However, it 

accomplishes one important goal: It should be noted here that there is no restriction here 

on the sign of x. x  can either be positive or negative, in case of the latter, charge would 

be located in the Al2O3, and not in the Hf-silicate. So a positive x completely precludes 

the possibility of charge being located in the Al2O3 capped layer. This is turn implies that 

if Al2O3 capped layers are used for workfunction tuning on high-κ, charge trapping 

initiated by the capping layers should not be a cause of concern. 

 

If  Ig-Vg sweeps are used as a secondary stress monitor, the charge location and 

magnitude may be more convincingly determined [14]. However, we anticipate two 

problems with this approach: 

(1) Most of the gate stacks used today have EOT’s in the direct tunneling regime. In 

order to credibly use the Ig-Vg sweeps as a parallel stress monitor, the stress 

current relaxations in the Ig-Vg sweeps needs to be converted into voltage shifts. 

This implies dealing with direct tunnel models which can be inaccurate [16]. 

 

(2) On top of that, as illustrated in Figure 3.16, there may be substantial charge loss 

between two successive Ig-Vg sweeps between stresses, which opens up the 

broader question of transient charging and charge loss during conventional 
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measurements, which we discuss when we take up the in situ sense at stress 

technique in the following section. 

 

 

Figure 3.16. Severe stress current relaxation is observed at small time scales, suggesting 

fast/transient charge loss. 

When the flatband voltage shifts are plotted as a function of time, rather than as a 

function of injected charge as shown earlier in Figure 3.12, we notice that bulk of the 

voltage shift appears at very short time scales, namely in the order of ~ms. This is 

markedly different from the case of SiO2 where such fast transient charging is completely 

absent. This is aptly illustrated in Figure 3.17, where a direct comparison between 

flatband shifts as a function of charge injection time and injected charge is made. It is 
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seen that in the ~ms time scale, charge injection is on the order of mC/cm2, a very large 

magnitude. 
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Figure 3.17. A direct comparison between flatband voltage shifts as a function of total 

injection time and total injected charge. 

3.6 The In Situ Sense-at-Stress Method 

For high-κ gate stacks, where there is fast transient charging, a better way to quantify the 

instability is by monitoring drain current degradation as and when the transistor is 

stressed. The instability in the drain current can come from either of the following two 

sources: 

1) loss or gain in inversion charge due to charge trapping effects. 

2) Enhancement in the scattering mechanism due to generation of scattering centers 

like interface states. 
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In the following analysis, we will conclusively show that the second factor namely 

impact of transient charging on transport in the channel or mobility is not a cause of 

concern. 
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Figure 3.18. On the 4 nm Hf-silicate sample, the in situ sense at stress technique is 

carried out, and the subsequent drain current degradation is converted into voltage shift 

(only the voltage shift corresponding to the 1.5 V stress is shown) 

The drain current degradation depicted in Figure 3.18 is converted into a voltage shift by 

using the transconductance of the MOSFET, as depicted by equation (3.2), 

∆Vt = ∆Id x (δId/δV)-1                                 …………..(3.2) 

It is assumed that the transconductance, gm does not change during stress, a fair 

assumption at low stress voltages. A second implicit assumption made during the 

calculation of voltage shift from in-situ sense at stress measurement technique is 

constancy of mobility during the stress, an assumption which might lead to errors in the 

value of voltage shifts so obtained. However, this technique illustrates the fast voltage 
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shift that occurs at very short time scales namely ~ ms. This is better exemplified in 

Figure 3.19, where it is seen 90% of the voltage shift occurs in the first 1000 seconds. 
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Figure 3.19. Nearly 90% of drain current degradation is observed in the first 1000 

seconds with this technique. 

A direct comparison of the stress and sense and the in-situ technique in Figure 3.20, 

where we find out that there is about 100X difference between the stress and sense 

determined voltage shift and voltage shift determined by the in situ technique. 
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Figure 3.20. Substantial difference between stress and sense determined voltage shift and 

that determined by the in-situ technique (20 Cycle Alumina cap). 
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This kind of prompt voltage shift (~40 mV at 1.5 V in about 1 s) could be a limiting 

hese stacks. This transient trapping instability is better capturedfactor for t  in charge 

pumping measurements when using ~µs order rise and fall times, which has been 

identified earlier in Chapter 2 as bulk trapping. This is demonstrated in Figure 3.21 

below. 

  

 

 

 

 

Figure 3.21. 

linked with the trans tu technique discussed 

earlier. 

on transport in the channel. As illustrated in Figure 3.22, by monitoring the evolution of 

mobility with gate voltage simultaneously with  the amplitude sweep based charge 

pumping curve, we see the region of the mobility curve where bulk trapping comes into 

play (namely the high field region of the mobility curve at higher gate voltages), mobility 
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Now, we focus our attention on the second point-namely the impact of transient charging 

 76



is already expected to be limited by surface roughness scattering. If transient charging 

impacts transport in the channel, it has to be through a Coulombic interaction which is 

important only in the low field region of the mobility curve. 
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stack. We have observed the same phen ith all other high-κ gate stacks. So we 

e have shown conclusively in the foregoing analysis in this chapter, that traps in the 

statics like threshold voltage and flatband 
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Mobility already limited by surface roughness when bulk trapping com

into play. 

 is instructive to note that this is a representative case for a representative high-κ gate

omenon w

may safely and definitively conclude that transient trapping as manifested by bulk 

trapping is not expected to adversely impact the transport in the channel. 

 

3.7. Impact of Remote Charge on Mobility 

W

high-κ gate stack can affect the device quasi
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identified as stable charge. We have also identified a limiting factor for these stacks 

namely transient charging or charging at very small time scales. We have also shown that 

this kind of  fast transient charging is not a concern for transport in the channel. Now, we 

try to investigate the impact of remote stable charge on transport in the channel. For 

instance, by electrical stressing we would introduce remote charge in the high-κ gate 

stack itself and then study the impact on mobility. It should be  emphasized  at  this  point   
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Figure 3.23. Increased Bulk Trapping with positive stress under negligible change in 

interface state density (Nit) for Hf-silicate NMOSFETs. 

that as pointed out in [14] under positive stress (substrate injection), bulk traps are 

cr e 

Hf-silicate NMO e show indeed 

after one hour stress-1
)

eated under minimal change of Nit. This is suitably demonstrated in Figure 3.23 for th

SFET, where by direct measurement of trapped charge, w

under positive stress, there is marked increase in bulk trapping. However, in context of 

Figure 3.15, the trapping probability tends to go towards zero at larger time scales. This is 

attributed to the fact that under the voltage stress conditions used so far in this study, 
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namely in the range of 2.0-2.5 V, there is filling up of pre-existing bulk traps, rather than 

creation of new ones. Despite the best of our efforts, with the stress and sense 

measurement technique, it was difficult to stress the samples with a stress voltage higher 

than 2.5 V controllably. So we chose a different experimental methodology, as described 

in the flowchart in Figure 3.24.  

 

First, a routine CV upsweep and downsweep is carried out on the virgin device in the 

inversion split-CV mode. Then, the device is stressed at a very high voltage (4.0 V) and 

e measurement paused immediately for a full minute, and the measurement resumed. 

ote charge is further minimized by 

creening of the remote charge by the carriers in the gate as described in [19]. By the 

same token, the impact of remote charge on mobility should be less severe on the 0 cycle 

th

The downsweep is followed immediately by an upsweep and the CV recorded. This 

engineers a CV shift of about 160 mV between pre and post stress conditions as 

displayed in inset of Figure 3.25. The parallel shift in CV (no stretchout) clearly suggests 

generation of stable bulk charge only and no Nit. DC Id-Vg’s were carried out on an 

identical adjacent device under the same measurement conditions, and mobility pre and 

post-stress computed. The 160 mV shift in CV can be easily converted into charge, by 

assuming the charge to be located in the middle of the high-κ gate stack for instance. By 

this method, the estimated charge is found to be fairly high on the order of 1 X 1012 cm-2. 

This is seen to have minimal impact on mobility. 

 

As briefly discussed in Chapter 1, the presence of remote charge is expected to have little 

impact on mobility [17,18]. The effect of rem

s
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Al2O3 cap Hf-silicate than on the 20 cycle one , because of the proximity of the poly-Si 

gate to high-κ stack in the former than the latter (Figure not shown) 

Virgin CV, up-trace and down-trace (~1.5 V)

Start CV down sweep, pause 1 min (~4.0 V) 

 
Complete down sweep, and then up 

 

 

Figure 3.24. Flowchart showing the measurement scheme used to introduce bulk remote 

Compute CV-shift, calculate charge 

charge in the high-κ gate stack 

 

 

 

 

 80



 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.25. -silicate based 

NMOSFET ( te bulk charge) 

.8. Conclusions 

A s 

pro nt 

of the charge centroid is uniquely determined. It is conclusively shown that charge is in 

 stack itself, and charging from the Al2O3 capping layer is not a cause 

0 2 4 6 8 10 12

0

100

200

300

400

-0.5 0.0 0.5 1.0

0

1

2

C
ap

ac
ita

nc
e 

(p
F)

Gate bias (V)

02 X 1012 cm-2

(located @ the middle of high-K)

M
ob

ilit
y 

(c
m

2 V-1
s-1

)

Ninv (1012 cm-2)

Virgin

Stressed

Nbulk~1.

Remote charge has nominal impact on mobility on the Hf

Inset: Stress induced CV-shift is used to calculate remo

 

3

 simple methodology based on standard electrical characterization techniques i

posed to track the location and magnitude of trapped charge, whence, the first mome

the Hf-silicate gate

of concern, which in turn implies that this approach may be used for Vt adjustment with 

high-κ if it can be scaled properly. The oxygen barrier properties of Al2O3  also makes it 

attractive for pFET like workfunction tuning with metal gates under minimum EOT 
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penalty [20]. Concerns remain about intermixing of the Al2O3 cap with the underlying 

dielectric and subsequently altering the phonon spectrum and hence the phonon limited 

mobility. This will be discussed in Chapter 4.  

 

By a novel electrical experiment, we confirmed the theoretical projections about the 

impact of remote charge on mobility in the bulk-Si channel. For the first time, it is 

definitively shown that charge far away from the channel has little impact on mobility. 

owever, the role of interface states or Nit in this context assumes added significance, H

since they are adjacent the channel electrons. In the next chapter we investigate 

thoroughly the role of Nit on mobility. 
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Chapter 4 
 

Impact of Interface States (Nit) on Mobility in Advanced High-
κ Gatestack based NMOSFETs 

 

4.1 Introduction 

In chapter 3, we have conclusively shown that remote charge or “charge at a distance” 

has minimal impact on transport in the channel. However, we have also emphasized that 

in this context, the role of interface states (Nit) becomes extremely critical. Because of the 

proximity of the Nit to the channel electrons, the Nit can easily create additional scattering 

events via Coulombic coupling with the channel electrons than remote charge induced 

Coulombic coupling. It is instructive to note that the principal scattering mechanisms in 

the channel can be classified into three broad categories, namely, Coulomb, phonon, and 

surface roughness. In this chapter, we focus on the Coulombic scattering mechanisms. 

The Coulombic scattering mechanisms can be further sub-divided into three categories-

response of the Nit, response of the dopants in the channel or ionized impurity scattering 

and remote charge. Remote charge induced scattering mechanisms have already been 

dealt with in Chapter 3, and it has been shown that this mechanism can largely be 

ignored. We trace the early SiO2 literature on oxide charge scattering, and ionized 

impurity scattering in the next section. Then we give the motivation behind studying the 

Nit limited scattering mechanisms in the context of advanced high-κ/metal gate stacks. 

We also emphasize that SiO2 is a perfect system to study the impact of Nit on the channel 

electrons. We also allude to the ESR data in literature to draw a parallel between Nit in 

SiO2 based NMOSFETs and HfO2 based NMOSFETs. A novel thermal desorption 

experiment is done to calibrate the Nit  response on mobility , wherein Nit are introduced 
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at the SiO2/(100)-Si interface and its impact on mobility properly calibrated. A test of 

accuracy to properly study its impact in high-κ based NMOSFETs is performed. The 

calibrated Nit response is finally applied to advanced high-κ/metal gate MOSFETs and 

the mobilities in absence of Nit under different processing conditions are compared. The 

role of nitrogen induced fixed oxide charge, which behaves very much like Nit, on 

mobility of channel electrons in high-κ insulator based NMOSFETs is also studied on a 

controlled set of  samples. 

 

4.2 Motivation 

We consider a very typical situation observed in aggressively scaled high mobility metal 

gate high-κ NMOSFETs (Figure 4.1). The high-κ gate stack in question is HfO2 

(Tinv~1.6-1.7 nm, EOT ~ 1.2-1.3 nm) and the metal gate is TaSiN (n+ metal) with FUSI 

NiSi cap [1]. As briefly described in Chapter 1, it is seen that the as deposited stack (the 

processing details of this sample is given in [1]) has low mobility, but as soon as a high 

temperature treatment is given (1000 0C, 5 seconds) the mobility shoots up significantly 

with no change in EOT and Vt. This has been discussed in detail as mentioned earlier in 

[2]. However, the physical origin of this high mobility and the significance of the high 

temperature process step is not clearly understood. Carefully monitoring the charge pump 

characteristics (Figure 4.1) indicates that these stacks (the as deposited and 1000 0C 

annealed one) have different interface state densities (Nit). It is not clear whether this 

mobility difference can be understood from the difference in Nit alone. In order to answer 

that question clearly, it is necessary to know exactly the impact Nit has on mobility and 

hence factor out the Nit response completely and accurately and see whether the mobility 
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curves merge together. To do this, we consider a conventional 5 nm thick SiO2 based 

NMOSFET and introduce Nit controllably and study its impact on the channel electrons. 

The justification behind doing this is given in Figure 4.2. 
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Figure 4.1. Impact of high temperature on mobility in aggressively scaled metal 

gate/high-κ NMOSFETs. It is seen that the different samples have different interface 

state densities (Nit). 

 

Figure 4.2. g-tensor values obtained from ESR spectroscopy show that regardless of 

deposition process, interfacial oxide layer thickness and nature, the interface between 

HfO2 and (100)-bulk Si behaves like a poor quality SiO2/(100)-Si interface [3]. 
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As depicted in Figure 4.2, it is seen (based on ESR data as summarized in [3]), that a 

HfO2/(100)-bulk Si and SiO2/(100)-Si interfaces are very much alike. Or in other words, 

the Nit associated with the high-κ-HfO2 and (100)-bulk Si interface and the SiO2/(100)-

bulk Si interface are one and the same. It is expected substantial insight into the Nit 

limited Coulombic mobility in high-κ based NMOSFETs may be obtained by the 

studying the Nit response of mobility in SiO2 based NMOSFETs. This will be dealt with 

in more detail in section 4.3. In the following section, we trace the early literature on 

ionized impurity scattering, since as pointed out earlier, in order to study the impact of 

interface states exclusively on the Coulombic component of mobility, it is necessary to 

come up with a simple mechanism (preferably an analytical closed form equation 

depicting the role of ionized impurity) to decouple the role of ionized impurity and Nit 

within the Coulombic scattering limited mobility expression. With this goal in mind, we 

do a brief literature survey of the relevant SiO2 literature in the next section. An excellent 

summary of the development of analytical techniques to model Coulombic scattering in 

MOS channels in presence of SiO2 gate dielectric may be found in [4]. In the following 

section, we give a summary of the review in [4], and use the approach developed in [4] to 

calibrate the impact of ionized dopants in the Si channel. 

 

4.3 The Ionized Impurity Scattering 

The scattering of inversion layer electrons by charge centers in its vicinity is generically 

termed as Coulombic scattering. Possible sources of charge centers include ionized 

impurities in the channel, interfacial charge, fixed oxide charge, and mobile oxide charge. 
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Since we are only interested in studying and modeling ionized impurity scattering, in this 

section, Coulombic scattering will be synonymous with impurity scattering [4]. 

 

The three parameters that affect impurity scattering in MOS inversion layers are ionized 

impurity concentration, carrier density and temperature. Charge carriers respond to an 

electrostatic potential in such a way as to reduce its strength. This effect is known as 

screening, and it is typically proportional to the density of mobile carriers. In the limit of 

low carrier concentrations, scattering is essentially due to bare Coulomb potential and is 

termed unscreened Coulomb scattering. With the increase of carrier density in the 

channel, as is the case in today’s transistors (which are heavily doped to minimize short 

channel effects like punchthrough and DIBL (drain induced barrier lowering)) screened 

Coulomb scattering is of prime relevance today regardless of the nature of gate dielectric 

on top (either SiO2 or high-κ). 

 

Following the work of Brooks and Herring [5], and earlier Conwell and Weisskoff [6], 

three dimensional  Coulomb mobility in presence of screening was computed. Though 

they gave analytical closed form solutions, they fell short on predicting the experimental 

data correctly. Ando, Fowler and Stern [7] presented a theoretical treatment of 

Coulombic scattering in MOS inversion layers assuming that only the lowest sub-band i.e 

the ground state was occupied. However, given the rigor of the treatment, this 

unfortunately did not yield a closed form solution. Prior to Ando et. al., Sah et. al. [8] 

calculated closed form solution for unscreened Coulomb mobility in MOS inversion 

layers. However, the work only considered scattering from fixed oxide charges and not 
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scattering from ionized impurities. Subsequently, Ning and Sah expanded on this work 

[9] and included screening among other effects in their work, but it still dealt with fixed 

oxide charge scattering rather than ionized impurity induced scattering. Other works have 

appeared in literature [10-14] which treated impurity scattering in a quantum well rather 

than MOS inversion layers. While the structure is different, the problem is essentially 

similar, since in both treatments, the electron gas is treated as a quasi-two-dimensional 

system. However, the major shortcoming of these analyses is that they treat Coulomb 

scattering almost exclusively in the low temperature limit. Gamiz et. al. [15] calculated 

the Coulomb scattering limited mobility but his treatment though exhaustive and detailed 

did not yield an analytical result. Syed Mujtaba Aon in 1995 [16] gave a concrete 

direction on the analytical technique necessary to calculate the ionized impurity 

scattering limited mobility. He conclusively showed that in presence of screening, the 

ionized impurity scattering limited mobility is directly proportional to the density of 

inversion carriers in the channel (Ninv) and inversely proportional to the doping density 

(ND). In the following section, based on this work, and an experiment conducted on SiO2 

based NMOSFETs, we properly calibrate the proportionality factors. 

 

4.3 The Thermal Desorption of Hydrogen experiment – Calibrating Nit Response on 
Coulombic Mobility 
 

Impact of interface states (Nit ) on mobility in SiO2/Si NMOSFETs is studied. Varying 

levels of Nit are incorporated into the SiO2/Si interface controllably by vacuum annealing 

the NMOSFETs at different temperatures. As opposed to electrical stressing, or 

irradiation, vacuum annealing creates interface states only, and not traps away from the 

SiO2/Si interface. This study thus allows us to study exclusively the impact of Nit on 
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mobility. Coulomb component of the effective mobility and the Nit limited mobility are 

extracted using Matthiesen’s rule. Theoretical fits for the Coulomb component and the Nit 

limited component are obtained using a  parameterized equation in. Careful calibration of 

the fitting parameters, in particular the Nit limited scattering factor, β, in the equation is 

carried out. Implications of this work on understanding mobility degradation in advanced 

high-κ gate stacks are also discussed. 

In this section, we carefully calibrate the impact of interface states (Nit) on mobility in 5 

nm thick SiO2 based NMOSFETs. Varying levels of  Nit are  incorporated into the 

devices by vacuum annealing the NMOSFETs either at different temperatures or for 

different times at a fixed temperature. Extensive studies have been carried out in the past 

on the mechanism of Nit generation by hydrogen depassivation in Si/SiO2 interfaces (viz: 

by exposure of the Si “dangling bonds” or Pb centers [17,18,19]) through vacuum 

annealing. This method is preferred over other methods of interface state generation 

existing in the literature (viz: electrical stressing [20,21,22], and irradiation [23]) because 

this gives precise control on the location of the Nit’s viz: at the Si/SiO2 interface. With the 

other two techniques, it is likely that traps may also be introduced away from the 

interface [24, 25] (bulk defects generated by hot carrier injection into the dielectric, the 

hot carriers being produced either by electrical stressing or irradiation) . Vacuum 

annealing under “controlled circumstances” (temperature, pressure, time) is an effective 

way of depopulating the Pb centers at the Si/SiO2 interface. Interface states are 

electrically measured by amplitude sweep charge pump. Mobility measurements are 

carried out using a 100 KHz inversion split capacitance voltage (split-CV) (inversion 

charge is estimated by integrating the split-CV curve, refer to Chapter 2 and discussion 
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on mobility measurement techniques) , and dc Id-Vg  technique (the drive current is 

estimated from the Id-Vg’s). Coulomb component of the mobility is estimated using 

Matthiesen’s rule.  
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Figure 4.3. Method of Interface State Generation-Density of interface states as a function 

of vacuum anneal temperature with vacuum anneal time as parameter. The experimental 

curves are in close agreement with the theoretical curves generated from first order rate 

kinetics (Nit determined by charge pumping.) 

NMOSFETs with poly-Si gates were fabricated on heavily doped (NA=3 x 1017  cm-3)  

(100) Si substrates using a standard self-aligned process. The devices were made directly 

probeable on silicide to ease hydrogen depassivation. Fairly thick SiO2 (5 nm) was 
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chosen as the gate dielectric, to minimize remote charge scattering due to impurities in 

the gate [26]. At the chosen gate oxide thickness, channel mobility is independent of gate 

oxide thickness [27]. Full passivation of the “dangling bonds” (corresponding to Nit= 2.5 

x 1010 cm-2 in Figure 4.3) is attained by annealing the transistors in forming gas at 460 0C. 

Variable Nit’s are introduced by annealing the transistors at different temperatures (470-

600 0C) under low pressure (~1.0 x 10-6 Torr), with full depassivation (corresponding to 

Nit = 1.7 x 1012 cm-2 in Figure 4.3) attained at 600 0C. As a proof of the fact that only Nit 

are introduced, we also study the evolution of the subthreshold slope as a function of Nit 

and find the linear dependence of subthreshold slope on Nit. (Figure 4.4). It is also shown 

in Figure 4.4 that the threshold voltage does not change much as a function of Nit so 

generated. 

Nit measurements (shown in Figure 4.3) are carried out using amplitude sweep charge 

pump (CP). Short transistors with channel length (L) of 10 µm and width (W) of 20 µm 

are chosen for CP measurements in order to evade the geometrical component. Slow fall 

time pulses (~2 µs) with frequencies of 10 KHz are applied at the gates with source and 

drain of the transistors grounded, the charge pumping current being measured at the 

substrate. 

Standard 100 KHz split-CV technique is employed to get an estimate of the channel 

inversion charge [28] (capacitive response measured between the gate and the source + 

drain connected together, the substrate being grounded). dc Id-Vg’s are used (with drain 

biased to 50 mV) to obtain drive current in the linear region. Mobility is determined using 

the formulae in [20] (see Chapter 2, Figure 2.11).  
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Figure 4.4.  Evolution of subthreshold slope and threshold voltage as a function of 

generated Nit. 
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Figure 4.3 depicts the evolution of Nit’s with vacuum anneal temperature. Anneals of 2 

hour and 12 hour were performed at different temperatures. The Nit values so obtained 

follow the theoretical double exponential curve in [19] obtained from first order rate 

kinetics. The results of the CP measurements are given in Figure 4.5. Three 

representative curves are shown. It is instructive to note that once the curves saturate, 

they become completely independent of  the  peak amplitude voltage indicating that time 

dependent charge trapping is not present. It was also observed that the split CV curves 

(figure not shown) on devices with large Nit showed no hysteresis. This is a clear 

indicator of the fact that  slow charge trapping is absent. Figure 4.6 depicts the mobility 

curves for different Nit.  The inset shows the peak mobility calibration curve. Over 40% 

degradation in peak mobility is observed by changing the Nit value from 2.5 x 1010 cm-2 

to 1.7 x 1012 cm-2. It is a well known fact that the low field mobility is dominated by 

Coulomb scattering. Assuming the mobility to be dominated by three principal scattering 

components viz: Coulomb (Coul) , surface roughness (SR), and phonon (Ph), we can 

express the effective mobility using Matthiesen’s rule as in equation (4.1),    

 

 µeff
-1=µCoul

-1+µSR
-1+µPh

-1                       ……..(4.1)       

The surface roughness (equation (4.2)) and the phonon component (equation (4.3)) are 

modeled using the semi-empirical expressions from [12].  

 

µSR=δexp[-(T/T0)2]/(Eeff)2                        .............(4.2)                                                                                        
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µPh=1470[1+(Eeff/7X104)0.2]-1                  ………..(4.3)                                                                                     

where, δ = 8.8 X 1014 Vs-1, T0= 500 K and  T = 300 K 

 

where the effective electric field in the channel Eeff  is expressed in V cm-1. Eeff is 

calculated using formulae in [20].  The resulting Coulomb component extracted using 

equations (4.1), (4.2), and (4.3) is modeled by Villa’s parameterized form [29] as 

depicted in equation (4.4). The Coulomb component is assumed to be dominated by two 

scattering components, ionized impurity due to the dopants in the Si substrate (α), and 

Nit’s present at the Si/SiO2 interface (β). A parameter γ is introduced to capture the 

dependence of the Coulomb component on inversion charge (Ninv). To the first order, the 

Coulomb component is found to vary linearly with inversion charge (Ninv).  The 

parameter α is the thermal length with a value of 10-11 cm (Theoretical studies show that 

electrons in a quantized state scatter with the charge centers located within a thermal 

length [30]). 

 

µCoul=γNinv/(αNA+βNit)                                     ………..(4.4)   

                                                                                                               

The parameter γ and the Nit scattering factor, β are obtained by non-linear regression 

analysis as shown in Figure 4.7 (γ = 1.992 X 10-3 cm3V-1s-1,  β = 1.9 X 10-5 +/- 2.5 X 10-6 

). The deviation of the experimental points from the theoretical curves at low Ninv values 

is attributed to the limitations of the measurement technique involved. As expected, Nit’s 

are seen to impact the Coulomb component of mobility very strongly. In order to 

decouple the impact of Nit and ionized impurity, the Coulomb component for a fixed 
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value of Ninv ( = 4 X 1011 cm-2) is plotted as a function of Nit (inset of Figure 4.7). It is 

instructive to note that at low Nit, Coulomb component of mobility is limited by ionized 

impurity scattering, whereas at high Nit, it is dominated by scattering from the interface 

states. 
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Figure 4.6. Mobility as a function of inversion charge for different interface state 

densities (Inset: Calibration Curve of peak mobility vs. interface state density) 
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Figure 4.7. Coulomb components of Mobility extracted from Matthiesen’s rule for 

different Nit’s (Circle: 3 X 1010 cm-2, Triangle: 6 X 1010 cm-2, Square: 1.76 X 1011 cm-2, 

Diamond: 4.8 X 1011 cm2). (Inset: Inverse of the Coulomb component and the Interface-

state limited component of mobility plotted as a function of Interface state density. The 

parameterized forms of the Coulomb component (µCoul) and the Nit limited component 

(µNit) are also given. (Lines: Theory, Symbols: Experimental points) 
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The connection between the present study and understanding charge trapping related 

mobility degradation in high-κ dielectrics stems primarily from the following two factors: 

(i) g-tensor studies based on ESR spectroscopy indicate that the Nit at the high-

κ/SiO2/(100)-Si are SiO2/(100)-Si like [31,32,33]. (shown in Figure 4.2) 

(ii) Charge trapping in high-κ may be broadly classified into two categories: response 

from Nit and response from the bulk traps, i.e traps located away from the interface [34]. 

Experimental evidence described in (i) justifies the assumption that interaction between 

inversion channel electrons and Nit in a high-κ/SiO2/(100)-Si system is very similar to the 

same in a SiO2/(100)-Si system or in other words, the response of Nit on the Coulomb 

component of mobility in high-K/(100)-Si NMOSFETs may be assumed to be identical to 

that in a SiO2/(100)-Si NMOSFET. Similar studies conducted in the past did address the 

impact of  Nit on mobility [20], however, as pointed out earlier in the text, interface states 

were generated either by electrical stressing or irradiation, which would also introduce 

traps away from the SiO2/Si interface. In light of (ii) above, decoupling the impact of Nit 

and bulk traps on the Coulomb component of mobility in high-κ gate stacks is extremely 

important. The accurately calibrated Nit response parameter, β will provide fundamental 

insight exclusively into the role of  Nit on mobility degradation in high-K dielectrics. 

Recent studies [35] also indicate that while studying mobility in high-K gate stacks, 

knowing Nit is important. This study will help compare mobilities in high-κ based 

advanced gate stacks with different Nit. In the next section, we test the applicability of the 

proposed scheme to high-κ gate stacks. 
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4.4. Applicability of Nit calibration technique to high-κ gate stacks 

The interface property between the Si substrate and the gate dielectric is a crucial 

parameter for the MOSFET performance. Therefore, the Si/SiO2 interface has been 

investigated intensely since the early stages of MOSFET fabrication. The high density of 

interfacial defects inherent due to the mismatch of the Si substrate and the thermally 

grown SiO2 can be passivated by H2/N2 anneal. Values typically reported for a 

conventional SiO2 stacks are in the low 1010 cm-2 range. However, when applying an 

electrical stress to the MOS device, the formation of Nit is commonly observed and is 

attributed to the release of Hydrogen from the Si/SiO2 interface.  

 

In dual layer high-κ stacks, formation of  Nit  is observed under electrical stress. Under 

negative electrical stress, even at very low fluences, significant generation of  Nit is 

observed in Hf-silicate/SiON based NMOSFET with poly-Si gates as shown in Figure 

4.8. The physical mechanism of interface state generation is similar to the one described 

in [36]. For gate injection, electrons injected from the poly-Si gate into the conduction 

band of the Hf-silicate layer is expected to reach the Si substrate with high energy, 

because of ballistic transport through the thin SiON layer. It is well known that such hot 

carriers are the cause of Nit generation in conventional SiO2 gate stacks. The mechanism 

of Nit generation in this case may also be attributed to depassivation of the dangling 

bonds.  

 

As shown in the inset of Figure 4.8, charge pumping measurements are used to track the 

evolution of Nit under negative stress polarity. Mobility before and after stress are 
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measured in a conventional stress and sense sequence described earlier in Chapter 2. 

From the two different mobility curves, using equation (4.4), the Nit calibration factor, β 

is determined, and it turns out to be of the same order as that determined from the thermal 

desorption experiment. This gives independent confirmation of our earlier assertion that 

Nit in high-κ/bulk Si interface is very much SiO2/Si like.  
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Figure 4.8. Nit calibration factor estimated from electrical stress experiment, mobility 

estimated by split-CV/Id-Vg technique in between stress (Inset: Nit are determined from 

amplitude sweep charge pump measurement technique, where the charge pump is carried 

in between stress sequences with negative polarity of -2.5 V) 
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4.5 Limitations of Matthiessen’s rule 

To summarize the Nit limited mobility  calibration  mechanism, the thermal desorption of 

hydrogen experiment yields a value of β ~ 1.9 X 10-5, the electrical stress experiment 

gives a value of β ~ 1.2 X 10-5. Ning and Sah’s work in the early seventies [8], based on 

calculations from perturbation theory predicted β ≤ 10-2. It is important to take a closer 

look at the possible origin of these discrepancies. 

 

As early as 1980, Frank Stern [37] and Cham and Wheeler [38] in two back to back 

seminal articles in Physical Review Letters, showed that the method of separation of 

different scattering components using Matthiessen’s rule has its limitations particularly at 

room temperature. It is well known that when mobility is computed for different 

individual scattering rates, the mean time of scattering is ascertained first for a given 

scattering mechanism (τ). That is the averaging over the range of energies is over τ, 

rather than over 1/τ. However, since mobility (µ) is proportional to τ, and in 

Matthiessen’s rule, the different scattering components add inversely as illustrated in 

equation (4.1), there is no certainty that the left hand side will be equal to the right hand 

side in equation (4.1) unless spread in energy is very small, which happens only at low 

temperatures.  

 

Frank Stern [37] calculated that even at a temperature of 40 K, the discrepancy between 

the left hand side and the right can be as high as 15%. 
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So, in the context of this study, we would like to emphasize that Matthiessen’s rule can 

be extended thus far and no farther, particularly when dealing with it under room 

temperature conditions. 

 

4.6 Application of Nit calibration equation to high mobility aggressively scaled 
TaSiN/HfO2 gate stacks 
 

We now go back to where we started in Section 4.2, where we have shown that for a 

FUSI capped TaSiN (metal gate), HfO2 (high-κ) based NMOSFET, the Nit between the as 

deposited and the high mobility stack which saw high temperature process, are different. 

And in that context set out to develop the Nit calibration equation. Now, we apply the Nit 

correction to the said stack as depicted in Figure 4.9. 
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Figure 4.9. The Nit correction applied to aggressively scaled high mobility TaSiN/HfO2 

gate stack. 
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Interestingly, even after accounting for the difference in Nit between the as deposited and 

high temperature stack, the mobility curves do not merge together. Or in other words, the 

difference in mobility between the as deposited and the high temperature stack may not 

be explained by Nit alone. 
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Figure 4.10. The oxynitride control (FUSI/TaSiN/SiON)  for the TaSiN/HfO2 stack 

shows similar behavior after high temperature treatment. Even after correcting for the 

different Nit, the curves do not merge together. 

 

A careful look at the thicker oxynitride control for the FUSI/TaSiN/HfO2 stack, namely, 

FUSI/TaSiN/SiON (Tinv~2.3 nm) stack demonstrates almost identical behavior under 

high temperature treatment as the high-κ gate stack. Even after correcting for the varying 

Nit, the mobilities do not come together. Comparing Figure 4.10 with 4.9, we question 

whether the enhancement in mobility is completely an interface related phenomenon. In 

order to answer that question, we make the following assumption: Since both the high-κ 

and SiON have identical interfaces (SiON interface for the high-κ stack), we assume that 
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whatever physical change occurs at the interface of the high-κ under high temperature 

treatment, also happens at the interface of the thicker SiON stack. This is schematically 

described in Figure 4.11. 

 

 

 

 

HfSiO

SiON
SiON

Figure 4.11. The interfaces between the high-κ and bulk-Si, and the SiON and bulk-Si 

are assumed to be identical. And they are assumed to undergo the same physical change 

under high temperature treatment. 

 

So, we seek additional scattering mechanisms that may be exclusively high-κ induced. In 

order to accomplish that, we compute an additional scattering factor, or a mobility 

component (µAdd) given by equation (4.5), 

 

1/µAdd = 1/µHigh-K – 1/µSiON          ……..(4.5) 

 

µAdd for the as deposited and the high temperature anneal stack are plotted in Figure 4.12. 

It is instructive to note that µAdd for the stacks are completely different. Qualitatively, a 

parallel shift is observed between the as deposited stack and the high temperature 
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annealed stack additional mobility component. Clearly, this is an exclusive response of 

the high-κ part of the stack. Given the shape of the curve, and the intermediate field 

region where the mobility component is estimated, it is safe to conclude that the phonon 

spectrum of the two stacks namely the as deposited stack and the high temperature 

annealed stack are different. This may be induced by structural change in the stack under 

high temperature treatment as pointed out in [2].  
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Figure 4.12. µAdd for the as deposited stack and the as deposited + 1000 0C stack. An 

almost parallel shift is observed between the two. Qualitatively the shape of the curve is 

suggestive of different phonon response on the mobility in between the two stacks. 

 

4.7. Role of Nitrogen induced fixed charge at the interface 

Based on the foregoing analysis, the role of nitrogen at the interface becomes extremely 

important. It has been pointed out earlier in literature [8,9] that nitrogen induced fixed 

oxide charge in the context of Coulomb scattering limited mobility can be treated in a 

similar fashion as the interface states (Nit). Following up on this hypothesis, we extend 
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the already developed Nit calibration formulae to nitrogen induced fixed oxide charge 

induced scattering in high-κ gate stacks. We describe below the hardware used and the 

methodology of studying the nitrogen induced fixed oxide charge scattering below. 

 

 Poly-Si-gated nFETs (activation anneal 1000°C, 5 s), implementing SiON (optical 

thickness 26 Å, 8x1014 N/cm2) or high-k gate dielectrics are fabricated [39]. The 

processing details from [39] are given here.  Si(100) is first H-terminated by an RCA/HF-

last clean. Thin Si3N4 is formed by annealing in NH3 at 650°C. Optionally, O is then 

introduced into the nitride film by annealing in NO at 700 or 800°C. For comparison, 

interfacial SiON layers are formed thermally (11 Å, 7x1014 N/cm2). HfSiO (~20-30 Å) 

with low Si content is then deposited by MOCVD, and optionally subjected to plasma 

nitridation. Blanket films serve for thickness measurement by ellipsometry and for 

composition/profile analysis by nuclear reaction analysis (NRA; Si(O)N) or medium-

energy ion scattering (MEIS; HfSiON). 

 

NO treatment increases the optical thickness of an RTNH3 layer (no NO: 9.5 Å; 700°C: 

12.5 Å; 800°C: 14.5 Å), while N areal density is nearly unaffected (~2x1015 cm-2). NO 

can thus be employed for oxidation of the nitride initially formed, providing independent 

control of N and O content. 

 

After HfSiO deposition onto such NH3-NO interface layers, and onto 11 Å SiON control 

substrates, total optical thickness (assuming refractive index n = 2.0, approximately 

correct for Si3N4 and HfSiO) increases according to NH3 < 11 Å SiON < NH3-
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NO(700°C) < NH3-NO(800°C) (Figure 4.13). Electrical thickness in inversion (Tinv, Fig. 

4.13) is highest with the 11 Å SiON interface, due to the much lower dielectric constant 

of low N SiON. 

 

nFET electron mobility with interfacial Si3N4, as measured using the split C-V technique, 

is degraded by 20-25% compared to low N content interfacial layers (Figure 4.14, black 

symbols). Upon introducing O into the interface by NO anneal, mobility recovers only 

marginally, resulting in an unfavorable Tinv-mobility tradeoff (Figure 4.14). 

 

Four scenarios, or a combination of those, may explain the observed N-induced mobility 

trends: (a) Charge trapping induces hysteresis which distorts the inversion charge and 

mobility measurement; or (b) trapped charges, (c) slow interface states (areal density Nit), 

or (d) fixed charges cause Coulomb scattering of channel electrons. 

 

To address scenarios (a) and (b), we have measured dual-sweep nFET current-voltage 

(split C-V) characteristics to high positive stress voltage, to highlight potential 

instabilities (-0.5 ↔ +2.2 V). 30 Å HfSiO/Si3N4 stacks exhibit hysteresis (Figure 4.15), 

confirming that charge trapping occurs. Reduced hysteresis upon introduction of O atoms 

likely is mostly due to gate leakage reduction, since charge pumping measurements (not 

shown) demonstrate that a similar density of bulk traps is populated with all interfaces. 

However, hysteresis is negligible for 20 Å HfSiO/Si3N4 stacks (Figure 4.15). Also, when 

reducing stress to +1.6 V (corresponding to Ninv ~ 1013 cm-2 where high-field mobility is 
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measured), hysteresis is also small for 30 Å HfSiO stacks (not shown). Charge trapping 

can therefore not account for the observed mobility trends. 

  

To address scenario (c), we measure Nit by amplitude-sweep charge pumping (Figure 

4.16). Clearly, NH3-NO interfaces exhibit much higher Nit than control SiON interfaces. 

Nit corrections to the mobility were made using Matthiessen’s rule in conjunction with an 

independent calibration with thermally generated Si dangling bonds at SiO2/Si interfaces, 

as described earlier in Section 4.3. Clearly, even after eliminating the Nit impact on 

mobility, the mobility trends are unchanged, demonstrating that other mechanisms are 

responsible for mobility loss. 

 

By contrast, scenario (d) is supported by C-V measurements: Vt extracted from the split 

C-V up-sweep (Figure 4.16) is ~0.1 V lower with the Si3N4 interface than with the 

control SiON interface, and no significant recovery occurs upon O introduction. N areal 

density thus determines the areal density of positive fixed charge (upper 1011 cm-2 range, 

consistent with [40]), largely independent of the chemical environment (i.e. bonding to N 

vs. O). 

 

In conclusion, nitride interfaces in poly-Si/high-k stacks degrade mobility primarily by 

Coulomb scattering at fixed charges. Areal density of such defects is only marginally 

reduced by introduction of O, resulting in an unfavorable mobility-Tinv tradeoff. A slight 

mobility increase observed upon O incorporation is consistent with fixed charges 

spatially moving away from the channel, reducing the Coulomb scattering cross section. 

 110



 

 Figure 4.17 (a) shows MEIS spectra recorded from identical 30 Å HfSiO films after 

nitridation at different temperatures (250 vs. 400°C) and plasma pressures. Nitrogen 

concentrations (N/(N+O)) in the gate stack of up to ~21% are detected. Employing low 

nitridation temperature and plasma pressure, the N signal (~82 keV) is centered at the 

highest ion energy, indicating N near the top surface of the HfSiO film. 

 

nFET (and pFET) gate stacks incorporating such HfSiON show N-induced Tinv 

reduction by up to 1 Å. Despite the high N content, Vfb and Vt are shifted to more 

negative values by only 0.01-0.02 V, indicating that only little positive fixed charge is 

created near the channel. Trap density also remains low, as indicated by low C-V 

hysteresis (<0.01 V during sweeps to ±2.2 V). Mobility loss with appropriate HfSiO 

nitridation is minimal, with peak and high-field nFET mobility for HfSiON at 90-100% 

of an SiON control (Figure 4.17 (b)). 

 

Figure 4.13. Total optical thickness (assuming n = 2) and nFET Tinv for 20-30 Å HfSiO 

deposited onto Si(O)N layers [39] 
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Figure 4.14. nFET electron mobility at high field (Ninv = 1013 cm-2) as a function of Tinv 

for various Si(O)N processes and HfSiO thicknesses. Black symbols: as measured. White 

symbols: after Nit-correction (see section 4.3). 
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Figure 4.15. Dual-sweep (-0.5 ↔ +2.2 V) nFET split C-V characteristics with 

HfSiO/Si(O)N gate dielectrics [39] 
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Figure 4.16. Nit as a function of Tinv for various Si(O)N processes and HfSiO 

thicknesses, as measured by amplitude-sweep charge pumping. 
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Figure 4.17 (a) MEIS O and N signals for HfSiO nitrided at various temperatures and 

plasma conditions. (b) nFET electron mobility with 30 Å HfSiON containing 21% N 

introduced by a low-pressure/low-temperature plasma, compared to low N content SiON 

[39]. 
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To address the role of fixed oxide charge scattering due to nitrogen at the interface, we 

consider exclusively the 3 nm HfSiO stack and take a closer look at the mobility values in 

Figure 4.14. We estimate the oxide charges from CV shift in Figure 4.15, which is found 

to be on the order of 8-8.5 X 1011 cm-2 . Using this value, we apply the same correction as 

described in section 4.3 further. As evident in Figure 4.18, we see that the mobility 

corresponding to RTNH3 interface comes to the same level as the SiON interface thereby 

confirming the following two points: 

 

(i) As pointed out in early SiO2 literature [8,9,10], nitrogen induced fixed oxide 

charge scattering may be treated in the same way theoretically as interface 

state induced scattering in the bulk-Si channel. 

 

(ii)  The nitrogen induced fixed oxide charge may be very close to the channel 

given its strength of coupling with the channel electrons. 
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Figure 4.18. NOx induced fixed oxide charge may be corrected in the same fashion as Nit 

induced scattering. 
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4.8 Conclusions 

In the foregoing chapter, we developed a technique of exclusively studying the impact of 

Nit on mobility in the channel of bulk-Si NMOSFETs with advanced high-κ gate stack. It 

is also conclusively shown that with an aggressively scaled metal gate high-κ gate stack, 

the high mobility attained after high temperature treatment, cannot be accounted for by 

difference in Nit alone. By a novel technique, the response of the nitrided interfacial layer 

is convincingly excluded, to study the influence of the high-κ portion of the stack before 

and after high temperature anneal. It is shown that the phonon spectrum before and after 

the high temperature treatment are completely different, thereby confirming partially the 

earlier claim in literature about high temperature process step bringing about structural 

change in the stack [2]. Also the role of nitrogen induced charge trapping was 

systematically studied on a controlled set of hardware and its impact on mobility 

thoroughly investigated.  

 

In the next chapter, we take up the role of phonons (particularly the role of soft optical 

phonon in high-κ insulators) and study their impact on mobility in the channel. 
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Chapter 5 
 

Aggressively Scaled High Mobility Metal Gate High-κ 
NMOSFETs – Role of  Phonon Scattering 

 
5.1 Introduction 
 
So far in this thesis, we have thoroughly investigated the role of charge trapping and its 

impact on mobility in the channel of bulk-Si NMOSFETs. We also pointed out in 

Chapter 1 that high-κ gate stacks have an intrinsic limitation which could potentially 

limit mobility attained in high-κ insulator based NMOSFETs [1]. In this chapter, we 

describe a methodology of determining phonon component of mobility (surface phonon 

or soft optical phonon limited mobility) accurately, and apply it to a cross-section of 

high-κ gate stacks (both Hf-silicate and HfO2) with both poly-Si and metal gates, and 

compare the phonon components of the aforementioned stacks. We also revisit the Al2O3 

capped Hf-silicate stacks we discussed in Chapter 3 and show how intermixing and stack 

chemistry is expected to alter the phonon spectra of these stacks. The high mobility, 

aggressively scaled metal gate high-κ gate stacks are described next including processing 

details. It is emphasized that the choice of metal gates is a critical factor in device 

performance. Two factors guide the choice of metal gates: (i) setting the right Vt, or 

threshold voltage of the transistor, (ii) impact of the metal gate on transport in the 

channel. In order to address (i), we carried out a simulation experiment to understand the 

feasibility of midgap workfunction metal gates on the performance of 25 nm bulk 

MOSFETs. In order to understand (ii), we do careful physics inspired modeling and 

novel ultra low temperature measurements to understand the beneficial impact metal 

gates have on electron mobility in the bulk-Si NMOSFET. The NMOSFETs chosen were 
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ultra thin EOT (Tinv) high mobility, aggressively scaled metal gate HfO2 transistors with 

mobility better than that reported in [2]. We end the chapter by investigating the impact 

of interfacial oxide layer thickness on phonon limited mobility, and also making 

projections about the best mobility attainable in high-κ based bulk Si NMOSFETs. 

 

5.2 Accurate extraction of surface phonon component of mobility 

Based on the methodology described in Chapter 2, we can now accurately model the 

Coulomb component of mobility, both the response of the dopants in the channel and the 

interface states or Nit. Following [3], we can factor out the surface roughness component 

of mobility in high-κ gate stacks by using the same treatment as in SiO2 based 

NMOSFETs. Thus by using Matthiessen’s rule, we can estimate the phonon component 

of mobility. Now, for SiO2 based devices, the phonon component is dominated by one 

component, namely, the bulk phonon response of the Si channel. However, for the high-κ 

case, the phonon component consists of two parts, namely the bulk phonon component, 

and the surface phonon component, the second part being an exclusive high-κ response. 

It is easy to factor out the bulk phonon response by learning from the SiO2 phonon 

response, and the remaining portion of the high-κ mobility is the surface phonon 

response. Table 5.1 shows some high-κ stacks with different metal gates and Tinv’s with 

the processing details described elsewhere. Figure 5.1 shows a comparison of the surface 

phonon limited mobility for the stacks described in Table 5.1. 
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       # Gate Stack  Tinv (nm)     Nit (cm-2) 

I       HfO2 + FUSI [4] 2.2 2.36 x 1010

II HfSiO + FUSI [4]  2.0 3.73 x 1010

III HfSiO + Poly [Ch. 3] 2.6 6.17 x 1010

IV HfSiO + Al2O3 cap + 

Poly [Ch. 3] 

3.2 7.14 x 1010

V HfO2 + FUSI [4]  2.2 1.00 x 1012

VI HfO2 + W [5]    1.65 1.2  x 1011

VII HfO2 + W [5] 1.95 2.7 x 1010

 

Table 5.1. Different high-κ gate stacks with poly-Si and metal gates used in determining 

the surface phonon components of mobility shown in Figure 5.1. The processing details 

of the stacks may be found in the references marked in parenthesis. (Ch. 3 refers to 

Chapter 3 and relates to the Al2O3 capped Hf-silicate stacks described there) 
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Figure 5.1. Surface phonon limited mobility for different stacks described in Table 5.1 

(Stacks I and V have been clubbed together and colored for emphasis)  

 

Three important points from the foregoing analysis may be distinguished: 

 

(i) Stacks I and V are the same stack with different Nit, achieved by partial 

passivation under different temperature H2/N2 (FG-forming gas) anneal. After 

correcting for the Nit, it is seen that these two mobility come together thereby 

affirming the accuracy of the Nit calibration scheme developed in Chapter 4. 

 

(ii) Stacks III and IV are Hf-silicate stacks with and without 20 cycles Al2O3 

capping layer described earlier in Chapter 3. It is instructive to note that the 
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phonon components of the two stacks are different. This may be because of Al 

updiffusion observed from MEIS (medium energy ion scattering) data 

depicted in [6]. It is conjectured that Al up diffusion alters the stack chemistry 

and subsequently the phonon response of the stack, keeping in mind the fact 

that Al updiffusion can subtly change the dielectric response of the high-κ 

insulator without really affecting the charge trapping significantly (Chapter 3). 

 

(iii) Phonon response VI and VII are of stacks from [5] described in Chapter 1 

(Figure 1.10). Response VI is of the as deposited stack, and VII is the same 

for the high temperature annealed stack. Their Nit response has been factored 

out by the treatment already developed in Chapter 4. It is clearly seen even 

with these stacks, the phonon response between the as deposited stack and 

high temperature annealed stack is completely different. 

 

In the following section, we describe process optimization for high mobility in 

aggressively scaled metal gate/high κ gate stacks. Attainment of high mobility has been 

attributed to high temperature process step as described in Chapter 4. We revisit the issue 

of possible structural change altering the phonon response of the high-κ insulator gate 

stack here.  

 

5.3 High Mobility, aggressively scaled metal gate high-κ gate stacks- Process 
optimization and comparison of mobility in different metal gate stacks  
 
Aggressively scaled metal-gated high-k stacks have been shown to exhibit significantly 

reduced electron mobility, thereby limiting device performance [7,8]. However, recent 
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reports have demonstrated high mobility at low Tinv [2, 9]. The improved mobility was 

attributed to the screening of the soft optical phonons in the HfO2 gate dielectric by the 

metal electrode [2] and/or to an optimum thickness of the HfO2 dielectric which 

minimized bulk trapping under electrical stress thereby resulting in high electron mobility 

[9]. It was previously shown with HfO2/CVD W gates that even with low Nit (Figure 5.1, 

stack VII), low T processing resulted in low electron mobilities. Increasing the thermal 

budget resulted in significantly improved mobilities albeit, at the expense of Tinv. [5]. To 

understand the effect of nitrogen on different HfO2/Metal Stacks, we have compared 

nFET-like low workfunction HfO2/CVD TaSiN with HfO2/CVD W gate stacks, with both 

nitrided and nitrogen free interface layers, and it was shown that the presence of N at the 

interface, while it can provide Tinv scaling, clearly degrades the electron mobility even 

after high T processing [10]. Indeed, nitrogen free gate stacks have been shown to exhibit 

high mobilities in aggressively scaled replacement gate devices [11]. Here, we report a 

self-aligned high temperature process flow for various metal electrodes on HfO2 gate 

dielectrics using non-nitrogen starting interfaces and show that high electron mobilities in 

aggressively scaled High k/Metal Gated Stacks can exceed those of scaled poly-Si/SiON 

stacks [12]. This is achieved by using high thermal budgets without allowing for 

interfacial layer (IL) regrowth. 

 

HfO2 gate dielectrics were deposited by CVD processes on non-nitrogen starting 

interfaces (unless otherwise specified). TiN and TaSiN gates were then deposited by 

reactive sputtering (PVD). W and some TaSiN films were deposited by CVD [5, 10, 12]. 

TaN films were deposited by ALD.   Self aligned nFETs were fabricated by capping thin 
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metal layers with poly-Si. Most stacks were subjected to a 1000°C (5s) S/D activation 

RTA (unless otherwise specified). Final passivation anneals in FGA were optimized to 

minimize Nit and Nox. Solid Phase Epitaxial Regrowth (SPER) [13] - using high energy 

Arsenic for S/D amorphization followed by a 600°C (10 min.) crystallization and various 

activation anneals (none, 800°C, 5s & 1000°C, 5s RTA) - was used to evaluate the 

impact of low-T activation on mobility (see Chapter 1, section 1.7). For the SPER 

process we used PVD TaSiN gates and NiSi contacts for S/D and gate. For mobility 

measurements, the split-CV technique (100 kHz) was used on 10x20 µm2 large area 

FETs. Charge Pumping (CP, amplitude sweep mode at 1 MHz/10 kHz) and conductance 

measurements were used to evaluate the interface state density (Nit). Nox was derived 

from Vfb/Vt shifts. Nit corrections to the mobility were made using Mathiessen’s rule 

using an independent calibration with thermally generated Si dangling bonds on SiO2 as 

described in Chapter 4. As pointed out in the preceding Chapter, since the Si dangling 

bond is the dominant interface defect for Si/SiO2//HfO2 gate stacks, Nit corrections as 

derived from SiO2 experiments and using Mathiessen’s rule, can be directly applied to 

correct for the Nit induced mobility loss. 

 

Figure 5.2 shows inversion and accumulation side split-CV curves for self-aligned nFETs 

(with CVD W, PVD TiN, ALD TaN, CVD TaSiN and PVD TaSiN electrodes and HfO2 

gate dielectrics  after S/D activation anneals 1000 0C, 5s). The large TOx and Tinv with W 

gates are attributed to IL regrowth from oxygen dissolved within the W, also potentially 

contributing to mobility improvement [5]. The regrowth could not be prevented even 

with appropriate barrier like Poly-Si capping layers. TiN, TaN and TaSiN show 
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significantly smaller Tinv values even after high temperature processing, clearly showing 

that with Poly-Si capping, regrowth can be suppressed and low Tinv can be obtained with 

some metal gates. The electron  mobility curves corresponding to the devices in Figure 

5.2 are shown in Figure 5.3 demonstrating that record mobilities with TiN gates (Fig. 5.3, 

µ1MV/cm = 215 cm2/Vs; 1MV/cm corresponds to Ninv = 1.1x1013cm-2 for Na = 1x1017 cm3, 

which are better than those reported previously at a Tinv = 1.4 nm [2,9]) were achieved. 
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Figure 5.2. Inversion and accumulation side split-CV characteristics of self-aligned 

nFETs with W, TiN and TaN & TaSiN gates. (10000C, 5 s) 
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exhibit higher Nit (1.5x1011 cm-2) and bulk traps (Figure 5.4) compared to any of the 

other aggressively scaled metal gate/high k stacks (Nit <3x1010 cm-2). However, for the 

CVD TaSiN/HfO2 with Nit ~ 1.5x1011 cm2, the mobility correction is very small (inset in 

Figure 5.5). It is also shown that bulk charge in the high-k layer has a smaller impact on 

mobility than Nit (as pointed out earlier in Chapter 3). Additionally, the 10 KHz CP curve 

for CVD TaSiN clearly shows an uptake at an earlier gate voltage (unlike TiN with 

similar Tinv) suggesting that these charges are  close to the Si surface, possibly at the 

SiO2/HfO2 interface and not in the bulk of the HfO2 films. These charges may be 

attributed to the SiH4-based electrode process which damages the HfO2 gate dielectrics 

similar to HfO2/Poly gate stacks and/or additionally to incorporation of N into the 

dielectric stack [10]). In this context, it is important to emphasize that for very low Nit 

samples, it is difficult to carry out charge pump measurements to estimate the interface 

state density. As an alternative, a calibrated conductance technique, described in [14] was 

used to get a good first guess of the Nit, for instance in the aggressively scaled TiN stacks 

(as pointed out towards the end of Chapter 2). 

 

To understand the effect of high temperature processing on the mobility of 

aggressively scaled devices, we have designed an experiment wherein IL regrowth is 

minimized during thermal processing and thereby IL thickness is decoupled from the 

observed mobility improvement. The experiment entails using PVD TaSiN to minimize 

interfacial regrowth during high temperature annealing, SPER processes for low T 

activation, and SiON, SiON/HfO2 gate dielectrics to compare oxynitride and high k gate 

stacks. Figure 5.3 shows that substantial mobility improvement (25%, peak) for both 
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SiON/TaSiN and SiON/HfO2/TaSiN stacks is achieved only after 1000°C anneals with 

little to no change in Tinv or Vt (Chapter 4, Figure 4.1). This conclusion is not tainted by 

Nit variations, as the mobility curves are corrected for Nit (as has already been described 

in detail in Chapter 4). It is to be noted that annealing of sputter damage at high 

temperatures could also contribute to some of the observed improvement. The importance 

of high temperature processing is further corroborated with SiO2/ HfO2/TiN stacks (not 

shown) where, by changing the S/D anneal from a 900 °C (5s) RTA to a 1085 °C spike 

anneal, a 10 % improvement in high field mobility (@ 1 MV/cm) was observed. This 

improvement in mobility occurred without a change in Nit, Vt or Tinv. Also we have 

conclusively shown in Chapter 4, that improvement in mobility after high temperature 

treatment cannot be explained by role of the interfacial rearrangement of N alone. 

All these results suggest unequivocally that the high thermal budget process modifies the 

dielectric stack without interfacial regrowth in the presence or absence of high k to 

enhance the mobility. It has been shown previously that for Si/SiO(N) /Poly gate stacks 

wherein the dielectric is grown at high temperatures > 850ºC, it is still necessary for the 

stacks to see a T > 950 °C after gate stack deposition to allow for the formation of a 

relaxed Si/SiO(N) interface which is required for optimal performance [15]. 
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Figure 5.3. Electron mobility for stacks shown in Figure 5.2. Please note channel doping 

for all stacks except PVD TaSiN is Na = 1x1017cm-3. The PVD TaSiN films had a channel 

doping density of 4x1017cm-3
. (The PVD TaSiN has been used in the context of justifying 

the Nit calibration technique in Chapter 4) 
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Figure 5.4. : Charge pumping (amplitude sweeps) for nFETs with W, TiN and 

CVD/PVD TaSiN gates (after 1000 °C (5s) RTA). The left inset shows mobility for CVD 

TaSiN after correcting for Nit = 1.5x1011 cm-2. The right insert shows the impact of 1.02 x 

1012 cm-2 bulk charges (located in center of silicate layer) on mobility in a SiON/Hf-

silicate/poly-Si gate stack, showing little impact of bulk charge (This has already been 

discussed in detail in Chapter 3, and is given here for easy reference) 
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Figure 5.5. Electron mobility measurements after  Nit corrections for  SiON/HfO2/TaSiN 

and 2.5 nm SiON/TaSiN. Note the substantial improvement in mobility from 800°C to 

1000°C which cannot be attributed to Nit or Tinv increase. The inset shows an example of 

the Nit corrected mobility (open symbols) for a SiON/HfO2/TaSiN stack with Nit = 5x1011 

cm-2. 
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silicate interface layer [5] which results in higher mobility than HfO2 since it has a 

weaker coupling of the SO phonons compared to HfO2 [1,16]. However, it is well known 

that Hf silicate films tend to phase-separate rather than mix together at high temperatures 

[17]. Additionally, most analytical techniques do not show evidence that the SiO2 IL 

converts to a Hf-silicate film at the interface upon annealing [18, 19]. Thus, the true 

nature of the stack modification is not yet well understood, though it appears to be 

unrelated to IL regrowth or Hf-silicate formation.  

 

Therefore, by careful process optimization such as the use of non-nitrogen 

interface layers, high temperature processing (to modify the IL and the IL/HfO2 

interface), low Nit (<3x1010 cm-2), and appropriate electrode and electrode structures to 

prevent IL regrowth, all the undesirable sources of Coulomb scattering are largely 

minimized yielding the high electron mobility, which is competitive with poly-Si/SiON 

stacks at thicker Tinv as illustrated in Figure 5.6. It is also clear that by this optimization 

[12] a different high-κ/metal gate scaling trend has been achieved , similar to Poly/SiON 

and significantly above the old metal/high κ scaling trend [5, 7, 8]. 
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5.4 Choice of Metal gates-Bandedge or Midgap? 

In the foregoing analysis, we discussed a number of metal gates most of which has 

midgap workfunction (W, TiN, TaN) and an n+ metal gate (TaSiN). From a transport 

perspective, as pointed out in [20], bandedge metal gates are expected to yield worse 

mobility compared to midgap metal gates, particularly at aggressively scaled 

EOTs/Tinv’s. The former, because of the alignment of the metal gate Fermi level with the 

conduction band edge of Si, has higher vertical field at aggressively scaled Tinv’s 

compared to the latter. This higher vertical field leads to additional surface scattering 

mechanisms in the channel thereby degrading mobility compared to midgap metal gates. 

But the choice metal gate workfunction is not guided by mobility alone. A more pressing 

concern is setting the right threshold voltage (Vt). In this context, we carry out the 

following simulation study to evaluate the feasibility of midgap metal gates on ultra short 

channel length (25 nm) CMOS transistors. 

 

The replacement of poly-Si gates with metal gates to eliminate the adverse effect of poly 

depletion in near future has been suggested in the International Technology Roadmap for 

semiconductors [21]. The commonly accepted belief is to use bandedge metal gates (or 

dual metal gates) for the best performance-around 4.15 eV for NMOSFETs and 5.25 eV 

for PMOSFETs [22]. This presents immense process complexity (because of the use of 

separate gate electrode materials for NMOS and PMOS devices), and actual 

incorporation into a regular commercial process flow is difficult. In this context, using a 

common work-function gate both for NMOSFETs and PMOSFETs with a value around 

the midgap (around 4.7 eV) seems very attractive. Several studies (both simulation and 
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experimental) have been reported over the past few years which predicted that a midgap 

metal gate is unlikely to match the performance of bandedge metal gates [22]. Studies 

also indicate that in order to set the correct threshold voltage of a transistor with midgap 

metal gates, a buried channel structure is necessary [22, 23]. At the same time, some 

studies predict that significant performance improvement over poly-Si gates is possible 

with W/TiN midgap gate stacks [24, 25]. Indranil De et al. [21] tried to capture the 

advantage of higher work function and hence Vt  of midgap metal gates by using a super 

steep retrograde channel (SSR) profile, the reduced channel doping was expected to give 

higher drive current (Ion) by way of mobility improvement due to reduced doping. The 

inherent problem with this scheme requires a very low doped (nearly intrinsic) channel 

region and a very heavily doped (nearly degenerate) substrate immediately below it to 

capture the full advantage of the proposed scheme. It may be difficult to realize such a 

device geometry practically. Both Josse et al. [24] and Matsuda et al. [26] have studied 

the impact of using midgap metal gates in buried channel MOSFETs with pocket halo 

implants. However, buried channel structure poses process complexity, viz, use of 

disposable poly gate to introduce the channel counterdoping [26]. Also most of the prior  

literature [23, 25, 27] deals with fairly long channel lengths, dimensions at which metal 

gates may not come into the picture [21]. Here, we consider the conventional bulk 

MOSFET structure, with lightly doped drain (LDD) and pocket halo implants [28] at 

ultra short channel lengths (metallurgical channel length, also identified earlier as the 

limit of bulk CMOS scaling in [29]). We compare the performance of midgap metal gates 

against their bandedge metal gate and polysilicon gate counterparts, and also comment on 

their relative merits and demerits. The strength of this scheme lies in the fact that pocket 
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halos can be suitably engineered to set the desired level of off state leakage (Ioff) . It is 

worth mentioning that in order to set the right Ioff , the channel doping in midgap metal 

gate transistors needs to be considerably lower than the bandedge metal gate ones, which 

in turn implies that short channel behavior of the midgap devices will be considerably 

degraded. This worsening of short channel behavior would manifest itself in the form of 

higher DIBL. It is also instructive to note that halo engineering is a common practice in 

the VLSI industry today, and hence we do not need to deviate a lot from the conventional 

bulk CMOS process flow to fabricate these structures. 

 

 

 

Figure 5.7. Schematic showing MOSFET structure used in device simulation. 
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Figure 5.8. Id-Vg Characteristics for shorter channel devices (L-). 

 

A commercial device simulator DESSISe from ISE [30] has been used for this work. 

Classical drift diffusion model with Van Dort quantum correction [31] has been used for 

the relative performance evaluation of the device geometries. The relative simplicity of 

these models makes them very handy for ultrashort channel device simulations [22]. 

Three devices with different Lmet have been taken into consideration, viz., 22.5 nm, 25 

nm, and 27.5 nm (identified as L- , L and L+ respectively) keeping in mind around 0.1 Lg 

lithographic tolerance on the nominal physical gate length (Lg) [21]. Pocket halo implants 

are simulated by Gaussian profiles (Figure 5.7). Analytical profiles have also been used 

to make the deep source/drain and source drain extension (SDE) regions. Very abrupt and 

highly nonuniform doping profiles have been adopted for the halos to suppress short 

channel effects.  Similar 25 nm device designs with superhalo engineering had been 
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reported earlier [29, 32]. Fairly shallow junctions (deep source drain of 30 nm and 

shallow source drain of 15 nm) have been used to suppress short channel effects. The 

constant background substrate doping and the halo doping were adjusted such that the 

off-state leakage for L- devices is 0.3 nA/µm, the low operating power leakage 

specification in [21]. It is worth emphasizing that the L- devices are expected to have the 

worst short channel effects, and the L+ devices are expected to have the worst on-state 

current [22]. Further, full device simulations were performed on a five stage linear chain 

of inverters for both bandedge and midgap metal gate transistors to understand the circuit 

behavior of midgap metal gate transistors compared to bandedge metal gate transistors. 

Quantum corrections were considered for the full device simulations of the inverter 

circuit. A low leakage dielectric with effective oxide thickness of 1.0 nm has been 

assumed for all the devices. The supply voltage Vdd value of 1.0 V has been chosen. 

 

 

 

Figure 5.9. Id-Vd characteristics for the longer channel devices 
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Figure 5.10. Falling edge waveforms of a five stage linear chain of inverters 

 

Figure 5.7 illustrates the MOSFET structure used in our device simulations, The pocket 

halos are depicted by dark shades just below the source drain extensions (SDE). Figure 

5.8 depicts the Id-Vg plots of the L- devices, it is worth noting that the expected mobility 

improvement because of lower doping in midgap metal gate NMOSFETs fails to offset 

the negative impact of higher Vt in NMOSFETs, hence the Ion  is lower compared to the 

bandedge metal gate devices. An Ion  degradation of about 36% is observed in midgap 

metal gate NMOSFETs over bandedge metal gate NMOSFETs. However, the midgap 

metal gate NMOSFETs are fairly close in performance to the n+ poly-Si NMOSFETs (an 

11% degradation in Ion is observed). Severe short channel degradation is noticed in the 

midgap metal gate NMOSFETs. It has been observed that midgap metal gate 

NMOSFETs have a DIBL (drain induced barrier lowering) value twice as large as 

bandedge NMOSFETs (around 80 mV/V for bandedge metal gate NMOSFETs, and 160 

mV/V for midgap metal gate NMOSFETs). It is instructive to note that the short channel 
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behavior of poly-Si NMOSFETs (n+ poly-Si doping of 1 x 1020 cm-3 ) is very similar to 

that of bandedge NMOSFETs (DIBL value around 90 mV/V). However, an interesting 

phenomenon is observed in case of PMOSFETs. Due to higher poly depletion of the p+ 

poly gates, midgap metal gate PMOSFETs performance is significantly better than the 

poly-Si devices (p+ poly-Si doping level of 1 x 1020 cm-3 ). It was observed that the value 

in case of midgap PMOSFETs is thrice as large as that of poly-Si PMOSFETs. However, 

the performance is lower compared to bandedge metal gate PMOSFETs. Figure 5.9 

depicts the Id-Vd  characteristics of the longer channel (L+) NMOS devices , the slope 

observed in the low gate voltage Id-Vd characteristics of midgap devices is attributed to 

higher DIBL for these devices as pointed out earlier. Figure 5.10 gives a comparison 

between the circuit behavior of the bandedge metal gate and the midgap metal gate 

transistors. The devices considered are the L+ transistors, keeping in mind that these 

devices are expected to have the worst case circuit delays because of lower Ion values. A 

five stage linear chain of inverters is simulated at the device level, wherein the circuit 

equations and the transport equations in the devices have been simultaneously and self-

consistently solved. The output is recorded at the first stage and the delay of the falling 

edge is measured for both the midgap and bandedge linear chains. The delay of the 

bandedge metal gate linear chain is found to be 5.16 ps whereas the delay of the midgap 

metal gate linear chain is 6.91 ps at Vdd=1.0 V , clearly a degradation of about 34% is 

observed in case of midgap metal gate devices over bandedge metal gate devices.  

 

Thus, we have shown that from setting the right threshold voltage perspective, midgap 

metal gates may not be a suitable choice. Tradeoffs do exist between process simplicity 
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associated with midgap metal gates over bandedge metal gates, expected higher mobility 

at aggressively scaled Tinv’s with midgap metal gates, and setting the bandedge Vt for the 

devices. All these factors need to be simultaneously taken into account before choosing 

the right workfunction for transistors. In the next section, we discuss the beneficial 

impact an ideal metal gate is expected to have on mobility in the channel by possible 

screening of the soft optical phonon modes in the high-κ insulator based NMOSFETs. 

First, in the following section, the theoretical formalism leading to metal gate screening is 

discussed. And in the section immediately afterwards, novel ultra low temperature 

measurements are performed on the aggressively scaled TiN stack to experimentally 

study the validity of the metal gate screening hypothesis. 

 

5.5 Role of Soft optical phonon screening in high-κ gate stacks by ideal metal gates 

Based on the seminal work by R. Kotlyar et. al in IEDM 2004 [33], the essential steps of 

the metal gate screening hypothesis are given below. It should be noted here that though 

the original work on metal gate screening hypothesis has been published earlier, the 

present theoretical work has been performed independently of Ref. [33]. Also the present 

theoretical scheme can be extended to include any non-ideal metal gate unlike [33]. A 

direct comparison between poly-Si and ideal metal gate mobility was not carried out in 

[33].  

 

A three layer structure (Figure 5.11) with ideal metal or non-ideal poly-Si gate (doping ~ 

1 X 1019 cm-3) (z < 0), high-κ/HfO2 gate stack (0 ≤ z < t) with physical thickness of t nm, 
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and bulk-Si channel (z ≥ t) is shown. The phonon potentials, as described in [1], are given 

by the following equations: 

 

(i) For Poly-Si gate, 

 ………………(5.1) 

 

(ii) Whereas for an ideal metal gate, because of high carrier concentration in the 

gate, the field lines do not penetrate. Naturally, 

 

……………..(5.2) 
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z 

 

   Poly-Si or Ideal Metal  
t HfO2

 

Si 

 

Figure 5.11. The tri-layer structure showing the direction of the electric field as 

illustrated in equation 5.1 and 5.2. (z =0 is @ the gate electrode HfO2 interface) 
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Applying continuity of electric field at the two different interfaces, we get the phonon 

dispersion relations for two different systems, depicted in Figure 5.12. 
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Figure 5.12. Phonon dispersion relations for the high-κ insulator in presence of ideal 

metal gate and poly-Si gate 

 

As evident from Figure 5.12, with an ideal metal gate, two of the phonon modes (namely 

TO1 and TO2) phonon modes are absent which are present in the poly-Si/high-κ gate 

stack. We would like to ascertain the impact disappearance of phonon modes has on 

mobility. Once the phonon dispersion relations are known, the phonon content of each 

mode is estimated using simple Bose Einstein statistics. With the phonon content of each 

mode evaluated, the phonon content is plugged into the Kubo Greenwood transport 

integral to estimate the phonon limited mobility. It is illustrated in Figure 5.13, that with 

ideal metal gate, there is approximately about 14% improvement in mobility at low 

fields. Expectedly, the curves tend to merge together at high fields, because the length 

scale of relevance here is guided by the Fermi wave vector which implies that in order for 

the metal to screen at higher fields, the metal needs to be placed closer to the channel 
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electrons. This will be significant when we discuss the experimental verification of metal 

gate screening hypothesis in the next section. 
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Figure 5.13. Phonon limited mobility for high-κ insulator based NMOSFETs with Poly-

Si and ideal metal gate. The SiO2 case is also given here from [34] for reference, as 

expected, the difference between the ideal metal gate and the poly-Si gate is minimal. 

(The mobility values are corrected for bulk phonon and surface roughness using the 

methodology described in Chapter 4) 

 

5.6 Experimental Verification of Metal Gate Screening-Ultra low temperature 
measurements  
 
In order to experimentally validate the hypothesis of metal gate screening, we adopt an 

approach used by Z. Ren et. al. [16] to evaluate the temperature exponent of the mobility 

in the intermediate field range. We consider the high mobility, aggressively scaled 

(EOT~ 1.0 nm) TiN and HfO2 stack described earlier. A 300 mm wafer compatible 

industrial prototype prober from Karl Suss Microtech capable of going down to liquid He 
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temperatures was used for the low temperature measurements [34]. The mobility curves 

at different temperatures are shown in Figure 5.14. 
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Figure 5.14. Family of mobility curves for the aggressively scaled TiN + HfO2 gate 

stacks at different temperatures 

 

Plotting the temperature exponent for these stacks, we find that there is a weak 

temperature dependence like poly-Si/HfO2 gate stacks as depicted in Figure 5.15. It needs 

to be emphasized here that though the temperature dependence is weak, it may not be 

conclusively stated that metal gate screening does not occur for the reasons stated as 

follows: 

 

(i) The metal gates used in this experiment are not necessarily ideal 
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(ii) The impact of metal gate screening is expected to be stronger for thinner Tinv’s 

for reasons stated in section 5.5. 
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Figure 5.15. Temperature exponent for high-κ gate stack with poly-Si and metal gate 

stack. Comparison with poly-Si/SiO2 conventional NMOSFETs is also made. 

 

5.6 Some comments about low temperature measurements 

In this section, we would highlight briefly an aspect which is expected to be important in 

any low temperature measurements involving MOS transistors: 

The impact of series resistance, as mentioned briefly in Chapter 2 assumes added 

significance in light of low temperature measurements primarily because at low 

temperatures, the channel conductance shoots up significantly because of increase in 

channel mobility, which in turn implies that series resistance of the source drain junctions 
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starts influencing the device performance more than it does at room temperature. So, it is 

imperative that this factor should be kept in mind while conducting low temperature 

measurements on MOS transistors. Using shift and ratio technique described in [35], we 

determine series resistance for the TiN based HfO2 MOSFETs and find that the 

transistors have an extremely high series resistance of 164 ohm (Figure 5.16) at the  

temperature of T=40 K . It is instructive to note at this point that this factor will be more 

pre-dominant at shorter channel transistors than long channel ones. Or in other words, for 

ultra short channel devices, mobility is probably less pressing a concern than series 

resistance of the source and drain junctions, because it is the latter which will set the Ion 

of the transistors. 
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Figure 5.16. Determination of  series resistance for the aggressively scaled, high mobility 

TiN+HfO2 gate stack (EOT~ 1.0 nm). The series resistance (Vdd/Id) are evaluated for 

three different gate overdrives [(VGS-VTh)=0.5, 0.6 and 0.7 V]. Evidently, the mobility 

correction is substantial 
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5.7 Conclusions 

In the foregoing discussion, we have described the process details that lead to high 

mobility in aggressively scaled metal gate/high-κ NMOSFETs. Particularly, the necessity 

of the high temperature process step had been given maximum attention. The physical 

origin of the high mobility post high temperature process step is thoroughly investigated. 

The role of metal gate screening in high mobility aggressively scaled metal gate high-κ 

gate stacks is investigated by novel ultra low temperature measurements.  

 

So far we have completely ignored the role of interfacial oxide layer thickness. But as 

described in [1], the interfacial oxide layer can have a profound impact on the phonon 

limited mobility in high-κ based gate stacks. The interfacial oxide layer, be it oxynitride 

or SiO2 shields the soft optical phonon modes from coupling with the channel electrons 

very strongly. This is illustrated in Figure 5.17. The theoretically computed phonon 

limited mobility is plotted as a function of interfacial oxide layer thicknesses (solid line) 

[1] and the theoretical curve is corrected for ionized impurity scattering in the channel by 

using the parameterized formulae described in Chapter 2. The theoretical trend curve 

shown is compared with mobility at intermediate inversion charge densities where 

phonon scattering is expected to dominate. Interestingly, the experimental curves tend to 

follow the theoretical trend line qualitatively thereby suggesting that process optimization 

has helped us to achieve the best mobility possible on a bulk-Si NMOSFET with high-κ 

insulator and the high-κ mobility are approaching the theoretically predicted upper limits 

for the high-κ gate stack.  
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Chapter 6 
 

Conclusions and Scope of Future Work 
 

6.1 Contributions 
 
We summarize here the contributions made so far in this thesis.  

 

(i) A novel variant to the inversion charge pump based mobility estimation 

technique is developed (Chapter 2). It is shown that the one and two contact 

measurement scheme described in literature [1] does not necessarily yield the 

correct inversion charge for accurate estimation of mobility in absence of 

charge trapping. Instead, we used two symmetric devices (namely 50/50 

µm/µm and 100/100 µm/µm) and carried out inversion charge pump 

measurements to estimate inversion charge in absence of trapping. Assuming 

inversion charge loss to occur from the edges of the inverted channel, we 

developed a correction technique given by equation (2.3) to accurately 

compute the inversion charge. Using the technique so developed, we 

benchmarked the different frequency inversion split-CV’s to choose the most 

accurate split-CV/Id-Vg technique for mobility estimation. 

 

(ii) In Chapter 3, a set of Hf-silicate based samples are chosen to ascertain semi 

quantitatively the location and magnitude of trapped charge. The samples are 

so designed that varying cycles of ALD Al2O3 capping layers are applied 

between the Hf-silicate layer and the poly-Si gate thereby ensuring that the 

ground plane where the charge in high-κ is screened is pushed farther and 
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farther out. By using a simple model, we determined the first moment of 

charge centroid uniquely, which suggests that the stable charge is located in 

the Hf-silicate gate stack rather than in the Al2O3 capping layer. This is further 

corroborated recently by ESR measurements by a French group on these 

stacks [2], who confirmed appearance of a response from the X-center 

purported to be located in the Hf-silicate stack, rather than in the Al2O3 cap. 

The possibility of a connection between the two warrants further 

investigation. To conclude, if Al2O3 caps are used for Vt adjustment with 

high-κ gate stacks, charge trapping from these stacks would not be a serious 

limiting factor. 

 

(iii) A novel Nit calibration experiment was performed to understand and quantify 

the response of interface states on transport in the channel. It is conclusively 

shown for the first time that electrically the interface states at the high-

κ/SiO2/(100)-bulk Si interface and the SiO2/(100)-bulk Si interface are 

identical. A novel electrical measurement technique was also devised to 

conclusively demonstrate that “charges far away from the interface” have 

minimal impact on transport of electrons in the channel. 

 

(iv) The role of metal gates on the soft optical phonon modes in the high-κ gate 

stack is investigated by an independent theoretical calculation already 

reported in literature [3]. Novel ultra low temperature measurements were 

performed on gate stacks with aggressively scaled EOT’s and record high 
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electron mobilities to objectively investigate the beneficial impact metal gates 

are expected to have on soft optical phonon limited electron mobility in high-

κ insulator based NMOSFETs. Tell-tale signatures of mode stiffening is 

observed but the effect is considered insignificant when compared with the 

role of other limiting factors, for instance the impact of interfacial oxide layer 

thickness. It is conjectured that if the high-κ layer is scaled further, the role of 

soft optical phonon screening will become more discernible, given the 

proximity of the ideal metal gate to the surface phonon modes in the 

underlying high-κ insulator layer in the scaled high-κ gate stack. A possible 

direct experimental technique to understand the full extent of metal gate 

screening will be discussed in the next section. However, it is conclusively 

shown that with HfO2 based gate stacks, even at very thin EOT’s (EOT~1.0 

nm), mobilities comparable to much thicker (~2.3-2.5 nm)  SiON stacks may 

be achieved. It is also demonstrated that for ultra short channel transistors, 

mobility is as important as the role of the junction series resistance when 

considering the on state drive current as the performance metric. 

 

(v) Recent developments [4] lead to high mobility high-κ based metal gate 

NMOSFETs. These studies stressed on the need for a high temperature 

process step which brought about a structural change in the high-κ gate stack 

itself, leading to the attainment of high mobility despite minimal change of 

EOT. However, the physical origin of high mobility and the actual chemistry 

associated with the high temperature process step is not clearly understood. It 
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had been hinted in [4] that the high process temperature induced structural 

change brings about a change in the phonon response of the stack with respect 

to the channel electrons. For the first time, we provide experimental evidence 

which indicate that indeed the phonon spectra of the stacks pre and post high 

temperature anneal may be completely different (Chapter 4)  

 

      

 

6.2 Scope of Future Work 

It is instructive to note here, that mobility measurements are an extremely indirect way  to 

ascertain the phonon response of the high-κ gate stacks on channel electrons. A method 

of directly observing surface phonon modes in high-κ gate stacks in presence of metal 

gates may be attempted on similar lines as Martin Frank et. al. [4]. It is well known that 

one of the popular methods of measuring the phonon spectra in high-κ gate stacks is 

through FTIR (Fourier Transform Infra Red) spectroscopy, wherein the vibrational 

phonon modes are excited and their traces thereby measured and quantified. However, 

accurately tracing the disappearance of phonon modes in presence of pure metallic layers, 

is a very difficult prospect. Particularly, getting the transmission response out of the 

metallic layer is a very difficult task. To get around this problem, we suggest two 

possible alternatives: 

 

(i) Use of metallic clusters as suggested in Martin Frank’s work [5], on the high-

κ substrates is a possibility, analyzing the local phonon response to investigate 
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the missing modes in presence of metallic layer, and then extrapolating it to 

reconstruct the global phonon response in a tri-layer system (namely: metal 

gate, HfO2 and bulk-Si). This is very difficult again because of the uncertainty 

involved in connecting the local phonon response with the global phonon 

response. 

(ii) Alternatively, instead of using a transmission FTIR setup, one may use a 

reflection FTIR setup, a costly modification to the well known FTIR 

equipments. However, this is a very credible way to measure the actual 

phonon response in the tri-layer system mentioned above. This may yield very 

objective and direct insight about the metal gate screening problem. 

 

So far, we have demonstrated that the transport properties of the channel electrons 

namely the different scattering mechanisms which affect Ion in high-κ insulator based 

NMOSFETs, can be studied in a similar fashion as the conventional SiO2 NMOSFETs. 

Apart from the soft optical phonon scattering, no other scattering mechanism in the 

channel is unique to the high-κ insulator. We have conclusively shown that even in 

presence of soft optical phonon scattering, high-κ insulator based NMOSFETs can 

exhibit mobilities competitive with SiON at higher effective oxide thicknesses. So from 

purely a transport perspective, mobility degradation should not be an impediment to 

integrating high-κ based gate stacks in advanced generation CMOSFETs.  
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