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ABSTRACT

This study examines the atomic-scale defects involved in a metal-oxide-silicon fieldeffect-transistor reliability problem called the negative bias temperature instability (NBTI).
NBTI has become the most important reliability problem in modern complementary-metaloxide-silicon technology. Despite 40 years of research, the defects involved in this instability
were still undetermined prior to this work. We combine DC gate-controlled diode measurements
of interface state density with two very sensitive electrically detected magnetic resonance
measurements called spin-dependent recombination and spin-dependent tunneling. An analysis
of these measurements provides an identification of the dominating atomic-scale defects
involved in NBTI in pure SiO2- and plasma-nitrided oxide-based devices. (The fundamental
mechanism behind NBTI’s enhancement due to the addition of nitrogen had previously been a
mystery.)
Our results in pure SiO2 devices indicate an NBTI mechanism which is dominated by the
generation of Pb0 and Pb1 interface state defects. (Pb0 and Pb1 are both silicon dangling bond
defects in which the central silicon is back bonded to three other silicon atoms precisely at the
Si/SiO2 interface.) This observation is consistent with what most NBTI researchers have
assumed. However, our observations in plasma-nitrided oxide devices contradict what most
NBTI researchers had previously assumed.
We demonstrate that the dominating NBTI-induced defect in the plasma-nitrided devices
is fundamentally different than those observed in pure SiO2-based devices. Our measurements
indicate that the new plasma-nitride NBTI-induced defect’s physical location extends into the
gate dielectric. The defect participates in both spin-dependent recombination and spin-dependent
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tunneling. Our spin-dependent recombination results strongly indicate that the plasma-nitrided
defect has a density of states which is more narrowly peaked than that of Pb centers and is near
the middle of the band gap. The high sensitivity of our spin-dependent tunneling measurements
allow for an identification of the physical and chemical nature of this defect through observations
of 29Si hyperfine interactions. The defects are silicon dangling bonds in which the central silicon
is back bonded to nitrogen atoms. We call these NBTI-induced defects KN centers because of the
similarities to the K centers observed in silicon nitride. (The silicon nitride K center is also a
silicon dangling bond in which the silicon atom is back bonded to nitrogen atoms.) The defect
identification in plasma-nitrided devices helps to explain (1) NBTI’s enhancement in plasmanitrided devices, (2) conflicting reports of NBTI induced interface states and/or bulk traps, and
(3) fluorine’s ineffectiveness to reduce NBTI in plasma-nitrided devices. Our measurements also
allow for observations of the atomic-scale defects involved in NBTI recovery.
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Chapter 1
INTRODUCTION
One of the most remarkable characteristics of the Si/SiO2 system is that it displays an
outstanding reliability response. Transistors fabricated using the Si/SiO2 system can be scaled to
extremely small dimensions to enhance the performance while still maintaining high reliability.
However, aggressive gate oxide scaling, less aggressive operating voltage scaling and the
addition of nitrogen to the gate dielectric have exacerbated a major reliability concern called the
negative bias temperature instability (NBTI). NBTI manifests itself as a negative threshold
voltage (VT) shift and degradation in drive current in pMOSFET devices subject to negative gate
biases at elevated temperatures. These NBTI-induced parameter shifts eventually lead to circuit
failure. Predictions of NBTI-limited lifetimes must be accurate to ensure that the circuit will
function for a known period of time. The accuracy of the NBTI lifetime predictions depend on a
detailed understanding of the NBTI mechanism. Despite nearly forty years of research, a
fundamental understanding of NBTI is still incomplete.
This incomplete understanding involves, among other things, widespread disagreement
regarding the origin of the threshold voltage shift (interface states and/or bulk traps).1-5 Defining
the roles of NBTI-induced interface states and/or bulk traps has proven difficult, in part, because
some of the NBTI damage is not permanent.6,7 Some of the damage recovers very quickly6,7,
with significant recovery occurring in microseconds after the negative bias temperature stress
(NBTS) is removed.8 This rapid recovery is difficult to capture using conventional electrical
characterization techniques and often obscures the relative balance of interface states and/or bulk
traps.5,9 A particularly important issue is the effect of the addition of nitrogen to the SiO2 gate
dielectric. Nitrogen is often added to the gate dielectric. The nitrogen increases the dielectric
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constant, allowing a thinner dielectric to provide an equivalent capacitance; this reduces the gate
leakage current and allows for further scaling. Also, in p-channel devices, the addition of
nitrogen blocks boron (used for the poly-silicon gate doping) from penetrating into the oxide.
Unfortunately, the addition of nitrogen to the gate dielectric also greatly increases NBTI
damage.10,11 Nitridation is thought to somehow enhance NBTI by altering the relative densities
of interface states and/or bulk traps.5,12 Although the enhancement is almost universally
observed, a fundamental understanding of the nitrogen-induced NBTI enhancement on interface
state/bulk trap generation is still undetermined.
In this work, we have utilized a unique combination of electrical and magnetic resonance
measurements to study the atomic-scale defects involved in NBTI. We employ DC gatecontrolled diode recombination current (DC-IV)13,14 measurements to monitor NBTI-induced
changes in device interface state density (Dit). These electrical measurements are combined with
very sensitive electrically-detected magnetic resonance (EDMR) measurements which allow for
the identification of specific NBTI-induced atomic-scale defects. The combination of these two
types of measurements (DC-IV and EDMR) provides a direct correlation between the NBTIinduced electrical damage and the generation of specific atomic-scale defects.
Magnetic resonance techniques are the only measurements with the analytical sensitivity
and power to examine the physical and chemical nature of the defects involved in NBTI.5,12,15
One of these magnetic resonance techniques, conventional electron spin resonance (ESR), was
first utilized by Fujieda et al. to examine the atomic-scale defects involved in NBTI.16 However,
their experiments involved large area (~1cm2) blanket dielectric capacitor structures on p-type
substrates.16 We have circumvented17-21 the sample requirements of conventional ESR (large area
and simple processing) by utilizing two very sensitive (EDMR) techniques called spin-dependent
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recombination (SDR) and spin-dependent tunneling (SDT). These measurements rely on ESRinduced changes in device currents. Thus, the atomic-scale defects identified in these
measurements are directly linked to NBTI-induced degradation in fully processed devices. It
should be noted that our SDT measurements represent only the third time this technique has been
reported and the first time this technique has been utilized to study reliability problems.
This work has resulted in the development of a fundamental understanding of the atomicscale defects involved in NBTI in both pure-SiO2 and plasma-nitrided oxide (PNO) based
devices. In the pure-SiO2 devices, our results indicate that NBTI is dominated by the generation
of Pb0 and Pb1 interface state defects. Pb0 and Pb1 defects are both interfacial silicon dangling
bond defects in which the central silicon is back bonded to three other silicon atoms precisely at
the Si/SiO2 interface.22-25 The observation of NBTI-induced Pb0 and Pb1 defects is relatively
consistent with what most NBTI experts assumed (interface state generation via hydrogen
depassivation of silicon dangling bonds at the Si/SiO2 interface). These results are also consistent
with much of NBTI “reaction-diffusion” literature.1,5,26,27 The reaction-diffusion model predicts
that NBTI is dominated by a hydrogen depassivation of Pb centers at the Si/SiO2 interface and
the reaction rate is controlled by hydrogenic diffusion away from the interface.1,5,26,27
However in PNO devices, our observations were inconsistent with what most NBTI
experts assumed. Our results clearly show that, in these devices, NBTI generates a new defect
(not Pb0 or Pb1).18,20 Extensive measurements have allowed for a detailed examination of this new
defect’s: (1) physical location within the gate stack, (2) simultaneous participation in spindependent recombination and spin dependent tunneling processes, (3) density of states, (4) and
physical and chemical identity. Our observations help provide an explanation for NBTI’s
nitrogen enhancement and also help explain the conflicting reports of the dominance of NBTI-
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induced interface states and/or bulk traps. This defect identification also helps explain fluorine’s
ineffectiveness in reducing NBTI in nitrided devices.
This work represents a significant contribution to the NBTI field. It is the first
comprehensive experimental examination of the atomic-scale mechanisms governing NBTI in
SiO2 and PNO devices. Our results have allowed for the validation of some NBTI models and
call into question others. Our NBTI results are thoroughly discussed throughout chapters 3-5 of
this thesis. The remainder of this chapter provides a short explanation of the origins of the NBTIinduced parameter shifts as well as a brief history of the NBTI phenomenon.

1.1 The Origins of NBTI
An examination of the simplest transistor operation equations is useful to illustrate the
origins of the characteristic NBTI VT shift. The threshold voltage of a pMOSFET is given by 28

VT = VFB − 2φ F −

QSC
Cox

(1.1)

where VFB is the voltage required for the flat band condition, φF is the difference between the
bulk Fermi level and intrinsic level, |QSC| is the magnitude of the maximum space charge in the
depletion region, and Cox is the oxide capacitance. |QSC| and VFB are given by

QSC =

4ε sφ F qN D

VFB = φMS −

(1.2)

Qot
Q
− it
COX COX

(1.3)
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where εs is the permittivity of silicon, q is the electronic charge, ND is the substrate doping
density, φMS is the metal semiconductor workfunction difference, Qot is the oxide fixed charge
density, and Qit is the interface trapped charge density. Combining (1.1)-(1.3) yields expression
(1.4) for the threshold voltage of a pMOSFET 28

VT = φMS −

Qot
Q
− it − 2φF −
COX COX

4ε sφF qN D
COX

(1.4)

Assuming that the substrate doping (ND) and the oxide capacitance (COX) are both constant
during a given negative bias temperature stress (NBTS) condition, the observed shift in threshold
voltage (ΔVT) must arise from a change in the numbers of oxide and/or the interface trapped
charges (ΔNot and ΔNit) 28. This simple examination is in agreement with a very large body of
NBTI research which has shown that oxide (Not) and interfacial defects (Nit) are indeed
responsible for the NBTI-induced degradation. However, the role of each type of defect is still
actively debated.
In an NBTI measurement, a device is subject to a negative bias temperature stress
(NBTS) condition which is designed to approximate “real world” circuit operation at an
accelerated rate (higher voltage and temperature). A typical NBTI characterization subjects
pMOSFETs to various NBTS conditions while monitoring shifts in device parameters (ΔVT or
ΔId) or defect densities (ΔNot or ΔNit) as a function of stressing time. These degradation trends
can then be used to empirically predict the NBTI-limited circuit lifetimes. The poorly understood
details that govern these lifetime extractions are an extremely important barrier to the research
and development of integrated circuit technology.

5

1.2 A Brief History of the NBTI Phenomenon
Surprisingly, NBTI is not a newly observed phenomenon. In 1967, Deal et al. provided
the first report on the “fast state” (Nit) and “slow state” (Not) positive charge build-up in MOS
devices subject to negative gate biases at elevated temperatures (300-450°C).29 Deal noted that
this charge build-up was “not an extraneous contamination such as sodium ions, but (was) a
phenomenon intrinsically connected with the Si/SiO2 interface.”29 This positive charge build-up
was even shown to impact very early floating-gate avalanche-injection metal oxide silicon
(FAMOS) read-only memory in 1971.30 The observations in FAMOS memory were consistent
with those of Deal in that the charge decay “corresponded to that of positive-charge buildup at
the Si/SiO2 interface.”30 Further experimental evidence of interface state and oxide charge
generation after NBTS (250-300°C) was reported throughout the early 1970’s.31,32
The first comprehensive effort to understand and model the NBTS-induced positive
charge buildup was by Jeppson et al. in 1977.26 In this pioneering article, the authors utilize splitCV measurements to monitor the oxide charge and interface state generation at NBTS conditions
(25-125°C, 4-7MV/cm) consistent with metal-nitride-oxide-silicon (MNOS) operating
conditions 26 rather than the higher temperatures explored in earlier studies.29-32 Jeppson et al.
suggest that the NBTI-induced generation of interface traps “cannot be formed unless the atomic
structure is changed at the interface”.26 A reaction-diffusion model was proposed to explain their
observations.26 In their model, an chemical reaction takes place at the Si/SiO2 interface in which
a hydrogenous species is depassivated from a silicon atom at the interface and leads to the
formation of (1) an interface state (2) an oxide charge and (3) a hydroxyl group.26 The hydroxyl
group is assumed to diffuse through the oxide and limit the extent to which the interface reaction
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proceeds.26 Jeppson’s analysis leads to a power law time dependence (tn) of the generation of
interface states with n = ¼.26 Jeppson also noted that the NBTI damage was only semi-permanent
and slowly recovered when the NBTS was removed.26 The model fit their data as well as the data
of many other contemporary researchers. Despite some ambiguity in the exact mechanisms
involved in Jeppson’s model, it became accepted as the leading explanation for NBTI in the
SiO2-based devices of the time. In fact, the power law (n = ¼) dependence on transistor
parameter shifts became the distinguishing feature denoting NBTI.
Due to the adoption of faster, relatively NBTI-immune, nMOS device technology in the
late 1970’s and early 1980’s, NBTI research slowed almost to a halt.1 In the late 1980’s and early
1990’s NBTI remerged as a reliability issue with the adoption of CMOS integrated circuits.1 In
1991, Blat et al. re-examined the NBTI phenomenon and were the first to argue that NBTI
requires holes at the interface.33 Also in 1991, Doyle et al. examined both NBTI and hot carrier
(HC) reliability degradation.34 They found that the major difference between the two phenomena
is the temperature activation.34 At high temperatures, HC degradation becomes less important
due to interactions between hot carriers and phonons while the effects of NBTI become more
important.34 However, at that time, HC degradation was the major reliability concern and NBTI
was viewed as a minor problem.
At the turn of the century, NBTI became a subject of renewed interest. La Rosa et al. 35
and Thewes et al. 36 further examined Doyle’s work on NBTI and HC degradation. The work of
both groups strongly suggested that, due to CMOS scaling, NBTI’s importance would increase in
future generations of integrated circuits.35,36 A series of papers in 1999 and 2000 by Kimizuka et
al. reintroduced NBTI as a major reliability concern for the very near future.10,11 In these studies,
Kimizuka et al. demonstrated that the common practice of incorporating nitrogen into the gate
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oxide greatly enhances NBTI degradation in ultrathin gate dielectrics.10 This creates quite a
dilemma because the nitrogen incorporation, which retards boron penetration, reduces gate
leakage, and improves hot carrier immunity also acts to enhance NBTI degradation 10,11.
With a renewed focus on NBTI, the reliability literature was flooded with various
(sometimes poorly thought out) theories to explain the origins of NBTI. Several studies linked
NBTI to boron penetration in the gate dielectric,37,38 but this was later proved unlikely.39 Some
research even linked NBTI to ultrathin gate oxide tunneling currents;38,40 however, this
conjecture was also found to be incorrect.11,41,42 In the initial scramble to reduce NBTI problems,
reliability engineers’ first empirical process modifications involved the same tricks used to abate
HC damage. Several studies showed that fluorine incorporation suppressed NBTI
degradation.41,43-47 However, the incorporation of too much fluorine was found to enhance boron
penetration, which helps NBTI, but sacrifices device performance.47 Deuterium post-oxidation
anneals were also found to reduce NBTI.10,16,48 Since the deuterium anneal replaces interfacial
Si-H bonds with stronger Si-D bonds, the NBTI improvement suggests a link between NBTI
degradation and Si-H bond dissociation.10,16,49-51 Despite a large volume of work on the origins
of the nitrogen-enhanced NBTI effect,4,5,10,16,39,43,47,52-61 the enhancement mechanism has still
proved quite elusive.
The reliability community was recently upended again by several examinations of NBTI
recovery. Although Jeppson26 had shown that the NBTI damage does exhibit recovery, Ershov6
et al and many of the 2003 International Reliability Physics Symposium (IRPS) proceedings
papers62-65 clearly showed that NBTI recovery takes place over a very short time scale. The
consequence of this “recoverable” NBTI degradation calls into question the validity of much of
the previous NBTI work. It was shown that recovery was “contaminating” all of the
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contemporary NBTI measurements and analysis.6 Most NBTI characterizations had involved
periodic interruptions of the NBTS to make either a threshold voltage or drain current
measurement. The measurement contamination occurs during these stress interruptions and alters
the measured parameter shifts. More importantly, if the time delay between stress and measure is
not controlled, the NBTI lifetime predictions can be quite inaccurate.6 Consequently, NBTI
recovery has become a major topic in the last few years.
Rangan et al. were the first to explore the recovery effect using the uninterrupted stress
(UIS) technique.7 In the UIS measurement, a small bias is applied to the drain, the gate is held at
the stressing voltage, and the drain current is monitored as a function of time (Id,lin conditions).7
In this technique, the stress and measurement are performed simultaneously; hence, there is no
delay confounding the characterization.7 Rangan et al. also showed that the recovery mechanism
has an associated temperature activation.7 A device subject to NBTS at room temperature or
below will recover nearly to its original state; while a device stressed at a higher temperature
displays less recovery.7 Rangan proposed that the NBTI degradation is due to interface states
(Nit) and that recovery involves the repassivation of Si-H bonds at the interface.7 The higher
temperature NBTS was thought to harden or “lock-in” the degradation by allowing the
depassivated hydrogenous species to either (1) diffuse farther away from the interface or (2)
form a stable hydrogenous species unavailable for repassivation.7 The recovery effect, while
perplexing in origin, served as a circuit reliability lifetime extension.2,5-7,63,66-68 Since recovery
takes place very quickly after stress removal, AC circuit recovery during normal operation is
possible. The NBTI breakthroughs of 2003 not only anointed NBTI as the major reliability
problem in modern device structures, but also reminded most of the community that a
fundamental understanding is lacking.69
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The challenge of recovery as a metric, involves it’s characterization, and it’s implications
to “real world” circuit operation. Many authors have altered their techniques to either minimize
measurement delay3,7 or, at the very least, keep the delay constant5,6 (which inserts a systematic
error). The details of the recovery mechanism are still hotly debated. There are essentially two
factions of researchers that believe recovery is due to either interface state (Nit)
repassivation1,2,5,7,60,65-67,70-74 or fixed oxide charge (Not) annihilation via hole de-trapping
events.3,4,75-79 It has been suggested that this discrepancy is due to measurement delay;72
however, a solid explanation for the disparity is yet to be established. The various nitrogen
incorporation techniques have also compounded this disagreement because the addition of
nitrogen is known to create Not.1,4,59,78 Recently, researchers have been able to circumvent
recovery and find that the NBTI degradation follows a power law with exponent n=1/6.2
Subsequent (recovery-free) reports have reported a nearly universal n=1/6 power law time
dependence.5,8,9
Recent work has shown that the stressing conditions must be chosen carefully so as to not
involve secondary mechanisms.70,73,80-82 NBTS at excessive gate bias or temperature has been
shown to generate an increased rate of Not, due to substrate hole injection through impact
ionization.70,73,80-82 The increased Not generation leads to erroneously high power law time slopes
(n) and further complicates lifetime extraction and confounds comparisons between different
research groups.70,73,80-82
The newest NBTI literature also includes a renewed modeling effort and an emphasis on
NBTI-induced Nit. Most modeling efforts explore variations of the original reaction-diffusion
theory put forth by Jeppson26 and later refined by Ogawa.27 The modified reaction-diffusion
model assumes that the NBTI threshold voltage shift is due almost entirely to the generation of
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Si/SiO2 interface states by the hydrogenic depassivation of Si-H bonds.1,2,26,27 The degree to
which this reaction occurs is limited by the diffusion of the hydrogenic species away from the
interface.1,2,26,27 It is thought that the interface state generation process is catalyzed by the capture
of inversion layer holes at the Si/SiO2 interface.1,83,84 The hole capture is thought to weaken Si-H
bonds and aid in Si-H dissociation.1,83,84 Despite the fact that this important catalyzing step is
often unquestioningly accepted, the hole capture mechanism is often ignored in much of the
reaction-diffusion literature.1,53,57,82,85,86 The hydrogenic species that is liberated from the
interface is also a topic of debate. Quite a few researchers model this phenomenon with the Si-H
dissociation involving a hydrogen ion (H+) or proton.57,86-88 Despite a large body of literature that
invokes H+ species, this idea has been refuted by several studies.1,2,5,7,27,74,89 The n=1/6 power
law dependence (which is nearly universally observed when recovery is minimized) is explained
within the reaction-diffusion framework by invoking a neutral molecular (H2) or atomic
hydrogen species 1,2,5,7,27,66,67,70,73,80-82. NBTI recovery is also predicted within this framework as
the reverse of the Si-H dissociation in which the hydrogenic species repassivates the interface
states (Nit) 1,2,5,66,67,70. This model fits quite well with the contemporary (no measurement delay)
data. By virtue of its starting assumptions, this model also supports the idea that interface states
(Nit) play dominating roles in NBTI degradation and recovery 1,2,5,66,67,70.
Other researchers believe that NBTI is not explained by the reaction diffusion theory.4,78
Instead, they propose that the threshold voltage shift is due to the generation of both interface
states as well as bulk traps.4,78 In this model, there is also the assumption that interfacial Si-H
bond depassivation is catalyzed by an inversion layer hole capture event.4,78 However, in this
NBTI model, the hydrogenic species is thought to diffuse far away from the interface and not
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participate any further in recovery.4,78 The threshold voltage recovery is, instead thought to
occur, by detrapping of holes from the generated bulk traps.4,78
As is illustrated throughout this brief NBTI history, there are quite a few controversies
that permeate the literature. The fundamental understanding of NBTI provided by our
measurements allows for an examination, and in some cases, a good explanation for, the root
causes of these NBTI controversies.
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Chapter 2
EXPERIMENTAL METHODS

2.1 The DC-IV Technique
The DC-IV technique is a DC current versus voltage measurement that is performed on a
MOSFET configured as a gate-controlled diode (source and drain contacts are shorted).13,14
Shorting the source and drain forms a diode between the source/drain and substrate. With this
diode slightly forward biased, a measurement of the device substrate current as a function of gate
voltage yields a peak in the substrate current.13,14 This peak in substrate current is dominated by
recombination current through interface states.13,14 Varying the gate voltage changes the surface
potential and consequently, the relative populations of charge carriers present at the interface.
The peak in substrate current occurs at the gate voltages which correspond to relatively equal
populations of electrons and holes at the interface (depletion).13,14 The substrate current is at a
minimum at gate voltages corresponding to unequal populations of electrons and holes at the
interface (accumulation and inversion).13,14 This concept is schematically illustrated in figure 2.1.
A quantitative derivation of the current versus voltage behavior was first presented in a
later series of papers by Fitzgerald and Grove.13,90 In this derivation, the peak in the gate
controlled diode measurement was related to the interface state density (Dit) in a very
straightforward manner. Fitzgerald and Grove’s derivation begins by assuming that the
recombination or generation events, in silicon, occur at deep level defects within the silicon band
gap and that the process can be described by the Shockley, Read, Hall (SRH) model91,92 for
recombination-generation. Figure 2.2 schematically illustrates the SRH model. In this model, the
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Figure 2.1: Schematic representation of the DC-IV measurement. In the case of a slightly
forward biased source/drain to substrate diode, sweeping the gate voltage results in a peak in the
substrate current due to recombination through interface states. This peak should occur at gate
voltages which provide equal numbers of electrons and holes at the location of most of the
recombination centers, the Si/dielectric interface.
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Figure 2.2: Schematic illustration of the Shockley, Read, Hall (SRH) model for recombination.
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recombination-generation process is most efficient for deep level traps and can occur in one of
the following four processes: (A) electron capture, in which an electron from the conduction
band falls into a deep level and is trapped, (B) electron emission, in which a trapped electron is
emitted from a deep level trap to the conduction band, (C) hole capture, in which a hole in the
valence band is captured in a deep level trap that already contains an electron, and (D) hole
emission, in which a trapped hole is emitted from a deep level trap to the valence band. (These
processes can occur indefinitely and can also occur in reverse order.) When the SRH model is
applied to a gate-controlled diode structure, Fitzgerald and Grove13 showed that the substrate
recombination current (ISUB) is given by:

I SUB

⎡
⎢ EC
Dit ( E )dE
= Aqσ s v th ⎢ ∫
⎛ E − Ei
⎢ EV
⎢ p S + nS + 2ni cosh ⎜⎝ kT
⎣

⎤
⎥
⎥ p S nS − ni2
⎞⎥
⎟⎥
⎠⎦

[

]

(2.1)

where A is the effective gate area, q is the electronic charge, σs is the geometric mean of the
electron and hole capture cross sections, vth is the thermal velocity of electrons, EC and EV denote
the energies of the conduction and valence band edges respectively, Dit(E) is the interface state
density as a function of energy between EC and EV, pS and nS are the hole and electron
concentrations at the surface, ni is the intrinsic number of carriers, E is the energy level of the
surface recombination centers, Ei is the intrinsic Fermi level, k is Boltzmann’s constant, and T is
temperature. pS and nS for a pMOS device are given by
pS ≅

⎛ q VF ⎞
ni2
⎛ − qφ S ⎞
⎟⎟
exp⎜
⎟ exp⎜⎜
ND
⎝ kT ⎠
⎝ kT ⎠

(2.2)

⎛ qφ ⎞
nS ≅ N D exp⎜ S ⎟
⎝ kT ⎠

(2.3)
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where ND is the substrate doping, φS is the surface band bending, and VF is the forward bias
applied to the source/drain to substrate junction. Note that increasing VF increases the number of
minority carrier holes (pS) available for recombination (in a pMOS device).
With the assumptions of an energy independent capture cross section and energy
independent Dit near mid gap, Fitzgerald and Grove13 showed that equation (2.1) can be
approximated by
⎛ qV
⎛1⎞
I SUB = ⎜ ⎟qniσ S vth Dit Aq VF exp⎜⎜ F
⎝2⎠
⎝ 2kT

⎞
⎟
⎟
⎠

for |VF| > kT/q

(2.4).

This equation allows for a straightforward extraction of interface state densities based on the
peak in the substrate current. The energy window in which recombination occurs is controlled by
VF and scales as approximately q|VF|. The implications of changing VF and the recombination
energy window to the DC-IV measurement are discussed in detail in chapter 4.

2.2 Electron Spin Resonance (ESR)

Since both of the EDMR techniques (SDR and SDT) used in this study are governed by
ESR theory, it is useful to first examine the basic principles of this technique. ESR
measurements are sensitive to unpaired electrons.15,93,94 Since an electron is a charged particle
with intrinsic angular momentum, it can qualitatively (and only qualitatively) be thought of as a
negatively charged particle which is spinning on an axis.15,93,94 In this qualitative picture, the
spinning charged particle produces a magnetic field and an associated magnetic moment. In the
absence of any external magnetic fields, these magnetic moments are randomly oriented.93,94
However, the application of a large external magnetic field tends to align any unpaired electrons
17

such that the electron’s magnetic moments align either parallel (spin-up, MS = +½) or antiparallel (spin-down, MS = -½) to the applied field.93,94 This polarization of the electrons splits the
energy of the spin system into two different levels.15,93,94 This is known as the Zeeman effect.93,94
At thermodynamic equilibrium, the lower energy level is more populated and corresponds to the
spin-up state.15,93,94 The higher energy level corresponds to the spin-down state.15,93,94 The
Zeeman energy splitting is illustrated in figure 2.3.
In addition to the external (polarizing) magnetic field, a second high frequency
(microwave) electromagnetic field is also applied to the system. If the product of Planck’s
constant and the high frequency field (hν) equals the Zeeman splitting, resonance can
occur.15,93,94 At resonance, the electrons can absorb energy and “flip” spin orientation. For the
simplest case, the resonance condition is described as15,93,94:

hν = ge βH

(2.5)

where h is Planck’s constant, ν is the frequency of microwaves added to the spin system, ge is the
free-electron g-value (g = 2.002319), β is the Bohr magneton, and H is the large applied
magnetic field. The resonance described in equation (2.5) is for an isolated unpaired electron. In
practice, the local environment of the unpaired electron changes the resonance condition. For
systems relevant to this research, the deviations from the resonance condition are almost entirely
due to spin-orbit coupling and electron-nuclear hyperfine interactions.15,93,94

2.2.1 Spin-orbit Coupling
Spin-orbit coupling alters the resonance condition of equation (2.5) by the addition of an
effective local magnetic field due to the electron’s orbital angular momentum about the
nucleus.15,93,94 This can be qualitatively described using the Bohr atomic model in which
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Figure 2.3: Schematic representation of Zeeman splitting for the simplest case of unpaired
electrons.
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electrons orbit the nucleus in a circular path.15,93,94 Even though the electron is “orbiting the
nucleus”, from the perspective of the electron, the positively charged nucleus appears to orbit the
electron. The circular orbit of the positively charged nucleus about the electron generates an
additional local magnetic field. This alters the resonance condition for any electron “orbiting” a
nucleus (for example, an electron trapped in the dangling bond of a point defect). The spin-orbit
coupling effect is included in the resonance condition by replacing the free-electron (ge) with the
g-matrix, gij.15,93,94 The g-matrix is also often referred to as a second rank tensor or gtensor.15,93,94 A second order time independent perturbation theory calculation gives gij as15,93,94:
gij = g eδ ij − 2λ

∑

n, n ≠ 0

0 Li n n L j 0
En − E0

(2.6)

where δij is the Kronecker delta, λ is the atomic spin-orbit coupling constant, |0〉 represents the
electron’s ground state, |n〉 represents an excited state, Li and Lj are angular momentum operators
appropriate for the x, y, or z directions, E0 is the energy of the ground state and En is the energy
of the excited state.
As shown in equation (2.6), the gij values of an electron trapped in a dangling bond of a
point defect will deviate from ge as excited states are mixed with the ground state.15,93,94 In
practice, these deviations help to identify the structure of these point defects. The gij is essentially
a second rank tensor which reflects a defect’s symmetry.15,93,94 In the case of axially symmetric
defects (where z is the symmetry axis) gzz is denoted as g|| and gxx = gyy are denoted as g⊥.15,93,94
Here, g|| is the g-value measured when the applied magnetic field is parallel to the defect’s
symmetry axis, g⊥ is the g-value measured when the applied magnetic field is perpendicular to
the defect’s symmetry axis.
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2.2.2 Electron-Nuclear Hyperfine Interactions
Another important source of deviation from the resonance condition is due to electronnuclear hyperfine interactions.15,93,94 This occurs when an unpaired electron is located close to a
nearby magnetic nucleus. The important magnetic nuclei involved in this study include silicon
and nitrogen. Silicon naturally occurs as 95.3% (no magnetic nucleus) and 4.7% 29Si (spin ½
magnetic nucleus).93,94 Nitrogen naturally occurs as essentially 100% 14N which has a spin 1
magnetic nuclei.93,94 A spin ½ magnetic nucleus has two possible orientations in the applied
magnetic field while a spin 1 magnetic nucleus has three possible orientations in the applied
magnetic field.15,93,94
An unpaired electron nearby a nucleus with a net magnetic moment experiences an
additional local magnetic field due to the nuclear magnetic moment.15,93,94 This local field splits
the Zeeman levels into (2I + 1) additional states, where I is the nuclear spin.93,94 This results in
(2I + 1) additional resonant lines at (2I + 1) magnetic field values centered about the original
resonant field.93,94 The Zeeman splitting and resonance spectra for a nucleus with spin ½ are
illustrated in figure 2.4. Note that all of the resonance transition arrows in figure 2.4 all
correspond to the same energy, corresponding to one value of hν. Thus, when a system is subject
to microwave irradiation of a frequency, ν, the additional electron-nuclear hyperfine spectra
occur at different applied fields.
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Figure 2.4: Schematic illustration of the Zeeman splitting which is altered by the presence of a
nearby magnetic nucleus with spin (I = ½). The diagram also schematically illustrates the
expected spectrum due to this nuclear hyperfine splitting.
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As discussed above, the electron-nuclear hyperfine interaction alters the resonance
condition by introducing an additional local magnetic field. If a single magnetic nucleus is
involved with the unpaired electron, this altered resonance condition is given by15,93,94:

H=

hv
+ mI A
gβ

(2.7)

where mI is the nuclear spin quantum number, and A is the electron-nuclear hyperfine matrix. It
is important to note that not all nuclei have a magnetic moment. If no magnetic nuclei are
present, the mIA term is zero.15,93,94 The electron-nuclear hyperfine interaction (A) is can be
expressed in terms of an isotropic (Aiso) and an anisotropic (Aaniso) component. The isotropic
component, called the Fermi contact interaction is given by:15,93,94

Aiso =

8π
2
g N β N ψ(0)
3

(2.8)

where gN and βN are respectively, the g and Bohr magneton of the nucleus, and |ψ(0)|2 is the
unpaired electron probability at the nucleus. Since only an s-type wave function has a non-zero
probability at the center of the nucleus, Aiso is a measure of the s-character of the unpaired
electron’s wave function.15,93,94 The anisotropic component is given by:
Aaniso =

2
1
gN βN 3
5
r

(2.9)

where 〈1/r3〉 is the expectation value over, in this case, a 3p orbital. The anisotropic component is
a measure of the p-character of the unpaired electron’s wave function.15,93,94 The geometry of a p
orbital dictates that the magnetic field interaction with an unpaired electron in a p type orbital
should be anisotropic. That is, the interactions are different if the magnetic field is aligned
parallel or perpendicular to the symmetry axis of the p-orbital.)
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We assume that the wave function for an unpaired electron trapped in a dangling bond
orbital consists of a linear combination of atomic orbitals (3s and 3p for the defects relevant to
this study).15 Aiso and Aaniso can be theoretically calculated for 100% 3s and 100% 3p wave
functions respectively.15,93,94 A comparison of the measured Aiso and Aaniso values with these
calculated values gives a rough estimate of the s- and p-character of a defect’s dangling bond
wave function.15,93,94 Additionally, the summation of the defect’s s- and p-characters is a measure
of the unpaired electrons localization to that dangling bond orbital.
Fortunately, the Aiso and Aaniso components of the hyperfine interaction can be related to
the measurable interactions with the field parallel (A||) and perpendicular to (A⊥) the unpaired
electron’s orbital symmetry axis. These relations are given by:15,93,94

Aiso =

( A|| + 2 A⊥ )
3

Aaniso =

(2.10)

( A|| − A⊥ )

(2.11)

3

The electron-nuclear hyperfine modification to the resonance condition provides an extremely
useful tool to determine information about a point defect’s physical and chemical nature. This
electron nuclear hyperfine interaction is used in this study to identify the nature of the
dominating NBTI-induced defect in PNO devices.17
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2.2.3 The Electron Spin Resonance Spectrometer

A schematic diagram of the ESR spectrometer is shown in figure 2.5. The spectrometer
consists of three main components. The first is an electromagnet, which is used to apply the
polarizing magnetic field which aligns any unpaired electrons in the sample under study. It is
important that this magnetic field is extremely uniform and well controlled over the volume of
the sample. The second component of the spectrometer is the microwave generator. To induce a
resonance, the sample under study must be subject to microwave irradiation (this provides the
necessary energy (hν) to allow spin flipping). The microwaves are typically generated using a
klystron or Gunn diode source.93,94 The third component of the spectrometer is the microwave
cavity or resonator. The resonator’s geometry allows for an efficient coupling of the microwave
irradiation to the sample under study.94 Typical ESR measurements involve X-band microwave
irradiation (8-10 GHz) coupled to either TE102 or TE104 resonators at a magnetic field of
approximately 3500 Gauss. These components provide the necessary hardware to induce a
resonance; however, the resonance must also be detected. The detection scheme in ESR involves
a microwave detector diode and a lock-in amplifier.94 The microwave detector diode is placed in
the microwave circuit and measures the reflected microwave power exiting the resonator.
Changes in the reflected power indicate microwave absorption, or resonance. This absorption is
monitored using a lock-in amplifier. The lock-in amplifier provides phase and frequency
sensitive detection which vastly improves the sensitivity of this measurement. The lock-in
detection scheme requires that the magnetic field is modulated at a known phase and frequency.
This magnetic field modulation is provided by Helmholtz coils on the walls of the resonator. In
practice, a sample is placed in the resonator and the microwave irradiation is critically coupled to
the sample at some constant frequency. The reflected power is then monitored as a function of
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Figure 2.5: Schematic diagram of an ESR spectrometer.
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magnetic field. When this technique is applied to MOS systems, the sensitivity (1010 spins/Gauss
of line width) requires fairly large area (~ 1 cm2) sample sizes. The requirement that the sample
under study be critically coupled to the microwave adds an additional upper limit on sample area
and composition. To ensure that the microwave circuit is not loaded, the amount of conductive
material (silicon substrates, metal or poly-Si gate layers) must be limited. Samples with known
“spin” concentrations and g-values can be used to calibrate the field and frequency of the system
which allows for measurements of the g and A “tensors” of a sample under study.

2.3 Spin-dependent Recombination (SDR)

Spin-dependent recombination (SDR) is an electrically detected ESR technique first
demonstrated by Lepine in 1972.95 In SDR, the samples under study include fully processed
devices. The ESR induced spin flipping acts to modify device recombination current. The
modification to this recombination current is measured as a function of magnetic field. This
results in an ESR-like spectrum which is due to the deep level defects participating in
recombination. This technique provides an extremely large increase in sensitivity over ESR and
allows for measurements in fully processed devices.23
A brief, only qualitatively correct, explanation of SDR provided by Lepine95 is useful in
understanding our measurements. The Lepine model for SDR is schematically illustrated in
figure 2.6. Lepine’s model95 combines both the Shockley-Read-Hall (SRH) model91,92 for
recombination and the Pauli exclusion principle. A SRH recombination event occurs when a
conduction electron is captured by a deep level defect and then a hole is captured at the same
defect site. (The recombination sequence could also be reversed.) In SDR, a transistor is biased
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so that the source/drain to substrate current is dominated by recombination through interface
defects (this corresponds to the peak in the DC-IV13,14). The device, thus configured, is placed in
a large slowly varying DC magnetic field which partially polarizes the spins of the conduction
electrons, holes, and deep level defects. If a deep level defect and a charge carrier have the same
spin orientation, the Pauli exclusion principle forbids charge capture by the deep level defect
because the electrons must have different spin quantum numbers to occupy the same orbital.
When a paramagnetic deep level’s electron spin resonance condition is satisfied, the defect’s
electron spins are “flipped.” Flipping the spins increases the probability of opposite spin
orientations between deep level defects and charge carriers, thus increasing the recombination
current. This increase in recombination current, which is spin dependent, is what is measured in
SDR.
Lepine’s model provides simple insight into the physics governing SDR but predicts a
spin dependent change in the recombination current of approximately 1 part in 106 at the fields
and temperatures utilized in our study.95 SDR experiments can show a current change of
approximately 1 part in 104 or larger.23,96 A frequently more accurate (but more complex)
description of SDR has been proposed by Kaplan, Solomon, and Mott (KSM).97 KSM extends
Lepine’s model to consider the coupling of two spins prior to the actual recombination events.97
Once coupled, the two spins can either recombine or dissociate, but not recombine with other
electrons and holes.97 The KSM model assumes that recombination mostly involves singlet pairs
(pairs in which the electrons have opposite spin orientation without the help of magnetic
resonance).97 The triplet (pairs in which the electrons have the same spin orientation)
recombination rate is assumed to be negligible.97 If resonance occurs while the two electrons are
coupled, the triplet becomes a singlet and recombination occurs. The size of SDR effect
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Figure 2.6: Schematic illustration of Lepine’s model for SDR. In this model, device substrate
current is modified due to (1) an ESR induced spin-flipping event and (2) the Pauli exclusion
principle.
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predicted by KSM is relatively large97 and is more nearly consistent with experimental data on
most devices than the Lepine model. In the KSM model, the size of the SDR effect depends upon
the relationship between the coupling time of the pair and the spin-lattice relation time, or T1.97
The KSM analysis leads to the prediction of an SDR effect that is (to first order) magnetic field
independent.97 In other words, the magnetic field polarization of unpaired electrons has little
effect on the recombination. It should be noted that the original KSM model assumes a coupling
between conduction band and valence band electrons and holes.97 In reality, the coupling is
generally between a conduction or valence band charge carrier and a deep level defect.96,98 The
details of these SDR models and their relevance to MOS devices are discussed elsewhere.96,98

2.4 Spin-dependent tunneling (SDT)

SDT is very similar to SDR with the difference being that in SDT, one measures a
tunneling current which is spin-dependent. There is very little in the literature regarding SDT
measurements.99,100 In the SDT measurement, a device is biased so that the substrate current is
dominated by a trap assisted tunneling current through the gate dielectric. The device, thus
configured, is placed in a large slowly varying DC magnetic field which partially polarizes the
spins of the electrons, holes, as well as the spins of paramagnetic deep level defects participating
in trap-assisted tunneling in the dielectric. If, for example, an unpaired electron in the tunneling
defect and a gate valence electron both have the same spin orientation, the Pauli exclusion
principle forbids a tunneling event through the center. However, satisfaction of the resonance
condition can “flip” the spin orientation of the unpaired electron in the tunneling center and
increases the probability of opposite spin orientations between tunneling center and gate valence
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electrons, thereby increasing the tunneling current. The increase in trap-assisted tunneling
current, which is spin-dependent, is what is measured in SDT.99,100 While the details of the SDT
mechanism in this study are not fully determined, our observations17,18 are consistent with spindependent trap-assisted tunneling through “near-interface” defects. This mechanism is discussed
in more detail in chapter 4.

2.5 The SDR/SDT Spectrometer

A schematic illustration of an SDR/SDT spectrometer is shown in figure 2.7. The
schematic is remarkably similar to the ESR schematic of Figure 2.5. The differences include the
sample types and detection schemes. In SDR and SDT, a fully processed transistor is critically
coupled to the microwaves. The spin-dependent modification to the device recombination
(tunneling) current is what is detected in SDR (SDT). This current is detected with the help of a
current to voltage converter/pre-amplifier and the lock-in detection scheme. This measurement
apparatus allows for very high sensitivity measurements. The SDR sensitivity can, under some
circumstances, reach as little as 103 paramagnetic defects.23
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Figure 2.7: Schematic diagram of an SDR/SDT spectrometer.

32

Chapter 3

NBTI IN PURE SiO2-BASED pMOSFETs

In this chapter, SDR measurements are utilized to directly observe the atomic-scale
defects associated with NBTI in fully processed pure SiO2 devices.19-21,101,102 (Here, “pure”
indicates that the dielectrics are SiO2 with only hydrogen present as a significant impurity.) We
also correlate the SDR defect observations with DC-IV measurements13,14 of NBTI-induced
interface state density. The combination of DC-IV and SDR measurements is a useful tool to link
specific atomic-scale defects to the device electronic properties. Our measurements in this
chapter detail the correlation of NBTI-induced interface state generation to the generation of Pb0
and Pb1 interfacial silicon dangling bonds.19-21,101,102 (Pb0 and Pb1 are both silicon dangling bond
defects in which the central silicon atom is back bonded to three other silicon atoms precisely at
the Si/SiO2 interface.) Our results clearly show that NBTI is dominated by the generation of
these Pb0 and Pb1 interface defects.19-21,101,102 After a perhaps too harsh NBTS we also note the
observation of E′ center oxide defects.19-21,102 Our results do not allow for a definitive
understanding of the E′ center’s role in NBTI, but suggest that they may be involved in the
catalyzing inversion layer hole capture process.19-21,102

3.1 Experimental Details

Our examination of NBTI in SiO2 devices includes two different types of pure SiO2based pMOSFETs. The first type involves large area (≈ 41,000 μm2) 7.5nm SiO2 devices
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provided by Texas Instruments. The devices are fabricated in a gated-diode configuration where
the source and drain are shorted together. The second type of devices involves very large area (≈
1x106 μm2) 48 nm SiO2 power pMOSFETs provided by Austria Microsystems. The gate
dielectrics for these devices were formed using a 20 minute wet oxidation at 900°C followed by
a 20 minute dry oxidation at 900°C. The oxidation steps were followed by a N2 anneal at 925°C.
These devices involve a large gate overhang that extends over a lightly doped region. This device
layout slightly alters the DC-IV characteristic curves, but still allows for SDR observations of
NBTI-induced atomic scale defects. Both types of devices were subject to various NBTS
conditions. Following stress, all of the devices were subject to a temperature quench in which the
stressing temperature is reduced to room temperature over approximately 4 minutes while the
gate bias stress is maintained. We have been found this method to be fairly effective at “lockingin” the NBTI-induced damage, rendering it observable in the SDR/DC-IV measurements.19
Interface state densities were monitored using the DC-IV measurement.13,14 NBTI-induced
changes in the DC-IV derived interface state density were correlated to SDR measurements
detailing the generation of specific defect structures. X-band (~9.5GHz) SDR measurements
were made at room temperature with a custom-built SDR/SDT spectrometer based on a
Resonance Instruments 8330 series microwave bridge and a TE102 microwave cavity. SDR
measurements were calibrated using a strong pitch spin standard and an EIP 535 frequency
counter. All DC-IV and SDR measurements in this chapter were made with +0.33V applied to
the source/drain to substrate diode. The examination of NBTI in pure SiO2 devices will begin
with DC-IV and SDR measurements on the 7.5 nm devices and then proceed to the 48 nm power
devices.
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3.2 NBTI in 7.5nm SiO2 pMOSFETs

7.5 nm SiO2 devices were subject to an NBTS of -5.7V at 140°C for 250,000 seconds.
Pre- and post-NBTS gate controlled diode DC-IV measurements are shown in figure 3.1. It is
clear that the NBTS induces a large increase the peak substrate current which scales with Dit.
Following the analysis of Fitzgerald and Grove13, Dit values were extracted for pre-NBTS (7 x
109 cm-2eV-1) and post-NBTS (5 x 1011 cm-2eV-1) using a mean capture cross-section of σs = 2 x
10-16 cm2. Figure 3.2 illustrates the corresponding pre- and post-NBTS SDR traces with the
magnetic field vector perpendicular to the (100) surface. The interface state density in the
unstressed device is below the SDR detection limit. After NBTS, we observe the generation of
two strong signals at g = 2.0057 ± 0.0003 and g = 2.0031 ± 0.0003. The observed g-values at this
magnetic field orientation allows us to attribute the g = 2.0057 signal to Pb0 centers and the g =
2.0031 signal to Pb1 centers. We note that the size of the SDR effect (ΔI/I ≈ 5 x 105) is consistent
with the KSM model.97
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Figure 3.1: Gate controlled diode DC-IV measurements on a 7.5nm pMOSFET before and after
the application of NBTS (-5.7V at 140°C for 250,000 seconds).
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Figure 3.2: SDR traces of 7.5nm pMOSFETs with the magnetic field vector perpendicular to the
(100) surface both before and after the application of NBTS (-5.7V at 140°C for 250,000
seconds).
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Pb0 and Pb1 defects are both silicon dangling bond defects in which the central silicon
atom is back-bonded to three other silicon atoms precisely at the Si/SiO2 boundary.15,22-25,103,104
Figure 3.3 illustrates a schematic drawing of Pb0 and Pb1 centers. The main differences between
the two defects are in the dangling bond axes of symmetry15,22,23,25,103,104 and electronic densities
of states.24,105-108 The Pb0 dangling bond orbital points along the <111> directions15,22,23 while the
Pb1 dangling bond orbital points along the <211> directions.25,103,104 The observation of NBTIinduced Pb0/Pb1 defects is consistent with regard to the defects’ densities of states.15,105,106,108,109
Both the (111) Si Pb center and (100) Si analog, the Pb0 center, have a broadly peaked density of
states centered about mid-gap with the “+/0” and “0/-” transitions separated by about
0.7eV.24,106,108 Utilizing conventional ESR measurements, Campbell et al. showed105 (figure 3.4)
that that the Pb1 has a considerably different density of states with the “+/0” and “0/-” transitions
separated by only a few tenths of an eV and shifted toward the lower part of the gap. These
experiments involved ESR measurements as a function of corona bias applied to the gate
dielectric.105 Varying the corona bias alters the position of the Fermi energy in the silicon, and
therefore allows one to measure the density of states as a function of corona bias. Unfortunately,
a precise quantitative comparison of the corona bias to the Fermi energy level is not available in
this case. However, much earlier conventional ESR work24,106-110 showed that the Pb and Pb0
amplitude peaks at about mid-gap and drops to small fraction of the mid-gap amplitude when the
Fermi level is close to either the valence or conduction band edge. These earlier studies (on thick
SiO2 structures with higher defect densities) did involve comparisons of Fermi energy and Pb
amplitude. Our conclusions, with regard to the Pb1 density of states, rely on these earlier
observations of the Pb and Pb0 densities of states. The newer observations of figure 3.4 clearly
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Pb1

Figure 3.3: Schematic Drawing of the Pb0 and Pb1 Si/SiO2 interface defects.
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Figure 3.4: ESR derived Pb0 and Pb1 signal amplitudes as a function of applied corona bias. The
plot indicates that the Pb1 density of states is narrower than the Pb0 and is skewed toward the
lower part of the silicon band gap. The dashed lines are included as merely a guide for the eye.

40

show that the Pb1 distribution is considerably narrower than that of the Pb0 and also clearly shows
that the distribution is shifted to the lower part of the band gap.105 A schematic illustration of the
Pb0 and Pb1 densities of states is illustrated in figure 3.5.105
Figure 3.6 illustrates the NBTI-induced Pb0 and Pb1 SDR signal amplitudes as a function
of gate bias. The dashed lines are only a guide for the eye. Figure 3.6 clearly illustrates that both
Pb0 and Pb1 centers have significant densities of states near midgap; a result at least qualitatively
consistent with the broad density of states indicated in figure 3.4. The correspondence in gate
voltage between the DC-IV peak (figure 3.1) and the SDR amplitude peaks (figure 3.6) provides
further support to the concept that the dominating NBTI-induced defects in these SiO2-based
devices are Pb0 and Pb1 centers.
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Figure 3.5: Schematic representation of the density of states of the Pb0 and Pb1 defects as a
function of band-gap energy. The sketches provide only a crude semi-quantitative representation.
The important points to note in this illustration are that the Pb1 density of states distribution is
significantly narrower than that of the Pb0 density of states and that this distribution is almost
certainly skewed toward the lower part of the Si band gap.
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Figure 3.6: SDR derived Pb0 and Pb1 signal amplitudes as a function of applied gate bias for the
7.5nm pMOSFET subject to NBTS (140°C for 250,000 seconds with -5.7V on the gate contact).
The dashed lines are included as merely a guide for the eye. In these measurements, the magnetic
field vector is perpendicular to the (100) surface.
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As discussed above, the assignment of Pb0 and Pb1 defects as the NBTI-induced defects in
these SiO2 devices is consistent with the observed NBTI-induced negative shift in threshold
voltage. Figure 3.7 schematically illustrates, for a pMOS device biased in inversion, both the Pb0
and Pb1 centers would be positively charged. The Pb0/Pb1 defects would result in the expected
NBTI-induced shift in threshold voltage. The fairly high densities of interface states seen in this
study could account for quite significant threshold voltage shifts. Thus, our results are consistent
with the idea that Pb0/Pb1 defects could be responsible for most of the NBTI threshold voltage
shift in comparable devices (thicker SiO2-based devices).
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Figure 3.7: Schematic representations of the a) Pb0 and b) Pb1 density of states for p-type MOS
capacitor biased in inversion.
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In an effort to further investigate the defects associated with NBTI, another 7.5 nm device
was subject to a higher temperature NBTS condition (-5.7V at 200°C for 20,000 seconds). The
pre- and post-NBTS gate controlled diode DC-IV measurements are shown in figure 3.8. Again,
it is clear that the NBTS induces a large increase in the peak substrate current and interface state
density. The Fitzgerald/Grove analysis13 yields a pre-NBTS Dit of 7 x 109 cm-2eV-1 and a postNBTS Dit of 7 x 1011 cm-2eV-1 assuming a mean capture cross-section of σs = 2 x 10-16 cm2.
Figure 3.9 illustrates the corresponding pre- and post-NBTS (-5.7V at 200°C for 20,000
seconds) SDR spectra with the magnetic field perpendicular to the (100) surface. Similar to the
140°C stressing case, we observe both Pb0 and Pb1 interface defect signals (g = 2.0060 ± 0.0003,
and g = 2.0033 ± 0.0003 respectively). Within experimental error, the observed Pb0 and Pb1 gvalues are the same as in the 140°C NBTS. In addition, we almost certainly observe a third
signal (close to our sensitivity limit) at g = 2.0007 ± 0.0003. We attribute this signal to an E′
center oxide defect. E′ defects are oxygen vacancy centers or single silicon dangling bonds.15 In
both cases, the resonance measurements are sensitive to an unpaired electron in one or more
silicon atom orbitals in which the silicon is back-bonded to oxygen atoms in the oxide. Figure
3.10 illustrates a schematic drawing of a neutral E′ symbol. The E′ centers (or any bulk dielectric
defects) observed in an SDR measurement must be located very near the Si/SiO2 interface
because only “near-interface” oxide defects would be able to interact with the interface traps to
alter the recombination current.96,98 Since we are only observing the “near interface” E′ centers,
the fact that the E′ signal is much weaker than the Pb0 and Pb1 signals does not necessarily
indicate that the E′ density is significantly lower than the Pb0/Pb1 defects. There may be more E′
centers distributed further into the oxide.
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Figure 3.8: Gate controlled diode DC-IV measurements on a 7.5nm pMOSFET before and after
the application of NBTS (-5.7V at 200°C for 20,000 seconds).
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Figure 3.9: SDR traces of 7.5 nm pMOSFETs with the magnetic field vector perpendicular to the
(100) surface both before and after the application of NBTS (-5.7V at 200°C for 20,000
seconds).
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Figure 3.10: Schematic representation of a neutral E’ center oxide defect.
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At this time, we are not able to conclusively determine the role of E′ defects in NBTI.
Since we are only able to detect the E′ signal in the devices subjected to the harsher stressing
condition (-5.7V, 200°C for 20,000 seconds), we cannot rule out the possibility that, under these
circumstances, the E′ centers have been generated via hot hole oxide injection71 (inconsistent
with the NBTI phenomenon). Nevertheless, our E′ observations suggest that they may play an
important role in NBTI. It is worth noting that E′ centers have levels near the middle of the SiO2
band gap; at energies appropriate for hole capture from the silicon inversion layer.111 There is
extensive experimental evidence indicating that E′ centers can capture holes.15,112 There is also
clear experimental evidence that, after hole capture, E′ centers can “crack” molecular hydrogen;
a process which could lead to Si-H bond dissociation at the Si/dielectric boundary.112 As
mentioned above, most NBTI theories involve the capture of an inversion layer hole which then
leads to Si/SiO2 interface Si-H dissociation.1,2,26,27 Although our E′ center results must be viewed
with some skepticism, they do suggest a potential path in which an inversion layer hole capture
event can lead to eventual Si/SiO2 Si-H bond breaking.

3.3 NBTI in 48nm SiO2 Devices

We have also examined the NBTI response in some much thicker pure SiO2 power
transistors. These devices also exhibit a similar NBTI response as observed in the 7.5nm SiO2
devices. These devices were subject to a NBTS condition of -25V at 175°C for 100,000 seconds.
Figure 3.11 shows both the pre- and post-stress DC-IV characteristic curves. The geometry of
these devices (gate extension over lightly doped regions) results in two DC-IV peaks.113 The DCIV double peak has been reported in the literature for devices with lightly doped regions.113 The
DC-IV peak at VG = -0.5V is associated with interface states located near the center of the
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Figure 3.11: Gate controlled diode DC-IV measurements on a 48 nm power pMOSFET before
and after the application of NBTS (-25V at 175°C for 100,000 seconds). The double peak in the
DC-IV characteristics is consistent with the devices geometry. These devices include lightly
doped regions adjacent to the source and drain. This results in two different depletion regions
corresponding to two different peaks in the DC-IV curve.
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channel while the DC-IV peak at VG = 1.4V is associated with interface states in the drift regions
adjacent to the source and drain.113 Austria Microsystems has performed processing simulations
for these devices which indicate that the lightly doped regions on both the source and drain sides
of the pMOSFET account for a large part of the channel region. This is also indicated by the
relative sizes of the two DC-IV peaks. After NBTS, we observe an increase in both of these
substrate current peaks. The Fitzgerald and Grove analysis13 leads to pre-NBTS Dit = 6 x 109
cm-2eV-1 and Dit = 8 x 109 cm-2eV-1 for the VG = -0.5 and VG = 1.4V peaks, respectively. PostNBTS, we observe an increase in substrate current peaks which correspond to Dit = 2 x 1011
cm-2eV-1 and Dit = 4 x 1011 cm-2eV-1 for the VG = -0.5 and VG = 1.4V peaks, respectively. All the
extracted Dit values assume a mean capture cross-section of σs = 2 x 10-16 cm2.
Figure 3.12 illustrates the corresponding SDR measurements for VG = -0.5V and VG =
+1.4V with the magnetic field aligned parallel to the <100> surface normal. The interface state
density in the unstressed device is below our SDR detection limit. After NBTS, we observe the
generation of a strong signal at g = 2.0056 ± 0.0003 for VG =1.4V and VG = -0.5V. The observed
g-value at this magnetic field orientation indicates that this signal is due to Pb0 centers. We note
that the same defect signature is observed with VG = 1.4V and VG = -0.5V. This is an indication
that NBTI generates the same defects in the channel and lightly doped interface regions of the
device.
Figure 3.13 illustrates the Pb0 SDR signal amplitudes as a function of gate bias as well as
the DC-IV characteristic curve for the post-NBTS pMOSFET of figures 3.11 and 3.12. The close
correspondence in gate voltage between the peaks in DC-IV and SDR measurements is another
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Figure 3.12: SDR traces of 48nm pMOSFETs with the magnetic field aligned parallel to the
<100> direction both before and after the application of NBTS (-25V at 175°C for 100,000
seconds). We observe the same defect with the gate voltage corresponding to each of the two
DC-IV peaks (VG = 1.4V and VG = -0.5V).
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Figure 3.13: SDR signal amplitude (lower curve) and DC-IV derived substrate current (upper
curve) as a function of gate bias for the 48 nm pMOSFET subject to an NBTS of -25V at 175°C
for 100,000 seconds. The close correspondence between these two measurements is a strong
indication that the defects observed in SDR are the same defects monitored in the DC-IV
measurement.
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indication that the Pb0 defects dominate the electronic NBTI-induced interface state density
response.
From these observations, we conclude that the NBTI response in the 48nm pMOSFETs is
dominated by Pb0 interface state generation. It is somewhat interesting that we observe both Pb0
and Pb1 defects in the 7.5nm devices but only Pb0 defects in the 48nm devices. The presence of
Pb0 and Pb1 defects at the Si/SiO2 interface is thought to be a result of strain relief. However, the
reasons for the preferential generation of one of these defects in some devices is not understood.

3.4 Summary

In both the 7.5nm and 48nm SiO2 pMOSFETs, DC-IV measurements indicate that the
NBTI response is dominated by the generation of relatively large densities of interface states.
The corresponding SDR measurements identify these NBTI-induced interface states as Pb0 and
Pb1 defects in the 7.5nm devices and Pb0 defects in the 48nm devices. Thus, our observations for
these SiO2 devices indicate that NBTI is more consistent with the reaction-diffusion model in
which the response dominated by interface state generation.1,2 Our observation of NBTI-induced
E′ centers suggests that they may have some role in the catalyzing inversion layer hole capture.
However, since unrealistically harsh NBTS was required to observe the E′ centers, it is not
possible to conclude with certainty that they play a role under technologically relevant
conditions.
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Chapter 4

NBTI IN PLASMA-NITRIDED OXIDE (PNO) pMOSFETs

This chapter discusses SDR and SDT magnetic resonance measurements utilized to
directly observe the atomic-scale defects of NBTI in fully processed 2.3 nm PNO devices.17,18,20
We compare the SDR and SDT measurements with DC-IV observations of NBTI-induced
changes in interface state densities as well as trap-assisted tunneling current measurements. We
also make measurements on 7.5 nm pure SiO2 devices, which serve as a good comparison for our
observations in the 2.3 nm PNO devices. Our results definitively identify the dominating atomicscale defect in the 2.3 nm PNO devices as a KN center (not a Pb0 or Pb1 center).17,18 KN centers
are silicon dangling bond defects in which the central silicon is back-bonded to three other
nitrogen atoms.17 The KN centers are in the “near-interface” region of the dielectric and have a
fairly narrow peaked effective density of states near the middle of the band gap.18 We find that
NBTI-induced KN centers participate in both spin-dependent recombination and tunneling
processes.18 This is an indication that the same defect can act like an interface state and a bulk
dielectric tunneling center.18 These collective observations may help explain why the addition of
nitrogen enhances the NBTI phenomenon. They may also explain why NBTI experts can report
conflicting views on the roles of NBTI-induced interface states and bulk traps. Finally, this
deeper understanding of the NBTI-induced atomic-scale defects may help to explain fluorine’s
ineffectiveness in reducing NBTI in nitrided devices.
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4.1 Experimental Details

This study involves both 7.5nm SiO2 and 2.3nm equivalent oxide thickness (EOT) PNO
large area pMOSFETs (~40,000 μm2). Since the NBTI-induced atomic-scale defects are fairly
well understood in the thicker SiO2 devices19-21, we use them as a control to compare and
contrast the thinner PNO devices. The SiO2 devices were subject to an NBTS of -5.7V at 140°C
for 210,000 seconds. The PNO devices were subject to an NBTS of -2.6V at 140°C for 180,000
seconds. Interface state densities (Dit) were monitored using DC-IV measurements.13,14 In the
DC-IV measurement, the source and drain contacts are shorted while the source/drain to
substrate diode is forward biased.13,14 The substrate current is then monitored as a function of
gate bias (VG).13,14 Fitzgerald and Grove showed that when the substrate current is dominated by
recombination through interface states, the DC-IV characteristic curve displays a peak in the
substrate current.13 The difference between this peak and baseline substrate current scales with
the interface state density, Dit. The energy window in which recombination occurs is controlled
by VF. As will be shown in the following sections, variations in the SDR and DC-IV
recombination energy window provide a deeper understanding of the defects involved.
X-band (~9.5GHz) SDR and SDT measurements were made at room temperature with a
custom-built SDR/SDT spectrometer based on a Resonance Instruments 8330 series microwave
bridge and a TE102 microwave cavity. SDR/SDT measurements were calibrated using a strong
pitch spin standard and an EIP 535 frequency counter. Immediately following the stress, each
device was subject to a post-NBTS temperature quench step. This step involves cooling the
device to room temperature (over the span of several minutes) while the negative stressing bias is
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maintained. We have found this method to be fairly effective at “locking-in” the NBTI-induced
damage, rendering it observable in SDR/SDT.20 Also, to ensure that further recovery was
minimal during subsequent measurements, all DC-IV, SDR, and SDT measurements were taken
at least 4 hours post-NBTS/temperature quench. The details of the SDR phenomena and SDT
phenomenon are discussed in Chapter 2.

4.2 Comparison of NBTI in 7.5 nm SiO2 and 2.3 nm PNO pMOSFETs: Different Defects

Figure 4.1 illustrates the pre- and post-NBTS DC-IV characteristic curves for a 7.5nm
SiO2 and a 2.3nm EOT PNO-based pMOSFET. In the 7.5nm SiO2 device (figure 4.1a), NBTS
clearly generates an increase in the peak substrate current corresponding to an increase in Dit.
The Fitzgerald and Grove analysis13 leads to a pre-stress Dit ≈ 6 x 109 /cm2eV and a post-stress
Dit ≈ 4 x 1011 /cm2eV assuming a mean capture cross section of σs = 2 x 10-16 cm2. In the 2.3nm
PNO device (figure 4.1b) NBTS also generates an increase in peak substrate current and Dit.
Fitzgerald and Grove derived Dit values were not extracted for these devices because of the
uncertainty in the mean capture cross-section. However, we note an approximately one order of
magnitude increase in the peak substrate current which should correspond to approximately one
order of magnitude increase in Dit. It is clear that NBTS generates a very large increase in Dit in
both the SiO2 and PNO devices. We note that the shapes of the DC-IV characteristic curves for
the SiO2 and PNO devices are somewhat different. The SiO2 DC-IV curve is consistent with
recombination while the PNO DC-IV is due to both recombination and tunneling; tunneling
dominates at the most positive gate voltages. As one would anticipate, the PNO tunneling
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component is most dominant when the source/drain to substrate diode forward bias (VF) is
reduced to near zero or zero. (In this case, the recombination current is turned off.)
Figure 4.2 illustrates post-NBTS magnetic resonance results for the 7.5nm SiO2 and
2.3nm PNO-based devices with the magnetic field parallel to the <100> surface normal. The
spectrometer settings in each case are optimized to yield the true line shape of the spectra. In this
figure, SDR spectra are plotted as a function of g-value to illustrate differences in NBTI-induced
defects in the SiO2 and PNO devices. NBTS in 7.5nm SiO2-based devices generates two SDR
signals at g = 2.0059±0.0003 and g = 2.0033±0.0003 corresponding to Pb0 and Pb1 Si/SiO2
interface defects respectively.21 The Pb0 and Pb1 defects have been shown to be the dominating
interface defects in Si/SiO2 systems under many circumstances15 and have also been shown to
play a large role in NBTI in thicker SiO2-based devices.16,19-21 We note that the size of the SDR
signal for SiO2 device (ΔI/I ≈ 5x105) is more consistent with the KSM model97 for SDR. In
2.3nm PNO-based devices, NBTS generates a much broader (≈ 14G wide) SDR signal at g =
2.0020±0.0003. Measurements (not shown) with spectrometer settings optimized to observe
narrower signals within the broad g = 2.0020 signal revealed no other components. If Pb0/Pb1
centers were present in significant quantities in the PNO-based devices, the overlapping Pb0/Pb1
signal would be observed to the left (higher g-value) of the apparently symmetric g = 2.0020
signal. It is clear that this is not the case. Thus, NBTS in thinner PNO-based devices generates
this new defect at g = 2.0020 to such an extent that any Pb0/Pb1 generation is completely
obscured. From these DC-IV/SDR measurements, it is clear that NBTI generates different
defects in the PNO devices. The following sections of this manuscript examine the electronic
properties and physical identity of this NBTI-induced center in the PNO devices.
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Figure 4.1: Pre- and Post-NBTS DC-IV measurements on (a) 7.5nm SiO2 pMOSFET (-5.7v at
140°C for 210,000 seconds) and (b) 2.3nm PNO pMOSFET (-2.6V at 140°C for 180,000
seconds).
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Figure 4.2: Optimized SDR traces of NBTI-induced defects in 7.5nm SiO2 and 2.3nm PNObased devices as a function of g-value. NBTI generates different defects in SiO2 and PNO
devices.
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4.3 PNO Defect: Physical Location

The relationship between a defect’s experimentally observed g-value and the orientation
of the applied magnetic field is an indication of the defect’s local environment. Figure 4.3
illustrates the g-value versus device orientation with respect to the applied magnetic field for the
Pb0 center as well as for the new PNO defect. In this figure, θ is defined as the angle between the
magnetic field vector and the <100> surface normal. Figure 4.3(a) illustrates the Pb0 g-value
orientation dependence adapted from earlier ESR work.110 The Pb0 signal splits into three lines
(each corresponding to a <111> direction) that are clearly a function of orientation
(anisotropic).110 If a defect was located precisely at the interface, one would expect it to have an
orientation dependent g-value because of the long range order present precisely at the
interface.15,93 The would reflect the symmetry of the defect.15,93 Rotation of the device in the
magnetic field changes the alignment of the local magnetic field experienced by the defect
relative to the applied field. This alters the defect’s resonance condition resulting in an
anisotropic g-value.15,93 Figure 4.3(b) illustrates the g-value orientation dependence of the NBTIinduced g = 2.0020 signal in the PNO devices. The g = 2.0020 signal’s g-value is independent of
the device orientation (isotropic). If a defect was located in an amorphous dielectric, one would
expect the defect to have an equal distribution in all orientations.15,93 In this case, rotation of the
device in the magnetic field alters the local magnetic fields of all the defects, but the total effect
would be on average zero, resulting in an unchanging g-value.15,93 Therefore, our observation of
an isotropic g = 2.0020 (figure 4.3(b)) is a strong indication that the dominant NBTI-induced
defect in the PNO devices is located within the amorphous dielectric. However, the NBTIinduced increase in both the DC-IV peak and the SDR spectrum indicates that this defect is
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Figure 4.3: (a) Adapted ESR g-value angular dependence for the Si/SiO2 Pb0 interfacial defect
[Ref. 111] and (b) SDR g-value angular dependence for the NBTI-induced 2.3nm PNO defect.
The PNO defect’s isotropic g-value is an indication that the defect is physically located in the
“near-interface” region.
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located close enough to the interface to participate in recombination. Therefore, we conclude that
the defect is located within the dielectric but close (probably ≤ 1nm) to the interface (the “nearinterface” region). However, we also note that in these 2.3 nm PNO devices, the “near-interface”
region may account for a large percentage of the gate dielectric.

4.4 PNO Defect: Participation in SDR and SDT

This section examines the impact of the source/drain to substrate forward bias (VF) on the
EDMR sensitivity of the PNO defect. We find that increased sensitivity is linked to the PNO
defect’s participation SDT. The effects of VG on the SDT and SDR phenomena are also
explored.
Figure 4.4 illustrates the post-NBTS magnetic resonance spectra for a 2.3nm pMOSFET
taken with VF = -0.2V and VF = +0.2V. In these measurements, the magnetic field is parallel to
the <100> surface normal. Both spectra clearly show the generation of the same PNO defect (≈
14G wide signal at g = 2.0020 ± 0.0003). The spectrometer gain for the VF = -0.2V spectrum is
100 times larger than the gain of the VF = +0.2V spectrum. Magnetic resonance measurements
utilize microwave irradiation to satisfy the ESR resonance condition. In these measurements, the
microwaves induce a (+0.2V) bias between the source/drain to substrate diode. When a
source/drain to substrate bias (VF) of -0.2V is applied to compensate for the microwave-induced
biasing, the diode is completely turned off and the device substrate current is only the tunneling
current. Thus, the spectrum observed with VF = -0.2V is a spin-dependent tunneling current
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through the gate dielectric. However, when VF = +0.2V the source/drain to substrate diode is
turned on (sufficient numbers of interfacial electrons and holes) and the device substrate current
is orders of magnitude larger, the current is dominated by recombination. Thus, the spectrum
observed with VF = +0.2V corresponds to spin-dependent recombination current through
interface traps. The observation of the same defect signature at VF = -0.2V and at VF = +0.2V
indicates that the same defect participates in both spin-dependent tunneling and spin-dependent
recombination.
To further examine the role of the PNO defect in SDT and SDR phenomena, we have
made extensive SDT/SDR measurements as a function of VF. These measurements are shown in
figure 4.5(a) as the normalized SDR and SDT amplitudes as a function of VF. The normalization
is achieved by dividing the spin-dependent modification to the tunneling and recombination
currents (ΔI) by the non-spin-dependent DC current (I). We observe that the ΔI/I response
steadily increases as VF is decreased. The largest ΔI/I effect is seen for VF ≤ -0.2V. As discussed
above, for these values of VF the source/drain to substrate diode is turned off and the observed
spectrum is dominated by SDT. For larger positive values of VF, the source/drain to substrate
diode is turned on and the observed spectrum is dominated by SDR. In an attempt to delineate
between SDR and SDT, figure 4.5(b) plots the modification to the spin-dependent currents (ΔI)
as a function of VF. The ΔI response is relatively constant for negative values of VF and increases
sharply for positive values of VF. Unlike ΔI/I, the ΔI of the SDT current should be nearly
independent of VF (it should only depend upon the gate voltage). Therefore, the increase in ΔI
for positive values of VF is due to an increase in SDR current. Thus, the spin-dependent current
is dominated by tunneling for negative values of VF and by recombination for larger positive
values of VF. It is difficult to determine the exact transition between SDT and SDR. However,
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Figure 4.4: SDT (VF = -0.2V) and SDR (VF = +0.2V) spectra of PNO defect. Both measurements
clearly show the generation of a single dominating signal at g = 2.0020. The spectrometer gain is
100 times greater for the VF = -0.2V spectrum.
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Figure 4.5: (a) Normalized size of the SDR and SDT effect for the PNO defect as a function of
VF. The normalization is plotted as the modification to the SDR/SDT current (ΔI) divided by the
DC source/drain to substrate diode current (I). (b) The modification to the SDR/SDT current (ΔI)
as a function of VF. These figures illustrate that the PNO defect clearly participates in both SDT
and SDR phenomena.
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since the ΔI value increases dramatically as VF is increased (≈ 25x larger at VF = +0.1, ≈ 60x
larger at VF = +0.2V, and ≈ 120x larger at VF = +0.3V), we somewhat arbitrarily take SDT as the
dominant mechanism for VF < +0.1V and SDR as the dominant mechanism for VF > +0.1V.
Although our approach to separating the relative contributions of SDT and SDR is imprecise, we
believe the argument is conclusive.
We have also examined the effect of VG on the SDR and SDT phenomena. Figure 4.6
illustrates the SDR (VF = +0.2V) and SDT (VF = -0.2V) ΔI/I responses as a function of gate
voltage (VG). Since interface recombination is largest in a depletion region (equal numbers of
electrons and holes at the interface)13,90, the SDR ΔI/I should be largest for the gate voltages
corresponding to a depleted channel. The SDR ΔI/I should be at a minimum when VG
corresponds to an accumulated or inverted channel (unequal numbers of electrons and holes at
the interface). This is exactly what we observe. The SDR ΔI/I is broadly peaked near depletion
(VG ≈ +0.45V) and is consistent with the expected SDR behavior. However, the SDT ΔI/I
response is different; it is a narrower function of VG and exhibits negative ΔI/I values. Since SDT
should only occur when VG bends the bands to an energetically favorable alignment of tunneling
trap levels, one would expect the ΔI/I response to be narrower for SDT than for SDR. The
negative ΔI/I values correspond to a reversal in the measured SDT signal polarity and sign of the
DC current. We interpret this reversal in SDT signal polarity to a band alignment favorable for a
reversal in direction of the SDT current.
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Figure 4.6: Normalized size (ΔI/I) of the SDR and SDT effects as a function of VG for VF =
+0.2V and VF = -0.2V.
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Figure 4.7 illustrates the device tunneling (VF = -0.2V) and recombination (VF = +0.2V)
currents along with the SDT (VF = -0.2V) and SDR (VF = -0.2V) ΔI responses of the PNO defect
as a function of VG. We observe that the peak in the device tunneling current closely corresponds
to the peak SDT ΔI response (figures 4.7(a) and (b)) and that the peak in the device
recombination current closely corresponds to the peak in the SDR ΔI response (figures 4.7 (c)
and (d)). This correspondence is another strong indication that the PNO defect acts as both the
dominant tunneling center and interface state in these devices.
It is important to note that the maximum size of the SDT effect (ΔI/I ≅ 6 x 10-5) is much
larger than the SDR effect (ΔI/I ≅ 2 x 10-6) observed in these PNO samples. The increased size of
the SDT effect provides a considerable improvement in measurement sensitivity over SDR. Also,
the ΔI/I SDT value we measure is likely smaller than what we would observe if more microwave
power were available in our system because the signal amplitude is still increasing linearly at the
maximum available microwave power (150mW) of the spectrometer. Large SDR effects are
typically explained in terms of a pairing two spins (KSM model).97 In this case, the spins would
be the charge carriers and the deep level defects spins. The size of the observed SDT effect is
more consistent with that predicted by a KSM-like model in which there is a pairing between
tunneling charge carriers and charge carriers trapped in PNO defect tunneling centers. However,
the size of the observed SDR effect is smaller than the size predicted by the KSM model and
smaller than most SDR measurements reported in the literature.96 The size of the SDR effect in
the PNO devices is more consistent with that predicted by the Lepine95 model for SDR in which
recombination occurs without a pairing of spins. This implies that when the PNO defect is
participating in interfacial recombination, there is little coupling between conduction or valence
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Figure 4.7: DC substrate currents and modifications to the spin-dependent currents (ΔI) for SDT
with VF = -0.2V (a) and (b) and for SDR with VF = +0.2V (c) and (d). The close correspondence
between the peaks in the substrate currents and ΔI values is an indication that the PNO defect
dominates both the device tunneling centers (a) and (b) and interfaces states (c) and (d).
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band charge carriers and deep level interfacial defect spins prior to the actual recombination
event. This correspondence between the PNO defect’s recombination response and the Lepine
model may be consistent with the fact that the PNO defects are not located at the interface.
Considering that the PNO devices’ gate dielectrics are relatively thin (2.3nm), it is
possible that the SDT mechanism involves an interface trap to interface trap tunneling
mechanism similar to that proposed by Nicollian114 to describe low-voltage stress-induced
leakage currents. We have already shown that the PNO defects are physically located not at the
interface, but in the “near-interface” region of the dielectric. Therefore, we speculate that our
SDT measurements involve a spin-dependent trap-assisted variation of the interface state to
interface state tunneling mechanism which involves tunneling through the gate dielectric through
NBTI-induced PNO “near-interface” defects.

4.5 PNO Defect: Density of States

We have shown that large variations in VF can change the nature of the observed spindependent current from tunneling to recombination. However, restricting VF to values in which
SDR is the dominant mechanism (VF ≥ +0.1V) also allows for a very useful comparison
between the thicker SiO2 and thinner PNO devices. Since SDR is a spin-dependent modification
to the DC-IV measurement and VF controls the DC-IV recombination energy window, or the
energy range over which interface traps may contribute to the effect, differences in the size of the
SDR effect as a function of VF reflect differences in the densities of states of thee different
defects in these two types of devices.
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Figure 4.8 illustrates the size of the post-NBTS SDR effect as a function of source/drain
to substrate forward bias (VF) for the SiO2 and PNO devices. For the 7.5nm SiO2 devices, the
SDR derived ΔI/I is broadly peaked at VF ≈ +0.25V. This relatively weak dependence on VF is
consistent with a relatively flat density of states near the middle of the band gap. This is so
because increasing VF increases the energy window in which recombination occurs.13 If the
density of states near the middle of the band gap is relatively flat (like that expected in an
interface dominated by Pb0 and Pb1 defects), increasing VF allows more interface states to
participate in the recombination process. Thus, the size of the SDR effect (seen via ΔI/I)
increases. This behavior continues until VF is large enough that the source/drain to substrate
forward bias diffusion current overwhelms the recombination current and the denominator in ΔI/I
dominates. Thus, for an interface that is dominated by defects with a relatively flat density of
states (Pb0/Pb1), the SDR ΔI/I should be broadly peaked as a function of VF. (Note that our
conclusions here are qualitative to semi-quantitative in detail; the combined Pb0 and Pb1 density
of states is not precisely flat but a relatively flat distribution.) However, the SDR ΔI/I response is
quite different for the PNO devices. In the PNO case, ΔI/I steadily decreases as VF is increased.
This is consistent with a narrower density of states fairly near the middle of the band gap.
Following the arguments above, if the density of states near the middle of the band gap is
narrowly peaked, increasing VF beyond a point, approximately corresponding to the peak width,
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Figure 4.8: Normalized size (ΔI/I) of the SDR effect as a function of VF for the SiO2 and PNO
devices. The different responses indicate different densities of states.
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does not increase the number of defects participating in recombination (the number of defects in
essentially constant). Instead, increasing VF only increases the forward bias diffusion current and
the denominator of the ΔI/I term dominates. Thus, for an interface with a narrowly peaked
density of states near the middle of the band gap, the SDR ΔI/I should steadily decreases as VF is
increased.
Since our SDR measurements utilize a spin-dependent modification to the DC-IV
measurement, DC-IV theory is useful in understanding this result.13,14 Using the Shockley-ReadHall model for recombination, Fitzgerald and Grove13 showed the DC-IV substrate current (Isub)
is given by:

I SUB

⎡
⎢ EC
Dit ( E )dE
= Aqσ s v th ⎢ ∫
⎛ E − Ei
⎢ EV
⎢ p S + nS + 2ni cosh ⎜⎝ kT
⎣

⎤
⎥
⎥ p S nS − ni2
⎞⎥
⎟⎥
⎠⎦

[

]

(4.1)

where pS and nS are the hole and electron concentrations at the surface, E is the energy level of
the surface recombination centers, Ei is the intrinsic Fermi level, and EC and EV are the energies
of the conduction and valence band edges. pS and nS for a pMOS device are given by
pS ≅

⎛ q VF
ni2
⎛ − qφ S ⎞
exp⎜
⎟ exp⎜⎜
ND
⎝ kT ⎠
⎝ kT

⎞
⎟⎟
⎠

(4.2)

⎛ qφ ⎞
nS ≅ N D exp⎜ S ⎟
⎝ kT ⎠

(4.3)

where ND is the substrate doping and φS is the surface band bending. Note that increasing VF
between the source/drain to substrate p/n junction increases the number of minority carrier holes
(pS) available for recombination (in a pMOS device). An examination of the integral in equation
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(4.1) helps explain the VF-derived active recombination window. For |E-Ei| values small enough
to ensure that the pS+nS term is greater than the 2nicosh[(E-Ei)/kT] term, the denominator of the
integral is nearly constant and relatively small. However, as |E-Ei| increases, the cosh[(E-Ei)/kT]
term blows up and overwhelms the VF derived pS+nS term. This can be thought of as effectively
closing the recombination window. Careful analysis of the integrand of equation (4.1) using
equations (4.2) and (4.3) leads to an effective DC-IV and SDR recombination energy window of
~q|VF|, centered about the middle of the band gap.
Computer simulations of the DC-IV recombination current using equations 4.1-4.3 were
carried out for various values of VF and various densities of states. By dividing the simulated
DC-IV peak current by the baseline substrate current, an analogous ΔI/I behavior is observed.
Figure 4.9(a) illustrates the simulated ΔI/I behavior for a 7.5nm gate oxide with a flat density of
states through the gap. Figure 4.9(b) illustrates the simulated ΔI/I behavior for a 2.3nm gate
oxide with a very narrowly peaked density of states centered about the middle of the gap. The
insets of both figures show the simulated densities of states. The similarities between simulated
ΔI/I (figure 4.9) and measured SDR ΔI/I (figure 4.8) suggests a common origin. The DC-IV
derived Dit values as a function of VF for the SiO2 and PNO devices are also consistent with this
trend. Dit values, averaged over the energy window, for the SiO2 device (figure 4.10(a)) are
approximately constant as VF is increased while the Dit values, averaged over the energy
window, for the PNO devices (figure 4.10(b)) decreases as VF is increased. This trend is what
one would anticipate from our above analysis.
Recently, Krishnan et al.5 and Stathis et al.59 have reported results which suggest
different NBTI-induced density of states in SiO2 and PNO-based devices. Stathis et al.59
speculate that the addition of nitrogen changes the dangling bond structure of the NBTI-induced
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Figure 4.9: Simulated ΔI/I DC-IV recombination current as a function of VF for (a) 7.5nm SiO2device with a flat density of states through the gap and (b) 2.3nm PNO device with a very narrow
density of states centered about the middle of the gap. The figure insets show the simulated
densities of states in each case.
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Figure 4.10: DC-IV derived average Dit values over the energy window for the (a) SiO2 and (b)
PNO devices as a function of source/drain to substrate diode forward bias (VF). The Dit values
were obtained from DC-IV measurements and equation (1). As VF, and the recombination energy
window, increases, Dit for the SiO2 device is essentially constant while Dit for the PNO device
decreases. This is consistent with the PNO defect having a narrowly peaked density of states.
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defects. Our observations are consistent with this conclusion. (However, in detail, our
conclusions differ with regard to density of states.) Our observations directly demonstrate that
there are different dangling bond defects in PNO- and SiO2-based devices and, as discussed in
the next section, the PNO defects involve silicon atoms coupled to nitrogen atoms. Our
observations also suggest a narrower density of states for the PNO defect than the Pb0/Pb1 defects
in SiO2 devices. Figure 4.11 illustrates a schematic representation of the density of states of
NBTI-induced defects in thicker SiO2 and thinner PNO-based devices. ESR measurements
indicate that the Pb0/Pb1 composed density of states in thicker SiO2 systems approximately
corresponds to the schematic sketches of figure 4.11(a).24,25,103,105-109 The Pb0/Pb1 effective
density of states would be the summation of the Pb0 and Pb1 defect levels yielding a relatively flat
density of states near the middle of the band gap as schematically shown in figure 4.11(b).
Densities of states qualitatively similar to this pattern are typically reported in measurements of
Si/SiO2 interface traps.115 Our results strongly suggest that the PNO defect has a narrower
density of states near the middle of the band gap (figure 4.11(c)). (The schematic sketch does not
show the PNO defect trap levels extending into the dielectric for simplicity of presentation.)
These measurements cannot distinguish between donor or amphoteric nature of the defects.
However, the observation of a very narrow density of states and the known shift in threshold
voltage are both consistent with, but do not prove, that NBTI-induced defects in thin nitrided
devices have a narrow donor level, as has been suggested recently.5
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Figure 4.11: Schematic representation of the (a) Si/SiO2 Pb0 and Pb1 interface defect densities of
states and (b) the effective Pb0/Pb1 density of states illustrating the relatively flat distribution near
the middle of the band gap. (c) Illustrates a schematic representation of the PNO defect’s density
of states near the middle of the band gap.
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4.6 PNO Defect: 29Si Hyperfine Identification (KN centers)

The high sensitivity observed in the SDT measurement provides the means to examine
the local environment of the PNO defect via hyperfine interactions with nearby magnetic nuclei.
Figure 4.12 illustrates the wide scan post-stress SDT spectra (VF = 0.0V) of the PNO defect with
the magnetic field perpendicular to the (100) surface of the device. Extensive signal averaging
plus the enhanced sensitivity of SDT has allowed for the observation of two weak satellite lines
as well as a third small signal shifted ≈ 45G below the central line. While the identity of the
third smaller signal is not yet known, the observation of the two satellite side peaks and the g =
2.0020 central signal provides the necessary information to identify the physical and chemical
nature of the PNO defect.
Both of the weak satellite lines have a peak-to-peak width of approximately 25G and are
virtually identical in amplitude. The low field line is 183G below the central line and the high
field line is 166G above the central line (349G splitting). Each of the side peaks have an
integrated intensity of ≈ 2% of the dominant central signal. The relative sizes of the central
signal and side peaks unequivocally identifies the NBTI-stressed defect as a silicon dangling
bond. Most silicon nuclei (95.3%) are not magnetic; however, a small fraction (4.7% 29Si) are
magnetic and have a nuclear spin of ½.93 Thus, nearly all (95.3%) of the silicon dangling bond
spectrum would appear as a single dominant signal while a small fraction (4.7%) of the silicon
dangling bond spectrum would appear as two satellite side peaks. Each of these satellite side
peaks would appear as ≈ 2.3% of the integrated intensity of the central signal. Within
experimental error, this is exactly what is observed for the PNO defect. (No other element could
provide this 2.3% / 95.3% pattern.
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Figure 4.12: Wide scan SDT spectra of the PNO defect. Increased spectrometer gain (20x) and
extensive signal averaging reveals two 29Si hyperfine side peaks.
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The small asymmetry in the hyperfine side peak splitting occurs when the electronnuclear interaction is large.93 The asymmetry can be calculated by the Breit-Rabi correction: δ ≈
(ΔH)2 / 4H0, where δ is the asymmetry, ΔH is the hyperfine splitting, and H0 is the resonant field
without the nuclear interaction.93 The observed hyperfine asymmetry (8.5G) is consistent with a
calculated Breit-Rabi correction (ΔH = 349G at H0 = 3400G) of δ ≈ 9G.
The hyperfine interaction is generally expressed in a three by three matrix, A, often called
the hyperfine “tensor”.93 For a defect with axial symmetry, the parallel (A||) and perpendicular
(A⊥) components of this “tensor” can be related to the defect’s electronic wave function in terms
of an isotropic (Aiso) and anisotropic (Aaniso) component. Aiso and Aaniso are measures of the sand p-character of the defect’s wave function respectively.93 Our observations allow for a
moderately accurate measurement of Aiso and a very crude estimate of Aaniso.93,116 For the ideal
case, Aiso and Aaniso are given116 by
Aiso = ΔH −
Aaniso =

1
Aaniso
2

(4.4)

2
(hyperfine line width)
3

(4.5)

The exact contributions of the anisotropic hyperfine coupling to the width of the hyperfine lines
is difficult to determine because of additional broadening due to super-hyperfine interactions
with second nearest neighbor nitrogen atoms which each have a nuclear magnetic moment and a
nuclear spin of 1.93,116 However, a rough upper limit on the hyperfine line width is given by the
measured peak-to-peak line width (25G) while a rough lower limit is given by difference
between the measured hyperfine line width and the central signal line width (25G - 14G = 11G).
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This analysis yields a rather crude Aaniso ≈ (2/3)(11 to 25G) ≈ 12±5G, and a more precise Aiso =
349G - (12/2) = 343G.
The s-character and p-character of the observed defect can be roughly estimated by
comparing the measured Aiso and Aaniso values with the Aiso and Aaniso values calculated for 100%
3s and 100% 3p silicon wave functions.93,116 The calculated Aiso for a 100% 3s silicon wave
function and Aaniso for 100% 3p silicon wave function are 1639.3G and 40.75G respectively.93
The measured Aiso = 343G indicates that the s-character of the NBTI-stressed defect is about
343G/1639.3G ≅ 21%, while the measured Aaniso = 12±5G indicates that the p-character of the
NBTI-stressed defect is of order 12±5G/40.75G ≈ 29±12%. The sum of the s- and pcontributions to the defect’s electronic wave function, or localization, is 50±12%. Note that this
is a very rough estimate.
Table 4.I compares the measured center line width, g-value, and hyperfine line splitting
of the PNO defect with other silicon dangling bond defects (Pb0, E′, and K centers) which might
conceivably be present in these devices. As discussed above, Pb0 defects are interfacial silicon
dangling bond defects in which the central silicon is back bonded to three other silicon
atoms.15,22-24,103 They, along with the closely related Pb1 defects, account for most of the Si/SiO2
interface states in SiO2 MOSFETs.15,22-24,103 E′ centers are oxide silicon dangling bond defects in
which the central silicon is back bonded to oxygen atoms.117 They dominate the electronic
properties of irradiated and high-field stressed SiO2.15,112,117 K centers are silicon dangling bond
defects found in silicon nitride in which the central silicon is back bonded to nitrogen
atoms.116,118 They dominate charge trapping in Si3N4 films.116,118,119 An examination of Table I
reveals that the NBTI-stressed defect spectrum and the K center spectrum are very similar. Thus,
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Centerline
Width (G)

g-value*

Hyperfine
Splitting (G)

Pb0

[23]

≅3

2.0059

105

E′γ

[50]

≅2

2.0005

424

≅ 14

2.0028

358

≅ 14

2.0020

349

K center

[49]

NBTI Defect
(KN center)

*For the E′, K, and KN centers this the simple zero-crossing g-value; but for Pb0, it represents the
g at a specific magnetic field orientation . In these measurements, H || <100> surface normal.

Table 4.1: Measured magnetic resonance parameters of important silicon dangling bond defects.
The K center and KN center parameters are nearly the same.
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we conclude that the PNO defect is a silicon dangling bond in which the silicon is back bonded
to nitrogen atoms that we refer to as KN for NBTI.
The differences between the KN and K center spectra are small but clearly larger than
experimental error. These small deviations are likely due to slightly different bonding
environments and probably the larger band gap in the PNO dielectric. In Si3N4, the K center’s
nitrogen atoms are bonded almost exclusively to silicon atoms116,118, while the SiON KN center’s
nitrogen atoms may be bonded to one or more oxygen atoms. This small change in secondnearest neighbor bonding and possibly the larger band gap (the gap in Si3N4 is about 5 eV) are
very likely responsible for the small deviations we observe between the K and KN centers.

4.7 KN center: Implications to NBTI

4.7.1 Nitrogen-enhanced NBTI

The presence of the KN center in PNO devices indicates that fundamental differences in
the dielectric chemistry strongly influence the electronic properties of the interface and nearinterface regions. The bonding mismatch between Si and SiO2 is almost certainly the main
reason that Pb0/Pb1 defects exist. At a typical Si/SiO2 interface, Pb0/Pb1 defects are passivated with
hydrogen atoms. The relatively easy dissociation of the hydrogen atoms from Pb precursors is
thought to drive the interface defect generation in NBTI.1,5,26,27 Our observations are certainly
consistent with this mechanism of in thicker SiO2-based devices.19-21 However, this is not the
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case in the thinner PNO-based devices. Since Pb0/Pb1 defects were not observed post-stress, the
plasma-nitridation process must preferentially create large numbers of KN center precursors. (It is
possible that weaker Pb0/Pb1 signals may be buried under the KN signal.) The presence of large
numbers of KN precursors is presumably the main reason why nitridation so strongly enhances
the NBTI response. Since it is known that K centers can be hydrogen passivated120, it is
reasonable to speculate that NBTS liberates hydrogen from the KN centers in much the same way
that it is liberated from Si/SiO2 Pb0/Pb1 defects. A hydrogenic depassivation mechanism would
likely be subject to the same Reaction-Diffusion kinetics as has been proposed for thicker pure
SiO2-based devices. This may be likely the reason that much of NBTI theory correctly predicts
aspects of the NBTI response in thin nitrided devices with only slight modifications.12

4.7.2 NBTI-induced Interface States vs. Bulk Traps

The observation of KN centers in both SDR (participation in interfacial recombination)
and SDT (participation in tunneling) demonstrates that KN centers can act as both interface states
and “near-interface” dielectric tunneling centers. Variations in the plasma-nitridation processing
are thought to control the nitrogen profile within the gate dielectric.121 We speculate that
variations in the nitrogen profile (and the consequent proximity of the KN centers to the Si/SiON
interface) are a major source of conflicting conclusions regarding NBTI-induced interface states
and fixed oxide charge generation. If the PNO processing creates KN center precursors very near
the interface, a post-NBTI electrical analysis would indicate interface state generation. But, if the
PNO processing creates KN center precursors in the “near-interface” or bulk dielectric regions, a
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post-NBTI electrical analysis would likely indicate some combination of interface state and bulk
dielectric defect generation. So, it is possible for the same defect to be responsible for seemingly
different aspects of the NBTI degradation. (In a 2.3nm gate dielectric, it may be difficult to
distinguish between “near-interface” and “bulk” dielectric defects.)

4.7.3 NBTI: Fluorine Incorporation

Our KN defect observations may also help explain somewhat puzzling observations
regarding fluorine’s impact on NBTI. In thicker SiO2 devices, fluorine incorporation is thought
to “toughen up” the interface by replacing the weaker hydrogen passivation of Pb centers (Si-H)
with a stronger fluorine passivation (Si-F).122,123 The stronger passivation is thought to be the
reason that fluorine incorporation reduces NBTI in thicker SiO2 devices.43,44 However, the same
fluorine incorporation in nitrided devices is observed to have little or no effect on NBTI.124 The
realization that NBTI in PNO devices creates KN defects (not primarily interfacial Pb centers)
may help explain this. The introduction of fluorine in nitrided devices probably does replace
some interfacial Si-H bonds with Si-F bonds. However, interfacial Si-H depassivation does not
dominate NBTI in these devices. If the fluorine incorporation in nitrided devices does not
passivate the dominating NBTI-induced defects, it will not be effective in suppressing NBTI.
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4.8 Summary

We have employed purely electrical DC-IV measurements as well as SDR and SDT
magnetic resonance measurements on 7.5nm SiO2 and 2.3nm PNO pMOSFETs. Our results
indicate that the dominating NBTI-induced defects in the SiO2 and PNO devices are different.
NBTI in SiO2 devices is dominated by Pb0 and Pb1 Si/SiO2 interfacial silicon dangling bond
defects. NBTI in the PNO devices is dominated by KN centers. Our measurements show that the
KN centers are located in the “near-interface” region and they participate in both SDR and SDT
phenomena. (The “near-interface” region could be a large fraction of a 2.3nm oxide.) An
examination of the KN defects SDR versus VF response strongly suggests that the KN defects
have a narrowly peaked density of states around the middle of the silicon band gap. The
realization that KN defects (not Pb centers) dominate NBTI in the PNO devices may help explain:
(1) NBTI’s enhancement in nitrided devices, (2) conflicting reports of NBTI induced interface
states and/or bulk traps, and (3) fluorine’s ineffectiveness to reduce NBTI in nitrided devices.
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Chapter 5

ADDITIONAL NBTI OBSERVATIONS: RECOVERY AND ACTIVATION ENERGY

In this chapter, we utilize SDR and DC-IV measurements as a function of time to
examine the role of these atomic-scale defects in NBTI recovery.20 We also make NBTI
activation energy measurements of defect generation by monitoring the degradation in the linear
drain current Id,lin as a function of stressing time.20
Our SDR and DC-IV measurement approach is not fast enough to observe the entire
NBTI recovery phenomenon which begins microseconds after the stress is removed. However,
the fact that recovery continues for at least 105 seconds after stress removal,7,9 allows for a
qualitative SDR/DC-IV examination of the atomic scale defects involved in NBTI recovery. We
present DC-IV and SDR measurements in pure SiO2 and PNO devices which show that NBTI
recovery results in a reduction in interface state density and a corresponding reduction in the
density of the atomic-scale defects observed in SDR. In pure-SiO2 devices, we observe that the
Dit recovery is accompanied by a reduction in Pb0 defect density. In PNO devices, we observe
that the Dit recovery is accompanied by a reduction in KN center density.
We also present activation energy measurements (of defect generation) on SiO2 and PNO
devices. Despite our earlier observations which show that different defects dominate NBTI in
these two types of devices, we observe that the activation energies are, within experimental error,
the same.
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5.1 Experimental Details

Our NBTI recovery measurements involve pure-SiO2 and PNO devices. The SiO2 devices
are very large area (≈ 1x106 μm2) 48 nm SiO2 power pMOSFETs provided by Austria
Microsystems. These devices are the same as those discussed in chapter 3. The PNO devices are
large area (≈ 41,000 μm2) 2.3nm EOT PNO pMOSFETs provided by Texas Instruments. These
devices are the same as those discussed in chapter 4. In these recovery experiments, the devices
were subject to a NBTS condition followed by a temperature quench step. The temperature
quench reduces the temperature of the device to room temperature over the span of
approximately 4 minutes while the gate bias is maintained. This step is thought to “lock-in” the
NBTI damage7 rendering it observable in the DC-IV and SDR measurements. DC-IV and SDR
measurements were taken pre-NBTS as well as a function of time post-NBTS/temperature
quench. Recovery is observed as a reduction in the DC-IV derived Dit and SDR signal amplitude
(which is proportional to defect density). This approach allows for a crude investigation of the
specific atomic-scale defects involved in NBTI recovery.
Our activation energy measurements involved 1μm x10 μm 2.7 nm pure SiO2 and 2.3nm
EOT PNO pMOSFETs provided by Texas Instruments. Activation energies of defect generation
were extracted using the uninterrupted stress technique.7 In this technique the device linear drain
current, Id,lin, is monitored (Vd = -50mV) as a function of time while the gate bias is kept at the
stressing voltage. This allows for a (nearly) recovery-free examination of the activation energy of
defect generation. The activation energies were extracted after 6000 seconds of NBTS.

91

5.2 NBTI Recovery in 48 nm SiO2 pMOSFETs

48 nm SiO2 devices were subject to an ex-situ NBTS of -25V, 150°C for 100,000
seconds. Following the NBTS and temperature quench step, both SDR and DC-IV measurements
were taken over a period of approximately 2 weeks. In all measurements, the source/drain to
substrate junction is biased at +0.26V.
Figure 5.1 illustrates the DC-IV measurements for the unstressed device as well as
measurements taken 600 seconds and 1.2 x 106 seconds post-NBTS/temperature quench. Since
the NBTS/temperature quench was applied ex-situ, 600 seconds elapsed before the device was
loaded into the spectrometer and the first DC-IV measurement was complete. Consequently, the
600 second measurement was the first measurement taken post NBTS/temperature quench (the
1.2 x 106 second measurement was the last measurement taken). As discussed in chapter 3, the
geometry of these devices (gate extension over lightly doped regions) results in two DC-IV
peaks. The DC-IV peak at VG = -0.5V is associated with interface states located near the center
of the channel while the DC-IV peak at VG = 1.5V is associated with interface states in the drift
regions adjacent to the source and drain. For both gate voltages, it is clear that NBTS generates
an increase in the peak substrate current which corresponds to an increase in Dit. The Fitzgerald
and Grove analysis13 leads to pre-NBTS Dit = 6 x 109 cm-2eV-1 and Dit = 8 x 109 cm-2eV-1 for the
VG = -0.5 and VG = 1.5V peaks, respectively. Post-NBTS (600 second measurement), we
observe an increase in peak substrate current which correspond to Dit = 2 x 1011 cm-2eV-1 and Dit
= 3 x 1011 cm-2eV-1 for the VG = -0.5 and VG = 1.5V peaks, respectively. All the extracted Dit
values assume a mean capture cross-section of σs = 2 x 10-16 cm2. After 1.2 x 106 seconds of
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Figure 5.1: DC-IV measurements taken pre- and post-NBTS (-25V, 150°C, for 100,000
seconds). The 600 seconds curve denotes the DC-IV measurement taken 600 seconds after the
temperature quench step. The 1.2 x 106 seconds curve denotes the DC-IV measurement taken 1.2
x 106 seconds after the temperature quench step.
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recovery (approximately 2 weeks) the Dit corresponding to the VG = -0.5V peak exhibits little to
no recovery, while the Dit corresponding to the VG = +1.5V peak recovers approximately 20%.
Figure 5.2 illustrates the corresponding SDR measurements for the unstressed device, the
first measurement completed post NBTS/temperature quench (9 x 103 seconds), and the last
measurement (1.2 x 106 seconds). These SDR measurements were taken with the magnetic field
aligned parallel to the <100> surface normal. The SDR measurements were taken with VG =
1.5V (not VG = -0.5V) because of the improvement in SDR sensitivity corresponding to this
voltage (see chapter 3). We observe that NBTS clearly generates a dominating signal at g =
2.0058 ± 0.0003 which we attribute to Pb0 defects. The Pb0 signal amplitude (proportional to the
number of defects) decreases by approximately 20% between the first and last measurements.
Figure 5.3 illustrates the (a) DC-IV derived Dit and (b) SDR signal amplitudes as a
function of time post-NBTS/temperature quench. We observe that the VG = -0.5V peak displays
little or no Dit recovery. At this time, we do not understand why this is so. We speculate that the
geometry of the device is such that recovery occurs quicker near the center of the channel
(perhaps faster than is captured in my first DC-IV measurement). We observe that the VG =
+1.5V peak recovers approximately 20%. This reduction in interface state density is
accompanied by a 20% recovery in Pb0 defect density. This correlation between Dit and Pb0
recovery strongly suggests a common origin.
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Figure 5.2: SDR spectra taken both pre- and post-NBTS (-25V, 150°C, for 100,000 seconds).
After stress we note the generation of a strong g = 2.0058 ± 0.0003 signal corresponding to Pb0
defects. The 9 x 103 seconds curve denotes the SDR measurement completed after 9 x 103
seconds post- temperature quench. The 1.2 x 106 seconds curve denotes the SDR measurement
completed 1.2 x 106 seconds after the temperature quench step. These spectra correspond to the
VG = 1.5V DC-IV peak.
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Figure 5.3: (a) DC-IV derived Dit values on the stressed devices as a function of time post
temperature quench. The Dit values were tracked for both the VG = -0.5V DC-IV peak
(essentially no recovery), as well as the VG = 1.5V DC-IV peak (≈ 20% recovery). (b) SDR
signal amplitude (scales with Pb0 defect density) on the stressed devices as a function of time
post temperature quench. We observe that the SDR signal amplitude (and Pb0 defect density)
recovers ≈ 20% recovery over the course of two weeks.
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5.3 NBTI Recovery in 2.3 nm PNO pMOSFETs

Although we observe a correlation in Dit/Pb0 recovery, the bulk of the recovery process
occurs faster than our measurement time.7,9 Alternatively, we can reduce the delay between
stress and measurement by performing the NBTS and temperature quench in-situ (hot air is piped
into the spectrometer’s microwave cavity via an evacuated quartz dewar to provide the elevated
temperature). We utilized this in-situ stressing scheme to further investigate recovery in the PNO
devices over a somewhat shorter time scale.
Figure 5.4 illustrates DC-IV characteristic curves taken pre- and post-NBTS (-2.8V
140°C for 10,000 seconds) as well as during the recovery process (VF = 0.33V). The NBTS
generates a large increase in Dit (approximately an order of magnitude). A subsequent DC-IV
measurement after ~5 hours of SDR measurement shows a reduction in Dit associated with
recovery. In an attempt to induce further recovery, the device was then subjected to a 24-hour
bake (150°C with 0V on the gate electrode). A DC-IV measurement post-bake shows only a
modest amount of recovery. We believe that the lack of significant post-bake recovery is due to
the temperature quench post-NBTS. Thus, the NBTI-induced damage is, to some degree,
“locked-in” when cooling to room temperature and is relatively unaffected by additional high
temperature treatments.7 Figure 5.5 illustrates the corresponding SDR measurements (VF =
0.33V) taken with the magnetic field aligned parallel to the <100> direction at various postNBTS time-steps. The NBTS generates a signal at g = 2.0020 ± 0.0003 which corresponds to a
KN center.17 The amplitude of the KN center signal (which is proportional to the number of
defects) decreases with time post NBTS. Figure 5.6 summarizes the Dit and SDR signal intensity
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Figure 5.4: DC-IV measurements of 2.3nm PNO pMOSFET pre- and post-NBTS (-2.8V at
140°C for 10,000 seconds) as well as post-SDR measurement and post-24hr bake (150°C with
0V on the gate electrode). This indicates that Dit exhibits a recovery process post NBTS.
(source/drain to substrate voltage = 0.33V)
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Figure 5.5: SDR traces of 23Å PNO pMOSFET post-NBTS (-2.8V at 140°C for 10,000 seconds)
at various time steps which shows that the KN center density exhibits NBTI recovery. (Signal
size scales with the density of defects.)
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Figure: 5.6: Normalized SDR signal amplitude and normalized post-NBTS Dit as a function of
NBTI recovery time illustrating the NBTI recovery process qualitatively tracks with the density
of the KN centers
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recovery. Since the observed KN center signal shows a recovery behavior that qualitatively scales
with the observed Dit degradation, these results are a strong indication that this defect is involved
in the NBTI recovery process in these devices.

5.4 NBTI Activation Energy in 2.7nm SiO2 and 2.3nm PNO pMOSFETs

Figure 5.7 illustrates an Arrhenius plot of both 2.7 nm SiO2 and 2.3 nm PNO devices
stressed at -3.3V for 6000 seconds. Activation energies are extracted by monitoring the
degradation in Id,lin using the uninterrupted stress methodology. The extracted NBTI activation
energies are observed to be time-independent and are essentially equivalent (0.11-0.12 eV). Note
that these values actually correspond to the product of the activation energy and n, where n is
the power law time exponent of degradation. Assuming n~1/6, the true activation energy is
approximately 0.66-0.72eV. These values are consistent with those reported for hydrogenic
diffusion through SiO2.125 The similarity in the extracted activation energies is contrary to reports
that show that the activation energy is different for SiO2 and PNO devices.57,126 The equivalence
is consistent with the idea that the rate limiting step involves the diffusion of species to and/or
from the atomic defects. This result is therefore consistent with the recent work of Alam et al.1 as
well as the very recent work of Varghese et al.74 who have proposed that the activation energies
for SiO2 and PNO devices should be equivalent because the activation energy is essentially
determined by the diffusing species. Regardless of the fundamental difference in NBTI-induced
atomic-scale defects in SiO2 and PNO devices, our observations strongly suggest that the
diffusing (presumably hydrogenic) species is the same in both SiO2 and PNO devices.
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Figure 5.7: Arrhenius plot for SiO2 and PNO pMOSFETs stressed at -3.3V for 6000 seconds.
Activation energies are extracted by monitoring the degradation in Id,lin using the uninterupted
stress methodology. Both devices are found to have essentially the same activation energies.

102

5.5 Summary

We report DC-IV and SDR measurements taken as a function of time during NBTI
recovery that allow for a qualitative observation of the atomic scale defects involved in NBTI
recovery in SiO2 and PNO devices. In 48 nm SiO2 devices, the DC-IV recovery in Dit is
accompanied by a recovery in Pb0 defect density. In PNO devices, the DC-IV recovery in Dit is
accompanied by a recovery in KN center defect density. These observations suggest an NBTI
recovery mechanism that involves Pb0 and KN repassivation in SiO2 and PNO devices
respectively. Despite these fundamental differences in dominating NBTI-induced defects in SiO2
and PNO devices, we measure activation energies (of defect generation) that appear to be the
same. This strongly suggests that the rate limiting step is diffusion and that the, presumably
hydrogenic, diffusing species is the same in both SiO2 and PNO devices.
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Chapter 6

CONCLUSIONS

In this work, we have utilized a unique combination of electrical and magnetic resonance
measurements to study the atomic-scale defects involved in NBTI. We employ DC-IV
measurements to monitor NBTI-induced changes in device interface state density. These
electrical measurements are combined with two very sensitive EDMR measurements called SDR
and SDT which allow for the identification of specific NBTI-induced atomic-scale defect
populations. The combination of these two types of measurements (DC-IV and EDMR) provides
a direct correlation between the NBTI-induced electrical damage and the generation of specific
atomic-scale defects. This work has resulted in a fundamental understanding of the atomic-scale
defects involved in NBTI and has led to a deeper understanding of the NBTI phenomenon in
both pure-SiO2 and PNO devices.
In both 7.5nm and 48nm pure-SiO2 pMOSFETs, DC-IV measurements indicate that the
NBTI response is dominated by the generation of relatively large densities of interface states.
The corresponding SDR measurements identify these NBTI-induced interface states as Pb0 and
Pb1 defects in the 7.5nm devices and Pb0 defects in the 48nm devices. These observations are
consistent with what most NBTI experts assumed (interface state generation via hydrogen
depassivation of silicon dangling bonds at the Si/SiO2 interface). These results are also consistent
with much of NBTI “reaction-diffusion” literature.1,5,26,27 The reaction-diffusion model predicts
that NBTI is dominated by a hydrogen depassivation of Pb centers at the Si/SiO2 interface and
the reaction rate is controlled by hydrogenic diffusion away from the interface.1,5,26,27 After a
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high temperature NBTS (a conditions which may be too harsh for technological relevance), we
also note the observation of E′ center oxide defects. Our observation of NBTI-induced E′ centers
suggests that they may have some role in the catalyzing inversion layer hole capture. However,
since a harsh NBTS was required to observe the E′ centers, it is not possible to conclude with
certainty that they play a role under technologically relevant conditions.
However, in 2.3nm PNO devices, our observations were inconsistent with what is
generally assumed in the NBTI literature. Our results clearly show that, in these devices, NBTI
generates a new defect (not Pb0 or Pb1). SDT measurements have allowed us to identify this
defect as a KN center. Our measurements show that the KN centers are located in the “nearinterface” region and they participate in both SDR and SDT phenomena. (The “near-interface”
region could be a large fraction of a 2.3nm oxide.) An examination of the KN defects SDR versus
VF response strongly suggests that the KN defects have a narrowly peaked density of states
around the middle of the silicon band gap. The realization that KN defects (not Pb centers)
dominate NBTI in PNO devices may help provide an explanation for NBTI’s nitrogen
enhancement. Our results also help explain the conflicting reports of the dominance of NBTI
induced interface states and/or bulk traps. Finally, the KN center identification helps explain
fluorine’s ineffectiveness in reducing NBTI in nitrided devices. It should be noted that our SDT
measurements represent only the third time this magnetic resonance technique has been reported
in the literature and the first time this technique has been utilized to study reliability problems.
Our DC-IV and SDR measurement approach has also allowed for a qualitative
examination of atomic-scale defects involved in NBTI recovery in SiO2 and PNO devices. In 48
nm SiO2 devices, the DC-IV recovery in Dit is accompanied by a recovery of Pb0 defect density.
In PNO devices, the DC-IV recovery in Dit is accompanied by a recovery in KN center defect
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density. These observations suggest an NBTI recovery mechanism that involves Pb0 and KN
repassivation in SiO2 and PNO devices respectively.
Our observations clearly show that there are fundamental differences in the dominating
NBTI-induced defects in SiO2 and PNO devices. Despite these differences, we measure the same
activation energies (of defect generation) in both SiO2 and PNO devices. This strongly suggests
that the rate limiting step in the NBTI degradation process is diffusion and that the, presumably
hydrogenic, diffusing species are the same in both SiO2 and PNO devices.
This body of work represents a significant contribution to the NBTI field. It is the first
comprehensive experimental examination of the atomic-scale mechanisms governing NBTI in
fully processed SiO2 and PNO devices. Our results have allowed for the validation of some
aspects of NBTI models and rule out one widely held assumption that Pb centers dominate NBTI
in PNO devices. Our observations regarding NBTI and the KN center were not generally
anticipated in the literature. Our KN center observations have been limited to the PNO processing
used to fabricate these devices. Our observations may not be universally applicable. The
introduction of nitrogen via other methods (thermal nitridation, NH3 annealing, etc…) could
conceivably result in the generation of different NBTI-induced defects. The universality of our
observations can only be determined with absolute certainty through further experiments
examining variously processed nitrided devices. However, it seems likely that, at least to first
order, the thermodynamics that govern the introduction of nitrogen to the SiO2 network will
result in the generation of KN center precursors (over a wide range of processing variations).127 It
is nevertheless also virtually certain that processing variations will result in variable KN center
and presumably the nitrogen center densities. Our hope is that the deeper understanding provided
by these measurements will allow for processing changes which will act to ameliorate NBTI.
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A large portion of this research was spent trying to limit the effects of tunneling current.
In thin gate dielectrics, the tunneling current overwhelms the SDR and limits the sensitivity of
the measurement. Consequently, we initially limited our experiments to thicker gate dielectrics
(less tunneling). However, the realization that tunneling can be an asset has really changed the
approach of the later part of this work. SDT has proved to be an extremely sensitive tool to probe
the atomic-scale defects involved in NBTI. The technique permits this in very thin gate
dielectrics. The ability to examine the atomic scale defects in ultra-thin gate dielectrics allows for
a stronger link between our research and the problem observed in technologically relevant
devices.
The SDT technique also has logical applications to other device instabilities. For
example, the fundamental mechanisms of stress-induced leakage current (SILC) and softbreakdown in gate oxides are still undetermined. SDT measurements would absolutely identify
the atomic scale defects involved in these processes. (The will probably be very similar to the
defects we observed due to NBTI.)
The next generation of CMOS technology will likely include the replacement of SiO2
with a high-k dielectric. These dielectrics are known to have bias temperature instability
problems and high densities of shallow electron traps. The application of SDR/SDT techniques
would allow for a fundamental understanding of the defects involved in these technologically
important materials systems.
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APPENDIX: NON-TECHNICAL ABSTRACT
Modern society’s thirst for electronics is sustained by the ability to fabricate reliable
integrated circuits. All integrated circuits rely on the transistor as the fundamental building
block. The transistor can be thought of as a light switch (it can be turned “on” or “off”). Linking
many of these “switches” together can form a path of decision making or logic. This logic
controls the operation of modern electronics (computers, cell phones, etc.) In order for the logic
in these modern electronics to function properly, the transistors must function reliably.
The reliability of these transistors is most threatened by a problem called the negative
bias temperature instability. This instability manifests itself as gradual shift in transistor
threshold voltage at conditions (negative gate bias and moderately elevated temperature) that,
unfortunately, occur in many electronic devices. Using the light switch analogy, the shift in
transistor threshold voltage is equivalent to a shift in the light switch’s on/off transition point. If
the on/off transition changes, the logic that relies on this switching fails, and the computer or cell
phone using this logic becomes useless.
Prior to this research, the fundamental mechanisms governing the negative bias
temperature instability were unknown. The urgency of this problem has recently increased
because the common practice of adding nitrogen to the transistor (which improves the transistor
performance) also acts to enhance the negative bias temperature instability.
In this work, very sensitive magnetic resonance measurements have been utilized to
observe specific atomic-scale defects which are involved in the negative bias temperature
instability. Atomic scale defects are imperfections or errors that occur in the materials that
compose the transistor structure. This work shows that the negative bias temperature instability
in conventional silicon/silicon dioxide transistors is caused by bonding errors (silicon dangling
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bonds in which the silicon is bonded to three other silicon atoms) at the interface between these
two materials. However, the addition of nitrogen to these transistors causes different bonding
errors (silicon dangling bonds in which the silicon atoms are bonded to three other nitrogen
atoms) located very close to but not precisely at the interface. The difference in these bonding
errors is the reason why the negative bias temperature instability is enhanced with the addition of
nitrogen. Despite nearly forty years of research on this instability, an understanding of the
atomic-scale imperfections that are responsible for the shift in the “on/off” transition has been
lacking. This work provides a better understanding of how the instability occurs and allows for a
better prediction of the “lifetime” of a transistor.
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