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Abstract

Abstract

In order to achieve high speed and packing density, the size of the transistor
has shrunk aggressively. The gate dielectric, as the most critical component in
the transistor, is undergoing rapid and substantial changes with the adoption of
ultra-thin plasma nitrided oxide and more recently high-k dielectrics. As the
nitrogen concentration in silicon oxynitrides (SiON) increases, the negative bias

temperature instability (NBTI) rises and becomes a limiting factor for device

lifetime.

The NBTI can recover significantly during typical measurement time when
using conventional instruments. To suppress this recovery, several fast
techniques have been developed, including ultra-fast pulse 14-V, technique and
the On-The-Fly technique. These techniques, however, give different threshold
voltage degradation (AV,) after the same stress. The interpretation of this
difference is still controversial. The objective of chapter 3 is to bridge the gap
between the AV, extracted from these techniques. Degradation and recovery
during measurement, measurement and truncation errors, and evaluation of
transconductance are examined. After taking these factors into account, the
gap in AV, still cannot be filled. The effect of the sensing V, on AV, is considered

and itis found that |AVY| increases with sensing |V,|. The popular assumption of
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AV, being independent of sensing Vj is invalid, thereafter. After taking both the
effect of sensing V4 and recovery into account, the gap in AV, is successfully
bridged. The difference between the effect of sensing Vy and recovery is

explored, and the results show that they are two different phenomena.

The recovery suppression and the sensing Vg effect challenge the applicability
of the traditional lifetime prediction technique. In a large circuit with roughly 108
MOSFETs, there will always be some of them under the worst case condition,
namely constant stress without recovery. The failure of one of these MOSFETs
can lead to the malfunction of the whole circuit. At present, there is little
information on how this worst case NBTI lifetime can be predicted and whether
the traditional Vg acceleration technique can be applied. In chapter 4, the worst
case lifetime prediction is investigated. It is found that the prediction based on
the V4 acceleration results in substantial errors. To predict the worst-case
lifetime, a model for NBT! kinetics under operation gate bias is developed. This
kinetics includes contributions from both as-grown and generated defects and it
no longer follows a simple power law. Based on the new kinetics, a single test

prediction method is proposed and its safety margin is estimated to be 50%.

Mobility reduction is another important issue when oxide thickness becomes
thinner. It is reported that when the gate SiON becomes thinner than 2 nm or
the interfacial layer in high-k stack is thinner than 2.5 nm, carrier mobility

reduces. Agreement has not yet been reached on the level of reduction, or on
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the underlying mechanism. Remote charge scattering (RCS) has been
proposed to be responsible for this mobility reduction. However, one weakness
of earlier work is that different samples were used when experimentally
studying the RCS and this introduces uncertainties. For example, a reduction in
oxide thickness does not only bring the gate closer to the substrate, but also
modulates other factors such as surface roughness. In chapter 5, the
importance of RCS is assessed by varying charge in the same device through
either processing or electron trapping, to remove the uncertainties from using
different devices. It is found that by increasing charge density at 0.56 ~ 1 nm
from the substrate interface to the order of 10%° cm?, both electron and hole

mobility change little.
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Introduction

1.1 Challenges for scaling CMOS devices

Moore’s law [1-5] has been the guiding principle for the integrated circuit (1C)
industry since 1965. In order to follow the Moore's Law (=16% compound

annual growth rate), device scaling is the key attribute for planar MOSFET

circuitry based on the work of Dennard et al [6-8].

From 1970s to mid 1990s, the scaling of MOSFETs largely followed the
constant voltage scaling rule. As the hot-carrier induced reliability issue became
difficult to handle, the supply voltage was reduced as the MOSFET scales, and
the constant field scaling is now used. Since mid 90s, the semiconductor
industry association (SIA) started to publish technology roadmaps, which
include an outlook of future scaling of MOSFET technology. It later became an
international effot as the International Technology Roadmap for
Semiconductors (ITRS) [9]. The scaling trend projection in ITRS is determined
from transistor performance targets and power dissipation constraints, together

with a sophisticated compact model of MOSFET transistors. In all scaling
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schemes, the gate oxide thickness scales down with the transistor feature size

at a steady rate.

Decreasing device feature sizes leads to short channel effects and reduced
gate control. To suppress the short channel effects, an equivalent gate oxide
thickness (EOT) of less than 1 nm is required for a 70 nm channel length high
performance devices, as proposed in 2006. At this thickness of SiO., devices
are hampered by increased géte leakage, questionable reliability, large poly-

silicon depletion effects, and boron penetratidn into the channel.

Poly-silicon depletion can decrease the capacitance of the device and becomes
significant as the EOT is decreased. Increasing the doping does minimize
influencing the depletion capacitance, but this leads to greater boron
penetration and threshold voltage shifts. Furthermore, the limit of poly-silicon
doping is ~10?' cm™ which may not be enough to recover the capacitance. It is
suggested that replacing the gate electrode with metals, which have at least an
order of magnitude higher carrier concentration and do not suffer from depletion,
will tackle these issues. Many investigations are ongoing concerning alternative
metal gate electrodes with work on titanium, tantalum, ruthenium, tungsten as
well as their nitrides, silicates, and alloys [10-14]. Metal gate electrodes have

been successfully incorporated into the CMOS process.

Gate leakage current reduces the on-off current ratio of the device, creating
heat and possibly breaking down the device. While increasing the thickness of
the SiO; will decrease this leakage, the capacitance and consequently the

speed and drive capability of the device will decrease. The efforts are made
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mainly in two areas. First, in order to decrease the leakage current while
maintaining an appropriate gate capacitance, SiO, is replaced by a material
possessing a higher dielectric constant denoted as high-k dielectric. This is
because the dielectric constant, k, is a measure of an insulator's ability to
concentrate an electric field. If one gate oxide has twice the dielectric constant
of another, a given voltage will draw twice as much charge into the transistor
channel or the same amount of charge will accumulate, if the higher k dielectric
is made twice as thick. There are many difficulties, however,‘ with high-k
dielectric, including process integration, lower carrier mobility, threshold voltage
instability, and poor yield [15]. Although these problems delayed the introduction

of high-k dielectrics, high-k dielectrics were successfully used in production for

CMOS technology in 2007.

The second area is focused on developing new device structures, such as
Ultra-thin Body MOSFET, Double Gate MOSFETs (including FinFET), and
various Multi-gate MOSFETs [16]. The short-channel effects are suppressed
and relatively thick dielectrics can be used in these new transistors. For both

SiON and high-k layers, Negative Bias Temperature Instability (NBTI) is a

severe problem.

1.2 New materials in advanced gate dielectrics

As one of the solutions to suppress gate leakage current, an alternative gate
dielectric has been sought. The requirements of this new dielectric include: an
increase in the dielectric constant (k) [17], a large band gap with high barrier

heights to both electrons and holes [18], and compatibility with conventional
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planar CMOS processing. There are many potential candidates for high-k gate
dielectrics with k values ranging from 7 ~ 80. These candidates include: SizNa,
Al,O3, Y503, La;0s, Tas0s, TiO2, ZrO,, and HfO; [19]. However, TiO, and Ta20s
have low thermal stability which makes them incompatible with conventional
CMOS processing [19]. Al,O; alone, which has a k value of 9, may not be
sufficient to achieve sub 1 nm equivalent oxide thickness (EOT) values.
However, when incorporated into HfO, as an Hf-aluminate, the film enhances
scalability toward sub-nm EOT applications [20]. Although scaling is possible,
other device parameters such as transconductance are degraded when
comparing Hf-aluminates to conventional HfO, [21]. La;O; and Y03 have
higher k values of 30 and 15, respectively, but lose their k values in
conventional processing due to silicate formation [22]. La;O3 could still be a
possible candidate with continued process optimization. Hf-based dielectrics

have eventually become the winner as the first high-k dielectric used in CMOS

technology [20, 23-32].

1.3 Negative Bias Temperature Instability (NBTI)

Negative Bias Temperature Instability (NBTI) is not a new problem. It is actually
one of the earliest instabilities indentified for metal-oxide-semiconductor field
effect transistors (MOSFETs). NBT! occurs in pMOSFETs stressed with
negative gate voltage at elevated temperatures. It manifests itself as absolute
drain current l4sat, and transconductance g.,, decrease and absolute “off” current
low, and threshold voltage V; increase. Typical stress temperatures are in the
range of 100 ~ 250 °C. The oxide electric fields used to be below 6 MV/cm, but

much higher field has been used in more recent work. Such field and
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temperature are typically encountered during burning-in, but are also
approached in high performance ICs during routine operation. Either negative
gate voltages or elevated temperatures can produce NBTI, but a stronger and
faster effect is produced by their combined action. It occurs primarily in
pMOSFETs with negative gate voltage bias and appears to be smaller for
positive gate voltage and for either positive or negative gate voltage in
nMOSFETs. In MOS circuits, it occurs most commonly during the high output
state of inverter operation. It also leads to timing shifts and potential circuit
failure due to increased spreads in signal arrival in logic circuits. Asymmetric

degradation in timing paths can lead to non-functionality of sensitive logic

circuits and hence lead to product failure.

NBTI was first studied by Deal in 1967 [33] and later was studied on FAMOS
and EEPROMs [34]. Deal named it Instability Number VI [35]. The original
technological motivation for NBTI studies was the shift of threshold voltage of p-
channel MNOS [35,36] or FAMOS non-volatile memories [34]. In 1973,
Goetzberger et al at Bell lab were one of the first groups to show detailed
characterization of NBTI [36]. They used metal gate devices on 100 nm oxide,
stressed at -10% V/cm at 300 °C and found an interface trap density Dy peak in
the lower half of the band gap. The higher the starting Dy, the higher the final

stress-induced Dy. For positive gate voltage, they noted a very small Dy

increase.

In 1977, Jeppson and Svensson [37] investigated the kinetics of NBTI. They

observed that the defect generation follows a power law with a power factor in

the range of 0.2 -0.3. The physical process responsible for NBTI includes an
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electrochemical reaction at the interface, followed by a diffusion of hydrogenous
species. The interfacial reaction leads to a rupture of hydrogen bonds and the
release of hydrogenous species. It is believed that the reaction is relatively fast

and the generation rate is limited by the subsequent diffusion process.

Though NBTI is not important on buried channel (BC) pMOSFETs [38] because
of the naturally reduced oxide field for the same gate voltage compared to
surface-channel devices, the introduction of CMOS technology and the dual
poly process finally replaced the buried channel PMOS devices. Although the

circuit performance is improved, the NBTI performance is actually worse [39].

NBTIl is not the only type of electrical stress induced instability. Other
instabilities include hot carrier induced instability, Fowler-Nordheim or direct
tunnelling induced damage and the time-dependent-dielectric-breakdown
(TDDB). Compared with these instabilities, NBTI received less attention until
about 7 or 8 years ago when oxide dielectrics became thinner. NBTI is
becoming increasingly important in recent years, mainly for two reasons. First,
for each new generation of CMOS process, both operation temperature and
electrical field increase. Second, to suppress the boron penetration and
increase the dielectric constant, the nitrogen density in the gate oxide is
increasing rapidly. Nitridation enhances NBTI and positive charge formation [40-
42]. For a gate oxide thinner than 3.5 nm, the NBTI replaces hot carrier induced

degradation as the limiting mechanism for device lifetime.

Schroder and Babcock gave a comprehensive review on the subject in early

2003 [43], which summarized the understanding on NBTI at the time, its origin,
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its effect on transistors, and most importantly its dependence on process and

device parameters. Research on NBTI prior to 2003 largely followed the

paradigm set in the 1970s.

A typical NBTI study involves stressing a MOS device at an elevated
temperature under negative gate voltage. In the earlier work [37], the gate
voltage was chosen so that the electric field in the oxide is less than about 6
MV/cm to avoid degradation due to Fowler-Nordheim tunneling. After a preset
stress time, the sample is cooled down to room temperature and its device
characteristics are measured. Typically the parametric shift in threshold voltage,
flat-band voltage and linear drain current are recorded. Generation of interface
states is commonly measured by one of the many available techniques, while
the accompanying generation of fixed charge is calculated indirectly. This

stress-measure cycle is repeated and extends to, typically, 10°-10°s.

1.3.1 NBTI models

Various NBTI models have been proposed, of which the Reaction-Diffusion (R—
D) model is the most prevalent [37,44-52]. It was first proposed by Jeppson and
Svensson [37]. In their model, it is assumed that the silicon interface contains a

large number of defects. Those defects are electrically inactive and can be

activated through chemical reaction like:
Sig=SiH+ 03 =5i0Si=032Si3=Si-403=Si*+ 05, =SiOH + e

Where Si; = SiH is the surface defect, Si; = Si - is the surface trap, 0; = Sitis

the oxide charge. When the defect is activated, the H of the SiH bond is
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released by some dissociation mechanism and reacts with the SiO; lattice to
form an OH group bonded to an oxide atom, leaving a trivalent Si atom in the
oxide to form a fixed charge and one trivalent Si atom at the Si surface
constituting an interface state. The rule Ny ~ t" was observed and

mathematically proven by assuming the process is diffusion rather than

reaction-rate limited.

The mode! described above is called the Electro-chemical model. Since then,
many variants have been proposed by assuming different dissociation
mechanisms to meet the observations from the experiments. Two popular ones

are given below.

High-electric field dissociation

A hydrogen terminated interface trap precursor can be represented by,
Si; = SiH
High electric field can dissociate the silicon-hydrogen bond, leading to:
Si; = SiH - Si; =Si-+H°
where H%is a neutral interstitial hydrogen atom or atomic hydrogen. Atomic
hydrogen is highly reactive and considered to be a fast diffuser in oxide [53].
The availability of SiH bonds for dissociation under high electric field is the rate-
limiting process for this reaction. Recent first-principles calculations show that
the positively charged hydrogen or proton (H*) is the only stable charge state of

hydrogen at the interface. H' reacts directly with SiH to form an interface trap,

according to the reaction [54]:
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Si; =SiH + H* - [Si; = Si]* + H,

The above reaction uses the fact that the SiH complex (or passivated dangling
bond chemical species) is polarized such that a more positive charge resides
near the Si atom and a more negative charge resides near the hydrogen atom.
Mobile H* migrates towards the negatively charged dipole region of the SiH
molecule, then reacts with the H to form H,, leaving behind a positively charged

Si dangling bond. In this model, H2 can later dissociate to act as a catalyst to

disrupt additional SiH bonds. This process, in theory, can continue so long as
hydrogen is available and SiH bonds are available to react. The reaction

between hydrogenous species (H' or H2) and SiH bonds is the rate-limiting

process for this reaction model.

Hole induced dissociation

This model explains NBTI induced trap formation by the interaction of SiH with

“hot holes” or holes near or at the Si/SiO2 interface [43,49,55,56]. Dissociation
involving holes is given by

Siz=SiH+h* > Si; =Si-+H*

During NBTI stress, holes are attracted to the SiOZ/Si interface. This model is

consistent with the results that a positive substrate bias accelerates NBTI
degradation, reduces the device lifetime [42]. Hole-induced SiH bond

dissociation is the rate-limiting process for this reaction model.
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1.3.2 NBTl recovery

Earlier work treated the degradation as permanent. Since 2003, however, the
NBT! community started to realize that the recovery effect is not negligible [57-
61]. It was observed that NBTI degradation has appreciable recovery within a
time less than 1 s. If an AC stress voltage is applied, the sample is stressed for
half of the period in each cycle. During the other half-cycle, existing NBTI
degradation can be healed. As a result, NBTI degradation is much less severe
for samples under AC stressing than those under constant voltage stressing. In
modern circuit design with roughly 10° MOSFETs, there will always be some
devices under the worst case condition, namely stress is constantly applied
most of the time. Failure of one MOSFET can potentially lead to the failure of

the whole circuit. Therefore, it is crucial to model the device and predict its

lifetime at its worst case condition [62].

The traditional stress-measure procedure is problematic because of the
recovery effect. Cooling the wafer from the stress temperature to the
measurement temperature (normally room temperature) takes minutes, and
during this time, the NBTI degradation is substantially recovered. Even if the
cooling procedure is eliminated and the measurement taken immediately after
the electrical stress, the commonly used parametric analyzer still takes
significant time, typically between 0.5 s to 10 s. It should be noted that the time
stated in the specification from the manufacturer does not include the hold and

delay time presets for the instrument. If these are included, the measurement

time can even double.
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Rangan et al were the first to propose a solution for investigating the recovery
transient [63]. It involves converting the change in drain current Aly, at stress
bias into the change in threshold voltage, AV Since the drain current is
measured at stress bias and only one drain current point is measured, the
procedure can be considered as recovery free. One problem of this solution is
that when the change in drain current is converted into that in threshold voltage,
the mobility degradation is ignored. In order to remove this uncertainty, an
improved On-The-Fly (OTF) technique (the 2" order OTF technique) was
proposed [64] to take mobility variation into consideration. However, since these
researchers used slow measurement instruments, the non-negligible NBTI
degradation during measurement itself seriously affects the result. To reduce
the measurement time, customized instrumentation was needed. Kerber et al
were the first to design their own customized circuit to implement fast
measurements [65]. Since then, a number of variants have been proposed [66-
70]. The basic principle for all these fast measurements is to combine a pulse
generator with a digital oscilloscope. The pulse generator is used to supply the

gate voltage, and the corresponding current will be converted to voltage and

captured by the oscilloscope.

The suppression of recovery in the measurement invokes an alternative theory
that accounts for the NBTI phenomenon. The NBTI is modeled by charge
trapping/de-trapping. It is well known that injected carriers can be trapped in an
insulator as they pass through it. Charge trapping in dielectrics under Fowler-
Nordheim stress was extensively studied in the 1980s. Trapped charge in the

gate dielectric of MOSFET will shift the threshold voltage V; and the flat-band

voltage Vi, Positive charge trapping will increase the | V4| of pMOSFETs.
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Ushio et al proposed that hole-trapping near the Si/SiON interface caused the
enhanced NBTI in SiON gate dielectric [71,72]. After recovery was suppressed,
more groups began to report hole trapping. Huard and Denais used their OTF
technique to demonstrate that NBTI degradation can be entirely explained by

hole trapping [64]. The group at LJMU further separated these traps into three

different types [73].

Tan et al tried to reconcile the hole trapping with the R-D model and suggested
that hydrogen released from broken Si-H bonds can be trapped at nitrogen sites
at the interface to form fixed charge [40,74]. The role of hole trapping in SiON

gate dielectric has been one of the most controversial topics in the study of

NBTI.

Recent work shows that the AV, obtained from customized instrumentation can
be five times higher than that from conventional techniques. However, the AV,
obtained from the On-The-Fly technique can be one order of magnitude higher
than that from conventional techniques and the interpretation of this large
difference is quite controversial. The reconciliation of all the existing

characterization methods is the subject in chapter 3.

The NBTI recovery model also brings question into the applicability of existing
lifetime prediction techniques, which were developed without taking recovery

time into account. This issue will be thoroughly investigated in chapter 4.
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1.4 Carrier mobility degradation in state-of-the-art transistors

One of the most important parameters of a MOSFET is the channel mobility: a
measure of the ease with which the inversion carriers travel along the channel.
The mobility is sensitive to the quality of the channel, the dielectric, and even
the gate electrode. Properties such as oxide trapped charge, lattice vibrations
scatter the moving carriers and decrease their mobility, reducing the
effectiveness of the device. Among the scattering mechanisms, coulomb

scattering, phonon scattering, and surface roughness are the most important

ones in CMOS devices.

Phonon Scattering

Phonon scattering of the inversion carriers originates from the acoustic and
optical mode vibrations of the Si lattice. As the temperature increases, lattice
vibrations also increase and thus the phonon scattering rate increases. At room
temperature, phonon scattering plays an important role on the carrier mobility in
inversion layers. It has been shown experimentally by Takagi et al that mobility

limited by phonon scattering can be determined from [75],
#ph — AEe—fOf3T—1.75
where A is a constant with the value of 2 x 10° and 6.1 x 10* for electrons and

holes on (100) Si, respectively, E.f is the effective vertical field in silicon at the

interface, and T is the temperature in Kelvin.
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Coulomb Scattering

Scattering from charged centers such as fixed charge, interface states, and
ionized impurities in the depletion layer of the substrate is designated as
Coulomb scattering. As the vertical field increases and more carriers occupy the
inversion layer, electrostatic screening occurs and Coulomb scattering therefore
reduces [75]. This means that Coulomb scattering limited mobility is dominant at
lower fields where the surface carrier density is small. An increase in doping
concentration and fixed charge density enhances coulomb scattering. The
coulomb scattering weakens as temperature increases, since the velocity of the

inversion carriers increases and they interact less effectively with stationary

impurities.

Surface Roughness

Since the silicon-insulator interface is not perfect, the surface potential can
fluctuate on the molecular level and the small deviations of the interface from
the ideal plane causes perturbations in the inversion carrier mobility. The
surface roughness of the interface decreases the mobility of carriers in the
inversion layer. As the vertical field increases, the inversion carriers are pulled
closer to the interface and surface roughness limited mobility becomes
increasingly smaller. Therefore, the mobility limited by surface roughness has

an inverse relationship with effective field with a power factor,y, close to 2 [75,

76].
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Multiple Scattering Mechanisms

When multiple scattering mechanisms are present, the overall mobility is
generally described by Matthiessen’s rule:

1 1 1 1 1
—_ = —_ =4 F— 4 .
H 7 Hi Auph Heout Usr

Since there is a reciprocal relationship, the effective mobility is dominated by
the process with the lowest mobility. Coulomb scattering limited mobility is
dominant at low fields since there is no screening of the inversion layer and
surface roughness scattering is dominant at higher fields since the carriers are

pulled closely to the imperfect interface.

The above mechanisms are very well established for thick EOT SiO, devices
with poly-silicon electrodes. However, these mechanisms may not be sufficient

to explain the poor mobility shown by the devices with high-k dielectrics and

metal gate electrodes [77].

When the gate SiO; thickness, Toy, is over 5 nm, carrier mobility is insensitive to
Tox [78]. Once it is below 2-3 nm, however, mobility reduces [79-84] and the
reported reduction near threshold voltage varies substantially, from a factor over
2 [79] to an insignificant level [81]. As gate voltage increases from threshold, the
relative mobility reduction can either decrease [79,80] or increase [81,82]. In
order to explain this phenomenon, several scattering sources have been
proposed. Agreement has not yet been reached on the origin for such
phenomenon and the proposed mechanisms include remote phonon scattering

[85], remote surface roughness [81,82] , long-range Coulomb interaction
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between carriers in the gate and in the inversion layer [84] and remote charge
scattering from impurities in the depleted poly-Si gate [79,80,83]. The
explanation is controversial and Remote Charge Scattering from impurities in

depleted poly-Si gate has attracted much attention. A brief introduction of these

remote scattering mechanisms is given below.

Remote phonon scattering

Remote phonon scattering was proposed by Fischetti et al [85]. He predicted
that the remote phonon scattering originating from the gate dielectric cannot be
neglected in MOSFET with high-k materials. Since the bonds in most high-k
dielectrics are the metal-oxygen type, they are highly polarisable and result in a
large static permittivity, desirable for advanced CMOS scaling. However,
inherent in these soft bonds are low energy lattice oscillations which are optical
in nature and derive from their ionic characteristics. These low energy phonons
trigger frequent emission and absorption processes by thermal electrons in the
inversion layer, resulting in a remote phonon scattering mechanism which, due
to the dipole field of the insulator, decays away from the bulk of the insulator
into the inversion layer. Conversely, SiO; yields hard Si-O bonds and a reduced
ionic polarization with high energy optical phonons. It is difficult for thermal
electrons to emit excitations at these energies especially at room temperature

where the number of absorbed thermally excited phonons is low.

Remote surface roughness scattering

Remote surface roughness scattering was first proposed by Li and Ma in 1987
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[86]. They introduced this new scattering mechanism to explain the
experimental observation that the mobility of carriers in the MOSFET channel
degrades as the gate oxide gets thinner. When the oxide is thick, the channel
charges are far from the metal/oxide interface and the scattering of carriers by
that interface can be neglected. As the oxide becomes thinner, the imperfection
at the metal/oxide interface (not perfectly smooth) can give rise to a potential
variation seen by the carriers inside the channel which serves to degrade the

mobility.

Long-range Coulomb interaction

In this theory, mobility degradation is explained by long-range coulomb
interaction between electrons in the inverted channel of the substrate and
electrons in the gate. The idea of coulomb interaction originates from the work
in investigating the mutual drag between a two-dimensional electron gas (2DEG)
and a 3DEG in compound-semiconductor system [87-90]. When the oxide
dielectric thickness is thinner, the electrons in the channel of the Si substrate
can interact strongly with the electrons in the gate. Since the electrons in the
gate are almost at rest, while the channel electrons drift from the source to the
drain under the action of the applied bias, a ‘gate drag’ can be expected and
therefore electrons in the channel will lose momentum to those in the gate,

leading to the mobility degradation.

Remote charge scattering from impurities in depleted poly-Si gate

The remote charge scattering (RCS) from impurities was extensively studied in
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I1-V hetero-structure semiconductors [91-94]. In 1999, it was introduced to
metal-oxide-semiconductor devices on Si by Krishnan et al [95]. They
developed a model for RCS by computing the impurity potential which is
obtained by solving the Poisson equation, taking into account the size
quantization effect and 2D screening of the carriers. In their calculation, they
used semi-analytical expressions for the momentum relaxation time (MRT) that
Stern and Howard originally derived from coulomb centres in the substrate
silicon with very thick oxide dielectric [91]. However, free carriers can also
produce screening effect and if this is taken into account, the impact from RCS

can be negligible [83].

1.5 Organization of the thesis

This thesis is organized as follows:

Chapter 2 comprises a review of the characterization techniques used in
investigating Negative Bias Temperature Instability (NBTI), including
conventional and fast techniques. The DC transfer characteristic, capacitance
(C-V), On-The-Fly (OTF) and ultra fast pulse l3-Vq measurement (UFP) are
reviewed. The focus is on the implementation and validation of the ultra fast

pulse lg-Vy technique. This technique is used later in the thesis.

Chapter 3 contains a comprehensive study on the characterization method of
NBTI. The impact of various factors and uncertainties on AV, evaluation by the
OTF-Vgst technique is analyzed first, including degradation during the

measurement that affects the reference Iy and initial transconductance. The
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popular assumption that |JAV{| is independent of sensing Vj is not used, rather a
new evaluation method is proposed and justified. Based on the new evaluation
method, the difference in AV, evaluated by different techniques is explained.

Chapter 4 employs threshold voltage shift at device operating level to develop a
model for NBTI kinetics which includes contributions from both as-grown and
generated defects. The inapplicability of existing lifetime prediction techniques
will be demonstrated. Based on the new kinetics, a single-test novel lifetime

prediction method is proposed, and the safety margin is estimated.

Chapter 5 comprise a discussion of the impact of RCS on mobility. The impact
is studied in the same device by varying charge density either by annealing or
trapping. Therefore, the uncertainty from varying distance into the oxide by

using different devices is removed. The work shows that the contribution of RCS

to mobility degradation is insignificant.

Chapter 6 summarizes the work presented in this thesis. Finally, the direction

for future work is suggested.
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Conventional characterization review and

development of pulse 14-V4 technique

2.1 Introduction

In the 1980s, highly integrated and automated electrical measurement
instruments became commonly available, including Hewlett Packard 4140B pA
meter/DC voltage source [1], followed by Hewlett Packard 4145 [2], 4155/4156
semiconductor parameter analyzers [3], Agilent B1500 semiconductor device
analyzer [4], and similar products from other manufacturers. The semiconductor

parameter analyzers are the de facto standard for measuring the 1-V

characteristics of transistors.

Normally the measurements performed by these analyzers are called quasi-
static or DC measurements. DC measurements can accurately measure small
currents down to 107"° A which is critical for MOSFET characterization. In order
to reach such high accuracy, normally the measurement is slow. In practice, to
achieve sub-pico-ampere accuracy, the measurement time at each bias point
(integration time) should be at least 20 ms, or one power-line-cycle, in order to
minimize interference from the power supply. In addition, small bias steps in
measurement and a delay time before measurement at each step are

recommended, to ensure that all transients caused by the bias step relax and
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the true steady-state characteristics are measured. In the field of reliability
research, though this is widely accepted when investigating on thick oxide, it is

no longer valid when the oxide thickness becomes very small.

The degradation of MOSFET characteristics under electrical stress can recover
after the stress is removed. This recovery produces strong transients when
measuring MOSFET device parameters, notably in the threshold voltage V, in
the time scale of micro-seconds to tens of seconds. The typical measurement
time with semiconductor parameter analyzers ranges from milli to tens of
seconds, which overlaps with that of the transient in device parameters. During
this overlap time, transistor parameters (e.g. threshold voltage) have already
changed. It is therefore necessary to remove this overlap by applying fast

measurements for transistor characteristics.

In this chapter, the conventional techniques including measurement of transfer
characteristic (I-V), capacitance (C-V) and the fast techniques including On-
The-Fly (OTF) and ultra fast pulse 14-Vy4 (UFP) are reviewed first. The focus is

on the implementation and justification of the ultra fast pulse 13-V, technique and

this technique will be used later in the thesis.
2.2 Review of conventional characterization techniques

2.2.1 V¢ by conventional I3-V4 technique

Conventionally, Vi degradation is evaluated using the measure-stress-measure

(MSM) method with a DC parametric analyzer. This is also called the “slow”
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technique or DC technique since the total time for one 13-V, measurement is
typically in the order of 1-10 seconds, and the threshold voltage is normally
extracted by using extrapolation [5] or the constant current method [6]. Figure
2.1 (a) shows how the threshold voltage V; is extracted by using an
extrapolation method, from the typical I3-V4 curves measured before and after
stress. The transconductance is firstly calculated by differentiating the 14-Vg
curve and threshold voltage is defined as the gate-voltage axis intercept of the
linear extrapolation on the 13-V, curve at maximum transconductance. Figure

2.1 (b) shows a typical V; shift with stress time under NBT]I stress.

2.2.2 Conventional C-V technique

The capacitance-voltage behaviour of a MOS device can be described using
the equivalent circuit shown in figure 2.2 [7] where Cox is the oxide capacitance,

Cs the substrate capacitance, Cy the interface state capacitance, Rs the series

resistance and 1/Rp the parallel conductance.

The capacitance of a MOS capacitor is defined as

o=
dv.

£

(2.1)

based on charge neutrality, O, =0, +Q,) with ), the substrate charge and (),

the trapped interface charge. This assumes no charge trapping in the dielectric.
The gate voltage is partially dropped across the dielectric and the

semiconductor substrate. This gives V, = Ve +V,. +¢,, where V,, is the flat-band

Ox

voltage, V,, the voltage drop across the oxide and ¢, the Si surface potential.



Chapter-2 Conventional characterization review and development of pulse Id-Vg technique 31

gg —a— —0— Fresh 1140
60‘—0———0— 1ks stress l ' ] 120
0 Vgst =-3.17V a 1100
L o . _
i 40-T—1OOC lso S
= leo 2
— 30t _ .
200 140 =
10 its shift 420
obrnnnadngd 1,
00 02 04 '06 08 1.0
VI (V)
(a)
100
z 10}
3] Vgst =-3.17V
T=100°C
1 Measured by conventional technique

10° 10’ 10° 10°
Stress time (s)

(b)

Fig 2.1 (a) Typical results obtained by using conventional
technique. 15-Vy curves were measured after stressing the device
under NBTI for a period of time. After stress, 14-Vy curve is shifted
towards higher |Vg|. Threshold voltage is extracted by using the
maximum gn, extrapolation method. The transconductance is first
calculated by differentiating the 13-V, curve and threshold voltage
is defined as the gate-voltage axis intercept of the linear
extrapolation on the 13-Vy curve from the maximum
transconductance. (b) Typical NBTI degradation with stress time.
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Fig 2.2 Equivalent circuit of an MOS structure.

Therefore equation (2.1) can be written as

C __dO, +dQ, (2.2)
dV, +dg,

0x

Depending on the Si surface potential, the contribution of majority, minority or

depletion charge associated with the substrate varies.

From the equivalent circuit, the total gate capacitance can also be written as

o 1 2.3)
) Je,* e, e

The low-frequency substrate capacitance is given by [7]

R (S E TR )
<5 if s 214]) Fw(Us’UF)

(2.4)

where the dimensionless surface electric field F(U,U,.)is defined by

F(Ug,U,) = Je" (7 + U 1)+ (¢ ~Ug-1) (2.5)
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U,and U, are normalized potentials, defined as U, =q4, /kT and U, =q¢, / kT .
The Fermi potential is calculated by ¢, =(kT/g)In(N,/n) where N, is the
acceptor concentration and n, the intrinsic carrier concentration in the Si

substrate.

A
The symbol U, stands for the sign of the surface potential and is given by

A
(JS — |US |
US

(2.6)

A A
Where U, =1for U, >0 andU, =-1 for U, <0. The extrinsic Debye length L, is

I - EqE.kT

2.7
e @7)

High Frequency C-V measurement

In a High Frequency Capacitance-Voltage (HF C-V) measurement, a small AC
signal superimposed on a DC bias is applied to the MOS device and the
response is analyzed with respect to gain and phase. A schematic drawing of

the HF C-V measurement setup is shown in figure 2.3 (a).

The gain and phase analysis is based on the equivalent circuits given in figure
2.3 (b) and figure 2.3 (c) where in addition to the measured capacitance, either
a parallel conductance term or a series resistance is considered. The

impedance Z_, , of the serial circuit is given by

~serial

1

serial = R.\‘vrml + . Y
JjaC

z (2.8)

serial
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where R is the series resistance, @ =2z f is the angular frequency and C

serial

the serial capacitance. For the parallel circuit the admittance Y

purallel can be

written as

= (]pumllcl + .]wcpurulh'l (2 9)

Y purallel

where G ., is the parallel conductance and C,, ., the parallel capacitance.

To discuss the limitations of the equivalent circuits the serial circuit is

transformed into a parallel circuit and vice versa. The inverse of the serial

impedance is given by

1 1
Y.v\'urml = = ]
Z serial R.\'cr/ul + %w Cv
serial
, ' 2.10
1 / R\L crial jw(/‘u srial ( )

=Y
paraliel
1 + Q\( riul 1 + /
Qu orial
=1/wC

with O o Ren D€ING the quality factor of the serial circuit. For the

serial

inverse of the parallel admittance, write

1 1

purallel =
parallel (]purulhl + JW( parallel

2.1
_ /purulh /ZU pululh '» ( )

- u ricl
1 + Q[’AIIHHL/ 1 + /
quru/h )

With O, = @C iy 1 G . 0EING the quality factor of the parallel circuit. For

the case Where (;purullul < ZD‘(jpuru/h'l and R.\'crml < ]/ZU(‘

“serial )

both
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Fig 2.3 (a) Schematic configuration of high frequency C-V
measurement. The DC and AC bias is applied to one terminal of
the capacitor whereas the gain and phase of the AC signal is
measured on the second terminal. (b) Equivalent circuit of a HF
C-V taken in the parallel mode, (c) Equivalent circuit of a HF C-
V taken in a serial mode

measurement modes yield equivalent results and the extracted capacitance

becomes C C

paraid = Cera - 1€7EfOTE, the measurement result is independent of

the selected measurement mode. However, considering the simplified

equivalent circuit of the MOS devices which normally contains the parallel

conductance and the serial resistance, as shown in figure 2.4.
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J— C* Parallel []G*parallel

*

R serial

Fig 2.4 Simplified equivalent circuit of a MOS device with parallel
conductance and serial resistance.

The impedance Z* and admittance Y* of the circuit are given by

- . 1
Z = R.w:rml +
( pamlhl + jwcp(ll(l”(l
Rt ]/Gpurulh + l/lwc,mrulh (2 12)
\Lrlul ’
1+ Qparulh/ 1+ /
(, puml/«/
Rt I/Ov[mmlrlif + jncp;_/mlhl
.wrlu/ !
Y‘ _ 1 . Q[J(IHI//( purulhl(1+l/ pmu/hl)
z /G’ 1/ @C,
L] parallel 2 arallel N2
Rena ¥ 1707V *( “17*;’ )
+ lemlh'l Q parallel
where C,,.., is the equivalent capacitance measured in the parallel mode [8].

The limiting factor at higher frequencies is the series resistance whereas at low

frequencies the parallel conductance has to be taken into consideration.
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Quasi static C-V measurement

An alternative technique to measure the capacitance-voltage characteristic of
MOS devices is the quasi static C-V measurement. This technique requires
measurement of either the displacement current or displacement charge, which

directly reflect the capacitance of the test structure.

One of the commonly used quasi static C-V measurement techniques involves
application of a linear voltage ramp to one terminal of the device and
measurement of the current as a function of time at the second terminal, as

shown in figure 2.5 (a). The capacitance is then given by the relation

J
C=—"r (2.13)
dV
4/1

The voltage ramp dV /dt can be varied over a range from ~10 V/s down to

<0.01 VIs.

The practical limitation of the voltage ramp is given by the sensitivity of the am-

meter and the leakage current of the measurement setup. The basic gate

leakage requirements can be estimated as follows
J, <C, -dV/dt (2.14)

For an EOT of ~ 2 nm (1.5 pyF/cm?) and a voltage ramp of 1 V/s a leakage

current of J, <1.5 pA/cm? would be required.
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Equilibrium controlled quasi static C-V

The equilibrium controlled quasi static C-V measurement [9] is an alternative
technique. In contrast to the linear voltage ramp technique, discrete voltage
steps are applied and the displacement charge is measured using the
electrometer, as illustrated in figure 2.5 (b). The capacitance is calculated from
the measured displacement charge and the voltage step following the
relationship in equation (2.15).

ro QV+S-00 -0

C(V)y=—7=
*) At AV

(2.15)

The strength of the quasi static C-V technique is the ability to measure interface
states and it has been used extensively in the past decades. However, as the

device scaling progresses, the gate leakage current has become so large that

the quasi static C-V measurement cannot be used for a SiO, thinner than 3 nm

approximately.

R
MOSCAP ___MOJCAP
\\
>
Programmable - - Electrometer
voltage ramp Programmable
vollage stair

Current meter
(a) (b)

Fig 2.5 (.a) Schematic configuration of quasi-static measurement
setup using a linear voltage ramp; (b) schematic configuration of
equilibrium controlled quasi static measurement setup where

discrete voltage steps are applied and the displacement charge is
measured using an electrometer.
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2.3 On-The-Fly (OTF) technique

The OTF technique was motivated by the desire to measure the NBTI induced
threshold voltage shift without recovery. The recovery during the conventional
measurement has long been thought negligible until recently when it was found
that most of the V; degradation induced by NBTI recovers during the
measurement when using conventional techniques [10-14]. In addition, the
studi_es of charge trapping in high-k dielectrics in recent years have also shown
significant recovery even within 1 ms delay [15-16]. Therefore, an accurate V;

measurement technique is required to capture all the degradation.

Some attempts on reducing the measurement time with the semiconductor
parameter analyzers like the Agilent 41xx series were made initially. The
minimum measurement time for a single bias point can be as fast as 80 ps as
specified by the manufacturer [3]. This is much faster than the configuration in
previous module. However, it was soon realized that significant overhead time
must be added to the quoted minimum, as shown in figure 2.6 (a). The real

measurement time can be much longer than the value preset in the instrument.

One of the earliest measurement solutions proposed to mitigate the recovery
during measurement is the on-the-fly (OTF) technique, and a few variants have
been proposed [17-21]. The common feature is that the stress voltage is always
applied to the gate, and the degradation of drain current is measured at stress
voltage. Since the stress voltage is not removed from the gate, the on-the-fly
method is claimed to be free from the fast recovery of NBTI. It soon became

popular as it can be performed on commercial semiconductor parameter
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analyzers, without additional equipment requirement.

The first OTF technique (the 1% order OTF technique) was proposed by Rangan
et al [17]. An initial 14-Vg curve is measured with V4 swept to the stress voltage,
and both the drain current lgo at V4 = Vgt and the threshold voltage Vi are
recorded. During the following electrical stress, the drain current is continuously
sampled at Vg = V4 and the change of drain current Al; = I; — 1,5 can be
calculated. The threshold voltage shift is then calculated from

av, =8 -y (2.16)
IdO

Apparently, equation (2.16) ignored the mobility variation with Vg, and this
assumption introduces a large uncertainty into the value of the extracted

threshold voltage shift. Therefore this technique is not widely used.

In order to remove this uncertainty, an improved OTF technique (the 2" order
OTF technique) was proposed by Denais et al [18]. The mobility degradation is

taken into consideration by evaluating the transconductance, g during each

measurement. As shown in figure 2.6 (b), three points are measured at Vgst and

Vgst2DV. Therefore, g_can be obtained by using equation (2.17).

IV, + DV)—](,(VK -DV)
2DV

En = (2.17)

The degradation of drain current between measurement points ‘n’and ‘n-1’is
Al,(n)=1,(m)~1,(n-1) (2.18)
The shift of threshold voltage between these two points can be evaluated by

Al,

AV, (n)=~
" g,(n)

(2.19)
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The accumulative shift of threshold voltage is

AV :_i 1,(n)=1,(n-1)

(2.20)
n=1 g, (n)

Where M+1 is the number of |y measurements and gm(n) is the mean value of

the transconductance between the n™ and (n-1)™ measurements, as shown in

figure 2.7. Hence, periodical, three-point Id measurements are enough to

monitor Ald, g and Athuring stress.
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Fig 2.6 (a) Traditional NBTI test sequence, (b) The 2" order On-
The-Fly measurement sequence.
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Fig 2.7 The n™ and n-1" Id measurements, together with the
transconductance gm(n), can give the threshold voltage shift, AV,
between n'™ and n-1" measurement points.

In equation (2.20), g is assumed to be constant between the two measurement

points and the average g, is used, g,(n) = (gn(n) +gn(n—=1))/2. To

estimate the error caused by this assumption, figure 2.8 shows a comparison of
the AVt calculated by using gm(n), gm(n-1) and g,,(n). It is clear that the error is

insignificant.

Since the ‘On-The-Fly’ measurement is based on ld degradation at stress
voltage, NBTI still occurs during the measurement. When Id was measured for

the first time, it typically took 0.15 s and some degradation occurs during this

period. This degradation in the reference Id leads to an underestimation of AVt. It

also affects the gm evaluation. The error of the 2" order OTF technique will be

discussed further in chapter 3.
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Fig 2.8 The effect of gn on AV.. Symbol ‘O’ is calculated using the
average gm value between two measurement points, while the
dashed line used the previous gm value, and the dot line uses the

current gm value. It is clear that AV, is weakly dependent on the gm
value used.

2.4 Pulse 13-V4 Technique

2.4.1 Experimental setup

Another direction for suppressing recovery is to implement fast measurement by

using specific circu‘its. Kerber et al [15] were the first to develop a pulse 13—V
technique to investigate the large charge trapping in high-k dielectric. A 13-Vg
curve can be measured within 10-100 ps using their technique. The schematic
measurement setup for the pulsed l4-V4 measurement is given in figure 2.9. In
this setup, the MOSFET is used in an inverter circuit with a resistive load (R). A
small DC bias is applied to the resistor which acts together with the channel
resistor as a voltage divider. The 14-Vg characteristic is obtained by applying a

trapezoidal (triangular) pulse to the gate and recording the drain voltage using a
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digital oscilloscope. From the measured voltage traces the l4-Vg characteristic
can be constructed using the following relationship [15]:

I 100mV 100mV -V

d 2.21
dVd(R) (221)

where Vyq is the measured drain voltage and R the resistive load of the inverter.

100mV

= DUT >
|

il

Oscilloscope

Fig 2.9 Schematic setup for the pulse l4-V4 measurement proposed
by A.Kerber et al. The MOSFET was used in an inverter circuit with
a resistive load (R). From the voltage waveform (V(t), Vq(1)), the 14-
V4 characteristics were extracted.
Due to the use of a voltage divider, the drain voltage changes during the

measurement. In order to eliminate this effect, the extracted drain current is

normalized to a constant drain voltage, which is given by the term 100mV/Vq in

equation (2.21).

This method suffers from the following limitations. Firstly, in order to reduce
noise and obtain accurate data from the oscilloscope, the impedance along the
signal path should be matched and therefore the resistive load should be
around 500Q). This limits the gain of the circuit significantly. Figure 2.10 (a) shows

a screen shot of one measurement using this technique. Figure 2.10 (b) shows
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the extracted 14-V, curve. It can be seen, how considerable noise is observed,
and this technique is affective with large drive currents. Moreover, due to the
use of a voltage divider, the drain voltage changes during the measurement.
The normalization used in the technique is only correct when the MOSFET is
operated in the linear regime, and this gives uncertainties on the drain current

measured at higher Vg voltage level where the device series resistance cannot

be ignored.

300} PMOSFET with SiON gate dielectric
EOT =2.7nm

P ‘ . 1 out = —— By pulse 1d-Vg

L ~ 200 with IMEC setup
A . é 150L © By DC technique

g % =4 100} vd is normalized
et i to 100mV

' BEEEEEEE

. T=100°C
gD 02 04 0808 .10 .12
IVl (V)

(a) (b)

Fig 2.10 (a) A screenshot of the signals from the oscilloscope
connected as shown in figure 2.9. (b) The extracted I4-Vg4 curve by
using equation (2.21), V4 is normalized to 100mV. The device used
here is 2.7nm SiON with a channel length = 0.15 um and channel
width = 10 pm.
In order to increase the gain of the circuit while maintaining impedance
matching along the signal path, an improved approach was proposed, where an
op-amplifier is used [22]. The schematic setup is shown in figure 2.11. The drain
of the MOSFET is connected to negative input of the op-amplifier (op-amp).
Since the voltages at the two input terminals are approximately equal when

negative feedback is present through R, the drain voltage of the MOSFET is

fixed at V4 supplied by the voltage source.



Chapter-2 Conventional characterization review and development of pulse Id-Vg technigue 46

DUT Op-amp
_1 1+

2d092s0|[1950

Pulse generator

Fig 2.11 Schematic setup for the ultra fast pulse 13-Vg4 technique

Since the input bias current for the op-amplifier is very low, drain current flows
almost entirely through the gain resistor R. In other words, the drain current is
measured by the gain resistor R. Resistors ranging from 1 - 10 kQ are used in

this study for different gain. The output voltage from the op-amplifier is related to

the MOSFET drain current by,

I/uul = Id ' R t+ I/(I (2'22)

This technique was implemented, as shown in figure 2.12. A high-speed op-
amplifier f with 60 MHz bandwidth (AD844) is used to achieve fast
measurement [23]. As to be discussed in more detail later, accurate and fast
measurement primarily relies on the minimization of the length of signal paths.
The corresponding circuit schematic diagram is shown in figure 2.13 and the
impedance controlled cables are labeled explicitly, while thin lines represent
wires and probe tips. The components enclosed by the dashed box (except the

DUT) is mounted inside the probe station, as shown in figure 2.12.
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Fig 2.12 Photographs of the ultra fast pulse measurement setup
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Fig 2.13 Schematic setup for ultra fast pulse measurement by using

op-amplifier (AD844) with matched impedance and controlled cable
delay.

The signal path of any non-impedance controlled section (e.g. from the drain of
the transistor to the input of op-amplifier, or from the gate to the junction

between cable 1 and cable 2) is less than 10 cm, in order to minimize parasitic
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effects. All the transmission lines are 50 Q co-axial cables, and cables 2 and 3
have the same length to minimize the difference in cable delay. The output
impedance of the pulse generator and the input impedance of the oscilloscope
are adjusted to 50Q as well. Since the MOSFET gate has very high impedance,
the short wire connecting the gate does not break the impedance matching
between cable 1 and 2. A 50 Q Resistor is used at the output of the op-amplifier
to match the cable impedance, so the voltage recorded by the oscilloscope,

through cable 3, is ¥z of V, from the op-amplifier.

When a voltage pulse is applied to the gate, the transistor will be turned on and
the drain current will induce a corresponding voltage pulse in the output voltage.
Both pulses are recorded by the oscilloscope, as shown in figure 2.14 (a), and
conversion from Vot to Ig is calculated by using equation (2.22). An plot of V()
and l4(t) yields the familiar I4-V4 curve. The device used in this measurement is

the same as that used in figure 2.10 (a) and clearly the accuracy is improved.

2.4.2 Source of errors

Displacement current, .4

In principle, when a pulse is applied to the gate, the current measured from the
drain has two components: drift current, 14, and displacement current, lga. The lgq

results from the presence of gate-to-drain capacitor, Cgs. By taking lgq into

account, equation (2.22) becomes,

Viu =, =1,,)-R+V, (2.23)
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Fig 2.14 (a) Screenshot of the signals from the oscilloscope
connected as shown in figure 2.13. (b) The extracted 13-V, curve by
using equation (2.22), with V4 = -25mV during the measurement.
The device used here is the same as the one used in figure 2.10.
Measurement accuracy has improved significantly.

The lgq is proportional to the pulse rate,

dv

gd

foa =Cot

(2.24)
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In the measurement, the MOSFET is biased in the linear region, and as a rough

estimation, Cgq is given by,

1
ng = Caverlup,d + Ecmv (225)

where Coveriapg @nd Ciny are the capacitance of the drain overlap region and the

inversion capacitance, respectively.

The displacement current, lg4, increases with device area, while the drift current,
l4, increases with W/L. To minimize lgg and ensure lgg<<lg, MOSFETs with W>>_
should be used. In this work, the typical L and W is 0.15 pm and 10 pm,
respectively. To test the contribution of lg4, @ symmetric triangular pulse was
applied on the gate as shown in the inset of figure 2.14 (b), the 14-V4 curves
were measured at both the up-edge and down-edge of the pulse. In these two
edges, dV/dt are of the same magnitude but the opposite sign. This changes
the direction of lgq. If the contribution of 144 was significant, the 14V, obtained
from these two edges must be different. Figure 2.14 (b), however, shows that
the difference is negligible and the pulse |4V, agrees well with that from DC
measurement where the displacement current is zero. As a result, the effect of
the displacement current is negligible for the size of MOSFETs and the pulse

speed used here. The typical edge time used is limited to 5 ps, as discussed

below.

Parasitic capacitors

As shown in figure 2.14 (a), Vo must be synchronized to V4 in order to produce

the correct 143-Vy curve. A delay of &t between Vg and Vo will generate
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approximately a horizontal shift of 3-Vg curve,

dV
SV, =—E.51 2.26
£ dt ( )

When measurement time (rise/fall time) is reduced, dV/dt increases, and the
distortion of the 14-Vgy curve worsens. One source of this delay difference arises
from the unmatched signal path length, for example, between the two long
cables 2 and 3 in figure 2.13. One meter of cable length difference causes 50
ns delay time skew. If in the fast measurement, V4, ramps from 0 to 3 V in Sus,
50 ns introduces 30 mV shift in 14-V4 curve. This can be comparable with the

degradation induced by NBTI stress. Using cables of equal length is essential

therefore.

Another potential source of the delay arises from the parasitic capacitance in
parallel with the feedback resistor R. For R = 10 kQ used, a capacitance as little
as 1 pF would cause a delay of 10 ns in the op-amplifier output waveform. For
distortion of the I4-V4 curve to be less than 10 mV, the maximum ramp rate for

V4 need to be 5 V over 5 ps. In practice, small stray capacitance is unavoidable

and its control is essential.

An error can also originate from the parasitic capacitance seen at the inverting
input terminal of the op-amplifier, which consists of the intrinsic input
capacitance of the op-amplifier, the capacitance between wires in the circuit and
the wires connecting the probe, and finally the probe tips. It was found that,

extremely short wires in the current setup are absolutely necessary.
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2.5 Application to the investigation of NBTI

This pulse 14-Vy technique was applied to investigate Negative Bias
Temperature Instability on devices with thin oxides. A pMOSFET with a 2.7nm

SiON gate dielectric is used for demonstration here.

The test procedure is shown in figure 2.15 (a). Since the time for data
transmission and storage for the computer is much longer than 1 s, only one I4-
Vy curve can be obtained within a 1s stress cycle. Therefore, it is necessary to
repeat the stress and measurement within 1 s stress. The waveform within 1 s
is schematically illustrated in figure 2.15 (b) and the waveform after 1 s is shown
in figure 2.15 (c). After stress for a certain time, an 145-Vy measurement is
performed at the falling edge and then OV is applied on the gate for 2 minutes to
allow recovery. It is assumed that the device will recover to its fresh condition
after 2 minutes. In order to check this assumption, an 15-Vy curve is measured
each time after 2 minutes recovery and the extracted threshold voltage is shown
in figure 2.16. It can be seen that, V; can be accurately obtained by extracting l4-
Vy measured directly after the stress and the V, is also almost constant after 2
minutes recovery and agrees with its fresh value. This validates the assumption.
One uncertainty from the procedure is that a small voltage (100mV) is always
applied on the drain even during the stress, as shown in figure 2.15 (b) and (c).
Therefore, the applied stress is not 100% uniform. In order to check whether
this small Vy affects the degradation, different V4 was used in the measurement.

As we can see in figure 2.17, V4 up to 100mV will not affect the results, so that

V4 = 100mV is normally used in this work.
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Fig 2.15 (a) Typical NBTI test procedure used in this project. The
device is characterized by applying a pulse on the gate. The edge
time of the pulse is set at 5 ps. (b) The waveform used for
measuring NBTI degradation within 1s stress time. Since the time
for data transmission and storage is much longer than the stress
time (<1 s), stress is repeated after recovery. The stress time is the
peak time of the pulse, and the falling edge of the pulse is used to
measure l3-Vg4 curve within 5 ys. The edge for the measurement is
represented by the thick black line in the diagram. Between two
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neighbouring stress tests, 0V is applied on the gate for 2 minutes to
allow the device recoverying to its fresh state. (c) The waveform
used for stress time over 1 s. Data transmission and storage can be
performed during the stress, and the recovery stage used in (b) is
not needed here. DC voltage is applied on the gate to stress the
device and one pulse is triggered when the stress time reached the

pre-set level for monitoring the degradation. The edge time is 5 ps
as well.

V=317V
T=100°C

— — I1—=M =
e B b el D Al 450 L ) & O
0.4l T

|V| from fresh device
= 0.44V

0'3 ] ) 1 1 L
10° 10* 10° 10% 10" 10°
Stress time (s)

Fig 2.16 When stress time is within 1 s. The device is stressed,
measured and recovered repeatedly. After each stress, the device
is left with V4 = OV for 2 minutes for recovery. After the recovery, |-
Vy is measured before applying the next stress. This allows
threshold voltage of the device after 2 minutes recovery to be
compared with the fresh value. The square symbols show that the

threshold voltage after recovery and the solid line is the threshold
voltage extracted from fresh device.
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Fig 2.17 Effect of drain voltage on the NBTI degradation. Drain

voltage up to 100mV will not affect the experimental result.
Finally, this technique is used to demonstrate the huge recovery phenomenon
after removing stress. In figure 2.18, the device is stressed for 1000s and 14-Vg
is measured at the falling edge with different speed. The extracted V; shift is
plotted against falling edge time, ie. 13-Vy measurement time. It is clearly
observed that as measurement time increases, the measured V; shift drops.
And the Vi measured by conventional technique is only 1/6 of the value before
recovery. Also from the figure, it can be seen the measurement time of 5 ps is

fast enough to freeze the recovery. As a result, 5us measurement time is used

hereafter, unless otherwise specified.
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Fig 2.18 pMOSFETs with SiON gate dielectrics were stressed for
1000 s with Vg4 = -3.17V, after which 14-Vy was measured with
different falling edge time. The threshold voltage shift before and
after stress (AV)) is plotted against the measurement time. The
threshold voltage shift obtained from DC measurement is also
shown for comparison. The recovery during a quasi-DC
measurement can reduce |AVy by a factor of 6. When the
measurement time is less than t. = 40 ps, the recovery during
measurement is negligible.

2.6 Summary

In this chapter, the conventional techniques are firstly reviewed, including the
measurement of transfer characteristics (I-V), capacitance (C-V), followed by
the fast techniques including On-The-Fly (OTF) and ultra fast pulse 13-Vg (UFP).
The development of ultra fast pulse technique was then described. The
experimental setup is described, and the sources of errors were analyzed. The
details for implementing this ultra fast pulse technique have not been
documented in the literature. Finally, the applicability of this technique to NBTI

investigation was demonstrated together with typical test procedures used in

this work.
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Real threshold voltage instability of
pMOSFETs under practical operational

conditions

3.1 Introduction

Gate dielectric breakdown [1,2] and negative bias temperature instability (NBTI)
[3] —-[10] are two major reliability issues for current CMOS technologies. To
suppress boron penetration into the substrate, high nitridation concentration has
been used in gate SION, which increases NBTI [3]. Now NBTI is limiting the
lifetime of pMOSFETs and it has received a lot of attention [3]]10].
NBTI-induced threshold voltage shift, AV,, was traditionally evaluated from the

shift of the quasi-DC transfer characteristic 14-Vy4 and its measurement can take

several seconds [4].

Recently, it has been shown that significant recovery of AV, can occur during this
measurement delay [5,6], which, in turn, leads to an underestimation of
degradation. To suppress this recovery during measurement, the “On-The-Fly
(OTF)" and “ultra-fast pulse (UFP)” techniques have been developed [5-7]. The

OTF technique evaluates AV, at the stress gate bias Vgst SO that the stress is
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maintained during the measurement [5,6]. Since AV, is effectively sensed at Vgq,
this technique will be referred to as “OTF-Vget" hereafter. The UFP technique
replaces the quasi-DC 14-V, by a pulse 15-Vy and the recovery can be suppressed
to within measurement resolution [7,8]. Like conventional measurement, AV, is

also evaluated by extrapolating the pulse 14-Vy, and it will be referred to as

“UFP-ex” hereafter.

Earlier work shows that the AV, obtained from the UFP-ex technique cén be five
times higher than that from conventional techniques and it is widely accepted
that the difference is because of the recovery [7]. The AV, from the OTF-Vgy
technique can be one order of magnitude higher than that from conventional
techniques and the interpretation of this large difference is still controversial [5,6].
Furthermore, AV, obtained from these two fast techniques is also different and

this difference is not fully understood at present.

In this chapter, the impact of various factors and uncertainties on AV, evaluation
by the OTF-V,4s technique will be analyzed first, including the degradation during
measurement that affects the reference ly and initial transconductance. The
popular assumption that [AVY| is independent of sensing Vg will be removed and
a new evaluation method will be proposed and justified. Based on the new
evaluation method, the gap in AV, evaluated by different techniques will be

explained. Finally, the possible physical mechanism is discussed.



Chapter-3 Real threshold voltage instability of pMOSFETs under practical operational conditions 63

3.2 Samples

The MOSFETs used in this study were manufactured at Interuniversity
Microelectronics Research Centre (IMEC), Belgium. The pMOSFET used for
NBTI tests has a surface channel and a p+ poly-Si gate. The channel length is
0.15 um and the channel width is 10 um. The gate dielectric is silicon oxynitride
(SION) with an equivalent thickness of 2.7 nm, oxidized at 850 °C and then
nitrided in NO at 1050 °C for 10 s.In addition to the 2.7nm thermally nitrided
sample, three wafers nitrided by DPN for different time were also used, as

detailed in table 3.1 and a top view of the MOSFET layout is given in figure 3.1.

Table 3.1 Nitridation conditions of gate dielectrics and their thickness

Wafer No. Nitridation time (s) Gate Dielectric Thickness (nm)
1 12 1.85
2 20 2.0
3 45 2.0
oiojalolo rj] @@@@@si’
LEGE Bl LEmEm
nMOSFET aMOSFET
(51 51 () (51 ) ﬂ @@@@]@ij
BhEL < b rEJ € 621
pMOSFET aMOSFET ‘b

Fig 3.1 Layout of MOSFETSs used in the experiments
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3.3 Shortcomings of the OTF-Vgst technique

The comparison of threshold voltage shift, [AVy|, measured by OTF-Vgs, UFP-ex
and conventional DC-ex techniques is shown in figure 3.2. Although OTF-Vga

and UFP-ex are both fast techniques, the obtained |AV,| are different.

3
10"V _ =377V TaV{OTFV )]
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; L) e NV Y.V

e T 7 1 13X
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—
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Fig 3.2 Comparison of threshold voltage shift, |AV,|, measured by
OTF-Vg, UFP-ex and conventional DC-ex technologies.

The OTF-Vgs technique suffers from a degradation of reference Iy and an error in
evaluating the initial transconductance. For the OTF-Vgg technique proposed in

[5], the reference lq is measured by a quasi-DC parameter analyzer. As

mentioned in chapter 2, it could take 20 ~ 150 ms to measure one point. Figure
3.3 (a) shows |3 monitored against stress time under a given stress bias. In this

test, data for time within and over 1 s were measured by an oscilloscope and a
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standard parameter analyzer, respectively. By using a parameter analyzer, the
1% point is measured with a rate of 150 ms per point and is marked out in figure
3.3 (a). Apparently, ly is substantially degraded. To suppress lq degradation
during measurement to a level within a measurement resolution of 0.3%, the
measurement time must be less than a critical value, tc, which is defined as the
time within which 14 is flat and degradation cannot be observed, as shown in
figure 3.3 (a). When the measurement time is longer than tc, lg degradation
becomes observable. At Vgg= -3.17 V, t. is approximately 30 us. Figure 3.3 (b)
shows that t increases to 600 us when Vge= -1.2 V. Areduction in [Vg«| results in
a slower degradation and consequently, an increase of t.. If the reference lg is

already degraded, AV, will be under-estimated.

Unlike UFP-ex, OTF-Vgq requires the evaluation of gm. Figure 2.6 (b) shows that
two measurement points at Vy=VgtDV are needed to evaluate the first gm. The
impact of I3 degradation during the measurement on g should also be assessed.
When the measurement time for one point is 150 ms, figure 3.4 shows that the
initial gn depends on the perturbation sequence of gate bias. When |Vg| was
firstty decreased to [Vg4-DV| and then increased to |VgutDV|, gm was
underestimated since the continuing degradation reduced the increase of g at

|V4sttDV|]. The opposite occurs if [Vg| was increased first.
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Fig 3.3 Dependence of drain current on stress time and the
definition of a critical time, t; (). (b) shows that t; reduces for higher
|Vgst]. The solid lines in (a) and (b) are guides-to-the-eye.

To minimize the |4 degradation, measurement time for the initial g, should be

limited to within t; and figure 3.4 also gives the g, evaluated in this way. As the

stress time increases over 1 s, figure 3.4 shows that the g, measured by two
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perturbation sequences merged. This indicates that the measurement induced
degradation of g, becomes insignificant at time longer than 1 s even for a

standard parameter analyzer.

WV =37vati00C
12} J_DV=50 mV
§10— <—I gstI
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4|Pulse idiiig b0
2 (O ks) FDV = 50 mV
ot

10" 10’ 10°
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Fig 3.4 The classical transconductance, g, during NBTI test. The

symbol ‘+' was obtained from a pulse (5 ps) 13~V4 and should be
used as the initial gm. The symbol ‘0’ and ‘w’ were measured by a
quasi-DC parameter analyzer and the time for obtaining one |4 point

is 150 ms.
By using a degradation-free reference lq given in figure 3.3 (a) and the corrected
initial gm given in figure 3.4, |AVy| is re-calculated. Figure 3.5 compares the |AVy|
evaluated with a measurement time of 5 us and 150 ms. When the degraded |4
with the measurement time of 150 ms was used as the reference, |AVy| was

underestimated by a factor of 2.5 after 1000 s stress.



Chapter-3 Real threshold voliage instability of pAMOSFETs under practical operational conditions 68

- 0
1.4 _Vgst =-3.17V at 100 C

0 O A i i 1 1 1 1
10° 10* 10% 10° 10°
Stress time (s)

Fig 3.5 Impact of degradation during measurement on |AV]. When
the stress time was less than 1 s, the symbol ‘o’ was obtained by
pulse measurements with a measurement time of 5 ys. When the
stress time was longer than 1 s, the symbol ‘0’ was measured using
a quasi-DC parameter analyzer and it took 150 ms to obtain the
reference ly and this reference 1y was not degradation free.

As a result, suppression of degradation during measurement further enhances
|AVy| and widens its gap from the |AV|| evaluated by pulse 14-V, technique. The
|AVi| now rose to above 1V and is over one order of magnitude higher than the

|AV4| typically reported in earlier work [9-10].

To check whether this large |AV|] originates from the poor quality of the samples,
|AVY| is compared with that reported in literature. Threshold voltage shift is
transformed to charge density here to make direct comparison for samples of
different thickness. First, figures 3.6 (a) (b) (c) show that the degradation of the

SION sample is similar to that of SION samples reported in the literature if
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measured by the traditional quasi-DC extrapolation technique [9,10,14).
Secondly, figure 3.6 (d) shows that the degradation of SION samples is also
similar to those reported in the literature if it is measured by the pulse technique
and extracted by the extrapolation method [7]. Finally, the OTF |4 degradation
was compared. Figure 3.7 shows that OTF Aly/l4 is again similar to that reported
in the literature [15]. Based on the good agreement with earlier work, it is

concluded that the quality of these samples is similar to the typical SION used in

earlier work.

The next question is whether the high |AV|| is caused by the use of exceptionally
severe stress conditions. The stress voltage Vg used in figure 3.5 is -3.17V.
Figure 3.2 shows that |AVy| is in the order of tens of mV under these stress
conditions, when measured by the conventional DC-ex technique. This level of

|AVy| is typically observed in earlier work [9-10] and consequently, this stress is

not exceptionally harsh.
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Fig 3.6 Comparison of these results with NEC [14] (a), Toshiba [10]
(b), United Microelectronics, Infineon and IBM joint work [9] (c), and
the (d). (a)-(c) was measured by conventional technique, but (d)
was measured by pulse 14-Vy technique. In all cases, threshold
voltage is evaluated by extrapolation. The threshold voltage shift is
transformed into charge density for comparing samples of different

thickness.
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Fig 3.7 Drain current degradation comparison of the result with that
of Kumar et al [15]

After clarifying that the high |AVY] in figure 3.5 is not caused by the sample quality
and exceptionally severe stress conditions, the next question is to understand
why the |AVy| given by OTF-Vgq is larger than that given by the UFP-ex under the
same stress condition. The differences between these two techniques should be
noted, namely: (i) the sensing Vg is around Vgg for OTF-Vgg, but close to V, for

UFP-ex, and (ii) OTF-Vgg requires the evaluation of gn, but UFP-ex does not.

3.4 A novel evaluation method for |AVy| based on the pulse 14-V, technique

A popular assumption is that |[AV| is independent of sensing Vg, although this
was not experimentally verified. To test this assumption, AV, is evaluated for
different sensing Vg. Using the pulse 14-Vy technique, the whole ls-Vg4 curve can

be obtained within Spus which is short enough to suppress recovery within
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measurement accuracy as has been demonstrated in chapter 2. Based on the
l--Vg curves, the degradation of Ig at each sensing |Vg|, Alan(V,), is evaluated
from the difference in the 14~V recorded at two neighbouring measurement
points, as illustrated in figure 3.8 (a), and the result is given in figure 3.8 (b). The
threshold voltage shift between these two points (n-1) and (n) at a given V,,
|AVin|, can be evaluated by using the same analysis as those for OTF-Vgg,
namely, the equations (2..1) and (2.2). By combining the measurement of UFP-ex
with the analysis of OTF-Vg in this way, the range of sensing Vg from Vg used
by OTF-Vgs is extended to around Vi used by UFP -ex. The result for |AVy| is
plotted against sensing V, in figure 3.8 (c) and it clearly increases with sensing
[Vg|. The assumption that |AV)| is independent of sensing Vg used in OTF-Vgg

technique is not justified therefore. The detailed procedure and evaluation

method are given next.
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Fig 3.8 The AV evaluation by combining the measurement of
UFP-ex technique with the analysis of OTF-Vg. Two pulse 14~Vq
after a stress of 0.5 ms and 3 s is given in (a). The drain current
difference in these two Ig~Vg, Algn, is caused by NBTI between the
two measurement points and is plotted against sensing Vg in (b). (c)
shows the threshold voltage shift between these two measurement
points, AVin. To make the difference in the two 14~Vy in (a)

observable, a large time step, 0.5 ms ~ 3 s, is purposely used here
for illustration.
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3.4.1 Procedure and evaluation method

The evaluation of g, is now examined and it is shown how to make the
correction. In this measurement, V4 was set at -25 mV and [Vg4| << |Vq - V.
Under these conditions, the relation between the drain current and gate bias can

be simplified to

L= HC, -V, =, 0) (3.1)

where p is the effective carrier mobility and Cox the effective oxide capacitance
per unit area. Since the |y is clearly driven by (Vg-Vy), rather than V,, a general

definition for transconductance should be

GI" = dId
d(V, =V

(3.2)
The physical meaning of G, is the variation of drain current per unit overdrive
voltage, (Vg-Vi), @a measure of the ability to control Iy with the gate taking into
account the offset effect of threshold voltage on Vjy into account. If Vy were a
constant, the G, in equation (3.2) would reduce to the classical g as shown in
equation (2.17). When AV; changes with sensing Vg, the transconductance
should be evaluated by using equation (3.2). The threshold voltage shift

between two neighbouring measurement, n-1 and n, AV, is

AV, = —ten = lan, (3.3)
‘ ((;m,n + (;m,nwl ) / 2

Where

G dl,
7 Gy S
ot leg - Vl.n~| ]
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G - dl,
m.n leg _ I/"n‘l —'AI/’"]
and the accumulative degradation is
N
AV, = AV, (3.4)

In order to solve equations (3.3) and (3.4), iteration is needed. The flow chart of
iteration is shown in figure 3.9. The iteration sequence begins with an assumed
threshold voltage degradation between n-1 and n, AVia(Vy). It is V4 dependent
and firstly, it is calculated by using Alg/[(gmn-1*dmn)/2] as normally used in the
OTF-Vg« technique. This permits a calculation of the Gmn and then the new
AVin(Vg) by using equation (3.3).The newly calculated value of AVin(Vy) is
compared with the assumed one. The iteration continues until the difference

between two iterations becomes acceptable. In this case, the difference is set at

1mV.

3.4.2 Dependence of |AV{| on sensing V4

After using the correct Gn, figure 3.10 shows the dependence of the
accumulative |AVy on sensing V,. The correction in transconductance by using
equation (3.2) reduces |AV{| moderately at low sensing |V, but strongly at high
sensing |Vg|. This drop is because an increase of |AVy] with |Vg| results in a
smaller denominator in equation (3.2), making G, larger than the g,. This in turn
leads to a reduction of |AV,|. Even after correcting transconductance, figure 3.10

shows that |AVi| can still rise substantially for higher sensing |Vg|. The
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dependence of |[AVy| on sensing [Vg| will be named the Vg effect. Since the
evaluation gives |AVy| at different sensing Vg, the technique will be referred to as

‘UEP-Vy' hereafter.

AVA (1, ) known

¥

Obtain Ig e ~[Vg — AVE (V)]

S

A4

; — dlgn+1
Obtain Gy, = % [V, — AV (V)] ~V,

V5 (V)
v = AVE V)
Obtain Alq(Ve) = T4a{Ve) = lanea (V)

L 4
Obtain AVE"*(V)~V,

Obtain|aVE (V) —
AVETH(V )| < tmy ?

NO

END

Fig 3.9 Flow chart of the [AV|| evaluation by iteration.
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Fig 3.10 Impact of transconductance evaluation on the accumulative
|AV{. The sample is stressed at -3.17V for 1000 s. When the

classical gm=dlg/dVy was used, |AV{| was substantially
overestimated at high sensing |Vg.

In order to check whether this Vg effect only happens under high stress
conditions, relatively low stress voltage Vg = -2.0V is used in the next

experiment. Figure 3.11 shows that the feature of the V4 dependence on |AVy| is

not changed.

The result shown above was obtained on the thermally nitrided SiON dielectric.
To ensure the Vg effect is not process-specific, the same technique is applied on
1.85nm — 2.0nm SiON gate devices which have been nitrided by DPN. Figure
3.12 shows that the feature of the Vg effect always occurs, indicating it is

insensitive to processing. The degradation is higher after longer nitridation as

expected.
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Fig 3.12 Insensitivity of the Vg effect to fabrication processes. The
samples used here are nitrided by DPN with different nitridation time,
leading to a different nitridation concentration.
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3.5 Justification of the Vg effect on |AVY|

In order to justify the Vg effect on |AVY], possible sources of error should be

carefully examined, including:
1) The accuracy of the measurement.
2) Truncation errors from the evaluation procedure

3) Gate leakage current contribution to the drain current.

The measurement accuracy is addressed first. Recently, Reisinger et al [16]
have pointed out that the measurement accuracy should be as high as 10™*l4.

They show that error propagation outside the measurement range of Vg4 can

cause substantial errors in the |AV,| evaluation, as shown in figure 3.13.

54
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gate voltage (V)

Fig 3.13 Figure from Reisinger et al work [16]. The dashed straight

lines illustrate how even a small change in conductance at stress

level leads to a large variation at the lower V, where the threshold
voltage is evaluated.

Reisinger et al [16] reported that if the 15-Vq measured near to the stress Vg is

extrapolated towards lower |Vg|, both statistic and systematic errors will be
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enlarged. This means that the |4 measured at a high [Vg| close to the stress level
should not be used to determine the |AV,| at the conventional low |Vg|. In this
evaluation, however, the 14-Vy obtained between ‘Vo' and ‘V1' were used, as
shown in figure 3.13, to determine the |AV,| at the sense voltage. Furthermore,
between Vo' and ‘V1' no extrapolation of 13-V, was used. To obtain the |AV{| at a

lower |Vg|, the 14-Vy covering that [Vg| is used. As a result, errors do not

propagate in this evaluation process.

Within DV, Iy is assumed to be a linear function of V4, and this assumption

introduces truncation errors. The larger DV, the larger will be the truncation error.

To control this error, DV must be sufficiently small so that a further reduction
hardly improves the results. Figure 3.14 (a) shows that there is little difference in
the result between DV=100 mV and DV=25 mV and so DV=25 mV is used in this
work. The effect of the 14~V range on the |[AV|] is also studied and figure 3.14 (b)

shows that [AV] at a given sensing Vj is insensitive to how low [V, was ramped

down, so long that the 13-V, covers this sensing V.

During NBTI tests, figure 3.15 (a) illustrates that G,, was evaluated only at
pre-specified points, rather than continuously. This means that the continuing
variation of G is approximated by a step function and the G,, between two

neighbouring points is treated as a constant. The step in time must be sufficiently

small to control the truncation error in time. Figure 3.15 (b) shows that the use of
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8 points per decade is adequate. A constant number of points per decade time is
used, instead of a constant At, since degradation rate slows down and larger At

can be used for longer stress time.
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Fig 3.14 An assessment of the effect of evaluation errors on AV,. (a)
compares AV, obtained by using three different DV for estimating G,
through equation (3.2). The negligible difference in AV, confirms that
truncation errors in DV are insignificant. (b) compares AV, obtained by
ramping down |Vg| from |Vget|=3.17 V to 3, 2, 1.2 and 0.5 V,
respectively. It shows that the range of 14~V4 has little effect on AV, at

a given sensing Vg, so long that this sensing V, is covered by the
|d~Vg.
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Fig 3.15 An assessment of the effect of time truncation error on AVi.
(a) shows that the continuous variation of G with stress time is
approximated by a step function. (b) shows that an increase of

number of points per decade of stress time has little effect on AV,,
indicating that the time truncation error is negligible.
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One requirement for the new OTF-V, technique is that gate leakage current
should be negligible when compared with the drain current during the whole
stress time and also over the whole range of sensing V,. For this sample, lg << 4

is always valid as shown in figure 3.16 (a) and (b). Therefore, it will not introduce

errors to V; extraction.

After the correction, |AVy| can be as |arge as 0.7V, which corresponds to a
charging level of 6x10'? cm™, apbroximately, fora 2.7 nm SION. Although such a
high level of charging is rarely reported by earlier work on NBTI, it was routinely
observed under other types of stress, such as substrate hole injection [17], as

shown in figure 3.17. As a result, it is physically realistic and achievable.

Though |AVY{| can be as large as 0.7V, a MOSFET can still be switched on. Figure
3.18 shows that, [V{|=|Vio+AVy| increases with |V| at a slower rate than |V, itself
and consequently, |Vg-Vi| still increases with [Vg|. For example, even if

|AV{|=0.7V gave [V{| = 1.14V at |V4|=3.17V, there is still an over-drive voltage of

[Vg-Vi|= 2.03V, so that the MOSFET will be switched on.

3.6 Effect of mobility variation in the evaluation

The OTF-V; technique can give |AV| over a wide range of sensing |Vgl. When
|AVy| is sensed near the threshold condition, hole concentration in the p-channel

is negligible and the impact of mobility variation on |AV| is normally ignored.
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over the whole degradation stress period. (b) Iy and Ig current

variation with sensing Vg. I << 4 is valid over the whole range of Vj.
2.7nm SiON sample is used here.
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When |AV{| is sensed in strong inversion at higher |Vg|, there is a strong channel
and the impact of mobility variation on |AV|| must be evaluated. Degradation of
carrier mobility during stress results in a reduction of l4 and will give an apparent
|AVy|, even though the threshold voltage was not shifted. In this sense, AV
measured by the OTF-V, technique could be over-estimated. It is not explicit
whether the effect of mobility variation has been taken into account in the new

technique. This uncertainty is addressed in the following.

With numerical approximation, one can have

Ay~ A-(V,=V)Au+A-u- AWV, -V, (3.5)
As expected, both mobility variation, Ay, and a shift of (Vg - V) can change lq.
To facilitate the discussion, a parameter is defined,

V, =V,)-Au
o=t
/'I'A(VK_V:)

If mobility variation were neglected, a=0 would be required. It should be
emphasized that the OTF-V4 technique does not assume a=0. If a=0 were

assumed, G, = A*y, which is not valid under the present test condition.

From the evaluation, although G, was treated as a constant between two
neighbouring measurement points, it has not been assumed as constant during
the whole stress period. Figure 3.15 (a) illustrates schematically the
approximation used. Since the analytical expression of G, against stress time is

not known, the continuous function of Gy, vs time (the dashed line) is replaced by
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the step function. In the time step between ‘n-1’ and ‘n’, the G, is considered as
a constant, that is the average of its value at ‘n-1" and ‘n’. For the next time step
between ‘n’ and ‘n+1’, it is considered as constant again, but this constant is
changed and is now the average of its values at ‘n’ and ‘n+1’. As a result,

although they are approximated as constants within one time step, they are

changing from one step to the next.

It is well known that mobility is reduced for higher' |Vg]. This, however, will not
cause an increase of |AVy| for higher |Vy|. In figure 3.19 (a), an I4-Vy is shifted by
0.1 V to simulate the case that the charging does not change with V. Figure
3.19 (b) shows the gm, before and after the shift and the average value. It
confirms that gn, indeed reduces for higher |V,|. Figure 3.19 (c), shows that Aly
also reduces for higher |Vy|, as a consequence of smaller g.. Figure 3.19 (d)
clearly shows that the |AVi|= |Als/gm(average)| is independent of Vg and equals
the expected value of 0.1 V. Therefore, the increase of |AV,| with |V,| observed in

these tests is not caused by a reduction of g, for higher |V,

To evaluate the variation of mobility during NBTI, from equations (3.1) and (3.5),

write

Ap(n) _ AL (n) AV, ()

,u(n) Id(") Vg —V,(H) (36)

The accumulative mobility variation is
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Ap(accumulative) _i Au(n)

(3.7)
Ho n=l My

Under the typical test conditions, the relative change of drain current, threshold
voltage and the effective mobility are given in figure 3.20 (a) and (b), respectively.
The AV/(V4-V}) can be over 30%, corresponding to a shift of V; larger than 0.7V.
This, however, only leads to about 10% percent degradation of drain current,

because the effective mobility at the given stress voltage actually increased.

During stress, it is reported that the carrier mobility will degrade, contradicting
the mobility increase observed in figure 3.20 (b). To explain it, it should be
pointed out that the effective mobility used in figure 3.20 (b) is different from the
low field mobility, y.r. The relation between these two can be expressed as [18]

- H -
140-(V, -V, -0.5.7,)

L (3.8)

The mobility degradation reported in earlier work [19,20] is for p . Under the test
condition employed here, there is little doubt that p ¢ is also degraded. To show
this degradation, the 14-V4 before and after a typical NBTI stress is plotted in
figure 3. 21 (a) and the corresponding transconductance is given in figure 3. 21

(b). The maximum g is proportional to the low field mobility, p.r, and it is clear

that stress reduces the maximum gp,.

Equation (3.8) shows that the effective mobility increases for lower |Vg-Vi|. The
stress was carried out under a constant [Vg|. As time increases, the magnitude of

threshold voltage increases, leading to a reduction of [V,-Vi|. A smaller |V4-Vy|
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can over-compensate the effect of pur degradation, resulting in an increase of p.

An increase of p is also supported by the increase of g, at stress gate bias in

figure 3.4.
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Fig 3.19 A demonstration that a reduction of g,, for higher |Vg| does

not result in an increase of  |AV| for higher |V|.

In (a), the 13-V4 was

shifted in parallel by 0.1 V. In (b), g, was evaluated from the l4-Vg both
before and after the shift. The average value of these two is also
given. In (c), the difference in I4 for the two curves in (a) was given. In
(d), |AVY| was evaluated by using |AV,|= |Ala/gm(average)|.
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Fig 3.20 (a) Variation of Als/lge and AVY/(V4-V,) during stress. In
contrast with the relatively small Aly/lgo (<10%),

over 30%. (b) Variation of the effective mobility during stress. Against
popular expectation of mobility degradation, the effective mobility at
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Fig 3.21(a) Pulse 14-V4 measurement was performed before and after
stress at -3.17V at 100 °C for 1000 s. 13-V, curve measured after
stress shifts negatively, indicating the generation of positive charges.
(b) from the 14-V4 curves, the gm before and after stress are obtained.
The maximum transconductance, gm_max, reduced after NBTI
stress, as illustrated by the dashed arrow. After the stress, the gm-Vq
is shifted toward higher [Vg|. The gm at a given |V4|=3.17V actually
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3.7 Bridging |AVy| evaluated by different techniques

An attempt is now made to bridge the gap in [AV|| evaluated by the different
techniques. Figure 3.22 compares |AV,| evaluated by various techniques. First of
all, after replacing gm by Gm, the |AVi| by OTF-Vg4y agrees well with the [AVy|
obtained from UFP-Vy when the sensing Vg is at Vg, although quasi-DC
modulation was used by OTF-Vgg This indicates that the recovery is
insignificant even during .the quasi-DC measurement, if the modulation from Vg
is small (DV= 25 mV). Secondly, the |AV| obtained by UFP-ex also agrees with
the |AVy| from the UFP-V4 when the sensing |V is reduced to close to [Vy|. As a
result, the difference in |AVy| evaluated by OTF-Vg and UFP-ex is caused by the
difference in sensing Vg. Finally, the on-the-fly and quasi-DC |AV,| are compared.
The symbol ‘c’ in figure 3.16 was obtained by ramping down |Vg| from |Vgg in a
quasi-DC speed and the total measurement time was 7.65 s. The difference
between |AVy| by the UFP-V, and the quasi-DC results is small when sensing V4
is near to Vg since recovery is limited here. As |Vg| decreases and
measurement time increases, the recovery becomes larger, resulting in lower
quasi-DC |AVy| when compared with the |AVy| by UFP-V3. When the sensing Vg is
close to V, the quasi-DC |AVy evaluated through G,, agrees with that by

extrapolating the quasi-DC [45~Vy, |AV(DC-ex)|, further endorsing the new

evaluation technique.
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Fig 3.22 Bridging the gap in AV, evaluated by different techniques.
The symbol ‘A’, |AV; (OTF-Vgg)| was obtained by the OTF-Vgg
technique with Vgst modulated by 25 mV at quasi-DC speed. The
symbol ‘0’ and ‘o’ was obtained by using the new UFP-V4 method,
where |V,| was ramped down from [Vgg| to 0.5 V in 5 ps (pulse) and
7.65 s (quasi-DC), respectively. The AV, evaluated by extrapolating
the pulse and quasi-DC l4~V, is represented by the two dashed
horizontal lines, labelled as |AV; (UFP-ex)| and |AV; (DC-ex)|. By
taking both the recovery and sensing V4 effects into account, the new

method successfully bridges the gap in |AV: (OTF-Vgu)l, |AV;
(UFP-ex)| and |AV, (DC-ex)|.

In summary, the difference between |AV(DC-ex)| and |AV(UFP-ex)| is caused by
the recovery reported in earlier work. The difference between |AV((OTF-Vgq)l
and |AV(UFP-ex)| is caused by the sensing V, effect. Both the recovery and the
V4 effect contribute to the difference between |AV(DC-ex)| and |AV((OTF-Vgq)|.

In this way, the large difference in |AV{ evaluated by various techniques is

bridged by the new method.
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3.8 Possible physical process

Threshold voltage of pMOSFETs can be defined as [21]

Jae.gN . .
I/l — ¢ms +2¢1 _ sz A l¢l~ I _ XYLg (3.9)

ox

In some text books [22] a thermal potential term is added to equation (3.5), but it
makes no difference to the discussion here. In physical terms, V, is the minimum
Vg needed to switch on a MOSFET and equation (3.1) shows that 1y is
proportional to (Vg-Vy). For a degradation-free pMOSFET, Q is fixed and Vi is a

constant. During stress, however, Q increases with time, resulting in a shift in V..

During recovery, Q and |AVy| decreases.

The phenomenon that |AVy| increases with |Vg| can be explained if Q is higher at
higher [V,|, as schematically illustrated in figure 3.23. The defect responsible for
the sensing Vg effect is not known at present. It has been reported that some

positive charges can have an energy level above the bottom edge of the silicon

conduction band and their neutralization was sensitive to temperature [23-25].
One possibility is that, under low [V|, free electrons in silicon driven by thermal
energy can still bombard the interface and neutralize a portion of them, as
illustrated by figure 3.23 (a). A higher negative Vg raises the defect energy level
and impedes free electrons from reaching the interface and more positive
charges can survive the neutralization shown in figure 3.23 (b). Another

possibility is that there are defects close to the top edge of the silicon valence
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band. An increase of |[Vy| also raises the energy level of these defects with
respect to the Fermi level, resulting in more positive charge. Whether they are
interface states is not known, but even if they are, they cannot be probed by the

conventional technique like charge pumping, since they are close to the band

edge [26].

SiON Si SiON Si

++ ++

oo <— c ++

0n| «——C oOfe—C

\ B I i

iC C
- +4- T

o Ef 1t

D+<}_ Ote-

0a
Ev v

(a) Low |V, with V<0 (b) High [V,| with V,<0

Fig 3.23 Schematic illustrations of the defects responsible for the
sensing V, effect. The symbol '+’ and ‘o’ represents positively
charged and neutralized defects, respectively. ‘e’ and ‘o’ represents
free electrons and holes. (a) shows that when |V| is relatively low,
some defects above Ec can be neutralized by free electrons driven to
the interface by thermal energy. Some defects below Ef can also be

neutral. (b) shows that when Vg is more negative, positive charges
can increase.

3.9 Difference between the sensing Vg effect and the recovery effect

When [V¢| was ramped down from the stress level, figure 3.22 shows that both

the recovery and the effect of sensing |V4| can lead to a reduction of |AVy.
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Although a loss of charges must have occurred in both cases, there are good

reasons for believing that the Vg effect is not the same as the recovery reported

in the literature, as discussed below:

Recovery occurs under the same sensing V,: Since |AV| is conventionally

measured with Vg close to V;, the sensing V4 changes little and it is widely
observed that recovery is substantial. To test this further, figure 3.24 (a) shows
that recovery is also substantial under other fixed sensing Vg. As a result, the

recovery occurs when the sensing Vj effect is eliminated.

Relative recovery is insensitive to the sensing V,: After normalizing the [AVY] in

figure 3.24 (a), figure 3.24 (b) shows that the relative recovery under different

sensing Vg agrees well. As a result, although the sensing [V,| affects |AVY, it has

little effect on the relative recovery.

V,_effect is _substantial when recovery is minimized: By using pulse l4-Vq

technique with 5 ys measurement time, the recovery can be minimized to within
the measurement resolution. Substantial V4 effect, however, was observed at the

same short time in figure 3.24 (a). This supports that they are different

phenomena.

When recovery is essentially over, V, effect remains: Although it is difficult, if not

impossible, for the recovery rate to drop to zero, it reduces exponentially as time
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increases, as shown in figure 3.24 (b). To study what happens to the V, effect
after recovery is essentially over, one device was allowed to recover for 1000 s
at 100 °C, as shown in figure 3.25 (a). The pulsed I4~Vy was measured both
before and after the recovery to evaluate the V, effect and figure 3.25 (b) shows

that the relative V, effect remains substantial after the recovery.
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Fig 3.24 Difference between the conventional recovery and the
sensing Vq effect. (a) shows that the V; effect exists when the

recovery is negligible at short measurement time.

normalized recovery is independent of the sensing V,.

(b) shows that the
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Fig 3.25 A comparison of the sensing Vy effect before and after
recovery. In (a), the point ‘A’ is before recovery and further recovery
beyond the point ‘B’ is insignificant. The solid lines are
guides-to-the-eye. The pulse (5 ps) 14~V was taken at both ‘A’ and ‘B’
and the normalized Vy effect is compared in (b). The V, effect is
substantial both before and after the recovery.
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3.10 Advantage of |AV;] over Algsar/lasato @as a measure for NBTI

Apart from AVi, Algsalasao is also used to monitor NBTI. Compared with

Algsatl/ldsato, AVt has two advantages.

Firstly, AV, allows the estimation of the effective charge density, AN, from
AN=AVxCo/q, which cannot be directly obtained from Algsailgsato. Secondly and
more importantly, AV, is independent of the source and drain series resistance,
Reg, but Algsar/lgsato depends on it. To provide experimental evidence, a resistor,
Rex, Was externally connected to the drain. Figure 3.26 confirms that Aldsat/ldsato

measured at Vq=V4=-1.2 V drops for higher Req, while AV, remains a constant.

In a real circuit, Ry depends on the size and layout and it can change
substantially for different devices [27]. As a result, the Algsa/lasaro Obtained from

the test in a laboratory may not be directly used to predict the circuit performance,

where the device size and layout change.

Moreover, Vi is a key parameter for the BSIM-based circuit simulators [28,29]. As

a result, AV, is indispensable.
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Fig 3.26 Dependence of Algsat/lssato and [AV)] on the series resistance.
The ‘external resistance’, Rex, is a resistor externally connected to the

drain of the devices under test. Both Aldsa/lgsac and |AV,| were
normalized to their value at Req=0.

3.11 Summary

In this chapter, the NBTl-induced threshold voltage shift evaluated by different
techniques is compared, including on-the-fly (OTF-Vyy) sensed at stress Vg,
ultra-fast pulse (UFP-ex) technique with extrapolation, and the conventional
quasi-DC measurement with extrapolation. Attention was paid to the impact of
various factors reported recently on AV, This includes the degradation during
measurement that affects the reference |y and initial transconductance. The
sample quality and errors during both measurement and evaluation were
addressed. After clarifying these issues, it is found that recovery alone cannot
explain the difference in AV, extracted from different techniques and it is

essential to consider the effect of sensing Vg on AV,. The evaluation of AV, at
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different sensing V4 was achieved by calculating the Aly and transconductance
at the same Vg and the classical gm=dls/dVy should be replaced by
Gm=dla/d(V4-Vy). The results clearly show that |AV| increases with sensing [Vl
because of more positive charge at higher [Vq| and the popular assumption of
AV, being independent of sensing Vq is shown to be invalid. After taking both
recovery and the sensing V, effect into account, the large gap in AV, obtained
from different techniques in earlier work has been successfully bridged. The

results show that recovery reported by earlier work and the sensing Vq effect

observed here are two different phenomena.

Test engineers should take into account the increase in |[AV| with sensing |V|
when assessing the impact of NBTI on circuit performance. In a worst case
scenario, |AVy should be sensed at the highest possible oxide field during
operation without recovery by using the UFP-V, technique and care must be
exercised to ensure the reference |y degradation at this high sensing |V, is
insignificant. In reality, different devices in a circuit can have different recovery

dynamics and the oxide field can also change with time and along the channel,

resulting in smaller |AVY.
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NBTI Lifetime prediction and kinetics at operation

bias by pulse 14-V4 technique

4.1 Introduction

Negative bias temperature instability (NBTI) is nowadays the most critical device
degradation mechanism and becomes a limiting factor in the scaling of modern
CMOS technologies [1-12]. This leads to a strong demand for accurate lifetime
prediction. The NBTI lifetime is typically defined as the time for the threshold
voltage shift, AV,, to reach a preset level [6-11]. Under an operational gate bias,
Vgop, the required lifetime is 10 years and the degradation under Vg, can be too
low to be measured reliably within a practical stress time. To predict the lifetime
under a Vgop, multiple accelerated tests are carried out with stress biases, Vg,
higher than Vgop. The accelerated lifetime is typically fitted with |Vge|® [6,7] or
exp(-|Vgstl) [8,9] and then extrapolated to Vgp, so that the lifetime under Vg0, can
be estimated. Recent work [2-5], however, has raised several questions on the

validation of the above prediction technique, as described below.
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First of all, the above prediction technique was developed based on quasi-DC
measurements with a measurement time for a transfer characteristics, 14-Vg, up
to seconds [7-9, 12]. Recent work [2-5] has shown that substantial recovery
occurs during the measurement and to suppress the recovery, measurement
time must be reduced to the order of tens of microseconds by using the ultra-fast
pulse (UFP) technique [2,4,5,10]. In a real circuit, different transistors will
experience different levels of recovery and the worst-case scenario will be no

recovery. It is not known whether the Vg acceleration technique described above

is still applicable in this case.

Secondly, the threshold voltage is typically evaluated by extrapolating the
transfer characteristic, 14-Vg, and the sensing Vg used here is close to Vi. In a
practical circuit, the operation bias is higher than V, and an implicit assumption of
earlier work is that AV, is insensitive to the sensing Vg. In chapter 3, however, it
was shown that AV increases with sensing V, and its value at Vg, can double

the level extracted by extrapolating 13-Vy. There is no information on how the

lifetime can be predicted by including this dependence on sensing V.

In this chapter, lifetime prediction will be based on results measured by the pulse
la-Vg technique, and the degradation will be evaluated at the operational bias
level. Therefore recovery will be suppressed during the measurement and the
worst-case lifetime will be estimated. For the first time, current acceleration

methods, which are normally used for predicting NBT! lifetime, will be evaluated
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based on all measured data. Substantial errors from these acceleration methods
will be demonstrated and causes will be explored. To predict the worst-case
lifetime, a model for NBT! kinetics under operational gate bias is developed
which includes contributions from both as-grown and generated defects. Based
on the new kinetics, a single test prediction method is proposed. An effort will be

made to estimate the safety margin of this new lifetime prediction method.

4.2 Samples

The MOSFETs used in this study were manufactured at Interuniversity
Microelectronics Research Centre (IMEC), Belgium. In order to test the
applicability of the proposed NBTI kinetics and lifetime prediction method,
samples from six different processes were used, as shown in table 4.1. The
samples with silicon oxynitride (SiON) as the gate oxide have p+ poly-Si gate
and four of them were plasma nitrided for different time and one was thermally

nitrided. One HfSION/SIiON stack was also prepared by ALCVD with 80% Hf and

a TiN gate.
Table 4.1 Samples used in the experiments
EOT
Wafter No. | Gate material Gate dielectrics (nm)
A p’ poly-Si 12 s plasma SiON 1.85
B p’ poly-Si Plasma SiON 1.4
C p’ poly-Si Thermal nitried SiON 2.7
D p’ poly-Si 45 s plasma nitrided SiON 2.0
E p* poly-Si 20 s plasma nitrided SION | 2.0
F TiN 2 nm ALCVD HfSiON + 1 nm SiON 1.53
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4.3 Measurement problems and solutions

The typical lifetime prediction is based on so-called measure-stress-measure
(MSM) procedures. The pMOSFETs are stressed under constant Vgq at 125 °C
for a pre-specified time and the degradation then monitored by interrupting the
stress and measuring l4-Vg by using a standard semiconductor parametric
analyzer [2,12,13]. The degradation is normally evaluated by using the
extrapolation method. Therefore, the predicted lifetime can be over-estimated by
the recovery during the measurement and the AV, used for prediction not

evaluated at the real operational bias as discussed in chapter 3.

In order to study NBTI lifetime prediction with recovery suppressed, the UFP
l4-Vg technique will be used. In chapter 2, it was shown that the recovery during
measurement can be effectively suppressed to within the measurement

resolution when the pulse edge time was reduced to the order of tens of

microseconds. In this chapter, 5 us is used.

In order to predict lifetime at operational conditions, the sensing V, should be at
operational level. The sensing Vy at operational level will be referred to as V

gop»

hereafter and AVy(DC-ex) will be replaced by AV(UFP-V,).

In this chapter, devices are stressed at |Vgop|=1.2 V, which is lower than the

typical stress bias used in earlier NBTI tests [2-5,10]. For low level degradation,
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noise must be minimized. The typical commercial parameter analyzers minimize
noise by repeating the Iy measurement for a given bias many times to produce
an average value as illustrated in figure 4.1 (a) [14]. For a stress time less than
1s, the pulse measurement was repeated 30 times and an average value was
used, as shown in figure 4.1 (b). For stress longer than 1s, a quasi-DC

parameter analyzer that automatically uses average values was used.

In order to avoid device to device variation, the repeated measurement must be
performed on the same sample. Within 1 s of stress time, the device was
stressed for a pre-set time, and then measured within 5ps. After that, it was left
with 0 V applied on the gate for 2 minutes to recover to its fresh state. In order to
justify that recovery is completed, figure 4.1 (a) gives the |y measured repeatedly
for 30 times on a device stressed for 1 s and recovery for 2 minutes. The
recovery is complete and degradation was not observed. A measurement
resolution of +0.23% was achieved. As to be shown later in this chapter, the
measurement accuracy achieved in this way is good enough to establish a

kinetic model that allows lifetime to be predicted with a safety margin of 50%.

Figure 4.1 (b) also shows that |AVi| becomes higher than 10 mV in less than 1
ms under Vgop = -1.2 V. This rapid increase of |[AV,| does not mean that the
quality of the samples used here is poor. This difference is caused partially by
suppressing recovery with the pulse measurement and partially by using

[Vgop|=1.2 V as the sensing bias, rather than the conventional extrapolation to
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[Vi|~0.4 V, as shown in chapter 3. Therefore, the degradation can be easily
underestimated if recovery is not suppressed or improper sensing Vg is used and

this can have a very significant impact on lifetime prediction.

4.4 Theories for the NBTI dynamics

In this section, two theories for the NBTI degradation, namely, the

reaction-diffusion model (R-D model) and the charge-trapping model are

outlined.

4.4.1 Reaction-Diffusion model

Since reaction-diffusion model was first proposed in 1977 [15], it has been the
most successful and most widely accepted model for NBTI. However, it remains
controversial as to the exact form of diffusing hydrogen species, the interfacial

chemical reaction and the appropriate boundary conditions [13].
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Fig 4.1 Measurement resolution and minimization of noises. In (a), lg
at Vg=-1.2 V was measured 30 times on a device stressed for 1 s and
recovery for 2minutes from the pulsed 14-Vg with an edge time of 5 ps.
In (b), the pulse measurement (symbol ‘n’) was repeated 30 times for
stress time less than 1 s and the average value (symbol ‘0’) was used
to minimize the noise. For stress longer than 1 s, we used a quasi-DC

parameter analyzer that automatically used the average value
(symbol ‘x’).

According to the reaction-diffusion theory, interface trap generation is a result of
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the electrochemical reaction at the Si/SiO, interface. The exact reaction is

unclear, but it is widely accepted that:

« A Si-H bond is broken, hydrogen species are released, and leaving behind a

silicon dangling bond (interface trap);
« Holes at the interface catalyze or participate in the reaction;

« The forward reaction is accelerated by stress voltage and temperature.

A hypothetical equation of this interface reaction under electrical stress is given
in (1), where the interaction of a hole, h*, with the Si-H bond results in a
donor-like interface trap and a free H that can diffuse away from the interface or

passivate a Si dangling bond. The trap density (Ny) increases with the net

reaction given in (2).

=SiH+h e———=S8i" + I{° (4.1)
pussivation

dN,

o= ke Mo =N =k NN, (4.2)

At the beginning of the stress, both Ny and N4 are negligible (No>>N,), and so
is the second term in the right side of (2). Therefore, the increase in Ny is
generation-limited, as shown in region (i) (N, ~ t") of figure 4.2. The reaction later
reaches a dynamic equilibrium state in region (ii) (Ny ~ t°) when the annealing
term of (2) becomes comparable to the generation term. After sufficient build-up
of hydrogen near the semiconductor/oxide interface, the diffusion of H into the

oxide begins to dominate, so the net reaction rate becomes limited by the

hydrogen diffusion in region (iii) (N ~ t"), and gives the characteristic time
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evolution of the NBTI degradation. Eventually, in region (iv), all the Si-H bonds

are broken (Ni = Np), so that the trap density saturates [16].

Logy (M)

!

Logi(time)

Fig 4.2 Schematic time evolution of the classic R-D model. Regions: (i)
generation-limited, (ii) dynamic equilibrium, (iii) diffusion-limited, and
(iv) saturation. Region (iii) gives the power-law behaviour for NBTI.
The reaction-limited process and the following dynamic equilibrium is considered
to be very fast and has never been monitored by measurement. Therefore, the

measured results are normally explained by using the third stage which is

diffusion-limited. An asymptotic solution was derived by Jeppson to show that N,

grows with time as Ny ~ t°%° in this diffusion-limited situation [15]. Alam, by

assuming a triangular hydrogen concentration profile, arrived at the same result
[17]. As shown in figure 4.3, the hydrogen concentration away from the interface
(x = 0) is approximated with a simple linear function, with characteristic diffusion
length VDt. The hydrogen concentration at the interface is N”. Since each

broken Si-H bond releases one atomic hydrogen, the number of interface trap
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equals the number of hydrogen atoms in diffusion.

Nu(t):a]NH(x’t)dx

_ I)INH 0’ 1_ X 4
[" Maoni-—) (4.3)

1
=E H(O,t)\/ Dt
Since the reaction rate is much faster than the diffusion rate, the system is
assumed to be close to equilibrium even in the presence of slow diffusion.

Therefore, the dN;,;/dt =~ 0 and equation (4.2) roughly equals

kN,
Cx

)= N, (0)-N, (4.4)

R

Combining equations (4.3) and (4.4), gives

k.
N, = /—"—N (D1)*» (4.5)
2%k,

A power-law dependence with an exponent of 0.25 is identified.

NH [

Ny

X

0 vDt

Fig 4.3 Approximate concentration of H® in the diffusion process.

Apart from HC other diffusion species are proposed. Chakravarthi et al
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enumerated a possible signature of neutral H; diffusion with n = 1/6 [18]. Ogawa
and Shiono demonstrated that H* diffuses with n = 1/2 [19]. The mathematical

derivation is similar to that presented above and is not repeated here.

4.4.2 Charge Trapping/De-trapping model

As the gate dielectric is scaled down into the direct tunneling regime, a
significant content of nitrogen is always added to the SiO, dielectric. Since the
silicon-nitrogen bond is weaker than the silicon-oxygen bond, it is well known
that nitrogen incorporation leads to higher NBTI. Carriers can be trapped in the
insulator as they transport through it [20-23]. Trapped charge in the gate
dielectric of a MOSFET will shift the threshold voltage V,. Positive charge

trapping (hole trapping) would increase the |V, |of a pMOSFET.

Ushio et al first proposed that hole-trapping near the Si/SiON interface caused
enhanced NBTI in SiON gate dielectric [24]. After recovery is suppressed in
recent work, more groups began to believe in hole trapping. For example, Huard
and Denais used their OTF technique to demonstrate that NBT| degradation can

be entirely explained by hole trapping [3].

Tan et al tried to reconcile the hole trapping with the prevailing R-D model and

suggested that hydrogen released from broken Si-H bonds can be trapped at

nitrogen sites near the interface to create fixed charge [25-30]. The role of hole
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trapping in NBTI has been one of the most active research topics recently.

4.5 Traditional acceleration method for lifetime prediction

Accelerated stress testing is widely accepted in the semiconductor industry. It
allows the projection of long lifetime (10 years or more) in a relative short test
time. After the accelerated stress, NBTI lifetime estimated at stress condition has
to be extrapolated to nominal gate voltage [31]. The extrapolation procedure is
based on fitting experimental data points 7(Vg) with an analytical model, and
then using it to estimate the lifetime for operational bias. Unfortunately, there is
no analytical model or theory for the dependence of NBTI lifetime on stress gate

voltage or electric field in the gate oxide [1,32] . As a result, the empirical or

phenomenological models are used.

Two of the most frequently used models for extrapolation along the voltage axis
are the exponential [8,9] and power laws [6,7]. The lifetime predicted by them
can be considerably different. In the following, these two models will be outlined

first and their applicability is then addressed.

4.5.1 Exponential law

Extrapolation by using an exponential law was derived from the study of hot

carrier injection experiments as early as 1983 [33]. The model depends on two
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observations from experimental results. One is the relationship between
degradation and the stress time,
AV, =A4-1" (4.6)
Another is the relationship between the magnitude of degradation and Vg, the
voltage applied on the drain,
Accexp(-a/V,) (4.7)
Using (6) and (7), the lifetime T, of MOS devices under a certain criterion can be
expressed as,
AV (r)=4-t" (4.8)
P AV e A (4.9)
Since a and n is constant for different Vg4, lifetime v and 1/V4 show an

exponential relationship.

When the stress mode changes from HCI to NBTI, the same exponential

relationship is used. This relationship is used because it can fit the measured

data [8, 9, 34-37].
4.5.2 Power law

For the thinner oxides, another empirical model was proposed [38], namely.
AV, =BV, "1 (4.10)

The lifetime © of MOS devices under a certain criterion can be expressed as
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1 AV
log(r) = - [log(=5 )= m-log(1 7, ] (4.11)
It indicates a power law relationship between the lifetime and Vgo [39]. This

power law relationship became popular after 2004 [6,7,38,40].
4.5.3 Applicability of the acceleration technique

The applicability of the two acceleration techniques will be examined first for the
data measured from quasi-DC 14-V4 by extrapolation; AV(DC-ex) and then for
the data extracted from ultra-fast pulse 14-Vg at Vgop, AV((UFP-Vgop). Figure 4.4
a-c show the common procedure for prediction of lifetime based on AV{(DC-ex):
multiple Vg accelerated tests were carried out and the lifetime, 7, at Vgop Was
estimated by an extrapolation against Vgs. Vg acceleration is used to allow
reliable NBTI kinetics to be measured within a practical length of stress time. The
safety margin of the prediction, however, is generally not known. To assess the
prediction of a safety margin, it is essential to be able to directly measure AV, at
Vgst=Vgop- This allows comparison of the measured stress time for AV, to reach a

given level under Vg=Vyop With that predicted by using Vg acceleration, so that

the safety margin of prediction can be estimated.
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Fig 4.4 Lifetime prediction by Vg acceleration technique for the
conventional AV{(DC-ex) measured by extrapolating the quasi-DC
l¢-Vg. (a) shows that AVy(DC-ex) follows the power law. The horizontal
dashed line represents |AVi|= 19 mV that is used to define the lifetime.
(b) shows that the prediction (solid line) by using exponential
extrapolation does not agree with the measurement. (c) shows that
the prediction (solid line) by power law extrapolation agrees better
with the measurement (symbol ‘e’) when compared with the
prediction by exponential law extrapolation.

In figure 4.4 (a), the last measured |AVy reaches 19 mV under Vgy=Vgop and
using |AVi=19 mV to define lifetime, the stress time for this last point will be the
lifetime under Vge=-1.2 V. This measured lifetime is compared with the
prediction based on V, acceleration in figures 4.4 (b) and (c). Power law |Vgq|®

[6,7] and exponential law exp(-|Vyst|) [8,9] are both used. A comparison of figures
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4.4 (b) and (c) shows that lifetime projected by the power law agrees better with
the measured value. This supports the earlier work [6,7], which reported that the

power law is better than the exponential law for predicting lifetime of thin oxides.

In order to assess the uncertainties from recovery and different sensing voltage,
measurement by pulse 14-Vy technique replaced the conventional quasi-DC
technique to suppress recovery. Threshold voltage shifts at operational level was

obtained by using UPF-Vy technique, as discussed in chapter 2.

As Vg, does not reduce proportionally with the SiON layer thickness, the oxide
field during device operation increases to such a level that figure 4.5 (a) shows

that the AV at Vg,,=-1.2 V can now be reliably measured.

In figure 4.5 (a), |AV{ = 60 mV is used to define lifetime since it is the last value
reached under Vgst = Vgop = -1.2V. The same Vy acceleration methods are used
and the measured lifetime is compared with the predicted one. Figure 4.5 (b)
and (c) show that there is a substantial difference between the predicted and

measured lifetime and neither of the Vg acceleration methods can be used to

predict lifetime in this case, therefore.
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Fig 4.5 Inapplicability of Vg acceleration technique for predicting NBTI
lifetime at Vgop=-1.2 V measured by UFP technique. In (a), the
dynamic behaviour of |AVy| under different stress bias, Vg, is
compared and the kinetics does not follow a simple power law. The
horizontal dashed line represents |AVi|= 60 mV that is used to define
the lifetime. In (b) and (c), the measured lifetime is compared with the
predicted one based on |Vgg|® and exp(-|Vg«l), respectively. The
symbol ‘e’ represents the measured lifetime under |Vgq|=1.2 V. The
solid line was obtained by fitting the data at higher |V4q|.

To analyze the reason for the inapplicability of the Vg acceleration technique, the
[Vgstl @ acceleration rule is used as an example. At a device lifetime of t = 7, AV,
reaches the specified AV, (1) and the equations (4.10) and (4.11) require the
loglAVij~log(t) to be shifted in parallel for different Vg and the power factor
against time, ‘'n’, being insensitive to Vg, so that log (1) is a straight line against

log(|Vgst]). For the conventional AV; measured by extrapolating the quasi-DC
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l4-Vg which is shown in figure 4.4 (a), these requirements can be met, as can be
seen from figure 4.6. Once the recovery is suppressed and Vgop=-1.2 V is used
as the sensing Vg, however, AV, in figure 4.5 (a) no longer follows a simple
power law and log|AVi~log(t) at different Vg is generally not a parallel shift. A
clear example for the non-parallel shift is given in figure 4.7. The Vg effect can
no longer be separated into a ‘pre-factor’ like that in equation (4.10) and this

explains the inapplicability of V4 acceleration technique to the case where

recovery is suppressed.

0-35 1.4nm SiON, 125 °C
0.30+

0.25}
0.20 [
0.15
0.10
0.05

0.00 1 - . .
12 14 16 18 20 2.2

V] (V)

n=0.1926

o

4]

i

b
e

Power factor n

T

Fig 4.6 The power factor n from DC-ex measurement. It is insensitive

to the stress bias. The solid line represents the average power factor
of n=0.1926.
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Fig 4.7 The kinetics at different Vgt is not shifted in parallel for the

UFP AV, sensed at |V4|=1.2 V. The dashed curve was obtained by
shifting the symbol ‘x’ downward in parallel.

4.6 New model for NBTI kinetics at operational gate bias

Since AV, does not follow a simple power law against stress time when recovery
is suppressed, efforts should be made to develop a model that can describe this
dynamic behaviour. For the AV under Vga=Vg0p=-1.2 V, figure 4.8 shows that an
outstanding feature of the kinetics is the presence of a ‘shoulder’. This indicates

that there is an initial period when as-grown defects dominate and the saturation

of their charging results in the ‘shoulder’. At longer stress time, generation of

new defects becomes increasingly important and is responsible for the rise

above the ‘shoulder’.
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Fig 4.8 The kinetic feature of the UFP AV, sensed at |V¢|=1.2 V: a
“shoulder”. By combining the 1% order model for as-grown hole traps
with the power law for defect generation, AV, can be fitted over 10
orders of magnitude in time, as shown by the solid line. The dashed
lines show that AV, is dominated by as-grown hole traps initially, but
the generated defects become important at longer stress time.

To support the above suggestion, two tests were carried out. In the first test, the
effect of temperature on the shoulder height was checked. The saturation level
of as-grown defects should be insensitive to temperature [41,42] and if it
dominates the shoulder, the shoulder height should be insensitive to
temperature. This is confirmed by figure 4.9. Figure 4.9 also shows that the rise

above the shoulder is thermally activated, supporting the proposition that defect

generation is thermally accelerated.
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Fig 4.9 Effect of temperature on NBTI kinetics. The height of the
shoulder is insensitive to temperature, but the generation of defects
above the shoulder is thermally accelerated.

In the second test, the charging and discharging rate of the defect responsible
for the shoulder is compared. Earlier work [42-45] identified three different types
of positive charges in the dielectric: anti-neutralization positive charges (ANPC),
cyclic positive charges (CPC), and as-grown hole trapping (AHT), as illustrated
by figure 4.10. ANPC has an energy level above the bottom edge of silicon
conduction band, Ec, making its discharging more difficult than charging. CPC
has an energy level close to Ec and its charging rate is similar to the discharging
rate. In contrast, AHT is below the top edge of silicon valence band and there are
far more valence electrons for discharging than hot holes required for charging.
As a result, AHT has the signature that discharging is much faster than charging.

Figure 4.11 shows that, when the stress time corresponds to the shoulder, the

charging and discharging properties of the defect agree with the signature of
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AHT, supporting that AHT dominates the shoulder.

SiON AHT SiON

Vg <0 : Charging Vg > 0 : Discharging

Fig. 10 Energy band diagram of different types of positive
charges. The anti-neutralization positive charges (ANPC) have
energy level above the bottom edge of silicon conduction band,
Ec, making them difficult to neutralize. The cyclic positive
charges (CPC) have energy level near to Ec, resulting in similar
charging and discharging rate. The as-grown hole traps have
energy level below the top edge of silicon valence band, Ev.

Their charging requires hot holes, leading to charging slower
than discharging.
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Fig 4.11 A comparison of the charging and discharging rate for the

as-grown defects. The stress time is 2.6 s that corresponds to the

region where as-grown defects dominate. The discharging under

V>0 is much faster than charging under V4<0: a unique signature of

as-grown hole traps (AHT). The solid lines are guides-for-the-eye. It
should be noted that the rapid discharging within 5 ps observed here

was achieved by applying a positive gate bias. For normal NBTI test,

however, positive gate bias was not applied and the AHT discharging
at Vg=-1.2 V within 5 us was negligible.

It is now discussed how hot holes can be generated under a modest bias of
Vgop=-1.2 V. Hot holes can arise from three sources. Firstly, the surface
quantization effect gives energy subbands [46,47]. Although the carrier density
reduces as the energy increases, there are holes in the higher sub bands.
Secondly, the process “a” in figure 4.12 shows that an electron tunneling from
the gate can recombine with a hole in the substrate and the released energy can
create hot holes [48]. Third, it has been proposed that photons can be emitted by
electron-hole recombination in the gate [49], as illustrated by the process “b" in

figure 4.12. Holes can become hot by absorbing the photons.
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Fig 4.12 A schematic diagram showing the physical processes for
generating hot holes under Vg=-1.2 V. The process “a” shows that the
energy released by the electron-hole recombination in the substrate
can create hot holes. The process “b” shows that the photons emitted
from the gate can be absorbed to generate hot holes.

On the kinetics, the charging of AHT generally follows the first order reaction
model [50,51], while the generation of new defects follows a power law [5.6,27].
By combining these two, write:

AV, = A" +c(1-e™") (4.12)
For a given stress temperature and bias, ‘A’, ‘n’, ‘c’, and t* are constants and
were obtained by fitting test data with a least square technique. There is only
one ‘n’ for the whole stress period and this ‘n’ is not the slope of the data in figure
4.8, namely n#d(log|AVy})/d[log(t)]. Figure 4.8 shows that equation (4.12) can
model the ‘shoulder’ and this simple physics-based model can fit the AV, over
ten orders of stress time. The two dashed lines represent the contribution from

AHT and generated defects, respectively. AHT clearly dominates initially, but
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generated defects become more important for longer stress time. On the nature
of generated defects, earlier work [12,13,42-45,50,51] shows that both interface
states and new hole traps are created by stressing. The new hole traps are

further separated into anti-neutralization positive charges and cyclic positive

charges, each with a unique signature.

4.7 Lifetime prediction based on a single test

The V4 acceleration technique was developed for predicting the lifetime caused
by either hot carrier [52] or the time depensient dielectric breakdown (TDDB) [53].
For TDDB, intrinsic dielectric breakdown generally does not occur within an
affordable test time under the operation bias and multiple V4 accelerated tests
are essential. For NBTI with a sensing |Vg4|=1.2 V based on UFP measurement, it
has been shown that the prediction based on Vy acceleration is inapplicable and
an obvious question is how to assess lifetime in this case. One possibility is to
use thermal acceleration. Figure 4.9, however, shows that log|AV,| at different
temperatures is not shifted in parallel, so that it does not offer a reliable
prediction method. Since AV; can be measured at Vgop (figure 4.8), in principle,
lifetime can be estimated by extrapolating the AV, against stress time based on a

single test at Vgop. This requires a reliable kinetic model that can not only fit the

existing test data, but also predict the future trend.
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4.7.1 Verification of prediction method

The affordable test time is typically in the order of days and the data can be used
to predict lifetime in years, so that a kinetic model should have the ability to
predict at least two decades ahead. To test the prediction ability of a model, the
test data in the last two decades are not used for fitting the model and the AV, at
the last test point is considered as AV, (7). The time for the last point is treated
as the measured lifetime t,,, although 1,, is not the actual device lifetime. A
departure of kinetics from a simple power law was noted in the past and
suggestions were made on how lifetime prediction method should be modified to
take this departure into account [5,54]. One proposed method is to only use data
with a stress time over 10 s to fit the power law against time [5], but there is no
information on the prediction accuracy. Figure 4.13 shows that this method can
overestimate v by a factor of 75000. Another proposed method is to fit
AV (1)-AV(1 s) with a power law [54], but figure 4.14 shows that it underestimates
7 by a factor of 10. By applying the model of equation (4.12) to the same set of

data, figure 4.15 shows that good agreement is achieved between the

measurement and the prediction with 7, /7, = 1.03.
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Fig 4.13 Lifetime prediction based on the method proposed in ref. 5.
All symbols are test data but only symbol “x” was used for fitting with
a power law in the range of 26.8 s <t < 2680 s. The thick dashed line
is extrapolated from the fitted line for prediction. 1, is the time for the
last test point and 1, is the predicted time.
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Fig 4.14 Lifetime prediction based on the method proposed in [53]. Al
symbols are test data but only symbol “x” was used for fitting. AVt(t) -
AVt(1 s) (the symbol “+”) was fitted with a power law and AVi(1 s) was
then added back. The dashed line is extrapolated for prediction. T, is
the time for the last test point and 1, is the predicted time.
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4.7.2 Applicability to samples from different processes

Although a good prediction is achieved in figure 4.15, it is inadequate to
demonstrate that a prediction method works for only one process. For a
prediction technique to be useful, it must be applicable to samples fabricated by
a wide range of processes. The applicability is now tested for four other SiON
layers with different nitrogen concentrations and nitrided either by plasma or
thermal methods. Moreover, an ALCVD HfSION/SIiON stack is also tested.
Figures 4.16 (a)-(e) shows that AV, follows equation (4.12) in all cases, although
the ‘shoulder’ in some samples is less apparent. Importantly, the prediction
achieved a safety margin of 50% or less in all processes tested, giving

confidence that the single test technique is generally applicable.

100 185 nm SlON 125 OC -[m=2.68x1055
V_=-12V /
gst . .
E 10t ©=2.77x10"sl
2‘“ Extra-
T Data for fitting | polation
- >
| S

10° 10° 10° 10° 1106

Stress time (s)

Fig 4.15 Lifetime prediction based on our model: the equation (4.12).

The test data is the same as those in Figs. 13 and 14 and only symbol
“x” was used for fitting.
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Fig 4.16 Applicability of the single test lifetime prediction technique for
different fabrication processes: (a) 1.4 nm plasma SiON, (b) 2.7 nm
thermal SiON, (c) 2.0 nm 45 s plasma SiON, (d) 2.0 nm 20 s plasma
SiON, and (e) 2.0 nm/1.0 nm HfSiON/SION stack prepared by ALCVD

with TiN gate. The safety margin for the prediction is within 50% in all
cases.

4.7.3 An analysis of extracted power factors

Table 2 shows that the fitted power factors for different processes have a range

of 0.07~0.36, which agrees with the range reported by earlier work [55-58].

Earlier work reported that the variation of power factor could come from two

sources: different hydrogenous species and different nitrogen densities and

distributions.
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Table 4.2 The wafers and the fitted parameters at 125 °C.

Device Gate A n ¢ (mV) ¢ (us)
number | Dielectrics | (mV/s)
1.85nm 12s
A Plasma 0.23 0.36 11.91 30
SiON
1.4nm
B Plasma 7.70 0.13 18.39 4390
SiON
2.7nm
Thermal 26.27 0.07 22.07 80
SiON
2.0nm 45s
D Plasma 410 0.12 7.49 740
SiON
2.0nm 20s
E Plasma 3.91 0.12 1.89 110
SiON
TiN, ALCVD

2.0nm/1
nm 12.21 0.14 40.86 30

HfSION /
SiON

On the hydrogenous species, the work of Ogawa et al [19] showed that the
power factor for atomic hydrogen should be 0.25. More recently, however, it has
been observed that the power factor can be either considerably higher or lower
than 0.25. On one hand, it was reported that the power factor could rise to 0.5, if
the hydrogenous species is H*, where the transport was field-assisted. On the

other hand, it was reported that the power factor should be 0.16, if the

hydrogenous species is Hz [59].

On the nitridation effect, it was reported that an increase of nitrogen reduces the
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power factor through increased dispersion for the transportation of hydrogenous
species [60]. Moreover, for the same area density of nitrogen, the power factor of
a thermally nitrided SiON is typically lower than that of a plasma nitrided SiON.

This was attributed to the pile-up of nitrogen towards the SiON/substrate

interface in a thermally nitrided sample [55].

The power factor reported in this work generally agrees with the trend observed
by the earlier work. The sample A with the highest power factor of 0.36 has the
lowest nitrogen density and figure 4.17 shows that the pure SiO; has high power
factors [566-58]. The sample C was thermally nitrided and has the lowest power

factor of 0.07 [59-62], again agreeing with the trend in figure 4.17.
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Fig 4.17 A comparison of the power factor obtained in this work with
that reported by earlier work.
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As a result, this work confirms the trend, but throws little new light on the power
factor. What is new for this work is that it proposes a method for predicting the
worst case device lifetime without using the conventional V4 acceleration and it

shows the applicability of this method for processes over a wide range of power

factors.

4.8 Summary

This chapter investigates the NBTI lifetime prediction in the worst case scenario
where the recovery is suppressed and AV, is sensed at the operational gate bias.
In this case, the conventional V4 acceleration prediction is inapplicable, because

the NBTI kinetics no longer follow a simple power law and an increase of stress

bias does not lead to a parallel shift of log|AVy|.

To predict the lifetime at the operational gate bias based on the UFP
measurement, NBTI kinetics and defects are examined. An outstanding feature
of the kinetics is the presence of a ‘shoulder’, which is insensitive to temperature
and must be dominated by the charging of as-grown defects. The charging and
discharging properties of the defect agree well with the signature of as-grown
hole traps. By combining the first order model for the as-grown hole traps and
the power law for generating new defects, AV, can be modelled over ten orders

of stress time. This kinetic model is then used to predict the NBTI lifetime, based

on a single test at the operation temperature and bias. For the six different
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processes tested, the safety margin of the single test prediction technique is
within 50%, which is substantially better than the methods proposed in earlier

work.
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Effects of remote charge scattering on

mobility degradation

5.1 Introduction

One driving force for downscaling metal-oxide-semiconductor field effect
transistors (MOSFETs) is to improve circuit operation speed. When the gate
SiO, thickness, Tox, is over 5 nm, carrier mobility is insensitive to Tox [1]. Once it
is below 2-3 nm, however, mobility reduces for thinner To, [2-7]. The reported
reduction near threshold voltage varies substantially, from a factor over 2 [2] to
an insignificant level [4]. As gate voltage increases from threshold, the relative
mobility reduction can either decrease [2,3] or increase [4,5]. Agreement has not
yet been reached on the origin for such phenomena and the proposed
mechanisms include remote charge scattering (RCS) from impurities in the
depleted poly-Si gate [2,3,6], increased surface roughness [4,5], and long-range
Coulomb interaction between carriers in the gate and in the inversion layer [7].
Even among the various RCS theories, depending on the assumptions used in

the model, the calculated RCS mobility can vary over two orders of magnitude



Chapter-5 Effects of remote charge scattering on mobility degradation

148

[2,6]. For the high-k/SiO stack, it has been reported that a reduction in the
thickness of interfacial SiO, below 2.5 nm can progressively reduce carrier
mobility [3], indicating the presence of remote scattering. Soft optical phonons
[8,9], remote surface scattering [10], and RCS from charges either in the bulk of

high-k layer or at the high-k/SiO; interface [3,6] can all contribute to a lower

mobility.

One weakness of earlier work is that different samples were used when
experimentally studying the RCS, which leads to uncertainties. For example, a

reduction in Tox can not only bring the gate closer to the substrate, but could also

modulate other factors such as surface roughness [4,5]. In this work, these

uncertainties will be removed to allow a study of the impact of RCS on mobility
by varying charges in the same device through either processing or electron

trapping.

5.2 Samples selection

The typical doping level for poly-Si gates is 10'°-10% c¢cm™ and it is proposed
that the ionized impurity reduces effective mobility when 7,, < 2nm [3,6]. As a
result, the criteria for selecting test samples are as follows: the dielectric
charging can vary in the order of 102 ¢cm™ and must be within 2 nm from the
substrate. Four different samples were selected and the details are given in table

5.1. All samples have a substrate doping of 5 x 1017 e¢m™. The channel length
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is 0.25-0.8 um and the channel width is 10 pm. The samples with an IMEC

Clean process were activated by a 1000 °C spike anneal.

Table 5.1 The samples

Sample A B C D
Device nMOSFET pMOSFET nMOSFET nMOSFET
Thto2 2 nm 2nm 2nm 1.5nm HfSiON
HfO,: Material HfO, HfO, HfO, ALD
Process ALD ALD PVD
Tsioz 0.56 nm 0.73 nm 1nm 0.77nm
SiO,: Material SiO2 SiON SiO, SiO;
IMEC
Process SPER 650 °C IMEC Clean Clean IMEC Clean
EOT 0.96 nm 1.13nm 1.62nm 1.16nm
Gate material TaN/TiN TaN/TiN TaN/TiN Poly-Si

5.3 Conventional mobility characterization technique

In this chapter, the principle of the conventional mobility measurement will be

introduced, and then the problems of this technique for the devices with high-k

stacks will be raised.

5.3.1 Principle of conventional mobility measurement

In order to study the impact of RCS on mobility, accurate measurements of

high-k mobility must be performed. For a MOSFET working in the linear region,

the drain current |4 can be written as [11]

1

w L
= L ) #‘ﬂ ) g)ln\‘(l'g ) ) ”‘[
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Hes is the effective mobility of the carriers in the inversion layer and Qi is the
inversion charge density, which is a function of the gate bias. Rearranging
equation (5.1), Hes can be determined from

1V
Ho L _LU) _L g (5.2)

where the drain conductance gq is defined as

Id
Vs

g4 = (5.3)

The most important parameters in equation (5.2) are Qi and lg. To find inversion

charge density Qin, two approaches are commonly used. Qi can be

approximated by

O (V) =Cor - (Ve =F) (5.4)

where Cox is the oxide capacitance per unit area and V, is the threshold voltage
of the device. Since the threshold is not uniquely defined and different definitions

can lead to different V, [12], equation (5.4) can give inaccurate estimation of the

inversion charge, especially near V,.

A better approximation is to use the method called split CV [13]
Ve
va(Vg) = j(jﬂc d I",: (55)

where Cq is the gate to channel capacitance. Cy is measured by connecting the

capacitance meter between the gate and the source-drain while grounding the

substrate as illustrated by figure 5.1 (a). At gate voltages below threshold, the
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capacitance is equal to the total overlap capacitance of the gate to the source

and drain, 2C,. As the channel starts to invert and inversion charge appears,

=

the capacitance increases.

| Source l Drain l
Substrate
(a)
[_Source | L Drain_|
Substrate
?B
(b)

Fig 5.1 Configuration for split C-V technique. Conventionally, split C-V
technique is performed by using LCR meters. (a) In order to measure
gate-to-channel capacitance, Cg, the terminal marked HI is
connected to the gate and LO to the source and drain, the substrate
of the device is connected to GND. (b) In order to measure

gate-to-substrate capacitance, Cqp, the terminal Hl is connected to the
gate and LO to the substrate.

As the voltage is increased further, the capacitance saturates to some inversion
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value which is a combination of the overlap capacitance and the channel
capacitance, 2C,y + Coh. Subtracting 2Cy and integrating this curve gives Qy as
a function of V. The gate to substrate capacitance, Cg, can be measured in a
similar way. The connection is shown in figure 5.1 (b). The bulk charge density,
Qy, can be formed by integration in a similar way to equation (5.5),

0,(V)= " CpdV, (5.6)

By using this split C-V technique, Qiny and Q, can be measured separately. Qny

is used to calculate mobility and both Qiny and Qy are used to calculated effective

surface field.

The drain conductance, gq4, can be determined from eqgn. (3) using a single low

drain bias, typically 50—-100 mV [14], and measuring the DC drain current.

Carrier mobility given in Eqn. (2) is usually plotted versus the effective surface

field in the Si substrate which is given by

E&t[fz l

(Qh +77'Q,,,.-) (57)

S0

The factor n is given as 1/2 for electron mobility and 1/3 for hole mobility [15].

The depletion charge can either be determined experimentally, or be estimated

by [11]
O, = \/48Aw150¢’;"/N.4 (5.8)

Where
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[ =k—T1n(ﬂ) (5.9)
q nl

5.3.2 Challenge for conventional measurements on high-k devices

Generally, the electron trapping in thin dielectric stack is highly unstable [16, 17].
The slow gate voltage ramp used in split C-V measurement can result in
significant charge trapping during the measurement, giving rise to a stretch-out
of the C-V curve, thus results in an over-estimation of Q;,, [18]. Additionally, a
threshold voltage shift caused by the change of oxide trapping density during the

l+-V, sweep can result in an underestimation of |4 current. These factors lead to

large errors in mobility evaluation [19].

In order to suppress trapping during the measurement, two fast techniques are
proposed. Pulse l4-Vg technique [20] is used to measure drain current and pulse
C-V technique is developed to measure Qi,. The details of the pulse 14-V

technique is given in chapter 2. In the next section, the development of pulse

C-V will be described.
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5.4 Novel pulse C-V based mobility characterization technique

5.4.1 Shortcomings of existing setups for puise C-V techniques

The principle of the pulse C-V technique is similar to that of the quasi-static C-V
measurement. By using a linear voltage ramp, the corresponding displacement
current is measured and then converted to capacitance. One advantage of pulse
C-V is that, by raising the ramp rate, the displacement current can be several
orders of magnitude higher than that in the conventional quasi static C-V
measurement. Two setups were proposed for the pulse C-V measurement. A
commercial I/V converter (e.g. Keithley 428) is used to convert the displacement
current to a voltage which is recorded with a digital oscilloscope [21,22]. The
schematic setup is shown in figure 5.2 (a). This setup gives good measurement
accuracy, but the ramp rate is limited to around 10 kV/s [22]. At this rate, only
large area devices can be used for the test. Although large area capacitors are
normally provided by the manufacturer, it is better to obtain MOSFETs that are
large enough for this setup. Nowadays the largest MOSFET available on the test
mask is typically 10x10 ym?. Figure 5.3 shows that if the device with an EOT =
1.53nm and area = 100 pm? is used, the displacement current at 10 kV/s is too

small. Only when the ramp rate is increased to 80 kV/s, the displacement current

can be measured accurately.

Another setup was proposed by Singh et al [18]. They connected the MOSFET
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N
N

with a capacitor, Cg, to measure inversion charges directly, and it is reported that
the pulse edge transition time can reach around 70ns. The schematic setup is
shown in figure 5.2 (b). The shortcoming for this setup is that it is very sensitive
to parasitic effects from the cable connection and consequently it needs a
special probe card with ground plane to minimize inductive effects and
reflections [18]. Because of this inconvenience, this technique is seldom used.

Since both setups have their shortcomings, a new setup was developed for the

pulse C-V technique.

Puise Generator 25 OHM
FET | VIN o 50 OHM
| . g_ L wl r-Ye
8 Oscilloscope ’c,;';c:‘uend : SL_L_]
O ’ -]
= 50 OHM -
y 8 f{o OHM |
out| O | g g s
| /V ™ OHMQ Ca
- (@) (b)

Fig 5.2 (a) Schematic setup used to obtain pulse C-V characteristics.
The voltage pulse applied to the gate (V,,) is recorded using a digital
oscilloscope together with the output voltage (Vo) of the
current-voltage amplifier which convert displacement current to the
voltage by I/V converter Keithley 428. (b) Schematic illustration of the
setup used for pulse Qi,, measurement, Q;,, is measured directly by
using an external capacitor connected in parallel with MOSCAP.
Parasitic effect must be minimized and attentions should be paid to
impedance match and ground plane connection.
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1.2
ramp rate
1.0+ ~o— 600 KV/sec
—o— 300 KV/sec
3 0.8 —&— 150 KV/sec
= 06 —<— 80 KV/sec
e 1 —o— 30 KV/sec
£ 04l —+— 15 KV/sec
8 ’ —x— 10 KV/sec
0.2+
0.0 G

20 1.5 1.0 -05 0.0 05 10 1.5
v,

Fig 5.3 Displacement current measured from the MOSFET with an
EOT of 1.53 nm and a typical area of 100 pm?. The magnitude of the
displacement current drops for lower ramp rate. When ramp rate is
lower than 30 kV/s, the displacement current is below 10® A and it is
not easy to measure accurately.

5.4.2 The new pulse C-V setup

The schematic setup for the new pulse C-V technique is the same as that used
by Deleruyell et al [21]. In order to increase the measurement speed, a new
circuit was designed to replace the commercial IV converter. The circuit
configuration is shown in figure 5.4 (a). The principle is similar to that for pulse
1¢-Vg but the drain is virtually grounded here. The source/drain and substrate are
connected to separate circuit so that Cyc and Cg, can be measured at the same
time. By following the same cautions mentioned in chapter 2, the ramp rate can
be increased up to 600 kV/s. In order to improve accuracy, 200 times averaging

is used. An accuracy of 10°® A is reached, which allows measuring capacitances
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of the order of pico-farads.

When a pulse is applied to the gate, the displacement current is converted to a
voltage, Vou, and recorded by a digital oscilloscope. The C-V characteristic can
then be extracted using the following relationship:

14

out -

v

offset

L (5.10)
R-dV I di

where dV/dt is the voltage ramp rate, Viuet is the offset voltage of the
current-voltage amplifier and R is the feedback resistor between input and
output which control the gain of the circuit. The input (V,,) and output (Vow)
voltages correspond to the terminals of the circuits as illustrated by figure 5.4 (a).
In figure 5.4 (b), a typical screen-shot is given. The gate voltage Vg4 = V,,, and
output voltages Voullge) and Vou(lgs) are captured by the oscilloscope. A

comparison between the pulse C-V technique and the standard HF C-V is given

in figure 5.5 (a).

Figure 5.5 (a) shows that the Cq4c~V,y measured by pulse C-V technique can be

different at high [V,| for different ramp rate. This is caused by gate leakage

current and its correction will be addressed next.
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Pulse generator
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File Control Setup Measure Analyze Utilitles Help

!

2
=

i

Markers | Logic | Scales |

(b)

Fig 5.4 (a) The configuration of new developed pulse C-V setup. In
order to measure Cg, and Cqc at the same time, two amplifiers are
used. One amplifier is connected to the source and drain and another
one to the substrate. Both amplifiers are connected the ground,
effectively grounding the source, drain and substrate. When a pulse is
applied on the gate, the displacement current from the source/drain
and substrate are converted into voltage traces using two
independent circuits and recorded with a digital oscilloscope. (b) A
typical screen shot for Vin, Vout(lge), @nd Vou(lgp).
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5.4.3 Sources of error

There are three sources of error: gate leakage, series resistance and a reduction
of channel length from the mask length. The measured current includes both
displacement current and gate leakage current. For thin dielectrics, leakage can
be significant and is responsible for the increase of C4c when lowering |dV/dt| in
figure 5.5 (a). A decrease of ramp rate will reduce the displacement current and

this increases the relative contribution of leakage current, resulting in the larger

apparent capacitance.

According to equation (5.2), in order to obtain the true mobility, drain current and
effective channel length should also be obtained precisely. Therefore, series
resistance from the source and drain should be found for correcting the drain

current, lg. Also effective channel length, Les, should be used rather than the

mask length, Lmask, in the specification.

5.4.3.1 Gate leakage current

The displacement current is proportional to dV/dt, but the leakage current, g, is

independent of it. This allows 4 to be corrected by comparing two currents 1y, 1,

measured at different dV/dt [23].

Cedvidi| +1 =1, (5.11)
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C-dV/dt|f2+Ig=12 (5.12)

Subtracting (12) from (11), we have,

C= ]1—12
av/di| -dv/di|,

(5.13)

Figure 5.5 (b) compares the C-V corrected by using dV/dt = 600 and 150 kV/s
with that corrected by using dV/dt = 80 and 150 kV/cm. Unlike the disagreement
shown in figure 5.5 (a), after correction, the C-V curves become independent of
ramp rate and they also agree well with the standard HF C-V. Inversion charge
Qv and the bulk charge Qy are integrated by using equation (5.5) and (5.6) and

they are shown in figure 5.6. The Q, calculated from equation (5.8) is also

compared.

Figure 5.7 shows the results obtained for the thinner sample B (EOT =
1.13nm).The difference before and after correction can be clearly seen so that a

correction is essential. Figure 5.7 (b) shows the inversion charge integrated from

Cg4c before and after correction. Large leakage current gives higher apparent Q,,

and may under-estimate the mobility.
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Fig 5.5 (a) A comparison of the C-V characteristics measured using
our pulse C-V technique and the conventional High frequency
technique (f = 5 MHz). Three ramp rates were used for the pulse C-V.
The pulse C-V varies with ramp rate and does not agree with the high
frequency C-V, due to gate leakage current. (b) The gate leakage
current is corrected by using C-V at two frequencies. After the
correction, all pulse C-V curves agree well with the high frequency
C-V.
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Fig 5.6 Inversion charge Qinv and bulk charge density Q, obtained
from equation (5.5) and equation (5.6). Q, calculated from equation

(5.8) is represented by the dashed line. The substrate doping in our
sample is 5x10"" cm™.
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Fig 5.7 (a) C4c is measured by the pulse C-V technique with 600 kV/s
and 280 kV/s ramp rate respectively. The thickness of the device used
in the test is 1.13 nm and therefore the leakage current is much more
severe than the case shown in fig 5.5. C4. before and after correction
agrees reasonably well within -1.2V and then begin separating. (b)

shows the inversion charge integrated by using Cgyc before and after
correction.
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5.4.3.2 Series resistance and effective channel length

In order to extract series resistance and effective channel length, the

Shift-and-Ratio method [24,25] is used and a very brief description is given

below.

The Shift and Ratio method starts with equation (5.14)

vV
R 1ot - = de + Rch

1, (5.14)
= R.\'d + Ltj/] .f(I/g - I,l)

where Ry is the total resistance between source and drain, including series

resistance Rsq and channel resistance Ren.

By differentiating equation (5.14) with respect to Vg, one can obtain

dR dR. df(V, -1
S V = ot _ Nl + L % [
( g) dVg dv eff dVg (515)

£

Since the parasitic resistance Rgq is either independent or a weak function of Vg,
the first term in equation (5.15) can be neglected to give

dR dr(v., =V
S(Vg)E ol L f( I3 1)

=ly——p (5.16)
dv, " dv,

S&R extraction is usually carried out with two devices: one long-channel and one

short-channel:

, df (v, =10y
S'W)=L, — (5.17)
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and

df v, =)

S'‘vy=L
( g) eff dVg

(5.18)

where the superscript 0 represents the long channel device and 1 represents the

short device.

If v = v, S° and S' would be similar functions of Vg and Les would be extracted
from the ratio S1/S% = LLr /Lo = Lirr/Loaqk - In general, however, V? # V!
due to the short-channel effect [25], and the S-functions must be shifted with
respect to each other before the ratio is taken.

S°(Vg)

o,V )s—"—
R T

(5.19)

The purpose is to find the §-value for which the ratio r is a constant, independent

of Vg. The § is the threshold voltage difference between the two devices.

The procedure is automated by computing the average r and the mean square

deviation of r from its average value, i.e.

-[M', r(o, Vx )dVg

r)= (5.20)
dv,

AV,

(@) =(r")=(ry (5.21)
Once the correct shift is found, r is evaluated from equation (5.19) and one

example is given in figure 5.8 (a). AL and Rgy can be then obtained by using
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103
equation (5.22) and (5.23).
L o _
|, = = Lo A (5.22)
Ltff Lma.&'k _AL
And
rl§ Rllnl - Rl(t)u
Rsd = (5.23)
r‘ -1

The correct § results in the minimum < g% >, as illustrated by figure 5.8 (b).

For the data in figure 5.8, the extracted Rsq = 76 Q and the AL = 0.08 pm.

A
5 "‘i:’ 90 6
100} 31:10pm ;’
_ 5=0012V §':025um 2 80 ®018
© | > i o
>° 80 oa 3 min OQ ‘4"%
=~ ‘\’,’ 70'. oo v
» I 5=0023V <r> 0C e
= 60 _W‘N_ :: ® OO PY '3 g
> L oo} e 00° o 2
» 40f A/A/A/A/A——V‘/A" : .. '. l__T._z %
v 5=0033V © 50 ,0C ®el,e® R P
20} o p°
X 1 X L 1 1 <
0 s . "
1.0 14 1-|'~\’”(\1l-)3 14 15 ‘3.030 0.025 0.020 0.015 o.o?o
o Shift 5 (V)
(@) (b)

Fig 5.8 (a) The dependence of the ratio of S-function for three
different amounts of shift, §. Only when the correct shift is found, r
becomes independent on V,. (b) Demonstration of extracting series
resistance (Rsq) and effective channel length by using Shift and Ratio
(S&R) method. The longer and shorter channel is 10 ym and 0.25 pm
respectively. The channel width is 10 ym. Average raito <r> and
variance <g? > depends on the gate voltage shift, §.

By using the same S&R procedure, the series resistance and channel length

offset are extracted for four samples we used in this work and the results are

given in table 5.2.
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Table 5.2 Extracted Ryg and AlLes by using S&R method

Sample | Rsd(Q) | ALesr (Mm)
A 64 0.07
B 76 0.08
C 57 0.056
D 75 0.013

A comparison of the mobility before and after the correction is shown in figure

5.9 (a) and (b). It will be seen that without the correction, the mobility can be

under-estimated.

5.5 Effect of remote charges on mobility degradation

The impact of process-induced positive charge (PIPC) on the effective mobility

can now be studied followed by an assessment of the effect of electron trapping.

5.5.1 Impact of PIPC on electron mobility

It has been reported that annealing in forming gas (10% H,) at 500-550 °C can
generate positive charge in the HfO; /SiO; stack [26,27]. 15V, curves before and

after 60 minutes forming gas annealing for sample A are shown in figure 5.10 (a)

and the corresponding mobility is shown in figure 5.10 (b).
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Fig 5.9 (a) A comparison of mobility before and after the correction for
series resistance and channel length offset. The mobility increases
after the correction. (b) shows the percentage of the effective mobility
due to correction. Measurement without the proper correction can
under-estimate mobility by as large as 10%.
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Fig 5.10 The transfer characteristics of sample A before and after a 60
minutes annealing are shown in (a). A positive charging of 5.5x10%°
cm is generated in HfO,. The effective electron mobility before and

after the 60 minutes annealing is shown in (b). The dash line is the
universal curve.

Since the detailed spatial distribution of PIPC is not available, its density and
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separation from the substrate interface must be estimated.

On one hand, as a “rule-of-the-thumb” estimation of the farthest possible
distance from the substrate, it is assumed that all PIPC are uniformly distributed
in the HfO; layer and there is no PIPC in the interfacial SiO,. The volume density,
p, can be determined from [28]

284k, AV,
qT;

Hf

p= (5.24)

where kus and Ty, are the dielectric constant and thickness of high-k layer,
respectively. By using equation (5.24), a AV,=0.8 V from figure 5.10 (a) gives an
area density of 1.1 x 10* cm™ and a volume density of p = 5.5 x 10%° cm?,
which is in the same order as the typical doping density for a modern poly-Si

gate [4,6] and is among the highest charging level observed for MOS devices.

On the other hand, as an estimation of the nearest possible distance, we

assume that all PIPC are uniformly distributed in the interfacial layer. The volume

density, p, can be determined from [28]

2e.k, AV,
T2 +2 ku. . (5'25)
q(T; + k__'Tn, Ty )

Hr

p=-

where k. and T;, is the dielectric constant and thickness of interfacial layer,
respectively. By using equation (5.25), a AV,=0.8 V from figure 5.10 (a) gives a

volume density of p = 5.2 x 1020 cm™, so that the volume density is insensitive
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to the assumption. We will use the p calculated by using equation (5.24)
hereafter. The effective electron mobility before and after PIPC generation is
evaluated and figure 5.10 (b) clearly shows that it changes little through the
whole range of effective vertical field. We conclude that the RCS induced by a

PIPC of p =55 x 102° cm™ at 0.56 nm from the substrate has an insignificant

effect on electron mobility.
5.5.2 Impact of PIPC on hole mobility

To test effects of PIPC on hole mobility, the sample B is used. After 60 minutes
exposure to forming gas, the threshold voltage shift caused by PIPC can reach
1.2 V, as shown in figure 5.11 (a) and the corresponding volume density can

reach p = 8.2 x 10?° cm™ at 0.73 nm away from the substrate interface. Figure

5.11 (b) shows that hole mobility changes little after the PIPC formation.

5.5.3 Impact of electron trapping on electron mobility

The PIPC originates from hydrogenous species [26,27] and it may be assumed
that its interaction with channel electrons is weaker than the interaction between
channel electrons and the ionized impurities in the gate, although there is no
experimental evidence for this assumption. To test the sensitivity of RCS to the

type of charge, the impact of electron trapping in the dielectric on electron

mobility is investigated next.
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Fig 5.11 The transfer characteristics before and after 60 minutes

annealing of sample B are shown in (a). The effective hole mobility
before and after the 60 minutes annealing is shown in (b). The dash
line is the universal curve.

Although pre-existing electron traps in SION are negligible [29), their volume
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density can reach the order of 10%° cm™ in a 4 nm HfO, prepared by atomic layer
deposition (ALD) [17]. The problem is that the electron trapping decreases
sharply as the HfO, becomes thinner and becomes insignificant for a 2 nm ALD
HfO, [3,17]. Sufficient electron trapping within 2 nm from the substrate interface
cannot be obtained by using ALD HfO,, therefore. The RCS influence decays
exponentially with distance [4,6] and it is essential to have charges within 2 nm,

where RCS was reported to be effective [2-4]. This means that we cannot use

ALD HfO..

To overcome the above difficulty, a 2 nm PVD HfO, (sample C) is prepared.
Figure 5.12 (a) shows that electron trapping leads to a substantial positive shift
of 15-Vy. Since there is little pre-existing electron traps in the interfacial SiO;
[17,29], a uniform distribution of electron traps in the HfO, is assumed. A
AV,=0.84 V leads to a volume density of p =5.8x 102 cm™. Figure 5.12 (b)
clearly shows that electron mobility changes little after an electron trapping of

p =5.8x 102 cm™ at 1 nm from the substrate interface. As a result, changing

the type of charges has not changed the conclusion.
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Fig 5.12 The sample C was stressed at +4.0V for 10 s and an electron
trapping of 5.8x10%° cm™ are formed. The transfer characteristics
before and after electron trapping are shown in (a). The effective

electron mobility before and after electron trapping is shown in (b).
The dash line is the universal curve.
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5.5.4 Impact of gate material on mobility

The samples used up to here have a TaN/TiN gate and the poly-Si gated sample
is now tested. After forming gas annealing for 120 minutes, it can be seen from
figure 5.13 (a), threshold voltage shift reached 0.34V and volume density of
PIPCupto p=27X 102° cm™ were generated at 0.77 nm from the substrate
interface. Little change in the effective mobility can be observed in figure 5.13 (b).

Our conclusion holds for devices with either metal or poly gate.

5.5.5 Discussion

The slight degradation observed in these samples may be attributed to the large
amount of charge pre-existing in the samples. If this is the case, the mobility in
these samples should have already been heavily degraded. When more charge
was added by forming gas annealing or trapping, further degradation could be
much smaller. In order to test this possibility, the mobility of these samples is

compared with those reported from earlier work for similar dielectric stacks and

gate materials:

e The sample B: figure 5.14 (a) shows that the hole mobility is similar
to that reported by the group at IMEP/CEA-LET! [30].

o The sample D: figure 5.14 (b) shows that the electron mobility is

similar to that reported by the group at Intel [9].
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e The samples A and C: figure 5.14 (c) shows that the electron
mobility is similar to that reported by the group at Sematech [31]
and figure 5.14 (d) shows that the electron mobility is similar to that

reported by the group at IMEP/CEA-LETI [30].
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Fig 5.13 The transfer characteristics before and after 120 minutes
annealing of the sample D are shown in (a). A PIPC of 2.7x10%° cm™
was generated. The effective electron mobility before and after the 60

minutes annealing is shown in (b). The dash line is the universal
curve.
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Fig 5.14 (a) A comparison of the hole mobility in our sampie B with
that reported by the group at IMEP and CEA-LETI [30]. (b) A
comparison of electron mobility in our sample D of a poly-Si gate with
that reported by the group at Intel [9]. (c) A comparison of the electron
mobility in our sample A and C of a TiN gate with that reported by the
group at SEMATECH [31]. (d) A comparison of the electron mobility in

our sample A and C with that reported by the group at IMEP and
CEA-LETI [30].

As a result, any pre-existing charge in these samples is not excessive and is

similar to those in earlier work [9,30,31]. To quantify these pre-existing charges,
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we compare the measured threshold voltage with its theoretical value next.

Figure 5.15 compares the measured fresh threshold voltage with its theoretical

value. Two values agree quite well, indicating insignificant pre-existing charges

in the oxides.

B
Soo —H 1 =

S

B experimental Vt

OCaiculated Vt

Sample-A  Sample-B Sample-C Sample-D
Fig 5.15 A comparison of the measured threshold voltage for fresh
devices with their theoretical values. The theoretical value is

calculated by using equation (5.26). The experimental value is
extracted by using constant current method at the level of 1x10¢*WJL.

To explore why RCS is not as important as previously thought, it is noted that the
strength of RCS is sensitive to the assumptions used in the model [33,34]. For
example, the inclusion of gate free carrier screening substantially reduces the

effect of RCS on channel mobility [33,34] and it can become negligible when the

free carrier density in the gate is sufficiently high [33].

It should be clarified that this work does not rule out that remote charge can

degrade mobility in principle. The degradation was not observed for a charge
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density up to the order of 102 cm™ at a location of 0.56~1 nm from the substrate

interface. If the remote charge is closer to the substrate or have a higher density,

it may degrade the mobility.

5.6 Summary

In this chapter, the focus has been on investigating the impact of remote charge
scattering on mobility degradation. In order to fix the charging during the
measurement, a new measurement setup was developed for the pulse C-V
technique with the capability to measure C-V curve up to 600 kV/s ramp rate. For
a 10x10 ym? MOSFET, this produces a displacement current large enough for
an accurate measurement. To evaluate mobility, corrections must be made for

gate leakage current, series resistance and the channel length offset.

Unlike earlier work where different samples were used for investigating the
impact of remote charge scattering on mobility, the same sample is used in this
work. The charge is introduced either by forming gas annealing or trapping, and
the volume density can reach the order of 10°° cm™ at 0.56nm -1nm from the
substrate interface. These experiments clearly showed that these remote
charges have little effect on the channel mobility, although it is not ruled out that

RCS can degrade mobility in principle.
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Conclusions and Future work

6.1 Conclusions

This project is divided into three parts: the reconciliation of characterization
techniques for NBTI, the worst case NBTI lifetime prediction, and the impact of

remote charge scattering on mobility degradation. Conclusions for each part are

given below.

6.1.1 Conclusions on the real threshold voltage instability under
operational bias

The focus was on bridging the gap in threshold voltage shift evaluated by
different techniques after NBTI stress. Firstly, the NBTI-induced threshold
voltage shift evaluated by different techniques was compared, including the
on-the-fly technique sensed at stress Vgg (OTF-Vgq), ultra-fast pulse technique
with extrapolation (UFP-ex), and the conventional quasi-DC measurement with
extrapolation (DC-ex). The impact of various factors reported recently on AV,
was examined one by one. These include the degradation during measurement
that affects the reference Iy and initial transconductance, the recovery during

measurement, and the evaluation of transconductance.
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After clarifying these issues, it is found that the gap in AV, extracted from
different techniques cannot be bridged and it is essential to consider the effect of
sensing Vg on AV. The evaluation of AV, at different sensing V4 was achieved by
calculating the Aly and transconductance at a given V, and the classical
transconductance gm=dla/dVg should be replaced by Gn=dls/d(Vg-Vy). The results
clearly show that |AVy| increases with sensing [V,| because of more positive
charge trapping at higher |Vy| and the assumption of AV, being independent of
sensing Vy was shown to be invalid. After taking both recovery and the sensing
V; effect into account, the large gap in AV, obtained from different techniques in
earlier work has been bridged successfully. The results show that recovery

reported by earlier work and the sensing V, effect observed here are two

different phenomena.

6.1.2 Conclusions on NBTI lifetime prediction and kinetics at operational
bias

The objective was to predict the worst case NBTI lifetime under operational bias.
It is found that when the recovery is suppressed by using ultra-fast pulse
measurement and AV, is sensed at the operational gate bias, the conventional
V, acceleration prediction is not applicable. This is because the NBTI kinetics no

longer follows a simple power law and an increase of stress bias does not lead

to a parallel shift of log|AV}|.

To predict the worst case lifetime at the operational gate bias, NBTI kinetics and
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defects were examined. An outstanding feature of the kinetics is the presence of
a ‘shoulder’, which is insensitive to temperature and must be dominated by the
charging of as-grown defects. The charging and discharging properties of the
defect agree well with the signature of as-grown hole traps. By combining the
first order model for the as-grown hole traps and the power law for generating
new defects, AV can be modelled over ten orders of stress time. This kinetic
model is.theh used to predict the NBTI lifetime, based on a single test at the
operation temperature and bias. For the six different processes tested, the safety

margin of the single test prediction technique is within 50%, which is

substantially better than the methods proposed in earlier work.

6.1.3 Conclusions on the impact of remote charge scattering on mobility
degradation

In this part, the impact of remote charge scattering on mobility degradation is
investigated. In order to freeze the charging during the measurement, a new

setup for the pulse C-V technique was developed, To evaluate mobility,

corrections were made for gate leakage current, series resistance and the

effective channel length.

Unlike earlier work where different samples were used for investigating the
impact of remote charge scattering on mobility, the same sample was used in
our work. The charge is introduced either by forming gas annealing or trapping,

and the volume density can reach the order of 10%° cm™ at 0.56 — 1 nm from the
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substrate interface. The experiments clearly showed that these remote charges

have little effect on either electron or hole mobility.

6.2 Future work

Despite the progress made in this project, there are many problems remaining to

be solved, including but not limited to, the following:

Further improvement of the ultra-fast 14-V, technique

This project relied heavily on the ultra-fast 13-V, technique implemented in
chapter 2, which, to the best knowledge of this author, has reached the highest
accuracy compared with the implementation by other groups. However, the
speed is limited to 5 ps at present. This is because the op-amplifier used only
has 60 MHz bandwidth, which limited the measurement speed. The difficulty for
using higher bandwidth op-amp is these high bandwidth op-amplifiers are
usually sensitive to parasitic components in the circuit, and therefore, they need

to be mounted by using the surface mount technology on double layer PCB.

The defects responsible for the sensing Vq effect

This work clearly shows that threshold voltage shift after NBTI stress is

dependent on sensing Vg However, the understanding of the defects

responsible for the sensing Vg effect is poor. For example, it is not clear whether
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they are hole traps close to the interface or interface states. The generation

mechanism of these defects is not known either. These issues should be

addressed in future work.

NBTI lifetime prediction and kinetics at operational bias

In this work, the proposed kinetics can predict NBTI lifetime at the operational
gate bias in the worst case scenario where the recovery is suppressed. However,
this lifetime prediction is based on a single device. In the real world, one
functional circuit can include millions of these transistors and only the lifetime of
the functional circuit is meaningful to the manufacturer and the customer.
Therefore, not only the worst case lifetime is needed, the impact of recovery
should be included in the kinetics model as well. Furthermore, it could be useful

if the model can be verified by implementing it into a circuit simulator.

Impact of remote charge scattering on mobility degradation

This work clearly shows that the remote charges have little effect on the carrier
mobility for the device studied. However, the reason for the observed mobility

degradation when the gate oxide becomes thinner is still not clear and needs

further work.
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