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ABSTRACT

The scaling of transistors has numerous advantages such as increased memory
density, less power consumption and better performance; but on the other hand, they also
give rise to many reliability issues. One of the major reliability issue is the hot carrier
injection and the effect it has on device degradation over time which causes serious circuit

malfunctions.

Hot carrier injection has been studied from early 1980's and a lot of research has
been done on the various hot carrier injection mechanisms and how the devices get
damaged due to this effect. However, most of the existing hot carrier degradation models
do not consider the physics involved in the degradation process and they just calculate the
change in threshold voltage for different stress voltages and time. Based on this, an

analytical expression is formulated that predicts the device lifetime.

This thesis starts by discussing various hot carrier injection mechanisms and the
effects it has on the device. Studies have shown charges getting trapped in gate oxide and
interface trap generation are two mechanisms for device degradation. How various device
parameters get affected due to these traps is discussed here. The physics based models such
as lucky hot electron model and substrate current model are presented and gives an idea
how the gate current and substrate current can be related to hot carrier injection and density

of traps created.

Devices are stressed under various voltages and from the experimental data

obtained, the density of trapped charges and interface traps are calculated using mid-gap



technique. In this thesis, a simple analytical model based on substrate current is used to
calculate the density of trapped charges in oxide and interface traps generated and it is a
function of stress voltage and stress time. The model is verified against the data and the
TCAD simulations. Finally, the analytical model is incorporated in a Verilog-A model and
based on the surface potential method, the threshold voltage shift due to hot carrier stress

1s calculated.
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1 INTRODUCTION

1.1 Motivation

Moore predicted that the number of transistors in an integrated circuit will
approximately be doubled for every two years as shown in the Fig. 1.1 [1]. This law has
been the driving force for innovation in semiconductor industries for more than 5 decades.
According to ITRS, device cost and performance will be strongly correlated to dimensional
and functional scaling of CMOS since information technology allows the semiconductor

industry to expand into a wide range of new applications [2].
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Figure 1.1 Doubling of Transistors Vs Years (Moore’s Law) [1]



At present, microprocessors have more than a billion transistors and this has led to
improved capabilities in processing speed, power and memory capacity [2]. However, a
logical choice of keeping the internal electric fields constant with device scaling had to be

abandoned due to some disadvantages associated with it such as [3], [4]:

e Compatibility with power supply is lost.

* The threshold voltage and the subthreshold slope of the device will not be scaled,
thereby causing a decrease in noise margin.

* The parasitic capacitance will not be scaled and this leads to reduced operating

speed in advanced technologies.

In the alternative scheme of constant voltage scaling, electric fields increase with
device scaling. This results in increased carrier velocities and hence higher operating
speed. However after a certain critical field value, instead of having positive effect on
device performance, they cause mobile carriers to attain relatively high energies[5]. This
causes many reliability issues[6], [7], [8] in the device through a variety of mechanisms
[4].One of the major reliability issues among them is the injection of energetic carriers into
the gate oxide which is called hot carrier injection [9], [10]. The importance of the hot
carrier injection is that it damages the gate oxide permanently through carrier trapping and
interface trap generation, which causes shift in device parameters such as, threshold
voltage, subthreshold slope, and transconductance [11], [12]. This is called hot carrier

induced degradation in MOSFETs [13].



1.2 Hot Carrier Injection

In this section, an overview of the hot carrier injection phenomenon is provided. As
the MOSFET features are being scaled down, the operating voltages are also reduced but
the scaling factor for voltage is less than that of device dimension scaling and so the hot
carrier injection is more an important consideration in sub-micron technologies. The large
voltage drop across the pinch off region results in a high lateral electric field close to the
drain region. Therefore, the carriers travelling from the source to drain gain significant
kinetic energy in this high field region and those carriers with energy higher than that of

the equilibrium thermal energy are called hot carriers [9], [10].

Channel
Hot-Carrier

Substrate
Current

Figure 1.2 N-channel MOSFET Showing Hot Carrier Injection [14]



Carrier Energy (E) Mechanism Effect on Device Performance

1.3eV<E<18eV Impact Ionization Snap-back, device breakdown,
avalanche effect and latch up

E>32eV Hot electron injection | Shift in device parameters due charge
E>48¢eV Hot hole injection trapping in gate oxide and interface trap
generation
Table 1.1 Energy of the Carriers and the Mechanisms Involved Causing Device
Degradation

When the energy of hot carriers is greater than impact ionization threshold (1.6 eV)
[4], they create electron-hole pairs near the drain. When these carriers have energies higher
than the potential barrier between Si and SiO2 with their momentum also directed towards
the Si-SiO2 interface, they get injected into the gate oxide [5], [13]. A portion of the carriers
that are injected into the gate oxide reaches the gate terminal, thus contributing to gate
current. However, some of the remaining injected carriers get trapped at certain defects
present in the gate oxide [15], [16] and in addition, they also result in the increase in
interface trap density present at the Si-SiO2 interface [17], [18], [19]. These new defects
in the gate-oxide and at the Si-SiO2 interface cause changes to mobility, surface potential
and other device parameters which affect the lifetime of MOSFET’s [10]. As shown in Fig.
2, the energy barrier for injection of electrons (3.1eV) is considerably smaller than that for
holes (4.8eV) making hole-injection a less probable event as compared to electron-

injection and thus the degradation is more severe in NMOS [20], [14].
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Figure 1.3 Energy Band Diagram Showing Barrier Height for Electron and Hole Injection
from Silicon to Gate Oxide [14]

1.3 Hot Carrier Injection Mechanisms

When MOSFETs function under high electric fields, the mobile carriers in the
channel can attain high energies and result in incorrect circuit operation. The instabilities
of MOSFET parameters with operation time have been studied for a long time, and it has
been found out that many of these instabilities are due to the damage caused by hot carrier
injection to the gate oxide of MOSFET [21], [22], [23]. There are four types of hot carrier

injection mechanisms.

1.3.1 The Drain Avalanche Hot Carrier Injection (DAHC)
The drain avalanche hot carrier injection causes the worst device degradation at

room temperature. When the MOSFET is operated in the saturation region, that is when
5



the voltage applied at the drain terminal is higher than that of the gate terminal, the carriers
in the channel gain high kinetic energy in the pinch off region and reach the drain terminal.
These high-energy carriers undergo impact ionization near the drain terminal and thereby,
create some electron hole pairs. Some of the generated electrons gain enough energy to
overcome the electric potential barrier between the gate oxide and the silicon substrate and
get injected into the gate oxide. These injected hot carriers sometimes get trapped within
the oxide and create a fixed space charge which causes change in device parameters such
as threshold voltage. As the operation time of the device increases, more charges get
trapped and passivated traps at the interface get de-passivated (interface traps), and this
causes further degradation in device parameters. Meanwhile, most of the holes generated
by impact ionization flow back to the substrate and contributes to a large portion of the

substrate current [9].
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Figure 1.4 Drain Avalanche Hot Carrier Injection Mechanism [24]
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1.3.2 The Channel Hot Electron Injection (CHE)

Channel hot electron injection happens when both the gate voltage and drain
voltage are higher than the source voltage and drain voltage is approximately equal to gate
voltage [9]. As the carriers in the channel flow towards the drain, they gain energy and
some of them get scattered and diverted towards the gate oxide. If these diverted carriers
have enough energy to overcome the oxide-silicon potential barrier, then they get injected
into the gate oxide. A part of these injected carriers stay inside the gate oxide permanently
and affect the electrical characteristics of the MOSFET and the remaining carriers reach

the gate terminal and causes gate current Ig.

source p substrate drain

Figure 1.5 Channel Hot Electron Injection Mechanism [25]

1.3.3 The Substrate Hot Electron Injection (SHE)

When a strong electric field exists between the gate and the substrate, the electrons,
which are generated in the substrate due to thermal electron-hole pair generation, will get
accelerated towards the gate oxide [9]. If these accelerated electrons have enough energy

to cross the potential barrier, then they get injected into the gate oxide. This mechanism of

7



hot-electron injection is not a major problem in short channel devices when compared with
long channel devices because most of the electrons are absorbed into the source and drain

regions of the device and only a small fraction of them reach the gate oxide.

source p substrate drain

Figure 1.6 Substrate Hot Electron Injection Mechanism [25]

1.3.4 The Secondary Generated Hot Electron Injection (SGHE)

Secondary generated hot electron injection involves the generation of hot carriers
from impact ionization involving a secondary carrier which was created by an earlier
incident of impact ionization [9]. When a high voltage is applied at the drain terminal, it
results in a field which tends to drive the hot carriers generated by the secondary carriers
to the surface region. If these carriers are able to overcome the oxide-silicon potential

barrier, they get injected into the gate oxide.
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1.4 Thesis Outline

Most of the existing degradation models for hot carrier injection are based on the

calculation of total threshold shift and thus predicting the device lifetime. In this thesis, the

two components involved in threshold shift namely, oxide trapped charges and interface

traps are calculated separately and a model calculating the density of these traps as a

function of stress voltage and time is presented.

In the chapter 1, a brief introduction about the hot carrier injection and various

mechanisms through which injection of hot carriers into the gate oxide happens is

presented. Chapter 2 of the thesis includes two main sections, the first part deals with the

effect of hot carrier injection namely generation of interface traps and trapped charges in

9



the oxide and the second part is about the effect of these traps on the device parameters and
how it varies based on the channel length of the MOSFET. The two widely used physics-
based hot carrier injection models, lucky hot electron gate current model and substrate
current model is discussed in chapter 3. In chapter 4, a simple analytical model which is
based on the substrate current model is used to calculate the density of oxide trap charges
and interface traps which are created due to hot carrier injection is presented. Then the
parameters present in the analytical model are calculated using the experimental data and
the validation of the model is done using TCAD simulations. Finally, the model is
incorporated in the Verilog-A, where the threshold voltage shift due to the traps are
calculated using surface potential method and this can be used for circuit simulations.
Chapter 5 summarizes the work done in this thesis and provides the possible future work

that can be done.
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2 HOT CARRIER DEGRADATION IN N-CHANNEL MOSFET

2.1 Introduction

Hot carrier degradation in NMOS has been studied for more than 20 years and
considerable progress has been made in understanding hot carrier injection in long channel
devices [13], [26], [27], [28], [29]. However, as the technologies evolved and device
dimensions reduced, the theories based on long channel devices were not enough to explain
the device response due to HCI because, the energy of hot carriers can drastically change
based on the supply voltage. Based on the hot carrier energy, different physical processes
such as carrier injection into the oxide, charge trapping, impact ionization and interface
trap creation can be present and their contribution to degradation also varies [30], [31],
[32]. Therefore, it is necessary to understand the bias dependences of these process and
this chapter provides the summary of these process involved during hot carrier degradation

in NMOS.

2.2 Carrier Injection and Gate Current

The main cause for hot carrier degradation is due to injection of hot carriers from the
channel into the gate oxide. The injection of carriers at any given location along the channel
is determined by two factors, the concentration of the carriers in the channel and the electric

field at that point of injection [33], [14].

In the subthreshold region, the injection of carriers into gate oxide is negligible

because the concentration of carriers in the channel is very low. As the gate bias increases,

11



the concentration of the carriers in the channel increases and thus the electron and hole

injection current increases.

However, there is always a point of discussion in hot carrier literature whether it is
hot electrons or hot holes responsible for device degradation. It is argued that if holes were
responsible for degradation, then threshold voltage shift in PMOS will be much greater
than in NMOS because PMOS channel is inverted and will be filled with holes; but even
at higher stress voltage, PMOS degradation was less than that of NMOS. Therefore, it was

understood that hot electron injection was more significant than hot hole injection [5].

The relation between injection current, gate current and trapped carriers in a

NMOSFET as a function of gate bias is shown in the figure and is explained below [13].

=

I, (elec)

/

Gate or Carrier Injection Current (log scale)

Gate Bias -

Figure 2.1 Carrier Injection and Gate Current Vs Gate Bias [14]
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At low gate voltage, the transverse electric field and the Schottky barrier lowering
favors the hole injection into the oxide more than electron injection and since the oxide
field also favors the transport of injected holes, most of them reach the gate terminal. Thus

at low gate bias, gate current is primarily due injected holes [26], [27].

As the gate bias increases, the Schottky barrier lowering decreases and the electron
injection current increases due to relatively smaller potential barrier for electrons at oxide-
silicon interface. However, the field in the oxide is against the electron transport and thus
most of the injected electrons either scatter back to the interface or gets trapped in the
oxide. Therefore at this bias condition, the gate current is low when compared with electron

injection current.

As gate bias is increased, the opposing oxide field decreases and a larger proportion
of injected electrons contribute to the gate current and thus the gate current peaks when

VGs=Vps.

When Vas > Vps, the lateral electric field decreases causing the electron injection
also to decrease, but the oxide field favors the electron transport to the gate terminal and

thus gate current is almost equal to electron injection current.

Some of the important characteristics of the gate and injection current in NMOS are

[14]:

* Electrons are injected into gate oxide under all gate bias.
* The peak of the hole injection current is smaller than that of the electron injection

current because the oxide-silicon barrier is large for hole injection.

13



* The amount of holes getting trapped in the oxide is negligible when compared with
electrons, since most of the injected holes reach the gate terminal, whereas in the
case of electrons, during the mid-bias region most of the injected electrons gets

trapped in the oxide.

Therefore, it can be concluded that in NMOS, bulk oxide defect generation is due to

hot electrons getting trapped in the gate oxide.

2.3 Interface Trap Generation

Various measurements of the MOSFETs subjected to hot carrier degradation have
showed that besides charges getting trapped in the gate oxide, interface traps are also
generated, and also, under some conditions interface traps are the main cause for device
degradation [34], [35]. Hence an understanding of the interface states and its generation by

hot carrier injected is required and is presented below.

2.3.1 Interface States

Interface states or interface traps are energy levels located at oxide-silicon interface
that can capture or release electrons. They are created due to imperfections like lattice
mismatch, disconnected chemical bonds or impurities [36]. They can be classified into two
types: the interface state which is electrically neutral when occupied by an electron and
positive when the electron is released is called a donor like interface trap, and an acceptor
like interface state is the one which is electrically negative when occupied by electron and
neutral when the electron is released [37]. It is generally assumed that donor like interface
traps are located in the lower half of the bandgap while acceptor like interface traps are

located in the upper half. As the position between energy level and Fermi level varies, the
14



occupation condition of that trap level also varies. Hence the electrical charge of an
interface trap is a function of band bending and gate voltage [5], [37], [38], [39]. Figure

2.2 shows this dependency in a p-substrate MOS capacitor.
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Figure 2.2 Relationship Between Interface States and Gate Bias at Different conditions
(a) Flatband, (b) Accumulation, (¢) Depletion, (d) Mid-gap, (e) Inversion [40]

Vb 1s the voltage between the gate and substrate, Vi, is the flat band voltage and Vmiq 18

the mid-gap voltage at which the intrinsic Fermi level (E;) reaches the Fermi level (Er).

Flatband:

When Vg, = Vp, all the acceptor like interface traps are above Erand hence they are
electrically neutral. Donor like traps which are present below the Fermi level are neutral
and which are present above the Fermi level are positive. Therefore, in the flatband

condition, only donor like traps above the Fermi level contribute positive charge.

Accumulation:

When Vg, < Vi, the bands bend up and so the acceptor type traps remain neutral,

on the other hand donor like traps contribute more positive charges.

Depletion:

16



When Vi <Vgb < Vimig, the band bends down but the acceptor type traps still remain

neutral whereas donor like traps contribute less positive charge.

Mid-gap:

It is a transition point between the depletion and the inversion. As Vg is increased

and when Vg, = Vig, Ei touches Er and during which all interface states are neutral.

Inversion:

When Vg, > Vg, parts of acceptor like traps below the Fermi level capture electron
and produce negative charge. The other acceptor like traps and donor like traps remain

neutral.

Therefore, based on the voltage applied between the gate and substrate the type and
number of charges present at the oxide-silicon interface varies, contributing to shifts in

threshold voltage, subthreshold slope and transconductance.

2.3.2 Interface Trap Generation Due to Hot Carriers
As seen from the above section, the injected hot carriers sometimes get trapped in
the oxide causing device degradation and in addition to that hot carriers also create interface

traps [13], [S], [41].

Electrons which have lighter effective mass when compared with holes will have
longer mean free path and hence gain more energy and cause high impact ionization rate.

Also, conduction band offset at the oxide-silicon interface is smaller than valence band

17



offset and hence electrons can create interface traps easily by injection over the oxide

barrier [13].

For both PMOS and NMOS, the interface trap (NIT) density peaked at hole
injection regimes and the lack of correlation between substrate current and NIT peak
density was attributed to hot hole induced degradation and also holes were orders of

magnitude more efficient for trap creation [41], [42], [43], [44].

On a related argument, it is still not very clear whether the carriers need to be
injected into the oxide to generate defects. It was claimed that hot electron injection is
necessary to create interface traps, in other words if the electron energy is less than the
conduction band offset then there would be neither electron injection into the oxide nor the
interface traps [13]. Therefore, if the supply voltage is less than 2.5V, hot carrier injection
should be eliminated but the interface traps were created at biases even less than 0.9V [34],
[35], [45]. Also, experiments were conducted by injecting hot electrons from the substrate
into gate oxide and the interface trap density was measured [46]. When a gate bias is
applied, hot electrons produced higher source and drain current but gate current was
reduced drastically. Even in this condition, interface traps were created and hence it can be
concluded that electron injection is not needed for interface trap creation. When the gate
bias was reversed, the gate current and the degradation increased dramatically but the
substrate current did not change [47]. This showed that when carrier injection takes place,

interface trap density increases dramatically.

Therefore, following can be concluded from the above discussion [48]:
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* Both the hot holes and hot electrons are responsible for interface trap creation.

* Interface trap density is maximum when hot hole injection is maximum and they
are orders of magnitude more efficient than hot electrons.

* Hot carrier injection is not necessary to create interface traps but the density of

interface traps increases dramatically when carrier injection takes place.

2.4 Effects of Hot Carrier Injection on Device Parameters

HCI degrades the device and affects the device parameters, such as threshold voltage,
subthreshold swing, mobility and transconductance by introducing additional trapped
charges and interface states inside the gate oxide [11], [12]. In this section, the relationship

between HCI and these device parameters are discussed.

2.4.1 Hot Carrier Effect on the Threshold Voltage
The effect of additional trapped charges and acceptor like interface traps created

during HCI on the threshold voltage can be given as

2qNaec(2 -V
V2qNes(2dp SB)+¢MS_&_E' 2.1)
Cox Cox Cox

Vin = 2¢p +

where, ¢g is the bulk potential,

Na is the substrate doping concentration,

q is the electron charge,

es is silicon permittivity,

dms 1s metal semiconductor work function,
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Qo is the density of trapped charges in gate oxide,
Qiris the density of interface trap charges,

Cox is gate oxide capacitance.

Both the trapped charges (electrons) and interface traps (acceptor like at threshodl)
are electrically negative and hence the threshold voltage of a degraded NMOS increases

which can be seen in the figures below. It is a plot of data obtained from 28nm technology

transistor stressed at 2V [36], [37].

Drain current vs gate voltage before and after stressing
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Figure 2.3 Plot Showing Increase in Threshold Voltage Due to Hot Carrier Effect

2.4.2 Hot Carrier Effect on the Subthreshold Slope

The subthreshold slope of a degraded device is affected only by the interface traps

and not due to the trapped charges inside the gate oxide [37], [39]. This is because, the total
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charge contribution by these trapped defects are fixed and independent of the applied bias,
thereby causing only horizontal shift in the log Id versus Vg plot. A capacitance value
proportional to the density of interface traps Cir can be modelled based on the below

equation,

S — (In10) (V) (Cox + Csc + Ci1)

, 2.2)
Cox

where, S is subthreshold swing (or inverse sub-threshold slope),
V. is the thermal voltage,

Csc is the semiconductor capacitance,

Cit 1s the capacitance due to interface states.

Subthreshold swing will increase during HCI since more interface traps are created

which causes larger interface state capacitance. This can be observed in the figure below.

Log Drain current vs gate voltage before and
after stressing
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Figure 2.4 Plot Showing Increase in Subthreshold Swing Due to Hot Carrier Effect

21



Log Subthreshold slope vs gate voltage before and
after stressing
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Figure 2.5 Plot Showing the decrease in Subthreshold Slope Due to Hot Carrier Effect

2.4.3 Hot Carrier Effect on the Mobility
Interface traps created during HCI degrades the mobility of the device by increasing
coulomb scattering. An empirical relation between mobility and interface trap density is

given as follows [49], [50],

Mo

=M 2.3
1+ (XNIT ( )

U

where, u is the mobility after hot carrier degradation,
o is mobility of the device before degradation,
a is a constant that depends on doping concentration of the substrate and is given as,

a= —0.104 + 0.0193lo g(N,), (2.4)

where, Na is the doping concentration of the substrate.
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2.4.4 Hot Carrier Effect on the Transconductance

The transconductance of a MOSFET is defined as the derivative of the drain current

versus gate voltage. Therefore, transconductance is given as [39]:

}J. Coxw 1 W 8].1
gm = HT (Vos — Vrn) + Ecox (T) (Vgs — Vrn)? (SVGHS> , (2.5)

HCI decreases the mobility and increases the threshold voltage of a degraded devices, both

these parameters lead to decrease in transconductance value as shown in the figure below

[54].
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Figure 2.6 Plot Showing Decrease in Transconductance Due to Hot Carrier Effect

2.5 Hot Carrier Degradation in Long Channel MOSFET
The defects caused by HCI are localized in nature and extend for about 50nm -
200nm from the drain. Hence, in a long channel MOSFET conventional uniform defects
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characterization techniques such as mid-gap techniques cannot be used [37], [51].
Whereas, in MOSFETs with channel length less than 50nm the defects are distributed all
along the channel. Therefore in long channel MOSFET, because of non-uniform defect
nature, the concept of single threshold voltage loses its meaning and two-piece transistor
model is used to overcome this problem [51]. In this section, a detailed review of this defect
localization, problems in characterizing because of it and a technique to overcome it is

presented.

2.5.1 Location of Defects

When MOSFETs are biased in the saturation region of operation, the pinch off
region appears near the drain terminal. Due to the existence of high field in the pinch off
region, the carriers gain enough energy and undergo impact ionization generating electron-
hole pairs which undergoes carrier injection. The carrier injection and defect generation
are non-uniform along the channel because they depend on the local values of the carrier

energy and vertical component of electric field [51].

Evidence for the localized nature of the defects is found in the asymmetrical
behavior of the drain current characteristics, measured in the normal and reverse (source
and drain interchanged) modes of operation. In the normal mode, as the drain bias increases
the pinch off region expands towards the source and covers a larger portion of the defect
region. As a result, the minority carriers flow far from the interface and are less affected
due to the defects created. Therefore, the larger the drain bias the contribution due to
damaged region is less and the drain current characteristics approaches that of non-

degraded device. On the contrary, when the drain and source terminal are interchanged, the
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reverse mode drain current is always less than that of non-degraded device because the
damaged region of the channel falls inside the inversion region for all values of drain bias
and so the defects are always active causing maximum degradation to drain current

characteristics [14], [52]. This can be clearly seen in drain current versus drain bias plot

shown in the figure below.

Pre-stress —

14 e

/ ’ Post-stress reverse mode
s

Drain Current

Drain Bias

Figure 2.7 Normal and Reverse Mode Drain Current Vs Drain Bias Measured Before and
After Hot Carrier Stress in NMOSFET [14]

The data above suggests that the defects generated due to HCI are localized near
the pinch off region and it has been shown that the spreading of the defective region varies

from 50nm to 200nm depending on the bias applied.

25



2.5.2 Problems Caused Due to Defect Localization in Measuring Degradation Parameters

During substrate hot carrier injection experiments, the carrier injection is uniform
along the channel and the drain current characteristics can be used to provide details about
the degradation processes [53], [54]. However, during drain avalanche hot carrier injection
the carriers are injected into the gate-oxide in a localized region close to the drain and
therefore, the interpretation of the parameter variations during non-uniform channel hot
carrier injection based on the results obtained from uniform injection experiments can be

highly inaccurate [51]. For example,

The change in drain current versus gate bias characteristics can be used to measure
the density of interface traps and trapped charges in the gate oxide using the mid-gap
voltage technique. This technique assumes that the change in subthreshold slope is entirely
due to interface traps and the trapped charges cause only a parallel shift in the subthreshold
characteristics of the drain current [37]. However, studies have shown that a localized oxide
charge can also cause a change in subthreshold slope making the mid-gap technique

useless.

When there is uniform injection of carriers, the threshold voltage at each point
along the channel shifts by the same amount and therefore the threshold voltage of the
complete device is equivalent to that of any point along the channel. However, during non-
uniform injection of carriers, the threshold voltage at each point can be different due to
localization of the defects. Hence, the definition of a single threshold voltage for an entire

device loses it physical meaning [51].
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2.5.3 Two-Piece Model
Most of the models which describe the hot carrier induced degradation do not
account for defect localization and the defects are averaged over the entire channel length

as if they were uniformly distributed [51].

Therefore, in order to have better understanding about the degraded parameter
variation, the damaged transistor is considered as two transistors connected in series. One
transistor with channel length equal to length of defective region with defects uniformly
spread across the entire channel and the other transistor with no defects and channel length

equal to length of non-defective region [55]. They are connected in series as shown in the

G|

figure.

S1 T T2 D2

Figure 2.8 Schematic of Two Transistor Model

Let G1 and G2 be the conductance of the defect free and defective channel transistor and

Ga and Gb are the conductance after and before HCL.

G,G
G, = 142

- ’ 2.6
G; + G, (2.6)
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From the figure, it can be found that at the onset of strong inversion, the
conductance G2 is very much lower than Gl and it is the defective region which dominates
the current conduction through the channel. Whereas in the strong inversion, the defect free

region regains the full control of the current conduction in the device.

CONDUCTANCE (mS)

GATE VOLTAGE Vg (V)

Figure 2.9 Channel Conductance Vs Gate Voltage [51]

Therefore, according to the two-piece model, the threshold voltage of a degraded device
is the local threshold voltage value of the defective region. The damaged region exhibits a
very low conductance when compared to the rest of the channel and no appreciable
conduction takes place unless the gate bias exceeds the local threshold voltage of the
defective region. On the other hand, one-piece model considers only one threshold value

and it includes the average value of localized defects along the entire channel [51], [55].
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3 HOT CARRIER INJECTION MODELS

3.1 Introduction

Theoretical work on hot carrier injection and its effects on the devices was started in
early 1950s but the modelling was not started until 1980 [56]. This is mainly because, there
is still debate going on about the different mechanisms involved in hot carrier injection
such as, what charges get injected and whether charge injection is required to cause device

degradation [11], [43].

However, experimental techniques have showed that hot carrier degradation is due
to charge trapping and generation of interface traps and thus by measuring the device
degradation parameters some models have been formulated [43], [57]. The lucky hot
electron model proposed by Shockley is the widely-used model in studying the hot electron
injection and using this, the gate current of the transistors was calculated theoretically [27],
[13], [58]. Initially, the gate current was used to model the hot carrier effects but
experiments have failed to show a good correlation between the gate current and defects

created [11], [59], [60].

However, substrate current of MOSFETs have shown higher correlation to device
degradation and by incorporating lucky electron model in substrate current calculation,
relation between interface traps generated and substrate current was formulated [11], [60].
The problem with the above technique is that it considers only interface trap generation

and not trapped charges in device degradation [11]. In this chapter, the concept of lucky
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electron model is initially described and then the substrate current calculation based lucky

electron model is presented.

3.2 Lucky Electron Model

The lucky electron model formulated by Shockley is one of the successful gate
current models used in MOSFETs [61]. In this model, four statistically independent
probabilities are calculated and the total probability corresponds to that of an electron
travelling from the source to drain along the channel, being successfully able to overcome
the potential barriers and get injected into the gate oxide and thus contributing to the gate

current [27], [58], [61], [30], [62].

In order to quantify the probability that these electrons could be injected into the gate
oxide, several types of scattering events have to be considered. Figure 3.1 shows an energy
band diagram drawn normal to the Si-oxide interface along a cross section of the MOSFET

in Figure 3.3.
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Figure 3.1 Schematic Showing Transverse Band Diagram in NMOSFET [62]
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Figure 3.2 Scattering Events Associated With Lucky Hot Electron Model [63]
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Figure 3.3 The Probabilities Associated With Lucky Hot Electron Model [62]

In Figure 3.2, an electron moving along the channel from point A to B, gains enough

kinetic energy from the lateral electric field to cross the oxide-silicon interface potential

barrier and this probability P1 is given by

P1 —e A =¢ ExA , (31)

where, ¢, is the Schottky lowered barrier between silicon and gate oxide,

D is the distance an electron need to travel to acquire energy greater than ¢,,,

Ex is the constant accelerating electric field between point A and B,

A 1s the scattering mean free path of the hot electron in the silicon.

At point B, since the electron is travelling parallel to the interface, its momentum

has to be redirected normal to the interface by an elastic collision. It should be noted that
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this collision should not be an energy robbing collision, so that the electron will retain the
kinetic energy required to surmount the oxide-silicon potential barrier and hence it is called
quasi-elastic collision. Therefore, P2 gives the probability of this collision to take place

and it is given by:
1—- |—/|, (3.2)

Thus, by integrating the product of P1 and P2 over all energies phi, the probability
of an electron having enough normal momentum to surmount the oxide-silicon potential
barrier can be calculated as,

PP, = - (Exx) y (3.3)
=—=|—)]e "&%, .
12 = 2\ 5y

After the quasi-elastic collision, the electron must travel from point B to C at the
interface without undergoing any further collisions so that its momentum does not get
redirected or its kinetic energy does not get diminished. The probability P3 of this

happening is given by,

P,=eX, (3.4)

>I<

where, y is the distance between point B and C.

Therefore, if the electron reaching the oxide interface has sufficient kinetic energy
to overcome the oxide potential barrier, then it gets injected into the gate oxide. Since all

the above three events are statistically independent, the carrier injection probability can be
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obtained as the product of the probability of each event. However, the gate current consists
only of electrons that overcome the image force potential well in the oxide and reach the
gate electrode.

This probability P4 is given by

_JYo_
P, = e %ox, (3.5)

where, Aoy is the scattering mean free path of the hot electrons in the oxide,
Y, 1s the distance of the oxide potential maximum from the interface.

Therefore, the probability P, that an electron travelling in the channel reaches the
gate terminal is given by the product of all this four probabilities. Thus, the number of

electrons injected into the gate terminal per unit time per unit area is given as
Jinj = Jn(X,¥)P, (3.6)
where, [, is the electron current density in the channel.

Though the lucky electron model suffers from certain problems such as a large
percentage of the electrons entering the gate oxide get scattered in the oxide and return to
the silicon substrate, it remains one of the widely used model to calculate the injection

current because of its simplicity.

3.3 Substrate Current Modelling
As technologies advance and MOSFET dimension decreases, the substrate current

increases. This substrate current is used to characterize the degradation caused by hot
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carrier injection because in both the device degradation and the substrate current the lateral

electric field in the channel is the driving force [11], [60].

3.3.1 Origin of Substrate Current

When the MOSFET operates in the linear regime, the drain current increases
linearly as the drain voltage increases. However, as the drain voltage is further increased,
the channel thickness at the drain end gets reduced and at the voltage Vb = Vpsar, the
inversion layer gets pinched off. This corresponding voltage is called saturation drain
voltage and if the drain voltage is increased beyond this point several important events
occur: the length of the pinched off region increases and the voltage at the end of pinched
off region remains sat Vdsat even if Vd increases. Therefore, the drain current remains
almost constant but the electric field in the pinch off region increases rapidly. Due to this
high electric field, electrons get accelerated and undergo several kinds of scattering events
[62]. One such event is called impact ionization, where the electrons undergo collisions
with the lattice and generates electron hole pairs. The holes created by this process are
collected by the substrate and constitute the substrate current [11], [60]. Therefore, the

substrate current can be given as

Isub = laTii 3.7)

where, 1;; 1s the impact ionization rate which is dependent on the concentration of electrons

in the channel and the lateral electric field.

Figure 3.4, is the plot of substrate current as a function of gate voltage for different

drain voltages. Initially, when the gate voltage increases, the concentration of the electron
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in the channel increases due to attraction by the gate voltage and hence substrate current
increases. However, after a certain gate voltage, the lateral field in the channel decreases
as shown in the Figure 3.5. This decrease in lateral electric field causes a decrease in
substrate current. Thus, the change in equilibrium between the electron concentration and
lateral electric field yields the bell shaped substrate current characteristics. The peak of the
substrate current occurs at Vg = Vp/2 for older technology MOSFETs and at V= Vp for

latest technologies [11], [62].
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Figure 3.4 Plot Showing Substrate Current Vs Gate Bias for Different Drain Bias
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Distance from source towards drain vs Lateral E-field for
different gate bias and fixed drain bais (0.5V)
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Figure 3.5 Plot Showing Decrease in Lateral Electric Field as Gate Bias Increased

3.3.2 Substrate Current Model Based on Lucky Electron Model

Using the lucky electron model approach, the impact ionization rate due to channel
carriers can be calculated [64]. The electrons travelling along the channel must gain enough
kinetic energy for generating electron-hole pairs through impact ionization process. The
distance an electron needs to travel under the influence of the electric field in order to gain
energy ¢; is given by

o b

qEm

where, ¢; is the minimum energy required for by an electron to create impact ionization
process.

Ewm is the maximum electric field in the channel.
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Thus the probability of an electron traveling a particular distance to be able to gain

sufficient energy without undergoing a collision is given by

, (3.9)

where, A is the electron mean free path in the channel.

The drain current gives a measure of electron flow in the channel and the product
of Pi*I4s will give the rate at which electrons having energies greater than ¢; are supplied

by the drain current. Therefore,

o
Isup = Clgse 9 Em, (3.10)

where, Cis a function of En,

The interface traps created due to impact ionization can be calculated similarly. If
the electron or hole have kinetic energy greater than what is required to break an oxide
bond, then an interface trap will be created by them [64]. Let ¢  and ¢, i be the energies
required by the electrons and holes to create an interface trap and these values are found to

be ¢, ;=3.7¢V and ¢;r y=4.2eV which are determined experimentally.

Therefore, the portion of the drain current with electrons having kinetic energy greater than

¢;r £ can be given as

C __$rrE
Igpe = Wldse GAeEm (3.10)

where, Ipp  is the bond breaking electron current.

38



Ae 1s the mean free path of electrons in the channel.

Similarly, the portion of the substrate current with holes having kinetic energy greater than

¢, y can be given as

__$rrH
Iggu = Wldse GAnEm (3.11D)

where, Ipp iy is the bond breaking hole current.
An 1s the mean free path of holes.

The values of 1, and Ay are 6.7nm and 4.9nm respectively.

39



4 ANALYTICAL MODEL FOR HOT CARRIER DEGRADATION

4.1 Introduction

Most of the existing hot carrier degradation models do not consider the physics
involved in the degradation process and they just calculate the change in threshold voltage
for different stress voltages and time. Based on this threshold voltage shift, the lifetime of
the device is predicted [65], [32], [11]. However, as seen from the previous chapters, hot
carrier injection causes two types of traps namely, gate oxide trapped charges and interface
traps and the effect of these traps on device parameters are different. Hence, the density of

each type of traps created must be calculated individually.

In this chapter, a simple analytical model which calculates the density of trapped
charges and interface traps is derived. In order to find out the parameters present in the
analytical model, devices are stressed at different voltages and using the charge separation
technique the density of trapped charges and interface traps are calculated. Once the
parameters are determined, the validation of the analytical model is perform using TCAD
simulations. Finally, the surface potential method is used to calculate the threshold voltage

shift due to each type of traps and is incorporated in Verilog-A.

4.2 Derivation of Analytical Model

When an electron in the conduction band gain enough kinetic energy, then it might
collide with the lattice and transfer its energy to the lattice causing it to break a bond and
generate electron hole pairs. This process is called impact ionization as discussed in the

previous section. These electron hole pairs generated by impact ionization can in turn gain
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energy from the high electric field exiting in the pinch off region and further produce more
electron hole pairs making it as a chain reaction. Such a chain reaction is called as
avalanche impact ionization or avalanche multiplication and the electrons or holes
generated by this method are called avalanche hot electrons or avalanche hot holes

respectively [11], [62].
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Figure 4.1 Carrier Multiplication Due to Impact Ionization [62]

At this point, when the drain voltage is increased, a sharp increase in the drain
current is observed and this is called breakdown phenomenon and the drain voltage at
which it occurs is called drain to source breakdown voltage. While the electrons generated
reach either the drain electrode or the gate terminal, the holes move towards the substrate
contributing to substrate current. This causes the potential of the substrate to increase above
the source terminal and hence the potential barrier between the source and substrate gets
lowered, which in turn further enhances electron injection and the drain current like a

positive feedback loop [66].
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Avalanche multiplication induced current can be given as
Iq = Mlg, (4.1)
where, 14 and I are the drain and source currents.

M is the multiplication factor and it can be given as
M=—— (4.2)
where, Iion is the ionization integral which can be defined as
lion = f a,e” [ (an= ap)dx dx’, (4.3)

where, @, and a,, are the ionization rates of electrons and holes respectively. In order to
understand hot carrier degradation, it was realized that an accurate model calculating the
electric field is required [67], [68]. By using the pseudo two dimensional approximation

and Poisson's equation, an expression for electric field in the channel is derived as

X~ Ysa x”t), (4.4)

E(x) = Esatcosh( ;
where, Esa 1s the critical electric field needed for velocity saturation,
x is the distance from the source in the channel towards drain,

1 is the effective length of the velocity saturation region,

Xsat 1S the point at which E equals Esat.

Using the above expression the maximum electric field in the channel is given as
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Em = \/AZ (Vds - Vdsat)2 + Eszat ’ (45)

Thus the substrate current can be expressed as,

A

oG a8
— 145 (Vgs — Vgsar)e Va~Vasat (4.6)

Isub = B

1

where, a; and f5; are impact ionization coefficients and A is a fitting parameter [62], [69],
[70]. Substrate current gives a quantitative measurement of the number of holes, and

therefore electrons, generated through impact ionization.

A simple model to estimate the density of trapped charges and interface traps
generated is formulated using the above model. If the device is stressed for t seconds and

Isub 1s the substrate current, then the total amount of charges generated can be given as,

Q = Lsupt, (4.7)

Some percentage of these charges will contribute to generation of interface traps
and some will get trapped in the gate oxide. Therefore, the density of trapped charges and

interface traps generated can be given as,
Not = KnotQ, (4.8)
Nit = KnitQ, (4.9)

where, Knot and ki are the fitting parameters which are determined using the experimental

data.
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Since the substrate current depends on gate and drain voltages, the analytical formula
used here to calculate the device degradation is a function of these stress voltages and stress

time.

4.3 Model Parameterization and Validation
As presented above, the analytical model used in this thesis is based on the substrate

current and the amount of charges created by them.

A

(0] a8
— 145 (Vgs — Vgsar)e Va~Vasat, (4.10)

Isub = B

1

where, a; and B; are impact ionization coefficients and A is the parameter which is

dependent on the applied stress voltage.

From the substrate current, the density of trapped charges and interface traps

generated can be given as,
Not = Knotlsunt, (4.11)
Nit = Knitlsupt, (4.12)

where, t is the amount of time the device is stressed for a given stress voltage and knot and
knit are the fitting parameters. Therefore, the parameters which need to be calculated using
the experimental data are knot, knic and A, in which knot and kit are constant for all stress

voltages and A depends on the applied stress voltage.

Following the model parametrization, using the analytical model, the density of

trapped charges and interface traps generated are calculated for different stress voltages
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and compared against the results of TCAD simulations to verify the accuracy of the model

and the parameters obtained.

In the next section, a method used to separate the density of oxide trapped charges
and interface traps generated from the drain current characteristics is presented and the
traps generated are calculated from the data for different stress voltage. Finally, the various

parameters are calculated and is validated against TCAD simulations.

4.3.1 Charge Separation Technique

As seen from previous chapters, hot carrier injection in MOSFET causes interface
trap generation and charge trapping in gate oxide, thereby causing change in sub-threshold
slope and threshold voltage of the device. The total threshold shift due to these two defects

can be given as [37], [71],

SV = 6Vhor + Vit (4.13)

where 8V, is threshold shift due to oxide trapped charges and

V¢ 1s the threshold shift due to interface traps.

Two techniques are available to calculate the trapped charge density and interface
trap density from the device characteristics [71], [72]. The inversion characteristics
technique uses Brews charge sheet model to fit the experimental data and it requires an
empirical coefficient, actual physical dimensions of the transistors and other process
parameters which are not easily available [72], [73]. The other technique namely, mid-gap
voltage method requires only the gate oxide thickness and the substrate doping which are

easier to extract using the data and TCAD simulations and also in the case of short channel
45



MOSFETs, the defects are spread across the entire channel length. Hence the mid-gap

voltage method can be employed.
The assumptions made in this method are [37]:

1. The negative fixed trapped charge (electron) density is a sheet of charge at the interface

which is spread across the entire channel length and

2. Acceptor like interface traps are present only in the upper half of the bandgap and donor
like interface traps are present only in the lower half of the bandgap. Therefore, when the
surface potential is equal to the bulk potential that is when the Fermi level touches the
intrinsic level at the interface, the net charge contribution by the interface states are zero

and this corresponding voltage is called mid-gap voltage.

In NMOS, the interface traps generated decrease the subthreshold slope and
increase the threshold voltage whereas, the trapped electrons cause only increase in
threshold voltage. Since at the mid-gap voltage the interface traps are neutral, the change
in drain current characteristics in the Id-Vgs plot is only due to charges trapped in the oxide
[37], [71]. Thus the shift in the mid-gap voltage level (8§V},,4) is equal to voltage shift due

to trapped electrons (6V,,,¢), that is,
8Ving = 8Vt (4.14)

and the threshold shift due to interface states can be calculated from the total threshold

voltage shift by,
Svnit = (SVTh - 5Vnot, (4‘.15)
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The drain current in the subthreshold region is given by [5]:

SEEE -G e
where

_

~ CoxLp ’

ES
Lp = /BqNA , (4.18)

And where u is the mobility of the electron in the channel,

a (4.17)

Lp is the Debye length,

W is the width of the transistor,

L is the channel length,

Cox is the gate oxide capacitance,

Na is the doping concertation of the substrate,
n; 18 intrinsic,

¢, 1s the surface potential,

The mid-gap current can be calculated from the above equation by using,

be = by = k—Tln(&), (4.19)



where, ¢, is the bulk potential.

Therefore,

g = u(%) (azcgzx) (;_DZ (1—e V) (\;ZTT:) ) (4.20)

The mid-gap voltage is the gate voltage at which drain current equals Img and since
this current is less than that of leakage current, the drain current must be extrapolated to

determine the mid-gap voltage [71].

Threshold voltage is the voltage at which surface potential is twice that of the bulk

potential. So the drain current at the threshold voltage can be found by using,

b, = 2dy = ZI%TIn (%) , (4.21)

n;

Therefore,

e = 1 <¥> (aZCé)ZX) (13_;)2 (1—eBVa) <j%> ) (4.22)

The voltage that corresponds to this current in the drain current vs gate voltage

characteristics gives us the threshold voltage.
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Figure 4.2 Plot Showing Log Drain Current Vs Gate Voltage and Mid-gap Current and
Threshold Voltage Current

4.3.2 Extraction of Fixed Charge and Interface Trap Density from the Data

In order to find out the values of different parameters, five different devices are
stressed at different voltages. The value of gate oxide thickness and substrate doping is
calculated by matching the pre-stressed data of each device with TCAD simulations. Plots
showing the pre-stress data and TCAD simulations are shown below. The difference in
drain current characteristics at higher gate voltage is because of the different mobility

models available in TCAD.

A small difference between each device's oxide thickness and doping concentration
was observed which is due to process variability. The table attached below shows each

device gate oxide thickness, their doping concentration and the applied stress voltage.
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Stress Voltage (V) Doping Gate Oxide
Gate Voltage = Drain Concentration Thickness (cm)
Voltage (cm™)
Device 1 1.2 6.8E18 1.1E-7
Device 2 1.4 5.3E18 1.3E-7
Device 3 1.6 5.9E18 1.3E-7
Device 4 1.8 5.9E18 1.2E-7
Device 5 2 6.1E18 1.1E-7

Table 4.1 Each Device’s Doping Concentration, Oxide Thickness and the Voltage at
Which They Are Stressed

Since the oxide thickness and substrate doping are known, the mid-gap current and
the threshold current for each device can be calculated using the subthreshold drain current

equation which is given by [89],

W\ /aCox)\ / 1j \2 ebos
Ig=mn (—) ( ) (—) 1—e BVa , (4.23)
) Ge) ) ¢ N\
From the above equation, the mid-gap current can be calculated by substituting,

¢s = ¢p = k—Tln (&) , (4.24)

n;

Similarly, the threshold current can be found by substituting,

KT /N,
®s= 2pp=2-In (n—) (4.25)

The Ing and I for each device is listed in the below table. The mid-gap voltage method is
used to extract the oxide trapped charge density and interface trap density as seen from the

above section [37], [71].
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Both the pre-stressed and post-stressed drain currents are extrapolated in the log Id

vs gate voltage plot as shown in the Figure 4.2. The voltage corresponding to mid-gap

current and threshold current is found for both the pre-stressed and post-stressed condition

in all the five devices.

Mid-gap | Threshold | Mid-gap Voltage (V) | Threshold Voltage (V)
Current | Current (A) VMg V1n
(A) Itn Pre-stress | Post-stress | Pre-stress | Post-stress
Invg
Device 1 | 6.68E-16 3.21E-7 -0.30472 | -0.30278 | 0.367682 | 0.369993
Device2 | 7.61E-16 2.85E-7 -0.37705 | -0.37375 | 0.313298 | 0.319828
Device 3 | 7.19E-16 3.01E-7 -0.32832 | -0.27975 | 0.349384 | 0.413454
Device 4 | 7.19E-16 3.01E-7 -0.34368 | -0.24123 | 0.330669 | 0.475805
Device 5 | 7.07E-16 3.05E-7 -0.33847 | -0.12845 | 0.320869 | 0.667041

Table 4.2 Mid-gap Current and Threshold Voltage Current for Different Device and the
Corresponding Mid-gap Voltage and Threshold Voltage for Pre-stress and Post-stress

Condition

The change in mid-gap voltage between pre-stressed and post-stressed condition

gives the change in voltage due to trapped charges since interface traps are neutral at this

condition.

Therefore,

8Vmg = 8Vn0t )

The threshold shift due to interface traps alone can be given by;

8Vhit = 6Vrh — Vot »

(4.26)

(4.27)

The table attached gives 6Vyy,, 6V, and 6V, for each of device. From 6V, and 6Vy,;¢,

the density of trapped charges and interface traps can be calculated by;
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ot

L Cox8Vhnit

it q i

— COXSVnot
q )

(4.28)

(4.29)

where, Cox is the gate oxide capacitance. The density of trapped charges and interface traps

generated for different stress voltages calculated from the data using mid-gap method are

listed in the below table. TCAD simulations are done using the values obtained from the

mid-gap voltage technique and the drain current characteristics is shown in the figure

below. The difference in strong inversion region drain currents are due to mobility models

in TCAD.
Stress AVmg = AVTh AVnNiTt = AVTh - NOT = NIT =
Voltage AVNot V) AVxoT Cox*AVme/q | Cox*AVniT/q

M V) M (cm?) (cm)

1.2 0.00194 | 0.002311 0.000371 3.7E10 7.5E9

1.4 0.0033 0.00653 0.00323 5.5E10 5.3E10

1.6 0.04857 0.06407 0.0155 8E11 2.6E11

1.8 0.10245 | 0.145136 0.042686 1.8E12 7.6E11

2 0.21002 | 0.346172 0.136152 4.1E12 2.6E12

Table 4.3 Density of Trapped Oxide Charges and Interface Traps Generated for Different

Stress Voltage
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Log drain current vs gate voltage
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Figure 4.3 Plot Showing Pre-stress and Post-stress of Both Data and TCAD Simulation
With Density of Traps Value Obtained Using Mid-gap Voltage Method

4.3.3 TCAD Validation

From the substrate current equation, the parameter A can be expressed as,

A = xIn(cx) (4.30)

where, ¢ is a constant and

x is a function of applied stress voltage and drain current.

The above expression can be expanded using the Taylor series and thus and thus

the parameter A can be written as a function of stress voltage in the quadratic form.

In order to get an approximate value of the parameter A, the substrate current and

the drain current are measured for different stress voltages. Having known the substrate
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current, the density of oxide trapped charges and interface traps, the parameters knot and

knit can be calculated as follows,

Not

qlsub '

Knot =

Ni¢

qlsub ’

Kpit =

(4.31)

(4.32)

The validation of the analytical model is done using TCAD simulations and the

data. From the analytical model, the density of trapped charges and interface traps

generated are calculated for different stress voltages and the table below shows these

values. Using these trap values in TCAD, the drain current characteristics are calculated

for different stress voltages and is compared against the data. The plots are shown below.

Stress NOT (cm™) NIT (cm™)

Voltage
(V) Analytical From Data Analytical model From Data

model

1.2 3E10 3.7E10 1.6E10 7.5E9
1.4 6.6E10 5.5E10 3.7E10 5.3E10
1.6 5.1E11 8El1 2.8E11 2.6E11
1.8 1.5E12 1.8E12 8.2E11 7.7E11
2 4.2E12 4.1E12 2.3E12 2.6E12

Table 4.4 Density of Traps Calculated Using Analytical Model and from the Data
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Density of oxide trapped charges vs stress voltage
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Density of interface traps generated vs stress voltage
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4.4 Incorporating the Analytical Model Using Surface Potential Method
Using the analytical expression, the density of oxide trapped charges and interface
traps generated are calculated. However, in order to use them in circuits, the effect of these
traps on device parameters have to be calculated using a surface potential method and must
be incorporated using Verilog-A [74], [75]. In this method, the effect of oxide trapped

charges and interface traps on surface potential are modelled and using the surface potential

— gate voltage relationship, the total impact on the device is calculated.

According to Gauss theorem, the amount of charge per unit area is given as,
Qs = —€Es = —sgn(dhs)Qov H(Bds) , (4.33)

Qo = V29&5¢iNy, (4.34)
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where, €, is the semiconductor permittivity and
E; is the surface electric field,
¢; 1s the thermal voltage,
Na is the doping concentration,
The function H(B¢s) can be written as [74],
H(Bds) = (e7P%s + Bps — 1) + e PEOT o) (eBds — By, — 1), (3.35)
where, ¢, is the split in quasi Fermi level.

The gate voltage can be expressed in terms of surface potential as,

J2qe.N
Vg = Vfb + (I)s + %Sgn(q)s)‘\/ d)sH(Bq)s) ’ (436)

(0).4

where, Vg, is the flatband voltage and it is a function of interface traps generated and

trapped oxide charges, that is,

Qit(d)s) _ Qnot

COX COX

Vipb = dwms — (4.37)

where, ¢ 1s the work function difference between the gate metal and semiconductor.

The effect of traps can be incorporated into gate voltage and surface potential

equation by defining a new term called defect potential parameter ¢,,, and therefore,

v/ 2q€egN
Vg = Oms — Gne + b5 + LSgn(q)s)\/ dsH(Bbs) , (4.38)

Cox
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where,
Gnt = Cq (Not - Dit(d)s - d)b)) , (4.39)
(0),4

Using the analytical model, the density of traps created are calculated and based on
which the defect potential is found out and correspondingly the effective gate voltage.

Finally, this is incorporated in circuits using Verilog-A.
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5 CONCLUSION

In this thesis, various hot carrier injection mechanisms and the reason for more
degradation in NMOSFET was discussed. Hot carrier injection causes degradation in
devices due to carrier injection in gate oxide and due to generation of interface traps. The
effect of these traps are different, while trapped charges contribution to device parameters
are independent of applied gate bias, the effect of interface traps depend on gate bias. For
instance, only interface traps cause change in the subthreshold slope of drain current
characteristics whereas, trapped charges do not cause any change to subthreshold slope if
it is non-localized. Because of these traps various parameters such as subthreshold slope,

threshold voltage, mobility and transconductance of the device gets affected.

The traps are localized near the drain region and the range extends from 50nm- 100nm
depending on the stress time. Therefore, in long channel MOSFETSs a general method used
to calculate density of traps cannot be used and the concept of single threshold voltage
loses its meaning. Hence, a simple two piece model is used. In case of short channel
MOSFETs, mid-gap voltage method can be used to extract the density of trapped charges

and interface traps separately from the data.

The lucky hot electron gate current model and substrate current model are the two most
widely accepted hot carrier injection models and they were presented. Most of the hot
carrier degradation models are based on calculating the shift in threshold voltage and

thereby predicting the lifetime of the device. The problem with these models are, they
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ignore the effect of traps individually, therefore a degradation model considering their

effect separately will be more relevant.

In this thesis, an analytical model calculating the density of trapped charges in gate
oxide and interface traps generated is formulated and it is a function of stress voltage and
time. This model is parametrized using the data obtained by stressing the device at different
stress voltages. TCAD simulations are used to validate the analytical model and it showed
very good match. Finally, this analytical model is incorporated in the circuits using surface
potential method using Verilog-A. In this method, a defect potential parameter is calculated

using the density of traps value obtained from the analytical expression.
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