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ABSTRACT

Reliability in metal oxide semicondcutor (MOS) transistors is an important concern due
to their use in crucial fields like space, military, medical, and several consumer products.
As the electric fields in MOS devices increase, so does the probability of failure due to high
energy carriers. Thus, simulation of these semiconductor devices before production is vital
for optimizing the device designs and assessing their lifetimes. Simulation of degradation
due to high energy carriers is challenging as carrier transport needs to be addressed to ob-
tain the carrier energy distribution function (DF) via solution of the Boltzmann transport
equation (BTE). This is a complicated and computationally demanding task. In laterally
diffused metal-oxide semiconductor (LDMOS) transistors, for example, their large dimen-
sions, peculiar architecture and high operating voltages make the solution of the BTE
challenging. In scaled devices, on the other hand, scattering effects become dominant
which makes the estimation of the DF difficult.

For this purpose, a drift-diffusion based approach is suggested which captures both the
hot and cold carriers in the device. As a reference, a solution of the Boltzmann transport
equation is performed using the spherical harmonics expansion method. The validity of
the DD based approach is tested on LDMOS transistors by simulating the degradation
characteristics like the interface state generation rates, the interface state density profiles,
and changes of the linear and saturation drain currents as well as the threshold voltage
shift and comparing with the spherical harmonics expansion (SHE) based approach as well
as measurements. The applicability of different available analytic models for the DF has
also been analyzed, namely the heated Maxwellian, the Cassi model, the Hasnat approach,
as well as the Reggiani model. The DFs obtained from the different approaches are used as
input for the physical HCD model and device degradation characteristics are determined.
It is shown that the heated Maxwellian approach leads to an underestimation of HCD at
long stress times. This trend is also typically observed for the Cassi and Hasnat models
but in these models HCD is underestimated in the entire stress time window. While the
Reggiani model gives good results in the channel and drift regions, it cannot properly
represent the high-energy tails of the DF near the drain, and thus leads to a weaker
curvature of the degradation traces. The analytical model for the carrier DF used in this
work is capable of capturing DFs with very good accuracy and, as a result, the change
of the device characteristics with stress time. Since the expression for the DF considers
the contribution of both the hot and equilibrium carriers, it is well suited for the HCD
model used which takes into account the single-carrier and multiple-carrier processes. The
comparison of different realizations of the model shows that HCD captured by the DD
based approach suggested in this work is very similar to the SHE based approach and
matches the experiments quite well.

Particular attention is paid to study the role of the colder fraction of the carrier en-
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semble. The role of cold carriers is checked by neglecting their effect in HCD modeling
in LDMOS devices stressed at high voltages. In the proposed model, cold carriers are
represented by the corresponding term in the analytic formula for the carrier distribution
function as well as by the multiple-carrier process of the Si-H bond dissociation. It is
shown that even in high-voltage devices stressed at high drain voltages the thermalized
carriers still have a substantial contribution to HCD. These results contradict the previous
conception that cold carriers are not important for HCD in power MOSFETs.

The limits of the DD based HCD scheme is determined using devices of different dimen-
sions. A comparison of carrier distribution functions, bond breakage rates, interface state
density profiles, and changes of device characteristics such as the saturation and drain cur-
rents obtained from SHE and DD based approaches for MOSFETs with different channel
lengths suggests that this DD based approach is not suited for channel lengths less than
1.5 um. Also, in scaled devices mechanisms like electron-electron scattering start to affect
the DF which cannot be captured with a simplistic approach. Thus, the simplistic DD-
based HCD model is extended to the case of decananometer transistors. Special attention
is paid to the effect of electron—electron scattering, which populates the high energy tail of
the carrier distribution function, by using a rate balance equation. Finally, the accuracy
and limits of applicability of the DD-based model are discussed concluding that the model
is able to capture hot-carrier degradation in MOSFETs over a range of gate lengths with
excellent accuracy.

il
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Chapter 1

Introduction

One of the main concerns limiting the lifetime of semiconductor devices is hot-carrier
degradation (HCD) [1, 2, 3, 4, 5, 6]. HCD is often assumed to be dominated by the
interaction of carriers with the Si-H bonds which are formed at the Si-insulator interface
during hydrogen annealing of the unpassivated Si bonds. The rupture of interfacial Si-I1
bonds leads to the creation of traps which then can capture charges and affect normal device
operation. The charged traps perturb the electrostatics of the device, leading to a change
in the threshold voltage (AViy). The interface defects can also act as additional scattering
centers and lead to changes in the mobility (x) and consequently to the degradation of linear
and saturation drain currents (14 1in/Idsat), transconductance (gm ), etc. Although the first
observation of this detrimental phenomenon dates back over four decades, the full physical
picture is complicated and not yet completely understood, making predictive modeling of
HCD difficult. As a result, quite often simplified empirical /phenomenological approaches
are used [7, 8]. The successful among them are based on the so-called “energy driven
paradigm” proposed by Rauch and La Rosa [9, 10, 11, 12]. These approaches introduce
three main modes of HCD: (i) governed by the single-carrier (SC-process) mechanism of
Si-H bond dissociation, (ii) driven by the multiple-carrier (MC-process) bond breakage
process, and (iii) dominated by electron-electron scattering (EES). In the SC-process, a
high energy carrier ruptures the Si-H bond in a single interaction. This process is assumed
to be the dominant HCD mechanism in metal oxide semiconductor field effect transistors
(MOSFET) stressed at high voltages (also referred to as classical HCD). The MC-process
involves interaction of the Si-H bonds with multiple low energy carriers which is more
typical for scaled devices subjected to HCD at lower voltages. However, it has recently
been shown that the MC degradation mode can result in a significant contribution also in
high-voltage devices with channel lengths up to 2 ym [12, 13, 14|, while the SC-process can
be important even in decananometer MOSFETSs [14, 13, 15].

Therefore, in order to properly represent the contributions of SC- and MC-processes one
needs to be able to distinguish between hot and cold carriers. This information is contained
in the carrier energy distribution function (DF) which can be obtained from the solution of
the Boltzmann transport equation (BTE). There are two main strategies to obtain such a
solution: the stochastic Monte-Carlo method [16, 17| and deterministic methods which are
based on a representation of the carrier DF by a spherical harmonics expansion [18, 19, 20].
Both methods are numerically quite challenging even for ultra-scaled planar MOSFETSs and
especially in transistors with 3D architectures. Thereby, the computationally demanding
simulations of the carrier energy distribution function are often avoided and the rates of
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Figure 1.1: Schematic of an nLDMOS transistor showing its complex geometry which
makes the transport simulations and HCD modeling challenging.

the aforementioned processes are described by empirical formulas which are related to the
macroscopic transistor characteristics [21, 22, 23, 12|. Note that these models are derived
and calibrated using accelerated stress conditions. Therefore, it is possible that at real
operating conditions the physical picture behind HCD is different, thereby making the
models based on empirical expressions not predictive.

A remedy can be a physical HCD model which covers and links the whole hierarchy
of the aspects related to HCD, namely (i) thorough carrier transport treatment which
provides the information about the carrier energy distribution needed to (ii) model the mi-
croscopic mechanisms of trap generation and the corresponding rates, and to (iii) simulate
the characteristics of the degraded devices [15, 24]. The most computationally expen-
sive among these sub-tasks is the carrier transport treatment which requires a solution of
the Boltzmann transport equation (BTE). This becomes even more challenging for large
devices like laterally diffused metal oxide semiconductor (LDMOS) transistors. First of
all, this is related to the typical dimensions of these devices, as compared to nanoscale
complementary metal oxide semiconductor (CMOS) transistors, and thus to a mesh which
contains a large number of cells. Second, complex transistor architectures with features
like a bird’s beak, shallow trench isolation (STI) corners and non-planar interfaces, see
Figure 1.1, as well as high doping gradients in different regions make the situation worse.
Whereas in scaled devices the complexity increases due to increasingly important scatter-
ing mechanisms and complex 3D geometries such as those of inFETs. Furthermore, as we
have shown [25, 26, 27|, both single- and multiple-carrier mechanisms of bond dissociation
provide substantial contributions to HCD in these devices.

In this context, simplified approaches to the solution of the Boltzmann transport equa-
tion such as the drift-diffusion (DD) and energy transport schemes appear to be very
attractive |28, 29, 30, 31|. However, these approaches only provide some moments of the
BTE rather than the full DF, which then has to be estimated using approximate ana-
lytical expressions. The most popular variant is the heated Maxwellian distribution and
its modifications like a polynomial in the exponential [32], models developed by Cassi
et al. |33], Hasnat and co-authors |34], Reggiani [35|, etc. These carrier DFs are based on
quantities such as the electric field or the carrier temperature obtained from a simplified
moment-based BTE solution. Among them, the most successful model has been devel-
oped by Reggiani et al. which is suitable for the analytic description of DFs in LDMOS
devices with a shallow trench isolation [35, 36]. The Reggiani model is able to represent
the degradation of the device quite well when applied to HCD. Recently, the model has
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been demonstrated to work for LOCOS and STI-based LDMOS devices [37, 38]. However,
the model has some difficulties in capturing the high-energy tail of the DF in the drain
region and leads, therefore, to a less accurate description of the degradation in the drain
area of the LDMOS. The inherent simplifications in all the above mentioned models limits
their applicability and, thus, they cannot always substitute the solution obtained from the
BTE. In this work, an analytical approach based on the physical mechanism is developed
for DFs and HCD prediction.

The structure of the thesis is as follows: In order to precisely model the device degrada-
tion due to HCD, it is important to understand the difference between different reliability
issues in semiconductor devices. Thus, the different degradation mechanisms and avail-
able carrier transport models in microelectronic devices are discussed in Chapter 1. The
three main reliability issues discussed are: bias temperature instability (BTI), hot-carrier
degradation (HCD) and time dependent dielectric breakdown (TDDB). BTI is mainly at-
tributed to the creation of oxide defects and interface traps due to applied bias at elevated
temperatures while the carriers are in equilibrium [39, 40, 41]. HCD, on the other hand,
occurs due to the generation of defects at the oxide-semiconductor interface by the im-
pinging high energy carriers [1, 7|. TDDB is a result of a percolation path in the dielectric
which develops due to an applied field across the insulator [42, 43].

Chapter 2 is focused on HCD which is of most relevance for this work. This chapter
also discusses the different experimental techniques used to extract interface state density
profiles which are an important metric of degradation. Chapter 3 gives an overview of the
existing HCD models, while Chapter 4 deals with the hot-carrier degradation model de-
rived by our group [13, 25, 44]. Since the accurate description of HCD requires evaluating
the carrier distribution function via a solution of the Boltzmann transport equation, special
emphasis is given to the spherical harmonics expansion and the drift-diffusion methods.
Thus, two versions of the HCD model have been used in this work, one based on carrier
transport treatment by means of deterministic solution of the Boltzmann transport equa-
tion and another uses the simplified drift-diffusion scheme. In the latter implementation
of our model an analytical expression is employed to approximate the carrier energy dis-
tribution function for the entire device. In Chapter 5, the results of both versions of the
model are compared against experimental data for the n-and p-channel LDMOS transistors
and a conclusion on the validity of the DD-based approach is drawn. The results suggest
the efficiency of the DD-based method for predictive HCD simulations of LDMOS devices.
The contribution of cold carriers to hot-carrier degradation is also analysed. The effect of
cold carriers in our HCD model is twofold: firstly, a cold carrier term is used in the energy
distribution function to account for low energy carriers, and secondly, the cold carriers
determine the multiple-carrier process of Si-H bond dissociation.

Chapter 6 compares the different models for calculating the carrier DFs. The DFs
obtained from the different approaches are used in our HCD simulations to predict the
degradation in nLDMOS devices [45]. The simulated changes in device characteristics are
compared to experimental data and conclusions on the validity of each model are drawn.
Since all models use the same parameter set, the differences in the results can be directly
traced back to inaccuracies in the approximation of the DF. Chapter 7 explores the limits
of the DD-based method for obtaining the carrier energy DF. The analytical approach is
used on planar devices with different dimensions and the HCD predicted by the SHE- and
DD-based approaches are compared. The results suggest that the DD method to obtain
the carrier DF looses its validity for devices scaled beyond 1.5 pm. Chapter 8 deals with an
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Figure 1.2: The threshold voltage shifts during NBTI stress (¢5) and recovery (¢;) in a
pMOSFET with a 2.2nm thick SiON oxide [46]. Dotted, dashed and solid lines represent
the recoverable, permanent and the total degradation, respectively, obtained from simu-
lations using the NMP model, while the symbols represent the experimental data. The
measurements and simulations were performed with a subsequent increase in stress dura-
tion. The recovery curves suggest that the device does not fully recover within the given
experimental window.

extension of our DD-based model to decananometer MOSFETs by incorporating the effects
of electron-electron scattering on the carrier distribution. In Chapter 9, some conclusions
are drawn, while Chapter 10 discusses future refinements and an outlook towards predictive
HCD modeling.

1.1 Bias Temperature Instability

Bias temperature instability refers to the time-dependent instability in transistors which
accelerates when bias and temperature are increased. It is particularly observed when a
high voltage is applied to the gate contact of a transistor at elevated temperature, while
the other contacts remain grounded. Previously BTI was considerable only in p-channel
MOSFETs, especially with SiON gate dielectrics, due to hole trapping and interface state
generation, but negligible electron trapping [1, 47, 48]. However, with the use of high-K
dielectrics, both n- and p-channel MOSFETs can exhibit considerable BTI due to electron
and hole trapping in the high-K and interfacial oxide layer [49, 50]. Another factor leading
to pronounced BTI in modern devices is the aggressive down-scaling giving rise to high
electric fields to maintain a reasonable subthreshold leakage. Increase in the density of
integrated circuits for ultra large scale integrated systems on chips also leads to an increase
in the power dissipation and self heating.
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The BTT in n- and p-MOS transistors is observed when a positive or a negative voltage
is applied at the gate and thus the phenomenon is referred to as positive bias tempera-
ture instability (PBTI) or negative bias temperature instability (NBTI), respectively. The
consequence of BTT is a change in the threshold voltage in the inversion mode, thus, lead-
ing to a change in the drain current. BTI also affects other device parameters such as
transconductance and gate-drain capacitance. In CMOS circuits this would mean perfor-
mance degradation such as reduction of the switching speed. This degradation is usually
attributed to chargeable defects, for instance the hydrogen bridge and the hydroxyl E’
centers [51, 52, 53|. The other contributors to BTI are interface traps. These defects are
present directly at the interface (represented with a density Nj) of the substrate and gate
insulator in MOS devices [39, 40|. The capture and emission of charge carriers by these
defects causes changes in the electrostatics of the device which disturb its functionality.
For example, the threshold voltage in a p-MOSFET is given by [39]

Qs
Coe O L (1.1)

where ®yrg is the work function difference between the gate and the substrate, ®g the
Fermi potential, Qox (= ¢Not) the oxide charge density, Qi (= ¢Ni) the interface charge
density, Qg the semiconductor charge density, and Cyy the oxide capacitance per unit area.
The oxide and interface charges denote the charges trapped by corresponding defects and,
thus, Equation 1.1 approximates the relation between the threshold voltage and the change
in the oxide and interface charge densities. It should be noted that Equation 1.1 assumes
that the oxide capacitance Cox remains unchanged during stress [54]. A characteristic
feature of BTI is recovery, meaning that upon the removal of stress the device parameters
tend to attain their original values as shown in Figure 1.2. The difference between the
original and recovered values of the parameters is often called the permanent component
of BTI. In the past, the recovery of BTI was largely attributed to Nyt recovery on removal
of stress, while the Nj; were considered to remain unchanged during the recovery phase [55].
However, this differentiation is often debated and it was shown that Ny also contributes to
the permanent component of BTT [57], thereby making the characterization of BTT much
more complex.

A majority of the modeling attempts focus on NBTT as it is a severe problem in Si/SiOs
based devices. In this respect, the Reaction-Diffusion (RD) model and its extensions have
been widely used [58, 59, 60, 61]. Within the framework of the RD model, the reaction
phase consists of interface trap generation and release of hydrogen as a consequence. The
reaction is diffusion-limited. The released hydrogen is then assumed to diffuse into the oxide
during the stress. This diffusion is dependent on the stress time. During the stress phase the
degradation, i.e. interface state generation, predicted by the RD model typically depends
on stress time as t" [39]. However, the relaxation or recovery has not been adequately
explained by any extension of the RD model.

The RD models have proven to be inaccurate and later studies have linked NBTT to
reaction-limited processes like charge trapping and interface state generation [55, 62, 63,
64]. Some better descriptions were given by the double and triple well models where
the diffusion of hydrogen is replaced by dispersive bond-breaking [59, 65, 66]. A more
advanced model which was devised to explain the more complex experimental data was
the two stage model [67]. This model suggested hole capture to occur in the gate oxide
due to the presence of border traps instead of the Si/insulator interface. The introduction
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Figure 1.3: Description of the neutral and charged states of an example oxide defect within
the four state model framework. A hole capture event in the equilibrium state creates the
metastable state 2’ which can relax to a positive stable state 2 and an E’ center is created.
Upon electron capture, the E’ center is neutralized into the metastable state 1’. Now hole
capture can cause a transition back to state 2 or a structural relaxation can lead to the
original equilibrium state 1. From [56].

of time dependent defect spectroscopy (TDDS) has enabled detailed investigations of the
charging and discharging of single defects. These investigations have led to the formulation
of the four state model based on the non-radiative multiphonon (NMP) theory [68]. This
model suggests the existence of two metastable states along with the conventional charged
and neutral states. Within the NMP framework, the capture and emission time maps are
derived using the carrier capture and emission time constants for the transitions between
different states, shown in Figure 1.3. The distribution in the capture and emission time
maps is mainly governed by the equilibrium occupancy difference which also describes the
average contribution of a defect to the threshold voltage [69, 46]. The four state model not
only explained the observations in BTT and TDDS experiments but also random telegraph
noise (RTN) and flicker noise. These have been attributed to random exchange of charges
between defects and the substrate during stationary conditions [70, 56]. The NMP model
is highly effective in representing many more BTI characteristics when combined with a
two well model for interface state generation.

1.2 Hot-Carrier Degradation

Similar to BTI, HCD is also related to the build-up of defects at/near the Si/SiOs interface.
However, during BTI stress, the electric field component along the channel is usually
constant as the source and drain contacts are grounded. Thus, only the perpendicular
component of the oxide field plays a role in defect creation. Hot carrier degradation, on
the other hand, occurs when a voltage between source and drain is applied, leading to
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Figure 1.4: The high energy carriers in the conduction band break the Si-II bonds at the
interface leading to the creation of interface defects. From [71].

the increase in the carrier flux along the channel. This makes HCD even more complex
due to the simultaneous action of the two electric field components. Therefore, one can
conclude that HCD has one more degree of freedom than BTI. For example, in a MOSFET,
when the drain to source voltage becomes comparable or greater than the gate voltage, the
inversion layer is no longer homogeneous along the channel and the carrier concentration
is higher near the source. In the saturation region pinch-off occurs at the drain side. This
results in a high field region near the drain leading to an increased energy of the carriers
travelling from the source to the drain. These high energy carriers strike the interface
breaking the Si-H bonds [72]. Additionally, the energetic carriers may lead to generation
of electrons and holes by impact ionization which further facilitate Si-H bond breakage
[1]. This leads to the creation of interface defects and/or charging of the already present
defects, see Figure 1.4. Some of the carriers with sufficient energy to overcome the energy
barrier might get injected in the oxide and create or charge oxide defects.

The high electric field near the drain region causes strong localization of the HCD
near the drain or the pinch-off region as has been reported in various studies [73, 1, 5, 7].
This localization of damage is another factor that distinguishes HCD from BTI. In modern
scaled devices as well as in high voltage devices, the channel hot-carrier degradation is
the main regime among the many regimes of HCD identified in literature. Other HCD
mechanisms are drain avalanche, secondary generated hot-carrier, substrate hot-carrier,
Fowler-Nordheim and direct tunneling [1, 74]. Drain avalanche and secondary generated
hot-carrier mechanisms occur due to electron-hole pair generation from impact ioniza-
tion, see Figure 1.5. Substrate hot-carrier degradation originates from injection from the
channel-substrate p-n junction [75]. In Fowler-Nordheim emission, the carriers overcome
the triangular potential barrier and are injected into the SiOs conduction band, while in
direct tunneling carriers tunnel to the channel overcoming the trapezoidal potential bar-
rier. Both Fowler-Nordheim and direct tunneling are quantum mechanical effects and are
observed in scaled devices. Note that direct tunneling is observed in very thin oxides while
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Figure 1.5: Steps involved in hot-carrier degradation

Fowler-Nordheim tunneling can occur in thicker oxides but requires a higher applied po-
tential. Although HCD is a more general term, in this work it will be used to refer to the
channel hot-carrier degradation mechanism.

The dominance of interface trap generation in hot-carrier degradation has been uni-
versally accepted for almost all technologies [76, 77, 1, 25]. Several stress and recovery
measurements, see |78], show the absence of a recoverable component in HCD which leads
to a controversy regarding the contribution of oxide traps as discussed in Section 1.1.
The recovery in device degradation measurements is attributed to Ny traps, whereas no
recovery indicates pure Ny. Moreover, many studies suggest an absence of oxide trap con-
tribution to HCD [79, 80, 81]. NBTI and HCD also differ in their response to elevated
temperatures. While NBTT is found to worsen with a rise in temperature for all devices
[68], HCD becomes less pronounced in long-channel/high-voltage devices with increase in
temperature [82, 83, 84]. For scaled devices, on the other hand, HCD aggravates at high
temperature as electron-electron scattering populates the high energy fraction of the en-
semble [85, 86]. Alternatively, the importance of electron-electron scattering in HCD has
been disputed by others [87| and the cause for the increase in HCD is attributed to a
mixed-mode process [87]. Recently, HCD was found to decrease at elevated temperatures
in MOSFETs with SiON gate dielectric [88]. At low stress voltages, the degradation was
observed to be less severe with increasing temperature, while at higher voltages no change
in degradation was observed with increase in temperature. This behavior was explained
as being due to different thermal responses of the two bond breakage mechanisms. The
rate of the multiple-carrier process was found to decrease and the rate of the single-carrier
process increased with increasing temperature [88]. In a few other investigations, HCD
accelerated by self-heating has been suggested to be an important reliability concern in
modern devices [89, 90]. Thus, there are a number of complex factors that collectively
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Figure 1.6: Development of a percolation path in a dielectric resulting in its breakdown.

contribute to HCD

)’@

Figure 1.7: The tetrahedral SiO structure with the arrows indicating the direction of the
Si-O bond dipole moment. The strained bond is also shown where the distortions in the
bond are induced by the electric field.

and need to be considered in modeling. The situation becomes even more complex when
BTI mixes with HCD [91].

A comprehensive summary of widely used HCD models is presented in Chapter 3.
A majority of these models are empirical while a few are physics based. However, a
common feature among all modeling attempts is the interface state creation process which
is controlled by the manner how the carriers are distributed over energy. Thus, the carrier
energy distribution is the most important ingredient in modeling of HCD.

1.3 Time Dependent Dielectric Breakdown

Silicon dioxide, the native oxide of Si, has been traditionally used as dielectric in Si based
devices due to its large bandgap and its high breakdown field. However, application of
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Figure 1.8: The hole-catalyzed, field-enhanced bond breakage process. A hole-capture
event weakens the bond which can then be broken thermally or by a high electric field,
thus, creating a defect. From [93] .

stress, such as high electric field, for long stress times can cause the dielectric to loose
its insulating property. Moreover, the continuous down-scaling of transistors causes high
electric fields across the dielectric which further increase the risk of failure. Dielectric
breakdown can be intrinsic or extrinsic. Intrinsic breakdown occurs due to the structure of
the dielectric material like crystal defects, dielectric thickness, etc. Extrinsic breakdown,
on the other hand, can be caused by introduction of defects during the technological steps
to manufacture the device.

Time dependent dielectric breakdown (TDDB) is observed in devices which use silicon
dioxide or high-K materials. TDDB refers to the transition of the insulator from its insu-
lating phase to a conductive phase with time when a constant electric field, smaller than
the breakdown field, is applied. While the complete molecular picture is still speculative,
the phenomenon is often attributed to the polar nature of the dielectric [92]. In SiOg, local
electric fields cause distortion in the silicon-oxygen bond leading to the possible creation
of an oxygen vacancy (dangling bond) via bond breakage or coordination breakage. The
coordination breakage refers to displacement of the Si ion from the fourfold coordination
to a threefold coordination in the tetrahedral SiO;. The coordination breakage requires

10
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much less energy than bond breakage and is considered the primary mechanism behind
TDDB [93]. TDDB stress leads to generation of traps which create a percolation path, as
shown in Figure 1.6, which triggers the breakdown of the insulator [94]. Time dependent
dielectric breakdown can only be described statistically as nominally identical devices sub-
jected to the same stress break down at different times. This is also the case for BTI and
HCD in scaled devices. Thus, the failure probability has to be described statistically. This
description allows to extract the device lifetime [95].

Breakdown in oxides thicker than 5 nm occurs abruptly after a certain electric field.
Thus, a large jump in the voltage/current vs. stress time curve is observed. This effect is
known as hard breakdown. In thinner oxides, on the other hand, soft breakdown occurs
where the change in voltage/current with stress time is not very abrupt and the magnitude
of change is many orders lower than in hard breakdown [43, 96].

Various TDDB models which consider field-induced degradation, current-induced degra-
dation or a combination of both have been suggested [93, 97, 98, 99]. The field dependent
models suggest the logarithm of time to breakdown to be proportional to the oxide electric
field. One of these models is the thermochemical E-model. Within this model, bond break-
age is triggered by the interaction of the Si-O bond, which is strained due to the local field
(see Figure 1.7), with the lattice [97]. Thus, the bond breakage is considered to be a phonon
driven process. The time to breakdown is given as tgp = Ag exp [YEox| exp [Fa/ksT]. How-
ever, the E-model was unable to explain the polarity dependence of TDDB [100].

The current driven model is the so-called 1/E model (the logarithm of time to break-
down is inversely proportional to the oxide electric field) where the damage is associated
with the current flowing through the dielectric [93]. According to the 1/E model, the
electrons tunneling through the dielectric from the cathode to the anode excite an electron
from the valence band to the conduction, and leave a hole behind [101, 102|. On gaining
energy, the holes can tunnel back into the oxide and create oxide traps. Thus, this model is
also called Anode Hole Injection model (AHI). Emission of carriers through SiOs is due to
Fowler-Nordheim (FN) tunneling which requires high fields (>6 MV /cm) [103]. The 1/E
dependence of time to breakdown is given as tpp = Tpexp [G/Eo|. If deep traps exist,
trap assisted tunneling can lead to pre FN conduction. Since FN conduction is tempera-
ture independent, the current model was unable to explain the temperature dependence
of TDDB [104]. Moreover, according to this model, breakdown occurs when a critical hole
fluence is reached which has no physical explanation [105].

Other models for specific devices, such as the power-law voltage model [106, 107, 108] for
thin dielectrics with transport in the ballistic regime and the exponential model [109, 110]
for low-k dielectrics, have also been proposed. It has been suggested that TDDB can
be better explained by a combination of field and current driven approaches [42, 111].
This combination suggests that the field strains the Si-O bonds which can then be excited
by the carriers constituting the current flow. Figure 1.8 shows one of these scenarios
where the bond breakage process is hole-catalyzed and enhanced by the field. Thus, the
activation energy is reduced and the bond can be easily broken by phonon interactions.
The combination of both field- and current-based models seems the most practical solution
for modeling TDDB.

11
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Chapter 2

Hot-Carrier Degradation

The semiconductor device fabrication process requires the growth of a dielectric, such as
amorphous silicon gate oxide (SiO2) or high-k dielectric such as HfO, on the crystalline
silicon bulk/substrate (Si). The lattice mismatch at the interface of the dielectric and the
substrate induces mechanical stress, leaving some of the Si atoms unsaturated. In other
words, some Si atoms do not form four bonds with neighboring atoms to complete the
octet. As a result, they carry up to two unpaired electrons, thereby creating two trap
levels in the Si bandgap. This corresponds to electrically active Si dangling bonds which
are visible in paramagnetic spin-resonance experiments [112, 113]. A large number of the
unsaturated Si bonds are passivated with H gas during post-grow anneal. This creates
electrically inactive Si-H bonds at the interface and shifts the corresponding energy levels
out of the Si bandgap [114, 115|. However, during stress/operation of the device at high
electric fields, carriers with high energies (as shown in Figure 1.4) can break the Si-H
bonds, thereby creating interface traps. These defects at the interface are characterized
by a density called the interface state density Ni (cm™2), which represents the number of
interface traps per unit area or Dj; (cm™ eV™!), the number of interface traps per unit area
distributed across the energy bandgap [39]. The electrically active interface defects lead to

2.0 2.0
1.5 1.5
= =
2 2
> >
2 1.0 2 1.0
[} [}
C C
w w
L L
§ 0.5] § 0.5
O I}
Q Q
w w
0.0 0.0
-0. -0.
-0.4 -0.2 0.0 0.2 0.4 0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
Coordinate [nm] Coordinate [nm]

Figure 2.1: Interface trapped charge depending on the Fermi level. The traps between Ej;
and Ey are occupied, while others are neutral. Traps are negatively charged if the Fermi
level is above Ej, and positively charged if the Fermi level is below Fj.
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Figure 2.2: Charge pumping measurement setup. The source to substrate and drain to
substrate diodes are typically slightly reverse biased while the gate is pulsed between
inversion and accumulation conditions. The substrate current is typically measured as the
charge pumping current.

a threshold voltage shift (AV}) and the degradation of the drain current (Alq jin, Aldgsat)
thus, limiting the lifetime of the device. The traps also contribute to the leakage current
and low frequency noise, thereby further disrupting the device functionality.

The charge stored in the traps depends on their position with respect to the Fermi level
and thus on the bulk material, bias and temperature conditions, see Figure 2.1. The states
between the intrinsic level (E;) and the valence band (Evy) are filled with electrons and
are donor-like as in a p-type substrate. On the other hand, the states between conduction
band edge (Ec) and Ej are acceptor-like as in a n-type substrate [116]. For instance, in the
case of flatband conditions, if the Fermi level (Er) is between Ec and Ej, the traps below
Er accept an electron to complete the octet and thus are negatively charged similar to
occupied acceptors. Other states carry one unpaired electron and are neutral. On the other
hand, if the Fermi level shifts below Ej, the traps between E; and Ef loose an electron and
are positively charged (unoccupied donors) while other states stay neutral being populated
by electrons [39].

To sum up, interface traps are charged when they are donor-like and donate electrons
(positively charged traps) or if they are acceptors and accept electrons (negatively charged
traps). Otherwise the traps are neutral and benign. The traps that are charged create
fields which interfere with the electrical properties of the devices. As the trap density
increases during the course of device operation, the number of charged traps also increase
ultimately leading to the device breakdown.

2.1 Measurement Techniques

Since success of a technology node depends on the quality of the material and interface,
determining the spatial distribution of the defects is vital. Modeling a degradation phe-

13
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Figure 2.3: Generation of charge pumping current on application of a rectangular gate
pulse. Arrows represent the carrier flow during inversion (black) and accumulation (red).

nomenon in semiconductor devices to evaluate their performance and lifetime requires the
quality of the interface to be precisely characterized. Several signatures of the interfacial Si-
H bond can help determine the interface state density. These include the SiOy/Si interface
charges through their distortion of the electrostatics, drain-source currents originating due
to interface trap states and hopping of the carriers, and the recombination current. Several
techniques are used for spatially locating the interface states and tracking their evolution
during stress conditions. [117, 118, 119, 120, 121]. Some widely used methods, namely the
charge pumping, capacitance-voltage characteristics, and the conductance technique are
explained below.

2.1.1 Charge Pumping

When periodic pulses are applied to the gate of a metal-oxide-semiconductor transistor,
the recombination of carriers trapped by the interface states present in the channel region
of the device produces the charge pumping current [118, 119]. A simple setup for the
charge pumping method is shown in Figure 2.2. The gate is pulsed between accumulation
and inversion conditions with the reverse biased substrate-source and substrate-drain p-n
junctions. The charge pumping current produced from recombination is measured at the
substrate. Alternatively, the current can be measured at the source/drain connection or
at source and drain separately.

The recombination takes place in the Leg region, see Figure 2.2. Thus, the experimental

14
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Figure 2.4: Evolution of the occupancy of interface states during one gate pulse cycle, T,.
Traps lie in the band-gap between the valence band E, and conduction band E.. Only the
traps between the energy levels Ee, o and Eep 1, contribute to the charge pumping current.

charge pumping current is the average recombination current originating from the Leg
region in the channel. The generation of charge pumping current is described in Figure
2.3. When the gate voltage approaches inversion, the interface is flooded, up to a certain
distance, with minority carriers from the drain and source regions. Considering the drain
side in Figure 2.2, the interface is flooded with minority carriers up to some distance A
(measured from the drain) during inversion. The majority carriers are swept into the
substrate. Consequently, the interface states in this region capture minority carriers and
are devoid of majority carriers. When the gate voltage approaches accumulation, the
minority carriers travel back to the drain and majority carriers move from the substrate to
the interface and reach point B (measured from drain) with B < A. In the region Leg/2
(A — B), recombination takes place, which leads to the charge pumping current. Outside
this region, the supply of either electrons or holes is insufficient for recombination to take
place.

It is worth mentioning that not all the electrons/holes captured by interface states in
the Leg region contribute to the recombination current [118, 119]. This is explained in
the following example of constant high level charge pumping in a pMOSFET, Figure 2.4.
During accumulation (positive V1), most of the interface states are filled with electrons
up to the accumulation energy level F,... As the interface moves from accumulation into
weak inversion (from flatband voltage Vi, to threshold voltage Vi) via depletion, electrons
are emitted from the traps back into the substrate due to thermal emission. When the
threshold voltage is reached, all the states with energy greater than . are devoid of
electrons. As the interface turns into inversion mode (negative Vgy), holes flood in from

15
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Figure 2.5: The maximum charge pumping current for nMOS devices with different channel
lengths for a 65nm CMOS process.

the source and drain leading to emptying of traps via hole capture up to an energy level
Finy. As the gate voltage increases back towards accumulation, holes move back to source
and drain and the traps below a certain energy level, Eqy, 1, are filled with electrons via
hole emission. The interface states above this energy level are filled by electrons captured
during accumulation. Thus, only the fast traps between Fep o and Eep, j in the Si bandgap
contribute to the charge pumping current. These energy levels can be calculated as [118]:

Ei — Er i,
Eeme =FEi — kgT'In <vthaenitem7e + exp <I€TFV>> (2.1)
B
Vin—V
—FE;, — kgT'ln (Uthaeni thngfb tr) ,
FE — F;
Eemp =Ei + kgT'In <Uthghnitem,h + exp <%>> (2.2)
Vin =V
=F; + kgT'In (Uthaeni thTngb tf> ,

where, Fj is the intrinsic energy level, Fr i, and Ep s are Fermi energies in inversion
and accumulation, vy is the thermal velocity, o/, the capture cross section of the traps,
and n; the intrinsic carrier concentration. Outside this band, thermal emission is the most
prominent source of de-trapping.

Once the charge pumping currents are measured, Nj; can be extracted using the steps
described below. As an example, sample measurement data for a 65nm nMOS transistor
at temperature of 25°C is used. For this temperature, the device was stressed for eight
different times and the charge pumping current was measured using the constant base level
and fixed high level techniques.

As a first step in the Ny extraction procedure, it is important to determine whether the
initial interface state distribution is uniform, non-uniform or locally uniform. The charge
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Figure 2.6: Threshold and flatband voltage profiles obtained from MINIMOS-NT using the
criterion in Equation 2.3.

pumping current measurements for unstressed devices created using the same process but
having different gate lengths can provide information on the nature of the Nj; distribution.
The maximum charge pumping current versus the gate length curve for 65nm nMOS
devices used in this example and longer gate length transistors created on the same process
are shown in Figure 2.5. Figure 2.5 suggests that the interface state profile for a fresh
transistor considered here is non-uniform as the increase in the interface state density is
not proportional to the increase in the channel length [122]. However, the pre-stressed
Ni¢(x) profiles are significant only when HCD is not very strong, i.e., for low stress times
and biases. Due to the high interface state density after severe stresses, the contribution
of the pre-stress Nj;(x) profile to the total interface state density becomes negligible.

Second, the local threshold and flatband voltages are calculated for the unstressed
device, see Figure 2.6. For an nMOS device, the local threshold voltage at a certain
coordinate of the interface is defined as the gate voltage at which the traps can capture
the minority carriers during inversion. On the other hand, the local flatband voltage at
a certain coordinate of the interface is defined as the gate voltage at which the traps can
capture the majority carriers during accumulation [123]. Hence, these voltages are derived
using the dynamics of the capture and emission process at the interface. For the sample
device, our device and circuit simulator MINIMOS-NT' [124, 125] was used to obtain the
threshold and flatband voltages. MINIMOS-NT employs a comprehensive set of physical
models to provide steady-state, transient, and small-signal analysis of the devices. The
required electron/hole concentration for the interface states to capture electrons/holes can
be estimated by:

1
_ 2.
fe/h Utho'e/hTe/h7 (23)

where vy, is the thermal carrier velocity, 7./, the time constant for electron /hole trapping,
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Figure 2.7: Lateral interface state profiles for eight stress times obtained using Equation
2.6 for a 65 nm nMOS stressed at Vgs = Vs = 2.2V. The origin (X=0) is at the center of
the channel.

and o,y, the capture cross section for electrons/holes.
Once the threshold voltage profile is obtained, the interface state profiles can be deduced
using the expression:

Icp = T Nig(x) - dx (2.4)
P JLeg

where Icp is the time averaged recombination (charge pumping) current, W the width
of the interface, and Tp the time period. Through this method, the Nj;(z) profiles over
a certain distance Leg can be extracted as already discussed. So for Equation 2.4, the
Icp corresponding to the maximum Leg [V is used to obtain the Nj; over a maximum
distance along the interface. Calculating Nj(x) from equation Equation 2.4 proceeds by
differentiating the equation on both sides. Thus,

dicp  qW
= 27 Ny (2), 2.
de Tp (@) (2.5)

rewritten as

d]cp dVgh qW
dVen da Tp

it(z), (2.6)
or
dlcp dVin  aW
dVen do - Tp
Here dVi,/dx can be considered similar to dVg,/da as the condition for the threshold
voltage. In Equation 2.3, the threshold voltage is reached at V.

The interface state profiles obtained using this procedure (Equation 2.6) for different
stress times are shown in Figure 2.7. The extracted Nji(x) profiles were used to simulate

Nig(). (2.7)
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Figure 2.8: Comparison of simulated and experimental charge pumping currents after
different stress conditions.

a degraded device and calculate the charge pumping currents in MINIMOS-NT. The com-
parison of charge pumping currents obtained from simulation with those from experiments
are shown in Figure 2.8 for several stress conditions.

2.1.2 Capacitance-Voltage Characteristics

The Capacitance-Voltage (CV) method is another widely used technique to evaluate new
processes, materials, and devices [126, 120]. The measurement setup is shown in Figure
2.9. In this method, the interface is swept through different regimes, i.e., accumulation,
depletion and inversion, successively and the small signal capacitance is measured. In
the accumulation regime, there are a large number of majority carriers at the interface.
During depletion, the majority carriers move inside the bulk and only fixed charges remain
at the surface which build up the depletion layer. This results in a decrease of the total
capacitance. When the semiconductor-insulator interface reaches the inversion mode, the
minority carriers populate the surface and balance the gate charge. The total capacitance
of the device is a combination of the depletion layer and inversion layer capacitance. The
total space charge density can be expressed as Qsc = Qq + Qn, where Q4 and @, are
the deletion and inversion layer charge density, respectively [120]. An increase in the
interface trap density Ny is followed by a deformation of the characteristics as the traps
can dynamically be charged and discharged, while the fixed oxide charges shift the flat-band
voltage. Therefore, the capacitance (C) is calculated as:

_ AQit + AQox
AVip '
where Qj; is the interface charge density and Qox the oxide charge density.
The frequency of the signal applied is very important to consider the contribution due
to different regimes. For example, in a MOSCAP, if the signal has a high frequency, only

C (2.8)
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Figure 2.9: C-V measurement setup for a MOSFET.

the majority carrier response can be measured as the recombination-generation rates of
the minority carriers cannot keep up with small signal variations at high frequencies. In
the high frequency limit, the inversion layer charges cannot follow the AC signal. In this
regime, the capacitance of the device will be determined by the depletion layer charge
density alone [120]:

_ gesilNa dos
20 dt

This capacitance calculated from Equation 2.9, using the doping concentration (Ny ), sur-
face potential (¢g), and permittivity of silicon (eg;), is used to evaluate the density of
charges stored in interface traps. The interface charge density enters Equation 2.9 via the
rate of change of the surface potential d¢g/dt calculated from FEy/q + x —¢s —vn +V =
—2 [Qa + Qn + Qit + ¢N¢|, where E, is the band gap, x the electron affinity, v, the car-
rier velocity, V' the applied bias, Q;; the interface charge density, and Nt the fixed charge
density [120].

(2.9)

2.1.3 Conductance method

The conductance method is one the most sensitive methods to determine the interface
trap density. This method depends on the analysis of the change in the charge state of
the traps when a small AC voltage is superimposed on the DC gate bias. The modulated
signal causes the position of the Fermi level to change with respect to the position of the
interface states in energy. Thus, the occupancy of the interface states changes, leading
to charge release which can be measured as a parallel conductance G. This conductance
is measured as a function of frequency w. The conductance due to interface traps Gy is
calculated using the measured capacitance C' and conductance G as:
Gis w?C2 G

W P H 2 (Cop— O (210)
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Figure 2.10: The universal function fp(os) used to calculate Dj, plotted as a function of
os [128].

where Cox is the oxide capacitance and w is the angular frequency. The angular frequency
w is related to the characteristic trap response time 7 = exp [AE/kpT] /ovin Dgos = 27w
with o, vih, Dgos being the trap capture cross section, carrier thermal energy, and density
of states, respectively [127]. A plot of the normalized interface trap conductance Gj;/w
versus frequency has a maximum value corresponding to a peak frequency f,, implying
maximum change in interface state occupancy which occurs when the interface traps are
in resonance with the applied ac signal.

To calculate the interface trap density, the admittance is first measured at a fixed gate
bias in the depletion region from any of the two regions of the curve, i.e., above or below
fp- The value of the universal function fp is then determined using the standard deviation
of band-bending (og) obtained from the curve [128, 129]. The interface state density is
then calculated as [121]:

Dy ~ [fp(0s)g) (Gt> . (2.11)
max

w

Although the interface trap density can be directly deduced from measurements, the con-
ductance method is not applicable to interfaces with a high interface state density such as
in devices with high-k dielectrics. If the interface state capacitance gDj; becomes larger
than the oxide capacitance, the measured impedance will be dominated by the oxide ca-
pacitance and Dj; would be underestimated [130]. Another drawback of the conductance
method arises during weak inversion, when the increase in conductance due to minority
carrier generation-recombination may lead to overestimation of the interface trap density.
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Chapter 3

A Review of Existing HCD Models

As already discussed, HCD is a major reliability concern in power MOSFETs, but deeply
scaled devices are also susceptible to hot-carrier effects [131]. Modeling this phenomenon
is difficult as the physical effects are not completely clear and involve many mechanisms
occurring simultaneously. Moreover, modeling of IICD requires solving the carrier trans-
port problem from the full-band Boltzmann transport equation which is computationally
challenging and often leads to convergence issues in large area and high voltage devices.
The models also have to cope with the ever changing semiconductor industry. For example,
in the eighties, the focus was on shrinking the device dimensions, while the operating volt-
ages were not significantly reduced. This development has led to devices with high electric
fields in which the carriers were energetic enough to break the Si-H bonds in a single in-
teraction [132, 133]. Thus, the supply voltages were scaled to reduce the electric fields in
the devices [134]. Due to the low source-drain voltage in extremely scaled devices, HCD
was expected to be drastically suppressed as described in [135, 136, 137]. Such a trend,
however, was not observed [138] and even ultra-scaled MOSFETs were found to exhibit
HCD [139, 137, 140]. This peculiarity was attributed to energy exchange mechanisms, such
as the multiple-carrier process and electron-electron scattering [86, 10].

Particularly for ultra scaled devices, HCD becomes complicated due to the dominance
of the multiple-carrier process of Si-H bond breakage [136, 135, 139|. However, the single-
and multiple-carrier mechanisms are limiting cases and commonly a superposition of the
two is present [141, 25]. The interplay between the two bond breakage mechanisms causes
a shift in the worst-case conditions for HCD. Typically, the worst-case HCD was observed
at Vs = 0.5Vgs which corresponded to the maximum substrate current [85, 142|. This
is no longer valid even for long-channel devices where the worst-case damage is observed
at maximum average carrier energy, i.e. conditions corresponding to the maximum gate
current [143]. In scaled devices, on the other hand, the dominance of the multiple-carrier
process requires the maximum carrier flux instead of the carrier energy for most severe
HCD, which is obtained at Vi = Vg5 [144, 145, 146]. It should be noted that high energy
carriers exist also in ultra scaled devices due to processes like electron-electron scattering,
so the single-carrier process cannot be ignored [11, 137]. Similarly, in long-channel devices
the multiple-carrier process is important especially at higher stress times [147|. Apart
from these characteristics, the temperature behavior of HCD is another important aspect
to be understood. On the one hand, in long-channel devices hot-carrier damage decreases
as the temperature increases. On the other hand, scaled devices show the opposite trend,
exhibiting an increase in HCD with temperature. This trend in scaled devices is observed by
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increased electron-electron scattering which populates the high energy tail of the carrier
distribution function [148; 137, 149, 88]. Thus, a comprehensive model should capture
these features of HCD and must be necessarily based on the carrier distribution function.
The carrier distribution function is the key aspect as it provides the information on the
interaction of carriers with the bonds. In this respect, several attempts have been made to
simplify the HCD modeling problem as discussed in the following.

The first attempt for HCD modeling was the lucky electron model [150] which intro-
duced the field-driven approach [151, 152, 77, 153|. According to this model, a defect is
produced by an electron having high enough energy to overcome the potential barrier at the
interface and enter the SiOs conduction band without being emitted back into the oxide.
This simple model predicted that carriers with energy greater than 3.7V lead to interface
state generation. This was deemed incorrect by measurements where the degradation was
found to occur even at lower stress voltages [85]. Although the application of the lucky
electron model is limited to long channel devices, it is still a popular model due to its
simplicity. Takeda et al. proposed an extension to the lucky electron model whereby the
degradation, i.e. transconductance and threshold voltage shifts with time are represented
by a power law t". Using this empirical approach, the device lifetime could be easily ex-
trapolated from accelerated hot-carrier stress measurements to real operating conditions.
However, the model is of limited applicability and inaccurate to represent HCD in devices
where a saturation in degradation is observed [154]. Some other extensions of the lucky
electron model are: the Goo model which can capture the saturation of degradation [154],
the Dreesen concept which was proposed for lightly doped drain transistors [155, 153], the
Woltjer approach which incorporates a field-driven correction in the lucky electron model
[76, 77]. In the Woltjer model, consideration of the electric field within the oxide allowed
the description of degradation due to interface states in devices with varied dimensions
and oxide thicknesses.

Mistry et al. introduced three different modes of degradation, i.e., generation of inter-
face and neutral oxide traps at low gate voltages, interface state generation at mid voltage
range, and oxide electron trap build-up at high voltages [156, 152|. Although this model
was unable to predict the device lifetime correctly and was of limited use, it led to the
idea of multiple competing mechanisms for constituting the overall degradation [152]. An
important model by Moens et al. considers two competing mechanisms for representing
degradation in LDMOS transistors and used different time exponents to characterize these
mechanisms [4].

A majority of these models were empirical or at the best phenomenological and usually
had time exponents to fit the experimentally obtained degradation characteristics. Another
shortcoming of these models was the consideration of the electric field as the driving mech-
anism, which is valid only for large devices. Thus, models describing the physical picture
behind HCD which were based on energy driven approaches were required [85, 86, 10].

3.1 The Hess Model

The first physics-based model for HCD was proposed by Hess et al. who suggested the
existence of two mechanisms for Si-H bond breakage, i.e. the single- and multiple-carrier
processes sketched in Figure 3.1 [21, 135, 157|. The single-carrier mechanism leads to
breakage of a Si-H bond when a solitary hot carrier interacts with the bond, transferring
its energy and leading to an excitation of one of the bonding electrons to an antibonding
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Figure 3.1: The Si-H bond as a truncated harmonic oscillator. P, and P4 are the bond
excitation and de-excitation rates, respectively, while E, is the activation energy for bond
dissociation. The hydrogen atom can be excited from the bonded state to the transport
state via single- and multiple-carrier processes. Femi, and Epass are the energy barriers for
the transition from the highest bonded level to the transport state and for the passivation
process, respectively [27].

state. Thus, a repulsive force is induced on the hydrogen atom and leads to hydrogen
release. The bond breakage rate with the single-carrier process is given by [157]:

[e.9]

Rep = / 1(e)P()o(e)de, (3.1)
€th

where I(¢) is the carrier flux in the energy range [¢;¢ + de|, P(e) the probability of bond

breakage, o(¢) the reaction cross section, and ey, is the threshold energy the hot carrier

should possess in order to initiate the bond breakage process.

The Hess formalism was successful in explaining the giant-isotope effect, i.e. different
desorption rates of the hydrogen and deuterium from Si surfaces, observed experimentally
[158, 159, 160]: In experiments with scanning tunneling microscopes (STM), hydrogen-
and deuterium-passivated Si surfaces were bombarded by cold carriers from the tip of an
STM. It was observed that much higher carrier current densities were required to break
the Si-D bond as compared to Si-H. The bond breakage rates for the latter were found to
be two orders of magnitude larger than the former at high voltages as shown in Figure
3.2. This effect was termed giant isotope effect and was explained by the multiple-carrier
process.

Within this concept, the Si-H bond was modeled as a truncated harmonic oscillator
comprising of an energy ladder, i.e. a system of eigenstates in the potential well. While
interacting with colder carriers the bond can gain or loose energy, leading to its excitation
or de-excitation, respectively, within the energetic states of the ladder. Such subsequent
interactions with the carriers were linked to the excitation of the phonon modes. The bond
is ruptured when the hydrogen leaves the highest energy level and overcomes the potential
barrier Eeni, thereby ending up in the transport mode, see Figure 3.1. The passivation
process is defined as hydrogen jumping in the opposite direction over the barrier Fpqs.
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The emission and passivation processes, characterized by the energies Eemi and Fpasg,
respectively, are assumed to obey an Arrhenius law with corresponding rates Pep; and
Pyass. The excitation and decay rates of the bond (P,, Py, respectively) in the potential
well are obtained by considering all combinations of phonon absorption (bond heating)
and phonon emission (related to decay resulting from multiple-carrier process) which can
be induced by the carrier flux [21, 157]

P, = /oo I(g)oan(e) [1 — fon (e — Tw)] de, (3.2)
Pa= [ 1€)uns(e) 1= fon (o + )] e,

with I(g) being the carrier flux, o, /emi(€) the reaction cross section for absorption /emission
of phonons, fyn the phonon occupation numbers, and /w the distance between energy lev-
els. The bond breakage rate for the multiple-carrier process can then be estimated as:

EB _hCL) Pu + We —EB/hUJ
R =(—4+1 P 3.3
Me (hw * ) [ 4o <k‘BTL>} [Pd + exp (—hw/kpTt) ’ (3.3)

where Eg = E,y — Feoni is the energy of the last bonded state in the potential well, w, the
reciprocal phonon lifetime, kg the Boltzmann constant, and 77, the lattice temperature.
The most important contribution of the Hess model was the consideration of the bond
breakage process as a contribution of different carriers in the ensemble. Thus, the carrier
distribution function was considered a major ingredient for a proper description of HCD.
The DF enters the rate equations, Equations 3.1 and 3.2, via the carrier flux I(g) (see
Section 4.4). The isotope effect was explained from the difference in energetics of the Si-H
and Si-D bonds which led to different parameters (like phonon lifetime) of the quantum
well for the two kind of bonds. The Hess model also considers the statistical distribution of
the activation energy, F,, which was supported by density functional theory calculations
[21, 161] and by experiments reporting a double power law of interface state generation as:

p1 P2
Ny, = T+ (/)™ + 15 (t/m) (3.4)
Here 11, 7 are the characteristic times, a1, a9 are the different time slopes, while p1, po
are the probabilities related to the traps.
However, the microscopic Hess model was not translated to the macroscopic or device
level and thus, prediction of the device lifetime and degradation characteristics such as
transconductance, linear drain current, etc. was not addressed.

3.2 The Penzin Model

Penzin et al. tried to link the microscopic mechanisms suggested by the Hess model with
the degradation characteristics of the device [22]. Within this model, the Si/SiO; interface
is considered as a capacitor. Thus, Si-H bond dissociation leaving behind a depassivated
bond and a charged hydrogen atom leads to an increased electric field in the capacitor.
Due to this, the potential barrier between bonded and transport states increases. The
bond-dissociation process is described by the kinetic equation:
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Figure 3.2: The giant-isotope effect: the desorption rates of hydrogen and deuterium atoms
from passivated Si surfaces, as measured by an STM [158].

% — k47 (No— ), (3.5)
with n being the concentration of passivated Si-H bonds, k£ the bond breakage rate, v the
bond passivation rate, and Ny the total concentration of Si-H bonds in the fresh device.
The bond breakage rate k is given by k = kg exp (—Fa/kpTL) kuc where kg is the attempt
frequency. The hot-carrier acceleration factor kyc is defined as kyc = 1 + duc | Inc|™¢
where ppc and dpc are fitting parameters, and Iy is the local hot-carrier current [22].
With such a formalism for the defect generation kinetics, the Penzin model could be used
for TCAD device simulations.

As per the Penzin model, the activation energy increases with depassivation of the
interfacial Si-H bonds and is given as:

No—n

0
Ea:Ea + 1) |E|P + /Bk}BTL In m

B=1+p1FE

(3.6)

where E? is the activation energy when there are no mobile hydrogen atoms, and n" the
concentration of pre-existing mobile hydrogen atoms. The increase in the capacitor electric
field normal to the interface, due to bond dissociation is denoted as E|. The activation
energy can also change due to stretching or squeezing the bond by an external electric
field. This is represented by the term ¢ |F|” in the expression for the activation energy,
Equation 3.6.

The Nj, concentrations simulated using the Penzin approach are shown in Figure 3.3.
The simulated results compare quite well with the experimental ones. Similar to the Hess
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Figure 3.3: The cumulative interface state density Nj; obtained with the Penzin model vs
experimental ones for a hot-carrier stressed n-MOSFET. The gate length is 0.35 um while
the oxide thickness is 6.5 nm.

approach, the Penzin model considers the activation energy distribution which results in
the sublinear slope seen in Figure 3.3. However, within this model, the carrier transport
was not properly addressed and the Nj;(z) profiles were not determined, except for some
cumulative Nj; shown in Figure 3.3. Also, the characteristics of the degraded device cannot
be simulated with this approach.

3.3 The Reaction-Diffusion Model

Another attempt to model the physical process behind HCD was the application of the
reaction-diffusion model developed for NBTI to HCD by Alam et al. [162, 163]. They
assumed both NBTI and HCD to be involved in Si-H bond breakage with different driving
forces, and tried to model the two phenomena using the same framework. However, the
experimental Nj; obtained from NBTI and HCD were found to have different times slopes
as shown in Figure 3.4. The different stages in the reaction-diffusion model are summarized
in Tab. 3.1. The degradation process starts with the reaction limited phase of Si-H bond
breakage. In this phase, Ny increases linearly with time. During the second stage, no more
interface states are generated and hydrogen diffusion begins. The third step comprises of a
diffusion limited phase with Nj; generation time slope of 1/4. In the next stage, hydrogen
diffuses away with unlimited velocity and Ny depending on time as t1/2. In the final phase,
all the Si-H bonds are depassivated thus leading to saturation of interface states.

From Tab. 3.1 and Figure 3.4, it was inferred that NBTTI is diffusion-limited while
HCD is dominated by stage 4. The different slopes discussed above were explained by
the RD model by considering the interface state density modeled as Ny, = [ Ny(r, t)d3r
with Ny (r,t) being the coordinate-dependent density of H-atoms. Using the hydrogen
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Figure 3.4: The experimentally obtained power-laws for NBTI and HCD curves plotted
versus stress times from data in [162].

’ Stage \ Phase \ time dependence of Nj \ ‘
1 Reaction limited (Si-H bond breakage) t!
2 Hydrogen diffusion (no more N, generation) tY
3 Diffusion-limited ¢4
4 Hydrogen diffusion with infinite diffusion velocity t1/2
5 Saturation (all Si-H bonds depassivated) t9

Table 3.1: Different stages of the reaction-diffusion model [163, 66]

diffusivity Dy, Aq the degraded area of the device, and NEI the hydrogen density at the
interface, the NVj; distribution for HCD and NBTI are calculated as:

(DHt)1/2

NYBT = 1/44 / N§ [1 =7/ (Dut) 2] Aadr = (1/2)N (D)2, (3.7)
0

HCD (Dut)/* 0 1/2 0

NJOP = /24, / N [1 =7/ (Dut) 2] rdr = (x/1240)N§ (Dit)
0

Equation 3.7 gives NyBTT ~ (Dyt)"* and NHCD (Dyt)*?.

Although the different time slopes could be explained, the reaction-diffusion model has
several failings. The framework assumes that both processes are diffusion limited implying
that a quick recovery should be observed on removal of the stress. This, as suggested by
recent data, is not true for both NBTT and HCD [164, 165, 166]. Interface state generation
has been shown to be reaction limited and HCD, in most cases, does not show any recovery.
Moreover, since the model does not rely on carrier transport, the spatial Vi, distribution
cannot be obtained.
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Figure 3.5: The energy driven paradigm: the knee energies shift depending on the drain
voltage (data borrowed from [11]).

3.4 The Energy Driven Paradigm

Rauch and La Rosa suggested that in the case of scaled devices HCD is driven by the
carrier energy deposited at the interface rather than by the electric field [23, 167]. They
also investigated the importance of electron-electron scattering. Due to the low supply
voltages in ultra-scaled MOSFETs, the single-carrier mechanism is not very prominent as
the probability of finding carriers with very high energies is low. The energy exchange
between carriers via carrier-carrier scattering populates the high energy tail of the carrier
energy distribution function, thus increasing the probability of a single-carrier bond break-
age process and of the multiple-carrier process as well [11]. The role of electron-electron
scattering in scaled devices also explains the increase in HCD at elevated temperatures,
which is contrary to the trend for long channel devices. At elevated temperatures, the scat-
tering events are more intense which lead to a reduction of carrier energies in long channel
devices and thus weakening of HCD. In short channel devices, however, an increase in
temperature leads to more efficient scattering between the carriers causing an increase
in carrier concentration in the high energy region. This suggests that the population of
hot-carriers increases leading to a larger degradation [5, 148, 168, 149|.

The Rauch and LaRosa approach introduce a shift of the HCD paradigm from being
field driven to energy driven. The defect generation rate in the Rauch and La Rosa model
has a similar form as Equation 3.1 given by: [ f(e)S (¢)de, where f (¢) represents the
carrier distribution function and S (g) the reaction cross section. The balance of slopes of
the DF and the reaction cross section curves (dIn f/de = —dIn S/de) determines a knee
energy. The Knee energy is the energy at which the defect generation rate attains a local
maximum, see Figure 3.5. The knee energy was found to be weakly dependent on the
drain voltage. The defect generation rate can then be calculated from the knee energy if
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the maximum of the product f () S (¢) is narrow enough to be approximated by a delta
function. Thus, the integration over the entire energy range may be avoided.

This paradigm allows consideration of HCD without time consuming and computation-
ally demanding transport simulations. However, there are also some shortcomings. In most
cases the f () S (¢) peak is not narrow and, thus, integration over the entire energy range
is required. Further, the authors used some empirical parameters based on the dominant
knee energy to calculate the DF which does not capture the distribution and localization
of Ny, a characteristic feature of HCD. Finally, the device lifetime was estimated based on
the Nj; generation rate instead of using the changes observed in the device characteristics.

3.5 The Bravaix Model

The group of Bravaix combined the Hess model and the Rauch and La Rosa approach
[10, 134, 140]. The Bravaix model uses the concept of single- and multiple-carrier processes
of defect generation within the energy-driven paradigm and evaluates the DF empirically.
Three main modes of bond breakage are considered in the model, i.e. a single-carrier
process, a multiple-carrier process, and electron-electron scattering which are then used
to calculate the corresponding lifetimes. The single-carrier process is attributed to high
energy carriers, while the drain current is low [169]. In this case, the lucky electron model
can be used and the device lifetime can be estimated as 1/7sp ~ (Iq/W) (Is/Iq)™. Here
14, I are the drain and substrate currents, respectively, W the device width, and m the
ratio of the powers in the impact ionization and interface state creation cross sections. The
case with low carrier energies but high carrier density corresponds to the multiple-carrier
process. For the MC-process, a truncated harmonic oscillator model is used to represent
the breaking of the Si-H bond, as described in the Hess approach. The kinetic equation
set which determines the bond passivation/depassivation rates is given by:

d

% =Pgn1 — Pyng

dni

dt :Pd(nH_l — ni) - Pu(ni - ni_l) (38)
dn X

di\ll :Puanfl — AemiNit [H ] ,

with n; being the occupancy of the i*! oscillator level, [H*] the concentration of mobile
hydrogen atoms, while Nj labels the last bonded state. The rate of hydrogen release, Aemi,
is calculated as Aemi = Vemi €XP [— Eemi/kBTL], where vep,; is the attempt frequency, and
FEeni is the energy barrier between the last bonded state and the transport mode, see Figure
3.1. The bond excitation and decay rates (P,, Py) are written as:

P, :/Idadee + we exp [—hw/kpT1] (3.9)
Py :/[dO'dEe + We,
where Iy is the drain current. Since, the DF is calculated empirically, the acceleration
integral (first term in Equation 3.9) is substituted by the term Syip (Ie/€), where Syp is

a pre-factor [139]. This was an attempt to link the defect generation rate with the drain
current. With a reasonable choice of the model parameters like Fqpni, and hw the bond
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Figure 3.6: Device lifetimes obtained with the Bravaix model plotted vs. experimental
data [170]

dissociation rates were accurately represented [169]. The device lifetime for the MC-process
is given as 1/Ryp, where Rypp is interface state generation rate due to low energy carriers
given as:

Sup (Ia/€) + we exp [—hw/kpTy,) ] FB/M
SMp (Id/e) + We

The case with moderate carrier density is attributed to electron-electron scattering
with lifetime 1/mgps ~ (Iq/W)? (Is/13)™. The quadratic relation is due to the electron-
hole pairs, generated by impact ionization, not having enough energies to create interface
states but are accelerated by electron-electron scattering to high energy levels where they
can trigger bond dissociation. The major contribution of the Bravaix model was the
prediction of the device lifetime by combining all the modes of interface state creation, see
Figure 3.6.

RMP = No exp [_Eemi/kBTL] . (310)

1/7q4 = Ksc/1sc + Kers/meEs + Kvmc/mvc, (3.11)

where Kgc, Kyve, Kggs are fitting parameters which represent contributions of each pro-
cess and Tgc, ™Mc, TERS are the device lifetimes in the SC, MC, and EES driven regimes,
respectively. However, the carrier DF is calculated empirically which leaves the entire
physical picture behind HCD unclear. In order to understand the physics behind the HCD
mosaic, ideally accurate carrier transport needs to be addressed via the solution of the
Boltzmann transport equation.

Such an approach has been developed by Tyaginov et al. |25, 141], which is also used
in this work (Section 4.4), which tries to link the entire physical mechanism consisting of
carrier transport, defect generation, and degradation of the device characteristics. The
Tyaginov method has been the most accurate in modeling HCD and its effects on different
devices [44, 14, 147, 88]. The authors obtain the carrier DF by solving the Boltzmann
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transport equation using both Monte-Carlo and spherical harmonics expansion methods
[171, 141]. The carrier acceleration integral is then calculated from the carrier DF which
determines the rate of interface state generation. Once the bond breakage rates are deter-
mined, the trap density can be calculated. Since this model provides information about Ny
profiles and the strong localization of HCD, it can predict device lifetimes and degradation
characteristics.
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Chapter 4

The HCD Model Based on BTE
Solution

As discussed in previous sections, carrier transport is the key to modeling HCD. The better
the carrier transport analysis, the more precise the HCD model will be. Many approaches
to solve the carier transport and obtain the carrier energy distribution function have been
proposed. Some of these methods are more rigorous, while others are simplistic and less
accurate. Ever since the shift of paradigm in hot-carrier degradation modeling from field
driven approaches [150] to the energy driven concept [9, 11|, the evaluation of the carrier
distribution function has become a vital component. This has also been suggested in recent
HCD modeling results where the entire Si-H bond breakage process, which is assumed to
be the dominant contributor to HCD in SiO2 devices, is described by the carrier energy
distribution function [7, 8|. Ideally, within the semiclassical regime, the DF is obtained
by solving the Boltzmann transport equation. Although both the Monte-Carlo approach
and the spherical harmonics expansion method provide a solution to the BTE, the latter
technique has a number of advantages: it allows to better resolve the high-energy tails of
the DF (which are of crucial importance in the context of HCD), simulate long-channel
devices under high operating/stress voltages in a reasonable time, and implement electron-
electron scattering in a more straightforward manner and with less computational burden.
Apart from these approaches, simplified techniques of carrier transport treatment such
as the drift-diffusion and energy transport scheme are highly popular [33, 30]. Inspite of
its limitations, the drift-diffusion method has been effective for the description of carrier
transport even in modern devices [172].

In the following, a simple and efficient model for the carrier distribution function is
derived. This approach to approximately calculate the DF is based on the drift-diffusion
scheme where an analytical expression is used to mimic the carrier energy distribution
function. To verify the obtained DF, a solution of the Boltzmann transport equation is
used as a reference. The analytical method for calculating the DF is coupled with a physics-
based model for hot-carrier degradation. The analytical approach for the DF is consistent
with the HCD model as it contains terms for both hot and cold carriers which lead to the
single- and multiple-carrier processes. We use two versions of the HCD model: one is based
on more rigorous deterministic approach and is used for reference or verification, while the
other one employs the DD-based concept. In the following chapters, both versions of the
model are compared against experimental data for several devices and a conclusion on the
validity of the DD-based version of the HCD model is drawn suggesting its efficiency for
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Figure 4.1: The main modules of the HCD model: carrier transport solver, modeling of the
defect generation rates and interface state profiles, and simulation of the degraded device.

predictive HCD simulations under certain conditions.

4.1 Carrier Transport

The operation of semiconductor devices is based on the reaction of electrons and holes to
the local and externally applied electrical forces. These forces are due to the potentials
either existing or created inside the semiconducting material due to: (i) applied bias, (ii)
depletion regions formed by immobile ionized impurities at thermal equilibrium (built-in
potential), and (iii) other charge carriers or impurities (scattering potentials). Since a typ-
ical semiconductor device includes a large concentration of charge carriers and artificially
introduced impurities or dopants, this many-particle system is difficult to model. Vari-
ous models for carrier transport have been proposed with different levels of refinements
and complexity that are applicable based on the device dimensions, usage and computa-
tional budget. Although it is attractive to choose the most fundamental concepts, they
typically have high computational demands and for most engineering applications a more
approximate but faster and computationally cheaper solution is acceptable.

This section provides an overview of the most important carrier transport models devel-
oped for semiconductor devices and discusses their efficiency and limitations. The carrier
transport models can be categorized based on the device dimensions and characteristic
lengths — de Broglie wavelength, mean free path, and phase relaxation length [173]. For
an electron in silicon at room temperature, the de Broglie wavelength is approximately 8
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Figure 4.2: The different approaches to solve carrier transport in semiconductor devices

nm, while the mean free path and the phase relaxation length are between 5 to 10 nm. If
the device dimensions are much larger than the characteristic lengths, carrier transport is
governed largely by scattering and the transport is called diffusive. Semi-classical models
are quite accurate in this regime to describe the motion of charge carriers. However, in
nanoscale devices, smaller than the characteristic lengths, quantum effects come into play
and scattering becomes less important. Thus quantum transport models are required for
an accurate description of the electrostatics in the device.

In this section, the semi-classical transport models are discussed which are most relevant
for HCD modeling. The Boltzmann transport equation is the backbone of semi-classical
transport. The different approaches to the BTE solution starting from the Monte-Carlo
method, the spherical harmonics expansion, and the techniques based on the BTE mo-
ments, i.e. the drift-diffusion and energy transport schemes, see Figure 4.2 are described
in order to understand the applicability of each of these methods.

4.2 Semi-Classical Transport

Let us consider a semiconductor device in thermal equilibrium when no external electric
field is applied and all the transient processes have relaxed. In this situation, the average
energy of the carriers is equal to the thermal energy, while their average velocity is zero.
This corresponds to the absence of a macroscopic current in the device. When a bias is
applied, the carriers experience a force and accelerate until opposed by other forces such
as scattering. Thus, the motion of particles inside a semiconductor device is a result of
forces due to the applied bias, built-in potential and scattering potential. Their resultant
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force causes the momentum and position of the charge carriers to change. Thus, within
the classical regime, to find the effect of fields on charge carriers, their momentum and
position need to be evaluated.

4.2.1 Monte-Carlo Approach

In the Monte-Carlo method for solving the carrier transport problem, the Newton equation
is evaluated for the particles. For a single (i*h) particle, the system of equations would

read:
Op;
T F(p,r,t) + R(p,,1), (4.1)
87‘i o
i ui(t), (4.2)

where F(p,r,t) is due to external forces and R(p,r,t) is due to local forces. In the semi-
classical approach, the effect of external forces is treated classically, but the local forces
such as scattering are treated quantum mechanically. The above equations, 4.1 and 4.2
describe a classical carrier transport and are not fully applicable to modern devices. The
above is equivalent to the BTE, band structure enters through the dispersion relation and
scattering goes to R. Moreover, it is very computationally demanding to obtain a solution
for all particles in a typical semiconductor device, containing ~ 10%° particles.

4.2.2 Boltzmann Transport Equation

Another approach to describe carrier transport semi-classically is to consider the statistical
properties of the charge carriers by defining a distribution function f(p,r,t). The carrier
distribution function f(p,r,t) gives the probability of finding a carrier with momentum in
the range of (p,p + dp) and volume of (r,r + dr) and satisfies the Boltzmann transport
equation:

O f +uVef+ FVpf=Q(f), (4.3)

where Q(f) is the scattering operator. The semi-classical nature is incorporated in the
relation of the carrier momentum p with the wave number k& as p = hk, h being the
reduced Planck constant. The group velocity u in Equation 4.3 is given by:

u(p,r) = VpEx(p,7), (4.4)

where Fx represents the kinetic energy of the carriers. The force F(p,r) acting on the
carriers due to the electric F(r) and magnetic fields B(r) and inhomogeneous material
properties is [174]:

F(p,r) = =V (Eco(r) +e(p,7)) + ¢ (E(r) + ulp,r) x B(r)), (4.5)

where E.o(r) is the energetic position of the bottom of the conduction band and e(p,r)
represents the band structure. Scattering affects the distribution function via in-scattering
and out-scattering:

Q) =)= f@)Sp.p) = F@)1 = F)SW,p),
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where S(p, p') represents the transition rate for a particle from a state denoted by the mo-
mentum p to a state denoted by the momentum p’, while 1— f(p’) represents the probability
that the state at p’ is empty. For non-degenerate semiconductors (low carrier concentra-
tion), the Pauli principle can be neglected and thus the scattering operator becomes linear
and has an easier structure:

Q) =D _®Sm.p) - f@)SW,p), (4.6)

The function S is assumed to account for all scattering mechanisms. The rates for the
scattering mechanisms are calculated using the overlap integrals and deformation potentials
followinf Fermi’s Golden Rule [175].

Since the BTE is a seven dimensional integro-differential equation, it is very challenging
to obtain an exact solution. The Monte-Carlo method is widely used to numerically solve
the BTE, but this method requires huge computational resources especially to resolve the
high-energy tail of the carrier distribution function. In this subsection more computation-
ally efficient approaches to solve the Boltzmann transport equation are discussed. Among
these are the expansion of the distribution function in momentum space into a series of
spherical harmonics, the method of moments, i.e. six moments model, the hydrodynamics
or energy transport scheme, and the drift-diffusion scheme which is commonly used by
device engineers.

4.2.2.1 Spherical Harmonics Expansion

The spherical harmonics expansion (SHE) method relies on the expansion of the carrier
distribution function f(x,k,t) into a series of spherical harmonics [18]:

[e'e) l
[z, k,t) = Z Z fl,m(xﬂ € t)Yl’m(ea ®), (4.7)
=0 m=—1
where k is the three-dimensional wave vector which is expressed in terms of spherical
coordinates €, 0, . Owing to its deterministic nature, the computational effort in the SHE
method is reduced as compared to the stochastic Monte-Carlo method. However, Equation
4.7 is still five dimensional and requires a fair amount of computational resources. These
high computational demands of the SHE approach are also due to the system of coupled
partial differential equations which needs to be solved for each expansion coefficient (f,,).

4.2.2.2 The Moments Method

The macroscopic models to solve the BTE are common simplifications where only a few
moments of the carrier distribution function are considered, like the carrier concentration
and the carrier temperature [175, 176, 177, 178]. The moments are macroscopic quantities
derived by integrating the distribution function over the three dimensional k space with a
suitable weight function ¢ (k). The " moment of the BTE is given as [174]:

(1) = / 61 (k) f (k) dPF. (48)

This reduces the complexity of the seven dimensional BTE by eliminating the three k
coordinates. Some information is lost in this simplification which may not be important
for device engineering applications or for obtaining an approximate analysis of charge
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transport. The weight functions ¢; (k) are chosen as increasing powers of the vector k with
some scaling factor to obtain physically meaningful quantities. However, each equation
for the moment ¢ contains the next higher order moment ¢ + 1, resulting in the variables
outnumbering the equations. In order to close this system of equations, usually an a priori
assumption about the shape of the distribution function is made, for example using a
Maxwellian distribution. The first few moments important to this work are listed in Table
4.1.

’ Oxrder ‘ Moment ‘

b0 n

$1 SnkpT,

P2 230 (kpTh)”
03 | g (knTp)®

Table 4.1: The first four moments of the Maxwell distribution.

The derivation of the moments of a Maxwell distribution for closure is given in Appendix
B. Applying the moments in Table 4.1 to the BTE, and using the diffusion’ and relaxation
time approximations?, the transport equations can be formulated [179]. For electrons, the
first three transport equations can be written as:

1
oo : on — 6VJH = —R, (4.9)
qQTm [ 2
. = z E ), 4.1
o 5=T0 (290 +ap) (4.10)
T, — T
¢2 : ;kBat (nTn) +V <¢3> - EJn = _%an?L + GSTL, (411)

where 7, is the momentum relaxation time, T}, and 77, are the electron and lattice tem-
perature, respectively, R the net recombination rate, and E the electric field.

4.2.2.3 Drift-diffusion

The drift-diffusion transport model has been the workhorse of device simulation for most
device engineering applications. The DD model treats the transport either phenomeno-
logically, i.e., carriers drift in electric fields and diffuse in concentration gradients or uses
the first two moments of the BTE and hence the two transport Equations 4.9 and 4.10.
The equation system has to be closed at ¢o for which the relation ¢o = 3/2nkpTy, is used.
It is worth mentioning that the DD equation system does not provide any information
about the average carrier energy or carrier temperature Ty,. Since, a thermal equilibrium

!The diffusion approximation, implying that the diffusion of carriers dominates over drift, leads to the
conclusion that the antisymmetric part of the distribution function is negligible and the symmetric part is
isotropic.

2The relaxation time approximation suggests that the perturbed distribution function will relax expo-
nentially into the equilibrium distribution function.
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condition is assumed treating 7, = 71,. The DD model is then expressed as:

VJ,=q(R+ 0mn), (4.12)
Jn =inkn (v (nTt) + qEn> ,
kg
=qnunkE + qD,Vn, (4.13)

Similarly for holes, the DD equations read:

Vp=—q(R+0p), (4.14)
Jp =qpipE — qDpVp, (4.15)

where f,/, = q7p,/p/Myp is the mobility of the respective charge carriers in the device
with 7, /, being their momentum relaxation time and m,, , their mass. The electric field £
in Equations 4.13 and 4.15 is obtained from the Poisson equation A.3, while the diffusion
coefficients (D, /,) are determined from the Einstein relation:

kg1,
Dn/p = T:U'n/p = VT/’Ln/pa (416)

where Vr is the thermal voltage which has a value of 26 mV (kg = 1.38 x 1072 J/K, ¢ =
1.6 x 10712 C) at room temperature (300 K). Equation 4.16 underestimates the diffusivity
since the lattice temperature is used instead of the carrier temperature. Moreover, the
numerous assumptions made during the derivation of the DD method limit its physical
relevance for real device operation. However, many mobility models have been proposed
to enhance the validity range of the DD approach by incorporating the electric field, doping
dependencies and the role of the interface trap density to account for degradation effects
[180, 181, 124]. Another major drawback of the DD method is that effects of rapidly
changing electric fields, like the velocity overshoot, cannot be described [182]. In order
to estimate the average carrier energy, the parameters obtained with the DD simulations
are post-processed using the homogeneous energy balance equation as given in [28, 147].
However, in reality, the average energy lags behind the electric field if the latter changes
rapidly. Since, to first order, the mobility depends (inversely) on the average energy,
and not on the electric field, the mobility will not reduce instantly when the electric
field increases. Thus, an overshoot in velocity will be observed until the carrier energy
reached equilibrium with the electric field. Since the carrier energy depends directly on
the electric field in the homogeneous energy balance equation, the velocity overshoot cannot
be described. Nevertheless, due to its simplicity and low computational requirements, the
DD model is the most widely used approach, especially for device engineering applications.

4.2.2.4 Hydrodynamic/Energy Transport Model

The full Hydrodynamic (HD) transport model involves numerically challenging equations
due to their hyperbolic nature. Thus, the energy transport model, which is a simplified
version of the HD transport model is often used. The energy transport employs the first
three or four moments of the BTE, thereby, incorporating spatial dependencies of the
average carrier energy. Using Equations 4.9, 4.10, and 4.11 and the corresponding closure
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as in [179], the HD transport model is given as:

Y, =q (R + dyn), (4.17)
Jn =ik (v (nT,) + kiEn) : (4.18)
VS, =— gkgﬁt(nTn) +EBEJ, — ;anTn;TL + Gen, (4.19)
S zgquTan — VT (4.20)

The electric field E is determined from the Poisson equation A.3, 7. is the energy relax-
ation time, S, the heat flux density. The thermal conductivity x, is obtained using the
Wiedemann-Franz law, kn Ty = (5/2 — p') (k8/q)% qunnT, where p' is a correction factor. In
contrast to the DD model, the energy transport model includes non-local effects. Thus, a
phenomenon like the velocity overshoot can be approximately described since u, depends
on T, which in turn depends on F in a non-local manner (Equations 4.19 and 4.20).
However, the energy transport model predicts velocity overshoot also in rapidly decreasing
fields, which is not observed in Monte-Carlo simulations. This artifact was attributed to
the truncation of the model after the 4™ moment [183, 184].

4.2.2.5 Six Moments Model

By considering two additional moments of the BTE along with those in the HD model, the
six moments model can be derived [176]. An additional quantity, the kurtosis (skewness)
of the distribution function is introduced as [174]:

2
PG 5 (4.21)
5(e)

The quantity S represents the deviation of the shape of the distribution function from the
Maxwellian distribution. This model better represents phenomena like impact ionization,
velocity overshoot, hot-carrier effects, but it is quite complex and numerically challenging.
Thus, the model has not been widely used in industry and has been restricted to academic
interest.

4.3 Carrier Energy Distribution Function

As suggested by the energy driven paradigm, the carrier distribution function is the most
important ingredient of any HCD model. To calculate the DFs, we use the deterministic
BTE solver ViennaSHE in this work [13, 15, 14]. The Monte-Carlo approach is not well
suited for HCD modeling in power devices due its enormous computational demands related
to resolving the high energy tails. Thus, it is not used in this work as we try to model
devices of different dimensions and operating voltages. An alternative way, as mentioned
before, is to use simplified approaches to the BTE solution such as the drift-diffusion
scheme. The DFs simulated with ViennaSHE are used as a benchmark for the DD-based
approach.

In the analytical approach, a simplified technique is used to obtain the carrier energy
DF which uses the drift-diffusion method. However, as discussed in Section 4.2.2.3, the
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Figure 4.3: The Si-H bond dissociation due to the bombardment by a single hot-carrier
(SC-process) and due to multiple interactions with colder carriers (MC-process) [8].

DD model consists of just two moments of the BTE and the full DF cannot be obtained.
Thus, in order to estimate the DF, approximate analytic formulations have to be used.
The parameters in the analytic DF expression can be calculated from the BTE moments
obtained using DD simulations. In this context, an analytic expression for the DF has
been used in this work. The analytical expression, which was suggested in [185], considers
both hot and cold carriers:
b
€
<5ref >

where ¢ is the carrier energy, 7y, the carrier temperature, kp the Boltzmann constant.
In Equation 4.22 the first term represents the DFs in the sections of the device where
the carriers are hot, for example carriers in the channel region, the bird’s beak region in
LDMOS devices, as well as the high energetic carriers near the drain. The pool of cold
carriers in the drain/source region is modeled by an additional cold Maxwellian term. Since
the DD model assumes a thermal equilibrium condition, the carrier temperature cannot be
obtained directly. Thus, the carrier temperature is evaluated from post-processing of the
drift-diffusion simulation results. The electron concentration n(x), the electric field profile
E(x), and the carrier mobility u(z) are extracted as functions of the lateral coordinate
from the DD simulations performed using the device and circuit simulator MINIMOS-NT
[124, 125]. These quantities are then employed to estimate the carrier temperature Ty (z)
using the balance equation:

f(e) = Aexp

+Cexp {— }, (4.22)

9
kpTy

2q 2
Tn/p =1 + g%Tn/pMn/pE , (423)

where T, is the lattice temperature, ¢ the modulus of the electron charge, and 7,/, the
energy relaxation time with typical values of 7, = 0.35 ps for electrons and 7, = 0.4 ps for
holes [28].

The DF in Equation 4.22 can represent the carriers in thermal equilibrium as well as
the non-equilibrium ones. The first part of Equation 4.22 is used to determine the carrier
DF in the device regions with high energy carriers, whereas the full expression is required
for the regions where both hot and cold carriers lead to defect generation [147]. For the
former case, two parameters A, and e,s need to be calculated which is done using the
information on the available BTE moments, i.e., the estimated carrier concentration, and
the carrier temperature.
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/000 f(e)g(e)de =n (4.24)

3
/ ef(e)g(e)de = inksBTn (4.25)
0

The Equations 4.24 and 4.25 are reduced to analytical form (for details see Appendix C)
using the expression for distribution function f(e) from Equation 4.22 while for the density
of states g(e) the expression proposed in [177] is used:

9() = gove (1 + (ne)°). (4.26)
Equation 4.26 very accurately reproduces the conventional non-parabolic Kane relation
but can be integrated analytically [177]. The parameters A, and e, thus obtained are
substituted in Equation 4.22 to determine the energy DF.

When using the full Equation 4.22, three parameters A, €,of, and C need to be calcu-
lated, while the parameter b is assigned a constant value of 1 near the drain and source
regions and 2 otherwise. As before, the reduced forms of Equations 4.24 and 4.25, as
shown in Appendix C, are used with f(g) from Equation 4.22 and g(e) from Equation
4.26. However, an additional Equation 4.28 derived from DF normalization, Equation
4.27, is employed so that the three required parameters can be determined.

/oo fle)de =1 (4.27)
0

Ael”befr (2) — CkgT, exp {— kBETJ —1, (4.28)
The Equation 4.28 is obtained from Equation 4.27 by assuming that the cold carriers are
present in a small fraction of the energy region, thus the corresponding integral is not
evaluated for the entire energy range. Instead, the indefinite form is used for the cold
carrier term. The ternary equation system consisting of the reduced forms of Equations
4.24 and 4.25, and Equation 4.28 is thus solved to calculate the parameters A, eyf, and
C'. This equation system is solved at each energy point € and the parameters obtained are
substituted back to the Equation 4.22 to construct the DF f(e).

4.4 Defect Generation

Once the DFs are determined from the solution of the BTE, the defect generation rates
are calculated. The HCD model considers the single- and multiple-carrier bond break-
age mechanisms as two pathways of the same reaction, self-consistently, which converts
electrically passive Si-H bonds to active interface traps. As already explained, the bond
breakage event induced by a solitary hot carrier in a single interaction with the Si-II bond
corresponds to the single-carrier process, see Figure 4.3. Since the hydrogen nucleus is
much heavier than an electron, the most plausible explanation of such a mechanism is
the energy exchange between the incoming high-energy electron and one of the bonding
electrons. The excited binding electron is excited into an antibonding state which exerts
a repulsive force acting on the H atom which leads to hydrogen release. Thus, the SC-
process is often referred to as anti-bonding (AB) process. The multiple-carrier process, on
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Figure 4.4: Comparison of self- and non-self-consistent consideration of SC- and MC-
processes of Si-H bond breakage. The bond breakage corresponds to hydrogen release from
one of these bonded states in the potential well to the transport mode [186].

the other hand, is triggered by a series of colder carriers which subsequently bombard the
Si-H bond, excite and eventually break it as depicted in Figure 4.3. Previously, the single-
and multiple-carrier processes of bond dissociation were assumed to be independent [25].
The interface state density was calculated as a superposition of SC- and MC-induced con-
tributions weighted with some probability coefficients [27, 25, 10]. However, in an updated
version of the model, the Si-H bond depassivation process has been modeled considering
all possible superpositions of the SC- and MC-mechanisms with the corresponding rates
determined by the carrier DF, see Figure 4.5.

The carrier DFs are used to compute the carrier acceleration integral which determines
the rates of both single- and multiple-carrier processes [15, 13, 14]:

g/ch/Mc /f €)og,scmc(€ — &n)Pse/MCde, (4.29)

where f(e) is the DF, g(e) the density-of-states, v(e) the carrier group velocity, and og(e —
eth )P the reaction cross section. The integrand in Equation 4.29 can be interpreted as
multiplication of the carrier flux having an energy in the range [E + dE|] by the probability
of bond-excitation by these carriers. The acceleration integrals for the SC- and MC-
processes differ in the parameters e¢y, (threshold energy) and p (11 for the SC-process and
1 for the MC-process). In the case of the single-carrier bond breakage mechanism the
reaction cross section is Keldysh-like [187, 171], with the threshold energy equal to the bond
breakage activation energy. For the multiple-carrier mechanism, the bond is modeled as a
truncated harmonic oscillator [188, 139] comprising of an energy ladder with N} vibrational
energy levels, as shown in Figure 4.5. Due to the multi-vibrational model, the multiple-
carrier pathway is also called multi-vibrational excitation process. The threshold energy for
the MC-process corresponds to the distance between the bond vibrational states (fuv). The
bond can gain/loose energy which leads to bond excitation/deexcitation. Ep is the energy
required to reach the highest bonded energy level, while Feop; is the energy required for H
emission from a Si-H bond that is in the highest bonded energy state. Thus, Eg + Femi
forms the activation energy FE, for Si-H bond breakage. Conversely, the energy barrier for
the passivation process, i.e. hydrogen forming the bond again, is E),. .

Two vibrational modes of the Si-H bond have been identified, i.e. stretching (with Aw =
0.25¢V and E, = 2.56€V) and bending ( fww = 0.075¢eV and E, = 1.5¢V) [140, 189]. In
one of the most successful HCD models developed by the Bravaix group it is assumed that
bond dissociation occurs via the bending mode with the corresponding values of hw and
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Figure 4.5: A schematic representation of the truncated harmonic oscillator model used for
the derivation of the physics-based HCD model. The Si-H bond is ruptured at the transition
from the bonded state 1 to the transport state 2. The required activation energy F, for
overcoming this barrier can be effectively lowered by the interplay between the SC- and
the MC-mechanism [14].

E, [140]. The vibrational lifetime (7.) chosen in that model is 10 ps while its temperature
dependence is not considered [190, 140]. Experimental investigations, however, suggest
that H desorption from the Si/SiOy interface occurs with E, = 2.56 eV [114]. This value is
close to that typical for the stretching mode with the corresponding vibrational lifetimes
at T'= 25 and 75°C of 1.5 and 1.3 ns, respectively, see [191]. These parameter values are
used in this work.

The rates of the bond excitation/deexcitation processes triggered by the multiple-
carrier mechanism are:

P, = Ivyic + we exp[—hw/kpTi] (4.30)
Py = Ivc + We, (4.31)

where w, represents the reciprocal phonon lifetime. The bond activation/passivation rates
from the i level are:

Raypi = won exp[—(Ea — E;) /kgTL] + Isc,, (4.32)

with wyy being the attempt frequency. The first term in Equation 4.32 corresponds to ther-
mal activation of the H atom, while the second one incorporates the effect of hot carriers.
Each bond level, ¢, can contribute to the bond breakage mechanism as per Equation 4.32.
A self-consistent consideration of the SC- and MC-processes means that first the bond can
be excited by a series of cold carriers to a certain intermediate level, see Figure 4.5, and
then dissociated by a solitary hot carrier which induces hydrogen release to the transport
mode [136, 157, 188, 192, 13]. Note that in the case of a preheated bond the potential
barrier which separates the bonded and transport states is reduced and the probability of
finding a carrier which brings a bond breakage portion of energy is higher [15, 13, 14]. The
system of rate equations for bond passivation/depassivation for all the energy levels in the
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potential well can be written as:

d

% :Pdnl — Puno — Ra,OnO + Rp,ONi%

dn;

dtl =Py(niy1 — ni) — Pa(ni — ni—1) — Ragni + Ry iNi; (4.33)
dn

d]l‘,\ll :Puan_l — Pd?’LN1 — Ra,Nlan + RP7N1N1%

where n; represents the occupation number of the i** energy level. Due to the large differ-
ence between phonon and Si-H bond lifetimes, the time constants for oscillator transitions
are much shorter than those typical for passivation/depassivation processes. Thus, the
time scale hierarchy can be used to solve the system of equations 4.33 which reduces to a
single equation [13]:

d Ny
dtl = (No — NigRa — NiRp). (4.34)
Here Ny is the density of pristine Si-H bonds present in the fresh device, while %,/ are

the cumulative bond activation/passivation rates. $, can be obtained by summation of
the bond breakage rates from each level weighed with its population number [13, 14, 15]:

1 P!
a— 7 a,i — ) 4.
R k;R’<Pd> (4.35)

while R, is attributed to thermal activation and is represented by an Arrhenius term over
a single energy level as:

Ry = vpexp(—E,/kp11,) (4.36)

Finally, the following analytic expression for the interface state density Vi, is obtained:

11— f) R
TR f() 2Ry (4.37)
1-7R,
f@t)= meXp (=t/7),
1
— = 2\/R2/4+ NoRaRy,

The activation energy for this reaction can be reduced by the interaction of the bond
dipole moment d with the oxide electric field Eqx [13, 15, 14]. The acceleration integral in
Equation 4.29 then becomes:

seéh/Mc /f €)oyg SC/MC(€ — eth + dEox )PSC/MCde (4.38)

The Si-H bond activation energy also varies due to the structural disorder at the Si/SiOq
interface which can lead to substantial changes in the device degradation characteristics
simulated with the model. The energy F, is assumed to obey a normal distribution with
a mean value (E,) of 2.56 eV and standard deviation o, of 0.15eV [193, 194, 13].
Equation 4.37 allows evaluation of the interface state density for each position at the
Si/SiO; interface and for each stress time step. Nji(x,t) profiles calculated from Equation
4.37 are then used as input for the device simulator to model the characteristics of the
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degraded device for each stress time step. The effect of charged interface traps is twofold:
they perturb the local band-bending of the device and degrade the carrier mobility due to
scattering of the charge carriers. The former effect is considered while solving the coupled
Poisson and Boltzmann equations, while for the latter one an empirical expression for
mobility degradation is used [195, 196]:

2]

Hdegr =

1 + aNiexp(—7/rref)’

(4.39)

where g is the mobility in the virgin device, r is the shortest distance from this local
point to the interface, rf = 10nm defines the maximum range within which a carrier
is still influenced by the field of the trapped charge, while the parameter o = 10713 cm?
determines the magnitude of the effect.

Parameter Value Comments

Ta/p Tn = 0.35ps, 7, = 0.4 ps Energy relaxation time

00 00,5C =9 X 10~ % em?, oo,MC =9 X 10712 ¢cm? Pre-factor in reaction cross section

P psc =11, ppyc =1 Exponent in reaction cross section
(E,) 2.56eV Si-H bond activation energy

OEa 0.15eV Standard deviation of activation energy
hw 0.25eV Distance between bond vibrational states
We we=1/7, 7=1.5ns Reciprocal phonon lifetime

Wih 5x 100s71 Attempt frequency for thermal activation
Vp 1081 Passivation attempt frequency

E, 1.5eV Passivation energy

Ny 1 x 10" cm—2 Density of precursors

Table 4.2: The parameters used in the HCD model.
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Chapter 5

HCD Modeling in LDMOS Devices

The LDMOS (laterally-diffused metal-oxide semiconductor) transistors are often the de-
vices of choice in smart-power, mixed signal ICs, and high voltage automotive applications.
The popularity of these transistors is also attributed to the fact that they are compatible
with standard CMOS processing. This makes them easily integrable by adding a few ex-
tra process steps. Thus, radio frequency and mixed signal applications can be integrated
along with the core logic transistors on a single chip. The desired breakdown voltage in
LDMOS devices can be easily obtained if a suitable concentration of dopant species is
chosen. However, the long drift regions cause an increase in the required chip surface
while the low doping results in high power loss due to an increased ON-resistance. With
the introduction of reduced surface field technology, LDMOS devices are better optimized
and can provide high blocking voltages for shorter drift lengths and higher doping [197].
Thus, the ON-resistance is reduced leading to smaller power dissipation. However, lateral
devices are more susceptible to hot-carrier degradation as the current flows at the Si/SiOq
interface and not in the bulk as, for e.g., is the case in vertical DMOS devices.

Unfortunately, a proper treatment of carrier transport in LDMOS devices is challeng-
ing. First, due to the large dimensions of these devices as compared to nanoscale CMOS
transistors, the simulation mesh contains a large number of elements 10,000 [26]. Sec-
ond, this transistor usually has a bird’s beak/STI corner and curved interfaces, see Figure
5.1, and also high doping gradients in various regions. Finally, LDMOS transistors are
operated /stressed at high voltages. In this section, the hot-carrier degradation model
(Section 4.3-4.4), which uses the information about the carrier energy distribution is used
to represent HCD data measured in n- and p-channel LDMOS transistors. The analytical
(Section 4.3) and ViennaSHE based versions of the model are compared to show that both
approaches can capture HCD. Particular attention is paid to study the role of the cold frac-
tion of the carrier ensemble. The validity of the model is checked by neglecting the effect
of cold carriers in HCD modeling in the case of LDMOS devices stressed at high voltages.
Finally, it is shown that even in high-voltage devices stressed at high drain voltages the
thermalized carriers still have a substantial contribution to HCD.

5.1 Experiments

To validate the model, experiments were performed using n- and p-channel LDMOS tran-
sistors. The n- and pLDMOS transistors used in this work, shown in Figure 5.1, designed
on 0.35um and 0.18 um standard CMOS processes, respectively, have been subjected to
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Figure 5.1: The schematic representation of the nLDMOS (left panel) and pLDMOS (right
panel) transistors with all the characteristic sections labeled.

hot-carrier stress at different combinations of gate and drain voltages Vg and Vgs. The
n-channel devices have a Si/SiO9 interface length of ~3.4 um (length of the drift region is
2.4 pm, while the channel length is 1.0 um), and a gate length of ~2.5 um. The p-channel
transistors have an interface length of ~4.4 ym, and a gate length of ~3.3 yum.

The nLDMOS transistors were subjected to hot-carrier stress with six different combi-
nations of drain and gate voltages Vys, Ves (i.e. at Vo = 2.0V and Vg = 18, 20, 22'V; Vg
=20V and Vg = 1.2, 1.5, 2.0 V) at room temperature for stress times up to ~1 Ms. As for
the pLDMOS devices, they were stressed at Vgs = —50V and Vg = —1.5, —1.7V for stress
times up to ~40ks. To monitor HCD, the normalized changes in the linear drain current
Alqjin(t) (at Vgs = 0.1V and Vg = 3.6 V) and the saturation drain current Alq g (?)
(at Vgs = 10V and Vg = 3.6 V) were recorded as a function of stress time for nLDMOS
devices. The degradation of the threshold voltage AV;(t) was also recorded for all stress
conditions using the maximum transconductance method. For the pLDMOS, Al ¢t (t) at
Vas = =50V and Vg = —2.5V was monitored. The relative drifts in the currents at any
time ¢ are defined as:

1a(t) — 14(0)

Aly(t) = 5.1
while the relative threshold voltage shifts are defined as:
t)— Wi
AVi(t) = Vi(t) — Vi(0) (5.2)

Vi (0)

5.2 Simulation Framework

The carrier energy distribution function is sensitive to details of the doping profiles and
to the device architecture. The device structure of the n- and pLDMOS transistors was
generated by the Sentaurus Process simulator [198] which was coupled to the device sim-
ulator MINIMOS-NT [124, 125] and calibrated self-consistently in order to reproduce the
characteristics of the fresh transistor. An important ingredient for reliable and adequate
simulations of the carrier DF with ViennaSHE is a proper mesh. It is important to em-
phasize that even with the DD scheme, modeling of such a large LDMOS transistor with a
complicated geometry is a non-trivial task. On the one hand the required mesh is expected
to be fine enough especially near the Si/SiOy interface, at the bird’s beak, and close to
other important device regions. On the other hand, the mesh should only contain a mod-
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Figure 5.2: The adaptive mesh for a near interface device section of the nLDMOS (left
figure) and the pLDMOS (right figure) transistors with the built-in potential represented
by the color map.

erate number of elements in order to ensure a reasonable simulation time. For instance,
such a mesh can be coarse in the Si bulk. To achieve these goals, the highly adaptive
meshing framework ViennaMesh is used [199]. ViennaMesh generates meshes based on the
built-in potential, see Figure 5.2 [26]. The resulting mesh has a fine resolution in impor-
tant regions, a sufficiently low density in less important regions and contains about 11,000
elements. ViennaMesh proves to be beneficial not only for SHE simulations, but also also
for the DD simulations in MINIMOS-NT.

5.3 Spherical Harmonics Expansion Solution

ViennaSHE is a deterministic BTE solver which considers energy exchange mechanisms
such as the electric field, impact ionization, electron-electron and electron-phonon scatter-
ing, scattering at ionized impurities, surface scattering, and full-band effects [18, 20, 200].
A cell-centered discretization scheme used in ViennaSHE simplifies the treatment of ma-
terial interfaces and can be used on arbitrary grids, not requiring the Delaunay property
[46]. As a result, ViennaSHE provides smooth DF curves spreading over many orders of
magnitude and over several electronvolts.

Figure 5.3 shows two sets of electron DFs obtained for Vg = 2V and Vs = 20V and
for different positions in the nLDMOS device, i.e. one set corresponds to the bird’s beak
region, while the second one summarizes DFs evaluated for the drain region. One can see
that the carrier DFs are severely non-equilibrium. While at the drain DFs have a cold
Maxwellian tail at low energies, the DFs calculated for the bird’s beak do not have this
contribution and their shape is completely different. In all cases the DFs have extended
high-energy tails. The DFs for the pLDMOS transistor obtained for Vgs = =50V, Vg =
—1.5V are shown in Figure 5.4. The DFs calculated with ViennaSHE for the STI corner
and the drain region have a considerable amount of high energy carriers. These DFs are
used as a benchmark for the DD-based approach.
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Figure 5.3: The electron DFs obtained with ViennaSHE and with the DD-based model for
Vas = 20V, Vg = 2V, calculated for different positions near the drain and close to the
bird’s beak region of the nLDMOS transistor.

5.4 Drift-Diffusion Based Model

To avoid the cumbersome SHE simulations, the approximate DD method described in Sec-
tion 4.3 is used. As can be seen in Figures 5.3 and 5.4, the DD-based model for the carrier

o SHE data
==DD-based
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Figure 5.4: The hole DFs obtained with ViennaSHE and with the DD-based model for Vg
= =50V, Vg = —1.5V, calculated for different positions near the drain and close to the
STI region of the pLDMOS transistor.
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Figure 5.5: Electric field profiles simulated with MINIMOS-NT for an nLDMOS at Vgs =
22V, Vgs = 2V.

DF represented by Equation 4.22 can predict the DF curves as accurately as the SHE
method [147]. The high concentration of traps in low energy region suggests that also in
the case of long-channel and/or high-voltage devices, the multiple-carrier process has a
significant contribution and cannot be ignored [26, 13, 147].

It is important to note that the contribution of oxide traps was not considered. There
are two reasons for this. First, bulk oxide traps are known to be responsible for the
recoverable component of degradation [56]. However, in the devices used in this work, no
recovery was observed under the stress conditions used here. Second, various studies on
the intimately related phenomenon of bias temperature instability suggest that trapping
in the oxide bulk starts to play a prominent role at oxide fields of 6 MV /cm and higher
[115]. The maximum oxide field in the nLDMOS transistors used was ~1.3 MV /em for Vg
= 22V, Vg = 2V which is significantly smaller than 6 MV /cm, see Figure 5.5. Therefore,
the contribution of bulk oxide traps can be neglected.

The effect of majority carriers is twofold: they can contribute to the interface trap
generation and also be captured by existing amphoteric traps. The former mechanism was
reported to be responsible for threshold voltage and drain current turn-around effects [201,
202]. In the measurements, however, no turn-around effects were observed implying that
the majority carrier contribution to HCD is weak. Drift-diffusion simulations performed
for the LDMOS devices, as discussed in next section, also showed that impact ionization
leads to low or moderate majority carrier concentrations throughout the channel in the
interface region.

5.5 Modeling the Degradation in nLDMOS Transistor

The DD-based scheme is able to represent the carrier distribution functions for the source
and channel regions. Note that in these device sections the DFs are not severely per-
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Figure 5.6: The acceleration integral in an nLDMOS calculated using the DFs obtained
with the DD-based model and using ViennaSHE for Vgs = 20V, Vi = 2V for the single-
and multiple-carrier processes.

turbed from equilibrium. As already shown in Figure 5.3, the agreement between the
non-equilibrium DFs is also good, especially near the bird’s beak of the nLDMOS transis-
tor. As for the drain region, a small discrepancy is visible at high energies. At these high
energies, however, the DF has dropped by more than 20 orders of magnitude and this dis-
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Figure 5.7: Interface state density profiles in an nLDMOS evaluated with the DD- and
SHE-based models for stress voltages Vys = 20V, Vg = 2V applied for 10s and 1 Ms.
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Figure 5.8: The electron and hole concentrations in an nLDMOS as a function of the
coordinate y perpendicular to the Si/SiOq interface evaluated near the drain region, the
bird’s beak, and in the channel.

crepancy does not transform into a significant error of the model. To prove this, the
acceleration integrals calculated by Equation 4.29 are plotted for both the single- and
multiple-carrier processes. Figure 5.6 shows that the acceleration integrals computed with
the SHE- and DD-based approaches are quite similar, and thus the discrepancy in the
DFs at high energies, visible for the case of the drain region, is insignificant. Figure
5.6 also demonstrates that the multiple-carrier process plays an important role in large
devices such as the nLDMOS transistor and should be considered in the model. This
is because the peak in the acceleration integral vs the lateral device coordinate curve at
x ~2.8 ym corresponds to the multiple-carrier bond breakage process indicating that the
MC-mechanism is the major source of defect creation near the source region of the device.

The Nii(z) profiles simulated using the SHE- and DD-based approaches for the entire
lateral coordinate range and for 10s and 1Ms are presented in Figure 5.7. It can be
seen from Figures 5.3 and 5.6 that the carriers near the drain are rather hot and both
the single- and multiple-carrier mechanisms are saturated, thus leading to an Nj; peak at
the drain region. Another peak is pronounced in the vicinity of the bird’s beak which is
due to the single-carrier process as the rate of the multiple-carrier process (Figure 5.6) is
negligible in this region. The third Nj; maximum located in the channel at z ~ 2.8 um
stems from the common action of the multiple-carrier mechanism of the bond dissociation
and the interaction of the dipole moment of the bond with the electric field [26]. The role
of this Nj; peak in the channel is also important for the representation of the overall device
degradation.

It is worth discussing that only the electron induced portion of the degradation is
considered because the hole concentration at the interface is very low. Figure 5.8 shows
the hole concentration plotted as a function of the coordinate orthogonal to the Si/SiOq
interface evaluated for three different positions in the nLDMOS devices: at the drain, in
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Figure 5.9: The experimental change in the saturation and the linear drain currents plotted
vs. simulations obtained with the SHE- and DD-based versions of the model for a gate
voltage Vo = 2V and drain voltage Vgs = 18 V in an nLDMOS transistor.
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Figure 5.10: Same as Figure 5.9 but for Vg = 2V and Vg = 20 V.

the channel, and near the bird’s beak. For comparison, the electron concentration profiles
are also plotted in Figure 5.8. One can see that the hole concentration at the interface does
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Figure 5.11: Same as Figure 5.9 but for Vo = 2V and Vg, = 22V.
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Figure 5.12: The relative change in the linear drain current simulated with the DD-based
version of the model for an nLDMOS transistor. One can see that if the mobility degrada-
tion is not considered, the change in current can be severely underestimated. For instance,
at a stress time of 1Ms the error in Iq iy (t) is 27%.

not exceed 10%cm~3, i.e. around 15 orders of magnitude lower than the electron con-
centration. Therefore, we conclude that the contribution of holes can be neglected. The
normalized experimental change of the linear and saturation drain currents simulated with
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Figure 5.14: The change in the saturation and linear drain currents: experiment vs. the
DD-based model in an nLDMOS. Results are obtained for a drain voltage Vgs = 20V and

the SHE- and DD-based versions of the HCD model is plotted against the experimental
data in Figures 5.9, 5.10 and 5.11 for a fixed gate voltage of Vs = 2V and a series of three
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Figure 5.16: Same as Figure 5.14 but for Vgs = 20V and Vg = 2V,

different drain voltages: Vgs = 18, 20, and 22V. One can see that the agreement between
the experimental results and the simulated data is very good. It is important to emphasize
that the Alqjin(t) and Alqat(t) curves obtained with the SHE- and DD-based versions of
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Figure 5.17: Comparison of the change in the threshold voltage obtained from experiments
and simulation in an nLDMOS, using the SHE- and DD-based models, for stress voltages
Ves = 2V and Vg = 20 and 22V for stress times up to 1 Ms.

the model are almost the same within the whole experimental time window. This makes
the latter version attractive for efficient and predictive HCD simulations of nLDMOS de-
vices. Figures 5.12 and 5.13 show the Alqin(t) and Algga(t) traces simulated with the
DD-based version of the model with and without the effect of mobility degradation (see
Equation 4.39). One can see that for the entire stress time window the current degrada-
tion simulated considering only the electrostatics perturbation due to the interface state
build-up is substantially underestimated.

To check the DD-based model in greater detail, the normalized changes in the linear
and saturation drain currents simulated exclusively with the DD-model for a fixed Vgs =
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Figure 5.18: The threshold voltage shift vs. stress time: a comparison between experiment
and simulation with the DD-based model for a fixed drain voltage Vgs = 22V and two
different gate voltages Vo = 1.2 and 2V.

20V and three different Vs = 1.2, 1.5, and 2.0V are plotted in Figures 5.14, 5.15 and 5.16.
It can be concluded that the agreement between the experimental data and the degradation
traces is very good. This is also the case for the threshold voltage shifts AV(t) for Vs =
2V and Vgs = 20V and 22V obtained with both versions of the HCD model and plotted
vs. the measured AV, (t) traces, as shown in Figure 5.17. Again, as in the case of the drain
current degradation, the DD-based model is applied to represent AV;(t) traces for Vgs =
22 and Vg = 1.2 and 2V without using the ViennaSHE DFs as a reference, see Figure
5.18, and a good agreement between experiments and theory is obtained. It is important
to emphasize that all above simulations were carried out with the same parameter set.

5.6 Modeling the Degradation in pLDMOS Transistor

The validity of the model beyond the nLDMOS transistor was tested by following a similar
procedure for calculating DFs, Nj;(x) profiles, and drain current degradation curves for
an pLDMOS. Even in this case, the DFs obtained from the DD-based approach and SHE
method are quite similar as was shown in Figure 5.4. The DF in the case of the pLDMOS
transistor have a slightly different appearance in the drain region as compared to the
nLLDMOS, lacking the cold carrier part (Figures 5.3 and 5.4), while near the STI corner,
they look similar as for the bird’s beak region in the nLDMOS. This is due to differences
in the architectures (and even different technology nodes) of the n- and p-channel LDMOS
transistors used. Another reason which leads to the different shapes of the DFs for the
pLDMOS devices is the different stress conditions for n- and p-channel transistors. Due to
the high stress voltages used for the pLDMOS (Vgs = —50V) as compared to the nLDMOS
(Vas = 20V), no high concentration of cold carriers is present at the drain in the former
case. As aresult, the DFs for the pLDMOS lacks the Maxwellian low energy fragment which
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Figure 5.19: Interface state density profiles obtained with SHE- and DD-based models for
the pLDMOS transistor. The stress voltages are Vgs = =50V and Vg = —1.5V applied
for stress times 10s and 40 ks.
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Figure 5.20: Comparison of the change in the saturation drain current in the pLDMOS
transistor obtained from experiments and simulations, using the SHE- and DD-based mod-
els for stress voltages Vg = =50V and Vg = —1.5, —1.7V for stress times up to 40 ks.

was seen in the DF corresponding to the nLDMOS. The DFs are then used to calculate
the Nij¢(x) profiles for the entire lateral coordinate of the pLDMOS transistor. The Nj(x)
profiles are plotted in Figure 5.19. To demonstrate that the model works well for the
pLDMOS device too, the Alygag(t) obtained from simulations is compared against the
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Figure 5.21: Interface state density profiles obtained with SHE- and DD-based models,
for the nLDMOS transistor, without the effect of the MC-process. The stress voltages are
Vas = 20V and Vs = 2V applied for stress times 10 s and 1 Ms. The case where all
the superposition of SC- and MC-processes are considered in the DD-based model are also
plotted for comparison (grey lines).

experimental data in Figure 5.20. As can be seen, the simulated curves agree well with the
experiments.

5.7 Role of Cold Carriers in HCD

In order to study if the effect of cold carriers can be neglected at such high voltages as Vg
> 16V the Nj;(x) profiles were calculated for the nLDMOS device without the contribution
of the MC-mechanism, see Figure 5.21. One can see that the channel Ny peak disappears if
the MC-process is ignored. This behavior can be easily explained because carriers near the
source are close to equilibrium, and therefore the carriers near the channel have moderate
energies which are not enough to trigger the SC-mechanisms.

The important issue which needs to be addressed in more detail is whether the effect
of cold carriers can be neglected in nLDMOS devices stressed at high voltages. This effect
is twofold: the population of cold carriers is described by the second term of the energy
distribution function (see Equation 4.22 ) and these low-energetic particles contribute to
HCD via the MC-mechanism. To analyze the role of the first aspect, the drain DFs obtained
with ViennaSHE and with the DD-based model excluding the term for cold carriers in the
DF expression Equation 4.22 were calculated for two different drain voltages of 20 and
22V, see Figure 5.22. One can see that at moderate and high energies the agreement is
very good while for low energies the Maxwellian tails visible in SHE-based DFs are not
reproduced by the DD-based method.

To check if this omission in the DFs at low energies translates into changes in the
linear and saturation drain current degradation, Alqjin(t) and Alqgas(t) curves calculated
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Figure 5.22: DFs for the nLDMOS transistor from ViennaSHE and the DD-based approach
without the term for cold carriers in Equation 4.22, for stress voltages: Vo = 2V, Vg =
20V and 22V.

without the effect of cold carriers for Vs — 2V and Vgg — 18 and 22V are plotted, see
Figures 5.23 and 5.24. These degradation curves are evaluated using the same parameter
set as those obtained with the “full” model. One can see that at short stress times neglecting
the cold carrier contribution does not affect HCD, while at times longer than ~5ks the
drain current change is substantially underestimated. This is because short term HCD
is determined by the drain Nj; peak which is visible already at 10s, see Figure 5.21. In
this device area carriers are rather hot, and therefore both SC- and MC-mechanisins are
coupled and have high rates. Thus, ignoring the contribution of cold carriers does not
change the Alqin(t) and Alq gt (t) traces.

With increasing stress time the drain Vy; peak becomes broader, i.e. HCD propagates
into the device. However, at these times a substantial contribution is made to the degra-
dation by the growing Nj; peaks inside the channel and the bird’s beak, see Figure 5.21.
The peak in the channel is determined by the MC-process (in combination with the bond
breakage energy reduction due to the field-dipole interaction). Suppressing either the cold
carrier fraction effect or the MC-process contribution leads to an underestimation of HCD
at moderate and long stress times. This leads to the conclusion that even in the case of
high-voltage devices the cold carrier contribution cannot be omitted.

The cold carriers in the drain region, having a very high occupation probability, cannot
be represented if the second term corresponding to the cold carriers in Equation 4.22 is
omitted, see Figure 5.22. Note that the DF in Figure 5.22 was evaluated by just setting
the cold carrier coefficient C' to zero without further renormalization (i.e. the area under
the DF curve no longer represents the local carrier concentration). This can severely affect
the predictive capability of the HCD model.
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Figure 5.23: The change of the linear drain current Alq iy (¢) in an nLDMOS as a function
of stress time: experimental data, the results of the full model, and the traces obtained
neglecting the cold carrier term in Equation 4.22 and without the MC-process. The stress
voltages were Vys = 2V and Vgg = 18 and 20V.

Figures 5.23 and 5.24 show Alqgjin(t) and Algga(t) obtained from the HCD model
considering both SC- and MC-processes but ignoring the second term in Equation 4.22
corresponding to the cold carriers for two stress conditions, i.e. Vg = 2.0V and Vg =
18 and 22 V. Interestingly, the drain current degradation is not dramatically affected at
short stress times by the second term, but at high stress times, where other processes have
nearly saturated, the consideration of cold carriers in the drain region results in a significant
difference of Alqin(t) and Alggat(t). Figures 5.23 and 5.24 also show the importance of
the MC-process in the HCD model.
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Figure 5.24: The same as in Figure 5.23 but for the saturation drain current.

The rate of the MC-process, as already discussed, is determined by Equation 4.29,
where the threshold energy ey, is the distance between the Si-H bond vibrational levels
and is ~0.25 eV [139, 140]. As for the SC-process, which has an activation energy of
~2.5¢eV, the corresponding rate is not significantly affected if the DFs with the omitted
cold carrier term are used, as opposed to the rate of the MC-mechanism.

As can be seen in Figure 5.23 , the HCD model considering just the SC-process fails
to describe Alqin(t). In the nLDMOS transistor short-term HCD is determined by the
drain Ny peak. Near the drain, the carriers are rather hot, and therefore one may expect
that if the effect of cold particles is neglected, the corresponding Ny peak and changes
of the device characteristics at short stress times will not be affected. Figure 5.23 shows,
however, that this is only partially true and neglecting the MC-mechanism leads to severe
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Figure 5.25: The change of the saturation drain current Alqg,s(t) in the pLDMOS as a
function of stress time: experimental data, the results of the full model, and the traces
obtained neglecting the MC-process. The stress voltages were Vs = -50V and Vg = -1.5
and -1.7V.

underestimation of both Alqin(t) and Alqgs(t) at short stress times and for both com-
binations of Vjs and Vgs. This originates from the fact that hot carriers contribute also to
the MC bond breakage process. Let us consider an electron which has gained an energy
of 1.4eV. This electron cannot trigger the SC-process which has an activation energy of
1.5eV [139, 140] but it can excite the bond to a higher energy level. Now the remaining
bond breakage energy needed to desorb the hydrogen atom is ~0.1eV and the probability
of finding carriers with this energy or above is very large. Therefore, it is concluded that in
the drain area the MC- and SC-processes are strongly coupled and neglecting the former
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mechanism leads to spurious Alqjin(t) and Alqgas(t) results.

As for the role of the low energy fraction of the carrier ensemble in the context of the
drain Ny peak, the contribution of these particles is screened by those electrons which
have higher energies. Therefore, if the cold carrier term in the DF expression is omitted,
the drain Ny, peak is not impacted and the error in the Alqin(t) and Alq gt (t) values is
visible at stress times of ~3 ks and longer. An additional factor which is also responsible
for this HCD underestimation is due to the fact that the cold carriers (together with the
field-dipole lowering of the activation energy) are responsible for the channel Ny peak
which contributes to HCD also in the case of long stresses [26, 147].

Finally, Alqgat(t) is shown neglecting the MC-process in the HCD model in Figure
5.25 for the pLDMOS transistor. Again, an underestimation of degradation is observed
if the MC-process is not included. Since at such high stress voltages as Vg = -50V
the concentration of hot carriers is higher than compared to the nLDMOS device, the
underestimation is not as severe. As the stress time increases, the discrepancy reduces due
to the increase in the number of hot carriers and the SC-process dominates at longer stress
times. Neglecting the cold carrier term in Equation 4.22 does not affect the DF and the
HCD in the pLDMOS as the cold carrier concentration is not very high in this device at
stress voltages of Vis = -50V and Vs = -1.5 and -1.7 V.

To conclude, in this section the physical model of HCD is applied to represent the
degradation in nLDMOS and pLDMOS transistors. Two versions of the model have been
examined, i.e. a version which employs the carrier distribution functions obtained from a
deterministic Boltzmann transport equation solver and one which uses the simpler drift-
diffusion approach. The electron DFs determined with the DD-based model were compared
with those simulated with the SHE approach and good agreement between them was shown.
Although some discrepancy between the DFs computed with these two models is visible
in the drain region, this discrepancy was shown to not translate into a significant error
in the degradation traces. Such a conclusion can be drawn based on the good agreement
between the carrier acceleration integrals evaluated with the two versions of the model for
both single- and multiple-carrier processes of Si-H bond dissociation. The corresponding
interface state density profiles are also almost identical for a wide range of stress times
and stress conditions. The degradation of the linear and saturation drain currents as well
as the threshold voltage shift were properly represented by both versions of the model for
different combinations of drain and gate voltages using a unique set of parameters. Good
agreement between the results obtained with the SHE- and DD-based methods suggests
that the computationally efficient drift-diffusion model is well suited for describing the
hot-carrier degradation in LDMOS devices. This makes the DD-based model attractive
for predictive HCD simulations of LDMOS transistors.

Using the physics-based model for hot-carrier degradation (Section 4.3 and 4.4), the role
of colder carriers in HCD of n- and p-channel LDMOS transistors is also investigated. The
effect of cold carriers on HHCD is twofold: these carriers contribute to the low energy fraction
of the carrier energy distribution function and also trigger the multiple-particle process of
Si-H bond dissociation. As a result, the drift-diffusion scheme is more feasible for analysis
of the role of cold carriers in HCD since the analytic formula for the distribution function
contains two terms, i.e. the one which represents the hot carrier fraction of the statistical
ensemble and the second one which models the thermalized cold carriers. If the multiple-
carrier process rate is neglected, Alqin(t) and Alggt(t) are severely underestimated in
both LDMOS transistors. Note that this trend is especially pronounced at short stress
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times. It has been shown that short-term HCD is determined by the drain Nj; [26, 147].
In the drain the carriers are hot enough and have a high concentration. As a result,
both single- and multiple-carrier processes of bond dissociation are strongly coupled. For
instance, those carriers with energies slightly below the Si-H bond breakage activation
energy can excite the bond, therefore contributing to the multiple-carrier process. If the
bond is excited by this process, a substantially lower energy is needed to trigger the bond
rupture event. Therefore, ignoring the MC-process rate can also impact the rate of the
SC-mechanism. In addition, the common effect of cold carriers with the bond weakening
due to the field-dipole interaction leads to a channel Ny peak which also contributes to
HCD at longer stress times. Finally, it is important to emphasize that all trends are the
same for both n- and p-channel devices and that for both transistors a unique set of model
parameters has been used.
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Chapter 6

Comparison of Drift-Diffusion Based
Models

As already discussed in Section 4, several different approaches exist which can be employed
to obtain the carrier DF in a simple manner. In this chapter, the different analytic models
proposed for the carrier distribution function, namely the heated Maxwellian, the Cassi
model, the Hasnat approach, the Reggiani model, and the model used in this work (Section
4.3), are compared. The applicability of these models for describing hot-carrier degrada-
tion in nLDMOS devices is verified. For reference, the carrier distribution functions are
evaluated from the direct solution of the Boltzmann transport equation using the spherical
harmonics expansion method. The simulation framework is the same as in Section 5.2
comprising of ViennaSHE for SHE simulations, ViennaMesh for generating the meshes,
Sentaurus Process simulator for process simulations, and MINIMOS-NT for device simula-
tions. The DFs obtained from the different models are used in the HCD model (Section
4.4) to simulate the interface state generation rates, the interface state density profiles,
and changes of the linear and saturation drain currents as well as the threshold voltage
shifts. These degradation curves are compared with experimental data and a conclusion
on the validity of each model is drawn. Since all models use the same parameter set, the
differences in the results can be directly traced back to inaccuracies in the approximation
of the DF.

6.1 The Maxwellian Model

The heated Mazwellian distribution is a frequently used approach to mimic the DFs of
non-equilibrium carriers [28]:

f(e) = Aexp(—¢/kpT)). (6.1)
An example of the DFs obtained using the Maxwellian function for different regions of the
nLDMOS device (described in Section 5.1) is shown in Figure 6.1. One can see that the
DFs evaluated with the heated Maxwellian approach are close to equilibrium in the channel
and drain regions of the device, while in the bird’s beak region, the carriers are rather hot
and the corresponding DFs are severely non-equilibrium.
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Figure 6.1: The electron DFs (coupled with the density of states to show the carrier
occupancy) in nLDMOS obtained with the heated Maxwellian approach compared with
those simulated with ViennaSHE for Ve = 2V and for Vgg = 18V calculated at the drain,
bird’s beak and channel regions. For comparison, the DFs evaluated with the DD-based
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model in Section 4.3 (light grey lines) are also plotted.

6.2 Cassi Model
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Figure 6.2: Same as Figure 6.1 but for the Cassi model.
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Cassi and Riccd proposed an expression to account for the non-Maxwellian shape of the
DFs observed in MOSFETs, especially in the drift and the drain regions. Their model for
the DF is given by [33]:

f(e) = Aexp (—Xeg/E1‘5) , (6.2)

where ¢ is the carrier energy, x = 0.1 a fitting parameter and E the local electric field.
The Cassi model results in DFs which are substantially non-equilibrium in the bird’s beak
region, as shown in Figure 6.2. Due to the fixed curvature, the shape of the DF is similar
in the channel and in the drain region. Hence, the carrier energies obtained from the Cassi
model for these device sections are significantly lower compared to the bird’s beak region.

6.3 Hasnat Model

Hasnat et al. replaced the local electric field in Cassi’s expression by a function of carrier
temperature to capture the non-local behavior [34]:

fe) = Aexp (—¢/(n(knT0)")) . (6.3)

where £, 1, and v are fitting parameters. Figure 6.3 shows the DFs obtained using Equation
6.3 for different regions of the device. The DFs in the channel and the drain sections are
similar to the Maxwellian, see Figure 6.1, while for the bird’s beak region, the carrier
energies calculated with the Hasnat model extend up to 5.5 eV and beyond.
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Figure 6.3: Same as Figure 6.1 but for the Hasnat model.

6.4 Reggiani Model

Reggiani et al. have recently developed an analytical model for the DFs which is focused
on modeling of HCD in LDMOS devices [35, 36]. The DF is expressed as:
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Figure 6.4: Same as Figure 6.1 but for the Reggiani model.

f(e) = Aexp [—ae(1l + de)/ (kT (1 + Be))] . (6.4)

Here § and § are fitting parameters, while A and « are evaluated using the carrier con-
centration n and carrier temperature 7;, computed using the DD scheme. In long channel
devices the moment n can be obtained directly from DD simulations while 7;, is evalu-
ated using the local energy balance equation [177]. The Reggiani model produces non-
equilibrium DFs for the bird’s beak and drain regions as shown in Figure 6.4. As for the
channel region, the corresponding DFs are close to the equilibrium ones.

The DFs obtained by the approach proposed in this work, Section 4.3, are shown in
the Figures 6.1, 6.2, 6.3, and 6.4 as gray curves. One can see that this DD-based scheme
for the carrier distribution function can adequately represent the DFs.

6.5 Results and Discussion

To check the validity of the different HCD models, the bond breakage rates, the interface
state density profiles, and the change of the linear and saturation drain currents as well as
the threshold voltage shifts are calculated. The data obtained from the different versions
of the model are compared against the HCD results measured in nLDMOS transistors.

6.5.1 Distribution Functions and Interface State Densities

The heated Mazwellian DFs are plotted along with the DFs calculated with ViennaSHE
in Figure 6.1. As expected, the Maxwellian model is only valid in the initial part of the
channel region where the carriers are almost in equilibrium. It overestimates the DFs at
high energies near the bird’s beak and fails completely in the drain region of the nLDMOS
device. The heated Maxwellian distribution leads to reasonable Nji(x) profiles only in the
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Figure 6.5: The Ny profiles in nLDMOS transistor obtained using the heated Maxwellian
(top - blue line) and the Cassi model (bottom - blue line) for Vys = 2V and for Vs = 18V
and stress time of 10s. For comparison of the Ny profile from ViennaSHE (blue dashed
line) and the DD-based approach used in this work (grey line) are also plotted.

channel and source regions when compared with the N (z) profiles computed using the
DF from ViennaSHE, see Figure 6.5. This approach overestimates the Ny values in the
bird’s beak region and also fails in the drain region.

The Cassi model shows an improvement for the non-equilibrium case but cannot de-
scribe the DFs near the drain. This is because the DFs evaluated with this approach have a
fixed curvature. Figure 6.5 summarizes the Nj;(x) profiles obtained using the DFs from the
Cassi model and from ViennaSHE. These N (z) profiles from the two approaches are only
comparable in the bird’s beak region. Such a behavior is also consistent with the difference
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Figure 6.6: Same as Figure 6.5 but for the Hasnat model (top) and the Reggiani model
(bottom).

in the DFs computed with this model and that from the BTE solution.

The Hasnat method cannot represent the DFs in neither the bird’s beak nor the drain
region, as shown in Figure 6.3. The corresponding interface trap density is plotted in Figure
6.6, which does not match those calculated with ViennaSHE in the entire X coordinate
range. The Ny values are severely underestimated inside the channel and close to the drain
region.

The Reggiani approach appears promising because it can describe the DFs in LDMOS
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Figure 6.7: Simulated Alqin(t) traces obtained using the heated Maxwellian distribution
plotted against experimental data for nLDMOS. Stress voltages are Vg = 2V and for Vg
= 18V and 22V. As a reference, the degradation traces calculated with the DD-based
version of the model are plotted (grey curves).
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Figure 6.8: Simulated Alqga(t) traces obtained using the heated Maxwellian distribution
plotted against experimental data for nLDMOS. Stress voltages are Vg — 2V and for Vg
= 18V and 22V. As a reference, the degradation traces calculated with the DD-based
version of the model are plotted (grey curves).

devices with good accuracy except for the drain region. The reason is that within the
Reggiani model the DFs are linked to the local electric field, and thus hot carriers which
form the high-energy tail of the DF are not properly described. From Figure 6.4 one can
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Figure 6.9: AVj traces simulated using the heated Maxwellian distribution vs experimental
data for nLDMOS. Stress voltages are Vys = 2V and for Vs = 18 V and 22 V. As a reference,
the degradation traces calculated with the DD-based version of the model are plotted (grey
curves).

see that these tails are underpopulated if the Reggiani approach is used. As a result, this
discrepancy translates also into an error in Nj; which is underestimated in the drain, as is
evident from Figure 6.6.

The DFs computed with the model developed in this work (Section 4.3) are also shown

10t

1072 + 1
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stress time t, sec

Figure 6.10: Same as Figure 6.7 but for the Cassi model.
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in Figures 6.1, 6.2, 6.3, and 6.4 as light gray curves. The model was successful in repre-
senting the carrier distributions along the entire device.

6.5.2 Degradation Traces

The changes in Alqin(t), Alqsat(t), and AVi(t) calculated with the different model ver-
sions are summarized and compared to the experimental data in Figures 6.7 — 6.18.
The heated Mazwellian approach leads to a saturation of Alq jin(t), Algsat(t), and AVi(2)

10*

1072 1
symbol - experimental data
line - Cassi model

10—3 I I I |

10! 10? 103 10* 10° 10°

stress time t, sec

Figure 6.11: Same as Figure 6.8 but for the Cassi model.
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Figure 6.12: Same as Figure 6.9 but for the Cassi model.
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at ~500s, see Figures 6.7 — 6.9. This is related to the drain Ny peak which is formed by
hot carriers and which determines short term hot-carrier degradation [26, 147, 203]. One
can see in Figure 6.5 that the interface state density Ny is saturated already at short stress
times, and thus at long stress times, HCD is driven by colder carriers which contribute
to the multiple-carrier process [26, 147, 203|. As a result, if the effect of cold carriers is
underestimated, the change of the device characteristics saturates at longer stress.
Figures 6.2 and 6.5 show that the Cassi model highly underestimates the DFs and Ny

symbol - experimental data
line - Hasnat model
1078 : : : :

10?1 102 103 104 10° 106
stress time t, sec

Figure 6.13: Same as Figure 6.7 but for the Hasnat model.
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Figure 6.14: Same as Figure 6.8 but for the Hasnat model.
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Figure 6.15: Same as Figure 6.9 but for the Hasnat model.

values near the drain region. As a consequence, the degradation of all device characteristics
is underestimated as well, especially at short stress times as in Figures 6.10 — 6.12. This is
because the most prominent discrepancy between the DFs obtained with ViennaSHE and
the Cassi model is visible for the drain region of the device. The same behavior is typical
also for the Ny drain maximum, which — as already discussed — determines short-term
HCD.

The Hasnat method behaves similarly to the Cassi model where the DF values are un-

102

o Ves=2V  TVe=22V

symbol - experimental data
lines - Reggiani model 1

10t 102 103 104 10° 106
stress time t, sec

Figure 6.16: Same as Figure 6.7 but for the Reggiani model.

78



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

°
lio
nowledge

b

o
i
r

M YOU

derestimated for most of the device regions, see Figures 6.13 — 6.15. As a result, the
degradation of both linear and saturation drain currents as well as the threshold voltage
shift are massively underestimated in the entire experimental stress time window.

As for the Reggiani model, the model underestimates the interface trap density near
the drain. This peculiarity results in weaker curvatures of Alqin(t), Alqsat(t), and AV,
traces as shown in Figures 6.16 — 6.18. Although the degradation curves are close to the
experimental ones at long stress times, they are unable to predict the correct degradation

10+

symbol - experimental data
lines - Reggiani model

1073
10t 107 103 104 10° 108
stress time t, sec

Figure 6.17: Same as Figure 6.8 but for the Reggiani model.
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Figure 6.18: Same as Figure 6.9 but for the Reggiani model.
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for the entire stress time slot.

Finally, Figures 6.7 — 6.9 show very good agreement between measured Alq i (t),
Al gat(t), and AV} curves and those simulated with the DD-based method developed in
this work for the whole stress time window. Both the SHE and DD variants of the HCD
model use the same set of parameters for different combinations of stress voltages and for
the degradation traces of different device characteristics.

To conclude, in this section a comparison between various HCD models, which employ
different approaches to approximate the solution of the Boltzmann transport equation,
has been performed using hot-carrier degradation data measured on nLDMOS devices.
In several realizations of the HCD model, carrier energy distribution functions obtained
with the heated Maxwellian, Cassi, Hasnat, Reggiani and our model are used. These
different versions are compared in terms of carrier DFs, interface state density profiles, and
degradation of the linear and saturation drain currents, as well as the threshold voltage.
The heated Maxwellian neglects the cold carrier fraction of the carrier ensemble and thus
the Ni(x) profiles are adequate to some extend only in the channel and source regions. Asa
result, the degradation traces (Alqin(t), Alqsat(t), and AVi(t)) show a spurious saturation
at longer stress times. The Cassi and Hasnat models underestimate the values of the carrier
DFs in most of the device regions. As for the Nji(x) profiles, the former approach leads
to somewhat reasonable Ny values only near the bird’s beak, while the interface state
densities simulated with the latter approach have substantially lower values (as compared
to those evaluated using the full BTE solution) in the entire range of the lateral coordinate.
Therefore, the Alqin(t), Algat(t), and AVi(t) degradation characteristics computed using
the Cassi and Hasnat models are underestimated within the entire stress time slot. The
Reggiani model can represent the DFs for most device regions except the drain where the
agreement deteriorates. As a result, the curvature of the degradation traces is weaker
within the Reggiani model. Finally, the proposed DD-based method can mimic the DFs
in the entire device with a slight discrepancy in the drain region for the high energy tails
where the magnitude of DF has already dropped by ~20 orders. This discrepancy does
not translate to an error in the results evaluated using this approach. This means that the
agreement between the Nj¢(x) profiles and the Alqin(t), Algsat(t), and AV; degradation
curves simulated with the SHE- and DD-based realization of the model is very good. It
can, therefore, be concluded that in long-channel LDMOS transistors HCD can be modeled
with very good accuracy even with a DD-based formalism provided a good approximative
model for the distribution function is used.
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Chapter 7

On the Limits of Drift-Diffusion
Based HCD Modeling

In this chapter, the limits of applicability of the drift-diffusion (DD) based model for hot-
carrier degradation (HCD) described in Chapter 4 are studied. In [34] it was suggested that
the DD scheme is applicable for describing carrier transport in devices with gate lengths
longer than 0.5um. However, as shown in [29], drift-diffusion and even hydrodynamic
approaches can be inadequate for modeling HCD in nMOSFETs with gate lengths of 2.0um.
Thus, in this context, the analysis of the limits of the validity of the DD-based model is
a very important task. To investigate the limits of the DD-based HCD model, in this
work planar nMOSFETs with identical topology but different gate lengths of 2.0, 1.5 and
1.0pm are used. These devices were generated with the Sentaurus process simulator [198].
The BTE solution produced by the deterministic BTE solver ViennaSHE is employed as
reference [204]. While applying the DD- and SHE-based versions of the HCD model to
planar nMOSFETs, the typical stress voltages for these transistors have been used which
are way lower than compared to the LDMOS devices, i.e. Vgs = 7.5V and Vg = 2.5V, see
[141, 171, 205]. For all the devices, the electron DFs, interface state density profiles Nj;(x),
and degradation traces Alqin(t) as well as Alg g (t) (for up to 50ks) are simulated.

7.1 Model Results for Scaled Devices

Figure 7.1 summarizes the simulated electron energy distribution functions for 2.0, 1.5 and
1.0 pm nMOS devices obtained with ViennaSHE and the DD-based approach at different
lateral coordinates along the channel. At low and moderate energies the DFs computed
with the analytic approach, Equation 4.22, reasonably mimic the DFs obtained from a BTE
solution with ViennaSHE. However, at higher energies, the curvatures of the DFs evaluated
with the two approaches are different. It can be seen that the accuracy deteriorates for
shorter channel lengths. On the other hand, the occupation numbers at these energies
have already dropped by several orders of magnitude, and it is not obvious whether this
discrepancy in the DFs translates into a sizable error in the interface state profiles Nj(x)
and the Al i sac degradation traces.
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Figure 7.1: The electron distribution functions at different lateral positions along the
channel for the nMOSFET with Lg = 1.0 ym simulated with ViennaSHE and the DD-
based version of the model.
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Figure 7.2: Same as Figure 7.1 but with Lg = 1.5 um.
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To check the effect of discrepancy in the DFs on the device degradation traces in greater
detail the acceleration integrals are plotted, which determine the corresponding rates, for
the SC- and the MC-mechanism simulated along the Si/SiO5 interface with both versions
of the model, see Figure 7.6. For the 2pm device the bond breakage rates for the SC- and
MC-process are almost the same. This reflects the good agreement of the DFs in Figure 7.1.
For the shorter structures, the acceleration integrals of both mechanisms calculated with
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Figure 7.3: Same as Figure 7.1 but with Lg = 2.0 um.

the two versions of the model are significantly different. However, since in these devices the
interface state profiles Nj;(x), and therefore also the degradation, are mainly determined
by the SC-process, the DD-based version of the model should be able to properly capture
the HCD traces for the 1.5um structure. The situation deteriorates for the smaller nodes.
Although the contribution of the MC-mechanism is properly represented by the simplified
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Figure 7.4: The acceleration integrals for the SC- and the MC-process calculated from the
DFs obtained from the DD-based model (solid lines) and ViennaSHE (dashed lines) for Vgg
= 7.5V and Vg = 2.5V for the nMOSFET with Lg = 1.0 pm.
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Figure 7.6: Same as Figure 7.4 but for Lg = 2.0 um.

approach, the bond breakage rates of the SC-process are profoundly underestimated. While
the SHE-based version predicts a significant build up of interface states in the channel,
triggered by the interplay between the SC- and MC-mechanism, which is not adequately
described by the DD-based approach.

In order to investigate the mismatch of the DFs (Figure 7.1) and the impact of the bond
breakage rates (Figure 7.6) onto the interface trap profiles, the Ny (z) values simulated with
both versions of the model are plotted in Figure 7.7. One can see that in the case of the
longest device, i.e. the 2um nMOSFET structure, the Nj;(z) profiles are very similar. This
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Figure 7.7: The Nji(x) profiles evaluated for the three nMOSFETs with gate lengths Lg
= 1.0 um by both versions of the model for stress times of 10s and 40 ks.
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Figure 7.8: Same as Figure 7.7 but for Lg = 1.5 pm.

is caused by the fact that the electron DFs are properly approximated by the DD-based
model as can be seen in Figure 7.1. The situation starts to change for the shorter structure
with Lg = 1.5 um, i.e. agreement between both models deteriorates. For the device with
L — 1.5 um the discrepancy between the Ni(z) values is visible at Ni; ~108cm™2. The
Ny, peak at the drain side becomes broader and is shifted towards the channel as can be
concluded from Figure 7.6. The DD-based approach is not able to capture this trend. Since
Nj; values of ~10%cm~2 do not contribute to the total device degradation, a significant
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Figure 7.9: Same as Figure 7.7 but for Lg = 2 pum.

deviation between the Alp j, /¢ degradation curves simulated by the two model versions
is not expected. For the shortest device, however, the interface trap densities already differ
by about ~ 10'2cm™2. Such large values provide a considerable contribution to HCD and
lead to a visible discrepancy between the drain current degradation traces.

As a result, best correspondence between Alp i, /sat Obtained with the SHE- and DD-
based models is achieved for the 2.0um nMOSFET, see Figure 7.11. Note, however, that
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10t 102 103 10*
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Figure 7.10: The Alqin(t) and Al sat(t) degradation curves obtained with SHE(symbols)
- and DD-based (lines) versions model for n-MOSFET with Lg = 1 um.
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Figure 7.12: Same as Figure 7.10 but for Lg = 2 pm.

even for this device the analytic model leads to lower Alp i, /sa; values at short stress
times. This is because, as shown in [26, 147]|, short-term HCD is determined by the DFs
at the drain, which are underestimated by the DD-based model, see Figure 7.1.

The same argument also holds for the 1.5 pm device where the agreement is still reason-
able. Hot carrier degradation is slightly underestimated over the whole stress time range
due to the mismatch of the interface state profiles visible in Figure 7.7. For the shortest
device the DD-based model completely fails to properly reproduce the data evaluated with
the full model. This already becomes evident in Figures 7.1, 7.6, and 7.7 where one can see

87



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

that the DD-based model is not capable of reasonable mimicking the ViennaSHE results,
respectively the big discrepancies between the shape of the interface state profiles.

To conclude, the drift-diffusion based hot-carrier degradation model, created for high
voltage LDMOS devices, is found to work reasonably well for MOSFETs with channels
longer than 1.5um. In such devices, the model was able to represent the carrier distribu-
tion functions, bond breakage rates, interface state density profiles, and changes of device
characteristics such as the saturation and drain currents. However, the model does not
work very well for smaller nodes. The reason is that the DD-based model is not able to cap-
ture more complicated DF shapes visible in shorter devices. This is especially pronounced
at high energies because the DFs simulated with ViennaSHE and by the DD-based HCD
model have different curvatures. In the case of the 2um device the curvature change oc-
curs only when the DF values have dropped by several orders of magnitude, and therefore
this discrepancy does not translate into mismatches between bond breakage rates, Ni(x)
profiles and Alqjin(t), Alqsat(t) degradation traces.

As for shorter devices, the discrepancy in the DF curvature appears at higher population
numbers, and thus is related to more pronounced errors. In the device with Lg = 1.5 um
this results in a mismatch in the Nj(z) profiles visible at 108cm =2, and thereby does not
substantially impact the Algin(t), Alqgsat(t) changes. In the shortest nMOSFET used,
Lg = 1pum, Ny values differ severely at values of 10'2cm™2, and hence the changes of
the linear and saturation drain currents simulated with the two versions of the model are
completely inconsistent.
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Chapter 8

Role of Electron-Electron Scattering

An important aspect in modeling hot-carrier degradation for short-channel devices is
electron-electron scattering (EES) [85, 86, 13, 24]. The steps for calculating the carrier
DFs with EES are shown in Figure 8.1. EES populates the high-energy fraction of the car-
rier ensemble, thereby considerably changing the shape of the carrier DF, which is visible in
a characteristic hump pronounced at high energies, see Figure 8.2 [11, 15]. Apparently EES
also determines the temperature behavior of HCD in scaled devices [11, 88]. To obtain the
carrier DF, the BTE should be solved taking this scattering effect into account. However, it
might be possible to approximate the DFs utilizing the knowledge of the effects of EES on
the DF. In this section, the drift-diffusion based model for the carrier energy distribution

Calculate DFs without EES
form Equation 8.1

'

Evaluate € . using
Equation 8.2

Find € _, using the scattering
rate balance Equation 8.3

Calculate new DF changing 'b'
ate andeg , see Figure 8.2

Figure 8.1: Flow chart for the calculation of the carrier DF.
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Figure 8.2: A schematic representation of the carrier DFs for the channel area (left panel)
and for the drain (right panel) with all characteristic peculiarities marked.

function, Section 4.3, which was derived to describe hot-carrier degradation in LDMOS
transistors, is extended for the case of decananometer devices nMOSFETSs with gate lengths
of 65, 150, and 300 nm. Special attention is paid to the effect of EES on the carrier DFs.
To approximately consider the important effect of electron-electron scattering on the shape
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Figure 8.3: Comparison of carrier distribution functions calculated with ViennaSHE and
our DD-based method in nMOSFET with Lg = 65nm for stress condition Vg = Vg —
1.8 V. DFs are plotted for four different positions in the device (z = -32.5nm corresponds
to the source, while z = 32.5nm is related to the drain).
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Figure 8.4: Same as Figure 8.3 but for Vg = Vs = 2.0V.
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Figure 8.5: Same as Figure 8.3 but for Vs = Vs = 2.2 V.

of the distribution function, a balance equation is solved for the in- and out-scattering
rates. The DFs obtained from the extended analytic approach are compared with those
calculated with the deterministic Boltzmann transport equation solver ViennaSHE. Both
sets of DFs are then used with the hot-carrier degradation model, Section 4.4, to calculate
changes in the drain current as a function of stress time. The results of the extended
DD-based model are compared with the results obtained using the full solution of the
Boltzmann transport equation and with experimental data. The accuracy and limits of
the applicability of the DD-based model is also studied on devices with a range of gate
lengths. This model allows to avoid the computationally expensive solution of the BTE
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but is expected to still provide excellent accuracy.

8.1 Extended DD-Based Distribution Function Model

The reference electron DFs have been calculated with ViennaSHE for three different devices
of the same architecture with SiON gate dielectric but with different gate lengths of 65,
150, and 300 nm and for three different stress conditions (Vys = Vs = 1.8, 2.0, 2.2V). The
resulting DFs for the 65 nm device are shown in Figures 8.3 — 8.5. From these DF curves one

- ~&2 SHE Vas = Vgs = 1.8V
| —é&x 2 rate balance

-30 -20 -10 0 10 20 30
X-coordinate, nm
2.5¢
: _ek,2 SHE Vds = Vgs = 2.0V
ol TE2rate balance ]

‘—30‘“—20‘”—10““0‘”‘10””20“”30‘
X-coordinate, nm

0.5

Figure 8.6: The knee energy ey 2, where EES starts to dominate the high-energy tail of
the carrier DF, calculated with the analytic model plotted vs. ViennaSHE results for two
different stress conditions Vg = Vgs = 1.8V (top) and 2.0V (bottom).

92



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

°
lio
nowledge

b

(]
i
r

M YOU

2.5
- &2 SHE Vigs = Vigs =2.2 V
- —& rate balance

‘—30“‘—20‘”‘—10‘”0”“10””20””30‘
X-coordinate, nm

0.5

Figure 8.7: The knee energy €y 2, where EES starts to dominate the high-energy tail of the
carrier DF, calculated with the analytic model plotted vs. ViennaSHE results for stress
condition Vgs = Vigg = 2.2V.

can see that the DF shape substantially changes from the source to the drain. Indeed,
DFs evaluated near the source and in the channel have a maximum visible at low and
moderate energies with the corresponding energy labeled as €y ; in Figure 8.2. As for the
drain DFs, they typically feature a Maxwellian tail visible at low energies followed by a
plateau. The end of this plateau also corresponds to the knee energy ey 1, see Figure 8.2.
Another characteristic energy where the DF changes its curvature is related to the onset
of the EES hump and is labeled as ¢y ».

Such sophisticated DFs can be approximated by following the algorithm depicted in
Figure 8.1. First, Equation 8.1 allows for a rough evaluation of the electron DF without
the effect of electron-electron scattering using the parameters A, e.f, and C evaluated as
earlier in Section 4.3

£ b
<5ref )

The parameter b assumes a different value after every knee position, see Figure 8.2. In the
channel and source regions b is assigned a value of -1 before €y 1, 1 between ey 1 and ey o,
and 2 after ey 5. While for the drain region, b has a value of 0.2 before ¢y 1, 1 between ey 1
and €y 2, and 2 after ey o.

The first knee energy in the low energy region is evaluated analytically using the electric
field from the DD simulations:

f(e) = Aexp

£
+ Cexp [_k‘BTJ . (8.1)

ex1 = aexp[f — (v — 5E)]%, (8.2)

where F is the electric field, while o, B8, v , and ¢ are fitting parameters with values
0.4157eV, 1.3, 11.04, 1.51 x 1075 cmV !, respectively. The second knee energy, where EES
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starts to dominate the high energy tail, is obtained by considering the balance of in- and
out-scattering rates. The in-scattering rate corresponds to EES, while the out-scattering
includes such mechanisms as interactions of electrons with phonons and ionized impurities

[206, 207].

Tees = Tii + Top/abs + Top/emi + Tace (83)

The collision integral, for a nondegenerate semiconductor, is written as [175]:

of

il > S(pp2s 0 05) F(P) F(2) + D S phs p, p2) f(9) f () (8.4)
suggesting that carriers with momentum p out-scatter and carriers with p’ in-scatter due
to carriers with py and pl, respectively. Since there is an equal probability for a carrier
being in/out scattered, Equation 8.4 can be written as:

of
o7 =~ 2 St 1h) (F(0) f(p2) — F(W) F(#) (8.5)
Equilibrium is reached when the in- and out-scattering rates balance.

For the scattering rates in Equation 8.3 the same standard expressions [175, 208] were
used in both ViennaSHE and the DD-based model. The scattering rate of carriers by
accoustic phonons r,c. can be written as [175]

D%k‘BTLm*p
Tacc = Wa (8~6)
where Dy is the accoustic deformation potential, ¢) is the elastic constant (vs = \/c1/p, vs
is the velocity of sound and p is the mass density). For a spherical parabolic band the rate
becomes

DX kpTym*v2m*e
Tacc = 1 .
™ Clﬁ
Note that for a fair comparison the same physical parameters are used in both the SHE
code and the analytic approximation.
Optical phonon scattering can be due to absorption or emission of the optical phonons.
The corresponding rates are given by Equation 8.8 and 8.9, respectively [175]:

(8.7)

D2Nom*\/2m* (g + hw,)

— 8.8
Top/abs 27 pwo B3 ( )
D? (N, + 1) m*/2m* (e — hw,)
Top/emi = 2 pali? (8.9)

where D, is the accoustic deformation potential, hw, is the energy of optical phonon, N,
is the density of optical phonons (N, = 1/ (exp [hwo/kpT1L] — 1)).
The ionized impurity scattering rates are [175]:

Nig* v 1

ri = In (14+13) — — 8.10
16v/2m* 7 (egiep)? (1+7) 1+43 ] e3/2 (8.10)

where
v* =8m*cL} /h?
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Figure 8.8: The electron DFs simulated with ViennaSHE and with the DD-based model
for nMOSFETSs with gate lengths of 150 and 300nm for Vs = V4s = 1.8 V. These DFs are
plotted for different positions in the device. The source is at + = —Lg/2nm and the drain
is at ¢+ = +Lg/2nm.

with Lp being the Debye length given as:

lesieokpT
Lp = 6816;) B
q=no

As for electron-electron scattering, we use the following expression [208]:
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Tees =

mq*n Z \/2m*/h|\/§— \/%‘
egieoh’® < B2 (% (e — <o) + B?)

where ( is the inverse Debye length. It is important to emphasize that calculation of the
rate rggs requires a DF. For energies F/ < gy o the DF calculated with Equation 4.22 can
be used, while for I > ¢y 5 the DF is perturbed due to EES. Once the knee energies are
obtained, the DFs are evaluated by changing the value of the parameter b at the knees in
Equation 4.22. Same approach is followed for the 150 and 300 nm devices to obtain the
DFs in Figure 8.8.

f(e) (8.11)

- —g»-SHE 150nm nMOS
ol =&k 2-rate balance ]
>
(¢)]
<15 .
3
1L ]
60 -40 -20 0 20 40 60
X-coordinate, nm
2.2
of ~E2-SHE 300nm nMOS
| —¢gxo-rate balance
1.8}
> I
() L
<16
&
1.4}
LZ==;2g§EEE====r‘
1 ‘ .

150 -100 -50 0
X-coordinate, nm

Figure 8.9: The knee energy ey o(z) for 150 and 300 nm devices calculated with the analytic
model plotted vs. ViennaSHE results for stress conditions Vs = Vg = 1.8V and 2.0 V.
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8.2 Application of the Extended HCD Model to Scaled De-
vices

Figures 8.3 — 8.5 and 8.8 show very good agreement between the DFs simulated with our
drift-diffusion based approach and with ViennaSHE for all combinations of Vs and Vg5 in
65 nm nMOS as well as for 150 and 300 nm nMOSFETs. Incorporation of the knee energies
allow for an accurate representation of the high-energy tails and in particular the effect of
EES. The values of €y 2 calculated with the analytical model are almost the same as those

07‘ L B R
10 | —SHE-based
—analytical

=
o
R

4

6

normalized Nj
e =
o o o
GIJ | | |

10—107 i
10_127 65nm nMOS Viis = Vgs = 1.8V |
—30‘ “—20“ H—lC‘)‘ | ‘O‘ - ‘10‘ - ‘20‘ - ‘30‘
X-coordinate, nm
100
| —SHE-based
—analytical
Z 1075t ]
o
N AW
C_G L 55/ i
E 1q-10] ¢ ]
51077 NS ,
= \5’\‘665
107 150nm nMOS ~ Vas = Vg =18V -

-60 -40 -20 O 20 40 60

X-coordinate, nm
Figure 8.10: The interface state density profiles N (z) for 65 and 150 devices, normalized
to the concentration of pristine Si-H bond , evaluated using DFs obtained with our analytic

model and using ViennaSHE. Stress voltages are Vg = Vgs = 1.8 V. The profiles are shown
for stress times of 1s and 4 ks.
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Figure 8.11: Same as Figure 8.10 but for 300 nm nMOSFET.

obtained from ViennaSHE for all the devices and stress conditions, see Figures 8.6, 8.7
and 8.9, thereby suggesting the validity of the rate balance method. After the second
knee energy the analytic DFs show a visible error, especially for the 65 and 150 nm cases.
However, the concentrations at these energies are quite low and do not affect hot-carrier
degradation.

The carrier DFs obtained from ViennaSHE and the analytical approach are used with

0.4/ o experimental
-=SHE-based
0-3f == analytical

65nm nMOS

10t 107 103 104
stress time, sec
Figure 8.12: The normalized change in the linear drain current Alqgin(t) as a function

of stress time for Vs — Vg = 1.8V and 2.0 V: experiment vs. simulations for the 65nm
device.
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our HCD model [13, 24] to calculate the interface state density (Ni(x)) profiles. The Nj;(x)
profiles obtained from our physics-based HCD model for the three devices are shown in
Figures 8.10 and 8.11. Figures 8.10 and 8.11 suggest that both SHE- and DD-based versions
of the model for stress times of 1s and 4ks give similar results. These Nj(x) profiles are
then used to simulate the characteristics of the degraded device.

To validate the model against experimental data, the HCD data acquired on SiON
nMOSFETs with a gate length of 65nm is used. These 65 nm devices were stressed under
three different stress conditions, i.e. Vs = Vs = 1.8V and 2.0V at room temperature for
~8ks. The relative changes in linear drain current Alq i, (t) were recorded as a function of

0.2+ =SHE-based
. =analytical

150nm nMOS
0.027 . | . . L . . | . . LT
10t 107 103 104

stress time, sec

=SHE-based
=analytical

0.06¢

300nm nMOS

10t 102 103 104
stress time, sec

Figure 8.13: The normalized change in the linear drain current Alqin(t) as a function of
stress time for Vs — Vs = 1.8V and 2.0 V: the two simulated versions for the 150 and
300nm devices.
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stress time. A slight discrepancy in Nj(x) profiles and DFs visible at © ~-5nm in the
scattering dominated region does not translate into a model error. Figure 8.12 shows that
the simulated Alq i, () traces are almost identical and are in very good agreement with
experimental data. As for the 150 nm transistor, Figure 8.13, there is a slight discrepancy
in the results obtained with the DD-based and the full version of the model, which arises
from a mismatch in the DFs observed at high energies. Finally, in the 300 nm nMOSFET,
the DFs, Alqin acquired from the two methods match very well.

As can be understood from the schematic Figure 8.2, the DF should change its shape
at a certain position in the device, say X.,. The value of X, is an important parameter of

0.57‘ T ‘I ‘.\ I T
0.4, —analytica

r -Xch'lo%
0.37 Xch+10%

0.2

Alg jin

0.1

65nm nMOS

[ T T T
stress time, sec

0.2+ =analytical 1
—Xen-10% _2.03
0.1+t = Xent10%

150nm nMOS
002’ L M| L L N L . . | N N L]
101 102 103 10%

stress time, sec

Figure 8.14: The stress voltages are Vys = Vs = 1.8V and 2.0 V. Alq i, traces simulated
with the shifted point of DF deformation with X, 40.1Lg for 65 and 150 nm devices.
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Figure 8.15: Same as Figure 8.14but for 300 nm device.

the model and therefore it is worth to study the model sensitivity to a change of X to
check the robustness of the model. The value of the coordinate X, is varied and the
corresponding Alq jin (t) traces are determined. Figures 8.14 and 8.15 summarize Alq iy
traces obtained with modified X, values of Xo,4-0.1L¢. In all three devices the Alq jin(t)
dependencies simulated for X,+0.1Lg show that HCD is underestimated at short times
and almost by the same amount for longer stresses. HCD at short stress times is determined
by the damage produced near the drain, i.e. by the drain DFs |24]. If we increase the X,
value the change of the DF shape shown in Figure 8.2 occurs closer to the drain. Thus, DFs
calculated for the segment of [ X, Xc, +0.1Lg] have lower populated high-energy tails and
the damage near the drain is underestimated, thereby resulting in underestimated HCD at
short stress times. The opposite trend is visible if Al i, dependencies are calculated for
Xan—0.1L¢.

8.3 EES Affecting the Temperature Behavior of HCD

The effect of EES also plays an important role in determining the temperature behavior of
HCD in short channel devices. In [88], SION nMOSFETs with an effective channel length
of 44 nm were subjected to hot-carrier stress under Vds = Vgs = 1.8, 2.0, and 2.2 V and
at two different temperatures, i.e. T = 25 and 75°C. To asses HCD, Iqin(t) traces were
recorded up to ~9 ks. For Vgg = Vs = 1.8 and 2.0V, Iq i, values for T = 25°C are higher
than those for T = 75°C. This result contradicts previous findings obtained in transistors
with comparable gate lengths (e.g. [5] and [6]). Also, the distance between I jin(t) curves
reduces as Vjs, Vs increase, and at Vg = Voo = 2.2 'V the Iqy, values are almost the
same for both temperatures within the whole stress time slot. This is because the rate of
the MC-process was found to decrease with increase in temperature while the rate of the
SC-process, augmented by EES, increases with temperature. Thus, as shown in Figure
8.16, the DFs have higher values at 25°C in the lower energy region dominated by MC-
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Figure 8.16: DFs near the drain region of a 44nm SiON nMOSFET at Vo — Vg — 2V
simulated with ViennaSHE for two temperatues, 25°C and 75°C. The hump in the DFs
caused by EES is visible in the high energy region [88].

mechanism. While higher DF values are observed at 75°C for the energy tails including
the EES hump where the SC-mechanism of bond dissociation dominates. This trend is also
evident from the distance between the Iqin(t) curves obtained for the two temperatures
increasing when the SC-process is neglected.
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Chapter 9

Conclusions

A comprehensive hot-carrier degradation (HCD) model should encompass all aspects of
defect creation i.e. the effect of single- and multiple-carrier mechanisms and all their su-
perpositions. Thus, an important element of the HCD model is the distribution of carriers
over energy. In this work, the distribution function (DF) is first determined analytically
using the moments of the Boltzmann transport equation (BTE) obtained from the drift-
diffusion (DD) simulations. The expression used to approximate the carrier distribution
function consists of terms for both hot and cold carriers. To compare the distribution
functions, the full solution of the BTE is obtained using the spherical harmonics expan-
sion method (SHE). The two different approaches, DD- and SHE-based, have been applied
to describe carrier transport in n-channel LDMOS transistors and the calculated carrier
energy distributions are used as input to a physics based hot-carrier degradation model.
The degradation of the linear and saturation drain currents as well as the threshold volt-
age shift predicted by the two versions of the model, for different combinations of drain
and gate voltages, are compared with the measurement data and it is shown that both
approaches can capture HCD. This leads to the conclusion that in the case of nLDMOS
devices the DD-based variant of the model provides good accuracy and at the same time is
computationally less expensive. This makes the DD-based version attractive for predictive
HCD simulations of nLDMOS transistors. The validity of the model is proven beyond
nLDMOS transistors by following similar procedure for pLDMOS transistors. The carrier
distribution functions, interface state density profiles, and changes of the drain currents
vs. stress time are calculated in pLDMOS transistor. The comparison with measurements
shows very good agreement.

Particular attention is paid to the study of the role of the cold fraction of the carrier
ensemble. The effect of cold carriers is checked by neglecting the low energy carriers in
HCD modeling in the case of nLDMOS devices stressed at high voltages. In this work,
the cold carriers are represented by the corresponding term in the analytic formula for
the carrier distribution function as well as by the multiple-carrier process of Si-H bond
dissociation. It is shown that even in high-voltage devices stressed at high drain voltages
the thermalized carriers still have a substantial contribution to HCD.

Different analytic models for the carrier distribution function, namely the heated Maxw-
ellian, the Cassi model, the Hasnat model, the Reggiani model, and the model proposed in
this work, are analyzed based on their applicability to describe hot-carrier degradation in
nLDMOS devices. The DFs evaluated with these models are used to simulate the interface
state generation rates, the interface state density profiles, and changes of the linear and
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saturation drain currents as well as the threshold voltage shift. It is shown that the heated
Maxwellian model underestimates HCD at long stress times. This trend is also observed
for the Cassi and Hasnat models but in these models HCD is underestimated in the entire
stress time window. While the Reggiani model provides good results in the channel and
drift regions, it cannot properly represent the high-energy tails of the DF near the drain,
and thus leads to a weaker curvature of the degradation traces. Finally, the model used in
this work is capable of capturing DFs with very good accuracy and, as a result, the change
of the device characteristics with stress time.

The limits of applicability of the drift-diffusion based model for hot-carrier degradation
have also been studied. Although the simplified version of the HCD model is quite suc-
cessful for LDMOS devices, the analysis of linear and saturation drain current degradation
predicted by the DD-based HCD model shows that it starts to fail for gate lengths shorter
than 1.5um and becomes completely inadequate for devices shorter than 1.0 gm. This lim-
itation of the DD-based model stems from the fact that electron-electron scattering (EES)
becomes significant in scaled devices and this effect is not incorporated in the simplified
model.

Thus, the role of electron-electron scattering on the DF shape in short channel devices
is elucidated. ELS is known to dominate the high-energy tails of the DF. In this work, the
energy which corresponds to the onset of such high-energy tail is called “knee energy” and
is determined by the balance equation for in- and out-scattering rates. The distribution
functions for scaled MOSFETSs are evaluated by first finding an initial solution using the
same approach as used for LDMOS devices and then refining the DF due to knee ener-
gies. The DF obtained from this extended analytic model and those obtained using the
deterministic BTE solver ViennaSHE are almost identical. Furthermore, good agreement
between the degradation characteristics obtained with the analytic approach and mea-
surement data suggests that the extended model is well suited for describing hot-carrier
degradation in decananometer devices. It is shown that the model can properly represent
HCD in nMOSFETs with gate lengths in a range of 65-300 nm, while for longer devices a
similar model but omitting EES is applicable. The main advantage of this model is that
is uses the simple and fast DD scheme instead of the computationally demanding solution
of the BTE.
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Appendix A

The Basic Semiconductor Equations

The Poisson equation and continuity equations, derived from Maxwell’s equations, form
the basis of semiconductor device modeling describing the structure of the field problem.
Since the modern semiconductor devices satisfy the criterion for quasi-electrostatic approx-
imation!, the displacement current (9D/9t) and induction (0B/0t) can be neglected in
Maxwell’s equations. Thus, the right hand side in Faraday’s law V x E = 0B/0t becomes
zero and allowing introduction of a scalar potential .

E=—Vi, (A1)
when coupled with Gauss’ law (V.D = p)
V.(eVY) = —p. (A.2)

Assuming the permittivity to be scalar and spatially dependent,

E'v2¢ = =0

2 — _P
Vo = :
or

Vi =-2n_p-0), (A.3)

€
where n is the electron density, p the hole density and C the density of ionized impurities
and dopants. Equation A.3 is known as Poisson’s equation. The continuity equations are
laid down for the electron and hole current density (J,, Jp, respectively).

on
dp
[ A/ A.
Vidp = a5, = —alt, (A.5)

! Quasi-electrostatic approximation is valid when the characteristic length of a system is considerably
(~factor of 10) smaller than the shortest electromagnetic wavelenght present in the system.
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where R denotes the net recombination rate. i.e. rate of electron-hole pair generation
minus rate of recombination. Since the total number of charge particles remains constant,
the Equations. A.4 and A.5 add up to zero. The unknowns in the three equations (eqns.
A3, A4, and A5) are ¥, n, p, Ju, Jp (neglecting R, considering detailed balance for
simplification). Thus two more equations are needed to evaluate the unknowns, which are
endowed by the transport models.
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Appendix B

Calculating the Moments of the
Maxwell Distribution

The i*" moment of the maxwellian distribution can be calculated from:

(i) = /kiAexp [k;;n} &3k

by transforming the k-space into spherical polar coordinates as: [ d*k = [~ 4nk?dk.

oo —c
)= [ kAex Amk*dk B.1
o) = [ rae | (B.1)
Assuming a parabolic band dispersion relation € = h;f, Equation B.1 becomes
om\? [
(po) = 2mA (g) /0 £its exp |:k;;n:| de (B.2)

Using the value of the gamma function ((z) = [;* e “u” 'du) at1/2, I'(1/2) = /7, and
the property T' (z 4+ 1) = 2T (z) the i*" moment is reduced to:

(¢i) =2mA <2W7§fﬂ‘>g (kpTw)' <z + ;) r (z + ;) (B.3)

The parameter A in Equation B.3 can be evaluated by normalizing the distribution func-
tion.
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Appendix C

Analytical Expression for the
Moments

To calculate the moments as in Equations 4.24 and 4.25 we use the general format for a
moment’s equation:

m; = /OOO e f(e)g(e)de (C.1)

for f(e) we use the DF expression used in this work:

b
_ IS £
(5ref> kBTn:| 7

and a general formulation of the the density of states g(¢) = gov/e (1 + (n¢)). The moment
equation Equation C.1 then becomes:

0o e b
m; = / g (A exp | — < )
0 Eref

0o e b
:/ e'goveAexp —< )
0 Eref

f(e) = Aexp

+ C'exp [—

D (90ve (1 + (ne)?)) de (C.2)

~ (;)1 de (C.3)

€
kBTJ de

+ C'exp [_k:sT
Bin

da—i—/ £'gov/E (ne)® Aexp
0
_|_
} de—l—/ elgov/e (ne)* Cexp [—
0

b
. [
<€ref)
o e b
—Ag()/ g2 exp —( > de
0 Eref

substituting (¢/eyef)’ as t gives:

g
L kBTn

m .
/ 'g0v/eC exp
0

Solving the first term in Equation C.3:

o0
miy = / e'goveAexp
0
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A i o0 i4+3—
mi :% (sref)2 7 / t2 S exp [—t] dt
0
A 2043 21+ 3
:% (Ere) 2 T < % >

since I'(x) = [, t* ! exp [—t] dt. Similarly, the other terms in Equation C.3 can be written
as:

4 2igs 2 + 3+ 2
mi,2 Sl (€ref) 2 (Meref)° T | =™
b 2b
2i+3 2i 4+ 3
m;3 =Cgo (kgTy,) 2 T ( 5 )
243 20+ 3+ 2
mig =Cgo (kTn) 2 (neret)* T (2>

Thus the analytical expression for a moment can be written as:

A i 2 2 2
e =290 (o 2 (r ( s 3) T (et T (”’“)) L

b 2b 2b

2i+3 214+ 3 214+ 3+ 2¢
Cantm 2 (1 (252 4 G (2235))
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