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Abstract—We present a physical model for hot-carrier degra-
dation (HCD) which is based on the information provided by the
carrier energy distribution function. In the first version of our
model the distribution function is obtained as the exact solution
of the Boltzmann transport equation, while in the second one
we employ the simplified drift-diffusion scheme. Both versions
of the model are validated against experimental HCD data in
nLDMOS transistors, namely against the change of such device
characteristics as the linear and saturation drain currents. We
also compare the intermediate results of these two versions, i.e.
the distribution function, defect generation rates, and interface
state density profiles. Finally, we make a conclusion on the vitality
of the drift-diffusion based version of the model.

Index Terms—hot-carrier degradation, nLDMOS, spherical
harmonics expansion, drift-diffusion scheme

I. INTRODUCTION

Although hot-carrier degradation (HCD) is known to be

one of the most important reliability concerns in modern

microelectronic devices [1], the full physical picture behind

this detrimental phenomenon is very complicated. As a result,

predictive modeling of HCD is difficult and very often sim-

plified empirical/phenomenological approaches are used [2].

This is because – depending on the applied stress voltages –

HCD can be driven by “hot” or “colder” carriers, which trigger

the single- and multiple-carrier mechanisms of Si-H bond

dissociation [3]–[6]. The rates of these competing processes

are determined by the carrier energy distribution function

(DF). To obtain this DF one needs to solve the Boltzmann

transport equation, which is computationally quite demanding

[7]. As a result, the most dramatic simplification which is

often made in HCD models is to avoid the thorough evalu-

ation of the carrier energy distribution function and to use,

instead, some empirical parameters based on the macroscopic

device characteristics [8]–[11]. However, as we have recently

demonstrated, a comprehensive HCD model needs to be based

on a proper carrier transport treatment [5]. Therefore, these

simplified approaches are not predictive when the transition

from accelerated hot-carrier stress to real operating condition

results in a change of the dominant physical mechanism of

HCD.

The situation becomes even more dramatic in the case of

an LDMOS transistor, which has a sophisticated architecture

(including the bird’s beak and curved interface, see Fig. 1) and

high operating voltages, which makes a proper treatment of

Fig. 1: The schematic representation of the near-interface section of the
nLDMOS with all the characteristic sections labeled.

carrier transport challenging. Furthermore, as recently shown

by our group [12], both the single- and multiple-carrier bond-

breakage process have to be considered even for such a large

device to properly capture the degradation, thus making the

predictive modeling a challenging task. At the same time, the

LDMOS device is very attractive for mixed-signal integrated

circuits and high-voltage automotive applications [13], and

thus predictive modeling of HCD in these transistors is of great

importance. We present an HCD model based on a thorough

solution of the Boltzmann transport equation by means of the

spherical harmonics expansion (SHE) approach as well as a

simplified version which relies on “classical” drift-diffusion

(DD) simulations and check the limits of this approach.

II. EXPERIMENT

Experiments are performed using nLDMOS transistors fab-

ricated in a 0.35μm process (the device is sketched in Fig. 1)

which were subjected to hot-carrier stress with six different

combinations of drain and gate voltages Vds, Vgs (i.e. at Vgs

= 2.0 V and Vds = 18, 20, 22 V; Vds = 20V ; Vgs = 1.2, 1.5,

2.0 V) at room temperature for ∼1 Ms. The Si/SiO2 interface

length is ∼3.4μm, while the gate length is ∼2.5μm. To assess

HCD, the change in the linear drain current ΔId,lin (at Vds =

0.1 V and Vgs = 2.4 V) and saturation drain current ΔId,sat (at

Vds = 10 V and Vgs = 3.6 V) was recorded as a function of

stress time (ΔId,lin(t) and ΔId,sat(t)). Note that we consider

the normalized (to the value typical for the pristine transistor)

change of these quantities.

III. MODEL DETAILS

Our HCD model consolidates three main sub-modules:

carrier transport treatment, a description of the microscopic

mechanism of defect generation, and modeling of the degraded
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Fig. 2: Comparison of DFs from the DD-based model with those obtained
from ViennaSHE for stress voltages: Vds = 20 V, Vgs = 2 V, calculated near
the drain, bird’s beak and channel regions.

devices [5], [6]. The model is implemented in the determin-

istic Boltzmann transport equation solver ViennaSHE [14].

ViennaSHE evaluates the carrier DFs for the given device

structure and defined stress/operating conditions, see Fig. 2.

The transistor architecture is obtained using the Sentaurus

Process simulator [15]. Since the carrier DFs are sensitive to

the device doping profiles, the process and device simulators

are calibrated in a coupled manner to reproduce the charac-

teristics of the fresh nLDMOS. It is important to emphasize

that even a simplified DD approach to the Boltzmann transport

equation solution can be computationally challenging in such

a device as the nLDMOS. For instance, this transistor has

high doping gradients in the vicinity of the Si/SiO2 interface,

while near the bulk electrode, the doping is almost constant.

As a result, a highly adaptive meshing is needed. For this

purpose, we used the ViennaMesh [16] framework which

generates meshes using the built-in potential, see Fig. 3.

The mesh thus generated has a fine resolution in important

regions, and sufficiently low density in less important areas

so that all the vital characteristics of the device are captured

at reduced computational cost. The HCD model incorporates

such important ingredients as the self-consistent consideration

of single- and multiple-carrier mechanisms of Si-H bond-

breakage, the reduction of the bond rupture activation energy

due to the interaction of the dipole moment of the bond with

the electric field, and statistical fluctuations of this energy.

The rates of both the single- and multiple-carrier process are

determined by the carrier acceleration integral [5], [6]:

I
e/h
SC/MC =

∫ ∞

0

f(ε)g(ε)v(ε)σ0(ε− εth)
pdε, (1)

where f is the carrier energy DF, g the density-of-states, v(ε)
the carrier group velocity, and σ0(ε− εth)

p the reaction cross

section. The product f(E)g(E)v(E) represents the number

of carriers impinging on the interface per unit time and per

unit area, while the reaction cross section determines the

probability that this particular particle from the ensemble was

successful to dissociate the bond.

The idea to avoid the computationally expensive SHE simu-

lations and employ instead the simplified DD scheme appears

to be very attractive, especially in the case of an nLDMOS

transistor [17]. We estimate the DFs from the DD solution

using the analytical expression (2) [18]

f(ε) = A exp

[
−
(

ε

εref

)b
]
+ C exp

[
− ε

kBTn

]
, (2)

where kB is the Boltzmann constant, and Tn the carrier

temperature. The parameters of the DF are determined using

information on the moments of the Boltzmann transport equa-

tion, i.e the local carrier concentration and carrier temperature,

see (3). The electric field profile F (x) from DD-simulations,

for the given stress voltages, is used to find the carrier

temperature, T (x), according to:

Tn = TL +
2

3

q

kB
τμF 2, (3)

where TL is the lattice temperature, q the modulus of the elec-

tron charge, and τ the energy relaxation time. The parameters

of the DF are then obtained from the solution of the following

set of integral equations:∫ ∞

0

f(ε)g(ε)dε = n (4)∫ ∞

0

εf(ε)g(ε)dε =
3

2
nkBTn (5)∫ ∞

0

f(ε)dε = 1. (6)

To describe the bond dissociation kinetics we use a trun-

cated harmonic oscillator model of the Si-H bond [3]–[6]. We

consider all possible superposition of the single- and multiple-

carrier processes of the bond dissociation. The rates of the

multiple-carrier process are modeled as

Pu = IMC + ωe exp[−h̄ω/kBTL], (7)

Pd = IMC + ωe, (8)

where Pu, Pd are bond excitation/deexcitation rates, ωe is

the oscillator vibrational frequency, while h̄w is the distance

between the oscillator levels.

Fig. 3: The adaptive meshing tool, ViennaMesh, modulates the mesh density
based on the built-in potential. The mesh is fine near the Si/SiO2 interface
and coarse in the Si bulk.
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We assume that the bond-dissociation event can occur from

any oscillator level with the corresponding rate:

Ra,i = ωth exp[−(Ea − Ei)/kBTL] +AISC,i, (9)

where the first term corresponds to the thermal activation of the

hydrogen atom over the potential barrier between the bonded

state and the transport mode, while the second term represents

the effect of hot carriers. The cumulative bond-breakage rate

is calculated as a sum of the rates from all particle levels

weighted with the corresponding occupation numbers:

�a =
1

k

∑
r=0

Ra,i

(
Pu

Pd

)
. (10)

As for the rate of the bond passivation reaction �p, for the sake

of simplicity, we model this process as a thermal activation

over the barrier Ep with the corresponding attempt frequency

νp:

�p = νp exp(−Ep/kBTL). (11)

The solution of the equation set describing the bond passi-

vation/depassivation processes leads to an analytic expression

for the interface state density (12):

Nit =

√�2
a/4 +N0�a�p

�p

1− f(t)

1 + f(t)
− �a

2�p
,

f(t) =

√�2
a/4 +N0�a�p −�a/2√�2
a/4 +N0�a�p + �a/2

×

× exp
(
−2t

√�2
a/4 +N0�a�p

)
.

(12)

The interface state density profiles Nit(x) computed for each

stress time step are then loaded to the device simulator

MiniMOS-NT [19] to simulate the degradation traces of the

device characteristics (ΔId,lin and ΔId,sat).

IV. RESULTS AND DISCUSSION

Fig. 2 presents a family of DFs simulated for Vds = 20 V

and Vgs = 2.0 V using the SHE- and DD-based versions of

the model. The DFs are plotted near the drain, near the bird’s

beak, and in the channel. The two former ones are severely

non-equilibrium, while the latter one is almost Maxwellian.

The DFs obtained using the DD-based approach agree well

with those obtained with ViennaSHE. A small discrepancy

is visible at high energies in the drain region. At these high

energies, however, DF values drop by more than 20 orders

of magnitude and this discrepancy does not transform into a

significant error in the model. To prove this we also plot the

acceleration integral for the single-carrier process (Fig. 4) and

Nit(x) profiles (Fig. 5). Figs. 4,5 show that the acceleration

integrals and the Nit(x) profiles evaluated using the SHE- and

DD-based approaches are very similar. The hot carriers near

the drain, see Fig. 2, lead to saturation of both the single- and

multiple-carrier processes, thus producing the Nit peak at the

drain region. The peak in the bird’s beak region is due to the

single-carrier process alone, while the third Nit maximum in

the channel at x ∼2.8μm is a result of the common action of

the multiple-carrier process of the bond dissociation and the

Fig. 4: The acceleration integrals calculated from the DFs obtained from the
DD-based model and ViennaSHE for Vds = 20 V, Vgs = 2 V.

Fig. 5: The interface state densities obtained from the DD-based model and
ViennaSHE for Vds = 20 V, Vgs = 2 V at 10 s and 1 Ms.

interaction of the dipole moment of the bond with the electric

field [12].

The normalized experimental changes of the linear and

saturation drain currents plotted vs. the theoretical ones are

shown in Fig. 6 for a fixed Vgs = 2.0 V and a series of three Vds

equal to 18, 20, and 22 V. One can see that agreement between

experiment and the model is very good. It is important to

emphasize that the ΔId,lin(t) and ΔId,sat(t) curves obtained

with the SHE- and DD-based versions of the model are almost

the same within the whole experimental time window and

that the DD-version can be used for predictive simulations of

HCD. To prove this, we also plot normalized current changes

simulated with the DD-model, without any additional tuning

with the SHE-based model, for fixed Vds = 20 V and three

different Vgs = 1.2, 1.5, and 2.0 V, see Fig. 7. Fig. 7 shows quite

good agreement between the experimental degradation traces

and those obtained with the simplified version of the model.

We conclude that the DD-based HCD model can properly

represent the degradation of such device characteristics as

ΔId,lin and ΔId,sat.

V. CONCLUSIONS

We have presented and verified our physics-based model

for HCD against the degradation data measured in nLDMOS

transistors. The model employs carrier transport treatment,

and has two versions, i.e. based on the exact solution and

simplified solution of the Boltzmann transport equation. The

first variant uses the spherical harmonics expansion technique

whereas the second one relies on a simplified drift-diffusion
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Fig. 6: The experimental change in the saturation and linear drain currents
plotted vs. the simulated ones obtained with the SHE- and DD-based models
for a fixed gate voltage Vgs = 2 V and three different drain voltages Vds =
18, 20 and 22 V.

scheme. These two versions of the model are compared in

terms of the carrier distribution functions, defect generation

rates, interface state density profiles, and the degradation of

such device characteristics as the linear and saturation drain

currents. We have demonstrated that all the results of these

two versions are very similar. Moreover, both models can

successfully represent the experimental degradation traces, i.e.

ΔId,lin(t) and ΔId,sat(t) using the same values of the model

parameters. Finally we conclude that the fast and reliable DD-

based version of the model is very attractive for predictive

HCD simulations in nLDMOS devices.
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