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Abstract—We present two schemes for carrier transport treat-
ment to be used with our hot-carrier degradation (HCD) model.
The first version relies on an exact solution of the Boltzmann
transport equation (BTE) by means of the spherical harmonics
expansion (SHE) method, whereas the second one uses a sim-
plified drift-diffusion (DD) scheme to avoid the computationally
expensive SHE approach. We use both versions of the model
to simulate the change of the characteristics of an nLDMOS
transistor subjected to hot-carrier stress and compare these
theoretical degradation traces with the experimental ones. The
similarity in the results of the SHE- and DD-based models
together with the flexibility of the latter approach makes it
attractive for fast and predictive HCD simulations for LDMOS
devices.

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

I. INTRODUCTION

Physics-based modeling of hot-carrier degradation (HCD)

requires proper treatment of carrier transport [1]–[4]. This

is because only the information about the carrier energy

distribution function (DF) allows a proper description of the

competing mechanism of Si-H bond dissociation. In fact, the

single-carrier process is related to hot carriers and colder car-

riers contribute to the multiple-carrier mechanism. A criterion

to distinguish between these hot and cold carriers can be

based on the carrier DF. The correct way to obtain the DF

is via the solution of the Boltzmann transport equation, which

is computationally very expensive. As a result, some HCD

models try to avoid this solution and substitute the information

about the DF by some empirical factors which are connected to

device characteristics such as the drain current [2], [5], [6]. In

this context, an attractive technique would be to use simplified

approaches to the Boltzmann transport equation solution such

as the drift-diffusion (DD) or the energy transport schemes [7].

As we have shown, these schemes are not applicable to model

HCD in planar CMOS nMOSFETs with short gate lengths

[7]. However, they can be useful for the case of LDMOS

transistors which typically have quite long channel and drift

regions and are operated at high voltages. At the same time,

Fig. 1: The schematic representation of the nLDMOS transistor with all the
characteristic sections labeled.

a proper treatment of carrier transport in LDMOS devices is

challenging due to the large device dimensions, high operating

voltages and such architectural peculiarities as the bird’s beak

and the non-planar interface, see Fig. 1. Furthermore, we

have shown recently [8] that both the single- and multiple-

carrier mechanisms of bond dissociation provide substantial

contributions to HCD. Contrary to the commonly accepted

idea, the multiple-carrier bond-breakage process appears to

be a crucial component for HCD in nMOSFETs with gate

lengths as long as 2μm and stressed at high voltages [2],

[9], [10]. Thus, both components need to be considered for

a comprehensive model. We apply our physics-based HCD

model which uses the spherical harmonics expansion (SHE)

approach to the solution of the Boltzmann transport equation

for the case of nLDMOS transistors and then derive and verify

a DD-based version of the model.

II. EXPERIMENT

nLDMOS transistors (schematically represented in Fig. 1)

fabricated by a 0.35μm process were subjected to hot-carrier

stress at different combinations of gate and drain voltages

Vgs and Vds. The Si/SiO2 interface length is ∼3.4μm, while

the gate length is ∼2.5μm. To assess HCD, the normalized

changes in the linear drain current ΔId,lin (measured at Vds
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Fig. 2: The adaptive mesh used for the simulation of the nLDMOS. The
density of the mesh is modulated depending on variations of the builtin
potential.

= 0.1 V and Vgs = 3.6 V) and in the saturation drain current

ΔId,sat (at Vds = 1.0 V and Vgs = 3.6 V) were recorded as a

function of stress time. These relative drifts in the currents at

any time t are defined as:

ΔId,sat/lin(t) =
Id,sat/lin(t)− Id,sat/lin(0)

Id,sat/lin(0)
(1)

The threshold voltage shifts (ΔVth) were also recorded for all

stress conditions.

III. MODEL DETAILS

Our HCD model incorporates three main sub-tasks: a carrier

transport description, simulations of the defect generation

rates, and simulation of the degraded devices [4], [11], [12].

We generated the device structure using the Sentaurus Process

simulator [13], while MINIMOS-NT [14] was used for device

simulations. The device and process simulators were calibrated

in a coupled manner so that the characteristics of the fresh

device are reproduced. We used the ViennaMesh framework

[15] to generate an adaptive mesh based on the built-in

potential, see Fig. 2. Such a mesh is very fine in important

Fig. 3: Comparison of DFs from the DD-based model with those obtained
from ViennaSHE for stress voltages Vds = 20 V and Vgs = 2 V, calculated for
different positions near the drain and bird’s beak region.

regions of the device like the Si/SiO2 interface and the bird’s

beak, while coarser in other regions as for instance in the Si

bulk. This kind of meshing scheme allows efficient simulations

as the number of variables are reduced while the important

characteristics of the device are still captured.

A. Carrier Transport

The SHE-based version of our model uses the full solution

of the Boltzmann transport equation. It uses the simulator

ViennaSHE [16] which considers such important scattering

mechanisms as impact ionization, scattering at ionized impu-

rities and surfaces as well as electron-electron and electron-

phonon interactions. The second and more compact version

of our HCD model is based on the DD-scheme. In the latter

version the electric field profile F (x), carrier mobility μ(x),
and carrier concentration n(x) are obtained from the DD

simulations. Then the carrier temperature is estimated as

Tn = TL +
2

3

q

kB
τμF 2 (2)

where q is the carrier charge, TL the lattice temperature, τ the

energy relaxation time, and kB the Boltzmann constant [17].

The DF is then approximated as [18]

f(ε) = A exp

[
−
(

ε

εref

)b
]
+ C exp

[
− ε

kBTL

]
(3)

This expression for the DF considers the contribution of both

the hot and the cold carriers. The parameters A, C, and εref
are found using the carrier concentration, carrier temperature

obtained from (2) and DF normalization, see (4)-(6), while the

parameter b is assigned a constant value of 1 near the drain

and source regions and 2 otherwise.∫ ∞

0

f(ε)g(ε)dε = n (4)∫ ∞

0

εf(ε)g(ε)dε =
3

2
nkBTn (5)∫ ∞

0

f(ε)dε = 1 (6)

Fig. 4: The acceleration integral calculated using the DFs obtained from the
DD-based model and ViennaSHE for Vds = 20 V and Vgs = 2 V for the
single-and multiple-carrier processes.
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Fig. 5: Comparison of the change in the saturation and linear drain currents obtained from experiments and simulations, using the SHE- and DD-based
models, for stress voltages Vgs = 2 V and Vds = 18, 20, and 22 V using stress times up to 1Ms.

Fig. 6: Comparison of the change in the threshold voltage obtained from experiments and simulations,
using the SHE- and DD-based models, for stress voltages Vgs = 2 V and Vds = 20 and 22 V for stress
time up to 1Ms.

Fig. 7: The threshold voltage shift vs. stress time:
a comparison between experiment and simulations
with the DD-based model for a fixed drain voltage
Vds = 22 V and two different gate voltages Vgs =
1.2 and 2 V.

ViennaMesh proves to be beneficial even for the simplified

DD approach which can become computationally challenging

for nLDMOS devices.

B. Modeling of Defect Generation

Our HCD model considers such important aspects of HCD

as the 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 carrier DF is used to calculate

the carrier acceleration integral which determines the rates

of both single- and multiple-carrier processes of Si-H bond-

breakage:

I =

∫ ∞

0

f(ε)g(ε)v(ε)σ(ε)dε (7)

with g(ε) being the density of states, v(ε) the carrier group

velocity, and σ(ε) the reaction cross section [4], [11], [12].

Note that we consider all the superpositions of the single-

and multiple-carrier bond-breakage processes. This means that

first the bond can be excited to an intermediate state by the

multiple-carrier process and then be dissociated by a solitary

hot electron which induces a single-carrier process.

C. Simulation of the Degraded Device

The bond-breakage rates allow evaluation of the density of

interface states Nit(x) for arbitrary stress times as

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

)
,

(8)

where N0 is the density of Si-H bonds present in the

fresh device, while �p and �a are cumulative passiva-

tion/depassivation rates [11]. The Nit(x) profiles are then used

as input data for the device simulator which evaluates the

device characteristics vs. stress time.

IV. RESULTS AND DISCUSSION

Fig. 3 shows a family of DFs simulated with ViennaSHE

and with the DD-based model for different positions (X) at

the interface, i.e. close to the bird’s beak and to the drain.

One can see in Fig. 3, that the agreement between the non-

equilibrium DFs obtained with the SHE and DD methods

is also quite good, especially near the bird’s beak. This

agreement deteriorates for the drain DFs at energies higher

than ∼6 eV, but the DF values at these high energies have

already dropped by more than 20 orders of magnitude. To

check whether this discrepancy affects the HCD model, we

plot also the carrier acceleration integral for both single-
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Fig. 8: The change in the saturation and linear drain currents: experiment vs. the DD-based model. Results are obtained for a fixed drain voltage Vds = 20 V
and three different gate voltages Vgs = 1.2, 1.5, and 2 V.

and multiple-carrier processes. From Fig. 4 one can see that

the acceleration integral profiles obtained with the full and

simplified versions of the model are almost identical. Fig. 4

also proves our assertion that the multiple-carrier process plays

an important role in large devices and should be considered for

thorough modeling. This idea is in good agreement with our

previous findings [9], [10] as well as with the results published

recently by the Bravaix group [2].

Fig. 5 summarizes the experimental change of the linear and

saturation drain currents plotted as a function of stress time

for a fixed Vgs = 2.0 V and varying Vds = 18, 20 and 22 V. In

addition, the simulated data obtained with the SHE- and DD-

based versions of our model are shown for comparison. One

can see that agreement between experimental and theoretical

ΔId,lin(t) and ΔId,sat(t) degradation traces is very good for

both versions of the model. The ΔId,lin(t) and ΔId,sat(t)
curves from both our approaches are almost the same within

the whole experimental window. The threshold voltage shift

ΔVt is plotted as a function of stress time for Vgs = 2 V and

two different Vds = 20 and 22 V in Fig. 6. Regarding ΔVt,

the DD-based version of the model leads to similar results

as those obtained with the exact solution of the Boltzmann

transport equation. This makes the drift-diffusion scheme very

attractive for predictive HCD modeling in LDMOS transistors.

To finally prove the predictive capabilities of our model,

we have also plotted the simulated and experimental change

of the threshold voltage for Vds = 22 V and two different Vgs

= 1.2 and 2 V (Fig. 7) as well as the degradation of the linear

and saturation drain currents (also experiment vs. theory) for a

fixed Vds = 20 and three different Vgs = 1.2, 1.5, and 2.0 V, Fig.

8. In all cases the agreement between experiment and theory

is very good. We finally remark that all simulations were of

course performed with the same parameter set.

V. CONCLUSIONS

We have presented and verified a physics-based model

for hot-carrier degradation in nLDMOS transistors which is

based on the evaluation of the carrier energy distribution

function. The more computationally expensive variant of the

model uses the exact solution of the Boltzmann transport

equation, while the simplified version employs the drift-

diffusion scheme. Although the first approach is more accurate,

the DD-based model can represent the carrier DFs and the

acceleration integral with very good accuracy. Both versions

were shown to capture the change in the linear and saturation

drain currents and the threshold voltage shift in nLDMOS

transistors subjected to hot-carrier stress for a wide range

of gate and drain voltages. We also represented ΔId,lin(t),
ΔId,sat(t), and ΔVt(t) for different stress conditions with the

DD-based version exclusively. The good agreement between

experiments and our hot-carrier degradation model which

uses the drift-diffusion scheme allows us to conclude that

this scheme is suitable for predictive HCD simulations in

nLDMOS transistors.
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