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Abstract—We extend our drift-diffusion based model for the
carrier energy distribution function (DF), which was derived
to describe hot-carrier degradation in LDMOS transistors, for
the case of decananometer nMOSFETs with a gate length of
65 nm. This approach is based on an analytical expression for the
DF with parameters obtained from the drift-diffusion model. To
approximately consider the important effect of electron-electron
scattering on the shape of the distribution function, we solve
the balance equation for the in- and out-scattering rates. We
compare the DFs obtained from the suggested analytic approach
with those calculated with a deterministic Boltzmann transport
equation solver. Both sets of DFs are then used in our hotcarrier degradation model to calculate changes in the linear
drain current as a function of stress time. Good agreement with
experimental data is achieved for both versions of the model.
Index Terms—hot-carrier degradation, nMOSFET, electronelectron scattering, drift-diffusion scheme, analytic energy distribution function

I. I NTRODUCTION

D

URing the last two decades the paradigm of hot-carrier
degradation (HCD) has changed from field driven approaches such as the lucky electron model [1] to the energy
driven concept proposed by Rauch and LaRosa [2, 3]. In
particular, our recent HCD modeling results suggest that the
entire Si-H bond-breakage process, which is assumed to be
the dominant contributor to device degradation, is described by
the carrier energy distribution function (DF) [4, 5]. The carrier
distribution function can be obtained from a solution of the
Boltzmann transport equation (BTE), which is computationally
very expensive [6]. There are two frequently used approaches
for the solution of the BTE: the stochastic approach based on
the Monte-Carlo method and a deterministic approach which
uses the spherical harmonics expansion of the DF. 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 (EES) in a
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more straightforward manner. It has been previously shown
that EES plays a crucial role in hot-carrier degradation of
short-channel devices [7–10]. This process populates the highenergy fraction of the carrier ensemble, thereby considerably
changing the shape of the carrier DF, which is visible in
a characteristic hump pronounced at high energies [3, 11].
Apparently EES also determines the temperature behavior of
HCD in scaled devices [3, 12].
The solution of the BTE is a challenging task, and many
HCD modeling approaches try to avoid it by using simplified
techniques of carrier transport treatment such as the driftdiffusion and energy transport schemes [13, 14]. Recently we
have developed an HCD model based on the drift-diffusion
scheme which can accurately describe HCD in high-voltages
devices, namely in LDMOS transistors [14, 15]. We also have
studied the limits of the applicability of the model and shown
that in the case of planar nMOSFETs the model fails to capture
HCD in transistors with a gate length of shorter than 1.5 µm
[16] which is consistent with our previous results [17].
Here we extend our drift-diffusion model for the carrier
energy distribution function [14, 15] to make it suitable for
decananometer nMOSFETs with a gate length of 65 nm.
Special attention is paid to the impact of EES on the DF shape.
The electron DFs simulated with this model will be compared
to those obtained from our deterministic solver ViennaSHE
[18]. We also compare the degradation of the linear drain
current computed with the two different versions of the DF
and experimental data.
II. T HE D ISTRIBUTION F UNCTION M ODEL
Our HCD model [10, 12] describes the kinetics of interface
state generation by hot-carriers. The bond-breakage rate is
determined by the carrier DF which is the primary ingredient of our model. Three sets of carrier DFs evaluated with
ViennaSHE for three different stress conditions (Vgs = Vds
= 1.8, 2.0, 2.2 V) are shown in Fig. 1. One can see that
the DF shape substantially changes if one moves from the
source to the drain, see Fig. 2. 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
εk,1 . As for the drain DFs, they typically feature a Maxwellian
rudiment visible at low energies followed by a plateau. The
end of this plateau also corresponds to the knee energy εk,1 ,
see Fig. 2. Another characteristic energy where the DF changes
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where F is the electric field, while α, β, and γ are fitting
parameters with values 0.1982 eV, 8.251, 1.51×10−6 cmV−1 ,
respectively.
The second knee energy, where EES starts to dominate the
high energy tail, is obtained by considering the balance of
in-scattering by EES and out-scattering by electron-phonon
interactions and ionized impurity scattering [20, 21]:

12n
m

rees = rii + rop/abs + rop/emi + racc
3

3.5

(3)

4

The acoustic phonon scattering rate is given as [22]:

Fig. 1: Comparison of carrier distribution functions calculated with ViennaSHE and our DD-based method for three different stress conditions Vgs
= Vds = 1.8 V, 2.0 V, and 2.2 V. DFs are plotted for four different positions
in the device (x = -32.5 nm corresponds to the source, while x = 32.5 nm is
related to the drain).

its curvature is related to the onset of the EES hump and is
labeled as εk,2 .
The distribution function is modeled using our DD-based
approach and is determined by [14]:


ε
ε b
) ] + C exp −
].
(1)
f (ε) = A exp −
εref
kB Tn
This DF expression accounts for both the hot and cold carriers
in the device. The parameters A, εref , C in (1) are obtained
from the moments of the BTE calculated using DD simulations
such as the carrier concentration and carrier temperature and
DF normalization, while for parameter b a different value is
used after every knee position, see Fig. 2. In the channel and
source region b assumes a value of -1 before εk,1 , 1 between
εk,1 and εk,2 , and 2 after εk,2 . While for the drain region,
b has a value of 0.2 before εk,1 , 1 between εk,1 and εk,2 ,
and 2 after εk,2 . The carrier temperature is estimated from the
homogeneous energy balance using the electric field [19].
Eq. (1) allows for a rough evaluation of the electron DF
without the effect of electron-electron scattering. This DF is
then used to calculate the knee energy εk,2 and describe the

racc =

2
kB TL m∗ p
DA
,
πcl h̄4

(4)

where DA is the acoustic
deformation potential, cl the elastic
p
constant (vs =
cl /ρ, vs the velocity of sound and ρ
stands √for the mass density). For spherical parabolic bands
p = 2m∗ ε. 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

100
10−2
normalized Nit

1

m
5n
2.
-3

0.5

=

SHE DFs
analytical DFs

impact of EES on the DF shape as discussed below.
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analytically using the electric field from the DD simulations:
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Fig. 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.
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Fig. 3: The interface state density profiles Nit (x), normalized to the concentration of pristine Si-H bond , evaluated using DFs obtained with our analytic
model and using ViennaSHE. Stress voltages are Vgs = Vds = 1.8 V. The
profiles are shown for stress times of 1 s and 4 ks.
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Fig. 4: The knee energy εk,2 , where EES starts to dominate the high-energy
tail of the carrier DF, calculated with the analytic model plotted vs. those
extracted from ViennaSHE results for three different stress conditions Vgs =
Vds = 1.8 V, 2.0 V, and 2.2 V.

given by (5) and (6), respectively [22]:
p
Do2 No m∗ 2m∗ (ε + h̄ωo )
,
rop/abs =
2πρωo h̄3
p
Do2 (No + 1) m∗ 2m∗ (ε − h̄ωo )
rop/emi =
,
2πρωo h̄3

(5)

(6)

where Do is the optical deformation potential, h̄ωo the energy
of optical phonons, while No is the density of optical phonons,
No = 1/ (exp [h̄ωo /kB TL ] − 1).
The ionized impurity scattering rates are [22]:
rii =



NI q 4
γ2
1
ln 1 + γ 2 −
]
, (7)
√
2
1 + γ 2 ε3/2
16 2m∗ π (Si 0 )
2

2
2
8m
p εLD /h̄
∗

where γ =
with LD being the Debye length
given as LD = Si 0 kB T /q 2 n0 .
As for electron-electron scattering, we use the following
expression [23]:
√
√
√
2m∗ /h̄ ε − ε0
mq 4 n X
rEES = 2 2 3
f (ε) (8)
∗
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Fig. 5: The normalized change in the linear drain current ∆Id,lin as a
function of stress time for Vgs = Vds = 1.8 V, 2.0 V, and 2.2 V: experiment vs.
simulations. Inset: ∆Id,lin traces simulated with varied x-coordinate where
the DF changes shape (Xch ).

where βD is the inverse Debye length, i.e. βD = 1/LD . It
is important to emphasize that calculation of the rate rEES
requires a DF. For this, we employ the distribution (1). EES
perturbs the DF, populating the high energy region of the
carrier ensemble. This means that for energies E < εk,2 the
DF calculated with (1) can be used, while for E ≥ εk,2 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 Eq. (1). The carrier DFs obtained from
ViennaSHE and the analytic method are used with our HCD
model [9, 10] to calculate the interface state density (Nit (x))
profiles (e.g. Fig. 3). These Nit (x) profiles are then used to
simulate the characteristics of the degraded device.
III. R ESULTS AND D ISCUSSION
Fig. 1 shows very good agreement between the DFs simulated with our drift-diffusion based approach and with ViennaSHE for all combinations of Vgs and Vds . Incorporation
of the knee energies allows for an accurate representation of
the high-energy tails and in particular the effect of EES. The
values of εk,2 calculated with the analytic model are almost the
same as those obtained from ViennaSHE, see Fig. 4, thereby
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suggesting the validity of the rate balance method. After the
second knee energy the analytic DFs show a visible error.
However, the concentrations at these energies are quite low
and do not affect hot-carrier degradation.
To validate the model, we use HCD data acquired on SiON
nMOSFETs with a gate length of 65 nm. The devices were
stressed under three different stress conditions, i.e. Vgs = Vds =
1.8 V, 2.0 V, 2.2 V, at room temperature for ∼8 ks. The relative
changes in the linear drain current ∆Id,lin (t) were recorded
as a function of the stress time. The interface state density
profiles based on the two different sets of electron DFs for
Vgs = Vds = 1.8 V, and t = 1 s and 4 ks are plotted in Fig. 3. A
slight discrepancy is visible at x ∼ −5 nm and might be due to
the discrepancy in the DFs in the scattering dominated region.
This discrepancy, however, does not translate into a model
error: Fig. 5 shows that simulated ∆Id,lin (t) trances are almost
identical and are in very good agreement with experimental
data. To check the robustness of the model, we vary the value
of the coordinate where the DF changes shape (Xch ) and
calculate the ∆Id,lin (t) traces. A change of 5 nm in Xch
impacts the degradation traces (Fig. 5, insets) considerably.
This suggests that Xch is an important model parameter for
description of the DF shape accurately in all device regions.
IV. C ONCLUSIONS
We have presented and verified a drift-diffusion based analytical model for the carrier energy distribution function (DF)
in decananometer nMOSFETs. Our model properly incorporates the effect of electron-electron scattering (EES) on the DF
shape. EES is known to dominate the high-energy tails of the
DF which results in a characteristic hump. The energy which
corresponds to the onset of this hump is called “knee energy”
and is described by the balance equation for in- and outscattering rates. The distribution functions evaluated by our
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 measurement data suggests that
the efficient analytic model is well suited for describing hotcarrier degradation in decananometer devices. Three of our
model parameters are found by the solution of the normalization equations, while b is a fitting parameter. This makes the
model flexible and efficient. Our new approach allows to avoid
time consuming calculations of the carrier distribution function
and to model hot-carrier degradation in scaled transistors using
the fast drift-diffusion scheme.
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