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Abstract — We extend our previously suggested driftdiffusion (DD)-based hot-carrier degradation model 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. We compare the
results of the DD-based model with the results obtained
from a spherical harmonics expansion of the Boltzmann
transport equation as well as experimental data. We also
study the accuracy and limits of the applicability of the
DD-based model and conclude that this model is able to
capture hot-carrier degradation in nMOSFETs over a range
of gate lengths from 65 to 300 nm with excellent accuracy.
Index Terms — Hot-carrier degradation, carrier transport,
distribution functions, drift-diffusion, MOSFET.

I. I NTRODUCTION

H

OT-CARRIER degradation (HCD) is a rather complex
phenomenon and its physical modeling should be based
on thorough carrier transport simulations [1]–[8]. However,
solving the Boltzmann transport equation (BTE) is a challenging task which is often avoided during HCD modeling.
As a result, a substantial fraction of HCD models are phenomenological, and even more dramatically, empirical [4].
A good trade-off between computational efficiency and accuracy can be achieved by using the drift-diffusion (DD) scheme.
Although this scheme has a number of limitations, it has
been shown to be effective for the description of carrier
transport even in modern devices [9]. In one of our recent
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Fig. 1. Left panel: A schematic representation of the carrier DFs for the
channel region (upper panel) and the drain region (lower panel) with
the values of parameter b. Right panel: flowchart for the calculation of
the carrier DF.

papers [10] we already demonstrated the applicability of the
DD scheme for HCD modeling in high-voltages devices.
In the case of decananometer MOSFETs, however, electronelectron scattering (EES) plays an important role [11]–[13]
and results in a hump in the high-energy tail of the carrier
energy distribution function (DF), see Fig. 1.
Here we extend our DD-based HCD model to decananometer devices and pay special attention to the effect of EES on the
carrier DFs. This model allows to avoid the computationally
expensive solution of the BTE but is expected to still provide
excellent accuracy.
II. T HE D ISTRIBUTION F UNCTION
The reference electron DFs have been obtained with
the deterministic BTE solver ViennaSHE for three different
devices of the same architecture with SiON gate dielectric but
with different gate lengths of L G = 65, 150, and 300 nm and
for Vgs = Vds = 1.8 and 2.0 V (where Vgs and Vds are the
gate and drain voltages), see Fig. 2.
These complicated DFs can be approximated by the empirical expression [10] with a different value of b in each energy
region (Fig. 1):
 

 

ε
ε b
+ C exp −
,
(1)
f (ε) = A exp −
εref
kB Tn
where ε is the carrier energy, and A, εref , C are
parameters [10]. The algorithm for the evaluation of
the carrier DF is shown in Fig. 1. First, we calculate the first
knee energy εk,1, which determines the end of the phonon

0741-3106 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

SHARMA et al.: HOT-CARRIER DEGRADATION MODELING OF DECANANOMETER nMOSFETs

161

Fig. 2. The electron DFs simulated with ViennaSHE and with the DD-based model for three nMOSFETs with gate lengths of 65, 150, and 300 nm
for Vgs = Vds = 1.8 V plotted at different positions in the device. The source is at x = − LG/2 and the drain is at x = C LG/2 . The DFs are obtained
for 25 °C.

cascade plateau visible at moderate energies for each lateral
coordinate X, using the empirical formula:
1

εk,1 = α exp[β − (γ − δ F) 2 ],

(2)

with F being the electric field and α, β, γ , and δ the
fitting parameters with values 0.4157 eV, 1.3, 11.04,
1.51 × 10−6 cmV−1 , respectively. Note that for all DFs
calculated over the entire range of the lateral coordinate X
and for various transistors stressed at different conditions we
used this unique set of parameters.
Then, while neglecting EES for the moment, we evaluate
the DF using (1). The parameters A, εref , C in (1) are
obtained from the moments of the BTE calculated from
the DD simulations such as the carrier concentration, carrier
temperature and DF normalization [10]. The full-band electron
density-of-states in Si is taken from [14]. The parameter b
in (1) varies with each knee energy as shown in Fig. 1. The DF
slope is determined by b and εref . There are two types of DFs,
namely those typical for the channel and drain regions. For
each of them we set the values of the parameter b according
to the sketch shown in Fig. 1. This is performed without the
effect of EES, i.e. at this stage we do not model the EES
hump.
The second knee energy (εk,2 ) is obtained by balancing
the in-scattering (EES) and out-scattering (interactions with
phonons and ionized impurities) rates [15], [16]:
rees = rii + rop/abs + rop/emi + rac .

(3)

For ε > εk,2 , the EES populates the high-energy tail of the
DF (cf. Fig. 2) and therefore we set b = 2 at these energies.
For the scattering rates in (3) we used the same standard
expressions [17], [18] in both ViennaSHE and the DD-based
model, namely:
rac =

2 k T m∗ p
DA
B L

πcl h̄ 4

,

(4)

where rac is the acoustic phonon scattering rate, DA the
acoustic deformation potential, kB the Boltzmann constant,
TL the lattice temperature, m ∗ the electron effective
mass, √p the carrier momentum, cl the elastic constant
(v s = cl /ρ, v s the velocity of sound, and ρ the mass density);
√
D 2 No m ∗ 2m ∗ (ε + h̄ωo )
rop/abs = o
,
(5)
2πρωo h̄ 3
√
D 2 (No + 1) m ∗ 2m ∗ (ε − h̄ωo )
rop/emi = o
,
(6)
2πρωo h̄ 3
where rop/abs and rop/emi are the optical phonon scattering
rates for absorption and emission of phonons, respectively,
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);
rii =

NA q 4
√
16 2m ∗ π (


Si 0 )

2

ln 1 + γD 2 −

γD 2
1
] 3/2 ,
2
1 + γD ε
(7)

with rii being the ionized impurity scattering rate, Si the relative permittivity of silicon, 0 the absolute permittivity, γD 2 =
8m ∗ εL 2D /h̄ 2 with L D being the Debye length given as L D =
2
Si 0 k B Tn /q n and n the carrier concentration. Finally
√
√
√
2m ∗ /h̄ ε − ε0
m ∗q 4n
f (ε)
(8)
rees = 2 2 3

2 2m ∗ (ε − ε ) + β 2 )
0
D
2
Si 0 h̄
ε βD
h̄
where rees is the EES rate, and βD = 1/L D .
A pre-calculated DF is needed to calculate the EES rate.
Thus, as a first step, DFs determined by (1) without taking
EES into account are used to calculate εk,2 . After the knee
energies are evaluated, the new DFs can be calculated from (1)
by changing the value of the parameter b correspondingly
(see Fig. 1). To verify this DD-based approach, these DFs are
then used in our physics-based HCD model [19]. It is important to emphasize that we use the same physical parameters
in SHE- and DD-based simulations.
III. R ESULTS AND D ISCUSSION
DFs simulated with the analytic approach and ViennaSHE
for the 65, 150 and 300 nm devices at room temperature
(T = 25 °C) are shown in Fig. 2 and very good agreement
is achieved. Fig. 3 shows the knee energy profiles εk,2 (x)
(x is the coordinate along the interface) obtained with the
DD-based model and those extracted from the ViennaSHE
DFs (Fig. 2). Good agreement between the results obtained
with the two approaches suggests the validity of the rate
balancing method.
Fig. 3 shows that the interface state density profiles Nit (x)
obtained using both versions of the model for stress times
of 1 s and 4 ks are very similar. The changes in the linear
drain current ( Id,lin ) vs. stress time t simulated for two stress
conditions Vgs = Vds = 1.8 V and 2.0 V and stress times up to
10 ks at room temperature are shown in Fig. 4. As a reference
we plot experimental Id,lin (t) curves for the 65 nm device
which are properly captured by both versions of the model.
In the 150 and 300 nm nMOSFETs, the DFs, Nit and Id,lin
obtained with the two versions of the model match very well.
As can be understood from Fig. 1, the DF should change
its shape at a certain position in the device X ch . The value
of X ch is an important parameter of the model and therefore it is worth studying the model sensitivity to a change
of X ch . Fig. 4 (lower panels) summarizes the
Id,lin (t)
traces calculated with X ch values artificially modified to
X ch ±0.1L G . In all three devices Id,lin (t) dependencies simulated for X ch +0.1L G show that HCD is underestimated
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Fig. 3. Upper panels: The knee energy εk,2 (x ) for all three devices obtained for the same stress conditions as in Fig. 2. Lower panels: The
normalized (to the concentration of Si-H bonds) Nit (x ) profiles, evaluated using DFs obtained with our analytic model and with ViennaSHE. Results
are for T = 25 °C.

Fig. 4. Upper panels: Experimental vs. simulated changes in the linear drain current ΔId,lin for 65, 150, and 300 nm nMOSFETs as a function of
stress time. The stress voltages are Vgs = Vds = 1.8 V and 2.0 V. Dashed gray curves are the ΔId,lin traces obtained using (1), i.e. without the effect
of EES. Lower panels: ΔId,lin traces simulated analytically with a regular Xch and artificially shifted Xch by 10% of the gate length LG . All the data
are for T = 25 °C.

Fig. 5. The electron DFs calculated with ViennaSHE vs. those obtained with the DD-based version of the model for the 65 nm device at T = 75 °C
(left and central panels) as well as experimental ΔId,lin (t ) degradation traces compared with the results of two versions of the model (right panel).

at short times and is almost the same for longer stresses.
HCD at short stress times is determined by the damage
produced near the drain, i.e. by the drain DFs [10], [13].
If we artificially increase X ch , the change of the DF shape
occurs closer to the drain. Thus, DFs calculated for the
segment of [X ch , X ch + 0.1L G ] have lower populated highenergy tails and the damage near the drain is underestimated.
The opposite trend is visible if the Id,lin (t) dependencies are
calculated for X ch −0.1L G .
To further check the predictive capabilities of the DD-based
model we calculated eletron DFs and Id,lin (t) traces for the
65 nm transistor for the same combinations of stress voltages
but for a higher temperature of T = 75 °C, Fig. 5. One can
see that also in this case the model can properly represent the
DFs and capture the drain current degradation. It is important
to emphasize again that for all devices and all stress conditions
we used a unique set of model parameters.
Note finally that in longer devices DFs have a less complex structure and are modeled by (1) [10], [20]. For the
case of shorter devices, on the other hand, EES plays an
important role and, thus, the comprehensive approach used
in this work is required. To check this in more detail we

also calculated Id,lin (t) traces using DFs obtained with (1).
Fig. 4 shows that for both combinations of Vds , Vgs HCD
is underestimated in the entire stress time window. The
difference in Id,lin values appears to be less significant
when L G increases. Therefore, we conclude that the presented
model works properly over a wide range of gate lengths,
i.e. for L G = 65 − 300 nm.
IV. C ONCLUSIONS
We have developed and validated an HCD model which is
based on an analytical expression for the carrier distribution
function with parameters computed using the drift-diffusion
scheme. The effect of electron-electron scattering on the
electron DF was captured by our approach by using a rate
balance equation and a unique set of model parameters. It
was shown that the model can properly represent DFs and
HCD (including its temperature dependence) in nMOSFETs
with gate lengths in a range of 65-300 nm, while for longer
devices a similar model but omitting the EES is applicable.
The main advantage of this model is that it uses the simple
and fast DD scheme instead of a computationally intensive
solution of the BTE.
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