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A Compact Physics Analytical Model
for Hot-Carrier Degradation
Stanislav Tyaginov, Alexander Grill, Michiel Vandemaele, Tibor Grasser, Geert Hellings,
Alexander Makarov, Markus Jech, Dimitri Linten, and Ben Kaczer

Abstract—We develop and validate a fully analytical model
for hot-carrier degradation based on a thorough description of
the physical picture behind this reliability phenomenon. This
approach captures and links carrier transport, modeling of
the Si-H bond-breakage mechanisms, and simulations of the
degraded devices. All quantities evaluated within the model are
described by analytical expressions and time consuming TCAD
simulations are therefore avoided. We show that the model can
capture measured dependencies of the normalized linear drain
current change on stress time with good accuracy.
Index Terms—Hot-carrier degradation, analytical model, compact model, interface traps, carrier transport

I. I NTRODUCTION
Among the reliability issues plaguing modern FETs, hotcarrier degradation (HCD) is being continuously reported to
be the most detrimental one [1, 2] and therefore device timeto-failure during HC stress should be accurately modeled
and predicted. Simplified techniques, which rely on backward
extrapolation of time-to-failure from aggressive stress conditions to milder operating regimes using a simple analytical
expression, fail to capture the entire complexity of HCD [3].
Although physics-based models for HCD [4–11] have reached
a high level of maturity, they are typically computationally
very challenging and therefore not suitable for circuit and
system level reliability simulations. Within these models,
the most computationally expensive part is carrier transport,
required for obtaining the carrier energy distribution functions
(DFs) and then the Si-H bond dissociation rates.
To tackle this problem, we recently proposed a methodology
for modeling the carrier DFs using an analytical formula
with parameters obtained from drift-diffusion simulations [12–
14]. This strategy allows one to avoid the time consuming
solution of the Boltzmann transport equation (BTE), obtain the
carrier DFs, which accurately represent populations of hot and
cold carriers, and reproduce degradation traces. However, this
model still relies on the drift-diffusion approach to the BTE
solution and requires a TCAD device simulator. In addition to
this, simulations of the degraded devices also require a driftdiffusion solver. Another approach, which links a compact
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model of current-voltage characteristics with a description
of carrier and defect generation rates, was presented in our
recent publication [15]. However, the main deficiency of this
approach is that calculations of Si-H bond-breakage rates are
based on the electric field profile which is obtained from
drift-diffusion simulations. To summarize, this makes these
aforementioned models not perfectly suitable for reliability
modeling at the circuit level.
To bridge this gap, we develop and validate an analytical
model for HCD which does not rely on the drift-diffusion
approach but still can represent HCD degradation traces with
good accuracy; this model is implemented into the gate stack
analyzer Comphy, which is a compact physics simulator of
reliability issues in semiconductor devices [16].
II. D EVICES

AND

E XPERIMENT

To validate the proposed model we used n-channel planar
MOSFETs with a gate length of 65 nm and an operating
voltage of Vdd = 1.2 V. As the gate dielectric, an SiON
layer with a physical thickness of 2.5 nm, formed using a
decoupled plasma nitridation followed by a postnitridation
anneal, was employed. These devices were stressed at Vgs =
Vds = 1.8 and 2.0 V (Vgs and Vds are gate and drain voltages,
correspondingly) for ∼9 ks at room temperature. Note that
the combination Vgs = Vds corresponds to the worst-case
condition of HCD in short-channel transistors. During stress,
the normalized changes of the linear drain current ∆Id,lin
(Id,lin corresponds to the current at Vds = 0.05 V and Vgs =
1.2 V) as functions of stress time t were recorded.
III. T HE M ODEL S TRUCTURE
Our modeling framework captures and links three main
aspects of HCD: carrier transport, calculation of the defect
generation rates, and modeling of the degraded devices (see
Fig. 1). In the TCAD implementation of our HCD model,
carrier transport is covered by the deterministic Boltzmann
transport equation solver ViennaSHE [17], employed to calculate the carrier energy DFs. As for the defect generation
process, we consider two mechanisms of Si-H bond rupture,
namely single- and multiple-carrier (SC- and MC-) mechanisms; their rates are evaluated using information of the carrier
DFs. Finally, to simulate the characteristics of the degraded
devices we employ the device simulator MINIMOS-NT [18]
within the GTS framework [19], which uses drift-diffusion and
hydrodynamic approaches to the Boltzmann transport equation
solution combined with quantum corrections.
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and the carrier mobility µ as

TCAD: device architecture
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TCAD: BTE Solver
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characteristics
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Fig. 1. Schematic representation of our HCD modeling framework.
Flowcharts for TCAD and Comphy versions of the model are marked with
red and green colors, respectively.

In the proposed version of the HCD model we aim at substituting all TCAD simulations – which require a significant
computational resources – by more efficient compact physics
based solutions. This strategy is sketched in Fig. 1, where
the ingredients related to the compact physics model and the
TCAD approach are highlighted by green and red colors,
respectively. As its essential part, the module of degraded
device modeling includes also simulation of pristine devices;
this task is tackled by representing the device as a sequence
of several slices and assuming that within each slice all
electrostatic and transport quantities keep constant (see Fig.
2). The information about carrier concentration and carrier
temperature in undamaged FETs is needed to evaluate the
carrier DFs.

Tn = TL +

2 q
2
τE µFSi
3 kB

(2)

with the quantity τE being the energy relaxation time. The
parameters A, C and εref in (1) are found using the normalization criteria to represent the carrier concentration n, carrier
temperature Tn , and the kurtosis βk (also found from device
modeling):
Z ∞
f (ε)g(ε)dε = n
(3)
Z0 ∞
3
(4)
εf (ε)g(ε)dε = nkB Tn
2
0
R∞ 2
3 hε2 i
3 n 0 ε f (ε)g(ε)dε
=
(5)
 2 = βk
R∞
2
5 hεi
5
εf (ε)g(ε)dε
0

Note that for the density-of-states an analytical formula
which mimics the Kane dispersion relation (as suggested in
[20]) is used
√
(6)
g(ε) = g0 ε (1 + ηε)
with η = 1.404 eV−1 being the nonparabolicity factor and the
parameter g0 is determined as
√
6m∗ 2m∗
g0 =
(7)
π 2 ~3
with m∗ being the electron effective mass and ~ the normalized Planck’s constant.
The kurtosis βk is given by empirical formulas derived from
Monte Carlo simulation results by Grasser et al. [20]:


TL
T2
τβ µS
1−
,
(8)
βk (Tn ) = L2 + 2
Tn
τε µ
Tn

where τε , τβ , µ, and µS are the energy relaxation time, the
kurtosis relaxation time, the electron mobility, and the energy
flux mobility. Calculation of parameters τε , τβ , and µS is a

G
S

D

IV. C ARRIER T RANSPORT
Carrier energy distribution functions f (ε) (ε is the carrier
energy) are described using the analytical expression proposed
in [20], which models the populations of both hot and cold
carriers:
" 
b #


ε
ε
f (ε) = A exp −
+ C exp −
, (1)
εref
kB TL
where the exponent b is assigned a value of 2, kB is the Boltzmann constant, TL the lattice temperature, and Tn denotes the
carrier temperature obtained using the electric field in Si (FSi )

source

channel

drain

Fig. 2. Schematic representation of a FET divided into slices.
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very non-trivial task but fortunately the prefactor on the right
hand side in (8) can be described by an empirical analytical
expression proposed in [20]:



TL
τβ µS
(9)
= x0 + x1 1 − exp −x2
2
τε µ
Tn
with x0 = 0.69, x1 = 1.34, x2 = 1.89 being dimensionless
parameters.

Fig. 3. Electron energy DFs calculated with the analytical expression (1) for
Vgs = Vds = 1.8 V.

Electron DFs calculated with this formalism are shown in
Fig. 3. One can see that at the source cold carriers follow
a Maxwellian distribution, while in the channel and at the
drain the DFs are severely non-equilibrium, consistent with
our previous results [12, 13].
It is noteworthy that the carrier DFs are described by
simple analytical expressions, which in turn lead to analytical
formulas for the bond-breakage rates (see Section V). Moreover, these DFs can be used to model non-equilibrium bias
temperature instability (BTI), that is, BTI at Vds 6= 0 when
charging of oxide traps is driven by hot carriers [21].
It is important to emphasize that the only fragment in the
carrier DF calculation requiring a numerical solution is the
system (3)-(5) which determines the parameters A, C and εref .
However, this is a simple system of algebraic equations, the
solution of which is not time consuming.
V. D EFECT

GENERATION

The calculation of interface state generation rates is performed by considering all superpositions of single- and
multiple-carrier mechanisms of Si-H bond rupture [9, 10].
The rates of both mechanisms are described by the carrier
acceleration integral
Z∞
ISC|MC =
f (ε)g(ε)σSC|MC (ε)v(ε)dε
(10)
Eth

with the Keldysh-like reaction cross section for the rates of
both SC- and MC-mechanisms
σSC|MC (ε) = σ0,SC|MC [(ε − εth )/1 eV]pSC|MC ,

(11)

Fig. 4. Upper panel: comparison of Nit (x) profiles obtained with the BTE
solution (TCAD) and the analytical model (Comphy); lower panel: evolution
of Nit (x) profiles with stress time t evaluated using Comphy.

where the exponents pSC and pMC are equal to 11 and
1, correspondingly [22, 23]. The energy εth is equal to the
bond-breakage energy Ea = 2.56 eV [24] in case of the SCmechanism and the distnace between the eigenstates the Si-H
bond ~ω = 0.25 eV for the MC-mechanism [10]. As for the
prefactors σ0,SC|MC , their values are summarized in Fig. 5.
With the carrier DFs expressed by (1), the DOS given by
(6), and reaction cross sections determined by (11), the acceleration integral (10) can thus be expressed by combinations
of Γ-functions, i.e. by analytical formulas. Then, the interface
state density Nit is also given by an analytical expression:
q
ep 1 − fe(t)
Ra2 /4 + N0 Ra R
Ra
,
−
Nit (t) =
ep
ep
R
1 + fe(t) 2R
q
ep − Ra /2
Ra2 /4 + N0 Ra R
fe(t) = q
×
ep + Ra /2
Ra2 /4 + N0 Ra R


q
ep
×exp −2t Ra2 /4 + N0 Ra R

(12)

with the generalized bond dissociation and passivation rates
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Parameter
SC process cross section, σ0,SC
MC process cross section, σ0,MC
Mean value of the bond-breakage energy, hEa i
Standard deviation of the bond-breakage energy, σE
Density of pristine Si-H bonds, N0

TCAD Model
5×10−18 cm2
5×10−19 cm2
2.56 eV
0.35 eV
1.2×1013 cm−2

Compact Physics Model
1.5×10−17 cm2
7×10−19 cm2
2.56 eV
0.37 eV
1.2×1013 cm−2

Fig. 5. The model parameters used in TCAD and compact physics versions of the HCD model. One can see that capture cross sections of SC and MC
processes used in these two versions are slightly different but all other parameters are the same.

Ra , Rp :
Ra =

1 P
Ra,i
knorm i

Pu
Pd
!

!i

,

Epass
.
Rp = νp exp −
kB TL

(13)

Let us briefly discuss that the Si-H bond is modeled within
the truncated harmonic oscillator model and the index i in the
expression for the bond rupture rate Ra enumerates the bonded
levels; the parameter knorm is needed for the normalization
criterion of the level population numbers which are determined
by bond excitation/deexcitation rates Pu , Pd . The energy for
the backward, passivation, reaction Epass is equal to 1.5 eV
and agrees well with the values reported in experimental
papers [25–27]). The rates Pu , Pd they are given by these
expressions:
Pu = ωe exp (−~ω/kB TL ) + IMC ,
Pd = ωe + IMC ,

(14)

where ~ω is the distance between the oscillator levels and 1/ωe
= 1.5 ns is the lifetime of the stretching vibrational mode of the
bond (we consider bond dissociation via the MC mechanism
to occur via the stretching mode [10]). For more details, please
refer to [22, 23].
The components Ra,i entering (13) are the contributions
to the cumulative bond dissociation rate from bonded levels
enumerated by the index i:
RSP,i = wth exp [− (Ea − Ei ) /kB TL ] + ISC,i ,

(15)

where the first term represents the Arrhenius rate for the
thermal activation of the potential barrier between the level i
with the corresponding energy Ei and the transport mode (with
the attempt frequency wth ), while the second term corresponds
to the bond dissociation triggered by a solitary hot carrier:
Z
ISC,i (Ea ) = f (ε)g(ε)σ0 (ε − Ea + Ei )pit,SP v(ε)dε. (16)

Fig. 4, upper panel shows good agreement between Nit (x)
profiles (x is the coordinate along the Si/dielectric interface)
calculated using the current model and full TCAD treatment
with DFs obtained as a solution of the BTE, while the lower
panel depicts the evolution of the concentration Nit with time.
Note that in the drain region HCD is quite strong, i.e. all
available Si-H bonds are dissociated and Nit is saturated (a
detailed discussion is given in [28]).
Let us finally emphasize that all expressions needed to
calculate the density Nit (10)-(14) are fully analytic.

VI. M ODELING OF PRISTINE DEVICES
For simplified device modeling, we divide the transistor into
slices, as sketched in Fig. 2. It is noteworthy that we already
employed this slicing in [15] but the electric field profile
was still evaluated using the drift-diffusion approach to the
Boltzmann transport equation solution. Within each slice, the
electric field, doping concentration, carrier density, mobility,
and temperature, etc. are assumed to be constant. For each slice
i we convert the doping concentration into a resistivity and
then evaluate the potential drop ∆Vds,i in the lateral direction
caused by the applied Vds . After that, the gate voltage Vgs
applied to this slice is corrected by the value ∆Vds,i , thereby
resulting in the effective gate voltage Vgs,i .
In the next step, for each slice we apply the model developed
by Pregaldiny et al. [29, 30], which allows evaluation of the
Si surface potential (ψs ) and the carrier concentration with
closed-form analytical expressions (note that these electrostatic
quantities are needed to compute carrier DFs with formulas
(1)-(9) as well as for the carrier mobility µ):
!
qφ
kTB
· ln Θ −
+1 ,
ψs = φ +
q
kB T

2



Θ=
Vgs,i − Vfb − φ −




/ γbody

s

2
kB T
 ,
q




ψs,wi − φ

v
!2  /
u

u
t1 + ψs,wi − φ 
4kB T /q

(17)

where ψs,wi is the surface potential in the weak inversion
mode:
2
q
2
Vgs,i − Vfb + γbody
/4 − γbody /2
(18)
ψs,wi =

and

p
φB + Vch + ψs,wi
ψs,wi − φB + 4δ 2
−
,
(19)
φ=
2
2
where Vfb is the flatband voltage
p of the capacitor correspond2qǫSi NA/D /Cox is the body
ing to the slice i; γbody =
factor with NA/D being the acceptor/donor concentration
 and
Cox the oxide capacitance; φB = 2kB /q ·ln NA/D /nint with
the intrinsic carrier concentration nint ; Vch is the quasi-Fermi
level potential.
To evaluate the mobility we use a combination of low- and
high-field mobility models [31, 32]. Note that these models are
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implemented in the device simulator MINIMOS-NT [18] and
results obtained with MINIMOS-NT were used as a reference.
The low-field electron mobility µLIS is modeled as:
µLIS (ND , NA ) =

1
1
1
+
−
µD (ND ) µA (NA ) µ0

!−1

The minority electron mobility is described in a similar
manner:

,

(20)

where µD is the majority electron mobility, µA is the minority
electron mobility, and µ0 is the low-field mobility of electrons
in the absence of dopants at room temperature.
The major mobility µD is evaluated as
µ0 − g − h
!α1 +
µD (ND , T, ZD ) =
ND
1+
1+
C1

g
ND
C2

!α2 + h

k

µ0 + m − k − h
!α1 +
NA
1+
1+
C1

µA (NA , T, ZA ) =

!α2 −
|NA − Ca |
C2
m
!α3
|NB − Cb |
,
C3
(29)

1+

where NA denotes the acceptor concentration and the other
quantities are evaluated as
0.6

! + 1.4,
T
300K

α3 =

(21)

(30)

with
!
T
,
µ0 (T ) = 380 + 20700 exp −
100K
Z
g(T, Z) = 2 9 − 4
ZP

!

+

(22)

!
!
Z
T
,
7
+ 208 exp −
ZP
200K
(23)

Z
9−
ZP
,
h(T, Z) =
T
300K

(24)

where µ0 has dimensionality of cm2 V−1 s−1 , temperature
T is in K, ND is the donor concentration, Z denotes the
impurity atomic number, and ZP = 15 is the atomic number
for Phosphorous. As for the exponents α1 and α2 , they are
also given by empirical expressions:
!
T
,
(25)
α1 (T ) = 0.9 − 0.18
300K

α2 (T ) = 0.46 + 1.05

!
T
.
300K

(26)

Finally, the factors C1 and C2 with the dimensionality of cm−3
are evaluated as:
!3
C1
T
+ 0.45
(27)
= 11.85
1016
300K


C2
= 3 +
1020

!−2  "
Z
 · 1.2 −
ZP

!

T
exp
300K

k(T ) =

m(T ) =

134

! + 70,
T
300K

(31)

65

! + 73,
T
300K

(32)

!#
"
2.1T
Ca
,
= 6 2 − 3exp −
1019
300K
Cb
= 6.7 − 12.9
1018

(33)

!0.25
!
1.26T
T
,
exp −
300K
300K

"
C3
= 2 300 + exp
1018

!#
5.5T
.
300K

(34)

(35)

The values of k(T ) and m(T ) are in cm2 V−1 s−1 , while the
coefficients Ca , Cb and C3 have the dimensionality of cm−3 .
Then the impact of the electric field on the mobility is
evaluated using the high-field mobility model [32]:
µLISF =



1 + 1 +

2µLIS
2µLIS F
vsat

!β 1/β

,

(36)



where a dimensionless exponent β is assigned to be 2.217 as
suggested by Grasser et al. [32] and F represents the driving
force for electrons:
1
F = ∇ψ − ∇(kB TL n) .
n

(37)
!#
3 − 7T
. The first term is evaluated based on the gradient of the
300K
electrostatic potential ψ, i.e. it represents the drift component
(28) of the driving force, while the second term takes into account
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non-uniformities in the carrier concentration and lattice temperature and therefore represents the diffusion component. If
non-uniformities in lattice temperature (which can be related
to self-heating) are neglected we can simplify the expression
for the driving force:
F ≈ ∇ψ − kB TL

∇(n)
.
n

(38)

The gradients of the electrostatic potential and the carrier
concentrations are evaluated using the slicing of the device
depicted in Fig. 2.
VII. M ODELING OF DEGRADED DEVICES
The effect of generated interface traps is twofold: they perturb the device electrostatics and degrade the carrier mobility.
The drain current and its change are expressed as
I = σVds
∆I = ∆(σ)Vds ,

(39)

where σ is the overall conductivity of the transistor which is
divided into slices (see Fig. 2) and each slice with an index i
is characterized by a mobility σi ; then the overall conductivity
reads as
#−1
#−1 "
"
X 1
X
,
(40)
=
1/σi
σ=
qni µi
i
i
where ni denotes the electron concentration in the segment
i and µi is the carrier mobility in this segment; q is the
elementary charge. Therefore, the change in the drain current
due to generated interface traps is:
"

∆I ∼ ∆ 

X
i

1
qni µi

#−1 

 Vds

(41)

Here, the distortion in the carrier concentration is evaluated
within the model developed by Pregaldiny et al. [29, 30] by introducing a gate voltage perturbation δVgs,i ∼ Nit /Cox (where
Cox is the sheet capacitance) and then calculating electrostatic
quantities using formulas summarized in the Section VI.
As for mobility degradation, we model the degraded mobility as [12]:
µdegr =
−13

−2

µfresh
(1 + αNit )

Fig. 6. Normalized ∆Id,lin changes as functions of stress time t: experiment
vs. modeling. Note that two versions of the model are used, i.e. the compact
physics model (Comphy) and the full TCAD version.

VIII. C ONCLUSIONS
We developed a compact physics model for hot-carrier
degradation. The model incorporates three main modules:
carrier transport description, calculations of defect generation
rates, and modeling of the degraded devices. All the aspects
of the HCD problem are modeled using only analytical
expressions. The model was validated against experimental
data acquired from n-channel MOSFETs with a gate length
of 65 nm stressed at the worst-case conditions and was shown
to represent experimental changes in the linear drain current
with good accuracy.
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with α = 10 cm and µfresh being the mobility in the fresh
FET.
Using this analytical model we were able to accurately
reproduce measured ∆Id,lin (t) traces, see Fig. 6. As a reference, we also show ∆Id,lin (t) dependencies obtained with
the TCAD version of the HCD model; one can see that
both models result in very similar degradation characteristics.
Although in TCAD and Comphy implementations values of
the parameters of the Si-H bond rupture process are slightly
different they are still in good agreement (see Fig. 5). It is
important to emphasize that all expressions of all modules
of the compact physics model are analytic and no additional
TCAD simulations are required.
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