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Charge-Based Modeling of Radiation Damage in
Symmetric Double-Gate MOSFETs

Farzan Jazaeri, Chun-Min Zhang, Alessandro Pezzotta, and Christian Enz

Abstract—In this paper a comprehensive charge-based predic-
tive model of interface and oxide trapped charges in undoped
symmetric long-channel double-gate MOSFETs is developed.
The model involves essentially no fitting parameters, but first-
principle calculations of both oxide and Si/oxide interface trap-
ping. This charge-based approach represents an essential step
toward compact modeling of ionizing dose and aging effects in
advanced field effect devices. The soundness of this approach
is confirmed by extensive comparisons with numerical TCAD
simulations, while the analytical formulation helps understanding
the most relevant parameters of the phenomena with respect to a
specific technology. The model confirms its validity for all regions
of operation, i.e., from deep depletion to strong inversion and
from linear to saturation.

Index Terms—oxide traps, interface traps, total ionizing dose,
TID, double-gate FET, aging effects, FinFET.

I. INTRODUCTION

THE Large Hadron Collider (LHC) at CERN has been
exploring the new high-energy frontier since 2010 and

has made the successful observation of the long-sought Higgs
Boson possible in 2012. To extend its discovery potential,
it will need a major upgrade around 2020 for a ten times
higher integrated luminosity. This high-luminosity LHC (HL-
LHC) is expected to experience an unprecedented radiation
level up to 10 MGy (1 Grad) of Total Ionizing Dose (TID) and
1016 neutrons/cm2 of hadron fluence over ten years of operation.
To select the most appropriate alternative in terms of radiation
tolerance, it is of great importance to comprehend the ionizing
radiation effects on advanced CMOS from the fundamental
physics and basic models points of view [1], [2].

The investigation of radiation effects on MOSFETs has
started since the late 1960’s by Hughes and Giroux [3], in
parallel with the technological innovation in semiconductor
manufacturing. So far, the radiation-related characterization
and the theoretical model building are proceeding in a mutual-
benefiting way for interpreting the radiation response of the
MOSFETs. Defects in oxides and at semiconductor/oxide
interfaces have been identified as the dominant precursors for
MOSFET radiation damages. Whenever the incident radiation
creates electron-hole pairs in the oxide, these defects act as
traps for those charges, affecting performance [4].

Owing to the CMOS technological scaling, materials and
configurations are continuously changing, focusing on power
consumption reduction. This has led to the inclusion of
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unconventional dielectrics (i.e. high-κ, low-κ materials), or
different isolation structures (STI, LOCOS, etc.). All these
have to be considered as variables for radiation-induced perfor-
mance degradation. Double-Gate (DG) MOSFETs demonstrate
outstanding electrical characteristics, such as a higher drain
current, a more effective mobility [5], [6], a higher trans-
conductance and an enhanced subthreshold slope due to charge
coupling [7] and they can be easily modeled using an explicit
charge-based expression in compact models [8]–[10] .

This work proposes to derive analytical expressions for
modeling the effects of total ionizing dose (TID effects)
in undoped DG MOSFETs upon technological parameters.
Relying on the charge-based approach, this work describes the
main mechanism of radiation-induced damages in MOSFETs
and the impact of ionizing radiation on the electrostatics of
DG MOSFETs. Analytical explicit solutions for the intrinsic
gate capacitance and main DC parameters, i.e. subthreshold
swing and threshold voltage, are derived.

II. DESCRIPTION OF BASIC PHYSICAL PROCESSES FOR
TOTAL IONIZING DOSE EFFECTS

The total amount of collected energy from the incident
radiation by a specific material through ionization is named
‘Total Ionizing Dose’. Whilst a MOSFET is exposed to high-
energy ionizing radiation, electron-hole pairs are created by
the deposited energy in oxides. In the first picoseconds after
irradiation, a fraction of them recombines. However, since the
electrons are more mobile than the holes [11], [12], most of
the electron-hole pairs do not recombine. Remaining electrons
are then swept out of the oxide in the next few picoseconds
and are collected at the corresponding electrode. The holes
surviving the initial recombination and remaining within the
oxide volume will move across the oxide through a hopping
transport mechanism, leading to a distortion of the local electric
field in the oxide. This local distortion tends to trap a fraction
of those holes (Qot) into relatively deep trap states in the
oxide bulk or near the Si/oxide interface [4]. It should be
remarked that some of the holes are swept out towards the
silicon bulk as well, due to tunneling mechanisms. However,
holes trapped close to the interface, that can easily capture
or emit carriers to the silicon, are called border traps or
switching oxide traps [13]. Additionally, reactions between
transporting holes and hydrogen-containing defects or dopant
complexes can contribute to the formation of those interface
traps (Qit) [14]–[16] located exactly at the interface. Therefore,
the holes surviving the initial recombination cause ionization
damage in the form of oxide charged traps (Qot) and interface
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Fig. 1: Schematic view of the undoped channel double-gate MOSFET.

charged traps (Qit). This process is very sensitive to the
applied electric field, the temperature and the oxide thickness.
The trapped charges modify the electrical characteristics of
irradiated MOSFETs as observed in [17], [18]. In particular,
they have a strong effect on the weak inversion region of the
I-V characteristic. Typically, TID effects give rise to several
types of performance degradation, including threshold voltage
shift, mobility degradation, and incremental change both in
the off -state leakage current and in the subthreshold swing
[19]–[25]. In this context, a detailed description about how the
defects affect the electrical properties of the most common
oxide-based devices is delivered.

III. INTERFACE AND OXIDE TRAPPED CHARGES

As mentioned, interface and oxide trapped charges influence
the device characteristics, leading to performance degradation
and possibly to failure. Therefore, a quantitative description
of radiation-induced trap charging requires a knowledge of
the physical mechanisms underlying the phenomena, together
with numerical simulations of the complete system dynamical
evolution, serving as reference for the analytical model.

A. General remarks on interface trapped charges in MOSFET

Close to the interface, a large number of oxygen vacancies
occur, due to the out-diffusion of oxygen in the oxide and lattice
mismatch at the surface. These oxygen vacancies can act as
trapping centers [26], [27]. Due to the fact that interface traps
result from dangling silicon bonds at Si/oxide interface [28],
these charge states depend on the Fermi level and therefore
on the channel surface potential [19], [29]. Thus, interface
charged traps can be positive, neutral, or negative. Trap energy
levels below the mid-gap exhibit donor-like characteristics, i.e.
being positively charged by emitting an electron if above Fermi
level and electrically neutral when filled if below. Trap energy
levels above the mid-gap exhibit acceptor-like characteristics.
These trap levels are electrically neutral when empty if above
Fermi level and negatively charged when trapping an electron
if below. Therefore, the interface charged traps are amphoteric
and whether they behave as donors or acceptors depends on
their energy in the band-gap [19], [30]. Fig. 2a illustrates the
energy diagram of a lightly doped DG nMOSFET biased in
inversion mode, where a positive bias is applied to the gate
so that electrons flow towards it and holes move to the silicon
substrate. The Fermi level of nMOSFET far from surface
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Fig. 2: Energy diagrams for a lightly doped symmetric double-gate (a)
nMOSFET where a positive bias is applied to the gate and (b) pMOSFET
where a negative bias is applied to the gate terminal.

is located below the mid-gap, while above at the Si/oxide
interface. As illustrated, the donor-like interface trap levels are
completely filled and acceptor-like trap levels are partially filled.
The result is a negative set of interface trapped charges. For
sake of completeness, as illustrated in Fig. 2b, in a pMOSFET
biased in inversion mode the Fermi level far from the interface
is located above the mid-gap energy, vice versa at the surface.
Therefore, the acceptor-like trap levels are entirely empty and
the donor-like trap levels are partially filled, leading to positive
charged traps at Si/oxide interface. The interface charged trap
density Qit can be expressed by integrating the product of the
interface trap-state density Dit, [Number × cm−2 × eV −1]
and the trap occupation probability per unit area over energy
across most of the band-gap [19], [30]

Qit = −q
∫ EC

EV

Dit(E) f(E)dE, (1)

where f(E) is the trap occupation probability at energy level E
given by f(E) = 1/{1 + exp [(E − Ef )/kT ]}, Dit(E) is the
surface-state density per unit area per unit energy. Given the
fact that the surface density of state is a continuous function of
the trap energy level, (1) has no analytical solution. Therefore,
firstly we propose to seek for an approximate solution to (1)
for single-level interface traps and later on continuous trap
energy distribution. Therefore, given the trap energy Et the
probability of occupation f(Et) and Dit(Et) in (1) are moved
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outside the integral for sufficiently small changes in energy level
(∆E). The density of interface trapped charges is then given
by Qit = −q Nit f(Et), where Nit, [Number× cm−2] is the
trapped interface state density per unit area at Et, represented
by an integration of the interface trap density over ∆E:

Nit =

∫ Et+∆E/2

Et−∆E/2

Dit(E)dE = Dit(Et)∆E. (2)

Introducing the intrinsic Fermi level in (1) (Eis) and defining
Et−i = Et − Eis, the occupation probability for an acceptor-
type trap level within the band-gap is obtained by [19], [31]

1

f(Et)
= 1 + exp

(
Et−i

kT

)
exp

(
−Ψs − Vch

UT

)
(3)

where UT = kT/q is the thermal voltage, Ψs is the total sweep
of the surface potential given by −(Eis − Ef )/q and Vch is
the shift in quasi Fermi potential along the channel. Notice
that the calculations for this single trap energy level can be
extended for all the trap energy levels.

The effect of radiation-induced interface charged traps
can be linked to TID through some experimental models,
which need accurate approaches for the determination of the
Si/oxide interface state density. Several techniques such as
CV-measurements [32], [33], deep-level transient-spectroscopy
technique (DLTS) [34], charge-pumping technique [35], [36],
and weak inversion analysis [37] have been proposed for
determining the surface states from the transistor behavior. As a
matter of fact, the interface trap density can be experimentally
expressed by Nit = ait TID

bit , where ait [cm−2·rad−1] and
bit [-] are the fitting coefficients. Notice that this relationship
can be empirically obtained without taking into account all the
technological parameter dependencies.

B. General remarks on oxide trapped charges in MOSFET

The generation of electron-hole pairs in the oxide depends
on either the local electric field or the ionizing radiation energy.
The TID corresponds to the energy absorbed per unit mass
and depends strictly on the material. Therefore, in order to
include oxide charged traps effects in the characterization of an
irradiated device, a relationship between the density of oxide
traps and the TID must be established.

In silicon and oxides, it can be assumed that the absorbed
energy is wholly used to generate electron-hole pairs. The
radiation-induced generation rate of fixed oxide charged traps
can be expressed as GR = g0 Y (E) (∂ TID/∂t) , where the
derivative term stands for the dose rate [rad·s−1] and g0 for the
total electron-hole pair generation rate. In the case of SiO2, g0 is
equal to 7.6× 1012 cm−3rad−1 [38]–[40]. Relying on the work
done by Dozier et al. [41], [42], the fraction of holes escaping
the initial recombination, Y (E), can be calculated by means of
experimental model as Y (E) = [(|E|+ E0 Y0)/(|E|+ E0)]

m,
where |E| is the electric field magnitude, Y0 is the zero-field
yield factor, E0 is the critical field value, and m moderates
the growth rate of the function (E0 Y0 = 0.1 V/cm to ensure
convergence; E0 = 0.55 MV/cm and m = 0.7 for γ radiation
[42]). However, not all electron-hole pairs become active in
the device, due to their recombination in the first picoseconds

after generation. This recombination rate depends on many
technological process parameters, i.e. oxide thickness, as well
as on the applied electric field. Therefore, once integrating
GR, radiation dependent density of trapped charge within the
oxide can be obtained by Not = g0 TID · Y (E). It is worthy
to mention that even though the total trapped charge within the
oxide is proportional to TID, the model is not valid anymore
for high TID (in the order of several hundreds of Mrad). In
case of high doses, as a matter of fact, saturation of oxide and
interface trap occurs, which is not accounted for in [2], [17],
[18].

IV. ELECTROSTATICS IN DOUBLE-GATE MOSFETS

In this work, an n-type long-channel symmetric double-gate
MOSFET (see Fig. 1) is investigated. Here LG and W are the
gate length and width, Tsc is the semiconductor thickness, and
tox is the gate oxide thickness. Neglecting the hole density in
silicon, the electrostatic potential Ψ(x) profile is given from
the 1D-Poisson equation, where x is the orientation across
the channel. Similarly to [8], merging the Poisson relationship
with the non-degenerate Boltzmann statistics and integrating
along x yields to the electric field across the silicon film:

E2(x) =
2 q ni UT

εsi

[
exp

(
Ψ(x)− Vch

UT

)
+ C

]
, (4)

where ni and εsi are the intrinsic carrier density and the
permittivity of silicon and C is an integration constant explicitly
formulated in [8] and expressed in terms of mobile charge
density C = Qm/(q ni Tsc). Notice that Qm, the mobile charge
density per unit area, can be linked to the surface potential by
E2

s = (Qm/2 εsi)
2, where Es is the electric field at Si/oxide

interface. Therefore, we can write:

Ψs − Vch = UT ln

(
Q2

m

8 εsi q UT ni
− Qm

q ni Tsc

)
. (5)

Due to ionizing radiation, oxide traps (located inside the gate
dielectric and in external isolation structures) are positively
charged by holes in both n- and pMOSFETs, causing a negative
threshold voltage shift and effectively modifying their electrical
characteristics. Additionally, they can invert the channel portion
close to the Si/oxide interface, causing a leakage current to
flow even in the off -state condition.

Consequently, oxide-trap and interface-trap charges com-
pensate each other for n-channel and sum up for p-channel
transistors (given that the net trapped charge is given by
QT = Qot + Qit). The charge contribution from radiation-
induced charged traps is incorporated through the boundary
condition on the normal component of the displacement vector
at the Si/oxide interface. It should be remarked that the
positively trapped charges in the spacer and STI oxide have
a strong effect on the electrical behavior of the transistor.
However, it should be emphasized that, to simplify the analysis,
Qot actually corresponds to an equivalent oxide charge density
accounting for all the oxide charge traps, located inside the gate
dielectric as well as in external isolation structures (including
STI). In other words, Qot is representing an equivalent charge
located in the gate oxide that produces the same change in
the electrical field with the charges located not only in the
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gate oxide but also located in the STI. It is also assumed
that this equivalent charge is located at the Si/oxide interface.
Additionally, it is worth mentioning that, here we focus on the
relation between the electrical behavior of the device and the
charge traps (Qot and Qit) and not on the impact of TID on
Qot and Qit which indeed depends on the physical gate oxide
and STI thicknesses.

Therefore, the boundary conditions arising from the con-
tinuity of displacement vector at the interface must satisfy
QT = Dsi−Dox. Moreover, the semiconductor charge density
is also related to the potential drop across the gate insulators
by

−Qm/2− Cox (VGS −∆Φms −Ψs) = Qit +Qot, (6)

where VGS denotes the gate voltage and ∆Φms is the work
function difference between the gate electrode and the intrinsic
silicon. Then, the combination of (5) and (6) yields:

V =VGS−∆Φms−Vch =−Qm+2(Qit+Qot)

2Cox
+UT ln θ (7)

θ =
Q2

m

8 εsi q UT ni
− Qm

q ni Tsc
. (8)

Next, the combination of (3), (5), (7) and (8) gives the
general charge-based relationship between potential and charges
including both oxide and interface charged traps

V = −
2Qot +Qm

2Cox
+ UT ln(θ) +

q Nit

(1 + η θ−1)Cox
(9)

where η = exp(Et−i/kT ). Notice that the mobile charge den-
sity Qm is simply twice the gate charge density, Qm = −2QG.
It should be remarked that imposing QT = 0 brings back to the
general charge-based relationship derived in [8]. To illustrate
and appraise the validity of this model, the mobile charge
density versus the effective gate voltage in lightly doped double-
gate nMOSFET, as obtained from TCAD simulations and from
the model, are plotted in Fig. 3 for different values of oxide and
interface charged traps. The doping density of silicon body used
in TCAD simulations is 1015cm−3. Lines and symbols hold
for the analytical model and TCAD simulations, respectively.
The validity is demonstrated in the linear and logarithmic
representations in full agreement with TCAD simulations.

V. DERIVATION OF THE CURRENT

From now on, it is assumed that the current density can be
calculated adopting the classical drift-diffusion transportation
which neglects quantum-mechanical effects due to carrier
confinement. In this case, the current is given by IDS =

−µW/LG

∫ VDS

0
Qm dVch, where the carrier mobility, µ, is

assumed constant along the channel. This work neglects the
tunneling current through the gate oxide and the mobility
degradation due to interface charged traps. Those effects should
obviously be accounted for in the full predictive compact model
after the validation of the long channel model. The complex
relationship between the charge density and the potential, as
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Fig. 3: Mobile charge density (Qm) versus VGS − ∆Φms calculated
from analytical model and TCAD simulations in linear and log scale for
different values of Not and Nit. (1): Nit=1010 cm−2, Not=5 × 1012 cm−2

(2): Nit=1010 cm−2, Not=2 × 1012 cm−2 (3): Nit=0 cm−2, Not=1012 cm−2

(4): Nit=Not = 0 cm−2 (5): Nit=1012 cm−2, Not=0 cm−2.

obtained from the general charge-potential dependence, does
not lead to a simple analytical expression for the current;

IDS =
Wµ

LG

{
− Q2

m

4Cox
+UT [α ln(Qm−α)+2Qm] +

qNitη

Cox

[
2b
√
a

ξ
tanh-1

(
a−2Qmb

ξ
√
a

)
− abQm

bQ2
m−aQm+abη

]}∣∣∣∣∣
D

S
(10)

where Csi = εsi/Tsc is the silicon layer capacitance, ξ =√
a− 4ηb2, a = 8εsiqUTni, α = 8CsiUT , and b = qniTsc.

Concerning the current estimation along the channel, a different
set of relationships is expected with respect to [8], since
the charge-voltage dependence is modified by appending the
trap-related term. However, due to the complexity of such
relationship, the proposal is to rely on the same expression
for the current proposed in [8] without including the effect of
interface trapped charges (Qit = 0), only depending on the
mobile charge density evaluated at source and drain (see [19]).
Therefore, the mobile charge-densities at source and drain are
given by (9) and the total drain-source current can be estimated
as in [8],

IDS =
Wµ

LG

{
− Q2

m

4Cox
+UT [α ln(Qm−α)+2Qm]

}∣∣∣∣∣
D

S

, (11)

The drain current has been calculated by solving (9) numeri-
cally for the mobile charge densities at source and drain and
introducing it into (11) in the linear and saturation regions
(VDS = 10 mV and 0.5 V, respectively) and for different values
of the trap energy level parameter Et−i. The calculated values
are compared to the results, obtained from the 2D TCAD
simulations using the same parameters in Figs. 4a and 4b,
resulting in an excellent agreement.

VI. CHARGED-TRAPS INDUCED GATE CAPACITANCE

In order to validate the proposed model, it is important to
compare the TCAD simulation results with the well-established
theoretical model of the intrinsic gate capacitance. In fact, the
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Fig. 4: a) and b) IDS with respect to VGS − ∆Φms calculated from analytical model (lines) and TCAD simulations (markers) shown in linear and log scale
for different trap energy levels in double-gate MOSFET in linear and saturation regions respectively (µ = 0.1417 m2/Vs), Nit = 1012 cm−2, and Not = 0 cm−2.
c) CGG with respect to VGS − ∆Φms calculated from the analytical model (lines) and TCAD simulations (markers) for different values of charged trap
energy level in double-gate MOSFET.

effects of oxide fixed charges and interface trapped charges on
the capacitance change as a function of the bias voltage has
been well documented from a theoretical point of view [40]. In
a MOS structure, the capacitance is completely determined by
the variation of the charge with respect to the applied voltage.
This charge can be decomposed into two terms, depending on
the density of charge placed in the semiconductor and in the
surface states. Therefore, the interface charged-trap layer is
modulated by the gate potential and contributes to the total
intrinsic gate capacitance (CGG/WLG = −∂Qm/∂VGS), the
latter proceeding from the bare derivative of the mobile charge
density in (9) with respect to generic potentials. This leads to

CGG

WLG
=

[
1

2Cox
− UT θ

′

θ
− θ′

θ2

q Nit η

Cox (1 + η θ−1)
2

]−1

, (12)

θ′ =
Qm

4 εsi q UT ni
− 1

q ni Tsc
. (13)

The intrinsic gate capacitance as a function of effective
the gate voltage is then depicted in Fig. 4c for the analytical
model and compared to the TCAD simulation results, including
interface charged traps. Again, an excellent agreement is
obtained in all operation modes and for all values of Nit.

VII. TID EFFECTS ON DC CHARACTERISTICS

A. Threshold voltage variation

As discussed, oxide trapped charges (Qot) effectively modify
the electrical characteristics of an irradiated device. This
modification mainly manifests as a negative threshold voltage
shift (∆V ot

th ) which can be simply obtained from −Qot/Cox.
This expression establishes the relation between the threshold
voltage shift and the equivalent charge density in the oxides
that could further link to the corresponding TID.

In contrast, interface charged traps increase the threshold
voltage of n- and decrease that of pMOSFETs. An analytical
model is derived from (9) to calculate the positive threshold
voltage shift induced by interface charged traps (∆V it

th).
Keeping the mobile charge density constant and subtracting
(9) from itself with Qit = Qot = 0, the difference of the gate

voltages gives insights into the Qit-induced threshold voltage
shift:

∆V it
GS(VGS) =

q Nit

(1 + η θ−1)Cox
. (14)

where θ is derived from (7) with Qit = Qot = 0:

θ = exp

[
VGS −∆Φms − Vch +Qm/(2Cox)

UT

]
. (15)

To derive an explicit solution for ∆V it
th , the subthreshold regime

is focused on. Thus the term Qm/2Cox is neglected and the
expression (15) is simplified to

θ ≈ exp

(
VGS −∆Φms − Vch

UT

)
. (16)

It should be remarked that when the device is in the
fully depletion mode, θ tends to zero that pushes (14) to
zero, too. Nevertheless, above the threshold, the term η θ−1

in (14) is close to zero (θ becomes infinite), leading to a
common analytical expression for ∆VGS . Figs. 5a and 5b
present both the complete analytical solution and the explicit
solution developed in the subthreshold region for the gate
voltage shift as a function of the effective gate potential,
which corresponds to the same mobile charge density in linear
operation (Vch = 10 mV) at different values of Nit and Et−i.
The agreement between the analytical solution and the explicit
derivation is excellent in all operation modes from the depletion
region to above the threshold.

The analytical expression for ∆VGS above the threshold
presents the explicit solution for Qit-induced threshold voltage
shift in linear mode as follows ∆V it

th = qNit/Cox. It depends
only on the interface trap density. The V it

th is extracted above
the threshold region from 5a and 5b, and plotted in 5c as a
function of Nit for different values of Et−i. It is observed from
5a, 5b, and 5c that Et−i does not influence the values of V it

th

but shifting ∆V it
th with respect to VGS −∆Φms. This is due

to the term η = exp[Et−i/(kT )] that embodies the trap energy
level into the threshold voltage shift. The shifting behavior
is only in the transition region from subthreshold to above
threshold. It should be mentioned that neglecting Qm/2Cox for
a higher value of Et−i (i.e., 0.4 eV) will slightly overestimate
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(a) (b) (c)

(d) (e) (f)

Fig. 5: a) Shift in the VGS due to the interface charged traps with respect to VGS − ∆Φms, while the mobile charge density remains constant. The shift in
threshold voltage (∆V it

th) versus Nit can be obtained from this figure when the device works above threshold (analytical model: lines and explicit solution:
markers). b) The gate voltage shift with respect to VGS − ∆Φms for different Et−i while the mobile charge density is constant and Nit = 1012cm−2

(analytical model: lines and explicit solution: markers). c) Shift in threshold voltage (∆V it
th) versus Nit, in linear mode of operation, for different interface

trap energy levels (analytical model: lines and explicit solution: markers). d) The subthreshold swing in linear operation mode with respect to the total drain
current for different Nit while Et−i = 0 (analytical model: lines and explicit solution: markers). e) The subthreshold swing in linear region with respect to
the total drain current for different Et−i while Nit = 1012cm−2 (analytical model: lines and explicit solution: markers). f) The maximum subthreshold
degradation in linear region of operation versus Nit for different values of Et−i (analytical model: lines and explicit solution: markers).

∆V it
th , as seen in 5b. However, this explicit formulation still

gives predictive and reliable information about Qit-induced
threshold voltage shift.

B. Subthreshold swing degradation

The primary effect of interface charged traps is an increase
in the subthreshold swing (SS). Relying on the drift-diffusion
transport model for a low VDS (Qms ≈ Qmd, where Qms and
Qmd are the local mobile charge densities at the source and
the drain, respectively), the subthreshold swing is expressed as

1

SS
=

∂

∂VGS
Log

(
W

LG
µQmVDS

)
=

1

Qm ln(10)

∂Qm

∂VGS
. (17)

By neglecting the term Qm/2Cox, ∂VGS/∂Qm derived from
(9) is given as

∂VGS

∂Qm
=
UT θ

′

θ
+

q Nit η θ
′

Cox(η + θ)2
. (18)

With mathematical manipulations (see Appendix-A), the sub-
threshold swing is obtained as

SS = ln(10)

[
UT +

q Nit

Cox(
√
η/θ +

√
θ/η )2

]
. (19)

Relying on (19), the maximum subthreshold swing, SSmax, is
readily reached when η equals to θ:

SSmax = UT ln(10)

(
1 +

q Nit

4UT Cox

)
(20)

Next, imposing η = θ = exp(Et−i/kT ) in (9) with full-
depletion approximation in subthreshold region (Qm ≈ 0), a
corresponding value of VGS for SSmax is obtained by

V max
GS −∆Φms =

Et−i

q
+ Vch +

q Nit

2Cox
− Qot

Cox
. (21)

The location of SSmax, V max
GS , depends on the density of

interface traps and the difference between the charged-trap
energy level and the intrinsic Fermi level. However, SSmax is
only relevant to the density of interface traps. This can be seen
in Figs. 5d and 5e including both the analytical solution (17)
and the explicit solution (19) as a function of the drain current
for different values of Nit and Et−i. 5d and 5e also evidence
the excellent agreement between the analytical solution and
the explicit derivation. The maximum SS from 5d and 5e is
plotted in Fig. 5f as a function of Nit. For different values of
Et−i, the curves are placed entirely on the top of each other.
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VIII. CONTINUOUS TRAP ENERGY LEVEL DISTRIBUTION

So far, we considered discrete energy levels for interface
traps (monovalent states without energy broadening). These are
indeed very instructive, but not representative of real devices
which indicate a continuous trap energy level distribution.

A. Discretized summation for interface trap level distribution

In Section VII-B, although we restrict the derivation to
monovalent trapping states, we could derive TID-induced
degradation in SS and also the threshold voltage shift due
to TID effects. However, non-uniform and continuous trap
energy level distribution can be approximated as a discretized
summation for energy broadening of interface trap energy level.
Therefore,

Qit =

n∑
i=1

−qNit,if(Et,i), (22)

where Nit,i is the interface trap density at E = Et,i. This
similarly leads to a general charge-based model including dis-
cretized summation of continuous trap energy level distribution:

V =−
2Qot+Qm

2Cox
+ UT ln(θ) +

n∑
i=1

q Nit,i

(1 + ηi θ−1)Cox
. (23)

where ηi = exp(Et−i,i/kT ) and Et−i,i represents the ith-trap
energy level. Now, regarding the influence of the continuous
trap level distribution, SS can be similarly expressed as follows

SS = ln(10)

[
UT +

n∑
i=1

q Nit,i

Cox(
√
ηi/θ +

√
θ/ηi )2

]
. (24)

Moreover, since the derivation performed in VII has considered
a single trap energy level and has been confirmed by numerical
TCAD simulations, the extension of the model for a discretized
summation for interface trap level distribution can be considered
valid as well, without the need of dedicated TCAD simulations.

B. Uniform distribution of interface trap density

In most of the previous studies, i.e. [10], in order to obtain an
analytical solution to (1) for continuous interface trap density,
the trap occupation probability is assumed to be unity and the
interface-state density is approximated by a continuous and
uniform distribution of density of occupied interface states per
unit area per unit energy (eV), Dit, between electron quasi
Fermi (Ef − qVch) and intrinsic (Ei) levels. Therefore, due
to these assumptions introduced for derivation simplicity, the
interface trap density can be expressed as

Qit = −qDit(Ef − Ei − qVch) = −q2Dit(Ψs − Vch). (25)

Relying on previous works, the estimated value of Dit obtained
from measurements is in the same order of magnitude as
1011 cm−2 eV−1. Next, combining (6) with (25) yields to a
closed-form expression of Qit with respect to Qm. Inserting
Qit into (7) allows obtaining a new charge-based expression
useful for compact modeling purposes:

V =−
2Qot+Qm

2Cox
+UT ln(θ)

[
1+

q2Dit

Cox

]
. (26)

This simplified charge-based relation enables obtaining the
mobile charge density along the channel and drain to source
current in linear and saturation regions, validated with TCAD
simulations and plotted in Fig.6. Similarly, to analyze the
reliability degradation due to the total ionizing effects, (11) is
used to calculate analytically the total drain current through
(26). Subtracting (26) from (26) when Qit=Qot=0, the shift
in threshold voltage, where Qm remains constant, is readily
linked to the equivalent oxide and interface trapped charge in
linear mode operation through:

∆Vth = ∆V ot
th + ∆V it

th =
1

Cox

[
−Qot + q2DitUT ln(θ)

]
.

(27)

Assuming that in subthreshold region, Qm/(2Cox) is negligi-
ble, (27) is simplified to

∆Vth ≈
1

Cox

[
−Qot + q2Dit (VGS + Vch −∆φms)

]
. (28)

Additionally, combining (17) with (26), the subthreshold swing
degradation due to Qit is directly linked to the density of states
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Fig. 6: IDS with respect to VGS − ∆Φms calculated from analytical
model for uniform distribution of interface trap density (lines) and TCAD
simulations (markers) shown in linear and log scale in double-gate MOSFET
in linear (a) and saturation (b) regions respectively (µ = 0.1417 m2/Vs), Dit

= 1012 cm−2eV−1, and Qot = 0 cm−2.
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uniformly distributed over energy:

SS = UT ln(10)

(
1 +

q2Dit

Cox

)
. (29)

It should be remarked that assuming single-level interface
traps, SS degradation happens only in a certain region of the
gate voltage and this can be shifted by the trap energy level.
Although (20) gives the maximum degradation over VGS due
to TID, (29) makes the model more representative for real
cases to predict the subthreshold swing degradation, assuming
a continuous and uniform interface trap density over energy.

Finally, it should be remarked that the developed charge-
based model to include TID and aging effects can be easily
extended to short channel double-gate FETs by using the
proposed model in [43], which is the generalization of charge-
based long channel model [8] to short channel undoped double-
gate FinFET. on the other hand, the proposed analysis can be
easily applied in advanced field effect devices, i.e., nanowire
junctionless FETs [44]–[49].

IX. CONCLUSION

A charge-based model for interface and oxide trapped
charges in undoped/low-doped symmetric double-gate MOS-
FET is developed, proposing a physical one-dimensional model.
This approach incorporates the impact of radiation damage and
TID-induced degradation on DC electrical behavior of double-
gate MOSFET. A detailed study of the interface charged traps
and oxides trapped charge distributions and their influence
on device performance is carried out. Regarding the interface
charged traps, monovalent state, single trap energy level without
energy broadening, and also uniform/non-uniform continues
trap energy level distributions are considered to model the the
TID-induced degradation. In particular, the subthreshold swing
degradation and the threshold voltage shift have been modeled
by means of explicit expressions. To validate the approach in
describing the impact of radiation-induced interface trapped
charges, the simple analytical model is successfully compared
to the results obtained from two dimensional TCAD simulations
for different interface charged trap densities. This verification
is obtained through the comparison of model calculations and
TCAD extractions of mobile charge-density and drain currents
as a function of the terminal voltages and the defect densities.
This results in good agreement in all regions of operation, from
deep depletion to strong inversion and from linear to saturated
regimes, as confirmed from a detailed comparison with the
TCAD numerical simulations. No empirical parameters have
been used, confirming the safe physical roots of the core model.

APPENDIX A
DERIVATION OF THE EXPLICIT SOLUTION FOR SS

Combining (17) and (18), we obtain the full analytical
expression for SS:

SS =
ln(10)Qmθ

′

θ

[
UT +

q Nit η θ

Cox(η + θ)2

]
. (30)

The term Qmθ
′/θ could be rewritten as below by replacing θ′

and θ with their full expressions (8) and (13):

Qmθ
′

θ
= 1 +

1

1− 8εsi UT /(TscQm)
. (31)

The term 8εsi UT /Tsc for the studied device equals to
0.0021 C/cm2. Since SS is a critical parameter in the sub-
threshold region at which Qm is much smaller, the second
term of (31) is close to 0. Neglecting this term, we get the
explicit solution for SS as expressed in (19).
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