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ABSTRACT In this paper, a comprehensive charge-based predictive 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
trapping. 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 Ocxide traps, interface traps, total ionizing dose, TID, double-gate FET, aging effects,

FinFET.

I. INTRODUCTION

The Large Hadron Collider (LHC) at CERN has been explor-
ing 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 10MGy (1 Grad) of Total Ionizing Dose (TID) and
106 neutrons/cm? of hadron fluence over ten years of oper-
ation. To select the most appropriate alternative in terms
of radiation tolerance, it is of great importance to com-
prehend 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 MOSFETSs 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 semiconduc-
tor/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
unconventional dielectrics (i.e., high-x, low-x materials), or
different isolation structures (STI, LOCOS, etc.). All these
have to be considered as variables for radiation-induced
performance degradation. Double-Gate (DG) MOSFETSs
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 mod-
eled 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 parame-
ters. Relying on the charge-based approach, this work
describes the main mechanism of radiation-induced dam-
ages in MOSFETs and the impact of ionizing radiation on the
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FIGURE 1. Schematic view of the undoped channel double-gate MOSFET.

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.

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

The total amount of collected energy from the incident radi-
ation 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 (Q,) 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 mecha-
nisms. 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, reac-
tions between transporting holes and hydrogen-containing
defects or dopant complexes can contribute to the formation
of those interface traps (Qj;) [14]-[16] located exactly at the
interface. Therefore, the holes surviving the initial recombi-
nation cause ionization damage in the form of oxide charged
traps (Q,:) and interface charged traps (Q;;). This process
is very sensitive to the applied electric field, the tempera-
ture and the oxide thickness. The trapped charges modify the
electrical characteristics of irradiated MOSFETsSs as observed
in [17] and [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 degrada-
tion, 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 electri-
cal properties of the most common oxide-based devices is
delivered.
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FIGURE 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.

1Il. INTERFACE AND OXIDE TRAPPED CHARGES

As mentioned, interface and oxide trapped charges influence
the device characteristics, leading to performance degra-
dation and possibly to failure. Therefore, a quantitative
description of radiation-induced trap charging requires a
knowledge of the physical mechanisms underlying the phe-
nomena, 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 vacan-
cies occur, due to the out-diffusion of oxygen in the oxide
and lattice mismatch at the surface. These oxygen vacan-
cies 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 poten-
tial [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
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electrically neutral when filled if below. Trap energy lev-
els 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 ampho-
teric and whether they behave as donors or acceptors depends
on their energy in the band-gap [19], [30]. Fig. 2a illus-
trates 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 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 Qj
can be expressed by integrating the product of the interface
trap-state density Dj;, [Number x cm™2 x eV~ and the trap
occupation probability per unit area over energy across most
of the band-gap [19], [30]

Ec
Qir = —q/ Dy (E) f(E)dE, ey
Ey

where f(E) is the trap occupation probability at energy level
E given by f(E) = 1/{1 +exp[(E — Ef)/kT]}, Dy(E) is the
surface-state density per unit area per unit energy. Given the
fact that the surface density of state is a continuous func-
tion 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 E; the probability of occupation f(E;) and Dj(E;)
in (1) are moved outside the integral for sufficiently small
changes in energy level (AE). The density of interface
trapped charges is then given by Qi = —qN;;f(E;), where
Ni, [Number x cm™2] is the trapped interface state density
per unit area at E;, represented by an integration of the
interface trap density over AE:

E+AE)2
Ny = / Da(E)dE = Dy(E,) AE. @)
E—AE/2

Introducing the intrinsic Fermi level in (1) (Ejs) and defining
E: ; = E; — Ej;, the occupation probability for an acceptor-
type trap level within the band-gap is obtained by [19], [31]

1 _ & _ lps - Vch
eyt exp( KT >exp < Ur ) )

where Ur = kT/q is the thermal voltage, W is the total
sweep of the surface potential given by —(E;; — Er)/q and
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Ven 1s 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 mod-
els, 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 tech-
nique [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 Ny, = a;; TID,
where a;; [cm~2-rad—'] and b;, [-] 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 = go Y(E) (0 TID/dt) , where
the derivative term stands for the dose rate [rad-s~!] and
go for the total electron-hole pair generation rate. In the
case of SiO,, go is equal to 7.6 x 102 cm3rad~! [38]-
[40]. Relying on the work done by Dozier et al. [41] and
Paillet er al. [42], the fraction of holes escaping the initial
recombination, Y(E), can be calculated by means of experi-
mental model as Y(E) = [(|E| + Eo Yo)/(|E| + Eo)]™, where
|E| is the electric field magnitude, Yy is the zero-field yield
factor, Ey is the critical field value, and m moderates the
growth rate of the function (Ep Yy = 0.1 V/cm to ensure
convergence; Ey = 0.55MV/cm and m = 0.7 for y radia-
tion [42]). However, not all electron-hole pairs become active
in the device, due to their recombination in the first picosec-
onds 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 inte-
grating GR, radiation dependent density of trapped charge
within the oxide can be obtained by N,; = go 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], and [18].
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IV. ELECTROSTATICS IN DOUBLE-GATE MOSFETS

In this work, an n-type long-channel symmetric double-gate
MOSFET (see Fig. 1) is investigated. Here L and W are
the gate length and width, T, is the semiconductor thick-
ness, and 7, is the gate oxide thickness. Neglecting the hole
density in silicon, the electrostatic potential W (x) profile is
given from the 1D-Poisson equation, where x is the orienta-
tion 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) = 2q1’li.UT |:exp (‘I’(X)U; Vch> n C} 7 @

where n; and €g; are the intrinsic carrier density and the per-
mittivity of silicon and C is an integration constant explicitly
formulated in [8] and expressed in terms of mobile charge
density C = Q,,/(gn; Ts.). Notice that Q,,, the mobile charge
density per unit area, can be linked to the surface potential by
E? = (On/2¢€5i)?, where Ej is the electric field at Si/oxide
interface. Therefore, we can write:

On Qm)
BesigUrn;  gqn; Ty

Wy — Ve, =Urln ( 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
Q071 = Qo + Qir). The charge contribution from radiation-
induced charged traps is incorporated through the boundary
condition on the normal component of the displacement vec-
tor 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 anal-
ysis, Qs 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 struc-
tures (including STI). In other words, Q,; 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 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 (Q,; and Qj) and not on
the impact of TID on Q,; and Q;; 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
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FIGURE 3. Mobile charge density (Qm) versus Vgg — A®ms calculated from
analytical model and TCAD simulations in linear and log scale for different
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Or = Dg; — D,,. Moreover, the semiconductor charge den-
sity is also related to the potential drop across the gate
insulators by

- Qm/2 — Cox (Vs — ADyy5 — \IJS) = Qit + Qot’ (6)

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

20;
V = Vs — Ay — Vg = _Qm + 2(Qir + Oor) 4 Uring
2Cox
(N
2

B 8esiqUrn; a qniTsc.

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

2 Q01 + Om
V=——_——+Urn@®
3C.. + Urn(9) +

qNit

(14+7n67") Cox ®

where 1 = exp(E;_;/kT). Notice that the mobile charge den-
sity Q,, is simply twice the gate charge density, O, =
—2Qg. It should be remarked that imposing Or = 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
105¢m™3. Lines and symbols hold for the analytical model
and TCAD simulations, respectively. The validity is demon-
strated in the linear and logarithmic representations in full
agreement with TCAD simulations.
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V. DERIVATION OF THE CURRENT
From now on, it is assumed that the current density can
be calculated adopting the classical drift-diffusion trans-
portation which neglects quantum-mechanical effects due to
carrier confinement. In this case, the current is given by
Ips = —uW/Lg fOVDS O dVen, where the carrier mobility,
1, is assumed constant along the channel. This work neglects
the tunneling current through the gate oxide and the mobil-
ity degradation due to interface charged traps. Those effects
should obviously be accounted for in the full predictive com-
pact model after the validation of the long channel model.
The complex relationship between the charge density and
the potential, as obtained from the general charge-potential
dependence, does not lead to a simple analytical expression
for the current;

2
M {— G UrfaIn (@ — a) +200)

4Cox
n qNim [Zbﬁtanh_l (a — 2me>
Cox E 5 ﬁ

D

Ips = —
DS Ic

(10)

abQp, :| }
bQ3 — aQm +abn ||

where Cy; = €/Ts is the silicon layer capacitance, & =
Va—4nb?, a = 8e,;;qUrn;, a = 8Cs;Ur, and b = qn;Ty..
Concerning the current estimation along the channel, a dif-
ferent set of relationships is expected with respect to [8],
since the charge-voltage dependence is modified by append-
ing the trap-related term. However, due to the complexity of
such relationship, the proposal is to rely on the same expres-
sion for the current proposed in [8] without including the
effect of interface trapped charges (Q;; = 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],

Wu | 0
Lg 4Cpx

D

, (A1)
s

The drain current has been calculated by solving (9)
numerically for the mobile charge densities at source and
drain and introducing it into (11) in the linear and satu-
ration regions (Vps = 10mV and 0.5V, respectively) and
for different values of the trap energy level parameter E;_;.
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.

Ips = + Urloln(Qn —a) + 2Qm]}

VI. CHARGED-TRAPS INDUCED GATE CAPACITANCE

In order to validate the proposed model, it is impor-
tant to compare the TCAD simulation results with the
well-established theoretical model of the intrinsic gate capac-
itance. In fact, the 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 theoreti-
cal point of view [40]. In a MOS structure, the capacitance
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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 = —90,,/9Vgs), the latter proceed-
ing from the bare derivative of the mobile charge density
in (9) with respect to generic potentials. This leads to

~1
Co _ | 1 _ ure’ ¢ gNin (12)
WLg 2 Cox % 62 Cox (1+n9—1)2 ’
1
o' O (13)

B desiqUrn; a qniTsc.

The intrinsic gate capacitance as a function of effective
the gate voltage is then depicted in Fig. 4c for the analyt-
ical model and compared to the TCAD simulation results,
including interface charged traps. Again, an excellent agree-
ment 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 (Q,,) effectively modify
the electrical characteristics of an irradiated device. This
modification mainly manifests as a negative threshold voltage
shift (AV9) which can be simply obtained from —Q,/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 thresh-
old voltage shift induced by interface charged traps (A Vf;l).
Keeping the mobile charge density constant and subtract-
ing (9) from itself with Q;; = Q,; = 0, the difference of the
gate voltages gives insights into the Qj-induced threshold
voltage shift:

AV (V) = — L (14)
oS (1+77871)C0x.
where 6 is derived from (7) with Q;; = O, = O:
Vs — ADys — 2C,
9:€Xp|: GS ms Uch+Qm/( ox):|. (15)
T

To derive an explicit solution for AVf}’l, the subthreshold
regime is focused on. Thus the term Q,,/2 C,, is neglected
and the expression (15) is simplified to

Vs — A®ps — Ve
Ur '

It should be remarked that when the device is in the
fully depletion mode, 6 tends to zero that pushes (14) to
zero, too. Nevertheless, above the threshold, the term 779_1

0 ~ exp < (16)
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FIGURE 5. a) Shift in the Vg due to the interface charged traps with respect to Vgg — A ®ms, while the mobile charge density remains constant. The shift
in threshold voltage (A V{,’l) versus N 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 Vgg — A®ms for different E;_; while the mobile charge density is constant and

Nj = 1012cm=2 (analytical model: lines and explicit solution: markers). c) Shift in threshold voltage (AV";'.) versus Ny, in linear mode of operation, for
different interface trap energy levels (analytical model: lines and explicit solution: markers). d) The subtﬁreshold swing in linear operation mode with
respect to the total drain current for different N;; while E,_; = 0 (analytical model: lines and explicit solution: markers). e) The subthreshold swing in
linear region with respect to the total drain current for different E;_; while N;; = 10'2cm~2 (analytical model: lines and explicit solution: markers). f) The
maximum subthreshold degradation in linear region of operation versus N;; for different values of E;_; (analytical model: lines and explicit solution:
markers).

in (14) is close to zero (6 becomes infinite), leading to voltage shift as a function of the effective gate potential,
a common analytical expression for AVgs. Figs. 5a and 5b  which corresponds to the same mobile charge density in
present both the complete analytical solution and the explicit linear operation (V,, = 10mV) at different values of N
solution developed in the subthreshold region for the gate and E;_;. The agreement between the analytical solution and
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the explicit derivation is excellent in all operation modes
from the depletion region to above the threshold.

The analytical expression for AVgs above the thresh-
old presents the explicit solution for Q;;-induced threshold
voltage shift in linear mode as follows AVI’Z = quf/.COX'
It depends only on the interface trap density. The V}; is
extracted above the threshold region from 5a and 5b, and
plotted in 5c as a function of N; for different values of
E,_;. It is observed from 5a, 5b, and 5c that E; ; does not
influence the values of V/ but shifting AV with respect to
Vgs — A®d,,s. This is due to the term n = exp [E;_;/(kT)]
that embodies the trap energy level into the threshold volt-
age shift. The shifting behavior is only in the transition
region from subthreshold to above threshold. It should be
mentioned that neglecting Q,,/2 C,, for a higher value of
E, ; (ie., 0.4eV) will slightly overestimate AVf;l, as seen
in 5b. However, this explicit formulation still gives predictive
and reliable information about Q;-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 Vpg (Qms & Qmd, Where Qs and
Oma are the local mobile charge densities at the source and
the drain, respectively), the subthreshold swing is expressed
as

i:__m4lwwﬁz—i—ﬁ%.(ﬂ
SS  IVgs Lg 0, In(10) 0Vgs
By neglecting the term Q,,/2C,, 9Vgs/0Q, derived
from (9) is given as
aVes  Urb' qNin b’
0n 0 Co(n+6)2

With mathematical manipulations (see the Appendix), the
subthreshold swing is obtained as

(18)

qNit
2} . (19
Cox (V170 + /0]7)

Relying on (19), the maximum subthreshold swing, SS;.x,
is readily reached when n equals to 6:

SS = In(10) |:UT +

SSmax = Ut In(10) (1 + (20)

qNit
4'UT Cox
Next, imposing n = 6 = exp(E;_;j/kT) in (9) with full-
depletion approximation in subthreshold region (Q,, ~ 0), a
corresponding value of Vgg for SS,,, is obtained by

qNit _ Qor
2 C()X CUX )

The location of SS,.x, Vgg", depends on the density of
interface traps and the difference between the charged-trap
energy level and the intrinsic Fermi level. However, SS;,4x

is only relevant to the density of interface traps. This can
be seen in Figs. 5d and 5e including both the analytical

E .
g?—A¢m=-§i+wm+ 1)
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solution (17) and the explicit solution (19) as a function
of the drain current for different values of N; and E; ;.
5d and 5e also evidence the excellent agreement between the
analytical solution and the explicit derivation. The maximum
SS from 5d and 5Se is plotted in Fig. 5f as a function of Nj;.
For different values of E; ;, the curves are placed entirely
on the top of each other.

VIiil. 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,
n
Qir = Y —qNuuif (Ev),

i=1

(22)

where Nj;; is the interface trap density at E = E;;. This
similarly leads to a general charge-based model includ-
ing discretized summation of continuous trap energy level
distribution:

20040
2 Cox

n
N. .
V: +UT1n(9)+Z(1+q it,i

i=1 771'9_1) Cox'
(23)

where n; = exp(E;_;;/kT) and E; ;; represents the i"-trap
energy level. Now, regarding the influence of the continu-
ous trap level distribution, SS can be similarly expressed as
follows

SS = In(10) |:UT + Z 2 Niss 2} .4
=1 Cox(Vni/0 + /0/ni)

Moreover, since the derivation performed in Section 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 distribu-
tion 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
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FIGURE 6. Ipg with respect to Vgg — A®ms 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

(1 = 0.1417m2 /Vs), Dy = 10'2cm~2ev—1, and Qps = 0cm—2.

interface-state density is approximated by a continuous and
uniform distribution of density of occupied interface states
per unit area per unit energy (eV), Dj;, between electron
quasi Fermi (Ef — gV¢;,) and intrinsic (E;) levels. Therefore,
due to these assumptions introduced for derivation simplicity,
the interface trap density can be expressed as

Qir = —qDi(Ef — Ei — qVen) = —q*Dir(Wy — Vo). (25)

Relying on previous works, the estimated value of Dj
obtained from measurements is in the same order of mag-
nitude as 10'' cm™2 eV~!. Next, combining (6) with (25)
yields to a closed-form expression of Q;; with respect to Qy,.
Inserting Q;; into (7) allows obtaining a new charge-based
expression useful for compact modeling purposes:

200+ 0n
2Cx

V=

27y).
+UrIn®) [1 + ‘ICD”] . (26)

ox

This simplified charge-based relation enables obtaining the
mobile charge density along the channel and drain to
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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 ion-
izing effects, (11) is used to calculate analytically the total
drain current through (26). Subtracting (26) from (26) when
Qir = Qor = 0, the shift in threshold voltage, where Q,,
remains constant, is readily linked to the equivalent oxide and
interface trapped charge in linear mode operation through:

. 1

AVi = AV + AV = — [—Qm + ¢*DyUr ln(G)] .7
o0x

Assuming that in subthreshold region, Q,,/(2 C,yx) is negli-

gible, (27) is simplified to

1
AVy ~ C

oxX

[~ 0ur + 4*Dis (Vas + Vr = A | 28)

Additionally, combining (17) with (26), the subthreshold
swing degradation due to Q; is directly linked to the density
of states uniformly distributed over energy:

2
D.
SS = Uz In(10) (1 ¥ %) .

ox

(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
Vs 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 pro-
posed 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
MOSFET is developed, proposing a physical one-
dimensional model. This approach incorporates the impact of
radiation damage and TID-induced degradation on DC elec-
trical 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, monova-
lent state, single trap energy level without energy broadening,
and also uniform/non-uniform continues trap energy level
distributions are considered to model the TID-induced degra-
dation. 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,
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the simple analytical model is successfully compared to
the results obtained from two dimensional TCAD simu-
lations 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

DERIVATION OF THE EXPLICIT SOLUTION FOR SS
Combining (17) and (18), we obtain the full analytical
expression for SS:

— ln(lo)QmG/ |:UT qut779 ]
0 Cox(n + 9)2 ’
The term Q,,0'/6 could be rewritten as below by replacing
0’ and 0 with their full expressions (8) and (13):
0’ 1

o' _ |, |

0 1 —8esiUr/(T5cOm)
The term 8es Ur/Ts. for the studied device equals to
0.0021 C/cm?. Since SS is a critical parameter in the sub-
threshold region at which Q,, 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).

SS (30)

€2y
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