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ABSTRACT

This paper presents a generalized EKV charge-based MOSFET model that includes the effects of trapped charges
in the oxide bulk and at the silicon/oxide interface. It is shown that in the presence of oxide- and interface-
trapped charges, the mobile charge density can still be linearized but with respect to both the surface poten-
tial and the channel voltage. This enables us to derive closed-form expressions for the mobile charge density and
the drain current. These simple formulations demonstrate the effects of charge trapping on MOSFET charac-
teristics and crucial device parameters. The proposed charge-based analytical model, including the effect of
velocity saturation, is successfully validated through measurements performed on devices from a 28-nm bulk
CMOS technology. Ultrahigh total ionizing doses up to 1 Grad(SiO;) are applied to generate oxide-trapped
charges and activate passivated interface traps. Despite a small number of parameters, the model is capable of
accurately capturing measurement results over a wide range of device operation from weak to strong inversion.
Explicit expressions of device parameters also allow for the extraction of the oxide- and interface-trapped charge

densities.

1. Introduction

The downscaling of CMOS technologies brings numerous benefits
including higher speed, reduced power consumption, and extended
functionality [1,2]. It also poses significant reliability challenges, partly
due to hybrid gate dielectrics and imperfect material interfaces [1,3].
Two prominent reliability issues are bias-temperature instability and
hot-carrier damage [4,5], both involving charge trapping in the oxide
bulk and at the silicon/oxide interface. Apart from scaling-related reli-
ability issues, high-energy ionizing radiation can generate electron-hole
pairs in dielectrics and likewise contribute to charge buildup in the oxide
bulk [6,7] and the activation of passivated interface traps [8,9]. Oxide-
and interface-trapped charges can seriously degrade MOSFET charac-
teristics and even cause circuit failures [10,11]. To better understand
how oxide- and interface-charge trapping influences device performance
and predict relevant degradation in harsh operating conditions, the ef-
fects of oxide- and interface-trapped charges have to be included in
MOSFET models.
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The voltage reduction resulting from CMOS scaling has progressively
pushed the MOSFET operating point from strong inversion towards
moderate and even weak inversion [12]. This brings new challenges to
circuit designers for making optimal trade-offs among various design
parameters and makes the simple threshold-voltage-based quadratic
model, which has been in use since the development of the MOSFET in
the 1960s, no more valid [13-15]. Pennsylvania State University and
Philips Research have jointly developed an advanced surface-potential-
based model, i.e., the PSP model, for nanoscale MOSFETs [16]. This
model contains an accurate but complex description of the major
physical effects responsible for the characteristics of nanoscale MOS-
FETs. Esqueda et al. have studied defect-related effects by introducing
oxide- and interface-trapped charges into the surface potential equation
and solving the surface potential with some techniques of the PSP model
while inheriting its complexity [17].

The EKV MOSFET model, which is based on the mobile charge that
directly relates the drain current, intuitively and physically describes
device characteristics [18]. This charge-based model and its concept of
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inversion coefficient have demonstrated their effectiveness in describing
large- and small-signal characteristics of MOSFETs in all inversion
conditions [19,20]. The simplified EKV MOSFET model employs only a
few parameters and much less complex formulas, which is advantageous
for designers to explore the design space and identify the optimal
operation before running more accurate simulations with the foundry-
provided process design kits. In addition, the key of this simple model,
together with its charge-related basis, is normalization, which strips off
the dependence of voltage, temperature, and technology from the model
by a few parameters and makes it suitable as a benchmark for CMOS
technologies.

To extend this simplicity and efficiency to defect-related device
modeling and support relevant circuit design with nanoscale CMOS
technologies, we propose to incorporate oxide- and interface-trapped
charges into the EKV charge-based MOSFET model. The simplicity of
the original EKV MOSFET model strongly relies on the mobile charge
linearization with respect to the surface potential. It is truly this crucial
step that enables a simple formulation of the current as a function of the
mobile charge density evaluated at the source and drain ends of the
channel. Although these charges might seem quite abstract for de-
signers, they are actually directly proportional to the transconductance,
which is the most important parameter for circuit design [18]. It is
therefore key to find out how to include the effects of oxide- and
interface-trapped charges while still being able to linearize the mobile
charge density. This is the focus of this paper.

This paper starts in Section 2 with a short review of oxide- and
interface-charge trapping mechanisms and their various effects on
MOSFET electrostatics. Section 3 is the central part of this work, where
we show that the mobile charge density can still be linearized when
including oxide- and interface-trapped charges. The generalized EKV
charge-based MOSFET model that accounts for oxide- and interface-
trapped charges is composed of two parts: one equation relating the
mobile charge density to the terminal voltages in Section 4 and the other
expressing the drain current versus the mobile charge density evaluated
at the source and drain ends of the channel in Section 5. Nowadays in the
nanoscale area, even a simple model needs to account for short-channel
effects, among which velocity saturation is probably the most important.
This is handled in Section 6. The proposed charge-based analytical
model is finally validated in Section 7 against a 28-nm bulk CMOS
technology with pre-radiation and radiation measurements of various
MOSFETs up to 1Grad(SiOy) of total ionizing dose (TID).

2. Oxide- and interface-charge trapping
2.1. General remarks on trapped charges

Interface traps above the neutral trap energy level E, are of acceptor
type and below it are of donor type [21]. Depending on the trap energy
level E, with respect to the Fermi level Ef, interface traps can be posi-
tively or negatively charged or remain neutral. Assuming E to be at the
intrinsic Fermi level E;, interface traps above it are acceptors (green
circles in Fig. 1) and those below it are donors (blue circles in Fig. 1). An
acceptor-like interface trap is negatively charged when accepting an
electron if below the electron quasi-Fermi level Ep, and electrically
neutral when being empty if above it. A donor-like interface trap is
positively charged when emitting an electron if above the hole quasi-
Fermi level Ep, and electrically neutral when being occupied if below
it. In inversion, an nMOSFET has a negative interface-trapped charge
contribution, while a pMOSFET has a positive counterpart, as shown in
Fig. 1.

Integrating the interface-trap density per unit area per unit energy D;
and its corresponding Fermi-Dirac occupation probability f(E;) =
1/{1 +giexp[(E: —Er)/kT]} over the whole band-gap gives the interface-
trapped charge density per unit area Q;, where k is the Boltzmann
constant, T is the absolute temperature, and g; is the ground-state de-
generacy factor. Under the non-equilibrium condition, Er corresponds to
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Fig. 1. Energy band diagrams illustrating interface-charge trapping in (a) a
bulk nMOSFET and (b) a bulk pMOSFET in inversion. The quasi-Fermi level of
the minority carriers, Ep, or Ep, is split from that of the majority carriers Er by
the channel voltage V.

the quasi-Fermi level. Unfortunately, this integral or even a discretized
summation of single-trap energy levels cannot lead to a closed-form
analytical solution [22]. To obtain a simple model for supporting cir-
cuit design while accounting for the effects of oxide- and interface-
trapped charges, interface traps are assumed to be uniform across the
band-gap and the occupation probability of the trap energy levels of
interest is assumed to be unity. These assumptions have provided a
direct link between defects and key device parameters while showing
representative device behaviors of double-gate MOSFETs in [22]. They
have also proven to be sufficient for describing defect-related effects and
supporting circuit-level simulations [23]. Under these assumptions, Q;
can be expressed as [21-23]

Qi = — ¢’ Dy (¥, — O — Vi), (€)]

where q is the elementary charge, ¥; is the surface potential, ®p =
Urln(Np/m;) is the Fermi potential, Ur = kT/q is the thermal voltage, Nj
is the channel doping concentration, n; is the silicon intrinsic carrier
concentration, and Vy, is the channel voltage equal to the source-to-bulk
voltage Vg at the source and the drain-to-bulk voltage Vpg at the drain.

Oxygen vacancies from incomplete oxidation can trap holes gener-
ated by total ionizing radiation or tunneling from the conductive
channel [7,24]. Deep oxide-trapping centers generally do not interfere
with the bias condition. Their slow charge-state transitions result in a
fixed oxide-trapped charge density per unit area Q,; = gN,,, where N, is
the oxide-trap density per unit area. Oxide-trapping centers near the
silicon/oxide interface with energy levels close to the intrinsic Fermi
level (i.e., border traps or switching oxide traps [25]) may respond
promptly to external bias changes and therefore are included into
interface traps for the following model development.

2.2. Impact of trapped charges on MOS electrostatics

We begin with a long-channel nMOSFET, for which the gradual
channel approximation remains valid. Trapped charges are assumed to
be in a charge sheet of negligible thickness at the oxide side of the sili-
con/oxide interface and hence do not need to be included in the Pois-
son’s equation [26,27]. Solving the 1-D Poisson’s equation for the total
silicon charge density Q; = Qm + Qp, subtracting the depletion charge
density Qp = —T'»Cox/¥; solved from the charge-sheet approximation,
and neglecting the hole contribution gives the mobile charge density per
unit area Qy,, as (3.38) in [18]:

(2

n ¥, — (20 V.,
_gz =T, [\/Urexp%—k‘l‘: -V, |,
ox T

where Cox = €0x/tox is the gate-oxide capacitance per unit area, ¢,y is the
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gate-oxide permittivity, t,, is the gate-oxide thickness, I'y = /2gNé&si/
Cox is the substrate modulation factor, and g is the silicon permittivity.
Note that neglecting the hole contribution makes this charge-based
model invalid in the accumulation region.

Introducing oxide- and interface-trapped charges into the charge
balance equation yields

- (Qm + Qir),

3)

Q¢+ O + Qi

where Qg = CoxVox is the gate charge density per unit area, Vo, =
Vg —®ms —¥s is the voltage drop across the gate oxide, Vg is the gate-
to-bulk voltage, @y is the metal-silicon work function difference, and Qs
is the fixed oxide-charge density per unit area. Substituting each charge
contribution with its full expression and solving for the mobile charge
density per unit area Q, leads to

O @

C{)X

= Vep — [VFB + cir <lp: - Vch) +¥ + Ty ‘Ps]7

where c;; 2 q2Di/Cox is the normalized interface-charge capacitance and
will later link interface-trapped charges to the subthreshold swing. Here,
Vg is the flatband voltage defined under the equilibrium condition as
the particular value of the gate-to-bulk voltage at which the silicon en-
ergy band is flat [17]:

_ Q/ _ GN o
COX

CDX

Unfortunately, Eq. 2 and Eq. 4 cannot be reversed, making it
impossible to solve the surface potential and the mobile charge density
versus the terminal voltages in a closed-form expression. The surface
potential is therefore set in Eq. 2 for solving the mobile charge density.
The corresponding values of the surface potential and the mobile charge
density are then put into Eq. 4 for solving the gate-to-bulk voltage. The
surface potential and the mobile charge density are now plotted versus
the gate-to-bulk voltage in Fig. 2 as solid lines for four typical cases: case
I, no charge trapping; case II, oxide-charge trapping only; case III,
interface-charge trapping only; and case IV, both oxide- and interface-
charge trapping.

One important defect-related effect is the subthreshold swing
degradation induced by interface-trapped charges [21]. This is usually
observed from MOSFET transfer characteristics. It can also be perceived
from the relation of the surface potential and the mobile charge density
with the gate-to-bulk voltage. Another important defect-related effect is
the threshold voltage shift. For an nMOSFET, positive oxide-trapped
charges shift the curves to the left, whereas negative interface-trapped
charges move the curves to the right. However, these two types of
trapped charges tend to counterbalance the effect of each other and

Vip £ @, +cu ‘I’F> . %)
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eventually result in a moderate threshold voltage shift. For a pMOSFET,
both oxide- and interface-trapped charges are positive, leading to a
significant threshold voltage shift. The discrepancy between the exact
results and the EKV MOSFET model at low values of Vgg refers to the
invalidity of this model in the accumulation region.

3. Mobile charge linearization

The mobile charge linearization with respect to the surface potential
is a fundamental step towards the development of the original EKV
charge-based MOSFET model that does not account for charge trapping
[18,28]. This section demonstrates that in the presence of oxide- and
interface-trapped charges, the mobile charge density can still be line-
arized, leading to explicit expressions for the mobile charge density and
crucial device parameters. They are similar to those of the original EKV
MOSFET model in [18] but with an additional scaling factor and revised
device parameters. Since oxide-trapped charges simply reduce the flat-
band voltage without influencing the linear behavior of the mobile
charge density, this section will focus on interface-trapped charges.

In the absence of interface-charge trapping and at a given value of

~0m/Cox (V)

Fig. 3. Mobile-charge-density-related potential —Qn/C,x versus the surface
potential ¥, and the channel voltage V, at a given value of the gate-to-bulk
voltage Vg = 1.1V for a bulk nMOSFET. S1 and S2 refer to a zero value and 3 x
10'2cm~2eV~! of the interface-trap density Dy, respectively.
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Fig. 2. (a) Surface potential ¥; and (b) mobile-charge-density-related potential —Qp/C,x versus the gate-to-bulk voltage Vg at different values of the oxide-trap
density N, and the interface-trap density D; for a bulk nMOSFET: case I, Noy = D;; = 0, Vgg = —0.7V; case II, Npy = 1 x 102cm™2, Dy = 0, Vg = —0.77V;

case III, N, = 0,D; = 3 x 102ecm2eV—!, Vg

—0.81V; case IV, N,y = 1 x 102cm 2, D = 3 x 10'2cm2eV !, Vi = —0.88V. Solid lines plot the exact results

solved from Eq. 2 and Eq. 4. Dashed lines in (a) plot the asymptotes in strong and weak inversion operation regions, while dashed lines in (b) plot the simulated

results of the charge-voltage formula Eq. 18.
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the gate-to-bulk voltage, the mobile charge density given by Eq. 4 is
independent of the channel voltage, as shown by the surface S1 in Fig. 3.
The surface potential at which the mobile charge density becomes zero is
defined as the pinch-off surface potential ¥p [18]. It is also independent
of the channel voltage, as illustrated in Fig. 3 by the blue dashed line that
corresponds to the intersection of the surface S1 and the floor plane
defined by Q,, = 0. Furthermore, the mobile charge density is almost
linear with the surface potential [18], as evidenced in Fig. 3 by the blue
solid line that corresponds to the intersection of the surface S1 and the
vertical plane defined by V; = 0. This is consistent with the weak
dependence of the slope factor n(¥)=d(—Qn/Cox)/d¥s=
1+4T3/(2y/%;) on the surface potential in the region of inversion, as
demonstrated in Fig. 4 by the blue line for a zero value of D;.

In the presence of interface-charge trapping, the mobile charge
density depends on the channel voltage in addition to the surface po-
tential. Hence, the pinch-off surface potential becomes a function of the
channel voltage, as illustrated in Fig. 3 by the red dashed line that
corresponds to the intersection of the surface S2 and the floor plane.
Setting Q,, = 0 in Eq. 4 leads to a function that relates the pinch-off
surface potential to the gate-to-bulk voltage:

Ve = Vi +cy (TP - VL»;,> +¥p 4T/ Pp. (6)

Solving Eq. 6 for the pinch-off surface potential gives

. Ve 1 1
Vio—12 GB _ . 7
or b( erf(ze)z 29)} @)

where Vg 2 Vg — Vi +¢icVep and 9 2 1 + c;.. Setting ¢ = 0 or equiv-
alently 6 = 1 in Eq. 7 brings the original expression of ¥p, i.e., (3.37) in
[18]. Setting V., = 0 or equivalently V';B = Vg —Vip in Eq. 7 gives the
pinch-off surface potential under the equilibrium condition ¥py.

Since the surface S2 in Fig. 3 remains “flat” in the regions of interest,
the mobile charge density in Eq. 4 can still be linearized but with respect
to both the surface potential and the channel voltage. Linearizing Eq. 4
versus ¥ and V;, around the point ¥ = Wpy and V,, = 0 results in

1
Y=

®
—& = —n (llls _‘"PPO) +cit Ven,
where
A 0( - Qm/Ct»‘) 1—‘b
n& -~ =20 =1+ +c¢; 9
9% W =W,V =0 2v/¥po ' ®
6
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[ [
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Fig. 4. Slope n(¥;) of the mobile-charge-density-related potential —Qp/Cox
versus the surface potential W at a given value of the gate-to-bulk voltage
Veg = 1.1V and two different values of the interface-trap density D; for a
bulk nMOSFET.
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is the slope factor n(¥;) = 1+I}/(2y/%;) +ci degraded by interface-
trapped charges and evaluated at ¥s = Wpo. The latter n(¥;) is plotted
versus ¥ as the red line in Fig. 4 for a high value of D;. As shown in
Fig. 4, n is still a weak function of ¥; in the region of inversion and can
therefore be approximated as a constant:

I
I L (10)
o

2%

where ng = 1+T}/(2/%)) is the slope factor without interface-charge
trapping and Wy = 2®r +mUr is a constant slightly larger than 2&F (m
is typically between 2 and 4) [18].

Setting Q,, = 0 in Eq. 8 and solving for the surface potential leads to
an approximation of the pinch-off surface potential

Yp = lIJPO"’%Vrm an

which corresponds to the intersection of the approximated surface of S2
and the floor plane, as plotted by the red dashed line in Fig. 3. Intro-
ducing it into Eq. 8 yields

(12)
O, (‘K*%),
COX

which is identical to (3.39) in [18], except that the pinch-off surface
potential now depends on the channel voltage.

In weak inversion (wi), the mobile charge density remains negligible
compared to the depletion charge density. Combining Eq. 2 and Eq. 4
and neglecting the exponential term gives an expression of the gate-to-
bulk voltage versus the surface potential for wi [29]:

Ve =2 Ve +cis (lyslwi — Vz‘h) S AR PRVA R 13)

which is identical to Eq. 6. Solving it for ¥,|.; gives the weak inversion
asymptote of the ¥ versus Vgp curves, as plotted by the colored dashed
lines in Fig. 2a. By definition, the pinch-off surface potential solved from
Eq. 6 actually falls on the weak inversion asymptote of the ¥ versus Vgp
curves. The inserted figure in Fig. 2a presents the dependence of the
pinch-off surface potential on the channel voltage in the presence of
interface-charge trapping.

4. Charge-voltage relation

The approximate expression of the mobile charge density Eq. 8 can
now be used to express the surface potential as a function of the mobile
charge density and the channel voltage and substitute it in Eq. 2 to
obtain an explicit expression of the charge-voltage relation. To do this, it
is convenient to first rewrite Eq. 2 in its normalized form as

2n 2n
W, —2¢,—v=In {%7 (me* + 2\/',1/5) } ) a4
b b

where Gm £ Qn/Qspec With Qgpec £ —2nUrCoy as the specific charge,
W, £ Y,/Ur, ¢y £ ®p/Ur,v £ Vo /Ur, and y, £ T /+/Ur. The surface po-
tential obtained from Eq. 8 is normalized as

Ci
W, :wpo+7’ V=24, (15)

where v, £ Wpy/Ur. Replacing the normalized surface potential in Eq.
14 with Eq. 15 and rearranging the terms results in

no
2q, +Ingy =y, — 20, — " v

2n 2n Cir (16)
—In| = gn—+24/ +—v—2qm)},
|:7b ( 1) Yoo n

Vsh
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where the voltage shift labelled by vy, is a weak function of gm, y, and v.
It can therefore be assumed to be constant at m = vs, = In(4no,/¥p0/7s)
=~ 2.8 for this 28-nm bulk CMOS technology.

The normalized pinch-off voltage v, £ Vp/Ur is defined as the
particular value of the normalized channel voltage v at which the LHS of
Eq. 16 is equal to zero:

n
Vp = _<V//)O —2¢; — vjh)A aa7)
no

Introducing Eq. 17 in Eq. 16 finally leads to the important char-
ge-voltage equation

no

2¢, +1ng,, = W <v,, — v), (18)

which introduces a scaling factor ng/n = 1/(1 +ci/no) into the original
expression, i.e., Eq. (3.48) in [18], to account for the effects of interface-
trapped charges.

To further simplify the model, we propose to find an approximate
expression of the pinch-off voltage with the strong inversion approxi-
mation. The pinch-off voltage in strong inversion (si) is defined as the
particular value of the channel voltage at which the mobile charge
density becomes zero. In the presence of oxide- and interface-charge
trapping, it still tends to saturate to ¥|; = ¥ + V¢, as shown in
Fig. 2a. Introducing this strong inversion approximation into Eq. 4 and
setting Qn, = 0 in Eq. 4 leads to a function that relates the gate-to-bulk
voltage to the pinch-off voltage

Ve = Vg + (1 +c,~,)‘1’o + Vp+Tyn/¥o + Vp. 19)

Eq. 19 is plotted in Fig. 5, which demonstrates an almost linear relation
between the gate-to-bulk voltage and the pinch-off voltage for any of
those four typical cases investigated in Fig. 2. This is consistent with the
almost constant derivative of Eq. 19 versus the pinch-off voltage dVgp/
dVp =1 + Ty/(2v/ %P0 + Vp) = 1 + I',/(2y/%Pp), which corresponds to
the slope factor without interface-charge trapping ny.

Now we define the threshold voltage under the equilibrium condi-
tion as the value of the gate-to-bulk voltage when the mobile charge
density is equal to zero

VT =

Cox

ox

N,
D, — o + ¥ + /o +cir (WU - ‘DF) - % (20)

Vro AVr

where Vry is the threshold voltage without charge trapping and AVr is
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Fig. 5. Gate-to-bulk voltage Vgp versus the pinch-off voltage Vp at different
values of the oxide-trap density N, and the interface-trap density D;, for a bulk
nMOSFET in strong inversion.
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the threshold voltage shift induced by the opposite effect of oxide- and
interface-charge trapping. Note that unlike for an nMOSFET, both oxide-
and interface-trapped charges tend to reduce the threshold voltage of a
PMOSFET.

The pinch-off voltage can now be approximated as

o Vep — Vr
no

Ve (21)

Note that we have dVgp/d¥py = dVgs/d¥p = n from Eq. 6 and dVgs/
dVp = (no/n)(dVeg/d¥po) from Eq. 17, which leads to dVgp/dVp = ng.
This agrees with the above discussion about the pinch-off voltage in
strong inversion.

The dashed lines in Fig. 2b plot the approximate mobile charge
density solved from Eq. 18 and Eq. 21. The approximate results present
an excellent match with their exact counterparts, demonstrating the
sufficient accuracy of these explicit expressions for a simple model
including the effects of oxide- and interface-trapped charges.

5. Current-charge relation

The drain-to-source current relies on the classical drift-diffusion
transport according to

¥, do,
I = uOW( ~0. Urd%) , 22)

where y, is the low-field channel mobility that is assumed constant
along the channel, W is the channel width, and x is the position along the
channel from the source to the drain. Solving for the surface potential
with Eq. 8 and introducing it into Eq. 22 yields

_ 0n \d0, cu, dVa
ID*.MOW|:<UT nC,,X> dx andx . (23)

Normalizing Eq. 23 gives

dq, ci; dv
= —(1+2q.) 2+,
(1 +24.) g

s Ip
Ispec d§

la

(24

where iy is the normalized drain-to-source current, Iy = IpeqW/L is
the specific current, Ipeqry 2 2np,Cox U is the specific current per square, L
is the channel length, and £ £ x/L is the relative position along the
channel from the source. Eq. 24 is almost identical to (4.21) in [18],
except for the additional last term as a result of interface-charge
trapping.

To obtain a full charge expression of the current that can then be
integrated in the charge domain as in the original EKV MOSFET model, a
charge expression of the last term in Eq. 24 needs to be found. This can
be done by differentiating Eq. 18 with respect to ¢:

dv n 1Y\ dq
o (24—) Hm, (25)
d§ o ( qm) d§

Introducing Eq. 25 in Eq. 24 results in a charge-based expression of the
drain current that includes the effects of oxide- and interface-charge

trapping:

d
ig= =2 (1 + 2gy) S (26)

no dé: '
The drain current is then simply obtained as in the original EKV MOSFET
model by integrating Eq. 26 from the source to the drain in the charge
domain:

id:nﬁo[(qu) — (22 +ad)]. 27)

where g; and g4 are the normalized mobile charge densities evaluated at
the source and drain ends of the channel, respectively [18]. Eq. 27 is
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almost identical to the original expression (4.22) in [18], except for the
additional scaling factor n/ny that accounts for the effects of interface-
trapped charges. Note that q; and g4 are linked to the terminal volt-
ages through Eq. 18 by replacing ¢, and v with g; and vg, £ Vsg/Ur at the
source and q4 and vg, £ Vpg/Ur at the drain. Solving the obtained for-
mulations of g; and g4 with Eq. 27 finally relates the drain current to the
terminal voltages for long-channel devices.

6. Velocity saturation effect

Velocity saturation is certainly one of the most important short-
channel effects. It causes the degradation of the drain current and
transconductance in strong inversion. This effect has been included into
the EKV MOSFET model via the velocity saturation parameter 4. =
Lgqr /L, which represents the fraction of the channel Ly = 2Urpg/Vsar
where the carrier velocity fully saturates [30]. Since Ly, is proportional
to y, and interface-trapped charges degrade i, via Coulomb scattering,
the velocity saturation parameter A, = 2Urpg/(Vseel) varies with
interface-charge trapping.

When the carrier velocity is saturated close to the drain, the drain
current cannot increase anymore and saturates to igg. The mobile
charge density at the drain is not pinched-off to zero but remains at a
finite value qgq for the saturated current to flow. Accounting for oxide-
and interface-charge trapping, the saturated drain current and the
saturated mobile charge density at the drain are linked by [30]

2 sai
Ldsar = %a (28)

where the simple piecewise mobility model is assumed. The expression
of the drain current given by Eq. 27 is now modified by the effect of
velocity saturation according to

(47 + ) = (ddou + )] 29

. n
ldsar = —
no

Solving Eq. 28 and Eq. 29 for iz, gives

no o
4n0 (4 +45)

idsat = .
2
\/<",1> (2g, + 1)* + 4(1/1(. + 1) + M 42
no no no

The drain current under velocity saturation given by Eq. 30 needs to be
combined with Eq. 18 where g, is replaced by g; and v by vg,. An explicit
expression of the drain current versus the terminal voltages can unfor-
tunately not be obtained. However, a voltage-current relation can be
obtained by first solving Eq. 30 for gs:

(30)

1 n

qs = = |:\/(/‘[L'idxut + 1)2 + 4_Oi(1.mt —11. (31)
2 n

Introducing it into 2¢s +Ings = n(v, —vg)/ng from Eq. 18 gives the

important current-voltage expression for short-channel devices in
saturation

ny . Ny
;()(Vp - Vsb) = \/(ﬂcldmt + 1)2 + 4;0111:41!

+ln {\/(ﬂ{,idﬂ,, +1) +4%id.y,,, - 1} — (1 +1n2).

(32)

The EKV parameters defined in Sections 3-5 include most of the physical
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quantities of a specific technology and efficiently captures defect-related
effects on a specific device geometry. To provide a more tangible
description of the drain current, the EKV parameters are brought back to
Eq. 32, yielding

Ves — Vi — oV Ip ? Ip
GB T — NoVsp _ A, Ds 12 +1 +4n_0 Ds 12
nUr 2npUT n 2npU;

Ip, : ny Ip
Jeeto + 1) +4— 24—
( 2npU?, ) n 2npUZ

where 8 = jCoxW/L is the transfer parameter.

Setting 4. = 0 in Eq. 32 brings the short-channel model back to the
long-channel counterpart. Compared to the original EKV MOSFET
model, interface-charge trapping introduces a scaling factor
no/n=1/(1+cy/ng) in front of the normalized current iz, and the
normalized saturation voltage v, —vg, in addition to the shifted
threshold voltage and the degraded slope factor. These newly developed
expressions are quite similar to the original version and maintain many
properties of the original EKV MOSFET model.

(33)

+In — (1 +1n2),

7. Model validation

To validate the proposed model, ionizing radiation has been applied
to generate oxide-trapped charges and activate passivated interface
traps. When a MOSFET is exposed to high-energy ionizing radiation,
electron-hole pairs are generated in dielectrics and holes escaping the
initial recombination can be trapped in oxide defects [6,31]. Positive
protons, formed via the interaction of radiation-generated holes with
hydrogen-contained oxide defects, could break the silicon-hydrogen
bonds and activate the passivated interface traps [32,33]. The pro-
posed EKV charge-based MOSFET model can therefore be validated with
pre-radiation and radiation measurements of the same MOSFETs. The
devices under test are from a commercial 28-nm bulk CMOS technology.
More measurement details can be found in [34].

Model parameters are extracted, using an approach similar to that in
[19,35] while handling the scaling factor ng/n carefully. In addition to
the effects on the threshold voltage and the slope factor, both Ige/n
and Ly, which are proportional to the low-field channel mobility x,,,
also degrades with TID due to Coulomb scattering. Since Iypec/(nLsar) =
CoxUrVsq: is constant, Ipe/(nlse) is maintained constant during the
whole extraction procedure. The measured and modeled drain current of
long- and short-channel n- and pMOSFETs in saturation is plotted in
Fig. 6. Despite a small number of parameters, the newly developed
model shows an excellent agreement with measurement results in a
broad range of device operation from weak to strong inversion. The
effects of TID on MOSFET characteristics are efficiently captured by
An = c; for the subthreshold swing degradation, AVy for the threshold
voltage shift, and (Ipecsq /1) / (Ipecsq /™) g OF Ac/Aco for the low-field channel
mobility reduction, as partly listed in Table 1.

The TID-induced drain leakage current of nMOSFETs flows from the
parasitic conduction paths created by positive charges trapped in the
shallow trench isolation oxides, as addressed in [34]. It is modeled as a
constant current flowing through a gateless charge-controlled device.
Our recent study also demonstrates that the counterpart of pMOSFETs
comes from the substrate instead of the source, which is almost inde-
pendent of the gate-to-bulk voltage and can also be assumed constant.
For both n- and pMOSFETSs, a constant value will therefore be added to
the EKV charge-based MOSFET model for accounting for the drain
leakage current induced by radiation-induced oxide- and interface-
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Fig. 6. Measured (markers) and modeled (lines) drain current |Ip| versus the gate-to-bulk voltage |Vgp| curves of (a,b) long- and (c,d) short-channel (a,c) n- and (b,d)
PMOSFETs in saturation (|Vps| = 1.1V) corresponding to pre-radiation and 1 Grad(SiO3) of total ionizing dose.

trapped charges.

Explicit expressions of device parameters allow us to extract the
oxide- and interface-trapped charge densities at each radiation step,
which can then be linked to TID for compact modeling. The interface-
trap density is extracted from the slope factor increase c; =
%Dyt /Cox. Since ¥y = 2®p +2.8Ur for this 28-nm CMOS technology, the
total threshold voltage shift is expressed as
AV = q[qD;(Pr +2.8Ur) —Ny]/Cox  for nMOSFETs and AVy=
—q|qD;,(®F +2.8Ur) +No]/Cox for pMOSFETs. Having Dy, from the slope

Table 1
Model parameters.
Device type n n P P
W (um) 2.75 3 2.75 3
L (pm) 1 0.03 1 0.03
An 0.1 0.11 0.045 0.02
AVy (mV) 2 -56 —48 -39
Nyt (cm™2) 7.8 x 10M 9.1 x 10 3.2 x 10! 3.9 x 10
Dy (cm™2%eV™1) 1.4 x 10'2 1.6 x 10'? 6.3 x 10! 2.8 x 10
60 ,0.12
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Fig. 7. Threshold voltage shift (AVr on the left axis) and slope factor increase
nMOSFET and (b) a long-channel pMOSFET (b) in saturation (|Vps| = 1.1V).

factor increase enables us to calculate the threshold voltage shift due to
interface-trapped charges AV;; = ¢?Dy(®r + 2.8Ur)/Cox. Deducting it
from the total threshold voltage shift gives the threshold voltage shift
induced by oxide-trapped charges AV, from which the oxide-trap
density N, can be extracted. Since short-channel nMOSFETs demon-
strate radiation-enhanced drain-induced barrier lowering (DIBL) effects
[36], the relevant oxide-trapped density should be extracted after
deducting the radiation-induced DIBL factor. This will be investigated in
our future work together with a comprehensive discussion of radiation
effects on this 28-nm bulk CMOS technology using this generalized EKV
charge-based MOSFET model.

Fig. 7 plots the slope factor increase and the threshold voltage shift
with respect to TID for long-channel MOSFETSs, indicating the radiation-
induced oxide- and interface-charge trapping. For the long-channel
nMOSFET, the threshold voltage first decreases and then increases,
suggesting the counterbalancing effects of oxide- and interface-trapped
charges. Even though the threshold voltage shift at 1Grad(SiOs) is
quite small, the extracted density of oxide- (7.8 X 1011cm’2) and
interface-trapped charges (1.4 x 102cm™2ev™!), as indicated in
Table 1, still implies the effects of TID. For the long-channel pMOSFET,
the extracted density of oxide- (3.2 x 10''cm~2) and interface-trapped
charges (6.3 x 10Mem=2ev1) are not significant. However, due to
the accumulated effects of oxide- and interface-trapped charges, the

(o, 0.05
< -1or 0.04
€ W,/L,=2.75 pm/1 pm at Vgp=1.1V
E 201 —@— AV;—— AV,—v— AV,—@— An 0.03 &
= 5
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<
<
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Pre-irra. 108 10’ 10° 10°
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(An on the right axis) with respect to total ionizing dose for (a) a long-channel
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threshold voltage shift is still quite high at 1Grad(SiO2), as shown in
Table 1.

8. Conclusions

This work presents a generalized EKV charge-based MOSFET model
that includes the effects of trapped charges in the oxide bulk and at the
silicon/oxide interface and can be applied for modeling effects of total
ionizing dose, bias-temperature instability, and hot-carrier injection.
Oxide-charge trapping simply reduces the effective gate-to-bulk voltage
without influencing the linear behavior of the mobile charge density
with the surface potential. Interface-charge trapping introduces a
dependence of the pinch-off surface potential on the channel voltage.
Using a two-dimensional approximation, the mobile charge density at a
given gate-to-bulk voltage is linearized with respect to both the surface
potential and the channel voltage, in the presence of oxide- and
interface-trapped charges. This allows the derivation of explicit ex-
pressions for the charge-voltage relation and the current-charge rela-
tion. Finally, the effect of velocity saturation is included to model short-
channel devices.

The newly derived expressions are similar to those of the original
EKV MOSFET model with an additional scaling factor and revised device
parameters representing the effects of oxide- and interface-trapped
charges. The impact of oxide-trapped charges is captured by a
threshold voltage shift, whereas the effects of interface-trapped charges
are manifested as a threshold voltage shift and a slope factor increase.
The proposed charge-based analytical model is successfully validated
against a 28-nm bulk CMOS technology with measurements of various
MOSFETs. Total ionizing doses up to 1Grad(SiOg) are applied to
generate oxide-trapped charges and activate the passivated interface
traps. Despite a small number of parameters, the model accurately
captures the effects of radiation-induced oxide- and interface-trapped
charges, resulting in an excellent fit with measurement results over a
very wide range of device operation from weak to strong inversion.
Explicit expressions of device parameters allow for the extraction of the
oxide- and interface-trapped charge densities at each radiation step,
which can serve for compact modeling of total ionizing radiation effects.
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