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Abstract: We have studied the influence of hot-carrier degradation effects on the drain current of a gate-stack
double-gate (GS DG) MOSFET device. Our analysis is carried out by using an accurate continuous current—voltage
(I-V) model, derived based on both Poisson’s and continuity equations without the need of charge-sheet approxi-
mation. The developed model offers the possibility to describe the entire range of different regions (subthreshold,
linear and saturation) through a unique continuous expression. Therefore, the proposed approach can bring consid-
erable enhancement at the level of multi-gate compact modeling including hot-carrier degradation effects.
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1. Introduction

Double-gate MOSFET architectures have been recognized
as a leading candidate to extend the scaling limit of conven-
tional bulk MOSFETs to 25 nm gate length and beyond due to
their significant reduction of the short channel effects, which
prevail in bulk MOSFETs!. The use of undoped Si films for
DG MOSFETs avoids the problems resulting from dopant-
impurity location randomness and improves carrier transport
by the resulting mobility enhancement, so the idea of an un-
doped body is expected to become widespread in the coming
years as miniaturization advances!2l. Several analytic potential
and drain current models for undoped symmetric double gate
MOSFETs have been derived by solving Poisson’s and current
continuity equations with the gradual channel approximation.
The obtained expressions are able to take account of the vol-
ume inversion effects, which is not the case for charge-sheet
approximation based models[l.

However, as device feature size shrinks down to deep sub-
micron region, in order to get better device performance and
higher package density, the characteristics degrade because
of the hot-carrier effect!*]. For a deep submicron device, hot-
carrier induced degradation becomes a major reliability con-
cern and affects the optimal function. The main cause of the
hot-carrier degradation effect in multi-gate devices is already
discussed in many literature reviews!> ¢, Recent works dis-
cussing the elaboration of new closed analytical models have
been proposed to study DG MOSFET structures including the
interfacial hot-carrier effects. This is achieved in order to in-
vestigate the scaling limits of these devices when defects gen-
erated by the injected carriers near the drain side are present.
However, explored studies have shown two basic drawbacks:
firstly, the majorities of these works are limited to the sub-
threshold regime and cannot be used to study device behavior
in the linear or saturation regimesm and, secondly, the mod-
els employed are based on the charge-sheet approximation and
some physics phenomena are missed(®!. Therefore, a profound
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analysis of the interfacial hot-carrier effects on the drain cur-
rent is a mandatory requirement in order to facilitate the design
of future CMOS integrated circuits.

In this paper, we propose a new continuous analytical
model to study the performances of the GS DG MOSFET in-
cluding hot-carrier degradation effects, based on closed-form
solutions of Poisson’s and current continuity equations. The
possibility of developing an extended formulation for the GS
DG MOSFET with an interfacial trap density is carried out in
the rest of this paper and the model has three distinctive fea-
tures.

(1) The device channel is assumed to be undoped (lightly
doped) instead of the usual high channel doping density. Such
absence of dopant atoms in the channel further reduces the
mobility degradation by eliminating impurity scattering and
avoiding random microscopic dopant fluctuations.

(2) The analytic drain current model covers all three re-
gions of MOSFET operations, subthreshold, linear and satura-
tion, thus maintaining strong continuity between different re-
gions without the need for adjustable parameters, which are in
general meaningless physically.

(3) The compact model for a GS DG MOSFET including
the hot-carrier degradation effect is derived based on the Pao-
Sah integral without the charge-sheet approximation, so that
the volume inversion phenomenon in the subthreshold region
can be properly predicted.

Our proposed long-channel model is ideally suitable for
being the kernel of a GS DG MOSFET including a hot-carrier
effects compact formulation. In addition, it can be used as a
passage between analytical compact modeling and circuit sim-
ulators such as SPICE, Cadence and Anacad’s Eldo in order
to analyze the electrical circuit performance degradation due
to age-related phenomena. For a complete compact model, this
long-channel core would need to be enhanced with additional
physical effects, such as short-channel and quantum mechani-
cal effects.

(© 2012 Chinese Institute of Electronics
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Fig. 1. Schematic diagram of a GS DG MOSFET with an interfacial
trap density near the drain side.

2. Modeling approach

We consider a symmetric GS DG undoped n-channel
MOSFET, as illustrated in Fig. 1.

We also consider a channel long enough so that the device
electrostatics are described by 1-D Poisson’s equation in the
direction vertical to the channel. Neglecting the hole density,
Poisson’s equation in the silicon film is given by,

Py _ Y -V) _ (U)o

dx?2 dx2 &

where ¢ is the electronic charge, n; the intrinsic carrier con-
centration, & the permittivity of silicon, ¥ (x) the silicon band
bending, and V the electron quasi-Fermi potential.

Despite that the drift-diffusion mechanism has been
widely considered as the cornerstone modeling tool for var-
ious long channel devices, it is worthwhile employing more
elaborated schema such as ballistic transport equations espe-
cially when dealing with the nanoscale case, where the mean
free path of the carriers is bigger than that of the silicon film
width?).

Since the current mainly flows along the y-direction, we
assume that V' is constant along the x-direction; i.e., V =
V(y). This is the so called gradual channel approximation.
Equflti]on (1) can then be integrated twice to yield the solu-
tion!10],
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The constant § is related to i through the boundary con-
dition deduced from Gauss’s law,
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Here & is the permittivity of oxide, Vg is the voltage ap-
plied to both gates, #; and 7. are the silicon and the effective
oxide thicknesses, and A¢ is the work function of both the top
and bottom gate electrodes with respect to the intrinsic silicon.

The effective oxide layer thickness of insulator layer #oxesr 1S
given by the superposition of the thickness of the SiO, layer
and the thickness of the high-k layer as follows! ],

€1
foxeft = 11 + 8—12- 4
2

By substituting Eq. (2) into Eq. (3), we get a nonlinear
equation relating § explicitly to different basic parameters,

2&giloxeft

~ BtanB —In(cosB) + Inf =
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The hot-carrier-induced oxide-interface charge has a sig-
nificant influence on two device properties: (1) it affects the
local electric potential in the adjacent drain region; and (2) it
changes the local channel electron mobility. The potential ef-
fect can be accounted for as an additional term in the total mo-
bile charge per unit gate area Qj,, in the damaged region. By

using Eq. (2) combined with % = .. » Tequired
si x= %

quantity Q;ny expressed in terms of 8 yields for each region,

e kT
t8.s —pBtanB, 0<y<Ly,
Oim(B) =1 > 2
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si g

(6)

The reduction of channel electron mobility can be rep-

resented by Mathiessen’s rule, as proposed by Nishida and

Sahl'2]. This approach assumes that the total reciprocal mobil-

ity is composed of bulk mobility u, and oxide interface charge
scattering mobility iy as follows,

Mo, 0<y<Ly,

ox @)
Mollee <y <L
M0+,u0x

where the electron mobility caused by the charge scattering is
given by,

KRi=1,2 =

1000 3x 10T g

Hox = 00X 00N, ®

For a given Vg, B can be solved from Eq. (5) as a function

of V. Note that V varies from the source to the drain, the func-

tional dependence of V(y) and B(y) is determined by the cur-

rent continuity equation, which requires the current /45 given

by l4s = uWQindV/dy to be constant, independent of V' or

y. The parameter u is the effective mobility, and W is the de-

vice width. Note that dV'/df can also be expressed as a function
of B by differentiating Eq. (5) to get,

dv _ 2kT 1 Esiloxeff d
B = L g emn]. o

The solution of Pao—Sah’s integral can be found in two
adjacent channel regions by integrating both sides of the conti-
nuity equation from the source to the boundary of the damaged
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Table 1. Asymptotic values and dominance rules for different regions of operation.

Regime Jr(Bs) fr(ﬁp) Bs ﬂp gr(Bs) gr(ﬂp)
Subthreshold < -1 < -1 <1 <1 — —
InBs InB, — — Bs2/2 Bp2/2
Linear > 1 > 1 ~ /2 ~ /2 — —
Bstanps Bptanfy - — (ﬁstanﬂs)z (ﬁptanﬂp)z
Saturation > 1 < -1 ~ /2 <1 — —
Bstanfs Inf, — — (Bstanps)? ,3p2/2

region L then from the boundary to the drain['3! and valid ex-
pressions of the drain current in these regions are carried out
as follows: for the fresh region we have,

w

1) w [P dv
=g [ om0V =g [T om®) S5
Ll 0 Ll Bs

dg P

(10)
Substituting different factors in Eq. (10) and carrying out
the integration analytically,
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and for the damaged region,
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Substituting appropriate parameters as previously then car-
rying out the integration analytically yields,

LA (21<T)2
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As is clear from the obtained expressions of drain cur-
rent in both considered regions, the channel length modula-
tion effect is ignored, which can be explained by the fact that
our framework is based on a long channel model. In order
to take into account such phenomenon for scaled devices, we
have to introduce a new effective length and some fitting para-
meters!!4],

To compute the drain current we define the following two
functions representing the right-hand side of Egs. (5) and (11),

fi(B) =2rBtan B —In(cos B) + In B, (14)

2
ey =panp-L rrgunp?. )

Note that the range of 8 is 0 < 8 < /2 and r is a structural
parameter defined as r = & fox/€oxtsi For given Vg and Vi,
Bs and B4 are calculated from the conditions,

Je (Bs) = (q/2kT) (Ves — Vo) . (16)

Jr (Ba) = (q/2kT) (Vgs -Vo— Vds) )

2kT 2 |2e4kT
V0=A¢+—1n(—‘/ 832 )
q Lsi q-n;

Atthis level, B, can be also obtained numerically by equat-
ing drain current expressions of both damaged and fresh re-
gions.

In the limit case of a fresh device, all parameters corre-
spond to those of the fresh region, hence 8, — B4, and as a
result, our compact model reduces to the drain current model
established in Ref. [15],

(17)

where

Lo, AWei (KT 2
ds = M1 il 4
2 Esiloxeff 2 b
x[ﬂtanﬂ——+ (Btan B) ] .
2 Eoxlsi Ba (18)

Here we have in hand all the ingredients required for the
elaboration of the drain current model taking account of the
hot-carrier degradation effects. Then we can write,

Tgs [gr(ﬁs) - gr(ﬁp)] . (19)

The asymptotic values and dominance rules characteriz-
ing different operation modes in the case of a fresh double gate
device have been presented in Ref. [16] and extended later to
the surrounding gate device!'”). Based on the same formalism,
some useful expressions, needed for the piece-wise models de-
duction, are elaborated for the case of GS DG MOSFET in-
cluding the hot-carrier degradation effect, as summarized in
Table 1. It should be noted that without loss of generality, only
the fresh region of the device is considered and the interfacial
traps density effect is introduced through the intermediate para-
meter B, and the reduced mobility in the damaged region pi,.

3. Piece-wise model deduction

In the following, the GS DG MOSFET including hot-
carrier effect regions of operation are derived from this con-
tinuous analytical model based on approximations given in
Table 1.

(1) Subthreshold region!!®!:
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lys = Tg1 + lysa, (20)
with
Iy = Ml—WtSinikTGQ(V%;;M) (1 — e_iVTp) .
Ly
and
WitsnikT a(Ves—A2d) _a(Vas—Vp)
Idsz = MZL—e KT 1—e kT ,
d

are the subthreshold currents associated with the fresh and
damaged regions in a similar way to the methodology proposed
for 4-T and 3-T DG MOSFET based on the basic diffusion cur-

rent[19],
. V. s

where D, denotes the diffusion constant, and 7,;,(y) is the
minimum carriers concentration at a fixed location along the
channel. The subthreshold current is proportional to the cross
sectional area of the device, but independent of #,efs, Which is a
manifestation of “volume inversion” that cannot be reproduced
by standard charge-sheet-based /—V models.

(2) Linear region above threshold[2°l:

e2y)

22
. 22)
where Vy;, is the threshold voltage, and C,y is the oxide capac-
itance.

(3) Saturation region:

w
xL1

2kT\? a(Ves—Vo—")
x| (Ves = Vin)> = 2r (—) el
a4 (23)

where the saturation current depends on (Vg — Vin)?, as ex-
pected for a MOSFET. The saturation current approaches the
saturation value with a difference term exponentially decreas-
ing with V},, in contrast to common piecewise models in which
the current is made to be constant in saturation2!],

Since all precedent expressions of the drain current depend
on the voltage at the boundary of both regions V}, rather than
the parameters f,, an implicit formula for V,, can be obtained
from the boundary condition (5),

w V
Iy = 2l/Llcox_ (Vgs — Vi — jp) Vps

Iy = /Llco

2kT
V, = Vgs—Aqﬁ—Tx
2 [2e4kT cos B,
In{ — 4+ 2rB,tan B, — In ——— | .
|: (tsi q%n; P P By

(24)

4. Results and discussion

Values of the parameters used for the validation of our pro-
posed model are summarized in Table 2. The range of some ge-
ometrical parameters is fixed according to our initial long chan-
nel device assumption, so that many alterations of the model
regarding the scaling effects can be neglected.

Table 2. Values of parameters used in the simulation.

Parameter Value
T 300 K
L 2x 107> cm
L 2L/3 cm
N 1 x 1012 cm™2
w 3% 1070 cm
tsi 2% 107% cm
1 1 %1077 cm
£1 3.9
t 1.5x 1077 ¢m
&2 10
n; 1.45 x 1010 ¢m™3
o 800 cm?/(V-s)
22.5
200 =73
- a-E-B-E-FwEw
175 F ’
;E? 15.0 A Self-heating effect
z 125} ° :
2 4 (- %-9-0_0-0-0 0 0o o 0-0-9
3 100 | Y
= ’
g 15F @y —=—GS DG MOSFET with traps
A —8—GS DG MOSFET without traps
SOH/I4 —e— DG MOSFET with traps
—e— DG MOSFET without traps
25 Symbols: 2D numerical simulations®®!
0 1 1 1 1 1 1 1

0 1 2 3 4 5 6 7 8
Drain voltage (V)

Fig. 2. I4s—Vjs characteristics for DG and GS DG MOSFETs with and
without traps.

Figures 2 and 3 show the 7V characteristics of DG and
GS DG MOSFETs with and without hot-carrier stress. It can
be seen that the GS DG device has higher current as compared
with the DG device.

As shown in Fig. 2, a decrease of drain current above the
linear regime in the case of damaged devices has been observed
and this phenomenon can be explained by the channel self-
heating effect caused by the presence of an interfacial charge
density at the boundary contributing to the increase of coulomb
scattering of electrons, which in turn leads to a decrease in the
amount of heat flux passing through the interface. Such a pro-
cess affects the whole thermal behavior of the device over long
term work periods. In fact, other constraints can aggressively
make the situation worse, such as the introduction of materials
with instable thermal conductivity or the significant increase
in the phonon boundary scattering generated by thin semicon-
ductor films?2. Since the thermal resistance Ry, constitutes a
mandatory factor in the self-heating effect, it is possible to ex-
tract from the static output characteristics such parameters and
the device temperature rise as a function of temperature with
the help of some additional datal?3]. It should be noted that our
model including the law of mobility degradation is equivalent
in a simplified manner to the introduction of some thermal ef-
fects in the whole approach.

It is also clear that a reduction in the drain current can be
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Fig. 3. I45—V,s characteristics for DG and GS DG MOSFETs with and
without traps.

70 ;_
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------------ DG MOSFET
40t

30
20

Normalized variation of the
drain current (%)

~10 1 1 1 1
10° 1010 101 1012 1013

Interfacial traps densities (cm~2)

Fig. 4. Variation of the normalized drain current of the DG MOSFET
as function of interfacial traps densities for both cases: with and with-
out high-k layer (Vgs =3V, Vs =4 V).

observed in the case of damaged devices (Figs. 2 and 3) and this
reduction can be explained by the effect of the trapped electrons
in the damaged region on the drain current density. Moreover,
the drain current degradation becomes more apparent when the
gate voltage is increased to higher values. The GS DG MOS-
FET brings prominent advantages in terms of derived drain
current and immunity against the hot-carrier degradation effect
compared with conventional DG MOSFETs, which clearly im-
plies that the GS DG design leads to a reduction in hot-carrier
effects and impact ionization and, therefore, the hot-carrier re-
liability is considerably improved.

The comparison of both structures’ performance in terms
of immunity against the hot-carrier degradation can be illus-
trated by determining the normalized variation of the drain cur-
rent, which constitutes a pertinent parameter for the character-
ization of such ageing phenomenon!?4.

The degradation of conventional and GS DG MOSFETs as
function of charge density and length of the damaged region is
illustrated in Figs. 4 and 5.

As shown in Fig. 4 for several different levels of interfa-
cial trap densities, it can be seen that the increase of charge
density leads to an increase of the normalized variation of the

10 F T T T T T ]

—— GS DG MOSFET
s DG MOSFET

Normalized variation of
the drain current (%)

Length of the damaged region (nm)

Fig. 5. Variation of the normalized drain current of the DG MOSFET
as a function of the damaged region length for both cases: with and
without high-k layer (Vgs =3V, Vgs = 4 V).

drain current in both cases. However, the drain current degra-
dation is slower for the GS DG MOSFET structure compared
with the conventional one, which confirms well our assump-
tion regarding the immunity of the device. Based on the same
parameter, the variation with the length of the damaged region
follows also an increasing behavior where the GS DG MOS-
FET structure presents the lower vulnerability toward the hot-
carrier degradation effect, as indicated in Fig. 5. The immunity
of gate-stack-based devices was also demonstrated for other
types of architectures!>>],

5. Conclusion

In this work, original analytical models that include hot-
carrier effects for symmetrical lightly doped gate-stack double-
gate (GS DG) MOSFETs are presented. The models were used
to study the impact of interfacial hot-carrier on the device elec-
trical parameters such as drain current and inversion charge for
GS DG MOSFETs. In addition, the proposed models inherit
all the favorable features from the accurate models associated
with each regime. Therefore, all the regions of operation and
the transitions are correctly described without charge-sheet ap-
proximation or fitting parameters. A good match is shown be-
tween model predicted values and 2D device simulations done
with similar physical effects turned on. Finally, the closed-
form expressions to model various device parameters can be
easily implemented into circuit simulators such as PSPICE for
more accurate predictions of DG FET-based circuits.
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