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D. MUNTEANU*, J. L. AUTRANT, S. HARRISON+Y, K. NEHARI+, O. TINTORIt and T. SKOTNICKIY

TL2MP, Batiment IRPHE, 49 rue Joliot-Curie, BP 146, F-13384, Marseille cedex 13, France
FInstitut Universitaire deFrance—IUF, France
Y STMicroelectronics, 850 rue J. Monnet, 38926 Crolles, France
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A compact model for the threshold voltage in Double-Gate (DG) MOSFET is developed. The model takes into account short-
channel effects, carrier quantization and temperature dependence of the threshold voltage. We assume a parabolic variation of
the potential with the vertical position in the silicon film at threshold. An analytical expression for the surface potential
dependence as a function of bias and position in the silicon film is also developed and used for the inversion charge
calculation. The model has been fully validated by 2D quantum numerical simulation and is used to predict the threshold
voltage roll-off in DG MOSFET with very short channel lengths and thin films. The comparison with measured threshold
voltages shows that the model reproduces with an excellent accuracy the experimental data.
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1. Introduction

Compact modeling of Double-Gate (DG) MOSFET
incites very much interest presently, since DG structure
is considered to be one of the best device architectures, not
only for MOSFET integration in the Silicon technology
end-of-roadmap perspective but also for future possible
post-CMOS molecular-based devices [1,2]. The main
advantage of this architecture is to offer a reinforced
electrostatic coupling between the conduction channel and
the gate electrode. In other terms, a DG structure can
efficiently sandwich (and thus very well control,
electrostatically speaking) the semiconductor element
playing the role of the transistor channel, which can be a
Silicon thin layer or nano-wire, a Carbon nano-tube, a
molecule or an atomic linear chain. The MOSFET
operation of such ultimate DG devices with a single
quantum conduction channel has been theoretically
demonstrated in recent works [3,4].

For conventional Silicon CMOS-based devices, model-
ing of the threshold voltage (V) in the DG MOSFET is a
difficult task because the usual definition of the threshold
voltage (i.e. for bulk devices) does not more apply [5,6].
Several analytical models have been derived previously
for the threshold voltage [4,6—9], but most of them apply

only in particular cases or neglect essential physical
phenomena as discussed in the following:

(1) Existing Vr models have been developed only for
devices with undoped channels because DG devices
are expected to be designed with intrinsic channels in
order to enhance the carrier mobility and solve the
problem of doping induced parameter fluctuation.
However, the use of undoped channel in symmetric
DG will need the use of midgap gates (because
devices with n+ poly gates have negative threshold
voltage) which is an important technological
challenge. Presently, most of DG MOSFETs are
fabricated with doped channel and n+ poly gates
and, therefore, a V' model applying for both doped
and undoped channel is needed.

(2) Most of the existing Vr models are based on a one-
dimensional analysis which is only suitable for long
channel devices. Since DG structure will be mainly
used to design very scaled devices, 2D electrostatics is
key-phenomenon which has to be taken into account.

(3) Quantum effects are often neglected (or only roughly
estimated) in the development of Vi models and,
therefore, these models could be applied only for
silicon channels thicker than 10 nm.

*Corresponding author. Tel.: +33-4-96-13-98-19. Fax: +33-4-96-13-97-09. Email: munteanu@newsup.univ-mrs.fr

Molecular Simulation
ISSN 0892-7022 print/ISSN 1029-0435 online © 2005 Taylor & Francis
http://www.tandf.co.uk/journals
DOI: 10.1080/08927020500313995



18:19 14 January 2011

Downl oaded At:

832 D. Munteanu et al.

The aim of this work is to develop a short-channel
quantum mechanical compact model for threshold
voltage based on the decoupled Poisson and Schrodinger
equations in the silicon film. Recently, we have proposed
an analytical Vi model for long channel devices
including quantum effects and applying to both
symmetric and asymmetric device [10]. This model is
enhanced in this work for taking into account short
channel effects and temperature dependence of Vr. The
model is completely validated using a full 2D quantum
mechanical numerical simulation code [11] and is
compared with experimental data extracted from DG
devices fabricated using the SON/DG process [12]. We
present here the model development in the case of a
symmetric DG device, but it can be very easily adapted
to any asymmetric DG device (different oxides
thicknesses or gate work-functions).

2. Threshold voltage definition

Figure la shows the schematic of a symmetric DG
structure and the variation of the surface potential Wy in
a horizontal cross-section in the channel (figure 1b).
A parabolic dependence for the potential, at threshold, in
the vertical direction is assumed [5] (figure 1c):

W(x,y) = Vix) — a@)tsiy + ax)y? (1

where the calculation of a(x) is indicated in paragraph 4.
It is important to note that equation (1) is valid at
threshold, but could lose its validity in other operation
regimes (such as the strong inversion regime). The

X
; vV
G Oy

boundary conditions at the Si/SiO, interface are:

Vo — Vip = 10 + W, + p )

0ox

where Wg and & are the potential and, respectively, the
electric field at the interface and ¢ = (KT /q) In (Na/n;) is
the Fermi potential (N, is the doping level in the Si film).
Potential ¥ and the semiconductor charge (including both
the depletion and mobile charges) in the Si film are linked
via the Poisson equation:

&V gNA ¢ q¥
dy2 ESi + ESj i eXp kT ( )

In the right side of equation (3), the first term
represents the depletion charge and the second term is the
mobile charge in the silicon film. We consider here that
the silicon film is always depleted. For defining Vr, it is
important to remind that in DG MOSFET the usual
definition of the V- as the gate voltage where Wy is 2¢g
does no more apply [5,6]. Our extensive numerical
simulation fully confirms this remark and shows that
surface potential at threshold, Wy, is different from ¢g
(table 1). Other definitions for the threshold voltage exist,
as derived from the constant-current method or the
maximum of dZID/dVé. In a recent work [13], we used
this latter criterion, but the resulting analytical expression
of the threshold voltage is quite complicated and its
demonstration demands heavy mathematical manipula-
tions. For obtaining a more simple expression of Vr, we
define here Vr as the gate voltage for which the inversion

s 0+V
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; X ol o ;
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Figure 1. (a) Schematic symmetric DG MOSFET structure and its electrical and geometrical parameters considered in this work; the dashed area shows
the closed surface for the application of the Gauss’s law; (b) Surface potential variation in the x direction from the source-to-drain; (c) Band diagram in a
vertical cross-section in the channel and definition of the different parameters used in the model development.
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Table 1. Surface potential extracted from numerical simulation for symmetric DG with midgap gates, with different film thicknesses and doping levels.
The surface potential is different from ¢ in all cases.

Y (V)
Ny (cm™3) ts; (nm) (numerical simulation) dr (V)
Symmetric DG midgap gates 1 x 10" 5 0.487
10 0.468 0.368
15 0.458
1 x 10" 5 0.49
10 0.484 0.487
15 0.483
charge, Q,, reaches a constant value: where « is function of Q; (relation (9)) and uy, = kT/q. The
expression
kT
QT = Cox (4) tai
q Si

3. Long channel threshold voltage

In a long channel device, it can be assumed that the surface
potential is constant along the channel (far from the source
and drain contacts). Therefore, equation (1) becomes:

Y(y) = ¥, — atsiy + ay’ (3)

where the parameter « will be calculated in the following.
From equation (5) the electric field at the Si/SiO,
interfaces is:

dw
§=—d— y=0,tsi = ats; (6)
y

Integrating equation (3) from y = 0 to y = tg; gives:

N ats; i
_ dNalsi | Qi
2851 285i

3 N

where Q; is the density of inversion charge in the silicon
film:

0= J gnje K dy (8)

(=)

From equations (6) to (8), the expression of parameter «
is obtained as a function of Q;:

_gNa 0;
a= +
2esi  2esitsi

&)

The surface potential W can be expressed as a function
of Q; from equations (8) and (3) as:

Qi

\I’S = Uy In B
(—atsiy + ay )dy

: (10)
(1St o
qn;), e

1 2
Jeﬂ(—ats1y+ ) gy
0

can be expressed analytically using the imaginary error
function Erfi(x) = (2//@ [; e’ dr [14]:

Isi

Jet(—atsi)’ + Ozyz)dy _ e*f;STi‘: 77uthErﬁ Isi [o
o 2 Vun

0

(1)
Therefore, surface potential can be rewritten as:
O atg;
V,=upInl— ) +—2-V, (12)
qni 4

where

%:uthln[ mllhErfi(tSi i)} (13)

o 2 Uih

With the condition Q; = Qp « and W, can be now
expressed as:

CgNa KT 1

a= — (14)
2esi 29 YVioxlsi
kT kTCOX g2
v, = —1 -v 15
S ¢’F + q n |:q2NA:| 4 1 ( )

where vy = ggi/e,x. Combining equations (1)—(3) and
equation (15) the expression of the threshold voltage in a
long channel device is obtained:

Cox q

Natsi | kT | [KTCo
Vi = Vig + TAS 1n[2°}
2 qNA

(16)

atSiz

+

- +2¢r

This equation is completely analytical and applies for
all symmetric DG devices, with both doped and undoped
channels.
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4. Quantum effects

The introduction of quantum effects requires a new
calculation of the inversion charge Q; using the following
quantum-mechanically evaluation:

0= qkT szng 1l
i

L)
th ’ 2

where the following parameter values apply for Silicon:
mpy=m', mhyy=/mm, m =019 X my, m|=
0.98 X my, g =2, gt—4 In equation (17) Wy is the
surface potential and Ezr are the energy levels resulting
from the quantum confinement of carriers in the film
perpendicular to the channel. For calculating Elt we
consider in a first approximation that the band diagram in
symmetric DG structure is close to an infinite rectangular
well. The energy levels are then given by:

X In

1+ exp (—

2,22
Bl =Tl as)
qmy Is;

In a second step, a more carefully evaluation of these
energy levels can be performed using a standard method
for first-order perturbation [10]. Considering the parabolic
nature of the potential profile in the Si film, as described
by equation (5), the first-order correction to apply to the
energy levels in the well is given by:

AE' = (¢'|H|¢") (19)

where H = —q(—ats;y + ay?) is the Hamiltonian of the
perturbation and ¢’ are the electron wave functions
associated to energy levels Ej,. Finally, the first-order
corrected energy levels are given by:

E, =E,+AE' (20)

Due to the analytical character of both (bi and H, the
analytical calculation of equation (19) gives AE' in
the case of an infinite rectangular well subjected to the
considered perturbation:

2
AE":MS‘[H 3 } @1

6 w22

Finally, the corrected energy levels are given by the
following equation:

i hm2i? 3
E, =——- Sil]4+—— 22

. zqml,tt§i+ 6 [ +772i2] @2
5. Short-channel effects

In a short channel device, the surface potential is no longer
constant and depends on the position in the channel, x.

Therefore, parameter a becomes dependent on x, as well
as the energy levels and the inversion charge. In the
following, we develop the expression of W(x) which will
be used further for calculating a(x), Ei‘,(x) and Q;(x).
For this purpose, the Gauss’s law is applied to the
particular closed surface shown in figure la:

60 b+ a0 S - seode= - TS 23
.

Si

The electric field &x) can be approximated by:

oy ~ - 170

(24)
where 7 is a fitting parameter which incorporates the effects
of the variation of the lateral field in the depleted film under
the channel [15,16]. As demonstrated in [15], nis lower than
1 for Vg = Vr and depends on the channel doping and
thickness. Therefore, this parameter has to be calibrated for
each particular technology. After some algebraic manipula-
tions and using equation (2) the following differential
equation is obtained for the surface potential:

dz‘;["s _ 277C0x\P _n
dx? esitsi  ssifsi (25)
X [gNatsi —2Cox(Vgs — Vs — ¢p)]

The analytical solution of equation (25) is given by:

R
Wi(x) = Cy exp (myx) + Crexp (—myx) — s (26)

with coefficients C;, C,, m; and R given by:

sl —exp(— mL)] + Vp + R Cmb

C — l‘ﬂl 27
! 2 sinh(mL) @7

¢s[1 — exp (mL)] + Vp + RIS

Cr=— ' 28
2 2sinh(m;L) 28)
R— 77‘]NAISi —2Cox(Vg — Vs — ¢r) 29)
Esilsi

21Coy
my = [ (30)

Esilsi

kT . (NN
¢s =—In (%) (31)

q n;

The variation of the surface potential as described by
relation (26) is schematically shown in figure 1b.
Combining equations (2) and (6), the expression of the
parameter a(x) is easily obtained:

alx) = (Ve — Ves — ¢p — ¥s(x))  (32)

Sitox

The energy levels E“(x) are then calculated using
relations (22) and (32). The quantum short-channel
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Figure 2. Variation of the potential in a vertical cross-section in the

channel as predicted by the compact model and comparison with
numerical simulation.

inversion charge Q;(x) will be given by:

gkT 1l
Oi(x)= myn8i,l
h? r

i

X In

1+ exp (—uih (E;,,(x) +% - \Ifs(x))ﬂ@?’)

Finally, for calculating the threshold voltage we
consider that the transistor is composed from a finite
number of elementary transistors corresponding to each x
point. The threshold voltage Vr of the whole transistor is
given by the Vrof the transistor which lastly turns-on. This
particular transistor is evidently the one located at the
point x = x,,, where the surface potential is minimum. The
point x,, is the solution of the equation d¥y/dx = 0, which

1.3
O Numerical simulation Drain

— Compact model

e
=)

Source

Surface potential ¥ (V)

05F B v oo
0.4V
014
0.1 1 1 1
Xm
0 5 10 15

Position in the channel (nm)

Figure 3. Surface potential W variation calculated with the analytical
model (relation 26) and comparison with the 2D numerical code.

0.7

0.6 [

Midgap gates
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2
Z 02 simulation | 5 5o mode
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£
3
=
=

N+ —poly gates
-0.2 ! .

10 10" 10" 10"
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Figure 4. Comparison between threshold voltages obtained with
analytical model and numerical simulation in long channel DG devices
(with midgap and n+ poly gates, #,, = I nm, Vp = 0.1V).

gives:

1 C
m— 3 1 -~ 34
* 2m1 n (Cl) ( )

The threshold voltage is then calculated by numerically
solving the equation:

Qi(xy) = 0Or (35)

6. Model validation

The model was validated by an extensive comparison
with quantum numerical simulation using a 2D Poisson-
Schrodinger code [11] (we used here a quantum drift-
diffusion transport model). In a first step, the 2D potential
distribution in the film at threshold has been verified.

O Numerical simulation 40.25

—— Compact model
: Mﬂ_n_ﬂ_ﬂ—ﬂ—j’m

N, = 1013cm™

o
=
)

40.05

4-0.05

Threshold voltage V. (V)
: S
Threshold voltage V.. (V)

N, = 101%cm™

|
I
w

L L L -0.15
2 4 6 8 10 12 14 16

Film thickness tg; (nm)

Figure 5. Comparison between Vr given by the quantum compact
model and quantum numerical simulation in long channel DG devices
with low and high channel doping (Vp = 0.1 V).
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Figure 6. Short-channel Vy given by the compact model and 2D
numerical simulation as a function of the channel length and at low and
high drain voltage (intrinsic channel, #,x = 1 nm, f5; = 10nm, midgap
and n+ poly gates).

Figure 2 shows that the assumption of a vertical parabolic
dependence is validated by numerical simulation. The
surface potential variation along the x position, given by
relation (26), was also confronted to numerical results
(for different V) in figure 3: the model fits very well the
numerical data. In a second step, the threshold voltage
model has been completely validated by numerical
simulation. Figure 4 shows the comparison between
simulation and the model (without quantum effects) in
the case of long channel DG devices with both midgap or
n + poly gates. An excellent agreement is found for all
channel doping levels and film thicknesses. The quantum
long channel model is validated by quantum numerical
simulation in figure 5 where a very good match is
obtained. Figure 6 shows the validation of the model
including the short channel effects (induced by both the
reduction of the channel lengths and by the increase of
the drain voltage); the comparison with threshold voltage
extracted from simulated curves at low and high drain
voltage indicates that the model reproduces well short-
channel and DIBL (Drain Induced Barrier Lowering)
effects on the threshold voltage.

7. Comparison with experimental data

Finally, the model was used to fit threshold voltage
extracted on DG devices fabricated by SON process, as
described in [12]. Devices with different film thicknesses
(table 2) have been measured and the threshold voltage

Table 2. Geometrical parameters of the measured DG MOSFET.

Device tsi (nm) tox (A) Ny (em™3) n
A 30 20 ~4 x 10'® 0.17
B 20 20 ~4 x 10'® 0.5
C 15 15 ~3.7 % 10" 0.6
D 10 15 ~25 % 10" 1
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1=

Figure 7. Comparison between measured Vr (on devices described in
[12] and table 2) and 2D quantum Vg calculated using the compact
model.

has been extracted from the Ih(Vg) characteristics. As
shown in figure 7, the match between experiment and
model is very satisfactory, showing that the model
reproduces well the threshold voltage roll-off of the
measured devices. Parameter 7, which has been calibrated
for each film thickness (table 2), is less than 1 but
increases when the film thickness decreases (because the
variation of the lateral field in the film becomes less
accentuated) and is even equal to 1 for the thinnest film
(10 nm).

Moreover, the compact model has been successfully
extended in low temperature simply using an appropriate
model for the temperature dependence of intrinsic
concentration n;, the effective density-of-states in both
conduction and valence bands and the energy bandgap
[17]. Figure 8 shows the remarkable fit between the
quantum model predicted Vi and the measured Vr in a
long channel DG device down to 50K. This figure
illustrates also the necessity to take into account quantum
effects in Vi modeling for these very thin devices
(ts; = 10nm), since the classical model underestimates
the measured data by about 40 mV.

0.12

0.1 r

0.08

0.06

0.04

0.02 | o  Experiment

Threshold voltage V1 (V)

Quantum model
Classical model (eq.16)

40.02 1 1 1 1 1 1
0 50 100 150 200 250 300 350

Temperature T (K)

Figure 8. Fit of compact model on measured Vyon a long channel DG
device at low temperature (ts; = 10nm, Vp = 0.1 V).
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8. Conclusion

A new compact model for the threshold voltage in
symmetric DG devices has been developed. The model
takes into account short-channel effects and quantum
confinement of carriers in the direction perpendicular to
the channel. The expression of the surface potential as a
function of gate and drain biases and of the position in the
channel has been developed and integrated in the
calculation of the quantum inversion charge. A very
satisfactory concordance has been found between the
threshold voltage calculated by the compact model and
numerical data obtained with a 2D quantum numerical
simulation code. Finally, we show that the model provides
a very good prediction of the threshold voltage in real
devices with different channel thicknesses and gate
lengths.
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