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Compact drain-current model for undoped cylindrical surrounding-gate
metal-oxide-semiconductor field effect transistors including short channel
effects
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In this paper, we present a compact model for undoped short-channel cylindrical surrounding-gate
MOSFETs. The drain-current model is expressed as a function of the mobile charge density, which
is calculated using the analytical expressions of the surface potential and the difference between
surface and center potentials model. The short-channel effects are well incorporated in the drain-
current model, such as the drain-induced barrier lowering, the charge sharing effect (V1 Roll-off),
the subthreshold slope degradation, and the channel length modulation. A comparison of the model
results with 3D numerical simulations using Silvaco Atlas-TCAD presents a good agreement from
subthreshold to strong inversion regime and for different bias voltages. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4844395]

. INTRODUCTION

The CMOS technology evolution is approaching the
limit caused by the increase of the parasitic physical effects,
especially the short-channel effects (SCEs) which appear in
the nanoscale short-channel devices.! As a solution to
this physicals problems, a variety of Multiple Gate SOI
MOSFETs architecture have been developed, the Cylindrical
Surrounding-Gate (SRG) SOI MOSFET is one of the best
device in the technology scaling.' This structure reduces
the SCEs and offers an excellent control of the electrostatic
potential in silicon channel. The undoped silicon channel of
the SRG MOSEFET reduces the surface and Coulomb’s scat-
tering.3 On the other hand, compact models for the SRG
MOSFETs are important to improve the application of these
devices for circuit design and simulation.*

Most of the published models are developed for long-
channel SRG MOSFET, for both cases: undoped and doped
silicon channels,*® and from low to high doped case.’
However, reducing the channel length below 100nm
increases the short-channel effects, such as the drain-induced
barrier lowering (DIBL), the channel length modulation
(CLM), and the subthreshold slope. Those effects cannot be
ignored.® In this context, a few compact models are devel-
oped to model the SCEs in short-channel SRG MOSFET.
Chiang® proposed a compact model for highly doped channel
device. El Hamid er al.'® and Ray and Mahapatra'' devel-
oped analytical SRG MOSFET models. However, the calcu-
lation of the potential requires numerical iterative methods,
which are not suitable for circuit simulation because they
consume time. Bgrli et al.'? proposed a compact modeling
framework for short-channel nanoscale Gate All Around
MOSFET. However, it is less useful for circuit simulation
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and circuit design application, because they used a confor-
mal mapping method with a self-consistent procedure.

In this work, we present a compact drain-current model
for nanoscale short-channel undoped SRG MOSEFET. It is
based on the analytical expressions of the surface potentials
and the difference of potentials for long-channel SRG
MOSFET model.” The drain-current model is then derived to
model the SCEs: DIBL, V1 Roll-off, subthreshold slope deg-
radation, and channel length modulation. The SCEs effects
are modeled through simple analytical expressions, which is
suitable for circuits design applications. The surface poten-
tials are calculated using the Lambert W functions, which
prove their utility in many engineering and physicals appli-
cations.'? The quantum effects and the mobility degradation
are not addressed in this paper. The quantum effects are sig-
nificant when the radius of the cylindrical body is smaller
than 5 nm. To verify the validity of the drain-current model,
a comparison is considered with 3D numerical simulations
obtained using Silvaco Atlas-TCAD."

Il. MODEL DESCRIPTION

A. Device structure

The undoped SRG MOSFETSs structure considered in
this work is shown in Fig. 1, where L is the channel silicon
length, tox is the oxide thickness, and R is the radius of
cylindrical silicon channel. Vgs and Vds are the gate and the
drain voltage polarization, respectively.

B. Surface potentials

Under the gradual channel approximation (GCA), the
Poisson’s equation can be presented as®

1d ([ do N
?E(rﬁ>:q Alexp(B).(® = Vi — 208) + 1], (1)
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where @ is the electrostatic potential, ¢ is the electric charge,
&g 1S the permittivity of silicon, N4 is the uniform acceptor
concentration, f}(=¢/KT) is the reciprocal of thermal volt-
age (®; = 1/p), V¢ is the quasi Fermi potential in the chan-
nel, and ®z (=~ 'In(N4/n;)) is the Fermi potential.

The boundary conditions used for Eq. (1) are Cax(vgs
— Vi — @) = Qg = —¢4E; for r =R and d®/dr =0 for
r =0, where Q,;(=0, + Q) is the silicon charge density
per unit gate area, Q,, is the inversion charge density per unit
gate area, Q,(=¢NaR/2) is the fixed charge density per
unit gate area, &,, is the permittivity of oxide, E; = E(r = R)
is the surface electric field, ®; = ®(r = R) is the surface
potential, Vy, is the flat band voltage, and C,c(=¢./RIn
(1 + t,¢/R)) is the cylindrical oxide capacitance.®

From Eq. (1) and its boundary conditions, an analytical
solution of the surface potential in subthreshold regime @
is obtained using the Lambert W function as’

SpT

Ospr =Vigs—Vip— CQP — ®,LambertW

ox

R e

P e ox . 2
“ 1.0, o, @

And in the above threshold voltage regime, the surface

potential @, is calculated by
1 140, 65D,
2C o D, R
\/T Vgs_vfb_CQ_i_Vch_zq)F
l——+—e® -
X . + 5 e *exp 20,

where o = (O; — Dy)/®, is the normalized difference
between surface and center potentials.

Dyur =V —Vip —2@;LambertW

)

3

Vs Undoped Si

P Som’;ce (o)

=]

| g
(a) (b)

FIG. 1. (a) Structure of the SRG MOSFET. (b) The cross-section of the
undoped n-type SRG MOSFET.
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The final surface potential @ continues from subthres-
hold to above threshold voltage regime is then calculated
with the following interpolation function:

1
O, = E {(Dst[l — tanh(lO(Vgs — Vg — Vch))]
=+ q)suT |:1 + tanh(lo(vgs - VTH - Vch))] }7 (4)

where V7 is the threshold voltage of the device.

C. Difference of potentials

The difference between surface and center potentials
®,y(=D; — @p) is calculated with the following empirical
expressions, with the similar way as for Double Gate
MOSFET model."

In subthreshold regime:

ex Vgs - VTH - Vch
19 P @,

®y = Od, —O 5
b br + e P e Vo = Vi —Var %)
P B Y
And in the above threshold voltage regime:
(0%}
®,, = <ThT + Dy — 0.028V>
®d
= ( 3’” + @y, — 0.028V — chT>
1— Vgs - VTH - Vch
V m V - V(:
T Fx s o RN

1+ 135V — Vg — V)

where Vg, is the maximum gate voltage polarization.

The difference between surface and center potentials @,
continues from subthreshold ®,;, to above threshold voltage
regime @4, is calculated with the following interpolation
function:

1
g = 5 {Pus[1 — tanh (SO(Ves — Ve = Ven)) |
+ @, [1 + tanh (50(Ves — Vi — Var))] 3. (D)

Using the full-depletion approximation applied to
Eq. (1), the analytical solution of the difference of potentials
in subthreshold regime ®d), is obtained as

- qNARz

Oy = @y, — By, ==
ST

®)

SpT

In subthreshold regime, the center potential @y, is then
calculated substituting the solutions of Egs. (2) and (8) at
@y, = Oy — Dy

The difference of potential at the threshold voltage
®yr(Vos = V) is calculated by @y = Ddpr + 0.626D;,
where @, is the difference of potential at the maximum
gate voltage (Vo = V) calculated with the following em-
pirical expression:
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@, = 0.162 — 0.0471,, +0.00457 +0.00836R — 12.103R>.
)

D. The mobile charge density

The normalized mobile charge density, ¢,,, as a function

of the difference between surface and center potential, o, is

calculated with the following expression:”'®

Aqpesi
=] Ao
q C.R Vo

1 1
1|1 +oexp(—2) ®,—V,,—20
« —+ o o exp K ch F —q

2 o @, P

(10)
where ¢, = Q,/C,®, is the normalized fixed charge den-
sity. gy, takes the value of ¢, at the source (V = 0) and ¢, at
the drain (V = V).

lll. SHORT CHANNEL EFFECTS
A. Mobility model

The mobility i dependence with the longitudinal field is
calculated with the following approximated relation:'’

w= al : (11)

Vde :
1+ (#0 L—z/ff>
sat

where L, is the low-field mobility and v, is the carrier satu-
ration velocity equals to v, = 1.45 X 107cm /s.

The effective drain voltage V. continuing from sub-
threshold to above threshold voltage regime is given by'®

1 (0N
Vdeff =Viar + E Vs — Var + ?

2
D D
—\/ (vds ~ Vi +—3’) 4V (1)

The saturation voltage Vy,, can be expressed as

g+

2
AL (13)
Qsat+%[

()
Viar = Tt s — Gsar + 21n

where 7 is used as a fitting parameter.
¢sar 1 the charge at the drain saturation given by

VvaL 2 l/mL
Goar = (— +2) +q§+4qs<—" +2). (14)
LoD LoD

B. The DIBL and V+ Roll-off effects

In short-channel device where the channel length is
smaller than 50 nm, the DIBL and V1 Roll-off effects create
a lowering of the threshold voltage. These effects have an
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important degradation on the device characteristics. The
charge sharing effect (V1 Roll-off) and the drain induced
barrier lowering effects are modeled via a threshold voltage
correction as'®

A% L
AViy =o| =) Op |1 — -
i 0<L> F[ eXp( O.3lm)]
|Vc/1| |Vc'h|
1 — — 15
. { Taz00, P\ Tome,) 1Y
where /. is the natural length of the cylindrical surrounding-

gate MOSFET equal to [, — \/28;;]?2]l‘l(l:;mr/R)'FSa,\RZZ‘ Im (=

10 um) is the reference length and ¢(=2.05) is used as an
adjusting parameter.

The threshold voltage Vyy including DIBL and Vrp
Roll-off effect is given by

Vi = Vro — AV, (16)

Vro is the threshold voltage of long-channel device, calcu-
lated with the following expression:’

CUV (D C()X
Vro = Vi + 20 +(D,1n[ - (1 +’—>}

4Csi Qp
1 4 SS,*(D
JrC_OX %\/&;
PR U R
—— T —¢€
« — or or |:Cox <1 +q)tcox>:|
ar 4Cy; Qp '

A7)

where o7 is the normalized difference of potentials at the
threshold voltage.

C. Subthreshold slope degradation

The subthreshold slope degradation SS expressed as a
function of the channel length reduction is modeled by the
following expression: '’

SS :%{(1 — 1,2g(#)) [1 — tanh(30(V,s — VTH))]

+ [1 + tanh(30(Vgs — VTH))] } (18)

This short-channel effect is incorporated into the core
model by including the SS expression in the subthreshold

. 2 »
drain-current term (2((‘75_‘14)+qpln(3fizg,,))) of Eq. (21).

D. Channel length modulation

Above saturation, the channel length modulation effect
makes the channel length shorter L = L — AL. This effect is
modeled by'®

AL = i.lc.(ln(l£> - 1>ln(1 JF#OM)’ (19)
c l/Sat c

where / is treated as a fitting parameter.
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In subthreshold region, the effective drain voltage drain
Vaerss voltage is given by the following interpolation
function:

Vdeffx = % {Vd‘v [ —tanh |3 ( VTH> :|:|
Vg [1 | tanh [3( )H } 20)
Vru

IV. DRAIN CURRENT MODEL WITH SHORT CHANNEL
EFFECTS

Considering the drift—diffusion transport®*' and using

Egs. (10), (11), (18), and (19), the drain-current /,, of short-
channel SRG MOSFET included SCEs is calculated as’

ds = ,UWC()V(th

Loy 5 qa+2qp 5
(P — 2( (q,— In( 24 =20
54 qd)+[ ((4 ‘id)+""n<qs+2qp

(L—-AL) ’
2

where W = 27R is the channel silicon width.

V. RESULTS AND DISCUSSION

In order to verify the validity of the proposed drain-
current model, we have made a numerical simulation of the
considered device using the commercial simulator Silvaco
Atlas-TCAD. We have considered an undoped
SRG MOSFET N, =5.10"" cm  with n-type and mid-gap
metal gate with work function of 4.62eV, doping concen-
tration of the source/drain contact regions Np=10*"cm >
The nanometric short-channel device has an oxide thick-
ness of 1.5nm, silicon body radius of 6 nm, and a channel
length varying from 10 to 30 nm, as shown in Table I. We
have simulated the characteristics of the nanoscale
undoped SRG MOSFET in the whole operation region,
from subthreshold to above threshold voltage regime of
operation. The output characteristics were obtained for
Vgs equals to 0.5 V, 1V, and 1.5 V. The transfer character-
istics were obtained for Vgs varies from —0.5V to 2V, and
Vds fixed at 0.05V and 1 V.

Figs. 2(a) and 2(b) shows the comparison between the
modeled drain-current versus gate voltage and the 3D nu-
merical simulation. For Vgs=-05V to 2V and
Vds =0.05, 1V, the modeled drain current has a good agree-
ment with 3D simulation for 10 nm channel length of device

TABLE I. Parameters of the proposed drain-current model of undoped SRG
MOSFET.

Design parameters Fitting parameters

L (nm) R@mm) f, (m) Ny(em ) A © gy (cm*/Vs)

10, 20, and 30 6 1.5 5%10° 09 0.8 1030

J. Appl. Phys. 114, 224507 (2013)

(2)

0.016 . . : .
Vds=0.05 V 0
0.014 | o |
Vds=1V
0.012} ]
R=6 nm
001 | =10 nm
—_ tox=1.5 nm
<
., 0.008|
o]
0.006
0.004 +
0.002
000
O E PNl ar (}«##A* ) =
-0.5 0 0.5 1 1.5 2
Vgs (V)
(b)
10° : . . '

Ids (A)

R=6 nm
L=10 nm
tox=1.5 nm

Vds=0.05V

Vds=1V 7

Vgs (V)

FIG. 2. Drain current versus gate-voltage of short-channel undoped SRG
MOSFET model, in (a) Linear scale and (b) logarithmic scale. Compact
model: lines; numerical simulations: Symbols.

o l ) T T T T T T
0
Vgs=0.5V
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O
0.01} S V
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<
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e N
s WANANE
A 7,&,4&,,&,4&”& A
Ai@l\iﬁ»% L L L 1 1 I

AV
0 02 04 06 08 1 12 14 16 18 2
Vds (V)

FIG. 3. Drain current versus drain-voltage of short-channel undoped SRG
MOSFET model. Compact model: lines; numerical simulations: Symbols.
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x 10°
8 T T T
-1
—————— Vds=0.05 V &0
7L agin| B
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/0
1} /B i
a| .
o N 0.0.00.0.0000.0060 O. P
reeeegdenol ' '
-0.5 0 0.5 1 1.5 2
Vgs (V)

FIG. 4. Transconductance versus gate voltage, for short-channel undoped
SRG MOSFET model. Compact model: lines; numerical simulations:
Symbols.

at low and high drain voltage. Fig. 2(b) demonstrates
the modeled drain current in logarithmic scale versus gate
voltage compared with the 3D simulation. We can see that
the DIBL, V1 Roll-off, and subthreshold slope are well
included in the drain-current model and with the considered
fitting parameters. We can also observe that the shift on the
threshold voltage due to the DIBL-Roll off is very important
in 10 nm channel length of device, and it is well described by
the presented drain-voltage characteristic.

Fig. 3 shows the modeled drain current versus drain
voltage compared with the 3D numerical simulation. For
Vgs=0.5V, 1V, and 1.5V, good agreement is also found
compared with 3D simulation for short-channel device of
10nm channel length. Fig. 4 illustrates the transconduc-
tance versus gate voltage for a device of 10 nm channel

gds (A/V)
S
O
1

Vds (V)

FIG. 5. Conductance versus drain voltage for short-channel undoped SRG
MOSFET model. Compact model: lines; numerical simulations: Symbols.

J. Appl. Phys. 114, 224507 (2013)

length and for Vds =0.05 and 1 V. Compared with the 3D
numerical simulation, good agreement is found for low and
for high drain voltage. In Fig. 5, we also illustrate the vari-
ation of the conductance versus drain voltage for low and
high gate voltage Vgs =0.05 and 1V, compared with the
3D simulation, the agreement is satisfactory. As shown in
Fig. 6, for a channel length of 20 and 30nm, the output
characteristic agrees well with 3D numerical simulation,
especially in the above threshold voltage region through
the fitted parameters of CLM effect. In Fig. 7, we can
observe the accuracy of the modeled drain current of short-
channel device for different channel silicon lengths
(L=10, 20, and 30nm). As we can see, the I-Vg has a
good behavior from subthreshold to above threshold volt-
age regime and for different channel silicon lengths. The
modeled drain-current agree well with the 3D numerical
simulation.

a
x 10° (@)
7 T T T T T T T T T
m
I:l D
L=20 nm ]
6 o OB i
R=6 nm
5 tox=1.5 nm Vgs=0.5V 4
A
Vgs=1.0V
=4 o ]
< Vgs=15V
he 5 o
o O
2+ i
1F i
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Vds (V)
(b)
x 10°
4.5 T T T T T T T T T
m
4F  L=30nm b
35 R=6nm _
tox=1.5 nm ) Vgs=05V
3t Vgs=1.0V 1
O
< 2571 Vgs=15V
Py i
2 oL i
1.5F O O ¢
1F 4
0.5 E
o /&,,t:fﬂa,f/%fﬁf,fﬁff\*gfﬁ—@*z\*szi 7%77& Qigig
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Vds (V)

FIG. 6. Drain current versus drain-voltage of short-channel undoped SRG
MOSFET model for: (a) Channel length of 20nm; (b) channel length of
30 nm. Compact model: lines; numerical simulations: Symbols.
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0.016 T T T

0.014

0.012

0.008

Ids (A)

0.006

0.004

0.002

Vgs (V)

FIG. 7. Drain current versus gate-voltage of short channel undoped SRG
MOSFET model for different channel lengths. Compact model: lines; nu-
merical simulations: Symbols.

VL. CONCLUSION

A compact drain-current model for short-channel
undoped SRG SOI MOSFETs has been presented. The
drain-current model takes into account the short-channel
effects, such as the DIBL, V1 Roll-off, the subthreshold
slope degradation, and the channel length modulation. The
mobile charge density is calculated using analytical expres-
sions of the surface potentials and difference of potentials
model. The proposed drain-current model has brought a
number of interesting advantages which are summarized as
follows: The short-channel effects are modeled using simple
analytical expressions, the drain-current model is calculated
with a fast computation time and without any iterative meth-
ods, and the compact drain-current model has a small num-
ber of fitting parameters (4,7, and ;). These advantages give
the opportunity for the model to be used in circuit design

J. Appl. Phys. 114, 224507 (2013)

application and also for circuit simulation. The transfer and
the output characteristics of the model are compared with 3D
numerical simulation, and good agreement was found from
subthreshold to above threshold voltage regime.
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