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Abstract—In this paper, we propose an analytical drain-
current model for long-channel junctionless (JL)
cylindrical surrounding-gate MOSFET (SRG MOSFET).
It is based on surface-potential solutions obtained from
Poisson’s equation using some approximations and
separate conditions. Furthermore, analytical compact
expressions of the drain-current have been derived for
deep depletion, partial depletion, and accumulation mode.
The confrontation of the model with TCAD simulation
results, performed with Silvaco Software, proves the
validity and the accuracy of the developed model.
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I. INTRODUCTION

he junctionless transistors (JLTs) have attracted increasing

attention from the scientific community and even the
microelectronics industry since the development of these
devices [1, 2]. The JLTs are depletion-mode devices with a
highly doped channel and without junctions through the
realization of one single type of doping concentration. Also,
this type of transistors presents a near ideal subthreshold slope
(~60mV/Dec), low leakage currents and less degradation of
the mobility compared with the inversion mode transistors [3].
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On the other hand, the cylindrical surrounding-gate MOSFET
(SRG MOSFET) remains the best multiple-gate MOSFET
transistor in terms of short channel effects (SCEs) control [4].
In addition, the junctionless (JL) SRG MOSFET transistor
exhibits good electrical properties and excellent performances
for future nanoscale CMOS circuits [5].

The electrostatic surface potential is an important parameter
for describing DC property of junctionless devices. This key
parameter is obtained from solving Poisson’s equation using
adequate boundary conditions. However, the difficulty of
solving Poisson’s equation in the cylindrical coordinates limits
the development of analytical compact models for junctionless
(JL) SRG MOSFET. Therefore, most of the developed
analytical models for long-channel JL. SRG MOSFET are
“charge-based models” and a few of them are “surface-
potential based models” [6, 7]. The theory of JL Nanowire
devices is well described in [8], however the using of the
Bessel functions complicated the analytical formulation of the
derived solutions. In [9], the current-model for JL Nanowire is
continuous but there are no analytical expressions for the
drain-current and it is based on direct integral operations. In
[10], the quantum mechanical effect is well incorporated in the
model but it is valid just for depletion regimes.

In this paper, we propose an analytical drain-current model for
long-channel JL SRG MOSFET valid in all operating regions.
It is based on the calculation of surface-potential obtained
from relationships between surface potential and gate-voltage,
which are derived from Poisson’s equation using a regional
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approach and separated considerations, this for each operating
region: deep depletion, partial depletion and accumulation.
The current expressions of the model have the advantages of
being simple and compact, which makes the model appropriate
for the accurate description of JL SRG MOSFET behavior and
useful for developing compact models of long-channel triple-
materials JL SRG MOSFET. In addition, the simplicity of the
model facilitates the implementation in hardware description
languages (HDL), which means that the proposed model is
suitable for use in circuit simulators.

II. FORMULATION OF THE MODEL EQUATION

A. Electrostatic surface-potential

Let’s consider the structure of JL SRG MOSFET shown in
Fig. 1. Where L is the channel Silicon length, t,, is the oxide

thickness, R is the radius of cylindrical Silicon channel, V is

the gate bias, and V, is the drain bias [11].

Fig. 1 Schematic view of 3-D junctionless (JL) SRG MOSFET

In the case of long-channel JL SRG MOSFET, the usual
Poisson’s equation can be written as [7]:

20 l@:%{exp[@(r)—v}_l} m
>

or? +r o e
Sl t

where @ is the electrostatic potential, V is the potential shift

due to the electron quasi-Fermi level, N, is the channel
doping concentration, &g
O, (=KT/q)
electron, K is the Boltzmann constant, T is the temperature
and r is the radial coordinate.

The boundary conditions for Eq. (1) are:

is the permittivity of Silicon,

is the thermal voltage, q is the charge of

o0 _ Qo 2
or r=R s ( )
oo

2 2o 3
= (3)

with Q,, is the total charge densities per unit area in the

channel.
Applying the Gauss theorem and using Eq. (2), we can
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obtain:
Cox (Vgs —Vip, —Ds) =—¢4Eg (4)

where C,, =¢,/RIn(l+t,/R) is the oxide capacitancell),
Vi =@ + @, In(Ny /n;,) is the flat-band voltage, @ is the
surface potential at the silicon—oxide interface and Eg is the
surface electric field at the silicon—oxide interface. ¢, is the
permittivity of the oxide, @, is the work-function difference
between the metal gate and the channel and n; is the intrinsic

concentration.

Under depletion conditions, the right-hand side of Eq. (1) is
equal to —gN,/eg whenR—r; <r <R, with r; is the depletion
width. Then, after calculating the integral in Eq. (1), the
electrostatic potential ®(r) can be written as [10]:

Ny (2 2 N 2
cp(r):—j—‘_’(r ~(R-1,) )+02'8d [(R—rd) 1.{Rird JJ )

si si

Replacing r with R and after some rearrangements, the
surface potential ®g can be expressed as:

Dg =V _%Lz(R—rd y 1{R R J—rd(rd —2R)J (6)

4eg -y

However, we can’t compute the surface potential from Eq. (6)
because of the undefined r; parameter.

Using Eq. (6), Eq. (2), Eq- (4) and with some
approximations, we get an important relation for the surface
potential @4 in fully depletion mode:

Y :ﬂ(\/gm ,q)s)
<Ll “Ds)+5{1n(R)—%ln(R2(l+§ o, _q,s)m )

with  Vy =V Vg is  the effective gate voltage,

Quep = MNGR* is the fixed charge density, f=C, /(4mg) ,
and 6 =Que, /27y .
In partly depleted mode, the left-side hand of Eq. (7) can be

oy -V o, -V
equal to —®@ S -1 = -1/.8
q t[exp[q,tj[@th)
Moreover, in accumulation regime, the surface electric
field E,can be approximated by the following expression [12]:

2qN, D, O, -V ) (Dg-V

E, ~— - -1 8

s J . {em( o, o, ®)
Now, by substituting the solution of Eq (8) in Eq (4), we

get:

Vgs _Vfb -0g =

eg 20N, exp(cpS —VJ_(@S —VJ_] )

Cox Esi (Dt q)t
After some algebraic manipulations of Eq. (9) and
neglecting the term (®g —V)/®,, the relation between the
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surface potential @ and the voltages in the accumulation

mode can be written as:
g0 -2, J+v2 = nLexp(qu()%VJ - 1J
t

with 7 =(2qNyeq®, )/CZ, .
Fig. 2 presents the variation of surface-potential ®¢ as a

(10)

function of the gate-voltage V for two different values of the
drain-voltage V, =0.0V and V4 =0.1V . In this case, we

compare the obtained surface-potential with the results of the
published work in [8]. It is clear that the agreement is good
from deep-depletion to accumulation regime.

0.2
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o
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Gate Voltage [V]

Fig. 2 Electrostatic surface-potential versus gate-voltage, with
tox=2nm, R=10nm and N¢=10""cm

B. Analytical drain-current

The drain-current 1, can be obtained through the integral
of the mobile charge density Q,,, from the source-side to the
drain-side [13]:

R (V.
g =270 [ Quey VIV an

with wis the carrier mobility, V, is equal to zero and V; is
equal to Vi .

The total charge density in the channel Q,, is the sum of
the mobile charge density Q,,, and the fixed charge density
Qqep - Therefore, the mobile charge density in the channel
Qmep 18 €qual to Qi —Qqe, - Based on the general definition

of Q. and using Eq. (2) and Eq. (4), we get the following
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From Eq. (7) we derive dV/ddg as follows:

ez )t w12y -as)))| a9

S

Integrating Eq. (13) using Eq. (14), we obtain the
expression of the drain-current 1, in fully depleted mode, as
such as:

- e + & + ln(R)j ﬂ}/gzeﬂ

R .
Ids = zﬂd)tﬂt{cox |:|Cp

] (15)
1 3 1)6°
+ Zﬁvgeﬁ + [Z + ln(R)+ —Zﬂ]—4ﬂ:| + Qdep\/}S

Xﬂh{g (v, _cps)w))
_(& - ln(R)jﬁ + %}Dé + ((1 + e + 21n(R)],B}/gM —%}DS

where D and S denotes, receptively, ®g(L) and ®(0).
For partly depleted mode, we derive dV/d®g based on the
general solution of Eq. (7), as:

av =1—exp[q)s -vJ
dos @,
+2ﬁ[ln(R)—%ln[R2[l+§ﬂ6/g,,. —fbs)m

the solution of Eq. (16) is obtained from Eq. (7) with the left-

side hand equal to —@{exp{q)s -V J-(‘DS -V ] _1J .

(16)

@, @,

Furthermore, the integration of Eq. (13) with the using of
Eq. (16) allow us to get the expression of the drain-current in
partly depleted mode as:

R D -V
ly = 2ﬂ‘btﬂt{cox {(‘I’s -Vy —th}Dt exp{ fD
t

D (17

v 2
+il + (57/’7\/9(” )% +%} + Qdepv}

R

It is noting that i is a part of the current which is a common

factor between the expression of the current in fully depleted

relation: Quop = —Cox (Vy — D)~ Quep (12) mode and the expression of the current in partly depleted
current.
Substituting Eq. (12) in Eq. (11), we obtain: To ensure a continuous solution of the current for the two
R (v depletion regimes, we use an interpolation function based on
|4 = 27D, HT _[/"[COX 7 —®5)+Qdep}jv (13)  the square root of the algebraic sum between Eq. (15) and Eq.
’ (17) [14].
In the case of accumulation mode, the term dV/ddg is
E-ISSN: 1998-4464 1587
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obtained from Eq. (10), as:

dv Z(Dt(‘bs -V )

“1- 18
ddg Ol -2V, J+Vg 47 (9

Also, the expression of the drain-current in accumulation
mode is obtained as follows:

s ZZ@tﬂ%{COX [ (ng +2(Dt)®s

D
o o -V, (19)
- 7 — 20, /57 arctan| ———=— | | + Qge,V

Jn

S

III. RESULTS AND DISCUSSION

To validate the proposed model, we performed the 3-D
numerical simulation of JL SRG MOSFET using Atlas tool of
Silvaco-TCAD [15]. In this case, we have considered a long-
channel N*/N*/N* junctionless (JL) SRG MOSFET with 10 nm
lengths of the Source/Drain regions and 5.2e¢V for the gate
workfunction. In addition, we have considered the drift-
diffusion model with a constant mobility of 100cm?/Vs [7, 16].
Then, the drain-current 1, is extracted and plotted for

different gate-voltage V,, and drain-voltage V. Also, with

varying the device geometrical parameters such as the oxide
thickness t, and the channel radius R. This, for a good

confrontation of the model results with the obtained numerical
simulations results.
Fig. 3 shows the variation of the drain-current I, as a

function of the gate-voltage Vy for low and high values of the
drain-voltage (V4 =0.04V and Vg4 =1V ). We compare the

modeled drain-current with the numerical simulations results
in linear scale (Fig. 3(a)) and semi-logarithmic scale (Fig.
3(b)). It indicates that our model (in lines) reproduce the good
behavior of the current in deep-depletion, partial depletion and
accumulation mode. Also, the good accuracy of the model is
observed trough the device simulations results (in squares).

The variation of the drain-current I, versus the drain-

voltage V, is well presented in Fig. 4. With the increase of the
gate-voltage (Vg =04, 0.8, 1.2V), the variation of the
modeled drain-current (in lines) is in good agreement with the
results of numerical simulations (in squares). A slight
difference is observed between the results of the model and the
numerical simulations results in accumulation regime, it is
related to the strong values of the gate voltage V  with the
drain voltage V,, . However, the accuracy is acceptable and the

agreement remains good.
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Fig. 3 Transfer characteristic in (a) linear scale and (b) semi-
logarithmic scale, L=1um, tox =5nm, R=5nm and N¢=10"cm
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Fig. 4 Output characteristic with varying the gate-voltage Vgs=0.4,

0.8, 1.2V, L=1pm, to=5nm, R=5nm and N¢=10'"cm3
Fig. 5 shows the variation of the drain-current |, against
the gate-voltage V  with different values of the oxide thickness

tx=2, 5, 8m. In this case, the variation of the current is

plotted in linear scale (Fig. 5(a)) and semi-logarithmic scale

(Fig. 5(b)). It can be clearly seen that the current |Iis
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increasing with the increase of t, in depletion mode, but in
the accumulation regime, the current |4 is decreasing with the
t Also,
14 (V) curves is observed when the gate-voltage Vis equal
to the flat-band voltage V¢, (~1.1V) [17].

increase of

an intersection point between

0X *

Fig. 6 illustrates the influence of varying the channel radius
R on the transfer characteristics of JL SRG MOSFET
obtained with the proposed model. The curves are plotted in
linear scale (Fig. 6(a)) and semi-logarithmic scale (Fig. 6(b)).
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It should be pointed that the drain-current is strongly
increased with the increase of the technological parameter R .

The present model reproduces well the dependence of JL
SRG MOSFET with the geometrical parameters such as the
channel radius R and the oxide thickness t, . It is found that,

the dependence of the current 1, with R parameter is more
important comparing with t, parameter. In addition, the result

of the proposed model (in lines) matches well with the
numerical simulations results (in squares).
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Fig. 5 Transfer characteristic in (a) linear scale and (b) semi-logarithmic scale with varying the oxide thickness tox=2, 5, 8nm, L=1pum, R=5nm
and Ng=10"%cm?
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Fig. 6 Transfer characteristic in (a) linear scale and (b) semi-logarithmic scale with varying the channel radius R=5, 7, 9nm, L=1pum, tox =5nm
and Ng=10"cm?

IV. CONCLUSIONS

We have developed an analytical drain-current model based
on the surface-potential calculation for JL SRG MOSFET. It is
a physical-based model in which the expressions of the drain-
current are expressed in terms of surface potentials obtained

E-ISSN: 1998-4464

from Poisson’s equation. Then, we have validated the
proposed model in all regimes of operations using the 3-D
numerical simulations results of JL SRG MOSFET obtained
with Silvaco Software. In this case, we have found that the
proposed model is in good agreement with the numerical
simulations results. In addition, the analytical expressions of
the drain-current are simple, compact and have no fitting
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parameters. On the other hand, the considered approach gives
an accurate description of the JL SRG MOSFET behavior.
Moreover, the present work is very helpful for developing
analytical compact models of long-channel triple-materials JL
SRG MOSFET and also for the integration of short channel
effects (SCEs).
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