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Quasi-two-dimensional threshold voltage model for junctionless
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Based on the quasi-two-dimensional (2D) solution of Poisson’s equation in two continuous channel regions, an an-
alytical threshold voltage model for short-channel junctionless dual-material cylindrical surrounding-gate (JLDMCSG)
metal-oxide-semiconductor field-effect transistor (MOSFET) is developed. Using the derived model, channel potential dis-
tribution, horizontal electrical field distribution, and threshold voltage roll-off of JLDMCSG MOSFET are investigated.
Compared with junctionless single-material CSG (JLSGCSG) MOSFET, JLDMCSG MOSFET can effectively suppress
short-channel effects and simultaneously improve carrier transport efficiency. It is also revealed that threshold voltage roll-
off of JLDMCSG can be significantly reduced by adopting both a small oxide thickness and a small silicon channel radius.
The model is verified by comparing its calculated results with that obtained from three-dimensional (3D) numerical device

simulator ISE.
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1. Introduction

Due to superior gate controllability, the cylindrical
surrounding-gate (CSG) metal-oxide-semiconductor field-
effect transistor (MOSFET) has been regarded as one of the
most promising devices to extend the scaling limit of CMOS
technology./'=31 However, the formation of the abrupt source
and drain junctions in the conventional CSG MOSFET im-
poses several challenges on doping techniques and thermal
budget.[*! In order to alleviate these problems, the junction-
less (JL) MOSFET has been proposed recently.>-81 JL MOS-
FET includes source, drain, and channel regions with the
same doping type and uniform high doping concentration. For
this reason, JL. MOSFET demands simpler fabrication pro-
cesses than the conventional inversion mode MOSFET. How-
ever, the high doping concentration in the channel reduces
carrier mobility, leading to degradation of transconductance
of JL MOSFET.*%101 In order to improve the carrier trans-
port efficiency and transconductance of junctionless cylin-
drical surrounding-gate (JLCSG) MOSFET, a new structure
called junctionless dual-material cylindrical surrounding gate
(JLDMCSG) MOSFET has been proposed and its electrical
characteristic has been investigated by using two-dimensional
(3D) numerical simulations.!"''! For the future use of this
JLDMCSG MOSEFET in integrated circuits, it is necessary
to develop the physics-based analytical model for JLDMCSG
MOSFET. Although several previously published literatures
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have reported analytical models for JLCSG MOSFET, 12131
no analytical model for JLDMCSG MOSFET has been pro-
posed until now.

In this paper, analytical threshold voltage model for
JLDMCSG MOSFET is developed based on the quasi-two-
dimensional (2D) channel potential approach. Using this ana-
Iytical model, channel central potential distribution, electric
field distribution, and threshold voltage roll-off of JLDM-
CSG MOSFET are calculated to demonstrate its characteris-
tics. The model is verified by comparing its results with simu-
lated results obtained from the 3D numerical device simulator
ISE.

2. Model derivation

A 3D schematic view and a cross section along the chan-
nel direction of the JLDMCSG MOSFET are shown in Fig. 1.
Considering the gate structure, the channel can be divided into
two parts. The lengths of the two metals M| and M, are L;
and L, respectively. Owing to the cylindrical symmetry of the
device structure, a cylindrical coordinate system is employed,
which consists of a radial direction r and a horizontal direction
z (angular component is not shown in the figure). The symme-
try of the structure ensures that the potential and the electric
field have no variation with the angular in plane of the radial
direction. Hence, a 2D analysis is sufficient.
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Fig. 1. (color online) Structure of JLDMCSG: (a) 3D schematic view;
(b) cross-sectional view.

2.1. Potential model

The surface electrostatic potential and electric field dis-
tribution in the silicon can be derived by solving 2D Poisson’s
equation. Assuming that the influence of charge carriers and
fixed charges on electrostatics of the channel can be ignored,
the silicon channel is fully depleted when JLDMCSG MOS-
FET is operated under subthreshold region. Then, the electro-
static potential in two regions of the channel can be written

as
10 d 92
-3 <rar<151 (r,z)> +8—Z2¢1 (r,2)
= *gsl:’d, 0<z<L, 0<r<R, 1)
%% <raar<152(r,z)> +§Z22¢z(r,z)
- *gslivd, Li<z<L, 0<r<Rr. )

where ¢ is the unit charge, Ny is the uniform channel doping
concentration, &s; is the dielectric constant of silicon film, and
L =L+ L, is the total gate length. By using the parabolic ap-
proach, the 2D potential vertical to the channel direction can
be assumed as

®;(n2) = V(@) + @ r+c (), j=12 0

In JLDMCSG MOSFET, the electric field in the center of
the silicon channel is zero by symmetry

0P (r,z)
or

=0, j=12, “
r=0
and the electric flux at the interface between the gate dielectric
and the silicon channel is continuous

dP;(rz)

S
Y or
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where 1, = RIn(1 + fox/R)
thickness.!'*! The work function differences are given as

is the equivalent oxide

o =00 —0si, j=1.2, ©

in which, ¢1\(/{) is the metal work functions of M; and M, re-

spectively, @s; is the silicon work function and can be written

as
Eq
Osi = Xsi + 50 OF, @)
q
where
T
o ="Lin (Nd) ®)
q nj

is the bulk potential, E, is the silicon band gap, xs; is the elec-
tron affinity, and n; is the intrinsic carrier concentration. From
Egs. (3)—(5), the channel potential can be obtained as
oo Co(Va—ol -2 @)
Dj(rz) = D¢ (2) + r
&sifsi
J=12, )

where @éj )(z) and <;Ds(j )(2) are the central and surface poten-

tial for region j, which should satisfy the following equation:

CoxtSi (Vgs - ¢1£/{; - ¢§j))
483i
j=1,2. (10)

)

By substituting Eqgs. (9) and (10) into Egs. (1) and (2) and
eliminating the surface potential, the differential equation for

@g ) (z) can be expressed as

o (@) 1

(e e-ed) =0 j=12, ap

where (15éj ) (z) is the long-channel central potential for region

1 and A is the scaling length

1 16Cx
o=, (12)
A dtsi€s; +CoxtSi
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The general solution of the ordinary differential equation
in Eq. (11) can be found as

oY (2) =aje’* +bje 49, j=12, (14)

where a; and b; are determined by the following boundary
conditions.
(i) The potential at the source end is

o (z=0)=0 (15)
(i1) The potential at the drain end is
o (z=L) =V, (16)

(iii) The electrostatic potential at the interface of the two

regions is continuous
2
ol (z=11)= ¢ (z=L1). (17

(iv) The lateral electric field at the interface of the three

regions is continuous

del )| 4l () s
dz dz
z=L z=L

With those boundary conditions a; and b; can be solved

as

(1 )
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' 2sinh (L/A) @b
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2.2. Threshold voltage model central potential in region 1 can be found as
O =2y/arby + 9. 23)

For JLDMCSG, the channel under the gate M; will not
conduct until the channel under the gate M, is turned on. This
implies that the threshold behavior is mainly controlled by the
gate M, which has the larger work function. The minimum

By setting minimum central potential to be zero and solv-
ing for the gate bias of Vj , one can obtain the short-channel
threshold voltage for the JLDMCSG MOSFET as

—(ak+2yB+w) + \/(Zax+2yﬁ+w])2 —(day—1)(4Bx — w?)

Vin =
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(4ay—1) ’

(24)

\
3. Results and discussion

Using the derived analytical models, the performance of
JLDMCSG MOSFET is examined in terms of channel central
potential distribution, channel central electric field distribu-
tion, carrier transport efficiency, and threshold voltage roll-off.
To verify the analytical model, the 3D device simulator ISE is
employed to simulate the device characteristics. ISE is a multi-
dimensional, electro-thermal, mixed-mode device, and circuit
simulator for one-dimensional (1D), 2D, and 3D semiconduc-
tor devices. It incorporates advanced physical models and
robust numeric methods for the simulation of most types of

semiconductor devices ranging from very deep submicron sil-
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icon MOSFET to large bipolar power structures. Unless other-
wise stated, the channel doping concentration Ny = 10'° cm—3,
and the work function of M and M, are 4.97 eV and 4.27 eV
respectively. In Fig. 2, the central potential is plotted against
distance from source for JLSMCSG and JLDMCSG with dif-
ferent ratios of L; and L. It is shown that there exists a step
in channel central potential of JLDMCSG. This step potential
ensures better screening of the channel region near the source
from drain voltage of JLDMCSG.[?! In addition, good agree-

ment between the results of our model and those of ISE is

obtained.
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Fig. 2. Channel central potential along the channel for JLSMCSG and
JLDMCSG with different ratios of L; and L.

Figure 3 shows the central potential profile for JLSMCSG
and JLDMCSG with different drain voltages. It is clear that,
owing to the potential step in JLDMCSG, there is no signif-
icant change in central potential under M; as the drain bias
is increased even up to 2 V. Hence, JLDMCSG accounts for
effective suppression of DIBL. For JLSMCSG, although the
central potential is lower than that for JLDMCSG, the channel
potential is severely affected by drain voltage. As the drain
bias increases, the position of the minimum central potential
for JLSMCSG shifts toward the source while the minimum
channel potential pulls up, resulting in intense DIBL.!'!
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Fig. 3. Channel central potential along the channel with various drain
voltages.

The central horizontal electric field distribution along the
channel is shown in Fig. 4. It is found that there exists one
electric field peak for JLDMCSG, which ensures a better aver-
age electric field across the channel as compared with JLSM-
CSG. Therefore, carrier transport efficiency and device speed
are increased in JLDMCSG.!"! The difference at z = 30 nm
between model result and ISE result is mainly caused by the
accuracy of the mesh grid when constructing the device struc-

ture.
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Fig. 4. Horizontal central electric field along the channel for JLSMCSG
and JLDMCSG with different ratios of L; and L,.

0~8 T T T T T T

[ solid line: model 1
z [ symbol: ISE 7
= 0.6 -_ A [1:Ly=10 nm _-
E |l mL:Ly=20nm
% T V L;:Ly,=30 nm 7
& 04-_ ® [:Ly,=40 nm A |
g
=
= r i
19)
5]
= 02rf B
3
= o R=5nm Vgo=05V 4
=
fi=] tox =2 nm
= Of -

L 1 1 1 1 1 1

0 0.1 0.2 0.3 0.4 0.5
Vie/V

Fig. 5. Variation of the minimum central potential of region 1 with the
gate bias Vg for different channel lengths.

Figure 5 shows the dependence of the minimum central
potential of region 1 on the gate bias with channel length as
a parameter. It is revealed that with the channel length de-
creasing, the minimum central potential of region 1 is pulled
up, which leads to the decrease of threshold voltage. It is
worth noting that for a long channel device (such as L; =
L, = 40 nm), the variation of the minimum central potential
of region 1 is linearly dependent on gate bias, while for a
short channel device (such as L; = L, = 10 nm), the minimum
central potential of region 1 deviates from the linear relation
with Vg The main reason is that as the channel length de-
creases, the threshold voltage of JLDMCSG is decreased (for
Ly = Ly = 10, Vi, is smaller than 0.4 V), thus, when Vg is over
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0.4V, the device is no longer under the subthreshold condition.
When channel length is too short (such as L; = Ly = 10 nm),
the source/drain diffusion problem will cause small errors be-
tween model results and ISE results.

The dependence of the threshold voltage roll-off on the
channel length L for different oxide thicknesses is shown in
Fig. 6. The plot indicates that a larger oxide thickness will in-
duce a greater threshold voltage roll-off. The gate gradually
loses control of the channel as the oxide thickness increases.
This is because a large oxide thickness will resist the vertical
electrical field from the metal gate into the channel, resulting
in degradation of threshold behavior. Therefore, to suppress
the threshold voltage roll-off, a thin oxide is preferred.

—0.05

Threshold voltage roll-off/V
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Fig. 6. Threshold voltage roll-off versus the channel length for different
gate oxide thicknesses.

Figure 7 shows the threshold voltage roll-off of JLDM-
CSG against channel length with various radii of the silicon
channel. A small radius of the silicon channel leads to less
threshold voltage roll-off. However, when the radius of the sil-
icon channel is less than 5 nm, the quantum effects that cause
different device characteristics will become important. In this
paper, we are only evaluating a device with a silicon channel
radius larger than 5 nm. Therefore, quantum effects can be
ignored.[!”)
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Fig. 7. Threshold voltage roll-off versus the channel length for different
silicon radii.

The effect of the gate ratio L; to L on the threshold volt-
age roll-off is illustrated in Fig. 8. The smallest ratio of L to
L, (1:2) degrades the threshold voltage much more than other
ratios. It can be concluded that a larger ratio of control gate
length to the total gate length can efficiently lower the chan-
nel potential barrier and enhance the immunity to SCE. From
Fig. 6 to Fig. 8, the small error between model results and
ISE results is mainly caused by the different threshold voltage
definitions. In this paper, threshold voltage is defined as the
gate voltage when the minimum central potential is equal to
zero, while in the ISE simulator threshold voltage is obtained
through /-V curves.
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Fig. 8. Effect of the gate ratio of L; to L, on threshold voltage roll-off.

4. Conclusions

By solving 2D Poisson’s equation in the two channel
regions, an analytical model comprising channel central po-
tential and threshold voltage for a short-channel JLDMCSG
MOSFET has been developed. For JLDMCSG MOSFET, a
large ratio of control gate length to total gate length, a thin
gate oxide thickness and a thin silicon radius are needed for
the device to exhibit good threshold voltage behavior. The re-
sults obtained from the models agree well with the simulated
results obtained from ISE. This paper not only provides accu-
rate analytical models, but also a basic guidance for JLDM-
CSG MOSFET.
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