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Halo structure is added to sub-100 nm surrounding-gate metal–oxide–semiconductor field- effect-transistors (MOS-

FETs) to suppress short channel effect. This paper develops the analytical surface potential and threshold voltage models

based on the solution of Poisson’s equation in fully depleted condition for symmetric halo-doped cylindrical surrounding

gate MOSFETs. The performance of the halo-doped device is studied and the validity of the analytical models is

verified by comparing the analytical results with the simulated data by three dimensional numerical device simulator

Davinci. It shows that the halo doping profile exhibits better performance in suppressing threshold voltage roll-off and

drain-induced barrier lowering, and increasing carrier transport efficiency. The derived analytical models are in good

agreement with Davinci.
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1. Introduction

For extending the scalability of CMOS technol-
ogy, multiple-gate metal–oxide–semiconductor field-
effect-transistors (MOSFETs) such as double-gate,[1,2]

triple-gate,[3] and surrounding-gate MOSFETs[4−8]

are becoming intense research subjects because of
their better gate control capacity and scaling po-
tential. Among these advanced structures, the
surrounding-gate MOSFETs are considered to be the
most attractive device, which gains intensive control
of the potential in the channel.[9−13] When the gate
length scales down to sub-100 nm, short channel ef-
fect (SCE) such as threshold voltage roll-off and drain
induced barrier lowering (DIBL) will be difficult to
control in surrounding-gate MOSFETs. To reduce
threshold voltage roll-off and DIBL, channel doping
has to be increased. However, higher channel doping
results in lower carrier mobility and therefore lower
current.[14,15] Halo doping profile has been used to op-
timize the on-state current, off-state leakage current
and SCE in planar MOSFETs.[16−23]

In the present work, the performance of sur-
rounding gate MOSFETs with symmetric halo doping
profile is studied in suppressing SCE and improving

current driving capacity. Analytical two-dimensional
models for surface potential, electric field and thresh-
old voltage are developed by solving the Poisson’s
equation in fully depleted cylindrical surrounding gate
MOSFETs. The validity of the models is verified by
the close proximity of the analytical results and the
simulated data of the three dimensional (3D) device
simulator Davinci of Synopsys.

2. Analytical model

The schematic cross-section of the halo doped
cylindrical surrounding-gate MOSFET (HSG) is
shown in Fig.1. The halo doping concentration Nh

is higher than the doping concentration Nc in the rest
of the channel. The channel in HSG can be divided
into three regions.

The coordinate system consists of a radial direc-
tion r, a vertical direction z, and an angular com-
ponent θ (not shown in the figure) in the plane ver-
tical to the direction z. The symmetry of the struc-
ture ensures that the potential and, hence, the electric
field have no variation in the θ direction. Thus a two-
dimensional (2D) analysis is sufficient.
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Fig.1. Schematic cross-section of halo doped surrounding-

gate MOSFET.

The surface potential and electric field distribu-
tion can be derived by solving the Poisson equation in
the silicon pillar. Assuming that the influence of the
charge carriers and fixed oxide charges on the elec-
trostatics of the channel can be neglected, before the
onset of strong inversion, we can write the 2D Pois-
son equation of potential distribution in the silicon
pillar[24] as
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(
r
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=
qNj

εSi

(Lj−1 ≤ z ≤ Lj , 0 ≤ r ≤ tSi/2 , j = 1, 2, 3), (1)

where εSi is the dielectric constant of silicon film,
N1 = Nh, N2 = Nc, N3 = Nh, L0 = 0, L1 = Lh,
L2 = L − Lh, L3 = L, φj(r, z) (j = 1, 2, 3) is the
potential distribution in region j.

The potential profile in the radial direction, i.e.,
the r-dependence of φj(r, z), can be approximated
by a simple parabolic function for the fully depleted
surrounding-gate MOSFET as

φj(r, z) = cj0(z) + cj1(z)r + cj2(z)r2

(Lj−1 ≤ z ≤ Lj , 0 ≤ r ≤ tSi/2 , j = 1, 2, 3). (2)

The electric field in the centre of the silicon pillar
is zero by symmetry,[25] so we have

∂φj(r, z)
∂r

|r=0 = 0 = cj1(z)

(Lj−1 ≤ z ≤ Lj , j = 1, 2, 3). (3)

The channel surface potential ϕsj(z) is

ϕsj(z) = φ(tSi/2, z) = cj0(z) + cj2(z)t2Si/4. (4)

The electric flux at the oxide–silicon interface is

continuous, so we have

∂φj (r, z)
∂r

∣∣
r=tSi/2

=
Cf

εSi
(Vgs − VFBj − ϕsj(z)) = cj2(z)tSi

(j = 1, 2, 3), (5)

where Cf = 2εox/[tSi ln(1+2tox/tSi)], εox is the dielec-
tric constant of the gate oxide, tox is the thickness of
gate oxide, Vgs is the gate-to-source bias voltage and
VFBj is the channel flat band voltage of region j.

From Eqs.(1) to (5), we can obtain the differential
equation of the surface potential ϕsj(z) as follows:

d2ϕsj(z)
dz2

− λ2ϕsj(z) = βj (j = 1, 2, 3), (6)

where λ =
√

4Cf/(εSitSi) and βj = qNi/εSi−λ2(Vgs−
VFBj).

Equation (6) is a second-order differential equa-
tion with constant coefficients and the general solution
for the surface potential is of the form:

ϕsj(z) = Aje−λz + Bjeλz − βj

λ2

(Lj−1 ≤ z ≤ Lj , j = 1, 2, 3). (7)

The coefficients Aj and Bj can be determined by the
boundary conditions. The potential at the source end
is

φ1(tSi/2, 0) = ϕs1(0) = Vb, (8)

where Vb is the built-in potential drop across the
source–body junction.

The potential at the drain end is

φ3(tSi/2, L3) = ϕs3(L3) = Vb + Vds, (9)

where Vds is the applied drain source bias voltage.

The surface potential and electric flux at the in-
terfaces between regions 1, 2 and 3 are continuous, so
we have

φj(tSi/2, Lj) = φj+1(tSi/2, Lj) (j = 1, 2), (10)

∂φj (tSi/2, z)
∂z
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z=Lj =

∂φj+1 (tSi/2, z)
∂z
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z=Lj

(j = 1, 2). (11)

Using Eqs.(8) to (11), we can obtain constants Aj
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and Bj as follows:

A 1 =
[
(Vb1 + (1− eλL))Vgs

]/
2 sinh(λL), (12a)

B 1 =
[
(Vb2 + (e−λL − 1)Vgs

]/
2 sinh(λL), (12b)

A2 =
[
(Vb1 + (1− eλL))Vgs

]/
2 sinh(λL)

− eλLh(U1 − U2)/2, (12c)

A3 =
[
(Vb1 + (1− eλL))Vgs

]/
2 sinh(λL)

− eλLh(U1 − U2)/2

− eλ(L−Lh)(U2 − U3)/2, (12d)

B2 =
[
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]/
2 sinh(λL)

− e−λLh(U1 − U2)/2, (12e)
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[
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]/
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− e−λLh(U1 − U2)/2

− e−λ(L−Lh)(U2 − U3)/2, (12f)

where Vb1 = (Vb+U1)eλL−(Vb+Vds+U3)−cosh[λ(L−
Lh)](U1 − U2) − cosh(λLh)(U2 − U3), Vb2 = Vb +
Vds +U3 +cosh[λ(L−L1)](U1−U2)+cosh(λLh)(U2−
U3) − (Vb − U1)e−λL, U1 =

qNh

λ2εSi
+ VFB1, U2 =

qNc

λ2εSi
+ VFB2, and U3 =

qNh

λ2εSi
+ VFB1.

The electric field pattern along the channel de-
termines the electron transport velocity through the
channel. Differentiating ϕsj(z) (j = 1, 2, 3) with re-
spect to z, we get the electric field component E(z) in
the z direction as follows:

E(z) = −Ajλe−λz + Bjλeλz

(Lj−1 ≤ z ≤ Lj , j = 1, 2, 3 ). (13)

When the halo doping concentration Nh is greater
than Nc, the minimum surface potential ϕs min lies in
the halo near the source. Let the differentiation of
ϕs1(z) be equal to zero, ϕs min can be obtained as

ϕs min = 2
√

A1B1 − β1/λ2. (14)

Threshold voltage Vth is the value of the gate volt-
age Vgs at which a conducting channel is induced at
the surface of the MOSFET. Therefore, the thresh-
old voltage is taken to be that value of Vgs at which
ϕs min = 2ϕF, where ϕF is the difference between the
extrinsic Fermi level in the silicon pillar and the in-
trinsic Fermi level. From Eqs.(12) and (14), we have

Vth =
−η +

√
η2 − 4σξ

2σ
, (15)

where σ = 2 cosh(λL)−2−sinh2(λL), η = Vb1(e−λL−
1)+Vb2(1−eλL)+2 sinh2(λL)(2ϕF+U1), ξ = Vb1Vb2−
sinh2(λL)(2ϕF + U1)2.

Subthreshold slope S is a very important param-
eter characterizing the subthreshold region and is de-
fined as

S =
∂Vgs

∂(log Id)
=

kT ln(10)
q

/
∂ϕs min

∂Vgs
. (16)

Using Eqs.(12) and (14), we can obtain S as

S =
kT ln(10)

q

2 sinh(λL)
√

A1B1

B1(1− eλL) + A1(e−λL − 1) + 2 sinh(λL)
√

A1B1

. (17)

3. Results and discussion

Now we will study the performance of HSG in
threshold voltage roll-off, DIBL and carrier trans-
port efficiency, compare it with uniformly doped
surrounding-gate MOSFETs (USG) which is the spe-
cial case of HSG when Nh = Nc, and verify the an-
alytical models by comparing analytical results with
the simulated data of Davinci. In all figures, sym-
bols represent the simulated data by Davinci, and
lines represent the analytical results. Unless otherwise

noted, drain and source doping concentration ND =
1020 cm−3, Nh = 3× 1017 cm−3, Nc = 6× 1016 cm−3,
tox = 4 nm, tSi = 50 nm, Lh = 20 nm, L = 100 nm.

The surface potential in the channel of HSG and
USG is plotted in Fig.2. It can be seen from the figure
that the minimum surface potential occurs in the halo
region near the source for HSG. The minimum surface
potential ϕs min in HSG almost keeps unchanged when
Vds is increased from 0.05 V to 1.3 V, whereas the in-
crease of ϕs min in USG is evident. Therefore the gate
has more effective control of channel in HSG than that
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in USG.

Fig.2. Surface potential along the channel under different

Vds(Vgs = 0.2V).

The surface electric field in the channel is shown
in Fig.3. It could be found that there is an electric
field peak near the halo boundary in HSG. Because
the electric field peak is close to the source, carri-
ers will be accelerated earlier and travel more quickly
through the channel in HSG than in USG. Carrier
transport efficiency and therefore current driving ca-
pacity are increased in HSG. But the electric field near
the drain in HSG is higher than that in USG, which
is not favourable for hot carrier effect. Figure 4 shows
the surface electric field of HSG with different halo
doping concentration and length. It is indicated in
the figure that increasing halo length makes the elec-
tric field peak to move away from the source, delaying
the speeding-up of carriers. Increasing doping con-
centration increases the electric field peak, enhances
the speeding-up of carriers. But higher halo doping
concentration also increases the electric field near the
drain, worsens hot carrier effect. So tradeoff needs to
be made between carrier transport efficiency and hot
carrier effect.

Fig.3. Surface electric field along the channel (Vds =

0.8V, Vgs = 0.2 V).

Fig.4. Surface electric field of HSG with different halo

structures (Vds = 0.8V, Vgs = 0.2V).

Figure 5 presents threshold voltage roll-off with
gate length of HSG and USG, where Vth0 is the Vth

value with a gate length of 200 nm. It shows that the
threshold voltage decreases rather faster in USG than
in HSG when the gate length is below 80 nm, which in-
dicates that HSG has better suppression of threshold
voltage roll-off than USG in sub-100 nm region.

Fig.5. Threshold voltage roll off with gate length (Lh =

20nm).

Figure 6 shows threshold voltage roll-off of HSG
with different halo doping concentration versus gate
length. It is shown that the suppression capacity of
threshold voltage roll-off is enhanced when the halo
doping concentration is increased. The analytical
model and numerical simulation indicate that halo
length has no evident influence on threshold voltage
roll-off.

DIBL can be expressed by ∆Vth/∆Vds. DIBL
variation of HSG and USG with gate length is pre-
sented in Fig.7, where ∆Vth = Vth|Vds=0 − Vth|Vds=2

and ∆Vds = 2 V. It is evident from the figure that HSG
exhibits better suppression of DIBL than USG and
higher halo doping concentration can increase DIBL
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suppression capacity. Analytical and numerical stud-
ies indicate that halo length does not have evident
influence on DIBL.

Fig.6. Voltage roll off of HSG with different halo doping

concentration (Lh = 20nm).

Fig.7. DIBL variation with gate length (Lh = 20 nm).

The subthreshold slope variation with gate length
is plotted in Fig.8. The subthreshold slope of HSG
is a little higher than USG when the gate length is
over 100 nm because of the higher halo doping con-
centration. But it is evident from the figure that HSG

has almost the identical subthreshold slope with USG
when the gate length is below 100 nm.

Fig.8. Subthreshold slope variation with gate length.

Figures 2 to 8 show that the analytical models are
in good agreement with Davinci.

4. Conclusion

Halo doping profile is used in the sub-100 nm sur-
rounding gate MOSFET to improve scalability. By
assuming parabolic potential variation in the radical
direction, the Poisson’s equation in cylindrical coor-
dinates is solved analytically in the three regions of
the fully depleted silicon pillar. 2D analytical sur-
face potential and threshold voltage models are de-
veloped for the symmetric halo doped surrounding
gate MOSFET. The halo doped device shows better
performance in suppressing threshold voltage roll-off
and DIBL, and increasing carrier transport efficiency.
Higher halo doping concentration is better for improv-
ing the performance. The analytical models agree well
with the 3D device simulator Davinci of Synopsys.
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