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Abstract: Using an exact solution of two-dimensional Poisson’s equation in cylindrical coordinates, a new ana-
lytical model comprising electrostatic potential, electric field, threshold voltage and subthreshold current for halo-
doped surrounding-gate MOSFETs is developed. It is found that a new analytical model exhibits higher accuracy
than that based on parabolic potential approximation when the thickness of the silicon channel is much larger than
that of the oxide. It is also revealed that moderate halo doping concentration, thin gate oxide thickness and small
silicon channel radius are needed to improve the threshold voltage characteristics. The derived analytical model
agrees well with a three-dimensional numerical device simulator ISE.
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1. Introduction

One of the major issues with the scaling down of the clas-
sical MOSFETs is the control of short-channel effects (SCEs),
such as threshold voltage roll-off, drain-induced barrier lower-
ing (DIBL) and hot-carrier effects (HCEs)Œ1�. In order to extend
the scalability of MOSFET technology, a variety of nonclassi-
cal MOSFET structures have been proposed. Among them, the
cylindrical surrounding-gate (CSG) MOSFET is considered to
be one of the most promising candidates owing to its excel-
lent control of the channelŒ2�10�. However, even in CSGMOS-
FETs, SCEs and HCEs cannot be neglected for channel lengths
below 100 nmŒ4�.

To enhance the immunity against SCEs and HCEs of CSG,
symmetric halo-doped cylindrical surrounding-gate (HSG)
MOSFETs have been proposed by LiŒ6�. His work shows that
the halo doping profile exhibits better performance in suppress-
ing threshold voltage roll-off, drain-induced barrier lowering,
and increasing carrier transport efficiency. The threshold volt-
age model based on parabolic potential approximation (PPA)
was also proposed by him. PPA assumes a parabolic poten-
tial function in the radial direction, thereby ignoring the af-
fection of other two-dimensional (2D) function. Large errors
occur when the thickness of silicon is much larger than that of
the oxideŒ11�.

To precisely analyze the HSG MOSFETs, the rigorous an-
alytical expressions without PPA are derived based on the exact
solution of Poisson’s equation in cylindrical coordinates, com-
prisingmodels for channel electrostatic potential, electric field,
threshold voltage and subthreshold current. Those models are
also compatibly used to simulate other kinds of CSG MOS-
FETs with one, two or three continuous channel regions. The
model results are verified by comparing them with simulated

results obtained from the three-dimensional (3D) numerical de-
vice simulator ISE.

2. Analytical model

A schematic cross-sectional view of an HSG MOSFET is
shown in Fig. 1. The halo doping concentration Nh is higher
than the doping concentration Nc in the rest of the channel.
Considering the device structure, the channel can be divided
into three regions. The lengths of the three regions are L1, L2

and L3, 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 sym-
metry of the structure ensures that the potential and the electric
field have no variation with angle in the plane of the radial di-
rection. Hence, a 2D analysis is sufficient.

Fig. 1. Schematic cross-section of halo-doped surrounding-gateMOS-
FETs.
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2.1. Potential model

The electrostatic potential and electric field distribution in
the silicon channel can be derived by solving Poisson’s equa-
tion. Assuming that the influence of charge carriers and fixed
charges on the electrostatics of the channel can be neglected,
the silicon channel is fully depleted, then the electrostatic po-
tential �.r; z/ in three regions of the channel can be written
as
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where q is the electron charge, N1 D Nh, N2 D Nc, N3 D Nh,
"si is the dielectric constant of the silicon channel, L D L1 C

L2 C L3 is the total gate length and �j .r; z/.j D 1; 2; 3/ is
the potential distribution in region j . Using the superposition
technique, the electrostatic potential in each region of the sili-
con channel can be expressed as

�j .r; z/ D Vj .r; z/ C Wj .r/; j D 1; 2; 3; (2)

where Wj .r/ is the one-dimensional (1D) solution to Poisson’s
equation, while Vj .r; z/ is the 2D solution to the homogeneous
Laplace equation with a third boundary condition, i.e.,
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In HSG MOSFETs, the electric field in the center of the

silicon channel is zero by symmetry
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and the electric flux at the interface between the gate dielectric
and the silicon channel is continuous
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where t 0
ox D R ln.1 C tox=R/ is the equivalent oxide thick-

nessŒ2�. The work function difference �MS is given as

�MS D �M � �si; (7)

in which, �M is the metal work functions. �si is the silicon work
function of halo regions, which can be written as

�si D �si C
Eg

2q
C �Fh; (8)

where
�Fh D

kT

q
ln

Nh
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(9)

is the Fermi potential of the halo region, Eg is the silicon band
gap, �si is the electron affinity, and ni is the intrinsic carrier
concentration.

From Eqs. (3)–(6), the solutions for Wj .r/ can be obtained
as
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Using the separation method, one obtains the general so-
lution for Vj .r; z/ in the form of the Fourier-Bessel series, i.e.,
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where ˛n is the eigenvalue and satisfies the equation
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Ji .x/ is the first kind Bessel function of the order i . Fourier-
Bessel series coefficients C
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n , D
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n are determined by the following boundary conditions.
The potential at the source end is

�1.r; z D 0/ D Vbi; (13)

where Vbi is the built-in potential. The potential at the drain end
is

�3.r; z D L/ D Vbi C Vds: (14)

The electrostatic potential at the interface of the three re-
gions is continuous

�1.r; z D L1/ D �2.r; z D L1/; (15)

�2.r; z D L1 C L2/ D �3.r; z D L1 C L2/: (16)

The electric flux at the interface of the three regions is con-
tinuous
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Using the boundary condition (13)–(18), the resultant ex-
pression of Fourier–Bessel series coefficientsC

.1/
n ,D.1/
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Fig. 2. Surface potential of HSG with various halo doping concen-
trations. The simulated device parameters are Vgs D 0:2V, Vds D

0:05V, R D 20 nm, tox D 2 nm, L2 D 60 nm and L1 D L3 D

20 nm.
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By differentiating the surface potential �.r D R; z/ with
respect to z, the electric field E.z/ at the channel surface in the
z direction is given as
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2.2. Threshold voltage model

For HSG, the position of minimum surface potential de-
pends on the halo doping concentration level. As Fig. 2 shows,
the minimum surface potential lies in the region 2 when the
halo doping concentration is not so heavy (e.g. Nh D 3 �

1017 cm�3), while when the halo doping concentration is heav-
ier (e.g. Nh D 3 � 1018 cm�3), the minimum surface poten-
tial lies in the halo region near the source (region 1). To fa-
cilitate the calculation, derivative values of surface potential
at the interface between region 1 and region 2 can be used to
determine the position of minimum surface potential, i.e., if
@�1.rDR; z/

@z

ˇ̌̌
zDL1

> 0, the minimum surface potential lies in

the region 1, while @�1.rDR; z/
@z

ˇ̌̌
zDL1

< 0, the minimum sur-
face potential lies in the region 2.

Due to rapid decay of the Bessel Fourier series coefficients,
as shown in (19)–(24), the first term of them can dominate the
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whole seriesŒ12�, then the potential in region 1 and region 2 can
be expressed as
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When the minimum surface potential lies in region 1, by
setting the first derivative of (33) at r D R to zero, the mini-
mum surface potential of region 1 and its related position can
be achieved
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The threshold voltage is defined as the gate voltage that
causes the minimum surface potential to become two times the
Fermi potential, i.e.,

�1.r D R; z D zmin/ D 2�F; Vgs D Vth: (37)

Substituting Eq. (36) into Eq. (37) and solving for Vgs, the
threshold voltage can be obtained.
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When the minimum surface potential lies in region 2, the
threshold voltage can be derived using the same method as
above.

2.3. Subthreshold current calculation

Using the channel potential solution, the subthreshold cur-
rent can be calculated. Since the current density J flows pre-
dominantly in the z direction from source to drain, the electron
quasi-Fermi potential �n.z/ is essentially constant in the r di-
rection. The current density (both drift and diffusion) can then
be written as

J.r; z/ D �q�nn.r; z/
d�n.z/

dz
; (47)

where n.r; z/ is the carrier concentration and �n is the electron
mobility. By integrating the current density J.r; z/ through the
circular cross section area in polar coordinates, the subthresh-
old current with respect to z can be expressed as
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� 2�

Z R

0

rni expfqŒ�.r; z/ � �n.z/�=kT gdr:
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By integrating Eq. (48) with respect to z from 0 to L, the
subthreshold current can be obtained asŒ11�
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2�
R R
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Then the subthreshold current can be calculated as a
function of Vgs and Vds. A constant mobility model (�n D

1417 cm2/(V�s) is used in both the analytical model and the 3D
ISE simulation.
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Fig. 3. Surface potential profile of HSG andUSG (inset) with different
Vds. The simulated device parameters are Vgs D 0:2 V, R D 20 nm,
tox D 2 nm, L2 D 60 nm, L1 D L3 D 20 nm and Nh D 2 �

1018 cm�3.

Fig. 4. Surface potential profile along the channel length with the
model result fromRef. [6] for comparison. The simulated device para-
meters are Vgs D 0:2 V, Vds D 0:05 V, R D 20 nm, tox D 2 nm,
L2 D 60 nm, L1 D L3 D 20 nm and Nh D 3 � 1017 cm�3.

3. Results and discussion

Using derived analytical models, the performance of HSG
is examined in terms of surface electrostatics potential, elec-
tric field distribution, threshold voltage roll-off and DIBL. The
simulated data of uniformly doped surrounding-gate MOS-
FETs (USG) and results using models from Ref. [6] are also
included for comparison. To verify the analytical model, the
3D device simulator ISE is employed to simulate the device
characteristics. Unless otherwise stated, the drain and source
doping concentration Nd D 1019 cm�3, silicon channel dop-
ing concentration Na D 1016 cm�3, the work function of the
metal gate is 4.65 V.

To gain an insight into the physical mechanism responsi-
ble for the improved performance of the HSG structure, Figure
3 shows the surface potential profile for HSG and USG (inset)
with the different drain biases. It can be seen from the figure
that due to the presence of the halo-doped regions, the surface

Fig. 5. Electrical field profile along the channel length with the model
result from Ref. [6] for comparison. The simulated device parameters
are Vgs D 0:2 V, Vds D 0:05 V, R D 20 nm, tox D 2 nm, L2 D

60 nm, L1 D L3 D 20 nm and Nh D 3 � 1017 cm�3.

Fig. 6. Electrical field of HSGwith various halo doping concentration.
The simulated device parameters are Vgs D 0:2 V, Vds D 0:05 V,
R D 20 nm, tox D 2 nm, L2 D 60 nm and L1 D L3 D 20 nm.

potential profile of HSG near the source and drain end is low-
ered. As a result, there is no significant change in the minimum
surface potential of HSG near the source end as the drain bias
(Vds) is increased even up to 2.0 V. For USG, however, the sur-
face potential of the channel is severely affected by the drain
voltage. As the drain bias increases, the position of the mini-
mum surface potential is shifting toward the source while the
minimum channel potential is pulled up, which causes intense
SCEs. Therefore, the HSG structure exhibits better immunity
to SCEs than the USG structure.

Figure 4 and 5 show the surface potential profile and elec-
tric field profile along the channel length, respectively. The
model results from Ref. [6] are also included for comparison.
It is clear that our model is superior to that proposed in Ref. [6]
owing to the better agreement between the calculated results
of our model and those of the simulation. In contrast to our ap-
proach, the PPA method causes a considerable deviation from
the simulation results, especially near the source/drain end.

The electric field of HSG with different halo doping con-
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Fig. 7. Threshold voltage roll-off of USG and HSG with various halo
doping concentration. The simulated device parameters are Vds D

0:05 V, R D 20 nm, tox D 2 nm and L1 D L3 D 20 nm.

Fig. 8. Threshold voltage roll-off of HSG with various radii of silicon
channel. The simulated device parameters are Vds D 0:05V, tox D

2 nm, Nh D 3 � 1017 cm�3 and L1 D L3 D 20 nm.

centration is shown in Fig. 6. It is found that too heavy halo
doping concentration (e.g. Nh D 3 � 1018 cm�3) will intro-
duce two electric field peaks near the source and drain, which
worsens HCEs. In contrast, a moderate halo doping concentra-
tion (e.g. Nh D 1 � 1018 cm�3) reduces the electric field near
source and drain and ensures better immunity to HCEs.

Figure 7 presents the threshold voltage roll-off of USG and
HSGwith various halo doping concentrations. It shows that the
threshold voltage decreases rather faster in USG than in HSG
when the gate length is below 80 nm, which indicates that HSG
has better suppression of threshold roll-off than USG in the
sub-100nm region. It also should be noted that when the halo
doping concentration is too heavy, the threshold voltage roll-
off reverses and becomes more positive as the channel length
decreases. Therefore, a moderate halo doping concentration
should be adopted to optimize the threshold voltage roll-off
characteristic of HSG.

In Fig. 8, the threshold voltage roll-off of HSG is plotted
with various radii of silicon channel. It is revealed that the small
radius of the silicon channel leads to less threshold roll-off.
However, when the radius of the silicon channel is less than

Fig. 9. Threshold voltage roll-off of HSG with various gate oxide
thicknesses. The simulated device parameters are Vds D 0:05 V,
R D 20 nm, Nh D 3 � 1017 cm�3 and L1 D L3 D 20 nm.

Fig. 10. DIBL variations in USG and HSG. The simulated device
parameters are R D 20 nm, tox D 2 nm, L1 D L3 D 20 nm and
Nh D 6 � 1017 cm�3.

5nm, the quantum effects that cause different device charac-
teristics will become importantŒ13�. In this paper, we just ad-
dress devices with a silicon channel radius larger than 5 nm, so
quantum effects can be neglected.

It is shown in Fig. 9 that the threshold voltage roll-off of
HSG with gate oxide thickness as a parameter. It can be ob-
served that thick oxide leads to a larger threshold voltage roll-
off. This is because thick oxide will resist a vertical electric
field from the metal gate into the channel, resulting in degra-
dation of gate controllability and threshold behaviorŒ14�. There-
fore, to suppress the threshold voltage roll-off, thin gate oxide
is preferred.

Note that in Fig. 8 and Fig. 9, smaller R W tox ratios have
smaller differences between the PPA method and ISE simula-
tion. In other words, when the R W tox ratio is larger, the deriva-
tion of the PPA method becomes larger. This is because the
2D function V.r; z/ ignored in PPA has a Bessel function term
J0.

˛nr
R

/(see equation (11)), in which ˛n is determined by the
ratio of R W tox. When R W tox ratio is larger, effects of 2D
function become more obvious, hence leading to large errors
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Fig. 11. Subthreshold current of HSG with various radii of silicon
channel. The simulated device parameters are Vds D 0:05 V, tox D

2 nm, L1 D L3 D 20 nm, L2 D 100 nm and Nh D 3 � 1017 cm�3.

in PPA method.
DIBL variations of USG and HSG are presented in Fig. 10.

DIBL is defined as �Vth=�Vds, where �Vth D VthjVds D 0:05 �

VthjVds D 2. It is indicated that with two halo regions, the surface
potential profile of HSG near the source and drain end is low-
ered, which ensures that the region near the source is screened
from the drain bias variations, hence HSG accounts for better
suppression of DIBL than USG.

Figures 8 to 10 also show that our calculated results are
very close to those obtained from ISE, which demonstrate the
superiority of our model over that proposed in Ref. [6].

The IDS–Vgs curves calculated from Eq. (49) are compared
with 3D numerical simulation results in Fig. 11 and Fig. 12. It is
demonstrated that results obtained from the analytical solution
agree well with the simulated results obtained using ISE in the
subthreshold region. Figure 11 also shows the dependence of
the subthreshold current on the gate bias with channel radius
as a parameter. It can be observed that small radius has a lower
subthreshold leakage current.

Subthreshold current of HSG with various halo doping
concentrations is shown in Fig. 12. It is revealed that increasing
the halo doping concentration can decrease the subthreshold
current drastically. This is because, under subthreshold condi-
tions, current conduction is dominated by diffusion and is con-
trolled by the maximum barrier (minimum potential) along the
channel. For HSG, the minimum potential is located in the halo
region near the source end, therefore the subthreshold current
is seriously affected by halo doping concentration.

4. Conclusion

Based on the exact 2D resultant solution of Poisson’s equa-
tion, a new analytical model comprising electrostatic potential,
electric field, threshold voltage and subthreshold current for
halo-doped surrounding-gate MOSFETs is successfully devel-
oped. It is found that a new analytical model exhibits higher
accuracy than that based on parabolic potential approximation
when the thickness of the silicon channel is much greater than
that of the oxide. It is also revealed that moderate halo doping
concentration, thin gate oxide thickness and small silicon chan-

Fig. 12. Subthreshold current of HSG with various halo doping con-
centrations. The simulated device parameters are Vds D 0:05 V,
R D 20 nm, tox D 2 nm, L1 D L3 D 20 nm and L2 D 100 nm.

nel radius are needed to improve the threshold voltage charac-
teristics. The results obtained from the analytical model agree
well with the simulated results obtained using ISE. This pa-
per not only provides an accurate analytical model for physi-
cal insight but also proposes a basic design guidance for HSG
MOSFETs.
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