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ABSTRACT 

 
This paper presents a simple, accurate charge and 

capacitance model for undoped cylindrical gate-all-
around (GAA) silicon-nanowire (SiNW) MOSFETs. The 
charge and capacitance model is derived from our 
surface-potential-based current model in which major 
non-ideal effects, such as velocity saturation, mobility 
degradation, channel-length modulation, and drain-
induced barrier lowering, are included. Based on proper 
approximations, simple charge and capacitance 
expressions are obtained and the validity is confirmed 
by comparison with numerical simulations. 

Keywords: nanowire, MOSFET, compact model, C-
V modeling. 
 

1 INTRODUCTION 
 
The Gate-All-Around (GAA), or surrounding-gate, 

MOSFET is one of the most promising structures beyond 
bulk CMOS.  Since early investigations on GAA/SOI 
devices [1], most recent experiments have demonstrated 
GAA silicon-nanowire (SiNW) structures with controlled 
diameters on the order of 3~6 nm using conventional 
CMOS technology [2].  Theoretically, GAA MOSFETs 
provide better gate electrostatic control capability than 
planar and double-gate (DG) counterparts. For long-channel 
GAA SiNW MOSFETs, much work has been devoted to 
modeling I-V characterization [3,4,5] and also C-V 
characterization [6,7,8]. 

In short-channel devices, non-ideal effects play an 
important role in device characterization, which need to be 
included in the model.  

In the proposed model, a simple, accurate charge and 
capacitance model for short-channel undoped GAA SiNW 
MOSFETs is developed based on our surface-potential-
based current model [9]. The model is valid in all operation 
regimes including linear, saturation, volume inversion, 
strong inversion, and the “accumulation” regimes. The 
comparison between numerical simulations and the 
proposed model shows good agreement. The proposed 
model is suitable for circuit simulation and is extended to 
short-channel devices. 

 
2 MODEL EQUATION  

 
A charge-sheet approximation current expression for a 

long-channel undoped GAA SiNW MOSFETs is written as: 
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φs(0) and φs(L) are the surface potentials at the source 
and drain, respectively, Cox is the cylindrical capacitor of 
the gate oxide, Vgf ≡ Vgs − VFB is the flatband-shifted gate 
voltage where VFB is the flatband voltage, vth = kT/q is the 
thermal voltage, R is the radius of SiNW, μ is the mobility 
of electrons. 

The expression of y is obtained from (1): 
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To simplify it, we take the second-order Taylor 
expansions of y at

sφ : 
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where 
( )2gf th sH V v φ⎡ ⎤= + −⎣ ⎦

 

and 

s su φ φ= − . 
Total shored charge of each terminal node is easily 

obtained by taking integral of the distributed charge 
densities over the active gate region: 
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and QG = QSC from the charge neutrality. 
Combining (3) and (4), we obtain the expression for the 

total gate charge in equilibrium: 
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To obtain the source and drain terminal charges, the total 
inversion charge needs to be partitioned into source and 
drain portions. The Ward-Dutton method [10] is used in the 
proposed model: 

( )

( )

( ) ( )

0

23

2

2

80 6

1 2
6 2

L

D i

m gf s

ox
gf s

m gf s

yQ R Q y dy
L

y L VL
H H

RC
VL y V

H

π

φ φ φφ

π
φφ φ

=

⎡ ⎤− Δ + Δ ⋅ −Δ⎢ ⎥− −
⎢ ⎥

= ⋅ ⎢ ⎥⎛ ⎞−⎢ ⎥Δ ⎜ ⎟− + + −⎢ ⎥⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦

∫
 (7) 

( )
0

2 1
L

S i

G D

yQ R Q y dy
L

Q Q

π ⎛ ⎞= −⎜ ⎟
⎝ ⎠

= −

∫  (8) 

where 

1
2 4m
Ly

H
φΔ⎛ ⎞= +⎜ ⎟

⎝ ⎠
. (8a) 

From (6)–(8), all terminal-node charges can be 
analytically calculated based on the surface-potential 
solution at the source and drain ends. In [9], the surface-
potential solution valid for all operation regions is shown. 
Therefore, the charge expressions (6), (7) and (8) are valid 
in all operation regimes involving linear, saturation, 
subthreshold, and strong inversion. 

In short-channel devices, non-ideal effects such as 
mobility degradation, velocity saturation, velocity 
overshoot (VO), series resistance, channel-length 
modulation (CLM), and drain-induced barrier lowering 
(DIBL) are important and must be considered. The current 
expression for short-channel GAA SiNWs is obtained by 
including all the above non-ideal effects: 
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Esatn is the effective saturation electrical field after 
including the CLM/VO, μs is vertical-field-dependent 
mobility, Rsd is the series resistance, Vd,sat and Vs,sat are the 
saturation voltages for source and drain, respectively, δL is 
a fitting parameter, δs is a smoothing parameter, and ϑ(·) is 
the smoothing function. 

The drain current is given by: 
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Combining (3a) and (13), the y expression becomes 
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The total terminal charges are: 
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The nonreciprocal capacitances are obtained as [11]: 
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3 RESULTS AND DISCUSSION 

 
To validate our model for long-channel devices, Medici 

numerical simulations of an undoped cylindrical GAA 
MOSFET are performed, with channel length L = 10 μm, R 
= 10 nm, Tox = 2 nm, and a constant mobility μ = 300 
cm2/V-s. 

Fig. 1 shows the comparison of total gate terminal 
charge between Medici and the model in linear and 
saturation regimes for the long-channel device. The relative 
error is below 0.1% in strong-inversion regime. Similar 
behavior to bulk MOSFETs is observed [6], the terminal 
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gate charge follows a logarithm increase in the subthrehold 
regime and linear increase in the strong-inversion regime. 

Fig. 2 shows the gate-related transcapacitances Cgg, Cgs 
and Cgd versus Vgs from the model in linear and saturation 
regimes compared with Medici result. Excellent agreement 
can be observed. Similar to bulk MOSFETs, Cgs andCgd 
approach different values when Vds ≠ 0. Cgs, Cgd , and Cgg 
versus Vgs for Vds = 0 are shown in Fig. 2(c). When Vds = 0, 
in all operation regimes, Cgs is exactly equal to Cgd. In 
undoped body devices due to lack of depletion charge, the 
Cgg is symmetric about the axis Vgs = VFB. 

Fig. 3 shows the comparison of nonreciprocal drain-
related transpacitances between Medici and model. Again, 
excellent agreement is shown with smooth transition across 
all regimes. It is observed at high Vds, the three 
transcapacitances approach zero, due to the surface 
potential being saturated in the high Vds region. 

It is well known that exactly at Vgs = VFB, there is a 
singularity in the one-carrier surface potential solution due 
to ignoring holes [12]. This singularity will result in Cgg 
discontinuity at Vgs = VFB which may be detrimental in 
transient analyses.  In the proposed model, φs is 
approximated by φs − φs_fb where φs_fb is the surface 
potential at flat band. Fig. 4 shows the surface potential 
versus Vgs with and without the correction. It shows that 
with the correction, the singularity problem is solved. 

 
4 CONCLUSION 

In conclusion, a simple, accurate charge model is 
developed for undoped cylindrical gate-all-around (GAA) 
silicon-nanowire MOSFETs. The model is firstly derived 
for long-channel devices, followed by extending to short-
channel devices by including non-ideal effects. The 
singularity problem at flat band is also solved by a simple 
correction. 

L=10um R=10nm Tox=2nm

Gata-Source Voltage, Vgs (V)

-0.5 0.0 0.5 1.0 1.5 2.0

G
at

e 
C

ha
rg

e,
 Q

g 
(1

0−1
8  C

) 

0

20

40

60

80

100

120

140

160

180
Vds=0.1V 
Vds=1.2V 

Sybloms: Medici
Lines: Model

  
Fig. 1. Terminal gate charge versus gate-source voltage for 
different Vds with L = 10 μm, R = 10 nm, and Tox = 2 nm. 
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Fig 2. Normalized gate transcapacitance coefficients in (a) linear, 
(b) saturation, and (c) Vds = 0. The normalization constant is 
1/(LR). 
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Fig. 3. Normalized drain-related transcapacitance coefficients with 
Vgs = 1.2 V. The normalization constant is 1/(LR). 
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Fig. 4. Surface potential with/without flat-band correction. 
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