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Abstract-A charge-based silicon nanowire FET (SNWT) compact 
model has been developed. For the first time, inversion charge of 
SNWT with arbitrary doping concentration is described by an 
accurate equation including the effects of doping and volume 
inversion. Analytic drain current, transconductance, output 
conductance, terminal charges and capacitance are all physically 
derived and compared with numerical simulation. It shows that 
the core model is valid for all operation regions and a wide range 
of physical configuration including channel doping 
concentrations and geometrical dimensions. Moreover, advanced 
physical effects have been included in the model self-consistently.  
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I. INTRODUCTION 
In order to extend the silicon-based CMOS technology to 

and beyond the end of the International Technology Roadmap 
for Semiconductors (ITRS), the silicon nanowire transistor 
(SNWT) with surrounding-gate (SRG) architecture was 
proposed to achieve higher speed and lower power 
performance [1]. Though the channel may be designed with 
different doping concentrations, the previous developed 
compact models for SRG MOSFETs are only valid for 
undoped and heavily doped cases [2-3]. A general model for 
SNWTs valid for different doping concentrations is in urgent 
demand for circuit design. In this paper, a compact model for 
silicon nanowire transistors (SNWTs), available for a large 
range of doping concentrations (i.e. from 1010 to 1019cm-3) and 
practical geometry sizes, is presented. Starting from Poisson’s 
equation in the cylindrical coordinate system, an inversion 
charge (Qin) equation is obtained for long channel SNWTs 
with arbitrary doping bodies. Then a charge based drain 
current (Ids) expression is derived. Transconductance (gm), 
output conductance (gds), terminal charges (Q) and 
capacitance coefficients (Cij) are also obtained analytically 
and verified against TCAD data [4]. Moreover, advanced 
physical effects such as short channel effects (SCEs), 
quantum mechanical effects (QMEs) and high field mobility 
degradation, are also incorporated into this model.  
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Figure 1. (a) Stereoscopic schematic, (b) cross-section schematic, and (c) 
energy band diagram of an N-type SNWT. tox=2nm, R=10nm, L=1μm and 

metal gate with mid-gap work-function is used unless specified in all 
comparisons with TCAD. 

II. CORE MODEL FORMATION 

A. Physical inversion charge equation  
The device structure, coordinate system, and corresponding 

energy band diagram of a doped SNWT are shown in Fig.1. 
For an n-type device, the hole Fermi level Efp is defined as the 
energy reference level. The 3D Poisson equation in the 
SNWT structure is written as  

2
2

2 2

1 1 1 e ch fv

D

d d dr
r dr dr dy L

φ φφ φ − −⎛ ⎞ ⎡ ⎤+ = +⎜ ⎟ ⎣ ⎦⎝ ⎠
                (1) 

where ( )lnf a iN nφ =  is the Fermi-potential, and 
2 2

D si aL kT q Nε=  is the Debye’s length of the body with 
doping Na. All other variables have their usual meanings, and 
all potentials are normalized by thermal voltage β , and the 
charges by oxCβ  where ( )ln 1ox ox oxC R t Rε= +⎡ ⎤⎣ ⎦  is the 
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effective oxide capacitance per gate area. The boundary 
conditions of (1) are  

( )ox gs s si r RC v d drφ φ ε φ =− Δ − =                       (2a) 

( ), 0 bir y vφ = =  and ( ), bi dsr y L v vφ = = +          (2b) 
This 3D problem is simplified into two separate parts along 

the vertical and current flow directions. Multiplying both 
sides of the 2D Poisson equation by r, and integrating once 
from r to r=0 gives  

2
2 0

1 1 e ch f
r V

D

d rdr
dr L r

φ φφ − −⎡ ⎤= +⎣ ⎦∫                    (3) 

In the weak inversion region, estimating the mobile charge 
density in the channel by its value 0n  at the centre of the film 
[5] gives a rough approximation of (3), and thus, the total 
mobile charge sheet density in the channel is given by 

2
0 2in oxq q n R kTC= . Then, (3) becomes  

( )ox
dep in

si

C
d q q rdr

R
φ

ε
= +                        (4) 

where 2 2dep a oxq q N R kTC=  is the fixed charge density in the 
channel. Substituting (4) in (3) and considering (2a) yield [6]: 

( )0 , ln ln 1gs th th VOL ch in in inv v v v q q H q− − Δ − = + + + ⋅     (5) 
where 0 2 ln 4th f dep si dep oxq q RCν φ φ ε= Δ + + −  is the threshold 
voltage (Vth) similarly to the bulk MOSFET; 

,th VOLvΔ = ( )( )ln 1 exp 2 2ox dep si depC Rq qε− − −  is the extra part of 

threshold voltage induced by the special geometric structure 
of SNWT. 0 ,th th th VOLvν ν= + Δ  is the total threshold voltage, 
and its verification is shown in Fig. 2. The transistor volume 
inversion effect is reflected by the H-factor in the third term 
of the RHS of (5). The H-factor can be obtained by analyzed 
the transistor behavior in the strong inversion region [6]:  

( ),exp th VOLH v= −Δ                                 (6) 

With the physical modeling of thv  and H , charge control 
equation (5) can be applied in all operation regions, from 
weak to strong inversion and from intrinsic to heavy doping 
concentrations. To verify (5), the corresponding numerical 
results are obtained from the Sentaurus tools [4]. Fig. 3(a) 
illustrates the model predicted Qin versus Vgs curves with 
different Na, compared with the 3-D simulation results. Fig.3 
(b) and (c) compared the model predicted Qin versus Vgs 
curves for both intrinsic and heavily-doped SNWTs with 
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Figure 2. Vth model is compared with TCAD extracted by second derivative 
method in a long channel SNWT. Vth0 and ΔVth,VOL are its two contributions.  

R variation against the numerical simulation, respectively. 
Excellent matching between the proposed model and 
numerical simulation can be observed, from intrinsic to 
5×1018cm-3

 or heavier Na until partial-depletion occurs.  

B. Drain current, transconductance, terminal charges and 
capacitance coefficients  

Starting from (5), the drain current model can be developed 
from the well-known Pao-Sah’s dual integral [7]:  

( )
2

2 d

s

qeff ox ch
ds in inq

eff in

R C dv
I q dq

L dq
μ π

β
= ∫                     (7) 

where effμ  is the effective mobility; dq  and sq  are 
normalized inversion charge per unit gate area at the source 
and drain terminals. After getting ch indv dq  in terms of 
inversion charge from (5), the integration result of (7) gives 
the analytical drain current expression as: 

( ) ( )2

2 eff ox
ds d s

eff

R C
I f q f q

L
π μ

β
= −⎡ ⎤⎣ ⎦                     (8) 

with ( ) ( )2 12 2 ln 1in in in inf q q q H H q−= − − + + ⋅ . 
Transconductance and output conductance can be derived 

analytically from the expressions of drain current:  
( )2

dsm ds gs V eff ox s d effg I V R C q q Lπ μ β= ∂ ∂ = −      (9a) 

2
gsds ds ds V eff ox d effg I V R C q Lπ μ β= ∂ ∂ =           (9b) 

Analytical expressions for terminal charge are desired for 
transient circuit simulation. For a SNWT, there are three 
terminal charges, associating with gate, drain, and, source 
denoted as Qg, Qd and Qs, respectively. They can be estimated 
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Figure 3. Inversion charge equation verification for long channel SNWTs (a) with doping variation, (b) with geometric size variation in doped case and (c) with 

geometric size variation in undoped case (volume inversion effect in lightly doped SNWT is illustrated in the inset of (c)).  
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by using the Ward-Dutton linear-charge-partition method:  
2

0
2 dsV

g ox inQ RC q dyπ β −= ∫                             (10a) 

2

0
2 dsV

d ox in
yQ RC q dy
L

π β −= − ∫                            (10b) 

s g dQ Q Q= − −                                      (10c) 
where y L  are obtained from the current continuity condition 

( ) ( ) ( ) ( )in s d sy L f q f q f q f q= − −⎡ ⎤ ⎡ ⎤⎣ ⎦ ⎣ ⎦               (11) 
Again, current continuity condition need be used to obtain the 
analytical terminal charges (10).  

The intrinsic capacitances network of SNWT as a three-
terminal device contains nine components. The expressions 
for these capacitances are determined by following matrix  

g ggg gd gs

dg dd ds d d

sg sd ss s s

V QC C C
C C C V Q
C C C V Q

δ δ
δ δ
δ δ

⎡ ⎤ ⎡ ⎤⎡ ⎤− −
⎢ ⎥ ⎢ ⎥⎢ ⎥− − =⎢ ⎥ ⎢ ⎥⎢ ⎥
⎢ ⎥ ⎢ ⎥⎢ ⎥− −⎣ ⎦⎣ ⎦ ⎣ ⎦

                      (12) 

By this definition and the chain rule, four independent 
capacitances can be derived analytically through the inversion 
charge at the source and drain terminals [8]. We did not list 
the analytical results of the terminal charges and capacitances 
due to the length limit of the paper.  

The model predicted I-V characteristics are verified by 
comparing with results from Sentaurus under various bias 
voltages, a wide range of doping concentrations and 
geometric dimensions as shown in Fig.4. The error between 
the proposed model and numerical simulation is less than 5% 
for devices from intrinsic to heavily doped body (1019cm-3).  

In contrast to digital circuits, analog design focus on the 
first derivatives such as gm/Ids and Cij, which are shown in 

Fig.5. At Vds=0, Cgs=Cgd and Csg=Cdg in the figures indicate 
that the developed model has inherent source/drain symmetry 
characteristic, which is important for analog and RF 
applications. Note that the verifications of the core I-V and C-
V models are done without any fitting parameters.  

III. ADVANCED PHYSICAL EFFECTS 

A. Modeling short channel effects (SCE) 
In generally, SCEs induce Vth roll-off, subthreshold slope 

(SS) degradation, DIBL, et al.. In addition, channel length 
modulation and carrier velocity saturation and overshoot 
becomes important at short channel length as well. In this 
work, SCEs are modeled following the BSIM5 approach [9]. 
An inversion charge solution can be obtained using (2b):  

( )ln ln 1gs th ch in
in in

v v q
q H q

ν α
α α

− − ⋅
= + + + ⋅               (13) 

where 1 2 SCEfα = + ⋅  is related to SS;  
( )1 2 cosh 2 2SCEf L λ= −⎡ ⎤⎣ ⎦  is the SCEs factor;  

0 , ,th th th VOL th SCEv v vν = + Δ + Δ  is the new threshold voltage; 

( ), ,2th SCE SCE th Long dep bi dsf q v vν ν⎡ ⎤Δ = ⋅ ⋅ − − −⎣ ⎦  is the threshold 

voltage roll-off induced by the SCEs.  
22 4oxeff si oxt R Rλ ε ε= +  is the natural length of SNWT by 

assuming the leakage path lies at the center of the channel [3]. 
Drain current expression can then be derived using (13):  

( ) ( )2 12ds eff oxeff eff d sI R C L f q f qπ μ β − −= −⎡ ⎤⎣ ⎦           (14) 

with ( ) ( )2 12 2 ln 1in in in inf q q q H H qα −= − − + + ⋅ .  
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Figure 4. dc I-V characteristics verification for long channel SNWTs (a) Ids-Vds (b) Ids-Vgs with doping variation and (c) Ids-Vgs with geometric size variation.  
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Figure 5. ac characteristics verification of the model for a long channel SNWT. (a) gm-efficiency, (b) C-Vds, (c) C-Vgs (at Vds≠0) and (d) C-Vgs (at Vds=0). Model 

symmetry characteristic can be observed at Vds=0, illustrating its applicability for analog circuit design. 
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Comparison with numerical simulation in Fig.6(a) shows 
the correctness of the threshold voltage roll-off and DIBL 
described by the proposed SCEs model. Fig.6 (b) shows that 
the transfer characteristics with SS degradation as predicted in 
the proposed the short channel model. Velocity saturation, 
velocity overshoot and ballistic transport (source-end velocity 
limit) is handled in a unified way using the saturation charge 
concept [9]: 

( )
( )

( )
( )1 2 2

d s
ssat dsat

sat eff eff sativ d s

q
q

nv L n k qβ μ
=

+ +
           (15a) 

m mm
ineff insat inq q q= +                              (15b) 

where n and m are the only parameters. A complete ballistic 
transport model is not considered in this work, as ballistic 
transport will not be significant until the channel length is 
scaled to less than 10nm [3].  
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Figure 6. Advanced physical effects modeling for a small size SNWT (a) Vth 

roll-off and DIBL induced by SCEs are modeled and (b) SS degradation 
induced by SCEs and toxeff increase by QMEs are modeled. 

B. Modeling quantum-mechanical (QM) effects and other 
advanced physical effects 

In highly scaled device, the QM confinement of the carrier 
in the thin silicon channel is significant. There are two kinds 
of QM effects can affect the behavior of the transistor. One is 
the deviation of the location of peak carrier concentration 
from the surface under the strong field, and can be modeled 
by a decrease in the gate capacitance [10]:  

( )1 32 2ox e avgt a qm EΔ = Δ = ⋅                       (16a) 

( ) ( ) ( )( ) 1
3 ln 3oxeff ox oxC R R t Rε

−
⎡ ⎤= − Δ ⋅ + −Δ⎣ ⎦        (16b) 

where me is the effective mass of the electron, and 
( )3avg ox dep in siE C q q βε= +  is the average surface field. In 

addition, there is a strong carrier confinement in nanoscale 
potential well even at low electric fields in the channel. The 
corresponding reduction of the amount of carriers can be 
modeled by widening the effective band-gap [11] and replace 
vch in (13) by  

( )2 2 2
0 4ch ch ch q ev v E q v qm Rλ π→ + = +            (17) 

The simulation results shown in Fig.6(b) illustrates the model 
can predicted the threshold voltage roll off and gate 
capacitance degradation induced by QME correctly. Other 
advanced physical effects modeling such as poly-depletion 
effects and mobility degradation are imported from the 

BSIM5 approach. The dc characteristics for a small size 
SNWT predicted by the complete compact model is 
demonstrated in Fig.7.  
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Figure 7. (a) Ids-Vgs and (b) Ids-Vds characteristics predicted by the complete 

compact model for a small size SNWT.  

Ⅴ. CONCLUSIONS 
In summary, we present a compact model for silicon 

nanowire transistors in terms of inversion charge at the source 
and drain terminals. The comparison with TCAD indicates 
that the core I-V and C-V models are accurate for a wide 
range of biasing, doping concentrations and geometrical 
dimensions. Advanced physical effects such as SCEs and 
QMEs in small size nanowire transistors are also included in 
the model in a self-consistent way.  
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