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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 10'’ to 10”cm™) and
practical geometry sizes, is presented. Starting from Poisson’s
equation in the cylindrical coordinate system, an inversion
charge (Q;,) equation is obtained for long channel SNWTs
with arbitrary doping bodies. Then a charge based drain
current (I;) expression is derived. Transconductance (g,),
output conductance (gy), terminal charges (Q) and
capacitance coefficients (Cj;) 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. #,,=2nm, R=10nm, L=1m 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 Eg, is defined as the
energy reference level. The 3D Poisson equation in the
SNWT structure is written as

2
Ld(,d6), o1
rdr\  dr a* L)
¢, =In(N,/n;) is the
L,> =kTe,/q’N, is the Debye’s length of the body with
doping N,. All other variables have their usual meanings, and
all potentials are normalized by thermal voltage £, and the

charges by p/c,, where Caxzem/[Rln(Htax/R)] is the
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where Fermi-potential, and
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effective oxide capacitance per gate area. The boundary
conditions of (1) are

C, (v, —Ap-0,)=¢,dg/dr|_, (2a)

¢(r,y=0)=v, and ¢(r,y=L)=v, +v, (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 7, and integrating once
from r to =0 gives

d¢ _ 1 " 0=V =29y
E—Ej‘o[l-l-e :|I’dl" (3)

In the weak inversion region, estimating the mobile charge
density in the channel by its value »n, 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
q,, =q'n,R/2kTC, . Then, (3) becomes

C
d¢ = g%”;e(qdep + 4. )}”d}” “4)

i

where qde,,=quaR/2kTCm is the fixed charge density in the

channel. Substituting (4) in (3) and considering (2a) yield [6]:
i =y +Ing, +In(1+H-q,) (5

c

Vos = Vino — AV o =V

where v,, = Ap+2¢, +q,, —Inde q,, [RC, is the threshold
voltage (Vy) similarly to the bulk MOSFET;
AV yo, = ~In(1=exp(-C, Rq,, /2¢,)) / 2, is the extra part of

threshold voltage induced by the special geometric structure
of SNWT. v, =v,,+Av, ,, 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]:

H= exp(—Avm’mL) (6)
With the physical modeling of v, and / , 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 Q;, versus V, curves with
different N,, compared with the 3-D simulation results. Fig.3
(b) and (c) compared the model predicted Qj, versus Vg
curves for both intrinsic and heavily-doped SNWTs with
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Figure 2. Vj;, model is compared with TCAD extracted by second derivative
method in a long channel SNWT. V9 and AV, yor 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
5x10"8cm™ or heavier N, 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]:

(27R
::Uef]( 72 )&qu dvchd )

qin qin
Ly p? e " dg,

is the effective mobility; ¢, and ¢, are

ds

where 4,

normalized inversion charge per unit gate area at the source

and drain terminals. After getting dv,/dg, in terms of

inversion charge from (5), the integration result of (7) gives
the analytical drain current expression as:

_ 27Ru,C,

= “ —f 8
"= gL, [f(a,)-f(4,)] ®)
Wlth f(qm) :_qinz/z_zqin +H—1 ]n(l—"_qu) *
Transconductance and output conductance can be derived
analytically from the expressions of drain current:

gm = aldx/an.\' Vi = 2”Rﬂejj Cnx (q\ - qd )/ﬂLe// (93)

8us = Id.\'/aI/dx Ve =27 Ry, Cmch/ﬁLejj (%b)

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 Q,, Q4 and Q,, 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 (¢)).
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by using the Ward-Dutton linear-charge-partition method:

0, =27RC, 37" ¢,dy (10a)

0, =-27RC, B3| %q dy (10b)

o, :_Qg_Qd (IOC)

where y/L are obtained from the current continuity condition
yIL=[f(q,)-f(a)]/[f(a,)-1(a,)] (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
C, —C, —C,|.| |9,

- Cu —Cy |, |=| 9, (12)
<, <, ¢ || |

dg
55 s

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 (10"°cm™).

In contrast to digital circuits, analog design focus on the
first derivatives such as g,/I;; and C;, which are shown in

Fig.5. At V=0, Ce=Cqq and C;=Cge 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 Vy, 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 BSIMS approach [9].
An inversion charge solution can be obtained using (2b):

wzﬂﬂnqmﬂn(HH-qm) (13)
o o
where o =1+2- f;, is related to SS;

fsex =1/[ 2cosh(L/2/2)-2] is the SCEs factor;

Vi = Vo T AV, o, + AV, o 18 the new threshold voltage;

AV, ser = frcr -[2 -(VMWg G _Vhi)_vds:| is the threshold
voltage roll-off induced by the SCEs.

A=\t Re, |26, + R[4 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):

I, = 27[Rﬂq/"cmyfﬂ_21«yf_l |:f(qd )_ f(qs ):| (14)
with f(q,)=-q,’ [2a-2q, +H ' In(1+H q,,).
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Figure 5. ac characteristics verification of the model for a long channel SNWT. (a) g,-efficiency, (b) C-Vy, (c) C-V, (at Va#0) and (d) C-Vg, (at Vy=0). Model
symmetry characteristic can be observed at V=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]:

Gacs) (15a)
1+ ZﬁnvﬁmLeﬁ/yeﬁ (Zn + ki as) )

q[nej]’ = nvz qinsmm + qinm (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) Vy
roll-oft and DIBL induced by SCEs are modeled and (b) SS degradation
induced by SCEs and #,..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]:

A, =A=a-()2qmE,,)"

-1
Crog =€ [ (R=23)-In((R+1,,) [(R-13))] (16b)
where m, is the effective mass of the electron, and
E, =C,(q.,+7,/3)/Be, 1s the average surface field. In

avg T “ox

(16a)

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
Ve in (13) by

Vy =V +Ey/q=v, + 4, (hzzz'z/4qmeR2) 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

BSIMS 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) lus-Vgs and (b) 1us-Vas 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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