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Abstract—In this paper, we propose a quasi-analytical device
model of nanowire FET (NWFET) for both ballistic and drift-
diffusion current transport, which can be used in any conventional
circuit simulator like SPICE. The closed form expressions for
current–voltage (I–V ) and capacitance–voltage characteristics
are obtained by analytically solving device equations with appro-
priate approximations. The developed model was further verified
with the measured I–V characteristics of an NWFET device.
Results show a close match of the model with measured data.

Index Terms—Ballistic transport, compact model, drift-
diffusion transport, nanowire FET (NWFET).

I. INTRODUCTION

CONTINUED scaling of transistor sizes into sub-50-nm di-
mensions has made conventional bulk MOSFET devices

vulnerable to severe short-channel effects (SCEs) such as very
high leakage current, poor gate control etc. [1], [2]. Various
device structures such as double gate fully depleted SOI, trigate,
and all around gate structures hence, have been extensively
studied to restrict SCEs within a limit while achieving the
primary advantages of scaling, i.e., higher performance, lower
power, and ever increasing integration density [2]–[4]. Among
these devices nanowire FETs (NWFETs) (a realistic implemen-
tation of all-around-gate structure) have recently drawn wide
research interest due to their excellent SCE immunity com-
pared to other contemporary device structures [5]. The superior
current–voltage (I–V ) characteristics of NWFETs over other
devices have been successfully demonstrated both theoretically
and experimentally [6]–[12]. It is also demonstrated that several
non-Si materials can be used in NWFETs to achieve higher mo-
bility [6], [8]. Subsequently, a circuit friendly compact model of
these devices will further facilitate the study on their prospect in
high-performance circuit applications. Although several phys-
ical device models are proposed to understand and optimize
the characteristics of these devices [6], [13], [14] and are often
accurate in predicting the physical behavior of the device, they
are, however, not quite efficient for large circuit simulations
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due to the complexity in solutions, which are mostly numerical.
Further, most attempts on nanowire modeling assumed ballistic
transport [6], [12], [14], [15] and neglect the more realistic
drift-diffusion current conduction. It has been predicted that
even in transistors of this kind with channel length below
10 nm, expecting ballistic transport is quite unrealistic. A drift-
diffusion model of NWFET has recently been reported, where
the transistor channel is represented by a number of cascaded
ballistic transistors [16]. However, the model requires that all
ballistic transistors are operated in the linear region, which is
not the case in reality.

In this paper, we propose a simplified circuit compatible
analytical device model of NWFET for both ballistic and drift-
diffusion transport, which can be efficiently used in any con-
ventional circuit simulator like SPICE. The closed form expres-
sions for I–V and capacitance–voltage (C–V ) characteristics
are obtained by analytically solving the device equation with
appropriate approximation. We first obtain a quasi-analytical
expression of I–V characteristics considering ballistic transport
in the channel and then incorporate the drift-diffusion transport
phenomena by appropriately modifying the channel mobility.
While we have used a simplified field dependent mobility
expression based on [17] in this analysis, a more effective
mobility expression [18], however, can also be used in this
model. We also compare the developed model with measured
I–V characteristics of a Ge-NWFET.

The rest of this paper is organized as follows. In
Section II, the developed compact model of NWFET is de-
scribed considering both ballistic and drift-diffusion current
transport. Section III presents the experimental verification
of the above model with the measured I–V characteristics
of a fabricated nanowire PFET followed by a conclusion in
Section IV.

II. COMPACT MODEL OF NWFET

For circuit simulation using conventional simulator like
SPICE, we need an analytical expression for device (e.g., I–V
and C–V ) characteristics in terms of applied terminal voltages
(e.g., Vgs, Vds). However, it is impossible to obtain analytical
expressions directly by solving self-consistent equations for
nanowire transistors with small dimension. For example, the
applied voltage at the gate terminal partly drops across the
insulator (VINS) and partly across the channel [see Fig. 1(b)].
On top of this, the lateral electric field due to applied drain
voltage further complicates the entire electrostatics. Finding
an analytical solution to such a complicated system of highly
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Fig. 1. (a) Schematic of a NWFET; (b) Schematic of potential drop across the
device. The applied gate voltage (Vgs) partly drops across the insulator (VINS)
and partly across the nanowire channel.

nonlinear simultaneous equations is extremely difficult. As a
result, most previously developed physical device models use
numerical techniques to obtain device characteristics taking the
surface potential Ψs (not the terminal potential: Vg , Vd, or Vs
[Fig. 1(b)]) as the reference [6], [13], [14]. However, conven-
tional circuit simulators can efficiently handle only analytical
expressions for device properties. In this section, we obtain
quasi-analytical expressions for device I–V and C–V char-
acteristics by analytically solving these simultaneous device
equations with suitable approximations.

Conceptually in an NWFET, the nanowire channel is con-
nected between the source and drain contacts, which are in
thermodynamic equilibrium. Hence, the electrostatics at source
and drain contacts can be described by their individual Fermi
level. Since the nanowire channel is isolated from any other
source of mobile carrier, source and drain are the sole source
of carriers inside the nanowire channel. A detailed description
of this generic picture of nanowire MOSFET can be found in
existing literature [5], [6], [14] and hence is avoided here. In
such an electrostatic system, the carrier density for all valleys
of any subband (nth) of a nanowire channel can be expressed
as [14]

np =
∑
υ

gυ

∞∫
Enυ

Dn
υ (E)
2

[f(E − ξs) + f(E − ξd)] dE (1)

where ξs(d) is the source (drain) Fermi level, Enυ be the con-
duction band minimum for the nth subband, which depends
on the nanowire diameter [14], f(E) is the probability that
a state with energy E is occupied. D(E) is the density-of-
states and gυ is the valley degeneracy. We assume that the
tunneling of carrier from gate to the channel is negligible.
Due to cylindrical geometry of NWFET, a relatively large gate
insulator thickness can be used while maintaining an excellent
gate control and hence, the above assumption is reasonable.
Most state-of-the-art NWFETs reported in the literature also
use high-κ dielectric, which further enable us to use even
larger gate insulator thickness resulting in negligible gate to
channel tunneling. Introducing 1-D density of states [14], the
total charge (per unit length) in the nanowire channel can be
written from (1) as

QNW =
q
√

2kBT
2π�

∑
n

∑
υ

gυ
√
mυ
d

×




∞∫
0

E−1/2dE

1+e
[
E+Enυ−qψs

kBT

]+

∞∫
0

E−1/2dE

1+e
[
E+Enυ−q(ψs−Vds)

kBT

]

 (2)

where mυ
d is the density of states effective mass, and Ψs is the

surface potential. kB is the Boltzmann constant, T the absolute
temperature, and q is the electronic charge. We consider the
source potential as the reference potential and Vds is the drain
potential with respect to source. Note that the Fermi integrals
(of order −1/2) in the above equation are not solvable analyt-
ically and hence, a closed form expression for charge (QNW)
cannot be obtained directly. Although solving (2) analytically
is not possible, an approximate closed form solution can be
obtained by dividing the operating condition into several parts.
For |ψs| < |ψT | (below threshold, where ψT is the surface
potential at the threshold point), when E + Enυ − qψs � 0
(for all ‘E’: 0 → ∞), (2) can be approximated to calculate the
charge as

QNW =N0


∑

n

∑
υ

gυ
√
mυ
d




∞∫
0

E−1/2e
−
[
E+Enυ
kBT

]
dE






×
(

1 + e
−Vds

β

)
e
ψs
β

=αe
ψs
β

(3)

where

N0 =
q
√

2kBT
2π�

where β(kBT/q) is the thermal voltage. The main idea of this
approach is to separate bias terms from the integral so that the
integration can be precomputed numerically. It is observed that
ψT = Enυ /q − 2β is a good choice for the above approxima-
tion because when |ψs| is more than 2β below |Enυ /q|, few
thermally excited carriers will reach the conduction band. The
integral of (3) can be precomputed numerically and α can be
analytically obtained for any drain voltage. For ψT < ψs ≤
Enυ /q (above threshold), there will be sufficient number of free
carriers in the conduction band making the exponential term
(e[(E+Enυ−qψs)/kBT ]) in the denominator of the Fermi integral
comparable to 1 and hence, “1” cannot be ignored as in the case
of subthreshold. (2) can however, be rewritten as

QNW =N0

∑
n

∑
υ

gυ
√
mυ
d

×
∑
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
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)

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∑
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√
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×
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
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−E+Enυ−q(ψs−Vi)
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1+e−
E+Enυ−q(ψs−Vi)

kBT

)−1
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. (4)
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Fig. 2. QNW versus Ψs of nanowire NFETs with different wire diameters
and materials (Si and Ge). Physical model represents the numerical solution
of (2).

Note that for ψT < ψs ≤ Enυ /q, the exponential term in the
denominator is still greater than “1” and (2) is rewritten as
shown above to make this a converging series. Expanding (4)
now into a binomial series, and e(ψs−ψT )/β into infinite series
and neglecting the higher order terms we obtain QNW as

QNW =N0

∑
n

∑
υ

gυ
√
mυ
d

×
∞∑
m=1


(−1)m−1e

m(ψs−ψT )
β

(
1 + e−

mVds
β

)

×
∞∫

0

E−1/2

(
e
−m·
(
E+Enυ−qψT

kBT

))
dE



(5a)

≈λ0 + ρ1λ1(ψs − ψT ) + ρ2λ2(ψs − ψT )2. (5b)

λ0, λ1, and λ2 are geometry, and Vds dependent parame-
ters (see Appendix), which can be obtained with simple al-
gebraic calculation, while all integrations can be performed
numerically. Note that the reason for approximating QNW into
polynomial form is to obtain an analytical Vgs − ψs relation,
which is derived later in this section. Further, although one
can obtain an accurate expression by considering higher order
terms (without using any correction factor), we, however, use
the above polynomial of order two with constant correction
factors ρ1 and ρ2 to obtain a simpler Vgs − ψs relation. For
ψs > Enυ /q, although a similar approximate solution can be
achieved following the above approach, we, however, observed
that (5b) also efficiently predicts the charge in this region.

Fig. 2 shows QNW verses ψs of nanowire NFETs with
different wire diameters and materials (Si and Ge) obtained
from physics model [14] and the above analytical model.
Physical model represents the numerical solution of (2) and the
analytical solution is obtained using (3) and (5b). It can be seen
that the analytical model closely matches with physics model
for all devices.

A. Ballistic Transport

QNW can now be related to gate voltage Vg through the
following voltage divider equation [see Fig. 1(b)].

ψs = Vgs − φms − VINS = Vgs − φms −
QNW

CINS
(6)

Fig. 3. Ids versus Vgs of nanowire NFET with different diameters and
materials (Si and Ge) considering ballistic transport. HfO2 (8-nm thick) was
used as insulator and a work-function difference of 0.45 eV is used for all
devices.

where CINS is the insulator capacitance and φms is the work
function difference. Note that for different gate structures such
as top-gate Ω-gate and gate-all-around structures CINS should
be modified accordingly. Substituting QNW in (6) from (3) and
(5b), an analytical closed form expression for Vgs − ψs then
can be obtained as (7), which is shown at the bottom of the
next page, where VT is the gate voltage (threshold voltage)
corresponding to ψT . Knowing ψs in terms of the terminal
voltages the drain current Ids and gate input capacitance CG
(Fig. 1) can now be obtained following Landauer approach
as [13]

Ids =
qkBT

π�

∑
n

∑
υ

gυ

×
[
ln
(

1 + e(qψs−E
n
υ )/kBT

)
− ln

(
1 + e(qψs−E

n
υ−qVds)/kBT

)]
and

CG =
∂QNW

∂Vgs
. (8)

Figs. 3 and 4 show I–V (Id–Vg and Id–Vd) characteristics
of a ballistic NWFET with different materials (Si and Ge).
An 8-nm-thick HfO2 is used as insulator and a work-function
difference of 0.45 eV is used for all devices. It can be ob-
served that the above model closely matches with the physical
model.

B. Drift-Diffusion Transport

Although the ballistic transport provides much higher drive
current, achieving this in real devices is quite illusive. Demon-
strated nanowire devices show much lower drive currents [7],
[9], [11] than are expected considering ballistic transport. This
is because in real devices scattering effect is not negligible and
hence, ballistic transport model does not efficiently predict the
current in these devices. We will now develop a more realistic
device model considering drift-diffusion transport. Solving (3),
(5b), and (6), an analytical Vgs −QNW relation can also be
obtained as (9), which is shown at the bottom of the next page.
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Fig. 4. Ids versus Vds of nanowire NFET with different materials [(a) Ge and
(b) Si] considering ballistic transport. HfO2 (8-nm thick) was used as insulator
and a work-function difference of 0.45 eV is used for all devices.

The drift-diffusion current then can be obtained by analyti-
cally integrating the following [17]:

Ids =
µ

Leff

Vds∫
0

QNW(Vgs, Vds)dV (10)

where µ is the field dependent mobility given by

µ =
µ0(

1 + µ0
νsatLeff

Vds

) . (11)

Substituting QNW from (9), the integrations in (10), how-
ever, cannot be performed in closed form and hence, further
approximation on the Vds dependence of QNW is required. It

Fig. 5. Lateral field (Vds) dependence of channel charge of a Ge nanowire
NFET with 2-nm-diameter (Leff = 250 nm).

can be easily observed from (1) and (2) that the channel charge
with Vds = 0 will be twice that of for large Vds (> a few kT/q)
for all gate voltages. QNW dependence on Vds within these two
limiting values is seen to be approximately exponential in na-
ture. While this exponential function in subthreshold region is
independent of Vgs, it, however, depends on Vgs in the inversion
region due to the strong correlation between the transverse and
lateral electric field at the drain end. Hence, the modified charge
expression with the above approximation on lateral field (Vds)
dependence can be rewritten as (12), which is shown at the
bottom of the next page, where α∗ and λ∗s are the parameters
from (3) and (5b) with large lateral field (Vds � β) and η can
be expressed as

η = 1 + χ · (Vgs − VT )γ (13)

χ and γ are found empirically for a nanowire structure.
Fig. 5 shows the variation in channel charge of a Ge-NWFET

with Vds for different gate voltages. It can be seen that the
above approximation closely predicts the lateral field (Vds)
dependence of charge. SubstitutingQNW now in (10) from (12)
and integrating analytically, the drift-diffusion current can be
obtained as (14), which is shown at the bottom of the next page.

Figs. 6 and 7 show the I–V (Ids–Vgs and Ids–Vds) char-
acteristics of Si and Ge NWFETs considering drift-diffusion

ψs =Vgs − φms − β · lambertw

[
α

β · CINS
e[(Vgs−φms)/β]

]
for Vgs ≤ VT

=ψT +
−(ρ1λ1 + CINS) +

[
(ρ1λ1 + CINS)2 − 4ρ2λ2 [λ0 − CINS(Vgs − φms − ψT )]

]1/2
2ρ2λ2

for Vgs > VT (7)

QNW =βCINS · lambertw

[
α

β · CINS
e(Vgs−φms)/β

]
for Vgs ≤ VT

QNW =CINS

[
Vgs − φms − ψT +

(ρ1λ1 + CINS)
2ρ2λ2

]

− CINS

[
(ρ1λ1 + CINS)2 − 4ρ2λ2 [λ0 − CINS(Vgs − φms − ψT )]

]1/2
2ρ2λ2

for Vgs > VT (9)
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Fig. 6. Ids versus Vgs of nanowire NFET (Si and Ge) considering drift-
diffusion transport. HfO2 (8-nm thick) was used as insulator and a work-
function difference of 0.45 eV is used for all devices.

transport. All nanowires are considered 〈110〉 type for compar-
ison purposes. An effective channel length (Leff) of 250 nm
is used for all devices in the simulation. It can be observed
that current considering drift-diffusion transport is considerably
smaller than the ballistic current.

III. EXPERIMENTAL VERIFICATION

To further validate the above compact model the I–V
characteristics of a fabricated nanowire PFET was compared.
Fig. 8 shows the comparison of the above nanowire model
with measured I–V characteristics. The PFET device was
fabricated on a 500-nm-thick SiO2 substrate [Fig. 8(a)] with
250-nm-long Ge nanowire (〈110〉) channel (diameter =
12 nm). Schottky source–drain electrodes were formed using
Ti metal. An 8-nm-thick HfO2 gate dielectric was deposited
using atomic layer deposition (ALD) prior to evaporating the Ti
metal gate electrode. It can be observed from Fig. 8(b) that the
above model closely matches with the experimental results for
a wide range of bias voltages. Note that we used a simple model
[19] for Schottky source/drain contact for comparison purposes
because the fabricated device had Schottky contacts at both
source and drain junctions. However, in reality these devices

Fig. 7. Ids versus Vds of nanowire NFET with materials [(a) Ge and (b) Si]
considering drift-diffusion transport. HfO2 (8-nm thick) was used as insulator
and a work-function difference of 0.45 eV is used for all devices.

are expected to have ohmic contacts at both source and drain
junctions and hence, a rigorous Schottky contact modeling may
not be required.

IV. CONCLUSION

In this paper, we provided an analytical compact model of
NWFET for both ballistic and drift-diffusion current trans-
port. Considering the fact that a direct closed from expression
for the device characteristics cannot be achieved, reasonable
approximations were made to obtain an eventual analytical
solution. The model is seen to be effective for a wide range
of wire diameters and also showed a close agreement with

QNW =βCINS lambertw

[
α∗

β · CINS
e(Vgs−φms)/β

](
1 + e−Vds/β

)
for Vgs ≤ VT

QNW =CINS

(
1 + e−

Vds
ηβ

)[
Vgs − φms − ψT +

(ρ1λ
∗
1 + CINS)
2ρ2λ∗2

]

− CINS

(
1 + e−

Vds
ηβ

) [(ρ1λ
∗
1 + CINS)2 − 4ρ2λ

∗
2 [λ∗0 − CINS(Vgs − φms − ψT )]

]1/2
2ρ2λ∗2

for Vgs > VT (12)

Ids =
βµCINS

Leff
lambertw

[
α∗

β · CINS
e(Vgs−φms)/β

](
Vds + β

[
1 − e−Vds/β

])
for Vgs ≤ VT

Ids =
µCINS

Leff

(
Vds + ηβ

[
1 − e−

Vds
ηβ

]) [
Vgs − φms − ψT +

(ρ1λ
∗
1 + CINS)
2ρ2λ∗2

]
− µCINS

Leff

(
Vds + ηβ

[
1 − e−

Vds
ηβ

])

×
[
(ρ1λ

∗
1 + CINS)2 − 4ρ2λ

∗
2 [λ∗0 − CINS(Vgs − φms − ψT )]

]1/2
2ρ2λ∗2

for Vs > VT (14)
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Fig. 8. (a) SEM image of a nanowire PFET. Devices were fabricated on a
500-nm-thick SiO2 substrates with 250-nm-long Ge nanowire (〈110〉) channel
(D = 12 nm). Schottky source–drain electrodes were formed using Ti metal.
8 nm of HfO2 gate dielectric was deposited using ALD prior to evaporating the
Ti metal gate electrode. (b) Comparison of the developed drift-diffusion current
model with experimental result.

experimental result. The model therefore, can be efficiently
used in large circuit simulations using NWFETs.

APPENDIX

POLYNOMIAL EXPRESSION OF QNW

Expanding (4) into binomial series, we get

QNW =N0

∑
n

∑
υ

gυ
√
mυ
d

×
∑

Vi=0,Vds


 ∞∫

0

E−1/2e
−E+Enυ−q(ψs−Vi)

kBT

m=∞∑
m=1

(−1)m−1

× e
− (m−1)[E+Enυ−q(ψs−Vi)]

kBT dE


. (A1)

Rearranging the summations and integration, (A1) can be
rewritten as

QNW =N0

∑
n

∑
υ

gυ
√
mυ
d

×
∞∑
m=1


 ∞∫

0

(−1)m−1E−1/2

×
(
e
−m[E+Enυ−q(ψs)]

kBT + e
−m[E+Enυ−q(ψs−Vds)]

kBT

)
dE


.

(A2)

It is now possible to conveniently decouple bias terms from
the integration and we obtain (5a) [(A3)] after simple algebraic
manipulation

QNW =N0

∑
n

∑
υ

gυ
√
mυ
d

×
∞∑
m=1

[
(−1)m−1e

m(ψs−ψT )
β

(
1 + e−

mVds
β

)

×
∞∫

0

E−1/2

(
e
−m·
(
E+Enυ−qψT

kBT

))
dE

]
.

(A3)

Further, expanding em(ψs−ψT )/β into an infinite series, we get

QNW =N0

∑
n

∑
υ

gυ
√
mυ
d

×
∞∑
m=1

[
(−1)m−1

∞∑
j=1

[
(m(ψs − ψT ))j−1

βj−1(j − 1)!

]

×
(

1 + e−
mVds
β

) ∞∫
0

E−1/2

×
(
e
−m·
(
E+Enυ−qψT

kBT

))
dE

]
. (A4)

Hence, a polynomial expression can be obtained as

QNW =
∞∑
j=1

λj−1(ψs − ψT )j−1 (A5)

where

λj =N0

∑
n

∑
υ

gυ
√
mυ
d

×
∞∑
m=1

[
(−1)m−1 mj−1

βj−1(j − 1)!

(
1 + e−

mVds
β

)

×
∞∫

0

E−1/2

(
e
−m·
(
E+Enυ−qψT

kBT

))
dE

]
.

(A6)

Note that all integrations in (A6) can be precomputed. Fur-
ther, note that at ψs = ψT (threshold point) QNW can be
expressed as

QNW(ψT ) =λ0

=N0

∑
n

∑
υ

gυ
√
mυ
d

×
∞∑
m=1

[
(−1)m−1

(
1 + e−

mVds
β

) ∞∫
0

E−1/2

×
(
e
−m·
(
E+Enυ−qψT

kBT

))
dE

]

∼=αe
ψT
β

[see (3)]. (A7)

This is because at ψs = ψT , where E + Enυ − qψs � 0, all
terms in (A7) for m > 1 are negligible. Hence, the continuity
at the threshold point will be maintained.
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