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This article studies the impact of doping dependent carrier effective masses of the source/drain regions
on transport properties of Si-nanowire field effect transistors within ballistic limit. The difference of
carrier effective mass in channel and that in the source/drain regions leads to a misalignment of
respective sub-bands and forms non-ideal contacts. Such non-idealities are incorporated by modifying
the relevant self-energies which control the effective electronic transport from source to drain through
the channel. Non-ideality also arises in the nature of local density of states in the channel due to
sub-band misalignment, resulting to a reduction of drain current by almost 50%. The highest values
of drain current, leakage current, and their ratio are obtained for the S/D doping concentrations of
3  1020 cm3, 8  1020 cm3, and 2  1020 cm3, respectively, for the nanowire of length 10 nm
and diameter of 3 nm. Interestingly, the maximum of sub-threshold swing, minimum of threshold
voltage, and the maximum of leakage current are observed to be apparent at the same doping
C 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4869495]
concentration. V
I. INTRODUCTION

The sustained evolution of metal-oxide-semiconductor
field-effect-transistors (MOSFETs) following gradual downscaling of physical dimensions has led to the emergence of
Silicon-nanowire field effect transistors (Si-NWFETs) for future
nanoelectronic circuits.1 In this regard, there has been a significant progress in realizing such nanowire based field effect devices and their fabrication has been performed by adopting both
top-down and the bottom-up approaches.2–11 In course of such
aggressive downscaling, the device dimensions have entered
into the ballistic regime that indicates carrier transport without
any significant scattering.12–14 For comprehensive understanding
of the transport behavior of such devices, it is essential to develop quantum mechanical models which can incorporate the
effects of discontinuities in the energy continuum and consequently the variation of the relevant effective mass components.
Such a model can be obtained by developing a SchrodingerPoisson simultaneous solver which is capable of simulating the
quantum transport of charges. In this context, the nonequilibrium Green’s function (NEGF) formalism has appeared
as one of the most potential tools that can solve the quantum
transport equations of electron in the MOSFET-channel, considering its interaction with source/drain (S/D) regions.15 Several
reports are available where such technique has been used to
study the transport behavior of different nano-scale MOSFET
architectures such as double gate MOSFET, FinFET, multiplegate NWFET, gate-all-around (GAA) NWFET, nanotube FET,
and molecular switch junctions.16–24
The physical behavior and quantification of charge
transport from source to drain can be modeled by calculating
the associated self energy of S/D regions. Self energy represents the interaction of the channel with S/D and it is estimated by assuming the S/D regions to be semi-infinite and

hence the corresponding Hamiltonians are taken to be uniform.15,25,26 However, the transport effective masses of the
channel and S/D regions are not identical due to difference
in their doping concentrations27 and hence it modifies their
interactions, leading to the change of transport behavior and
electrical characteristics of the device. Therefore, the S/D
doping concentrations play a significant role in designing
such nanowire based FET devices. Consequently, the NEGF
model given in Ref. 15 should be modified to incorporate
such effects and a systematic study is crucial for developing
a comprehensive understanding of the impact of doping dependent effective masses of the S/D regions.28
In the current article, the effect of variation of transport
effective mass with doping concentration of the S/D regions
has been incorporated into NEGF model through relevant modification of the self energy matrices. An abrupt change in transport mass is considered at the junctions of the channel and S/D
regions, and the form of self energies is altered accordingly.
The corresponding transport behavior of the carriers is analyzed
in detail. To focus only on the impact of doping dependent
effective masses of S/D, the electron phonon scattering has not
been considered. Finally, the impact of S/D doping concentration on the electrical characteristics of Si-NWFETs is studied to
explore its impact on the device performance.
II. THEORETICAL MODELING

Transport of the electrons from nþ-source to nþ-drain
through a GAA intrinsic Si-nanowire channel is modeled by
solving the simultaneous Schr€odinger-Poisson equation given by
(1)



~  eru
~ ¼ ðeÞn3D ;
r

(2)

and

a)
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where e represents the permittivity of the entire device which
varies at the material junctions, n3D is 3-dimensional carrier
concentration and e is the electronic charge. The
3-dimensional Hamiltonian (H^ 3D ) in the non-equilibrium
state jwi is given by
1
H^ 3D ¼
2

X

jk

p^j ðm1 Þ p^k þ ðeÞu;

(3)

j;k

where ~
p^ is the momentum operator, m represents the effective mass tensor, and u is the potential of the bottom of conduction band. Gate length of the device is considered to be
smaller than the electron mean free path so as to model the
ballistic transport. Thus, the effect of scattering is not considered in the current work. The electrons are confined in the
transverse direction due to GAA structure of the device
thereby leading to the formation of discrete transverse
energy sub-bands, which can be obtained from solutions of
the equation,
H^ T jvin ¼ Esub
n jvin ;

(4)

where H^ T is the transverse part of the 3-D Hamiltonian. The
non-equilibrium state (jwi) for the 3-D motion of electrons
can then be represented by superposition of the transverse
eigenstates (jvin ) as
X
(5)
Cn jvin ;
jwi ¼
n

which, in turn, gives rise to the matrix equation

H L C ¼ EI  E sub ÞC:

(6)

The block elements of longitudinal Hamiltonian matrix
(H L ) are formed according to the sub-band states. The diagonal blocks represent the corresponding mode of transport and
the off-diagonal blocks estimate the effect of inter-sub-band
transitions. The elements of each block of H L are obtained
using finite difference method (FDM) of 1st order by dividing the nanowire channel into grids with spacing “a.” The
blocks are, thus, tri-diagonal matrices, with diagonal elements representing the longitudinal transport energy and the
others stand for the interactions (b) between the neighbouring grid points. Coupling of the nanowire channel with
source and drain are
by adding the correspondP incorporated
P
ing self energies (
and
) to the Hamiltonian by considS

D

ering the interaction of the channel with S/D in the channel
Green’s function as15


G ¼ EI  E sub  H L þ R S þ R D ÞÞ1 :
(7)

The self energy matrices of source and drain have only
non-zero elements at the 1st and last grid points, respectively, indicating their interaction only with the grid points at
the S/D junctions. The elements have been found to be of the
form “bgb,”15,25,26 b being the grid interaction in the channel
region and “g” is the solution of the equation,

 

ðgÞ1 ¼ ½E  Esub
n þ 2bS=D   bS=D g bS=D :

(8)

Equation (8) is obtained by considering the S/D regions
to be semi-infinite and the corresponding Hamiltonians to be
entirely uniform.25,26 The vicinity of the channel drain junction in the Green’s function is represented by

(9)

However, considering the change in local band structure at the channel-drain junction, the Green’s function is modified by

(9A)
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resulting in the modification of the elements of self energy
matrices from “bgb” to “ð12ðb 1 bÞg
 Þbgb,” strength of the
S=D

interaction being “ð12ðb 1 bÞg
 Þ.” The grid interaction at the
S=D

junction (b) becomes simple arithmetic mean of that of the
channel (b) and S/D (bS=D ) on considering a jump discontinuity in the local band structure at the channel-S/D junction leading to an abrupt change in the transport effective
mass.
The local density of states in the channel due to coupling
with source and drain corresponding to the nth sub-band are
given by15
D nS ¼

1 h n
þ
G CSGn 
2pa

(10A)

and
1 h n
þ
G C D G n ;
2pa
P
P þ
P
P


Þ and C D ¼ ið
where C S ¼ ið
D nD ¼

S

S

D

(10B)
þ
D

Þ repre-

sent the electron exchange rates between the channel and
source/ drain contacts respectively, which gives rise to the
1-D carrier concentration as
ð


nn1D ¼ DnS ðzÞf ðE  Ef S Þ þ DnD ðzÞf ðE  Ef D Þ dE; (11)

where f ðE  Ef S Þ and f ðE  Ef D Þ are the Fermi-Dirac distribution functions at source and drain contacts, respectively.
The total 3-D carrier concentration is then given by
X
nn1D jh~
r jvin j2 :
(12)
n3D ¼
n

The expression of (12) is applied into the Poisson’s equation
given in (2). The potential obtained from the solution of Eq.
(2) is then put into Eq. (3) and the same process is continued
until self-consistency is achieved. Finally, the drain current
is obtained from Landauer formula,
I¼

ð


2e
TS!D ðEÞ f ðE  Ef S Þ  f ðE  Ef D Þ dE;
h

mass tensor become zero. The diagonal components of the
effective mass in the Si nanowire channel are taken from
Ref. 29, whereas, the values of the transport effective mass
components in source and drain as a function of doping concentration are summarized in Table I.27 Thickness of the
SiO2 layer all-around the channel is considered to be 1 nm.
The doping concentration of source and drain is varied in the
order of 1020–1021 cm3 and the doping of surrounded
poly-Si gate is adjusted to obtain a zero (0 V) flat band voltage by assuming the identical Fermi energy in both the
source and gate. The device is assumed to operate at room
temperature (300 K).

(13)
TABLE I. Summary of transport effective mass of electron in Si with doping concentration.27

where TS!D is the transmission coefficient given by15
TS!D ¼ Trace½CS GCD Gþ :

FIG. 1. (a) Schematic of a GAA Si-NWFET; (b) Comparison of transfer
characteristics of the Si-NWFET for the modified model and the existing
model calibrated with.21

(14)

III. RESULTS AND DISCUSSION

The structure of a cylindrical GAA Si-NWFET considered in the current model is schematically shown in Fig. 1(a)
and the impact of source/drain doping concentration on the
performance of such device is studied in detail. Diameter
and channel length of the nanowire are considered to be
3 nm and 10 nm, respectively. The channel is considered to
be along [100] direction which is one of the principal axes of
Si. Thus the off-diagonal elements of the electron effective

Doping concentration (1020/cc)

Transport effective mass (me)

0.7
0.8
0.9
1
2
3
4
5
6
7
8
9
10

0.285
0.285
0.285
0.291
0.292
0.300
0.309
0.321
0.330
0.343
0.366
0.373
0.388
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Transfer characteristics of the GAA Si-NWFET
obtained from the current model with modified S/D self
energy matrices, are plotted in Fig. 1(b). The results are also
calculated from the existing model of Ref. 15 and then compared along with the data of Ref. 21, for the device with
identical specifications and biases. It is apparent from
Fig. 1(b) that the data obtained from our NEGF based
Schr€
odinger-Poisson simultaneous solver matches quite satisfactorily with the published data of Ref. 21 thereby indicating the calibration and accuracy of the solver. However, it is
interesting to note that the same solver gives rise to significant modification to the transfer characteristics of the device
when the doping dependent transport effective mass of S/D
is incorporated. It can be seen from the plot of Fig. 1(b) that
the drain current may be reduced by 50% at a gate voltage of
0.5 V due to the effects of doping dependent effective mass
of S/D regions.
The color plots of Figs. 2(a) and 2(b) compare the variation of local density of states (LDOS) with energy along the
channel obtained from the existing and the current model
(with modified self-energies), respectively. The corresponding values of LDOS at the centre of the channel and the relevant transmission coefficient are also depicted in Figs. 2(a)
and 2(b). LDOS at any point in the nanowire channel
depends on the strength of interaction of the point with S/D
regions. For weak interaction, the LDOS curve shows sharp
peaks (Fig. 2(b)) at the sub-bands whereas strong interaction
leads to broadening of the levels (Fig. 2(a)). If the change in
transport effective mass due to S/D doping is neglected in

FIG. 2. Comparison between the ideal and non-ideal contacts: (a) plot of
local density of states (LDOS) with energy along the channel, and the variation of LDOS at the centre of channel and transmission coefficient (T) vs.
energy, obtained from the existing model; (b) same as (a), obtained from the
modified model.
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modeling the transport of NWFETs then the strength of
interaction will be maximum, indicating an ideal contact.
However, real systems pose severe challenges to attain an
ideal ohmic contact at such nano-dimensions both from the
technological as well as physical perspectives. This is due to
the fact that the mismatch of transport effective masses
between the channel and S/D regions creates a misalignment
of sub-bands leading to a relatively weaker coupling.
Therefore, the self-energy needs to be modified to realize a
real contact for incorporating the effects of physical interactions between the channel and S/D regions. The transmission
curve shows steps at the sub-bands for ideal ohmic contacts
whereas for the non-ideal contacts it exhibits several maxima
at the sub-bands. The maxima indicate a resonance of carrier
transmission for higher degree of confinement in the channel
due to lower transport effective mass in it compared to S/D
regions. As a result, the area under the transmission curve
for non-ideal contact turns out to be smaller than the ideal
one leading to a reduction of drive current (Fig. 1(b)). It
should be noted that the phonon scattering in such devices
leads to broadening of levels thereby indicating an increase
of area under the transmission curves. However, there will
also be a reduction in the value of transmission coefficient
and consequently, the net current will be reduced.31,32
Fig. 3 compares the one-dimensional carrier concentration and the conduction band profile along the channel for
ideal and non-ideal contacts. It can be seen from the plots
that the carrier concentration obtained from modified model
is decreased by almost an order from the existing formalism
near the source/channel and channel/drain junctions, however, it remains almost unaltered at central region of the
channel. This is attributed to the reduced carrier probability
near the channel-S/D junctions due to higher degree of local
confinement. The conduction band profile shows that the barrier is lowered as a result of incorporating the effect of
higher transport effective mass of electrons in the S/D
regions. It should be noted that the barrier in a conventional
MOSFET is only a function of doping concentrations of
source, channel and drain since it originates from the electrostatic interaction of these regions. However, the carrier transport in quantum devices within ballistic regime is also
guided by the uncertainty principle where the transport effective mass plays a significant role in forming the barrier.
Relatively lower transport effective mass within the channel

FIG. 3. Profile of the one dimensional carrier density and conduction band
along the nanowire channel, obtained from the existing model and the modified model for ideal and non-ideal contacts, respectively.
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compared to the S/D regions indicates higher uncertainty,
resulting in lowering of barrier, as shown in Fig. 3.
The source/drain doping concentration of the device is
varied in the range of 1020–1021 cm3 and its performance
parameters in terms of drive current, leakage current, their
ratio, threshold voltage, and sub-threshold swing have been
studied. Fig. 4(a) shows the bar plots of drive current (Ion),
leakage current (Ioff) and their ratio (Ion/Ioff) as a function of
source/drain doping concentration whereas Fig. 4(b) represents the bar diagram of threshold voltage (Vth) and
sub-threshold swing (SS). It is observed from Fig. 4(a) that
Ion increases initially at a faster rate up to a doping concentration of 3  1020 cm3 and then it almost saturates.
However, the leakage current increases with doping and
attains a maximum value of 10 nA at the doping concentration of 8  1020 cm3. As a result, the Ion/Ioff achieves a maximum value at a doping level of 2  1020 cm3. It is seen
from the plots of Fig. 4(b) that the minimum of Vth and maximum of SS occur exactly at the doping level where Ioff
attains its maximum. Here, the threshold voltage has been
considered at ID ¼ 10 nA and VD ¼ 0.4 V.21 Hence, it is apparent that the threshold voltage required to turn the device
“on” has an almost inverse correlation with the
“off-current.” However, SS is directly correlated to the channel carrier concentration in the sub-threshold region30 and
therefore with the “off-current.” It should be noted that the
S/D doping concentration and associated transport effective
masses are the key parameters to control the performance
metrics considered in the current work. The increase of doping concentration raises the Fermi levels of S/D regions leading to higher probability of coupling between the channel

J. Appl. Phys. 115, 124502 (2014)

and S/D. Conversely, the larger transport effective mass of
electrons in the S/D regions reduces such coupling. Therefore,
the two key parameters are affecting the current values as well
as the corresponding required voltages oppositely and the doping values at extremum are set by their relative dominance.
Thus, the source/drain doping concentration is emerging to be
a crucial parameter for designing high performance Si
NWFETs.
IV. CONCLUSIONS

The effects of source/drain doping concentration on the
ballistic transport characteristics of Si-nanowire field-effecttransistors (Si-NWFETs) have been studied in detail by considering the doping dependent effective mass of the carriers
and the relevant modification of the self-energy matrices for
S/D interaction with the channel. It is observed that the LDOS
values in the channel depend strongly on the interaction of it
with the S/D regions and the sub-bands are sharpened due to
non-idealities of the contacts. The modification of selfenergies by incorporating the doping dependent effective
masses, drain current has been observed to be reduced by
almost 50%. The highest values of drive current, leakage current, and their ratio are obtained at the S/D doping concentration of 3  1020 cm3, 8  1020 cm3, and 2  1020 cm3,
respectively, for the current specification of the device.
Interestingly, the maximum of SS and minimum of Vth occur
at the same value as for the maximum of leakage current.
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