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Application of real space Kerker method in simulating
gate-all-around nanowire transistors with realistic discrete dopants*
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We adopt a self-consistent real space Kerker method to prevent the divergence from charge sloshing in the simulating
transistors with realistic discrete dopants in the source and drain regions. The method achieves efficient convergence by
avoiding unrealistic long range charge sloshing but keeping effects from short range charge sloshing. Numerical results
show that discrete dopants in the source and drain regions could have a bigger influence on the electrical variability than
the usual continuous doping without considering charge sloshing. Few discrete dopants and the narrow geometry create a
situation with short range Coulomb screening and oscillations of charge density in real space. The dopants induced quasi-
localized defect modes in the source region experience short range oscillations in order to reach the drain end of the device.
The charging of the defect modes and the oscillations of the charge density are identified by the simulation of the electron

density.
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1. Introduction

The control of electrostatic variability is increasingly im-
portant for metal-oxide—semiconductor (MOS) devices as the
size continues to shrink.!?! In order to have an ideal gate
control over the channel region, high-k oxides and tri-gate
technologies have been employed in industry in the past few
decades. For future MOS applications, full gate transistors,
such as gate-all-around (GAA) nanowire MOS field-effect
transistors, >4/ attract significant interest due to their superior
electrostatic gate control at ultimate-scaling.>~’ However, the
electrostatic variability associated with depleted impurities in
the source and drain regions is still a major threat to fur-
ther scaling and integration of nanowire MOS devices. 8101
The statistical variabilities due to dopants or acceptors in the
source and drain regions of nanowire MOS devices have been
theoretically investigated by modeling various distributions,
such as delta,!'!l square well,['?! Gaussian,'¥! and random

1014161 However, at a few nanometers, even

distributions. !
though we call it highly doped, there are only a few impurities
inside the device. The statistical analysis of various distribu-
tions could be inappropriate. Besides, the rapid technological
achievement makes it possible to set arbitrarily the position of
a single dopant inside nanowire devices. It is very relevant
to consider a few impurities realistically inside the device and
estimate the variance of the key electrical parameters. There
have been several works on studying the influence of putting a
single dopant or acceptor in a channel.!'”! In further study, we
need to simulate the variability introduced by a few realistic
discrete donors arbitrarily added in the source and drain re-
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gions. Unfortunately, the potential of a dopant in the source or
drain region has a substantial contribution to the total electro-
static potential at a narrow cross section and can easily break
the ideal current characteristics. It also creates numerical dif-
ficulties of charge sloshing to achieve a reliable convergence
in the self-consistent simulation. (5!

The charge sloshing problem is very common to

induce numerical self-consistent

5 [18,19]

instability during the
iteration For ab initio molecular-dynamics simula-
tions and electronic-structure calculations, particularly for in-
homogeneous systems with large unit cells suffering from
poor convergence, the Kerker method®! is very efficient in
preventing charge sloshing, especially in density functional
calculations.?1=23] The original Kerker method!?*! introduced
by Manninen is applied in the reciprocal space, but it can also
be applied in the real space and have the advantages of avoid-
ing time-consuming integration to include the exponential ker-
nel and be suitable for massively parallel computation.!>! Al-
though the Kerker method is widely used in ab initio density
functional calculations, it is relatively new in simulating MOS
transistors, since we usually consider continuous doping in the
source and drain regions and therefore no charge sloshing is
incorporated. However, this approximation could miss some
important physics at small size naowire devices since we in-
clude realistic dopants in the DFT calculation of molecular
devices. In this work, we implement the real-space Kerker
method self-consistently into a fully 3D real-space effective
mass non-equilibrium Green’s function (NEGF) simulator for
very narrow n-channel nanowire MOSFET with few discrete
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donors added in the source and drain regions and achieve the
stable convergence. The realistic discrete dopants induced

variations are also discussed.

2. Method

The dopant induced variation of electron density is
treated by the usual self-consistent Schrodinger—Poisson
procedure, [*%! which is equivalent to the usual Hartree approx-
imation. The Schrodinger equation within the effective mass

approach is expressed as!?7-28

(jl;v-([;}V>+V>v/(r)=Ew(r)» (D

where [1/m] is the tensor of the inverse electron effective mass,
v is the wave-function, and E is the energy. The electron—
electron interactions are averaged through the dielectric con-
stant €.

When the effective masses are corrected from atomistic
band structure calculations for each transverse cross-section,
this self-consistent procedure is valid in simulating silicon
nanowire transistors as narrow as 2 nm and the scattering is
dominated by impurity scattering.!?*=3!I The electron—phonon
scattering plays a minor role after appropriate fitting the val-
ues of the effective mass from full atomistic tight-binding

(1632] The doping impurity is in-

band structure calculations.
cluded by adding an on-site positive charge in the Poisson
equation. For a general distribution with a continuous and dis-
crete charge distribution, the Poisson equation coupled to the

Schrodinger equitation is demonstrated in the form

=V (e(r)VV(r)) =q[No —n(r) + } c;8(r—7))l, ()
J

where Np is the usual continuous doping function and n(r) is
the electron density. The c; is the charge of a discrete doping
atom located at position ;. For simplicity, we assume that
the electrons and dopants are dominant charge carriers, the
hole density and acceptors are neglected in this work. When
we include random discrete dopants in the source and drain
regions instead of assuming continuous doping, the dopants
in the source and drain regions induce a numerical diver-
gence from charge sloshing in the self-consistent Schrodinger-
poisson loop. We adopt the real-space Kerker method to solve
this problem. To demonstrate the real-space Kerker method,
we transform the Poisson equation into a Helmholtz-like equa-
tion

AZ

[vz_-xﬂv%r)==—4ﬂez(P(T)*‘4nz2

C) T

The Thomas—
Fermi screening introduces a natural cutoff for the divergence.

where A is the Thomas—Fermi wave vector.

The resulting solution is

(m+1) el A /
“)

By transforming the Poisson equation into the Helmholtz
equation, the charge sloshing problem is mainly solved since
long range oscillations are naturally suppressed.

Once the self consistence of the Schrodinger—Poisson
procedure is obtained, we adopt the Landauer—Biittiker trans-
port method*3! based on the standard NEGF formalism?#! to
calculate the transport properties. We define the Green func-
tion of the scattering region

1

CE = E oy

)
with X¢ (D) being the self-energy of the source (drain). The cal-
culation of the self-energy and Green’s function is carried out
by a recursive algorithm slice by slice. We then calculate the
transmission coefficient

T(E) = T|G' T3 G* I, ©)
with
I3(p) = i[Z(p) — Zs(p)- )

The drain current can then be calculated by the Landauer—
Biittiker formula

o = 2e/h) [ AE(fs ~ fo) T(E). ®)

Here f5p) is the Fermi-Dirac distribution of the source (drain)
defined as

1

RCEY

( , ©)
e +1

Jso)
where k is Boltzmann’s constant, T is the absolute tempera-
ture, and p is the Fermi level. The total electron density of the
system resulting from the electrons coming from the source
and the drain can be calculated by the formula

Nt = (1/7) / dE[G'I3G* fs + G IpG® fp). (10)

The electron mobility is defined as e = G/(eNiot), where G
is the conductance defined by G = (2¢%/h)T.

3. Results and discussion

The structure of the GAA silicon nanowire MOSFET
along the transport direction is shown in Fig. 1(a). The cross
section of the nanowire is displayed in Fig. 1(b). When the
source and drain regions are assumed to be uniformly doped
(Ns = Np = 102 m—3), the transmission coefficients with and
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without a single donor added in the middle of the channel are
displayed in Fig. 2. The intrinsic device without doping in the
channel is characterized by the usual step shape. While the
introduction of a single discrete donor in the channel gener-
ates dips below the steps in transmission, which implies that a
donor could induce quasi-localized states.

gate
oxide
source channel drain Si
(a) (b)
o o [ I
()
Fig. 1. (color online) The structure of the gate all around silicon

nanowire MOSFET considered in this work: (a) the cross section in
the x—y plane, (b) the cross section in the y—z plane, and (c) two dis-
crete dopants in the source region, and another two dopants in the drain
region along the central line. In all the calculations, the silicon body
thickness is 2 nm, and the oxide thickness is 1 nm.
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Fig. 2. (color online) Transmission versus energy at Vg = 0.5 V for
nanowire MOSFET with intrinsic (small red dot) and doped (big blue
square) channel region. Here Vpg = 0.1 V.

In order to further investigate the effect of the donor,
we vary the doping position from the source to the drain re-
gion. Figure 3 shows the mobility, conductance, and current
as functions of the doping position along the central line of
the nanowire. We notice that the fluctuations of conductance
are relatively regular, no matter whether the discrete donor is
added in the source, the channel, or the drain region. This is
similar to the usual universal conductance fluctuation behav-
ior. On the other hand, the mobility is higher when the donor is
added in the source region compared to that added in the drain
region. The reason could be that the single donor induced
quasi-localized state is easier to be activated in the source than
that in the drain due to the higher Fermi level in the source.
When the donor is added between the source and channel re-
gions, we can observe the largest mobility. The variation of
the current with the doping position in the source and drain

regions is more sensitive than that in the channel, as shown in
Fig. 3.

In order to further investigate the relation between the en-
ergy sub-bands and the doping position, we add four discrete
dopants in the source and drain regions along the central line of
the nanowire. For continuous doping in the source and drain,
we observe in Fig. 4(a) the usual sub-band structure. The drain
voltage can be controlled accurately even at a short channel
length. For four discrete dopants in the source and drain re-
gions, we observe four sharp dips in Fig. 4(b) corresponding
to the donor positions in the source and drain regions. The en-
ergy positions and the charging of these states are extremely
sensitive in the source and drain regions due to charge slosh-
ing around the impurities. The attractive potential near the
source region creates electron quasi-bound states, which can
influence the mobility and the current flow. The sub-band pro-
file and therefore the currents cannot be accurately controlled
as expected at narrow size.
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Fig. 3. (color online) (a) Electron mobility (in units of cm?/(V -s)), (b)
conductance (in units of Q~!), and (c) current (in units of A) versus the
varied doping position of the single dopant added in the central line of
the nanowire transistor.
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Fig. 4. (color online) The energy profile of the first sub-band along the

central line of the silicon nano-wire (a) with continuous doping, and

(b) with four discrete dopants added in the source and drain regions as

shown in Fig. 1(c).

We further show in Fig. 5(b) that the electron density has
short range charge sloshing in the doped source region before
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reaching the drain region at low gate voltage when the device
is at the off region. This is quite different from the counterpart
of continuous doping shown in Fig. 5(a), where all defected
modes are simultaneously activated in the source and drain re-
gions without spatial delay. This implies continuous doping
in the source and drain could underestimate the access resis-
tance from dopants. Besides, we find that the defected modes
are activated with short range charge sloshing and spatially re-
lated with the increase of the gate voltage in Fig. 6. The short
range charge sloshing and the way of mode by mode activating
also indicate the quantum nature of the current. There could
be a spatial delay in activating the doping defect modes for the
realistic case compared to the continuous doping case.
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Fig. 5. (color online) The electron density (in units of m~3) of a middle
cross section for (a) continuous doping, and (b) four discrete dopants
added in the source and drain regions as shown in Fig. 1(c). Here
Vg=02Vand Vps =0.1V.
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Fig. 6. (color online) The electron density (in units of m~3) of a cross
section with four discrete dopants added in the source and drain regions
as shown in Fig. 1(c) at Vg = 0.5 Vand Vpg = 0.1 V.

4. Conclusion

We incorporate a real space Kerker method self-
consistently into our NEGF simulator. It has sig-
nificant improvements in avoiding divergence over the
usual Schrodinger—Poisson simulator when including discrete
dopants in the source and drain regions. Realistic dopants

could have bigger influences on the key electrical parameters

than the case assuming continuous doping in the source and
drain. The charging of doping defects in the source experi-
ences oscillation and spatial delay before reaching the drain
region at low gate voltage. The charging of realistic dopants
and their short range oscillations of the charge density from the
source to the drain region are essential to the large variability
of the ultimate GAA nanowire transistors.
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