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Abstract. Nanowire Field Effect Transistors (NW-FETs) have been one of the most exciting research topics,
attracting special attention from scientists worldwide. Many recent studies demonstrate that these devices
exhibit excellent electromechanical properties and can be used for manufacturing the next-generation integrated
circuits (ICs). This paper presents a model of an NW-FET, consisting of a silicon nanowire placed in the channel
to enhance conduction efficiency and mitigate the short-channel effects. A novel approach in this research
involves the utilization of the Schrddinger-Poisson equation and the Non-equilibrium Green’s Function (NEGF)
method to calculate current-voltage characteristics in the component. Subsequently, the calculated results are
simulated using Matlab software with various parameters such as channel length, semiconductor doping
concentration, and gate oxide thickness, etc. The experiments indicate that the proposed method gives us
accurate results and can be applied to other nanoscale devices.

Keywords: Silicon Nanowire Field Effect Transistor, SINW-FET, Non-equilibrium Green’s function, Nanowire
devices.

1. INTRODUCTION

In recent years, classical planar Metal-Oxide-Semiconductor Field-Effect Transistors (MOSFETS) have reached
its scaling limits. Many new designs have been researched to replace the existing planar technology. The success
of the 22nm FIinFET with a 3D gate structure has opened a new development direction. However, physical
limitations such as short-channel effects (SCEs) and self-heating have posed challenges in scaling devices
below 10 nm. To address these issues, scientists have focused on nanoelectronics technology over the past few
years. Many new nanoelectronic materials have been researched, such as carbon nanotubes (CNT), graphene,
guantum dots (QD) and nanowires [1-4], etc. Among these, nanowire is a potential material that can be applied
for fabricating Nanowire Field Effect Transistors (NW-FETS), which are basic elements for building blocks of
nanoscale integrated circuits. Recently, many studies on this component have been published, revealing
numerous interesting properties. For example, the memory structure of Silicon nanowire transistors generated
by weak impact ionization, as proposed by Doohyeok Lim et al., indicates that a memory element consisting of
two SiINW-FETSs operates at high switching speeds and is compatible with CMOS fabrication processes [5].
Moreover, research on Silicon nanowire growth on carbon cloth for flexible Li-ion battery anodes was
introduced by Dylan Storan et al., revealing high area charge and discharge capacities (>2 mAh/cm?) and stable
long-term cycling with 80% capacity retention after 200 cycles [6]. Particularly, SINW-FETs are also used for
making medical biosensors for virus testing kits developed by Zhu Shu et al., [7]. These research projects
demonstrate that SINW-FETSs exhibit outstanding properties, including excellent conductivity, small size, high-
speed switching, and low energy consumption. Unlike traditional transistors, SINW-FETSs leverage the unique
properties of nanowires to enhance performance and efficiency. Additionally, they can overcome the
disadvantages caused by short-channel effects (SCEs) and leakage current in classical MOSFETSs. This
breakthrough enables the creation of ultra-compact electronic components and other applications where high
precision is essential. Consequently, SINW-FETs are considered as promising candidates for fabricating
nanoscale devices.

2. MATERIALS AND METHODS

2.1. Nanowire meterials
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A nanowire is a nanoelectronic material studied since its experimental discovery in the early 1980s [8]. It is a
type of nanomaterial in the form of a wire with quasi one-dimensional (1D) structures. Its diameter is about 10
- 20 nm, and the length-to-width ratio is greater than 1000 [9]. A nanowire is considered the smallest element
for efficient transport of electrons and excitons. In this structure, quantum mechanical effects are very
important. Therefore, it is also called a quantum wire. Nanowires can be prepared from many different
materials, such as metals (Ni, Pt, Au, Ag), semiconductors (SINWs, InP, GaN), insulators (SiO;, TiO,), or
organic molecules (DNA) [9,10], etc. The image of a typical semiconductor nanowire illustrating its structure
and characteristics is shown in Fig.1.

Although many different types of nanowires have been investigated, silicon nanowires are considered popular
nanomaterials due to their special electrical and mechanical properties, and they can be readily produced from
a silicon precursor by etching of a solid or through catalyzed growth from a vapor or liquid phase [11]. The
initial synthesis of SiNWs is often accompanied by thermal oxidation steps to yield structures of accurately
tailored size and morphology. For this reason, silicon nanowires can be used for the next generation of field-
effect transistors.

T

",; :
|
|

Fig. 1: Cross section of the Silicon Nanowires [12]

The properties of nanowires are similar to the “particle in a box” model, where the size of hanomaterials is
smaller than the de Broglie wavelength. Electrons and holes are spatially confined, and electric dipoles are
formed, leading to an increase in energy separation between adjacent levels [9], [12, 13]. Additionally, the
electron density of states (DOS) dramatically depends on the size of nanostructures [14]. Due to these
properties, SINW has been considered one of the promising candidates for creating nano-scale devices.
With a one-dimensional (1-D) structure, electrons in nanowires are confined in two dimensions. This implies
that the electrons are constrained in the radial direction and move freely along the axis of the nanowires. It is
assumed that the nanowires have infinite length and act as an infinite 2-D potential well in the radial direction.
Thus, the transport in the device is considered to be purely ballistic [15, 16]. The Schrédinger equation describes
the band structure, and the energy levels are represented by:

Hy =Ey 1)
Where 1y is the wave function, mis the mass of the particle, E is the total energy, 7 is the reduced Planck
constant, and H is the Hamiltonian operator.
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By using the Laplace operator for the cylindrical coordinate structure of the nanowire (7, 6, z), equation (1) can
be expressed as:
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The equation (2) represents a cylindrical system where the potential is independent of the position along the
wire axis (z-axis). It is assumed that the solutions in separable products are represented in equation (3).
Therefore, the plane wave solution in the z direction can be ignored, and equation (2) can be rewritten as

equation (4).
w(r,0,z)=u(r)o(@)" (3)
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The equation (4) represents a 2-D potential well with polar coordinates of radius R. In this case, when R = 0,
the potential inside the well is 0, and when R > 0, the potential outside the well is infinite.

Where ¢ =E -

At the boundaries of the well, the wave functions are equal to zero, w(r = R,8) =0. The term & in equation

(4) is a solution to the radial part in equation (3). Where | is limited by the integers, | =0, +1,+2...The equation
(4) is reduced to a radial part inside the well, as in equation (6), which is treated as Bessel’s equation:

,d?u _du )
rdT+rd [kr —|]J 0. (6)
Wherek = (ng/h)”2 , the solutions of Equation (10) are the non-elementary Bessel functions J, andY,. The
eigenvalues of the Bessel eigenfunctions are the square of the roots of the corresponding Bessel function with
quantum number | . The Bessel function has some roots with eigenvalues o, where n is the n:th positive root

Ln?

determined from the origin. The wave functions in equation (4) can be re-written as follows:

a nr i
yl6.0)-[ 2 0
R
hal
= N 8
gl,n 2mR2 ( )

The total energy (E) in the system along the z-axis is determined by combining equation (5) and (7), and the
sub bands in the conduction band are:
h°k?
E .k )=¢, 6 +—= 9
ke )=+ 22 (9)

By using the Heaviside Step function, the 1-D density of states as a function of the energy for a quantum wire
can be represented by equation (10) and the graph of the density of states of the nanowire is shown in Fig.2.

Z

Where m is the effective mass, E, are the energy eigenvalues from equation (9), ® is the Heaviside Step

(E E.) (10)

function.
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Fig. 2: Density of states of a GaAs Silicon nanowire
2.2. SINW-FET Model

The introduction of the 22 nm Fin-FET with a 3D gate structure has successfully improved transistor
performancetransistor performance and significantly increasing the packing density of microchips. However,
further scaling down will cause disadvantages to the performance due to the short channel effects arising from
weakened gate control [17]. To solve this problem, one possible solution is to increase the gate capacitance by
maximizing the contact surface area between the gate and the channel. This means that the gate oxide thickness
must be reduced [18]. However, if the gate oxide becomes too thin, current leakage will occur, increasing power
consumption in the off state and reducing reliability.
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Fig. 3: a) Model of SINW-FET; b) The Nanowire transverse band diagram

Therefore, a SINW-FET with the gate all around (GAA) structure is the best solution for scaling devices which
can eliminate the disadvantages as mentioned above [19],[20]. As shown in Fig.3, the component consists of
three electrodes: gate (G), source (S) and drain (D). Especially, a nanowire is used as a channel to enhance the
efficiency of the electrical conduction. The gate electrode is insulated from the channel by a thin oxide layer
(SiO;) taken to be about 1 nm. The source and drain regions are doped by n-type impurity semiconductor with
a concentration of 2.10%/cm3. The source and drain extension region is approximately 4nm. The channel length
is taken to be 5nm and the body thickness (diameter) can be controlled down to well below 5nm. The transport
direction is taken to be [100], which is the “x” direction in the device coordinate system, and the confinement
directions are [100].

At the equilibrium (Vg = 0) the two Fermi energy levels at the source and drain are approximately equal (u1 =
12). Therefore, there is no drain-source current in the channel. As the drain voltage is supplied, the two Fermi
energy levels will be different (x1 # u2), and the channel is in a non-equilibrium state. In this case, source and
drain Fermi distribution functions are presented by:

1
L(E) = e 1 = (B~ 0) (11)
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1
fZ(E):e[(ET/kBTH: fo(E — 1) (12)

Where E is the energy, Ks is the Boltzman’s constant (k = 1,38066.10°2 J/K), and T is the temperature at 300°
K. At that time, if the gate voltage is applied (Vg # 0), an electric field will appear in the channel, leading to
current flow from the drain to the source.
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Fig. 4: a) Cross section of SINW-FET structure; b) The energy band gap of nanowire contact

The work-function (@ws) difference between the gate electrode and the semiconductor is defined by:

E N
@, =D, — D, =D, —Z—?é—;bt In(nﬂ (13)

Where, Eq is the semiconductor energy gap, x the electron affinity (qy = E, — E.), q is the electron charge, ¢
is the thermal potential, Nsuw i the substrate doping concentration, and N is the intrinsic doping concentration
(n=10% cm3at T = 300° K).

The thermal potential is ¢ = |nk_T ; the bulk potential is ¢_ = ¢, In(NAJ'
q n;

In the SINW-FET, the equation stands for the threshold voltage depends on the work function [21], radius of
device, thickness of oxide and the permittivity of oxide and material that is represented by:

2¢
V,, :A(D+k—Tln(8k;rgsJ— 26T In(lthOng‘“ (14)
q an q R

Where A® is the work function difference, R is the radius of the device, k is Boltzmann's constant, T is
temperature, n; is the intrinsic doping parameter for the substrate, and q is the charge of an electron.

2.3. Non-Equilibrium Green’s Function

Non-equilibrium Green's function (NEGF) method is regularly used to calculate current and charge densities in
nanoscale devices. This method is mainly applied in ballistic conduction and inelastic scattering. In the SINW-
FET structure, there are differences between the two Fermi levels of the drain and source. Thus, we can use the
NEGF method to describe the parameters of the component [22, 23. The NEGF model is represented in Fig.5a,
where the Hamiltonian operator is used to describe the channel properties; 1 is the Fermi levels at the source,
and . is the Fermi levels at the drain contacts. The effects of the source and drain contacts are described by the
self-energy matrices X; and X, respectively.

As the electrons move to the channel, the contact voltage will increase, causing a change in the electron density
in the channel. This process continues until the contact voltage reaches a steady state (self-consistent). The
Non-equilibrium Green’s function at the energy level E is given by:
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. 1
G(E) =[(E+i0" )l —H —U (15)
Where | is the unit matrix; H is the Hamiltonian operator, U is the self — consistent voltage.
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Fig. 5: a) The NEGF model; b) The relation parameters between NEGF and Poisson function

b)

Under the influence of an electric field, electrons moving from the source to the drain can collide with each
other. As aresult, some of their energy is exchanged, a phenomenon described by ballistic and phonon scattering
transport. Therefore, the Non-equilibrium Green’s function is fully rewritten as:

GE)=[E+i0 ) -H-U,-%,-5,] (16)
Where X1 and X, are the self-energies of the source and drain, respectively, which are considered to be the
boundary conditions of the Schrodinger-Poisson equation.
In the silicon nanowire, the movement of electrons is close to the form of ballistic transport. Thus, the Non-
equilibrium Green’s functions in this case can be:

GE) =[E+io N -H-2,-3,] (17)
The density matrix is then calculated from the correlation function:
1 o
p=-_[l-iG'(E)KE (18)
2
Where - iG"(E) is the correlation function, and it can be determined from the Greens Function as:
—iG'(E) =G(fI, + f,I,)G* (19)
The interaction of energy at the drain and the source is calculated by the Gamma function as:
r1,2 = i(zl,z _Zf,z) (20)
The electron density n(F) in real space is calculated by:
n(F)=2 . (F)¥,(F)o. s (21)
a.p
The Poisson equation represents for the change in electron density in the channel:
VU (7)) = —a#[n(F)- (7] @)

Where the self-consistent Usc = UI; | is the unit matrix.
The total number of electrons N can be calculated from the density matrix as follows

N =Trace(p) (23)
When the self-consistency is reached, the transmission probability T(E) is calculated by the relation:
T(E)=Trace(I'GI,G") (24)
The drain current (lgs) flowing in the device is calculated by the Landauer—Buttiker formula as follows [24]:
2 +o0
I =< [TENLE) - 1, (E)E (25)

Where h is the Planck constant, and q is the electric charge.
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3. RESULTS AND DISCUSSION

As presented in section 2.2, the SINW-FET structure with the gate-all-around circular (GAA) configuration has
been thoroughly analyzed. In this section, we used Matlab software to simulate the current-voltage
characteristics for various parameters such as channel length variation, doping concentration in the
semiconductor wafer, gate oxide thickness, and nanowire sizes, etc. The standard values used in simulations
are based on the 10nm technology node [19], as shown in Table 1.

Table 1. The parameters used in simulating the SINW-FET.

Standard values

Parameters Descriptions L .
used in simulations
L, W Channel length and channel width 10 nm
& Effective dielectric constant 8
Eox Dielectric constant of insulator 3.9
Tsi Silicon body thickness 10 nm
Na P* Source doping 10%%/cm?
Np N* Drain doping 10%%/cm3
Tox Thickness of insulator layer (SiO2) 1nm
Cox Capacitance of insulator 11.10°% C/lcm?
Chw Capacitance of NW gate 2.107 Clem?
Vs Gate-source voltage 08V
Vs Drain-source voltage 0.8V

Similar to the transfer characteristic in classical planar MOSFETS, the drain-source current (lgs) of the SINW-
FET is controlled by both the drain-source voltage (V) and gate voltage (Vgs). As shown in Fig. 6a, when Vs
is held constant at 0.8V, if the drain voltage is less than the threshold voltage, lss will increase exponentially.
Once the drain voltage exceeds the threshold voltage, 14s will remain almost unchanged (in the saturation state).
Similarly, when Vs is fixed at 0.8V, as Vs increases from 0.2V, 0.4V, 0.6V to 0.8V, lgs gradually rises, reaching
saturation current at 0.16pA, 0.32pA, 0.53pA, and 0.78uA, respectively. However, in SINW-FET, the threshold
voltage changes with the variation of gate voltage. Fig.6b shows that as the drain-source voltage varies from
0.1V to 0.8V, the threshold voltage increases from 0.074V to 0.103V, respectively.
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Fig. 6: a) Plot of l4s-Vas by varying the different gate voltages Vgs; b) Plot of variou threshold voltage as a function of the
drain-source voltage

Fig.7a represents the lgs - Vgs characteristics with various oxide thicknesses (Tox). It shows that as the dielectric
thickness decreases, the drain-source current increases significantly, reaching a maximum at the smallest oxide
thicknesses. At a gate voltage of 0V, for oxide thicknesses of 1nm, 2nm, 3nm, and 4nm, the lg current is
approximately 0.672pA, 0.465uA, 0.286pA, and 0.102uA respectively. However, if the oxide layer is too thin,
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leakage current may occur, leading to the possibility of the oxide layer being punctured as the gate voltage
increases. Fig.7b shows the relationship between the threshold voltage (Vin) and the oxide thickness. It indicates
that as the oxide thickness increase, the threshold voltage exhibits a downward trend. Thus, the variation in

threshold voltage is a function of the gate oxide thickness.
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Fig. 7: a) The lgs-Vgs characteristics of SINW-FET with various oxide thickness
b) Plot of various threshold voltages as a function of the gate length

Fig.8a illustrates the dependence of drain-source current (lgs) on different semiconductor doping concentrations
(Nsun). One major requirement for transistor design is the ability to control carrier concentration. As the doping
concentration in the source and drain increases, the barrier becomes slightly higher due to shift in the Fermi
level, but also thinner, leading to a decrease in thermionic emission as well as an increase in drain-source
current. At a gate voltage of 0V, for the doping concentrations N1 = 102cm 3, N2 = 10%2cm3, N3 = 10%'cm3, and
Ns = 10%m?3, the drain-source current is approximately 0.56uA, 0.401uA, 0.262pA, and 0.102pA,
respectively. However, semiconductor doping concentration also depends on microelectronic fabrication
technology. In current research, Nsw ranges from about 10*%cm to 10%cm3. Fig.8b shows the relationship
between the threshold voltage and semiconductor doping concentration. It demonstrates that as semiconductor
doping concentration rises, the threshold voltage also exhibits an upward trend. Thus, the variation in threshold

voltage is a function of semiconductor doping concentration.
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Fig.9a represents the relationship between the drain-source current (lgs) and gate voltage (Vgs) by varying the
silicon nanowire channel length (Lcn). It shows that as Lch increases, lgs decreases. For channel lenghs going up
from L=10nm, 12nm 14nm to 15nm, the drain-source current is found to be 5.321pA, 4.035uA, 2.625uA and
1.102pA respectively. Obviously, the variation of lg is nonlinear with the change of nanowire sizes. Fig.9b
shows the variation of threshold voltage by varying the channel length. The more the channel length increases,
the more the threshold voltage goes up. In classic planar MOSFET, the threshold voltage remains almost
constant. However, in SINW-FET, the threshold voltage always changes depending on the device parameters,
which is a different from other nanoelectronic devices.
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Fig. 9: a) Plot of Igs -Vgs by varying the different channel length Lcn; b) Variation of threshold voltage as a function of
channel length.

4. CONCLUSION

Simulating the performance of a new device is a crucial step in the integrated circuits manufacturing process,
significantly reducing time and costs for design and fabrication. The study results indicate that the drain current
depends not only on the gate voltage but also on material parameters such as channel length, gate oxide
thickness, and doping concentration in the semiconductor, etc. In particular, the threshold voltage also varies
depending on changes in these parameters. Thus, the NW-FET holds promise for future innovations in quantum
computing, as its nanoscale dimensions align with the requirements of quantum bits. This intersection of
nanotechnology and quantum computing opens up new possibilities for faster, more powerful, and energy-
efficient electronic systems. As research continues to unfold, the SINW-FET stands as a testament to the
remarkable strides being made in the realm of nanoelectronics. However, the SINW-FET is still in the research
phase, and many device parameters need to be analyzed more carefully. Consequently, the above research
results have contributed to clarifying the outstanding characteristics of this special device.
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TRANSISTOR HIEU UNG TRUONG DAY NANO SILICON VA PAC TRUNG
DONG DPIEN - PIEN THE CUA LINH KIEN

NGUYEN VAN AN", LE THI HONG THAM
Khoa Cong nghé Dién tit, Trirong Pai hoc Cong nghiép TP. Hé Chi Minh
“Téc gia lién hé: ans. ATC@gmail.com

Tom tat. Transistor hidu tmg truong day Nano Silicon (NW-FET) la mét trong nhiing chu dé nghién ciru
hip dan nhit, thu hut sy quan tam déc bi¢t cua cac nha khoa hoc trén toan thé gidi. Nhiéu nghién ctu gan day
chang minh rang linh kién nay thé hién cac dic tinh co - dién tuyét vai va cd thé dugc ap dung dé ché tao cac
vi mach tich hop (ICs) thé hé tiép theo. Bai viét nay trinh bay mot mé hinh SINW-FET, bao gdm mot day Nano
Silicon dugc dit trong kénh din dé ting cuong hiéu qua hoat dong va giam thiéu hiéu tng kénh ngin. Mot
huéng tiép can mai trong nghién ctu ndy 1a st dung phuong trinh Schrodinger-Poisson va phuong phap Ham
Green khong can bang (NEGF) dé tinh toan cac dic trung dong dién-dién thé trong linh Kién. Sau do, cac két
qua tinh toan duoc md phong bang phan mém Matlab véi cac théng sé khac nhau nhu do dai kénh, nong do
pha tap chat ban din, d6 day oxit cong...Nhitng két qua thuc nghiém cho thiy riang phuong phap dé xuat cho
két qua tinh toan chinh xé&c va c6 thé ap dung cho cac linh kién dién tir nano khéc.

Tir khoa: Transistor Hiéu tmg Truong day Nano, SINW-FET, Ham Green khdng Can bang, Linh kién
Nanowire.
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