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Abstract: In order to investigate the specifications of nanoscale transistors, we have used a three dimensional (3D)
quantum mechanical approach to simulate square cross section silicon nanowire (SNW) MOSFETs. A
three dimensional simulation of silicon nanowire MOSFET based on self consistent solution of Poisson-
Schrödinger equations is implemented. The quantum mechanical transport model of this work uses the
non-equilibrium Green’s function (NEGF) formalism. First, we simulate a double-gate (DG) silicon nanowire
MOSFET and compare the results with those obtained from nanoMOS simulation. We understand that
when the transverse dimension of a DG nanowire is reduced to a few nanometers, quantum confinement
in that direction becomes important and 3D Schrödinger equation must be solved. Second, we simulate
gate-all-around (GAA) silicon nanowire MOSFETs with different shapes of gate. We have investigated
GAA-SNW-MOSFET with an octagonal gate around the wire and found out it is more suitable than a con-
ventional GAA MOSFET for its more Ion/Ioff , less Drain-Induced-Barrier-Lowering (DIBL) and less sub-
threshold slope.
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1. Introduction

The main purposes of nanoscale miniaturization in recentyears are to increase the packing density and to improvethe circuit performance. Ever since the birth of integratedcircuits, researchers have attempted to reduce the size ofthe devices as small as possible. However, simply re-ducing the device dimensions without paying attentionto other processing parameters gives rise to a variety of
∗E-mail: esi3120@gmail.com

non-ideal characteristics. For instance, threshold voltagevariation, non-saturated drain current, increase of sub-threshold current, drain-induced-barrier-lowering (DIBL)and hot carrier effects seriously limit the scaling capabil-ity of planar MOSFETs [1]. Thus, further scaling downMOSFETs requires novel device structures and materials,such as nanowire transistors and carbon nanotube FETs[2]. Silicon-nanowire-transistor (SNWT) has a unique ad-vantage: it is based on silicon, a material that the semi-conductor industry has been working on for more thanthirty years. Technologists in electronic industry preferto stay on silicon and also achieve good device geome-try in nanoelectronics. Consequently, understanding the
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physics of SNWT and developing Technology ComputerAided Design (TCAD) tools for SNWT design become in-creasingly important [3].Simulating electronic devices in nanoscale size usuallyrequires a self-consistent simulation procedure betweenelectrostatic potential and charge distribution inside thedevice [4]. In fact, to achieve the electrostatic poten-tial, we solve the Poisson equation, where in the double-gate silicon nanowire MOSFET (DG-SNW-MOSFET) itis two-dimensional (2D) and in the gate-all-around siliconnanowire MOSFET (GAA-SNW-MOSFET) it is three-dimensional (3D). This equation is discretized by finitedifference method and is solved by Newton-Raphson ap-proach. To achieve the charge distribution, we solve theSchrödinger equation. We first discretize it by finitedifference method then, we solve it by non-equilibriumGreen’s function (NEGF) formalism. There can be tworeasons for using non-equilibrium term in this situation:i) from the physical points of view, when we apply volt-ages on terminals, the device goes to non-equilibrium con-dition [4], and ii) from the computational points of view,a full quantum mechanical simulation of transport in ananoscale device is commonly done using NEGF calcu-lation [4, 5]. The formulation of NEGF method which ismainly for computing the Green’s function matrices is pro-posed by Keldysh et al. [5]. In fact, their approach is basedon ”two contour time variables” and is applicable to thetime reversible problems in many particle systems [6].On the other hand, to simulate SNWT accurately, we haveto include several orbitals for each atom. In [7], full bandproperties of silicon are taken into account via the semi-empirical sp3d5s∗ tight binding method which uses 10 or-bitals for each atom, but this is computationally a greattask. For example, if we have 10000 atoms of silicon inour sample, the size of Hamiltonian in NEGF approachby using sp3d5s∗ tight binding method would be 105×105.Then, we have to inverse a 105 × 105 matrix several timesfor each energy E , in this example. However, instead oftaking into account 10 orbitals for each atom we can useeffective mass approximation. In [8], Jing Wang et al. haveinvestigated the validity of effective mass approximation inSNWTs. By this approximation, the computational burdenis reduced (e.g. for 10000 atoms in our device the Hamil-tonian would be 104 × 104). Nevertheless, discretizingSchrödinger equation in 3D is very time consuming. Thisis a main problem in real space method. In contrast, byusing the mode space method we can reduce the compu-tational cost considerably [9]. In mode space approach,the 3D Schrödinger equation is split into 2D Schrödingerequation and one-dimensional (1D) transport problem [9].In [10], the mode space approach is applied to sim-ulate DG-MOSFETs. The effective mass theory and

the mode space NEGF method are used to simulateSNW-MOSFET with square cross section [11]. In orderto solve 2D Schrödinger equation, an efficient numericalscheme which is called the ”product-space method” is de-veloped. In this method, the size of the problem is furtherreduced and the results are compared with those of themode space method. In [12, 13], the ballistic transportand in [13] the diffusive transport using the Büttiker probemodel have been studied.The drain on-current (Ion), the subthreshold slope and theDIBL for different structures of SNW-FET are investi-gated [1]. The subthreshold slope of SNW-MOSFET fordifferent structures such as Pi-gate, Omega-gate, Tri-gateand GAA is examined [12]. The subthreshold slope andthe DIBL for two structures i.e. FinFET and SNW-FETare studied [14]. The subthreshold slopes versus chan-nel length by 2D approach for single-gate, double-gate,Tri-gate and GAA MOSFETs are presented [15].The main purpose of this work is to analyze and simulateSNW-MOSFET in 3D quantum mechanical approach forimproving the device specifications such as the drain cur-rent, the subthreshold slope and the DIBL. The desiredimprovement in the device behavior can be done via modi-fication in the gate contact configuration. In Section 2, wedescribe our approach and present the related formulas.In Section 3, we present the simulation and results. In thissection, first we simulate the DG SNW-MOSFET, wherewe solve 3D Schrödinger equation. Second, we simulatethe GAA SNW-MOSFET with different gate structuresand finally we conclude this work in Section 4.
2. Approach
2.1. Uncoupled mode space approach
In this section, we briefly review uncoupled mode spaceapproach and use [11, 16] for writing the equations. The3D full stationary Schrödinger equation is given by:

H3DΨ(x, y, z) = EΨ(x, y, z), (1)
where H3D is the 3D device Hamiltonian. Assuming anellipsoidal parabolic energy band with a diagonal effectivemass tensor, the Hamiltonian is defined as [11]:
H3D = −~22m∗x ∂2

∂x2 − −~22m∗y ∂2
∂y2 − −~22m∗z ∂2

∂z2 + U(x, y, z), (2)
where m∗x , m∗y, m∗z are the electron effective masses in the
x, y, and z directions respectively, and U(x, y, z) is theelectron conduction band edge profile throughout the de-vice. We note that due to the transition between the Si
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body and the SiO2 layer, the effective mass should vary inthe y and z directions. However, in this equation the pen-etration of electron wave function into the SiO2 layer isnot considered. Now, let us expand the 3D electron wavefunction in the subband eigenfunction space as follows:
Ψ(x, y, x) =∑

m
φm(x)Ψm(y, z; x), (3)

where Ψm(y, z; x = x0) is the mth eigenfunction of thefollowing 2D Schrödinger equation in the slice at x = x0of the SNW-MOSFET:[
−~22m∗y ∂2

∂y2 − −~22m∗z ∂2y
∂z2 + U(y, z; x)]Ψm(y, z; x)

= Em(x)Ψm(y, z; x), (4)
where Em(x) is the mth subband energy level at x. Ac-cording to the properties of eigenfunctions, satisfies thefollowing equation at any x:∮ Ψm(y, z; x)Ψn(y, z; x)dydz = δmn, (5)
where δmn is the Kronecker delta function. We putEqs. (2), (3), and (4) into Eq. (1), then integrate it over
y− z plane and use Eq. (5), we obtain:{

−~22m∗x d2
dx2 + Em(x)}φm(x) = Eφm(x). (6)

This equation is called ”1D transport equation” that wesolve it by using NEGF method. The 1D Green’s functionfor subband m is given as:
G1D
m = [E −H1D

m −
∑
Sm

−
∑
Dm

]−1
, (7)

where H1D
m is the 1D Hamiltonian and ∑Sm and ∑Dm arethe self-energies of the source (S) and the drain (D) re-spectively. The 1D charge density is obtained as follows:

n1D
m = 12π∆x

∫
dE
(
fsGmΓSmG†m + fdGmΓDmG†m), (8)

where ∆x is the 1D lattice spacing, and fs and fd are thesource and the drain Fermi functions, respectively. Thebroadening matrices for source and drain, ΓSm and ΓDm inEq. (8) are respectively as follows:
ΓSm = t

(∑
Sm

−
†∑
Sm

)
, (9a)

ΓDm = t
(∑

Dm

−
†∑
Fm

)
, (9b)

where ΓSm and ΓDm have the same size as H1D
m . Physicallythe function ΓS (ΓD) determines the electron exchange ratebetween the S (D) reservoir and the channel. However,in general it can be viewed as the measure of interactionstrength between the S (D) reservoir and the channel dueto any source of perturbation [17].The 3D quantum charge density is then calculated as:

n3D(x, y, z) = M∑
m=1 n

1D
m (x)|Ψm(y, z; x)|2, (10)

where M is the number of subbands participating in thetransport. Now, n3D(x, y, z) is used in the Poisson equa-tion as:
52 φ(x, y, z) = −qε (

ND − n3D(x, y, z)) . (11)
This equation should be solved for the potential φ(x, y, z),where ND is the doping concentration. In order to includethe gate effect, we use Dirichlet boundary condition atthe gate contact, i.e. V = VG . The gate-vacuum potential
VG is determined by the gate bias voltage and the workfunction of the contact material. On the other hand, at thesource (drain) contact, the Neumann boundary conditionis imposed, i.e. n,5V = 0. For other boundaries withoutelectrode contacts, the same zero electric field conditionis assumed. In order to achieve a faster convergence innumerical calculation, we convert the Poisson equationinto a nonlinear form by using the following relationships[17]:

Fn = −q (Vold) + kBTI−112
(
n
NC

)
, (12a)

n = NCI 12
[
Fn + qV
kBT

]
, (12b)

where I 12 is the Fermi-Dirac integral of order 12 , I−112is the inverse Fermi-Dirac integral of order 12 , Fn is aquasi-Fermi energy, NC is the effective density of statesin the conduction band, kB is Boltzmann constant and Tis the temperature. Then, these equations are solved byNewton-Raphson method after discretizing it by finite dif-ference technique. We used equations in [18] for evaluat-ing the Fermi-Dirac and inverse Fermi-Dirac integrals.We should mention that by Newton-Raphson approachthe Poisson equation is solved repeatedly, each time thecalculated potential compares with the previous value. Ifthe difference between the sequential values of the poten-tial is less than 10−6 volt, the last value (V1) feed back
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to the Schrödinger equation. The Schrödinger equationis solved again and the 3D charge density is obtained.The calculated charge density is feed back to the Poissonequation to achieve more accurate value for potential (V2).If the difference between this value of potential (V2) andthe previous value of potential (V1) is less than 10−3 volt,we consider V2 as the final value for potential and it canbe feed back to the Schrödinger equation to obtain thefinal value of charge density. We do this procedure tofind the potential and charge density over each grid pointof the simulation mesh throughout the structure. After theself-consistency is reached, the current can be calculatedby using the Landauer-Büttiker formula as follows:
Id = q

h

∫ ∞
−∞

dET (E) [fS(E)− fD(E)], (13)
where the transmission function T (E) is given by:

T (E) = M∑
m=1 Tr

[ΓSmGmΓDmG†m]. (14)
It should be noted that the coupled mode space formalism

is mathematically equivalent to the real space calculationif all the modes are included. In practice, due to strongquantum confinement in SNWTs, only a few of the lowestsubbands are occupied and need to be included in thecalculation. This means that, if we increase the modenumber M, the device characteristics such as the electrondensity profile and terminal currents will not change anymore.
2.2. Evaluation of the 1D NEGF

As shown in Eq. (7) we can find the 1D Green’s function
Gm(E) by directly inverting the following matrix:

G1D
m (E) = [EI −H1D

m −
∑
Sm

−
∑
Dm

]−1
, (15)

where I is an identity matrix of the same size as Hamil-tonian H1D
m and is the 1D Hamiltonian which is given bythe following matrix:

H1D
m =



2t + Em(1) −t · · · · · ·
−t 2t + Em(2)... . . . ...2t + Em(Nx − 1) −t

· · · · · ·
−t 2t + Em(Nx )


, (16)

where Nx is the number of meshes in the x direction and∑
Sm and ∑Dm are respectively given by the followingequations:

∑
Sm

=

∑

S(E) · · · 0... . . . ...0 · · · 0
 , (17a)

∑
Dm

=


0 · · · 0... . . . ...0 · · · ∑D(E)
 , (17b)

where t as the interaction coefficient of the neighboringatom is defined as:
t ≡ ~2m∗x∆x2 , (18)

where ∆x is the 1D mesh spacing.Em(x) in Eq. (16) isobtained by solving 2D Schrödinger equation (Eq. (4)) inthe cross section of the nanowire and is the mth subbandenergy level at x. We solve the 2D Schrödinger equationjust in the silicon region, rather than solving it in bothsilicon and oxide regions. The self energies of source anddrain; ∑S and ∑D could be viewed as a modification ofthe device Hamiltonian, so as to incorporate the boundaryconditions. They are respectively given by the followingequations [4, 9]:

∑
S

(E)(E) = 12(E − 2t − Em(1)
−i
√(4t + Em(1)− E) (E − Em(1))), (19)
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∑
D

(E) = 12(E − 2t − Em(Nx )
−i
√(4t + Em(Nx )− E) (E − Em(Nx ))). (20)

3. Simulation and results
3.1. DG nanowire MOSFET
Consider a DG-SNW-MOSFET as shown in Fig. 1. In thisstructure the channel length is 10 nm, the oxide thickness(tox ) is assumed 1 nm. The wire thickness, tsi (in the y di-rection) is 3 nm and the wire width, W (in the z direction)is in nanoscale and a varying parameter. The cross sectionis rectangular in the y− z plane, and carrier transport isalong x-direction. The source and drain regions are dopedwith ND = 2 × 1020 cm−3. A proper gate work functionis selected so that a specific drain off-current is obtained(e.g. 10 µA/µm [1]).

Figure 1. The diagram of DG-SNW-MOSFET structure [19].

The threshold voltage is defined as the required gate volt-age to have IDS = 10−6 (A) at VDS = 0.4 (V). We assumethat the potential in transverse direction (across the wirewidth) doesn’t change and it is sufficient to solve the Pois-son equation in 2D. This equation is discretized by finitedifference technique and is solved by Newton-Raphsonmethod.Fig. 2 shows the square of the wave functions in a crosssection of 2 × 4 nm2 DG-SNW-MOSFET for modes #1and #6. Fig. 3 shows the drain current as a functionof the device width, W , calculated by both our simulatorand nanoMOS [17]. As expected, in nanoMOS the currentis independent of transversal dimension, but it is not inour simulation. It should be noted that in nanoMOS thetransversal dimension is not considered as quantum con-fining parameter, whereas it is implemented in our simu-lator.

a

b

Figure 2. The square of wave functions for a DG-SNW-MOSFET
with a cross section of 2×4 nm2: (a) mode #1, (b) mode#6.

Figure 3. The Ion (on-current) as a function of transversal dimension
(width) calculated by both our work and nanoMOS, Vgs =0.4 V and Vds = 0.4 V.
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The nanoMOS simulator assumes constant current distri-bution in the width, because it assumes W is very large.However, in our simulator we assume W is very small andsolve the Schrödinger equation in the transversal direc-tion. When this dimension is a few nanometers only afew subband in that direction participate in the transport.When W is decreased, the number of effective subbandsis reduced, so the current is decreased. Reduction of thecurrent due to reduction of subbands is true if we as-sume that the effective mass is independent of W . On theother hand, reduction of W raises the effective mass andthis causes the number of subbands in unit of energy toincrease, which is the result of solving the Schrödingerequation in 2D. This is the reason that the drain currentby our simulator increases with decreasing W as shownin Fig. 3.

a

b

Figure 4. The Id vs Vgs curves of the DG-SNW-MOSFET, calculated
by our work (W = 2 nm and W = 10 nm), and nanoMOS,
(a) semi-logarithmic scale, (b) linear scale.

Fig. 4 shows the drain current as a function of the gatevoltage for W = 2 nm and W = 10 nm in semi-logarithmicand linear scales. It is clear that for W = 10 nm the twosimulations are in good agreement but for W = 2 nmthey are different. We can see from Fig. 4a that the sub-threshold slope depends on W in our approach, whereasnanoMOS does not contain W , which means W is as-sumed considerably large. Fig. 5 shows the drain currentas a function of the drain voltage for W = 2 nm and
W = 10 nm calculated by both simulators. It is notice-able that the results shown in Figs. 3, 4 and 5 are wellconfirming each other.

Figure 5. The Id vs Vds curves of the DG-SNW-MOSFET, calculated
by our work (W = 2 nm and W = 10 nm) and nanoMOS.

3.2. Gate-All-Around MOSFET
The structure of GAA-SNW-MOSFET is shown in Fig. 6.The channel length is 10 nm, the wire width and thicknessare 2 nm (square cross section) and carrier transport isalong x-direction. The oxide thickness is assumed 1.5 nm.A gate work function is selected so that an off-currentof approximately 10−9 (A) is achieved [1]. The sourceand drain regions are doped with ND = 2 × 1020 cm−3.Since this structure is gate-all-around, the Poisson equa-tion must be solved in 3D. We first discretized it by sevenpoint finite difference technique and then this nonlinearequation is solved by Newton-Raphson approach.Fig. 7 shows the drain current versus both the gate andthe drain voltages for the given structure. We havecalculated the subthreshold slope, the drain-induced-barrier-lowering (DIBL), the drain on-current and thedrain off-current. The values of these parameters are:67.5 (mV/decade), 103.25 (mV/V), 4.62 (µA) and 0.487 (nA),respectively.
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a

b c

Figure 6. (a) The schematic diagram of GAA-SNW-MOSFET struc-
ture, (b) the side view, (c) the cross section view [11].

By designing a new gate structure we try to decrease thesubthreshold slope, the DIBL and the drain off-current,whereas the drain on-current should be increased.
To increase the quantum confinement effect we shouldmodify the gate configuration of GAA-SNW-MOSFET. Infact, in order to increase the effect of gate voltage on thesquare GAA device behavior we should decrease the oxidethickness at the corners. This idea guided us to proposestructures as shown in Figs. 8a, 11a and 11b. This figureshows the cross section of our structure and we called itthe ”octagonal gate structure”. In order to simulate the oc-tagonal GAA-MOSFET and use the approach explainedso far, we introduce parameter a as shown in Fig. 8b. Itshould be noted that a controls the geometry of the gateonly and it doesn’t have physical meaning. When a iszero it is really the conventional GAA. To investigate howthis structure improves our device performance, we changethe distance a from zero to 0.7∗tox . We have changed thisdistance and calculated the subthreshold slope, the DIBL,the drain on-current and the drain off-current of the device.For comparing the results, the dimensions of the deviceare exactly the same as those given in the previous sec-tion. The results of the octagonal GAA-SNW-MOSFETare shown in Fig. 9 and Fig. 10.

a

b

c

Figure 7. The drain current of the given GAA-SNW-MOSFET versus
the gate voltage (a) linear scale, (b) semi-logarithmic scale
and (c) the drain current versus the drain voltage.
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a

b

Figure 8. The cross section of the new GAA-SNW-MOSFET with
octagonal gate structure. (b) Instead of (a) we simulate
(b) for different values of a.

We see that by increasing a the device characteristicsare improved. The subthreshold slope, the DIBL and Ioffare decreased and Ion increased. In order to increase thepacking density in integrated circuits we interested to re-duce the size of MOSFET. But we know that in doing this,some non-ideal behavior arise, e.g. increase in subthresh-old slope, the DIBL and Ioff . So, we intend to decreasethese specifications by our new structure. In addition,for better switching application we should increase Ion.By increasing a we in fact, reduce the oxide thickness atthe corners. However, when it reaches a specific valueit can’t be reduced further. This specific value theoreti-

a

b

Figure 9. (a) The subthreshold slope and (b) the DIBL, of the oc-
tagonal GAA-SNW-MOSFET versus the distance a (a is
shown in Fig. 8).

cally depends on the oxide material. However, in practicethat specific thickness depends on the oxide quality. Inother words, for further reducing oxide thickness at thecorner we should select a material with a higher dielec-tric constant [19]. This is for preventing the gate leakage.However, in addition to many technological issues whichlimit the device reliability and performance, a fundamen-tal drawback of high-k dielectrics is mobility degradation[19]. Thus, we can have an optimum value for a that makesboth short channel effects and the gate leakage minimum.
We have also investigated the structures illustrated inFig. 11. The subthreshold slope, the DIBL, the drain on-current (Ion) and the drain off-current (Ioff ) for these struc-tures and for octagonal structure with two values of a arelisted in Table 1.
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a

b

Figure 10. (a) The drain on-current and (b) the drain off-current, of
the octagonal GAA-SNW-MOSFET versus the distance
a (a is shown in Fig. 8).

Table 1. Compare of subthreshold slope, DIBL, on-current, and off-
current parameters of different structures.Subthresholdslope(mv/decade)

DIBL(mV/V) on-current
×10−6 (A) off-current

×10−10 (A)
Octagonal
a = 0 67.5 103.25 4.6219 4.8733
Octagonal
a = 0.7∗tox 63 93 4.8877 2.9262
Structure ofFig. 11a 65.6 99.75 4.6844 3.7791
Structure ofFig. 11b 66.89 102.75 4.6257 4.509
We see that, in general, the specifications of the structuresof Fig. 11 improved with respect to those of the conven-tional GAA structure, though they are worse than those ofthe proposed octagonal GAA with a = 0.7 ∗ tox . Finally,we can realize that the octagonal gate structure is thepreferable one.

a

b

Figure 11. The schematic diagrams of two new structures for GAA-
SNW-MOSFET which are investigated by our approach.
a is 0.4 ∗ tox for both structures.

4. Conclusion
In this work we have investigated silicon nanowire MOS-FET with different gate structures. First, we simulatedDG-SNW-MOSFET and showed that when the transver-sal dimension of a DG-SNW-MOSFET is reduced tonanometers regime, the quantum confinement in that di-rection becomes important. In this case, we have to solvethe 3D Schrödinger equation instead of 2D Schrödingerequation, where the later is solved by nanoMOS. Second,we have simulated the GAA-SNW-MOSFET with differ-ent types of gate structures. The specifications of the de-vice that we have investigated are the subthreshold slope,
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the drain-induced-barrier-lowering (DIBL), the drain on-current (Ion) and the drain off-current (Ioff ). The simu-lation results showed that octagonal structure can havegood performance. The above specifications of the oc-tagonal gate are improved if compared with those of theconventional GAA-SNW-MOSFET structure.
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