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ABSTRACT The natural length of MOSFETs helps to describe the potential distribution in the Silicon

substrate. This natural length varies in different device structures, from a single gate to multi-gate device

geometry. To measure the short channel effects degree, the natural length should be known because various

vital parameters such as OFF-current, Roll-off threshold voltage, and drain induced barrier lowering depend

on it. In this research work, authors have presented a scaling theory for Cylindrical Surrounding Double-

Gate (CSDG) MOSFET, which guide the device design. The scaling method has been derived, based on the

application of the Poisson equation, in a cylindrical structure using Parabolic Potential Approximation (PPA)

along the radial direction (substrate part only). Furthermore, a comparison with cylindrical surrounding-gate

MOSFETs, Silicon-on-insulator, and double-gate device geometries has been obtained. The results obtained

using the PPA model show that CSDG MOSFET has the least natural length, making it a better component

for SCEs immunity.

INDEX TERMS Channel length, CSDG MOSFET, nanotechnology, natural length, scaling pattern semi-

conductors, short channel effects (SCEs), VLSI.

I. INTRODUCTION

The MOSFETs scaling is the driving force for the recent

developments in the semiconductor industry [1]–[3]. The rea-

son for device scaling is to increase the number of transistors

(CMOS devices) in an Integrated Circuit (IC), its functional-

ity, speed, and low operating power from one technological

node to another. However, as the MOSFET size decreases,

the Short Channel Effects (SCEs) become significant [4], [5].

It has been established that multi-gate MOSFETs fami-

lies (Double-Gate (DG) MOSFETs, Double FinFET and

Cylindrical Surrounding-Gate (CSG) MOSFETs) provides

superior immunity to SCEs and higher current drive than

traditional planer MOSFETs [6]–[9]. This is because the

natural length is a key parameter in suppressing SCEs, and

it determines the threshold voltage variation of MOSFET

structures. As the multi-gate MOSFETs are scaled down into

the nanometre regime (<30 nm), their performance becomes

compromised because of the short channel’s effects.

In the previous research works, the classical natural length

of the multi-gate MOSFETs have been developed for SOI

MOSFETs, DG MOSFETs, and CSG MOSFETs [10]–[12].
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FIGURE 1. Surrounding Structures: a) CSDG MOSFET [19] b) DSG
MOSFET [16] c) CSDG MOSFET [14] d) DSG [18], and e) CSDG MOSFET [37].

However, they did not consider the non-symmetrical multi-

gate structures in their general analysis. Other researchers

have also modeled the Cylindrical Surrounding Double-Gate

(CSDG) MOSFETs as a promising device in the nearest

future, as shown in Fig. 1 [13]–[19]. The nomenclature,

CSDG MOSFET, has been used by several authors with a

latent difference as Fig. 1(a) shows CSDG MOSFET with

a hollow center for easy analysis based on the 1-D model.

Although the accessibility of the source and drain are not
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fully described. Fig 1(b) shows DSG (Double Surrounding

Gate) MOSFET with a non-hollow (gate material) center

based on a 1-D model. Fig 1(c) shows CSDG MOSFET with

a non-hollow (metal+ gate material) center based on the 2-D

model. Fig. 1 (d) shows DSG MOSFET with a hollow center

based on 1-D model. Fig 1(e) shows CSDG MOSFET with a

hollow center for easy analysis based on the 2-D model.

Verma et al. [14] proposed a new non-hollow CSDGMOS-

FET, as shown in Fig. 1(c). Their research work focused

basically on gate engineering and its behavior at the sub-

threshold regime. The authors further explored the vacuum

gate dielectric in the analysis [20]. It concluded that CSDG

MOSFET is better than other multi-gate families based on

gate engineering. The 2-D Poisson equation was analyzed

with the superimposition model. Rewari et al. [17] worked

on junctionless CSDG MOSFET. The authors considered its

application and replacement of Silicon oxide with Hafnium

oxide for better analogue performance.

The derived natural length of close form-expression will

enable the device engineers to estimate the maximum allow-

able Silicon thickness to avoid short channel effects in CSDG

MOSFET via the scaling factor. In this present research

work, the natural lengths of the CSDG MOSFET have been

developed using a 2-D Poisson equation based on the PPA

model [21]. These natural lengths are compared with SOI

MOSFET, DGMOSFET, and CSGMOSFET concerning the

variation in threshold voltage. This research paper has been

organized as follows: The review of the scaling theorem of

multi-gate MOSFETs is presented in section II. The mathe-

matical derivation of the natural length for CSDG MOSFET

is shown in Section III. Various effects of the natural length

have been discussed in Section IV. The analytical results have

been studied and compared with other multi-gate families in

the Section V. Finally, Section VI concludes the work and

recommend the future aspects.

II. REVIEW OF THE SCALING THEORY OF

MULTI-GATES MOSFETS

The review of procedural derivation of the scaling length for

multi-gates MOSFETs (SOI, DG, and CSGMOSFETs) have

been performed because the CSDG MOSFETs derivation is

based on the same model. These have been discussed as

follows:

A. SOI, DG, AND CSG MOSFETs

The prediction of how small the Silicon thickness and gate

oxide are designed to minimize the effects of short chan-

nel and to maintain the decent subthreshold swing (Fig. 2)

have been developed by various researchers [22]–[28].

The researchers used the Young’s model [21] to solve

the Poisson Equation (cartesian and cylindrical form) with

respect to different boundary conditions based on the device

geometry.

The Poisson equations, the cartesian, and cylindrical

form, with respect to the MOSFETs structures in Fig. 2 is

FIGURE 2. The 3D structural view of the (a) SOI MOSFET (b) DG MOSFET,
and (c) CSG MOSFET.

given as [29]–[32]:

d2ψ(x, y)

dx2
+
d2ψ(x, y)

dy2
=

qNa

εsi
(1)

1

r

d

dr

(

r
d

dr
ψ(r, z)

)

+
d2ψ(r, z)

dz2
=

qNa

εsi
(2)

whereNa, εsi, and q are the doping concentration, permittivity

of Silicon, and the electric charge, respectively. ψ(x, y) and

ψ(r, z) are the potential distributions along with the cartesian

and cylindrical form, respectively.

By applying the Parabolic Potential Approximation (PPA)

model on Eq. (1) and Eq. (2) using Eq. (3) and (4) w.r.t. their

respective boundary conditions along the y-axis and radial

axis. The natural length has been obtained as given in Table 1.

ψ(x, y) = C0(x) + C1(x)y+ C2(x)y
2(0 ≤ y ≤ tsi) (3)

ψ(x, y) = C0(z) + C1(z)r + C2(z)r
2(0 ≤ r ≤ tsi) (4)

The natural length of SOI MOSFETs is dependent on

two parameters: oxide thickness and Silicon film. Based on

Colinge’s [33] research work on SOI MOSFETs, a decrease

in Silicon thickness results to reduction in the natural length

of anymulti-gateMOSFETs. The work of ref. [33] has served

as a benchmark for various multi-gate MOSFETs.

TABLE 1. Natural length of the MOSFETs for Figure 2.

The natural length, as reported for DG MOSFETs in

ref. [22], [25], have been deduced because the symmetrical

device structure results in the identical potential distribution

along the channel. Therefore, the minimum potential will be

positioned at the center of the Silicon channel leading to a

single natural length, as shown in Table 1. With this, the drain

field influence on the channel can be determined.
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FIGURE 3. (a) CSDG MOSFET in 3D view, and (b) the 2-D circular
cross-sectional view of the radial part [37].

B. CSDG MOSFET DEVICE GEOMETRY

The CSDG MOSFET is a new device structure that is like

CSG MOSFET but with a double-gate. It is modeled from

Double-Gate (DG) MOSFET, as shown in Fig 3(a). In com-

parison with traditional MOSFET, it has Silicon substrate,

Gate oxide, Source, Drain, and Gate. Furthermore, it belongs

to the GAA MOSFET family [37].

The DG MOSFET is folded (rotated) with respect to the

z-axis to produce the CSDGMOSFET. It has an external and

internal radius as r = a and r = b, respectively. Similar to

DG MOSFET, it has two gates with the extensions forming

the drain and source ends [38], [39]. The boundary condition

derivations are based on Fig. 3(b).

III. MATHEMATICAL MODELLING OF THE NATURAL

LENGTH FOR CSDG MOSFET

The Poisson equations have been solved, based on the bound-

ary conditions from Fig. 3, to obtain its natural length for both

internal and external gates. Its relationship with threshold

voltage variations has also been shown for design space.

Using the Parabolic Potential Approximation (PPA) with

respect to CSDG MOSFET geometry, Eq. (4) can be written

as given:

ψ(r, z) = C0(z) + C1(z)r + C2(z)r
2(a ≤ r ≤ b) (5)

where C0, C1, and C2 are unknown variables, and r is the

radius, which varies from ‘‘a’’ to ‘‘b’’ (boundary condition)

to represent the internal and external gate effect on the Sil-

icon substrate, respectively. The Eq. (5) with the bound-

ary conditions is used to solve Eq. (2) along the radial

direction.

1) Considering the center of the CSDG cylindrical structure

at radius, r = 0, electric field E = 0, potential distribu-

tion, ψ (r, z) = 0 and C0(z) = 0. The reason been that in

the center of the device, no electrostatic distribution of

charges.

2) The obtained surface potential with respect to the inter-

nal radius, ‘‘a’’ and external radius ‘‘b’’ as given:

ψ(a, z) = ψs(a) = C0(z) + C1(z)a+ C2(z)a
2 (6)

ψ(b, z) = ψs(b) = C0(z) + C1(z)b+ C2(z)b
2 (7)

3) The Electric Field (E) at the surface and at the center of

the Silicon w.r.t. a Gaussian surface have been obtained.

With this, the internal and external gate are considered,

based on Fig. 3(b). w.r.t. the boundary conditions as

follows:

• Considering the internal gate from Fig. 3(b) at r = a,

dψ(r, z)

dr

∣

∣

∣

∣

r=a

= C1(z) + 2C2(z)a

=
Coxa(Vgs − Vfb) − ψs(a)

εsi
(8)

• Considering the gaussian surface from Fig. 3(b) at point

C,

dψ(r, z)

dr

∣

∣

∣

∣

r=
(

tsi
2

)

= C1(z) + 2C2(z)
tsi
2

= −
Coxa(Vgs − Vfb) − ψs(a)

εsi
(9)

• Considering the external gate from Fig. 3(b) r = b,

dψ(r, z)

dr

∣

∣

∣

∣

r=b

= C1(z) + 2C2(z)b

=
Coxb(Vgs − Vfb) − ψs(b)

εsi
(10)

For the internal gate, at the center of the Silicon, the electric

field is non-zero because the structure is not symmetrical.

Since (tsi/2)>a, this implies that (tsi-2a) will always be pos-

itive, and the electric field with respect to the internal gate

will vary within this region around the radial path. Therefore,

by solving Eq. (8) and Eq. (9) simultaneously, the variables,

C1 and C2, are given, and C0 can be obtained from Eq. (6)

w.r.t. the internal gate as follows:

C2(z)

= −
2Coxa

(

(Vgs − Vfb) − ψs(a)
)

(tsi − 2a)εsi
(11)

C1(z)

=
(2Coxaεsitsi+(tsi−2a)Coxa)

(

(Vgs−Vfb) − ψs(a)
)

(tsi−2a)εsi
(12)
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Co(z)

=ψs(a)−
(2Coxaεsitsi+(tsi−2a)Coxa)

(

(Vgs−Vfb)−ψs(a)
)

(tsi−2a)εsi

+
2Coxa

(

(Vgs − Vfb) − ψs(a)
)

(tsi − 2a)εsi
(13)

By plugging Eq. (11), Eq. (12), and Eq. (13) into Eq. (5) at

r = (tsi/2−a), the relationship between the surface potential

and center potential w.r.t. the gaussian surface at point C from

Fig. 3 is obtained as:

ψs(a) =
1

1 +
Coxatsi
εsi

(

ψc(z) +
Coxatsi

εsi

)

(14)

where Coxa is the oxide capacitance per unit area with respect

to the internal gate, given as:

Coxa =
2εox

(tsi − 2a) ln
(

1 +
2tox

(tsi−2a)

) (15)

And for the external gate, the oxide capacitance is given as:

Coxb =
2εox

(2b− tsi) ln
(

1 +
2tox

(2b−tsi)

) (16)

By substituting Eq. (5) and Eq. (14) into Eq. (2), the

obtained radial part of the equation w.r.t. the internal gate is:

8Coxa(Vgs − VFB − ψc(z))

(tsi − 2a)εsi

(

1 +
Coxatsi
εsi

) +
d2ψ(r, z)

dz2
=
qNa

εsi
(17)

By substituting Eq. (15) into Eq. (16), the solution obtained

is given as:

16εox(Vgs − VFB − ψc(z))

εsi(tsi − 2a)2 ln
(

1 +
2tox

(tsi−2a)

)

+ 2εox tsi(tsi − 2a)

+
d2ψ(r, z)

dz2
=
qNa

εsi
(18)

For structures that are asymmetrical, the natural length can

be more than one in number. Either by creating a symmetrical

structure and asymmetrical structure for the analysis to be

convenient. For instance, Tsormpatzoglou et al. [40] derived

two natural lengths for Tri-Gate MOSFET (asymmetrical

structure) by splitting them into symmetrical and asymmet-

rical DG MOSFETs to deduce a close-form expression of

the threshold voltage. In respect of this, the present research

work has two natural lengths with respect to the inner and

outer gates because the device structure is asymmetrical.

However, these natural lengths are approximately the same.

Therefore, any of the natural lengths can be used to determine

the threshold voltage behavior.

The natural scaling length (λCSDGa) for CSDG MOSFET,

considering the internal radius a in Eq. (18) can be

described as:

(Vgs − VFB − ψc(z))

λ2CSDGa

+
d2ψ(r, z)

dz2
=
qNa

εsi
(19)

where λCSDGa, is the natural scaling length, dependent on

the new parameter, a (the internal radius), Silicon film (tsi),

and oxide thickness (tox). Also, (tsi/2) > a, so (tsi − 2a) will

always be positive. Furthermore, the value of ‘a’ contributes

inminimizing the short channel effects for CSDGMOSFETs:

λCSDGa =

√

√

√

√

εsi(tsi−2a)2ln
(

1+
2tox

(tsi−2a)

)

+2εox tsi(tsi−2a)

16εox
(20)

Similarly, the natural scaling length (λCSDGb) w.r.t. the

external gate is given as:

λCSDGb =

√

√

√

√

εsi(2b−tsi)2 ln
(

1+
2tox

(2b−tsi)

)

+2εox tsi(2b−tsi)

16εox
(21)

where λCSDGb is dependent on a new parameter, b (the exter-

nal radius). Also, since b>(tsi/2), (2b − tsi) will always be

positive, and its value contributes to minimizing SCEs in

CSDG MOSFETs. Therefore, proper care must be taken in

choosing the values of ‘b’ in designing the device structure.

IV. EFFECTS OF THE NATURAL LENGTH ON THE SHORT

CHANNEL BEHAVIOUR OF CSDG MOSFET

The natural length derived is used to predict the pres-

ence or absence of short channel effects. The major short

channel effects considered are:

A. THRESHOLD VOLTAGE VARIATION WITH NATURAL

LENGTH USING SCALING THEORY

It has been established that the natural length with respect

to the gate length of multi-gate MOSFETs is exponential,

dependent on the variation in threshold voltage for mini-

mal conduction in the potential variation [41]–[44]. With

this, the relationship between the derived natural length of

the CSDG MOSFET and the threshold voltage roll-off is

given as:

1ϕmin ∝ 1Vth ∝ e
−L

2λCSDGa ∝ e
−L

2λCSDGb (22)

where 1Vth and L are the threshold voltage roll-off and the

effective device length, respectively. From Eq. (22), the scal-

ing factor which predicts the allowable Silicon thickness of

CSDG MOSFET is determined and given as:

α4 =
L

2λCSDGb
=

L

2λCSDGa
(23)

The numerical simulation of CSDG MOSFET with vari-

ation in Silicon thickness and gate length were carried on

Eq. (22) and Eq. (23) and the natural length is calculated from

Eq. (21). Therefore, to ensure that the device operates within

the threshold variations, the selection of the scaling factor

must be done appropriately.
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FIGURE 4. Natural length with the Silicon body thickness for the internal
and external gate of CSDG MOSFET.

B. THE BEHAVIOR OF THE DRAIN INDUCED BARRIER

LOWERING (DIBL) FOR CSDG MOSFET

The DIBL becomes significant when the drain voltage is

raised from 0.1 V to 1.0 V using constant threshold voltage

as given:

DIBL = Vth(VDS = 0.1V ) − Vth(VDS = 1V ) (24)

According to ref. [36], in order to ensure the acceptable

value of DIBL for all multi-gate MOSFET, the scaling factor

must be larger than 2.2. Thus, the DIBL depends on the

scaling factor value through the natural length.

V. RESULTS AND ANALYSIS

The natural scaling of CSDG MOSFET, threshold voltage

variations, and DIBL behavior are obtained with Eq. (5)

to Eq. (24). The results are compared with various multi-

gate MOSFETS (SOI MOSFETs, DG MOSFETs, and CSG

MOSFETs). The lists of the parameters used are given

in Table 2.

TABLE 2. The parameter’s values.

The natural lengths of CSDG MOSFETs with respect to

the variations of Silicon thickness is shown in Fig. 4. It is

obvious that the natural length decreases with a decrease

in Silicon thickness. This implies a decrease in the drain

influence over the channel. Hence, the gates control, over the

channel, increases. Also, as the Silicon thickness decreases

further, the natural length w.r.t. the internal and external gate

becomes approximately equal. This implies that with thin

Silicon thickness, the gates offer great immunity over the

channel with almost equal electrostatic integrity.

FIGURE 5. The natural length of the internal gate of CSDG MOSFET (this
work) with SOI, DG, and CSG MOSFETs w.r.t. Silicon body thickness.

Whereas an increase in Silicon thickness lessens the gates

control, over the channel, because of the increase in natural

length. However, the outer gate exhibits more control over

the channel as the Silicon film thickness increases. Hence,

minimal values of the radii (a and b) must be chosen for the

effective immunity of the SCEs.

The natural length with respect to the internal gate of

CSDG MOSFET is compared with the CSG, DG, and SOI

MOSFET in Fig. 5. It has been observed that the variation

in Silicon thickness with respect to oxide thickness deter-

mines the device characterizations. The gates exhibit more

control of the channel as the Silicon thickness decreases.

Also, the natural scaling length of the internal gate of CSDG

MOSFET is minimal compared to that of SOI, DG, and CSG

MOSFETs. Since a small natural length is desired to mini-

mize the SCEs on the Subthreshold slope, therefore, CSDG

MOSFET is a promising device to replace CSG MOSFET in

the nearest future.

FIGURE 6. The natural length of the external gate of CSDG MOSFET (this
work) with SOI, DG, and CSG MOSFETs w.r.t Silicon body thickness.

The natural length with respect to the external gate of

CSDG MOSFET is compared with the CSG, DG, and SOI

MOSFET in Fig. 6. Similarly, the external gate with respect
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FIGURE 7. Threshold Voltage roll-off versus scaling factor for SOI, DG,
CSG, and CSDG MOSFET.

FIGURE 8. Drain Induced Barrier Lowering (DIBL) versus scaling factor for
SOI, DG, CSG, and CSDG MOSFET.

to the external radius provides the smallest natural length

characterization when compared with SOI, DG, and CSG

MOSFET. The small natural length contributes to the device’s

immunity to SCEs. Also, Fig. 6 shows that the external

gate has greater immunity to SCEs as the Silicon thickness

increases towards 10 nm when compared with the internal

gate from Fig. 5.

The threshold voltage variation with the scaling factor is

shown in Fig. 7. It is obvious that CSDG MOSFET has the

least roll-off threshold voltage with the highest scaling fac-

tor (α4) extraction of approximately 4.3when compared with

SOI, DG, and CSG MOSFET. Thus, the small natural length

in CSDG MOSFET, which yields increased scaling factors,

shows better immunity to SCEs. Also, numerical simulation

agrees with the proposed analytical model. Fig. 8 shows a

similar approach to Fig. 7. When the DIBL is investigated

with respect to the scaling factor (α): As the α is reduced,

the DIBL increases due to the decrease of the potential barrier

in the channel caused by a short channel. It is obvious that

the device structure with the least scaling factor value will

be affected the most even though all the devices are within

acceptable DIBL of values of < 50mV, as shown in Fig. 8.

TheDIBL becomes practically negligible as the scaling factor

value increases.

VI. CONCLUSIONS AND FUTURE ASPECTS

In this researchwork, a natural scaling length characterization

has been derived for the design of CSDGMOSFETs to access

its scaling potential based on the internal and external gates

(electrostatics). It has been observed that the external gate has

a lesser scaling factor than the internal gate at higher Silicon

thickness. Therefore, the electrostatic influence of the exter-

nal gate over the channel is more compared to the internal

gate. However, as the Silicon thickness reduces, the external

and internal gate control over the channel are approximately

the same. Hence, the thinner the Silicon thickness, superior

the immunity of the SCEs. Also, the results show that CSDG

MOSFET provides the least scaling factor in comparisonwith

SOI, DG, and CSG MOSFET.

This device approaches the nanometer regime with respect

to the variations in threshold voltage. Furthermore, since

important device parameters like threshold variation and

DIBL (SCEs) depend strongly on the natural length character-

ization, the newly derived natural length of CSDG MOSFET

can be employed in determining the scaling factor.

REFERENCES

[1] G. Baccarani, M. R. Wordeman, and R. H. Dennard, ‘‘Generalized scaling

theory and its application to a 1/4 micrometer MOSFET design,’’ IEEE

Trans. Electron Devices, vol. ED-31, no. 4, pp. 452–462, Apr. 1984.

[2] J. R. Brews, W. Fichtner, E. H. Nicollian, and S. M. Sze, ‘‘Generalized

guide for MOSFET miniaturization,’’ in IEDM Tech. Dig., Dec. 1979,

pp. 79–83.

[3] H. Iwai, ‘‘Roadmap for 22 nm and beyond,’’ Microelectron. Eng., vol. 86,

nos. 7–9, pp. 1520–1528, 2009.

[4] D. K. Ferry and L. A. Akers, ‘‘Scaling theory in modern VLSI,’’ IEEE

Circuits Devices Mag., vol. 13, no. 5, pp. 41–44, Sep. 1997.

[5] N. Z. Haron and S. Hamdioui, ‘‘Why is CMOS scaling coming to an

END?’’ in Proc. 3rd Int. Design Test Workshop, Dec. 2008, pp. 98–103.

[6] D. J. Frank, Y. Taur, and H.-S.-P.Wong, ‘‘Generalized scale length for two-

dimensional effects in MOSFETs,’’ IEEE Electron Device Lett., vol. 19,

no. 10, pp. 385–387, Oct. 1998.

[7] C. Hu, J. Bokor, T.-J. King, E. Anderson, C. Kuo, K. Asano, H. Takeuchi,

J. Kedzierski, W.-C. Lee, and D. Hisamoto, ‘‘FinFET—A self-aligned

double-gate MOSFET scalable to 20 nm,’’ IEEE Trans. Electron Devices,

vol. 47, no. 12, pp. 2320–2325, Dec. 2000.

[8] X. Liang and Y. Taur, ‘‘A 2-D analytical solution for SCEs in DG MOS-

FETs,’’ IEEE Trans. Electron Devices, vol. 51, no. 9, pp. 1385–1391,

Sep. 2004.

[9] J.-P. Colinge, ‘‘Multiple-gate SOI MOSFETs,’’ Solid-State Electron.,

vol. 48, no. 6, pp. 897–905, Jun. 2004.

[10] C. Li, Y. Zhuang, and R. Han, ‘‘Cylindrical surrounding-gate MOS-

FETs with electrically induced source/drain extension,’’Microelectron. J.,

vol. 42, no. 2, pp. 341–346, Feb. 2011.

[11] B. Jena, B. S. Ramkrishna, S. Dash, and G. P. Mishra, ‘‘Conical surround-

ing gate MOSFET: A possibility in gate-all-around family,’’ Adv. Natural

Sci., Nanosci. Nanotechnol., vol. 7, no. 1, Feb. 2016, Art. no. 015009.

[12] B. Yu, J. Song, Y. Yuan, W.-Y. Lu, and Y. Taur, ‘‘A unified analytic

drain–current model for multiple-gate MOSFETs,’’ IEEE Trans. Electron

Devices, vol. 55, no. 8, pp. 2157–2163, Aug. 2008.

[13] U. A. Maduagwu and V. M. Srivastava, ‘‘Bridge rectifier with cylindrical

surrounding double-gateMOSFET:Amodel for better efficiency,’’ inProc.

Int. Conf. Domestic Use Energy (DUE), Apr. 2017, pp. 109–113.

[14] J. H. K. Verma, S. Haldar, R. S. Gupta, andM. Gupta, ‘‘Modelling and sim-

ulation of subthreshold behaviour of cylindrical surrounding double gate

MOSFET for enhanced electrostatic integrity,’’ Superlattices Microstruct.,

vol. 88, pp. 354–364, Dec. 2015.

VOLUME 8, 2020 121209



U. A. Maduagwu, V. M. Srivastava: Channel Length Scaling Pattern for Cylindrical Surrounding Double-Gate (CSDG) MOSFET

[15] M. V. Srivastava, S. K. Yadav, and G. Singh, ‘‘Explicit model of cylin-

drical surrounding double-gate MOSFETs,’’WSEAS Trans. Circuits Syst.,

vol. 12, no. 3, pp. 81–90, Mar. 2013.

[16] Y. Chen and W. Kang, ‘‘Experimental study and modeling of double-

surrounding-gate and cylindrical silicon-on-nothing MOSFETs,’’ Micro-

electron. Eng., vol. 97, pp. 138–143, Sep. 2012.

[17] S. Rewari, S. Haldar, V. Nath, S. S. Deswal, and R. S. Gupta, ‘‘Numer-

ical modeling of subthreshold region of junctionless double surrounding

gate MOSFET (JLDSG),’’ Superlattices Microstruct., vol. 90, pp. 8–19,

Feb. 2016.

[18] C. Hong, J. Zhou, J. Huang, R. Wang, W. Bai, J. B. Kuo, and Y. Chen,

‘‘A general and transformable model platform for emerging multi-gate

MOSFETs,’’ IEEE Electron Device Lett., vol. 38, no. 8, pp. 1015–1018,

Aug. 2017.

[19] V. M. Srivastava, K. S. Yadav, and G. Singh, ‘‘Design and performance

analysis of cylindrical surrounding double-gate MOSFET for RF switch,’’

Microelectron. J., vol. 42, no. 10, pp. 1124–1135, Oct. 2011.

[20] J. H. K. Verma, S. Haldar, R. S. Gupta, and M. Gupta, ‘‘Modeling and

simulation of cylindrical surrounding double-gate (CSDG) MOSFET with

vacuum gate dielectric for improved hot-carrier reliability and RF perfor-

mance,’’ J. Comput. Electron., vol. 15, no. 2, pp. 657–665, Mar. 2016.

[21] K. K. Young, ‘‘Short-channel effect in fully depleted SOI MOSFETs,’’

IEEE Trans. Electron Devices, vol. 36, no. 2, pp. 399–402, Feb. 1989.

[22] C. P. Auth and J. D. Plummer, ‘‘Scaling theory for cylindrical, fully-

depleted, surrounding-gate MOSFET’s,’’ IEEE Electron Device Lett.,

vol. EDL-18, no. 2, pp. 74–76, Feb. 1997.

[23] J.-T. Park and J.-P. Colinge, ‘‘Multiple-gate SOIMOSFETs: Device design

guidelines,’’ IEEE Trans. Electron Devices, vol. 49, no. 12, pp. 2222–2229,

Dec. 2002.

[24] K. Suzuki and T. Sugii, ‘‘Analytical models for n+-p+ double-gate

SOI MOSFET’s,’’ IEEE Trans. Electron Devices, vol. 42, no. 11,

pp. 1940–1948, Nov. 1995.

[25] K. Suzuki, T. Tanaka, Y. Tosaka, H. Horie, andY. Arimoto, ‘‘Scaling theory

for double-gate SOI MOSFET’s,’’ IEEE Trans. Electron Devices, vol. 40,

no. 12, pp. 2326–2329, Dec. 1993.

[26] L. D. Yau, ‘‘A simple theory to predict the threshold voltage of short-

channel IGFET’s,’’ Solid-State Electron., vol. 17, no. 10, pp. 1059–1063,

Oct. 1974.

[27] N. Barin, M. Braccioli, C. Fiegna, and E. Sangiorgi, ‘‘Analysis of scaling

strategies for sub-30 nm double-gate SOI N-MOSFETs,’’ IEEE Trans.

Nanotechnol., vol. 6, no. 4, pp. 421–430, Jul. 2007.

[28] K. T. Chiang, ‘‘A novel scaling-parameter-dependent subthreshold swing

model for double-gate (DG) SOI MOSFETs: Including effective conduct-

ing path effect (ECPE),’’ Semicond. Sci. Technol., vol. 19, no. 12, p. 1386,

2004.

[29] H. A. El Hamid, B. Iniguez, and J. R. Guitart, ‘‘Analytical model of the

threshold voltage and subthreshold swing of undoped cylindrical gate-all-

around-based MOSFETs,’’ IEEE Trans. Electron Devices, vol. 54, no. 3,

pp. 572–579, Mar. 2007.

[30] J. Zou, Q. Xu, J. Luo, R. Wang, R. Huang, and Y. Wang, ‘‘Predictive 3-D

modeling of parasitic gate capacitance in gate-all-around cylindrical silicon

nanowire MOSFETs,’’ IEEE Trans. Electron Devices, vol. 58, no. 10,

pp. 3379–3387, Oct. 2011.

[31] D. R. Bland, Solutions of Laplace’s Equation. Springer, 2012.

[32] W. E. Milne, Numerical Solution of Differential Equations. New York, NY,

USA: Wiley, 1953.

[33] J. P. Colinge, ‘‘The new generation of SOI MOSFETs,’’ Romanian J. Inf.

Sci. Technol., vol. 11, no. 1, pp. 3–15, Jun. 2008.

[34] R.-H. Yan, A. Ourmazd, and K. F. Lee, ‘‘Scaling the Si MOSFET: From

bulk to SOI to bulk,’’ IEEE Trans. Electron Devices, vol. 39, no. 7,

pp. 1704–1710, Jul. 1992.

[35] K. Suzuki, ‘‘Short channel MOSFET model using a universal channel

depletion width parameter,’’ IEEE Trans. Electron Devices, vol. 47, no. 6,

pp. 1202–1208, Jun. 2000.

[36] C. P. Auth and J. D. Plummer, ‘‘A simple model for threshold voltage

of surrounding-gate MOSFET’s,’’ IEEE Trans. Electron Devices, vol. 45,

no. 11, pp. 2381–2383, Nov. 1998.

[37] U. Maduagwu and V. Srivastava, ‘‘Analytical performance of the thresh-

old voltage and subthreshold swing of CSDG MOSFET,’’ J. Low Power

Electron. Appl., vol. 9, no. 1, p. 10, Feb. 2019.

[38] A. U. Maduagwu and M. V. Srivastava, ‘‘Performance of potential distri-

bution of CSDG MOSFET using evanescent-mode analysis,’’ Int. J. Eng.

Technol., vol. 7, no. 4, pp. 5649–5653, Nov. 2018.

[39] O. E. Oyedeji and V. M. Srivastava, ‘‘Cylindrical surrounding double-gate

MOSFET based amplifier: A circuit perspective,’’ in Proc. Int. Conf. Intell.

Comput., Instrum. Control Technol. (ICICICT), Jul. 2017, pp. 152–155.

[40] A. Tsormpatzoglou, D. H. Tassis, C. A. Dimitriadis, G. Ghibaudo,

N. Collaert, and G. Pananakakis, ‘‘Analytical threshold voltage model for

lightly doped short-channel tri-gate MOSFETs,’’ Solid-State Electron.,

vol. 57, no. 1, pp. 31–34, Mar. 2011.

[41] A. Tsormpatzoglou, C. A. Dimitriadis, R. Clerc, G. Pananakakis, and

G. Ghibaudo, ‘‘Threshold voltage model for short-channel undoped sym-

metrical double-gate MOSFETs,’’ IEEE Trans. Electron Devices, vol. 55,

no. 9, pp. 2512–2516, Sep. 2008.

[42] V. M. Srivastava, K. S. Yadav, and G. Singh, ‘‘Drain current and noise

model of cylindrical surrounding double-gate MOSFET for RF switch,’’

Procedia Eng., vol. 38, pp. 517–521, Jun. 2012.

[43] J. Song, B. Yu, Y. Yuan, and Y. Taur, ‘‘A review on compact modeling

of multiple-gate MOSFETs,’’ IEEE Trans. Circuits Syst. I, Reg. Papers,

vol. 56, no. 8, pp. 1858–1869, Aug. 2009.

[44] T.-K. Chiang, Y.-W. Ko, Y.-H. Lin, H.-W. Gao, and Y.-H.Wang, ‘‘A unified

quantum scaling length model for nanometer multiple-gate MOSFETs,’’ in

Proc. 7th Int. Symp. Next Gener. Electron. (ISNE), May 2018, pp. 1–4.

MADUAGWU ANTHONY UCHECHUKWU
(Graduate Student Member, IEEE) received

the master’s degree in electronic engineering

from the University of KwaZulu-Natal, Durban,

South Africa, in 2018, where he is currently pur-

suing the Ph.D. degree in electronic engineering.

His research interests include nanotechnology,

MOSFETS, semiconductor scaling, VLSI, and

various novel MOSFET structures.

VIRANJAY M. SRIVASTAVA (Senior Member,

IEEE) received the bachelor’s degree in electronics

and instrumentation engineering, in 2002, themas-

ter’s degree in VLSI design, in 2008, and the Ph.D.

degree in RF microelectronics and VLSI design,

in 2012.

He has worked for the fabrication of devices

and development of circuit design. He is currently

working with the Department of Electronic Engi-

neering, Howard College, University of KwaZulu-

Natal, Durban, South Africa. He has more than 18 years of teaching and

research experience in the area of VLSI design, RFIC design, and analog IC

design. He has supervised various bachelor’s, master’s and doctorate theses.

He is author/coauthor of more than 220 scientific contributions, including

articles in international refereed journals and conferences and also the author

of various books.

Dr. Srivastava is a Professional Engineer of ECSA, South Africa. He is a

Senior member of SAIEE and member of IET, IEEE-HKN, and IITPSA. He

has worked as a reviewer for several journals and conferences, both national

and international.

121210 VOLUME 8, 2020


	INTRODUCTION
	REVIEW OF THE SCALING THEORY OF MULTI-GATES MOSFETS
	SOI, DG, AND CSG MOSFETs
	CSDG MOSFET DEVICE GEOMETRY

	MATHEMATICAL MODELLING OF THE NATURAL LENGTH FOR CSDG MOSFET
	EFFECTS OF THE NATURAL LENGTH ON THE SHORT CHANNEL BEHAVIOUR OF CSDG MOSFET
	THRESHOLD VOLTAGE VARIATION WITH NATURAL LENGTH USING SCALING THEORY
	THE BEHAVIOR OF THE DRAIN INDUCED BARRIER LOWERING (DIBL) FOR CSDG MOSFET

	RESULTS AND ANALYSIS
	CONCLUSIONS AND FUTURE ASPECTS
	REFERENCES
	Biographies
	MADUAGWU ANTHONY UCHECHUKWU
	VIRANJAY M. SRIVASTAVA


