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1. INTRODUCTION

In order to reduce short channel effects (SCEs) known as secondary effects, the structures of three-
dimensional transistor have been developed and used. The FinFET is the most used commercially available
three-dimensional MOSFET [1-4]. The existing three-dimensional structure mainly used an inversion-type
MOSFET using a junction-based structure with different doping type and concentration between source/drain
and channel, but recently reached the limit of the technology of forming a junction with decreasing channel
length to nano unit [5-8]. The transistor developed to solve this problem is a junctionless MOSFET [9, 10].
This structure is an accumulation-type MOSFET that overcomes process limitations by doping
the source/drain and channel in the same type and concentration [11-13]. In the case of the symmetrical
junctionless MOSFETSs, many studies have been conducted [14-16]. However, many studies on the asymmetric
junctionless MOSFETs capable of fabricating different top and bottom oxide thicknesses and applying
different top and bottom gate voltages to each other have not been conducted [17-18]. In this paper,
we propose an analytical potential model to analyze the drain induced barrier lowering (DIBL) of
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the secondary effects in the asymmetric junctionless double gate (JLDG) MOSFET. The DIBL is affected by
channel length, silicon thickness and oxide structure (thickness and dielectric constant). In general, the DIBL
is proportional to the negative third power in the channel length and the second power in the silicon
thickness, and is also linearly proportional to the oxide film thickness [19, 20]. The relationship among
the top and bottom oxide film thicknesses and the DIBL should be re-established since the top and bottom
oxide film thicknesses may be fabricated differently in the case of the asymmetric structure. Ding ef al.
proposed the potential model of the asymmetric junction-based double gate MOSFET and analyzed the short
channel effects [21]. Raksharam et al. analyzed the short channel effect using the potential model of
the symmetrical JLDG MOSFET [22]. However, the research on the asymmetric JLDG MOSFETs is very
insufficient. In this paper, we modified the potential model of Ding et al. to be applicable to the junctionless
MOSFET, and derived the potential model of the asymmetric JLDG MOSFET. We will present an analytical
model of DIBL for channel dimension and top and bottom oxide thickness to apply in SPICE.

2. THRESHOLD VOLTAGE AND DIBL OF ASYMMETRIC JLDG MOSFET

Figure 1 shows a schematic diagram of the asymmetric JLDG MOSFET used in this paper.
The source and drain were heavily doped with n* and the channel was also doped with N,=3.5x10"/cm?.
The top and bottom gate voltages are V,, and Vg, respectively, Lg is gate length, #; is silicon thickness, and 7,,;
and 7,y are the oxide thicknesses of the top and bottom, respectively. The ¥, and V, are the voltages of source
and drain, respectively. The potential distribution modified using the Poisson equation and the boundary
condition of Ding’s model can be expressed as follows [21].
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Figure 1. Schematic cross-sectional diagram of the asymmetric JLDG MOSFET
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where & is the dielectric constant of silicon, Vi is the flat-band voltage of the top gate, and Vi is the flat-
band voltage of the bottom gate. Cox(=swxi/tox1) and Coxa(Sewxeltox) are the gate oxide capacitances of
the top and bottom sides. Since the silicon dioxide is used as top and bottom gate oxide materials, ewa=¢toxe=3.9.

In the case of the junctionless structure, most of the moving electric charges in the channel are
known to move through the central axis (y=ti/2), and the relationship between the drain current and the gate
voltage in the subthreshold region can be derived from the diffusion-drift current equation of (2).
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where k is Boltzmann's constant, T is absolute temperature, n; is the electron concentration of the intrinsic
semiconductor, un is the electron mobility, and W is a channel width.

The result of drain current-gate voltage obtained using (2) is compared with the results of 2D
simulation and Xie’s model [23] in Figure 2. As a result, it could be observed that they coincide with each
other in the region below the threshold voltage. Therefore, the potential distribution of (1) presented in this
paper is valid, and the validity of the drain current-gate voltage relationship obtained using this potential
distribution is also proved. In this paper, the threshold voltage Vi is defined using the definition of threshold

voltage used in TCAD [24-25]. In other words, the threshold voltage is defined as the gate voltage at when
the drain current is equal to (3).
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Then, the DIBL is obtained by using (4).
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in this paper, the DIBLs obtained using (4) will be expressed according to channel length, silicon thickness,
and top and bottom oxide thickness.
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Figure. 2. Comparisons of the drain current-gate voltage characteristics for this model with results of 2D
simulation and Xie’s model

Int J Elec & Comp Eng, Vol. 11, No. 1, February 2021 : 232 - 239



Int J Elec & Comp Eng ISSN: 2088-8708 a 235

3. EXTRACTION OF DIBL MODEL FOR ASYMMETRIC JLDG MOSFET

First, the asymmetric type can be fabricated differently in the top and bottom oxide film thickness,
unlike the symmetric type. Therefore, DIBL's contour curves for the variations of the top and bottom gate
oxide thickness are shown in Figure 3. It was found that the top and bottom gate oxides were in inverse
proportion to each other in order to maintain a constant DIBL as shown in Figure 3, and the DIBL increased
as the oxide thickness increased. From the characteristics of the curve, it can be seen that the DIBL changes
according to the product of the top and bottom oxide thicknesses, which in turn changes according to the geometric
mean of the top and bottom gate oxide thicknesses. In other words, the relationship of (5) will be established.

DIBLec A ftOX]. 'tOXZ (5)

To demonstrate the validity of (5), the variation of DIBL with respect to the geometric mean of
the top and bottom gate oxide thicknesses is shown with the silicon thickness as a parameter in Figure 4.
As predicted in Figure 3, we can observe that the DIBL is proportional t0 \/ty,; * toxz. Therefore (5) would
be valid. The observation for the silicon thickness used as a parameter shows that the DIBL increases and
the increasing rate (the linear slope in Figure 4) also increases as the silicon thickness increases. This means
that the DIBL does not increase linearly when silicon thickness increases linearly.
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Figure 3. Contours of DIBLs for the top and bottom  Figure 4. Relation of DIBLs for the geometric mean
gate oxide thicknesses in the case of channel length of the top and bottom gate oxide thicknesses with
of 20nm and silicon thickness of 5nm the silicon thickness as a parameter

The variation of the DIBL with silicon thickness is shown in Figure 5 in order to find out the relationship
of DIBL and silicon thickness. In general, in a double-gate MOSFETS, the DIBL is known to be proportional
to the square of silicon thickness [20]. As can be seen in Figure 5, the DIBL is proportional to the square of
silicon thickness for not only the symmetrical JLDG MOSFETSs with the same top and bottom gate oxide
thickness, but also the asymmetric JLDG MOSFETSs with the top gate oxide thickness of 2nm and the bottom
gate oxide thickness of 1nm. Note that in the case of the asymmetric JLDG MOSFET, the same results are
obtained as shown in Figure 3 and Figure 4 even if the top and bottom gate oxide thicknesses are interchanged.

As can be seen in Figure 5, the DIBL changes with channel length. Therefore, Figure 6 shows
the DIBL of the JLDG MOSFET with the symmetric and asymmetric oxide thickness when the silicon
thickness is 5nm in order to observe the variation of DIBL with respect to channel length. As with the conventional
CMOSFET [17], we can see that the JLDG MOSFET is proportional to the negative third power of the channel
length. In addition, it can be seen that not only the symmetric type but also the asymmetric JLDG MOSFETs
having different top and bottom gate oxide thicknesses are equally proportional to the negative third power of
the channel length. In this paper, the DIBL is observed for the JLDG MOSFET with channel length of more
than 10nm. For the JLDG MOSFETSs with channel lengths below 10nm, additional secondary effects, such as
tunneling, have to be analyzed quantum mechanically [26, 27]. Taken together the above results, the DIBL
can be expressed as the following (6).
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Figure 5. DIBLSs for silicon thicknesses with channel Figure 6. DIBLs for channel length in the case of
length and oxide thickness as parameters silicon thickness of 5nm with oxide

thickness as a parameter

DIBL = A7l \fioa toxo (6)

where A is the proportional constant and 7 is the SPICE parameter known as the static feedback coefficient.
To obtain A, the value of Ay is firstly obtained from the following (7) by using the channel size and the oxide
film thickness used to calculate the DIBL.

A = DIBL/ Lt3 \Jtoa tox2 @

The maximum value obtained using (7) is 25.15, and A is set to 25.15 to obtain a reasonable range
of the static feedback coefficients. The static feedback coefficients thus obtained are shown in Figure 7.
Figure 7(a), (b), and (c) show a case in which the top and bottom gate oxide layers have the same
symmetrical structure. However, the same type of relationship graphs can be derived in the case of
the asymmetric JLDG MOSFETSs if the top and bottom gate oxide thicknesses are adjusted to have the same
geometric mean for the top and bottom gate oxide thicknesses as described above. The reason for this is that
they show the same DIBL results. As can be seen in Figure 7, it can be observed that as the geometric mean
of the top and bottom oxide thicknesses increases, the range of the static feedback coefficient increases and
the change according to the silicon thickness also increases. In general, the SPICE parameter, static feedback
coefficient, has a value between 0 and 1, so the DIBL model is reasonable for the asymmetric JLDG
MOSFET presented in this paper. In other words, the DIBL model of the asymmetric JLDG MOSFET can be
expressed by the following (8) depending on the channel length, silicon thickness, and oxide film thickness.

DIBL = 25.157L3t2 \Jtoa toxo ®)

It can be seen from Figure 7 that the static feedback coefficient is approximately 0.5<n <1.0 in
the channel dimension and oxide thickness range calculated in this paper. In order to verify the validity
of (8), the DIBL values obtained from Raksharam’s model [22] and the analytical DIBL model of (8)
presented in this paper are compared in Figure 8. As can be seen in Figure 8, it can be observed that
the DIBL obtained using Raksharam's model falls within the range when the static feedback coefficient is
between 0.5 and 1.0 in (8). Therefore, the DIBL can be obtained according to the channel dimension and
the top and bottom oxide thickness by adjusting the static feedback coefficient. As can be seen in Figure 8,
the change of DIBL with respect to the change of the static feedback coefficient is small as the channel
length increases, but the DIBL changes significantly with the change of the static feedback coefficient as
the channel length decreases. Therefore, the shorter the channel length, the more care must be taken when
determining the static feedback coefficient.
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Figure 7. Static feedback coefficients for channel length with silicon thickness and oxide thickness as
parameters in the case of (a) tox1=tox2=1nm, (b) tox1=tox2=2nm, and (c) tox1=tox2=3nm
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Figure 8. Comparisons of the DIBL model of (8) and Raksharam’s model

4. CONCLUSION

In this paper, the relationship among the device dimension such as channel length, silicon thickness,
and top and bottom oxide thickness and DIBL of the asymmetric JLDG MOSFET is derived. In general, for
symmetrical double gate MOSFETS, DIBL is proportional to the negative third power of the channel length,
the second power of the silicon thickness, and linearly to oxide thickness. In the case of asymmetry, however,
the relationship that the DIBL is linearly proportional to the oxide layer must be corrected since the thicknesses of
the oxide layers at the top and the bottom can be fabricated differently. As a result, it was found that
the asymmetric JLDG MOSFET is proportional to the geometric mean of the gate oxide thickness at the top
and bottom. The same relationship can be used for symmetrical JLDG MOSFETS with the same oxide
thickness at the top and bottom. In addition, we can observe that the DIBL model presented in this paper is in
good agreement with the model presented in other paper. The static feedback coefficient, which is
a parameter used in the SPICE DIBL model of CMOSFET, is known to be about 0.7. In the DIBL model of
the asymmetric JLDG MOSFET presented in this paper, the static feedback coefficient has a value between
0.5 and 1.0. It is believed that this model can be used sufficiently in circuit simulation programs such as
SPICE. These results will serve as the basis for future fabrication of the asymmetric JLDG MOSFETSs.

Relationship of drain induced barrier lowering and top/bottom gate oxide thickness ... (Hakkee Jung)




238 o ISSN: 2088-8708

REFERENCES

[1] R.S. Pal, S. Sharma, and S. Dasgupta, “Recent Trend of FinFET Devices and its Challenges: A Review,” 2017
Conference on Emerging Devices and Smart Systems (ICEDSS), Tiruchengode, pp. 150-154, 2017.

[2] S. Yoo, H. Kim, M. Kang, and H. Shin, “Analysis of Self-Heating Effect in 7 nm Node Bulk FinFET Device,”
Journal of Semiconductor Technology and Science, vol. 16, no. 2, pp. 204-209, 2016.

[3] Y. S. Chauhan, D. D. Lu, V. Sriramkumar, S. Khandelwal, “FinFET Modeling for IC Simulation and Design:
Using the BSIM-CMG Standard,” Academic Press, London, 2015.

[4] A. N. Moulai Khatir, A. Guen-Bouazza and B. Bouazza, “3D Simulation of Fin Geometry Influence on Corner
Effect in Multifin Dual and Tri-gate SOI-FinFETs,” TELKOMNIKA Indonesian Journal of Electrical Engineering,
vol. 12, no. 4, pp. 3253-3256, 2014.

[5] S.I. Amin, and R. K. Sarin, “Direct tunneling gate current model for symmetric double gate junctionless transistor
with SiO2/high-k gate stacked dielectric,” Journal of Semiconductor, vol. 37, no. 3, 2016.

[6] Y. H. Shin, S. Weon, D. Hong and I. Yun, “Analytical Model for Junctionless Double-Gate FET in Subthreshold
Region,” IEEE Transactions on Electron Devices, vol. 64, no. 4, pp. 1433-1440, 2017.

[7] 1 Hussain, M. Vacca, F. Riente, and M. Graziano, “A Unified Approach for Performance Degradation Analysis
from Transistor to gate Level,” International Journal of Electrical and Computer Engineering (IJECE), vol. 8, no. 1,
pp. 412-420, 2018.

[8] V. Kumari, A. Kumar, M. Saxena, and M. Gupta, “Study of Gaussian Doped Double Gate Junctionless (GD-DG-
JL) transistor including source drain depletion length: Model for sub-threshold behavior,” Superlattices and
Microstructures, vol. 113, pp. 57-70, 2018.

[9] K. E. Kaharudin, F. Salehuddin, A. S. M. Zain and A. F. Roslan, “Geometric and process design of ultra-thin
junctionless double gate vertical MOSFETS, ” International Journal of Electrical and Computer Engineering
(IJECE), vol. 9, no. 4, pp. 2863-2873, 2019.

[10] K. E. Kaharudin, Z. A. F. M. Napiah, F. Salehuddin, A. S. Zain and A. F. Roslan, “Analysis of analog and RF
behaviors in junctionless double gate vertical MOSFET,” Bulletin of Electrical Engineering and Informatics
(BEELI), vol. 9, no. 1, pp. 101-108, 2020.

[11] S.I. Amin, and R. K. Sarin, “Junctionless transistor: A review,” Third International Conference on Computational
Intelligence and Information Technology (CIIT 2013), Mumbai, pp. 432-439, 2013.

[12] V. Kumari, N. Modi, M. Saxena, and M. Gupta, “Modeling and simulation of Double gate Junctionless Transistor
considering fringing field effects,” Solid-State Electronics, vol. 107, pp. 20-29, 2015.

[13] K. E. Kaharudin, F. Salehuddin, A. S. M. Zain and A. F. Roslan, “Geometric and process design of ultra-thin
junctionless double gate vertical MOSFETs,” International Journal of Electrical and Computer Engineering
(IJECE), vol. 9, no. 4, pp. 2863-2873, 2019.

[14] H. Jung, “SPICE Model of Drain Induced Barrier Lowering in Symmetric Junctionless Double Gate MOSFET,”
International Journal of GEOMATE, vol. 16, no. 55, pp. 20-27, 2019.

[15] B. Singh, D. Gola, K. Singh, E. Geol, S. Kumar, S. Jit, “Analytical modeling of subthreshold characteristics of ion-
implanted symmetric double gate junctionless field effect transistors,” Materials science in semiconductor
processing, vol. 58, pp. 82-88, 2017.

[16] V. Kumari, A. Kumar, M. Saxena, and M. Gupta, “Empirical Model for Nonuniformly Doped Symmetric Double-
Gate junctionless Transistor,” in IEEE Transactions on Electron Devices, vol. 65. No. 1, pp. 314-321, 2018.

[17] Y. Wang, Y. Tang, L. Sun and F. Cao, “High performance of junctionless MOSFET with asymmetric gate,”
Superlattices and Microstructures, vol. 97, pp. 8-14, 2016.

[18] M. S. Islam, J. Afza, and S. Tarannum, “Modelling and Performance Analysis of Asymmetric Double Gate Stack-
Oxide Junctionless FET in Subthreshold Region,” 2017 IEEE Region 10 Humanitarian Technology Conference
(R10-HTC), Dhaka, pp. 538-541, 2017.

[19] S. Dimitrijev, “Principles of Semiconductor Devices,” Oxford University Press, New York, 2012.

[20] H. Jung, “Drain Induced Barrier Lowering(DIBL) SPICE Model for Sub-10 nm Low Doped Double Gate
MOSFET,” Journal of the Korea Institute of Information and Communication Engineering, vol. 21, no. 8,
pp. 1465-1470, 2017.

[21] Z.Ding, G. Hu,J. Gu, R. Liu, L. Wang, and T. Tang, “An analytic model for channel potential and subthreshold swing of
the symmetric and asymmetric double-gate MOSFETs,” Microelectronics Journal, vol. 42, no. 3, pp. 515-519, 2011.

[22] Raksharam, and A. K. Dutta, “A unified analytical drain current model for Double-Gate junctionless Field-Effect
Transistors including short channel effects,” Solid-State Electronics, vol. 130, pp. 33-40, 2017.

[23] Q. Xie, Z. Wang, and Y. Taur, “Analysis of Short-Channel Effects in Junctionless DG MOSFETs,” in IEEE
Transactions on Electron Devices, vol. 64, no. 8, pp. 3511-3514, 2017.

[24] A. Ortiz-Conde, F. J. Garcia-Sanchez, J. Muci, A. T. Barrios, J. J. Liou, and C. Ho, “Revisiting MOSFET threshold
voltage extraction methods,” Microelectronics Reliability, vol. 53, no. 1, pp. 90-104, 2013.

[25] TCAD Manual, Part 4: INSPEC, ISE Integrated Systems Engineering AG, Zurich, Switzerland, 2001, p.56, ver. 7.5.

[26] J. Lee, Y. Kim, S. Cho, “Design of poly-Si Junctionless fin-channel FET with quantum-mechanical drift-diffusion
models for sub-10-nm technology nodes,” in IEEE Transactions on Electron Devices, vol. 63, no. 12, pp. 4610-4616, 2016.

[27] D. Shafizade, M. Shalchian, and F. Jazaeri, “Ultrathin Junctionless Nanowire FET Model, Including 2-D Quantum
Confinements,” in IEEE Transactions on Electron Devices, vol. 66, no. 9, pp. 4101-4106, 2019.

Int J Elec & Comp Eng, Vol. 11, No. 1, February 2021 : 232 - 239



Int J Elec & Comp Eng ISSN: 2088-8708 a 239

BIOGRAPHIES OF AUTHORS

Prof. Hak Kee Jung received the B.S. degree from Ajou University, Korea, in 1983, the M.S.
and Ph.D. degrees from Yonsei University, Seoul, Korea, in 1985, 1990, respectively, all in
electronic engineering. In 1990, he joined Kunsan National University, Chonbuk, Korea, where
he is currently a Professor in department of electronic engineering. From 1995 to 1995, he held
a research position with the Electronic Engineering Department, Osaka University, Osaka,
Japan. From 2004 to 2005, and 2016 to 2017, he was with the School of Microelectronic
Engineering, Griffith University, Nathan, QLD, Australia. His research interests include
semiconductor device physics and device modeling with a strong emphasis on quantum transport and
Monte Carlo simulations.

Relationship of drain induced barrier lowering and top/bottom gate oxide thickness ... (Hakkee Jung)



