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ABSTRACT

The Monte Carlo model of electron transport in SOI MOSFETs is proposed. Both 2D and 3D conditions are considered. The Poisson equation and boundary conditions are presented for every case. Fully depleted SOI MOSFETs and partially depleted SOI MOSFETs are contradistinguished. The values of electron current as well as drift velocity in different parts of SOI MOSFETs channel are calculated by means of the Monte Carlo simulation. The SOI MOSFETs with the channel length equal to 0.5, 0.25 and 0.1 (m as well as the channel depth equal to 10, 20, 100, 200, 1000 nm are studied. Drift velocity as a function of the channel depth is obtained. It is shown that the function has a peak at the channel depth equal to 20 nm.
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1. INTRODUCTION

The SOI MOSFETs are related to one of the most promising device structures of integrated circuits now [1–8]. They manifest many properties just the same as the conventional MOSFETs do, avoiding some problems connected with the electron transport [2, 9–14]. That is why these device structures attract immense scientific interest now. However the electron processes in SOI-MOSFETs are more complex in comparison with conventional ones and they impose the strong especial demands on device modeling [15–21]. Particularly it concerns with the Monte Carlo simulation of electron transport in SOI MOSFETs [22–29]. Monte Carlo model for such device structures should adequately include the following processes: 1) DIBL (drain induced barrier lowering), 2) the current collected near the source junction what is formed of holes generated by electron impact ionization, 3) the electron scattering both gate and buried oxides, 4) the  energy quantization throughout the channel depth [25, 26, 30–33]. Simulation of these processes must be coupled with self-consistent numerical solution of the Poisson and Boltzmann equations.
In the present work both the influence of SOI MOSFETs channel length Lch and channel depth dch on electron transport properties are studied by means of Monte Carlo simulation. Transistors with Lch = 0.5, 0.25, 0.1 μm as well as dch = 10, 20, 100, 200, 1000 nm are considered.
Our main purpose is to study the influence of structural parameters of the SOI MOSFETs on electron transport when the transport begins to contrast from one in the conventional MOSFETs. The reasons of such contrasting are properly connected with deformation of the depletion region produced by gate voltage under the gate oxide in a top silicon layer when the value of channel depth dch is decreased. The formation of fully depleted conductive layer throughout the channel depth may be chosen as a suitable criterion for transformation MOSFET with the inner buried oxide layer to the SOI MOSFET. In the present work we have studied this transformation by the numerical self-consistent solution of the Boltzmann and Poisson equations by means of the Monte Carlo simulation of electron transport in a SOI-type construction.
2. GEOMETRIC moDEL OF STUDIED SOI MOSFETS
The basic implementation of the SOI MOSFETs is presented in Fig.1. 
It is necessary to distinguish the cases of the fully depleted SOI MOSFETs and partially depleted SOI MOSFETs. The SOI structure may be adopted for devices with thin channel (dch is very small) presented in fig. 1(a). But this structure must be modified while investigating the frontier cases. Corresponding implementation is presented in fig. 1(b). We have used the last construction with dj = 100 nm for the SOI MOSFETs with dch = 1000 nm.
a)


b)

Fig. 1.  Schematic construction of the studied SOI MOSFETs.
3. MONTE CARLO MODEL
The Monte Carlo model of electron transport in studied devices is elaborated with taking into account of the aspects aforecited in introduction.
The 2D electron gas is formed in the channel with dch = 10 nm as it is confined by gate and buried oxides in potential quantum well. For other cases 2D electron gas is formed in the inversion layer of silicon near the gate oxide at high gate voltages and low drain voltages. We have considered both the 3D and 2D electron transport in dependence on an arising of the energy quantization in the channel.

It is necessary to solve the Poisson equation self-consistently along with the Scrödinger equation in case of 2D electron gas. These equations are given by the following expressions [16]:
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 is the electric potential, 
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 is the electron wave function, 
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 is the energy level, 
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 is the dielectric constant of silicon, 
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 is the substrate concentration of acceptor impurity, 
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 is the reduced Planck constant, 
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 and 
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 are the electron mass to quantization direction and the density of states mass respectively, 
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 is the valley degeneracy (
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=2 for the lower valleys and 
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= 4 for the higher valleys), 
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k

 is the Boltzmann constant, T is the temperature.
For the 3D electron gas the Poisson equation may be written as [16]
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where 
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p

 is the hole concentration at the thermal equilibrium, 
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n

 is the electron concentration, which is determined by means of the Monte Carlo simulation of electron transport in the SOI MOSFETs.
The boundary conditions for solution of Poisson equation are the following:
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where  
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 is the gate voltage, 
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 is the flat band voltage for the front gate, 
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 is the dielectric constant of the silicon oxide, 
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 is the electric field at the interface between the gate SiO2 and the channel, 
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 is the electric field at the interface between the channel and the buried SiO2, 
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 is the electric potential at the interface between the gate SiO2 and the channel, 
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 is the electric potential at the interface between the channel and the buried SiO2, 
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 is the electric potential at the interface between the buried SiO2 and the substrate, 
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 is the electric potential in the bulk of substrate without band bending. 
Expressions for calculation of scattering rates for 2D case are taken from [34] and for 3D case are taken from [35]. In case of 2D electron gas the following scattering mechanisms on are taken into account: the acoustic phonons, the optical phonons, impurity ions, surface roughness at both the gate oxide and buried oxide, electron-electron. The bias conditions are chosen so that impact ionization as well as transitions of electrons to higher valleys would be neglected. In case of 3D electron gas the following scattering mechanisms on are taken into account: acoustic and optical phonons, impurity ions, electron-electron as well as electron-hole, impact ionization. In last case the electron scattering by surface roughness of the top silicon layer (i.e. channel) are treated as diffusive scattering.

The Monte Carlo simulation is realized by the Ensemble Monte Carlo method [36]. Electron movement is consequently traced from source junction to drain one. Each electron from simulated ensemble injects into the channel after arrival former electron into the drain. The number of particles is not less 5 000 in simulated ensemble.

The values of electron current, drift velocity, mobility, energy as well as electric potential in different parts of the channel are calculated. Some of the obtained data are presented and discussed beneath.
4. DRAIN CURRENT SIMULATION
The devices with parameters dox = 10 nm and 
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 = 5(1023 m–3 at bias VS  = 0 V, VG  = 2 V, VD  = 2 V are chosen for simulation. In Fig. 2 the sizes of depletion region formed under the gate oxide for case like in Fig.1(b)  are presented. The obtained data prove that in studied conditions the SOI MOSFETs with dch > 50 nm are partially depleted. 
Fig. 2.  Depletion region under the gate oxide at two gate voltages (dj = 10–7 m).
In Fig. 3 the calculated values of the drain current in studied SOI MOSFETs are presented. Obtained results presented in the figure prove two facts. Firstly, the drain current increases with decreasing channel length that is obviously explained by the increasing of electric field in channel. Secondly the drain current decreases with decreasing the channel depth that may be explained by the decreasing of current area as well as the decreasing electron gas heating to the direction  which is normal to interfaces (axe Z).

Fig. 3. Drain current versus the channel depth.
5. DRIFT VELOCITY SIMULATION 

In fig. 4 the partial weights of different dominant scattering mechanisms as a function of the channel depth are presented. The surface roughness scattering only varies significantly with the changing of the channel depth as it is essential for case of 2D electron gas. In fig. 4 the dominant scattering mechanisms are presented for case of 3D electron gas. 














Fig. 4. Partial weights of different scattering mechanisms to total scattering rate near the drain as a function 
of the channel depth; abbreviations: ph – phonons, SR – surface roughness, Imp – impurity ions, 

ee – electron-electron scattering. 

In Fig. 5 and 6 the obtained dependencies of electron drift velocity near the drain junction both on the channel length and depth are shown, respectively. The function vdr (dch) have a peak at dch = 20 nm. Probably this result may be explained by appearing of the energy quantization throughout the channel depth. The decreasing of drift velocity at dch < 20 nm, which may be considered as suppression of electron gas heating and hot electron effects, may be explained by three reasons. Firstly the scatterings on surface roughness at gate oxide and buried oxide are more essential and its partial weights to total scattering rate are significantly grown up. Secondly the normal electric field in channel becomes respectively small in comparison with the conventional MOSFETs. Thirdly the longitudinal electric field in channel also decreases. The increasing of electron drift velocity with the decreasing of channel depth in range of 1000 nm < dch < 20nm may be explained by the increasing of electric field strength in the channel.  

Fig. 5. Drift velocity versus the channel depth.

Fig. 6. Drift velocity versus the channel length.
6. CONCLUSION
Monte Carlo model are proposed for numerical simulation of electron transport in the SOI MOSFETs. The dependencies of electron drift velocity and drain current both on the channel length and depth are calculated by using Monte Carlo simulation. The funtion vdr (dch) has a peak at dch = 20 nm. This result may be explained by the appearance of the energy quantization throughout the channel depth at dch < 20 nm.
The obtained data also show that the SOI MOSFETs may manifest analogous properties to the conventional MOSFETs. The decreasing of electron drift velocity in the SOI MOSFET in comparison with one in the conventional MOSFET prove that the electron gas heating abatement in SOI MOSFETs takes place.
REFERENCES

1. S. M. Sze. High-speed semiconductor devices. John Willey and Sons, New York, 1990.
2. S. Thompson, P. Packan, M. Bhor, “MOS scaling: Transistor challenges for the 21st century”, Intel Tech. J., Q3, pp.1-19, 1998.
3. C.-T. Chuang, P.-F. Lu and C. J. Anderson, “SOI for digital VLSI: Design consideration and advances”, Proc. IEEE, 4, pp. 689–720, 1997.
4. S. Cristoloveanu and S. S. Li. Electrical characterization of Silicon On Innsulator materials and devices. MA: Kluwer, Norwood, 1995. 
5. K. Kim, and J. G. Fossum, “Double-gate CMOS: Symmetrical- versus Asymmetrical-gate devices”, IEEE Trans. Electron Dev., 48, pp. 294-299, 2001.
6. D. Munteanu, D. A. Weiser, S. Cristoloveanu, O. Faynot, J.-L. Pelloie, and J. G. Fossum, “Generation-recombination transient effects in partially depleted SOI transistors: systematic experiments and simulations”, IEEE Trans. Electron Dev., 45, pp. 1678-1683, 1998.
7. I. Y. Yang, C. Vieri, A. Chandrakasan, and D. A. Antoniadis, “Back-gated CMOS on SOIAS for dynamic threshold voltage control”, IEEE Trans. Electron Dev., 44, pp. 822-831, 1997.

8. S. Beysserie, J. Branlard, S. Aboud, S. M. Goodnick, and M. Saraniti, “Comparative analysis of SOI and GOI MOSFETs”, IEEE Trans. Electron Dev., 53,  pp. 2545-2550, 2006.

9. C. Fiegna, H. Iwai, T. Wada, M. Saito, E. Sangiorgi, and B. Ricco, “Scaling the MOS transistor below 0.1 μm: Methodology, Device structures, and Technology Requirements”, IEEE Trans. Electron Dev., 41, pp. 941-951, 1994.

10. J. Wang, N. Kistler, J. Woo and C. R. Viswanathan, “Mobility-Field Behavior of Fully Depleted SOI MOSFETs”, IEEE Electron Dev. Lett., 15, pp. 117-119, 1994.
11. T. Tsuchiya, Y. Sato, and M. Tomizawa, “Three mechanisms determining short-channel effects in fully-depleted SOI MOSFET’s”, IEEE Trans. Electron Dev., 45, pp. 1116-1121, 1998.

12. S.-H. Renn, E. Rauli, J.-L. Pelloie, and F. Balestra, “Hot-carrier effects and lifetime prediction in off-state operation of deep submicron SOI N_MOSFET’s”, IEEE Trans. Electron Dev., 45, pp. 1140-1146, 1998. 

13. E. Suzuki, K. Ishii, S. Kanemaru, T. Maeda, T. Tsutsumi, T. Sekogava, K. Nagai, H. Hiroshima, “Highly suppressed short-channel effects in ultrathin SOI n-MOSFET’s”, IEEE Trans. Electron Dev., 47, pp. 354-359,   2000.

14. F. Assad, Z. Ren, D. Vasileska, S. Datta, and M. Lundstrom, “On the performance limits for Si MOSFETs: A theoretical study”, IEEE Trans. Electron Dev., 47, pp. 232-240, 2000. 

15. D. K. Ferry, and S. M. Goodnick. Transport in Nanostructures. UK: Cambridge Univ. Press, Cambridge, 1997.

16. Y. Omura, S. Horiguchi, M. Tabe, and K. Kishi, “Quantum-Mechanical effects on the threshold voltage of ultrathin-SOI nMOSFET’s”, IEEE Electron Dev. Lett., 14, pp. 569-571, 1993.
17. S.-L. Jang, S.-S. Liu, “A novel approach for modeling accumulation-mode SOI MOSFETs”, Solid-St. Electron., 43, pp. 87-96, 1999.

18.  D. Esseni, “On the modeling of surface roughness limited mobility in SOI MOSFETs and its correlation to the transistor effective field”, IEEE Trans. Electron Dev., 51, pp. 394-401, 2004.  
19. Y. Taur, X. Liang, W. Wang, and H. Lu, “A continuous, analytic drain-current model for DG MOSFETs”, IEEE Electron Dev. Lett., 25, pp. 107-109, 2004.
20. D. A. Antoniadis, I. Aberg, C. N. Chleirigh, O. M. Nayfeh, A. Khakifirooz, J. L. Noyt, “Continuous MOSFET performance increase with device scaling: The role of strain and channel innovations”, IBM J. Res. Dev., 50, pp.363–376, 2006.
21. S. M. Ramey and D. K. Ferry, “3D Monte Carlo modeling of thin SOI MOSFETs including the effective potential and random dopant distribution”, J. Comp. Electron., 1, pp. 267–271, 2002.
22. H. Tsuchiya, M. Horino and T. Miyoshi, “Quantum Monte Carlo device simulation of nano-scaled SOI-MOSFETs”, J. Comp. Electron., 2, pp. 91–95, 2003.
23. H. Takeda, N. Mori and C. Hamaguchi, “Full-band Monte Carlo simulation of two-dimensional electron gas in SOI MOSFETs”, J. Comp. Electron., 1, pp. 219–222, 2002.

24. H. Kosina, M. Gritsch, T. Grasser and S. Selberherr, T. Linton, S. Yu and M. D. Giles, “An improved energy transport model suitable for simulation of partially depleted SOI MOSFETs”, J. Comp. Electron., 1, pp. 371–374, 2002.
25. H. Takeda, N. Mori and C. Hamaguchi, “Study of electron transport in SOI MOSFETs using Monte Carlo technique with full-band modeling”, J. Comp. Electron., 1, pp. 467–474, 2002.

26. M. J. Gilbert, R. Akis and D. K. Ferry, “Modeling fully depleted SOI MOSFET in 3D using recursive scattering matrices”, J. Comp. Electron., 2, pp. 329–334, 2003.
27. D. Vasileska, and S. S. Ahmed, “Narrow-width SOI devices: the role of quantum-mechanical size quantization effect and unintentional doping on the device operation”, IEEE Trans. Electron Dev., 54, pp. 227-236, 2005.  

28. G. Du, X. Liu, Z. Xia, J. Kang, Y. Wang, R. Han, H. Y/ Yu, and D.-L. Kwang, “Monte Carlo simulation of p- and n-channel GOI MOSFETs by solving the quantum Boltzmann equation”, IEEE Trans. Electron Dev., 52, pp. 2258-2264, 2005.
29. S. Eminente S., N. Barin, P. Palestri, C. Fiegna, and E. Sangiorgi, “Small-signal analysis of decananometer bulk and SOI MOSFETs for Analog/Mixed-Signal and RF applications using the time-dependent Monte Carlo approach”, IEEE Trans. Electron Dev., 54, pp. 2283-2292, 2007.
30. R. B.Hulfachor, K. W. Kim, M.A. Littlejoin, and C.M. Osborn, “Comparative analysis of hot electron injection and induced device degradation in scaled 0.1 micrometer SOI n-MOSFETs using Monte Carlo simulation”, IEEE Electron Dev. Lett., 17, pp. 53-55, 1996.
31. A. Duncan, U. Ravaioli and J. Jakumeit, “Full-Band Monte Carlo Investigation of Hot Carrier Trends in the Scaling of Metal-Oxide-Semiconductor Field-Effect-Transistors”, IEEE Trans. Electron Dev., 45, pp. 867-876, 1998.
32. F. Gamiz, J. A. Lopez-Villanueva, J. B. Roldan, J. E. Carceller, and P. Cartujo, “Monte Carlo simulation of electron transport properties in extremely thin SOI MOSFET’s”, IEEE Trans. Electron Dev., 45, pp. 1122-1126, 1998.

33. W. Haensch, E. J. Nowak, R. H. Dennard, P. M. Solomon, A. Bryant, O. H. Dokumaci, A. Kumar, X. Wang, J. B. Johnson, M. V. Fischetti, “Silicon CMOS devices beyond scaling”, IBM J. Res. Dev., 50, pp. 339–361, 2006. 

34. M. Fischetti, and S. Laux, “Monte Carlo analysis of electron transport in small semiconductor devices including band-structure and space-charge effects”, Phys. Rev., B38, pp. 9721–9745, 1988.

35. M. V. Fischetti, and S. E. Laux, “Monte Carlo study of electron transport in silicon inversion layers”, Phys. Rev., B48, pp. 2244–2274, 1993.

36. V. Borzdov, V. O. Galenchik, O. G. Zhevnyak, F. F. Komarov, A. V. Zyazulya, “Ensemble Monte Carlo simulation of submicron n-channel MOSFETs with account of hot electron effect”, Proc. SPIE, 5401, pp. 634–641, 2004.
dbur





dox





dch





Lch





SiO2 buried





Z





X





p – Si





SiO2 gate





VD





VS





n+





n+





VG





0





5





10





15





1000





100





10





1





  vdr, 104  m / s





 dch ,  nm





 dch = 1000  nm 





 dch = 10  nm





 dch = 100  nm





 dch = 20  nm





0.5





  Lch = 0.5 (m





  Lch = 0.1 (m





1





0





1000





10





 dch ,  nm





250





500





  ID ,  mA / (m





0





5





10





15





0.4





0.3





0.2





0.1





  vdr, 104  m / s





 Lch ,  nm








1





 dch = 200  nm





dj





dbur





dox





dch





Lch





SiO2 buried





Z





X





p – Si





SiO2 gate





VD





VS





n+





n+





VG





0.1





750





0.5   





1.0   





1.5   





VG  = 2 V 





VG  = 1 V  








0.5   





1.0   





1.5   





x/Lch  





 0.75





  0.5





 0.25





zdepl ,  x 10–7 m   








Partial weights   











ee





ph








SR





Imp








1000





100





10





1





 dch ,  nm








( zhevnyakol@tut.by; phone +375-17-2789027





_1255350304.unknown

_1255352484.unknown

_1255353178.unknown

_1255353477.unknown

_1255353632.unknown

_1255425512.unknown

_1255353847.unknown

_1255353565.unknown

_1255353602.unknown

_1255353299.unknown

_1255353353.unknown

_1255353242.unknown

_1255352828.unknown

_1255352971.unknown

_1255352673.unknown

_1255350555.unknown

_1255350836.unknown

_1255352439.unknown

_1255350812.unknown

_1255350397.unknown

_1255350507.unknown

_1255350358.unknown

_1255349791.unknown

_1255349883.unknown

_1255350238.unknown

_1255349835.unknown

_1255349432.unknown

_1255349745.unknown

_1255349308.unknown

