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Abstract: High substrate doping and small effective oxide thickness in the actual MOS transistors often cause severe band bending on the Si side of the Si-SiO2 interface. The resulting potential well becomes narrow enough to cause significant energy quantization of the carriers in the direction perpendicular to the interface. The compact MOS transistor models used for circuits simulation need to incorporate the quantum mechanical effects in an approximate and efficient manner. In this paper an approximate description of surface potential model, which include a quantum mechanical correction, will be developed. This explicit and analytical model is based on smoothing functions and parameters so that physical approximate expressions could be available in the weak and strong inversion. The comparison with numerical data shows that the solution gives an accurate approximation of surface potential for nanoscale MOS transistors in all regions of operation.
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1. INTRODUCTION 

The MOS transistor is a voltage-controlled current source, and is now one of the major electronic components of memory and logic circuits used in computers. An n-type inversion layer is produced at the surface of a p-type semiconductor of MOS transistor by applying positive voltage on gate electrode.  The electric field associated with the inversion layer of actual devices is strong enough to produce potential well whose width is order of the de Broglie wavelength of the carriers. During the inversion condition, the electrons are confined in this potential well and occupy only the discrete energy levels which are above the classical energy level by some fixed value of energy [1]. Thus the energy levels of electrons are grouped in so called sub-bands each of which corresponds to a quantized level in direction normal to semiconductor-oxide interface, with a continuum for motion in the plane parallel to the interface. The quantization of the energy in inversion layers increase the surface potential of the MOS device for the same gate bias as compared to the classical theory, but they reduce the inversion charge density, capacitance, current and some other parameters.
The compact MOS models involved in the circuit simulations need to incorporate the quantum mechanical (QM) behavior in an approximate and efficient manner. To fulfill this aim a number of researchers have worked on developing surface-potential-based (henceforth referred to as the ψs-based models, where ψs stands for the surface potential) compact MOS models [2]. These models are inherently single-piece, and give an accurate and continuous description of current and its derivatives in all operation regions. However, the ψs-models demand the solution of an implicit relation between the surface potential and the terminal voltages, often resulting in expensive computation time. Furthermore, the iterative procedure represents a significant detriment to implement ψs-models in popular circuit simulators. In order to reduce computation time, an explicit yet accurate relation between surface potential ψs and the terminal voltages is preferable. Several solutions have been proposed for finding ψs explicitly, and a very brief review of several of these approaches can be found in [3]. All of models which take into account the QME are based on coupled Poisson and Schrӧdinger (SP) equations which can be solved numerically using self-consistent Poisson-Schrӧdinger solver [4], or by using an approximate and efficient manner. To solving SP equations a number of researchers used a variational wave function approach [5] or triangular potential well approach [6]. 
In this paper, we used approximation of surface potential MOS inversion layer model based on well-known implicit equation [2]. Introducing so-called parameterized logistic functions we fitted an important parameter which controls the smoothness of the transition of ψs from depletion to strong inversion region. In this way we get improved explicit ψs-based model which relies on smoothing functions and parameters so that the physical approximate expressions could be available both in the weak and strong inversion regions. QME are incorporated by using a variational wave function approach to solve coupled SP equations. The results for surface potential show good agreement with numerical solutions of well-known implicit relation in classical case as well as with numerical solutions of coupled SP equations in the quantum case.  


2. THE BASIC EXPLICIT ΨS MODEL 

For the calculation of the surface potential, we consider the case of an ideal n-channel MOS transistor with uniformly doped substrate of concentration NA, and with gate oxide thickness channel length L and channel width W, which are shown in Fig. 1. For the sake of simplicity we will assume this to be a large geometry device so that the short-channel and narrow-width effects can be neglected. Under the assumption of gradual channel and charge sheet approximations, for the useful range of the n-type MOS transistor the electrostatic surface potential  can be calculated from the following implicit relation [2]:


Here,  is the flat-band voltage,  is thermal voltage,  is the bulk Fermi potential, and  is the body factor, where  is the gate oxide capacitance per unit area. The channel potential  is defined by the difference between the quasi-Fermi potentials of the carriers forming the channel  and that of the majority carriers .gate
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Fig.1. Schematic of a n-channel MOS transistor showing voltages and reference direction. The x, y, z directions are the distances into the silicon, along the channel and width of the device, respectively.



From Eq. (1) it is clear that  cannot be explicitly found as a function of  and , and the equation has to be numerically solved. An explicit approximate solution of    has been developed in [2]. That solution gives a good match with results from the classical charge sheet model, and is expressed as

Here,  is the surface potential in the depletion and the weak inversion regions, i.e., for , and is approximately given by

In addition,  f is an empirical function that changes smoothly from  to , and is given by
 
Finally,  is the fitting parameter which controls the smoothness of the transition of the function f from weak inversion region to the onset of the strong inversion region and in [2], it is fixed at a value of 0.02V.


3. MODIFICATION OF THE PARAMETER  ε 

In the weak inversion, there is not enough charge in the inversion layer (channel) to generate a significant electric field to pull electrons from the source to the drain. Current flows by diffusion. The equation for diffusion component of current relies on the difference , where  and  are the surface potentials at the source and drain end of channel, respectively. This implies that even a very small error in the values of  and , will result in a large relative error in the difference , and also in an anomalous of diffusion current in the weak inversion region where  is expected  [7].
When  in Eq. (2) is replaced by  and , the values for  and  are obtained respectively. These values significantly differ from each other and from  . It is because the function f, which should return to  for  depends on even in the weak inversion region, and this dependence increases with an increase in the value of the fitting parameter . The reduction of the value of ε in the subthreshold region will make the values of  and closer to the value of . However, simple annulment the value of  would make the transition of the function  abrupt at the threshold voltage 
 
which is defined with respect to the channel voltage . This would jeopardize the smoothness of the behavior both of  and   as function of effective voltage V = VG - VT.  In order to avoid this, it is proposed the constant value of parameter to be replaced by a function which varies from a value close to zero in the depletion region to a value close to 0.02 V as the threshold voltage  is approached. In that purpose, in [8] the next form for parameter  as the function of effective bias  is proposed 

Values ​​of  obtained from Eq. (2), with ε given by Eq. (5), show better match with the numerical results of the implicit Eq. (1) compared to the constant value of 0.02V, as proposed in [2].
However, in the case where MOS transistors show significant quantum mechanical effects, primarily caused by high dopant concentration and small effective oxide thickness,  must be very quickly approached to the value of 0.02V. A much faster increase of ε when the gate voltage is approaching the threshold voltage, while maintaining value close to zero in the depletion and weak inversion, gives next so-called the Parameterized Logistics (PL) function:

where  is a parameter given in advance (e.g., in accordance to some numerical computations and/or MOSFETs technical characteristics). This form of the functional dependencies provides rapid transition of  from a value close to zero in the weak inversion region, when  holds, to its supreme 0.02, when . 
As an illustration, Fig. 1 shows the graphs of functions , where the several different values of the model parameters have been taken (a = 1, 2, 10, 150). Moreover, various values of the thermal voltage  were also observed, which correspond to the temperatures of T = 2K, 77K, 300K and 623K. Compared to the function  proposed in [8], it is clear that PL-functions  have significantly faster transition from 0 to 0.02. In this case, also, it is easy to observe that PL-fitting functions  attain values closer to 0.02V than the earlier proposed -fitting values. In addition, PL-fitting values ​​have much more pronounced stability than model in Eq. (5), in relation to temperature changes during the MOSFETs operation [9]. These two properties are particularly pronounced for larger values ​​of the parameter . Note that for values  the PL-fitting values attain very fast their maxima  However, even smaller values ​​of this parameter, as we will see further in this paper, provide a significant improvement of the mentioned properties, and it is the basic advantage of the new, proposed model.
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Fig. 2. Graphics of the PL-fitting of ε, by using the Eq. (6) (solid lines), compared to the fitting model proposed in Eq. (5) (dashed line).
In following, the values of  and   in the weak inversion region, obtained from five different expressions, are given in Table 1. Potentials  and  obtained from the weak inversion approximation, i.e. the Eq. (3), are shown in the first row of Table 2. They will be considered as the reference values. The numerical solutions of implicit Eq. (1) are shown in the second row of Table 2. The third row of the Table shows  and  values obtained from the basic explicit -model, i.e. by using the Eq. (2) where it is assumed that the parameter is constant and equal to 0.02. The values of   and  obtained by using approximate explicit Eq. (2), with the parameter  modified according to Eq. (5), are given in the fourth row of the Table 1.

Table 1. Values of the weak inversion surface potential at the source and the drain ends respectively, as obtained from five different expressions 
	Surface potential () in the weak inversion region
	Surface potential at the source end ()
	Surface potential at the drain end ()
	Difference
 ()

	1. Weak inversion approximation Eq.(3)]
	0.792693635636444
	0.792693635636444
	0.00E+00

	2. Implicit charge sheet equation [Eq.(1)]
	0.792653840082900
	0.792693635636400
	3.98E-05

	3. Explicit  expression [Eq.(2)] with
 ε = .02
	0.792507783617379
	0.792691207721225
	1.83E-04

	4. Explicit  expression [Eq. (2)] with 
the ε-modification [Eq.(5)]
	0.792636953337358
	0.792693635636441
	5.67E-05

	5. Explicit  expression [Eq.(2)] with the PL ε-modification [Eq.(6)] and different values of parameter a
	a = 1
	0.792693439525320
	0.792693635636442
	1.96E-07

	
	a = 2
	0.792693635636436
	0.792693635636442
	5.66E-15

	
	a ≥ 3
	0.792693635636442
	0.792693635636442
	0.00E+00


Device parameters: .

Finally, the last row of the Table 1 presents the values obtained by using Eq. (2), with parameter  modified according to Eq. (6), which is proposed in this paper. Improvement in the values of  and   that are obtained when the function f uses the PL-fitting parameter  that we proposed is obvious. If   holds, then  and  are equal to each other. In addition, the difference in this way obtained values  and  and the reference values, given in the first row of Table 1, is the order of only 10-15.  From a physical point of view, this means that the condition is satisfied only with the fitting parameter  which is proposed here. In fact, it still means that by using  the difference  will vanish and consequently any anomalies in the current diffusion in the weak inversion region will also vanish.


4. MODELLING THE QUANTUM MECHANICAL (QM) EFFECTS

For deep-submicron MOS transistors, the Si conduction band splits into discrete subbands in the narrow potential well created on the Si side of the Si–SiO2 interface, with most of the electrons, responsible for current transport in the inversion layer, residing in the lowest subband and described by Schrӧdinger’s wave equation [10]. Also, the charge distribution arising from these inversion layer electrons and the depletion layer acceptor ions must also satisfy the Poisson’s equation. Thus, Schrӧdinger’s and Poisson’s (SP) equations are coupled here, and these need to be solved simultaneously and self-consistently in order to find the electron concentration present in the lowest subband. 
Under the assumption that only the lowest subband is occupied by the electrons, the variational approach gives a good estimation of the eigen energy of the lowest subband. The inversion layer electrons under this approximation can be characterized by a variational wave function [10]:

where z is the distance measured perpendicular to the Si–SiO2 interface,  is the variational parameter which value is chosen to minimize the lowest energy level and is given by [10]:

Here,  is the longitudinal effective mass of electrons [for (100) Si, , where  is the free electron mass],  is reduced Planck’s constant,  is the density of ions in the depletion layer per unit area, and  is the density of electrons in the inversion layer per unit area.
The corresponding quantum shift of the conduction band is given by . This pseudo bandgap widening is then expressed in terms of surface potential as . Thus, the main problem boils down to finding  as a function of the applied terminal voltages, and includes it appropriately in the basic  model [11]. A good way to do that is by modifying the function f given by Eq. (4), so that it varies from  in weak inversion to  from the onset of strong inversion. The modified smoothing function has the following form:

where the PL-fitting parameter  proposed by Eq. (6) is used. To get an explicit QME incorporated  model, we only need to use the function   in place of  in Eq. (2). The results of explicit QME incorporated -model as a function of gate voltage  are shown in Fig. 3. 
The results of implicit -model and weak inversion approximation, given by Eq. (3), are also depicted in this Figure. The deviation between quantum and classical results is observed in the strong inversion region. This deviation will become much more significant in the case of higher dopant concentration and thinner gate oxides, i.e. where quantum mechanical effects play important role in MOSFET operation. Already, it is quite evident from Fig. 3 that the weak inversion approximation gives inaccurate results in the strong inversion region.
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Fig. 3. The electrostatic surface potential  vs. gate voltage  obtained from the QM incorporated explicit model with  (solid line). The results of the weak inversion approximation (3) (dotted line), and the classical implicit model (dashed line) are also shown.

	
4. CONCLUSION

A comprehensive analytical surface-potential-based MOS model has been presented. Classical expressions of the surface potential are modified by introducing so-called parameterized logistic functions. The complexity of the calculations increases only marginally over the similar advanced models reported in the literature. The results of the surface potential values simulated from the proposed model have been verified extensively with the numerical results of classical implicit equation on which all known ψs–models are based. A great agreement was found.  This compact model can be broadening on the case where quantum mechanical effects play significant role in inversion mode. The incorporation of our parameterized logistic functions into the adequate relations of charge sheet model which takes into account quantum effects also gives satisfactory values for the surface potential. Finally, the validity of the model was proven by comparisons with full numerical solutions data from different advanced CMOS technologies.
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АНАЛИТИЧКИ МОДЕЛ ПОВРШИНСКОГ ПОТЕНЦИЈАЛА ЗА ИНВЕРЗНИ СЛОЈ MOS ТРАНЗИСТОРА СА КВАНТНО МЕХАНИЧКОМ КОРЕКЦИЈОМ

Сажетак: Високе концентрације примеса у супстрату и мале ефективне дебљине оксида у савременим MOS транзисторима често узрокују интензивно кривљење енергетских зона на Si страни Si-SiO2 међуповршине. Резултујућа потенцијална јама постаје довољно уска да изазове значајно квантовање енергије носилаца у правцу нормалном на међуповршину. Компактни модели MOS транзистора који се користе у симулаторима морају да укључе квантно механичке ефекте на апроксимативан и ефикасан начин. У овом раду је развијен апроксимативан опис модела површинског потенцијала који укључује квантно механичку корекцију. Овај експлицитан и аналитички модел заснован је на функцијама и параметрима глаткости тако да се апроксимативни физички изрази могу применити како у области слабе, тако и јаке инверзије. Поређење са нумеричким подацима показује да решење даје тачну апроксимацију површинског потенцијала за MOS транзисторе нанометарских димензија у свим областима њиховог рада.  
Кључне речи: Површински потенцијал, Квантно механички ефекти, Инверзни слој  
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