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Abstract: Device simulation is the process of using computers to calculate the behavior of electronic devices. 

Simulation and modeling of devices (both at the process and the device level) is one of the most important 

development methodologies in industry and has developed into an ever-growing industry itself. Simulations 

are also carried out after the design phase to optimize certain parameters of a technology, e.g., to improve 

device performance and reliability or to increase the yield. In this paper the behavior of electron devices is 

studied with various physical processes such as material growth, oxidation, impurity diffusion, etching, and 

metal deposition. How a single electron can be controlled and the movement of electric charge through a 

conductor is also studied. 

Keywords:  single-electron tunneling, Coulomb blockade, computer-aided design. 

 
 

 

 Introduction 

 

From the time of invention of the transistor by John Bardeen and William Shockley in 1948 constant 

miniaturization has lead to devices with dimensions well below the 45 nm limit. Moving from vacuum tube, to 

the MOSFET’s (to provide a lot more) speed, power consumption and reliability. The inexorable quest for 

device miniaturization is something that has been with the beginning of semiconductor technology. It is driven 

by a few facts i.e. to lower power dissipation, lower capacitances and shorter interconnects which leads to 

relative costs drop with more devices on chip. According to the road-map [1], chips containing 1,000 million 

transistors will reach the markets within the next one year. 

 

MOSFET’s with channel lengths of a few tens of nanometres are predicted to be governed by the quantized 

nature of the carriers. Besides the efforts to overcome the limitations intrinsic to the classical MOSFET 

structure, there is an intense search for new device principles that not only allow for the scaling limits to be 

pushed even further but make use of the quantized nature of the charge carriers, or use of quantum spin principal 

to design new devices.  Thus with the developments in both semiconductor technology and theory have lead to a 

completely new field of research focusing on devices whose operation is based on the discrete nature of 

electrons tunneling through thin potential barriers. These devices which exhibit charging effects including 

Coulomb blockade are referred to as single-electron devices [2, 3]. The potential of the single-electron concept 

is rather breathtaking. In principle, it should be possible to operate in the limit of one transferred carrier per bit, 

the ultimate limit of semiconductor based logic. However, enormous obstacles have to be overcome.  

 

A. Electron Transport in Nano System 

Electrical conductance of a macroscopic object is defined by the Ohm’s law (i.e. conductance (G) of a 

rectangular conductor is proportional to its width (W) and inversely proportional to its length (L)). Namely. 

Here  is the conductivity of the conductor, which is decided mainly by the charge carrier density and the mean 

free path. On the decrease in dimensions of conductor, several effects which are negligible in a macroscopic 

level become increasingly important [4-5]. At molecular scale, electron transport usually does not follow 

Ohm’s law, because the size is of structure is smaller than the mean free path. Thus electron transport is not a 

diffusive process as described by Ohm’s law. The contact between macroscopic electrodes and the nanoscale 

conductor strongly affects the overall conductance. A nanoscale object has large charge addition energy and a 

quantized excitation spectrum. Both of these strongly affect electron transport especially at low temperatures. 

Now question arises, i.e. what is Single Electronics? 
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B. Single Electron Device 

It is possible to control the movement and position of a single or small number of electrons. To understand how 

a single electron can be controlled, one must understand the movement of electric charge through a conductor. 

An electric current can flow through the conductor because some electrons are free to move through the lattice 

of atomic nuclei. The current is determined by the charge transferred through the conductor. Surprisingly this 

transferred charge can have practically any value, in particular, a fraction of the charge of a single electron. 

Hence, it is not quantized. This, at first glance counterintuitive fact, is a consequence of the displacement of the 

electron cloud against the lattice of atoms. This shift can be changed continuously and thus the transferred 

charge is a continuous quantity.  Since current is defined as the quantity of charge that flows per unit of time, 

the simplest idea for realizing a current standard is to create a system capable of controlling the transport of the 

electrons one by one. This is now possible following the development of single-electron tunneling (SET) 

devices such as the SET transistor or the electron pump [6-8].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Diagram of a metal island formed by two tunnel junctions of capacitance C. Its charge state is 

controlled by a gate electrode. 

 

These SET devices are based on the Coulomb blockade principle. This phenomenon occurs when a section of 

conductor called a "metal island" (see figure 1) is electrically isolated from the rest of the circuit by two tunnel 

junctions of capacitance C. In these conditions, , (total island capacitance) is the electrostatic 

energy needed for one electron of the "source" electrode to tunnel across the metal island and reach the "drain" 

electrode. If this energy barrier is appreciably higher than the thermal fluctuation energy KBT, the island 

remains sensitive to the addition of just one extra electron to the millions it already contains, and precisely one 

extra electron can be added in certain polarization conditions of the SET device. If there is not enough electron 

energy, the transfer will be blocked (blockade state, see fig. 2). This phenomenon is called the Coulomb 

blockade. The charging energy of the island may be modified, however, by means of a third "gate" electrode 

coupled to the island through a capacitor, and the effect of the energy barrier can be cancelled ("open" state, 

figure. 2).  

 

 
 

Figure 2: Energy band before and after modifying the gate voltage of a SET transistor 

(b lockade state / open state). 
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C. Transport Model 

 

In Fig.3, we classify existing transport models according to their applicability and whether they are derived 

from the quantum mechanical formalism or semi-classical formalism. Roughly speaking, when the channel 

length is larger than 0.1μm, we can apply the macroscopic transport models that involve macroscopic variables 

such as the average electron density, velocity, energy, and electron temperature. This can be divided into two 

classes: Kinetic models and Quasi-hydrodynamic models. For each of these classes we can consider classical 

(semi) and quantum models (see Fig. 3).  
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Figure 3: Classification of existing transport models. 

 

 

Simulation and modeling of devices (both at the process and the device level) is one of the most important 

development methodologies in industry and has developed into an ever-growing industry itself. Simulation 

provides insights into complex phenomena that cannot obtained through experimentation or simple analytic 

models. It is commonly using for the design of new devices and processes. These programs serve as 

exploratory tools in order to gain better understanding of process and device physics. On the other hand, 

simulations are also carried out after the design phase to optimize certain parameters of a technology, e.g., to 

improve device performance and reliability or to increase the yield. The application of simulation tools in the 

development of new processes and novel device structures has become a worthwhile and an alternative to the 

experimental route. 

Standard sequence that one follows when modeling device structures of interest involves process simulation 

step that is followed by a device simulation and is finalized with a circuit simulation step. In this regard, device 

simulation is the process of using computers to calculate the behavior of electronic devices, i.e. of calculating 

the current-voltage (I-V) curves of a transistor. The devices are defined mathematically in terms of their 

dimension, material composition, and other relevant physical information, all of which is obtained from the 

process simulation step. Simulation is playing key role in device development today. There are two issues that 

make simulation important. Product cycles are getting shorter with each generation, and the demand for 

production wafers shadows development efforts in the industry. Consider the product cycle issue first. In order 

for companies to maintain their competitive edge, products have to be taken from design to production in less 

than 18 months. As a result, the development phase of the cycle is getting shorter. Contrast this requirement 

with the fact that it takes 2–3 months to run a wafer lot through fabs, depending on its complexity. The 

specifications for experiments run through the fabs must be near the final solution. While simulations may not 

be completely predictive, they provide a good initial guess. This can ultimately reduce the number of iterations 

during the device development phase. 

The second issue that reinforces the need for simulation is the production pressures that industries face. In 

order to meet customer demand, development factories are making way for production space. It is also 

expensive to run experiments through a production facility. The resources could have otherwise been used to 

produce sellable product. Again, device simulation can be used to decrease the number of experiments run 

through a factory. Device simulation can be used as a tool to guide manufacturing down the right path, thereby 

decreasing the development time and costs. Besides offering the possibility to test hypothetical devices which 
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have not (or could not) yet been manufactured, device simulation offers unique insight into device behavior by 

allowing the observation of phenomena that cannot be measured on real devices. It is related to, but usually 

separate from process simulation, which deals with various physical processes such as material growth, 

oxidation, impurity diffusion, etching, and metal deposition inherent in device fabrication leading to integrated 

circuits. Device simulation is distinct from another important aspect of computer-aided design (CAD), device 

modeling, which deals with compact behavioral models for devices and sub-circuits relevant for circuit 

simulation in commercial packages such as SPICE. The main components of semiconductor device simulation 

at any level are illustrated in Fig. 4 [12]. 

 

    

 

 

 

 

 

 

Figure 4:  Schematic description of the device simulation scheme. 

 

Simulation Models 

 

 MC simulation of single-electron devices is an adaptive technique. This adaptive technique was validated 

against non adaptive MC and SPICE simulations using 15 logic benchmarks. Simulation times, compared to 

the non adaptive approach, were reduced by up to nearly 40 times while the average error was 

3.3%.Combining adaptive simulation techniques with the ability to handle secondary and upper conducting 

effects allows multi domain simulation. Circuits can then be simulated using a single tool while maintaining 

scale-specific design metric accuracy. The techniques presented have been implemented as a software tool 

called SEMSIM, which will be publicly released for free academic and personal use [12]. 

 

A simulation technique is given in which the interconnections between single-electron transistors are large 

enough  under some conditions. SPICE macro modeling is also used in which simulation provides an efficient 

way for single electron circuits analysis with reasonable accuracy, and those time-consuming calculations 

needed in Monte-Carlo simulation can be avoided. This model can also be modified easily to apply to other 

SPICE software [13]. 

 

An improved SPICE macro model for single electron transistors is also proposed in literature. A comparison 

with the well-accepted Monte-Carlo simulator SIMON2.0 shows that this macro-model can describe correctly 

the Ids-Vds and Ids-Vgs characteristics of SETs, as well as the tunneling time. This model is especially 

suitable for calculating the delay time of complicated circuits [14]. 

 

An analytical SET model for hybrid SET-CMOS circuit simulations is given by some authors. The drain 

current is modeled depending on temperature and applied voltage. The model was developed closely with the 

SETs fabrication and characterization team and excellent agreement is observed. The aim of this work is to 

provide an efficient SET compact model which can reproduce faithfully the behavior of a metallic SETs 

operating at high temperature which are the most practical for future nanoelectronics circuits [15]. 

 

The SET Monte Carlo model is described and used to study the electronic properties of SET. The SET, Monte 

Carlo method is used due to its reasonable accuracy in the single electronics simulation.  Monte Carlo method 

follows the tunnelling path of a representative number of electrons and it can gives a clear picture of the inner 

work of the single electron circuits. Single electron transistor can be modelled as a circuit consisting of 

arbitrary configuration of capacitors, tunnel junctions and voltage sources. I-V characteristic explained the 

behaviour of SET that discrete electrons flow onto and off the island through tunnel junctions. Besides that, 

coulomb blockade charging phenomena play an important role to the SET operation [16]. 

 

To bridge the gap between short-range tunnelling in molecular junctions and activated hopping in bulk organic 

films, and greatly extend the distance range of charge transport in molecular electronic devices is tried by some 

authors. Three distinct transport mechanisms were observed for 4.5–22-nm-thick oligo(thiophene) layers 
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between carbon contacts, with tunneling operative when d < 8 nm, activated hopping when d > 16 nmfor high 

temperatures and lowbias, and a third mechanism consistent with field-induced ionization of highest occu-pied 

molecular orbitals or interface states to generate charge carriers when d = 8–22 nm. Transport in the 8–22-nm 

range is weakly temperature dependent, with a field-dependent activation barrier that becomes negligible at 

moderate bias. [17]  

 

Conclusion 

An adaptive technique for MC simulation of single-electron devices is studied. The adaptive technique against 

non adaptive MC and SPICE simulations using 15 logic benchmarks was presented. The interconnections 

between single-electron transistors are large enough; SPICE macro modeling simulation provides an efficient 

way for single electron circuits analysis with reasonable accuracy. An improved SPICE macro model for single 

electron transistors is proposed. A physics-based analytical SET model for hybrid SET-CMOS circuit 

simulations and drain current is modeled depending on temperature and applied voltage. A MC model is 

described and used to study the electronic properties of SET. Monte Carlo method follows the tunneling path 

of a representative number of electrons and it can gives a clear picture of the inner work of the single electron 

circuits.Three distinct transport mechanisms were observed for 4.5–22-nm-thick oligo (thiophene) layers 

between carbon contacts. 

 

 

References 

 
[1]. G. Moore, “Progress in digital integrated electronics ,” in IEDM Tech. Digest, pp. 11-13, 1975. 

[2]. “www.itrs.net,” 2001. 

[3]. Z. Ren, R. Venugopal, S. Datta, and M. Lundstrom, “Examination of design and manufacturing 

issues in a 10 nm double gate MOSFETs using non-equilibrium green's function simulation,” in 

IEDM Tech. Digest, pp. 107-110, 2001. 

[4]. L.V. Keldysh, “Quantum transport equations for high electric fields,” Sov Phys, pp. 1018, 1965. 

[5].  J. Rammer and H. Smith, “Quantum field-theoretical method in transport theory of metals,” Rev. 

Mod. Phys. 62, pp. 323-359, 1986. 

[6]. W. Van Roosbroeck, “The transport of added current carriers in a homogeneous semiconductor,” 

Phys. Rev., vol. 91, no. 2, pp. 282-289, 1953.  

[7]. D. K. Ferry, R. Akis, and D. Vasileska, “Quantum effects in MOSFETs: Use of an effective 

potential in 3D Monte Carlo simulation of ultra-short channel devices,” International Electron 

Devices Meeting Tech. Digest, San Francisco, Dec. 2000, pp. 287-290. 

[8]. T. W. Tang and B. Wu, “Quantum correction for the Monte Carlo simulation via the effective 

conduction-band edge equation,” Semiconductor Science and Technology, vol. 19, pp. 54-60, 2003. 

[9]. S. Jin, Y. J. Park, and H. S. Min, “Simulation of quantum effects and non local transport by using 

the hydrodynamic density-gradient model," J. Korean Phys. Soc., vol. 44, no. 1, pp. 87-92, Jan. 2004. 

[10]. K. Banoo, “Direct solution of the Boltzmann transport equation in nanoscale Si devices,” Ph.D. 

dissertation, Purdue Univ., West Lafayette, IN, Dec. 2000. 

[11]. S. Datta, Electronic Transport In Mesoscopic Systems. New York: Cambridge University Press, 

1995.  

[12]. Nicholas Allec, Robert G. Knobel, and Li Shang” SEMSIM: Adaptive Multiscale Simulation For 

Single-Electron Devices”, IEEE TRANSACTIONS ON NANOTECHNOLOGY, VOL. 7, NO. 

3,pp351-354,2008. 



IInntteerrnnaattiioonnaall  JJoouurrnnaall  ooff  EElleeccttrroonniiccss  EEnnggiinneeeerriinngg  ((IISSSSNN::  00997733--77338833))  
VVoolluummee  99  ••  IIssssuuee  22          pppp..  223399--224444  JJuunnee  22001177--DDeecc  22001177    wwwwww..ccssjjoouurrnnaallss..ccoomm      

  
 

AA  UUGGCC  RReeccoommmmeennddeedd  JJoouurrnnaall                                  Page | 244 

 

[13]. M. R. Karimian, M. Pouyan, R. Faez and M. Dousti,” A New SPICE Macro-model for the 

Simulation of Single Electron Circuits”,IEEE Regional Symposium on Micro and Nano 

Electronics(IEEE-RSM) (Malaysia), p. 32, 2009. 

[14]. Mohammad Reza Karimian_ and Massoud Dousti” A New SPICE Macro-model for the 

Simulation of Single Electron Circuits”, Journal of the Korean Physical Society, Vol. 56, No. 4, pp. 

1202-1207,2010. 

[15]. M.A. Bounouar, F. Calmon, A. Beaumont, M. Guilmain, W. Xuan, S. Ecoffey, D. Drouin” 

Single Electron Transistor Analytical Model for Hybrid Circuit Design”’ IEEE Transactions on 

Nanotechnology , pp. 506-509,2011. 

[16]. Makusu Tsutsui and Masateru Taniguchi” Single Molecule Electronics and Devices”, Sensors 

vol 12, pp 7259-7298,2012 

[17]. Haijun Yan, Adam Johan Bergren Richard McCreery” Activationless charge transport across 4.5 

to 22 nm in molecular electronic junctions”, PNAS, vol. 110 no. 14,pp 5326-5330,2013 

 


