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Abstract: The ability to control the flow of electron of a MOSFET is decreased due to quantum mechanical effect 

when scaled down below 50 nm .To compete this challenge a new field of device research is needed. One such area is 

devices based on tunneling phenomena called as single electron devices. In this paper a most fundamental single 

electron device, single electron transistor (SET) is designed with gate length of 2nm and gate width of 2nm. The 

channel is ultra thin with length of 2nm and width of .005 nm and channel thickness is .3nm.Si quantum dot of size 

.5*1.6nm
2
 is used. Device is simulated using synopsis TCAD successfully. At room temperature the power obtained 

from simulation for SET is around 1nw and device capacitance is .250 aF. 

 
 

 

1. Introduction 

The single electrons manipulation was demonstrated by Millikan at beginning of 20th century. In solid state circuits it 

was implemented during the late 1980s because it requires the reproducible fabrication of very small conducting 

particles, and their accurate positioning against external electrodes. The developments in nanofabrication techniques 

during the past two decades have made possible a new field of solid state physics, single-electronics [1]. 

Single-electron transistor (SET) is key element in single electronics where operation of device is depend on the 

Coulomb blockade effect and can be made on nanometre scale. However, SET has low voltage gain, high input 

impedances, and is sensitive to random background charges [1]. 

SETs can potentially take the industry all the way to the theoretical limit of electrons for computing applications by 

allowing the use of a single electron to represent a logic state [2]. The first application for SET could be for the 

memory and special applications in metrology, such as primary thermometers and supersensitive electrometers [2]. 

2. SINGLE-ELECTRON TRANSISTOR (SET) 

Single-electron transistors [SET] have been made with critical dimensions of just a few nanometers using metals, 

semiconductors, carbon nanotubes and individual molecules. A single-electron transistor consists of a small 

conducting island coupled to source and drain leads by tunnel junctions and capacitively coupled to one or more 

gates. 

 

 
Figure 2.1: The geometry of a SET [3]. 

 

2.1 Operation of SET: 

Quantum dot [QD] is a mesoscopic system in which the addition or removal of a single electron can cause a change in 

the electrostatic energy or Coulomb energy that is greater than the thermal energy and can control the electron 

transport into and out of the QD. This sensitivity to individual electrons has led to electronics based on single 

electrons. Let us consider a metal nanoparticle sandwiched between two metal electrodes (fig 2.2). The nanoparticle is 

separated from the electrodes by vacuum or insulation layer (such as oxide or organic molecules) so that only 

tunneling is allowed between them. So we can model each of the nanoparticles-electrode junctions with a resistor in 

parallel with a capacitor. The resistance is determined by the electron tunneling and the capacitance depends on the 

size of the particle. We denote the resistors and capacitors by R1, R2, C1 and C2, and the applied voltage between the 

electrodes by V. We will discuss how the current, I, depends on V. 
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Figure 2.2 Quantum Dot structures [4]. 

 

When we start to increase V from zero, no current can flow between the electrodes because move an electron onto 

(charging) or off (discharging) from an initially neutral nanoparticle cost energy by an amount given by eq.2.1.This 

suppression of electron flow is called Coulomb blockade. Current start to flow through the nanoparticles only when 

the applied voltage V is large enough to establish a voltage φ at the nanoparticles such that 

                    eφ ≥ E =
e2

2C
                                 (2.1) 

This voltage is called threshold voltage and denoted by Vth. So in the I-V curve, we expect a flat zero-current regime 

with a width of 2Vth. When the applied voltage reaches Vth, an electron is added to (removed from) the nanoparticles. 

Further increasing the voltage, the current does not increase proportionally because it requires us to add (or remove) 

two electrons onto the nanoparticles, which cost a greater amount of energy. Once the applied voltage is large enough 

to overcome the Coulomb energy of two electrons, the current starts to increase again. This leads to a stepwise 

increase in I-V curve, called Coulomb staircase. 

 

3. DEVICE STRUCTURE 

The device is fabricated on p-type, separated by oxide layer called Silicon On insulator wafer of length 10nm. Si 

quantum dot of size .5*1.6nm2 is used between gate and island. The device structure is shown in table: 

Region  Substrate Buried 

Oxide 

Gate  Spacers Source/Drain Channel Si 

quantum 

dot 

Materials 

Used 

Silicon 

with boron 

doping 

Silicon 

di oxide 

Poly 

Silicon 

Silicon 

Nitride 

Silicon with 

Phosphorous 

Doping 

Silicon 

with 

boron 

doping 

Silicon 

Doping 

Concentratio

n 

1e
+15

  -   - -  1e
+19

 1e
+17

 - 

Dimensions 10×7nm
2 

10×2 nm
2
 2×1 nm

2
 2×4 nm

2
 4×1 nm

2
 2×0.3 nm

2
 .5×1.6 nm

2
 

 

 
Figure 3.1 Proposed structure of single electron transistor for simulation 
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Figure 3.2 Device mesh structure 

 
Figure 3.3 Variation of doping concentration considered for characterizing the device 

 

 

 

4. RESULT AND DISCUSSION 

Device simulation defines the characteristics of device such drain and gate characterstics.This device simulation 

is done using TCAD genius simulator.  

 
Figure 4.1 ID(Drain current) vs.VG(gate voltage) 
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Figure 4.2 Comparison of ID Vs VG for device with and without Si dot 

 
Figure 4.3 Power of SET device 

 

Here, the VD (drain voltage) was 10 mV, and the device temperature was 300K.According to these characteristics as 

shown in figure 4.1 at VG =0 V to VG = 0.7 V, the drain current is increased immediately. At VG = 0.7 to VG = 1.2V, 

the drain current increased linearly. While, after that the drain current increased slowly as shown. 

This characteristic is also compared with a device without Si dot and result shows that a high drain current is obtained 

in device with Si dot as shown in figure 4.2. 

Power of set device is also calculated .the maximum power requirement is less than 1nW as shown in figure 4.3 

which is very low (around 10
-9

 W).. 

The threshold voltage, Vth is the minimum value required for tunnelling  

Vth = e/C           (4.1) 

From the Id –Vg graph, Vth = .64V and e = 1.602 x 10
-19

   so, 

c=1.602 x 10
-19

/.64=.250*10
-18

 F or .250aF  (4.2) 

As a result, the capacitance, C from the simulation result is 0.246aF at 300 K. Based on the previous experimental 

result done by Wasshuber, the capacitance, C is 3 aF at 300 K [5],by Takahashi et.al. [6] is C = 2 aF, by u hasim et 

al.[7] is .429 aF and another result by L.sheela et. Al. is .254 aF  at room temperature. Compare to four of the five 

results, the result from the simulation is smaller than the previous experiment done by others.
      

The charging energy, Ec for SET is given below, 

Ec= e
2 
/2C            (4.3) 

From Equation (4.2), C = 0.250 x 10
-18

 F. Hence, the charging energy for this system is 

Ec = (1.602*10
-19

)
2
/ (2* .250*10

-18
) = (1.602*10

-19
)

2
/ (2* .250*10

-18
)/ (1.602*10

-19
) eV 

         Ec = 0.3204eV = 320.4meV 

The calculation showed the charging energy, Ec for SET system is 320.4 meV at 300 K. Based on the previous 

reported about SET [20]; the charging energy is increased, which means that the transistor is able to operate at 300K. 
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As a result, the value of charging energy from this calculation is higher to the previous reported. Hence, the SET in 

this project is operated at 300 K. 

For drain characteristic, the drain current, ID as a function of the drain voltage, VD is shown in Figure 4.4. Here, the 

gate voltage, VG was .01 V and temperature was 300k. 

Figure 4.5 shows the comparison of ID Vs VG at different temperatures. 

 

 
Figure 4.4 Drain current, ID as a function of the drain voltage, VD 

 

 
Figure 4.5 Drain current versus gate voltage characteristics for various temperatures 

 

5. Conclusion 

The single-electron transistor (SET) is most fundamental among single-electron devices. The SET is simulated 

successfully using TCAD tools. From the simulation, the channel length is 2 nm and the threshold voltage for SET 

device is 0.64 V. The SET device is operated at 300K (room temperature operation). From the calculation, the 

charging energy, EC of SET system is 320.4 meV. The capacitance, C of SET device is 0.250 aF and the power, P of 

SET device is.95x 10
-9

 Watt. The value of capacitance obtained is smaller than the previous experiment in this 

simulation and the charging energy is higher than the previously reported.  

Ultimately, this research has utilized device simulation tools as an alternative for an actual SET fabrication process. 
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