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ABSTRACT 

 
In this paper, we simulate the random-dopant-induced 

electrical characteristics fluctuations in sub-32 nm planar 
MOSFET and bulk FinFET devices. A large-scale 
computational statistical approach is performed, in a sense 
of discrete atomic dopants, with a three-dimensional 
quantum mechanical transport device simulation. The 
validation of simulation technique is calibrated with silicon 
measured data. The fluctuation of device performance is 
dominated by the number and position of random dopants. 
Our result implies that even device has the same on-state 
current; the inhomogeneity of the potential that induced by 
the discreteness of the channel dopants strongly disturbs the 
carrier’s conducting path at subthreshold region, and thus 
results in different off-state current. For the devices with 
the same threshold voltage, the 32-nm bulk FinFET 
possesses excellent immunity against the randomness of 
dopants due to improved gate controllability, compared 
with the planar device. 
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1 INTRODUCTION 
 

As silicon technology scaling has approached the sub- 
100nm regime, the discreteness and randomness of dopant 
charges in the channel region start to introduce significant 
influences on device’s electrical performance. The 
randomness nature of ion implantation and the thermal 
annealing processes are source of random fluctuation in 
nanodevices. Even in a lightly doped channel, the existence 
of unwanted impurity dopant will strongly influence the 
channel potential distribution and thus has significant 
impacts on device characteristics. Random dopant effect 
has recently been studied in several experimental and 
simulation studies [1-13]. These studies have shown that 
the fluctuations in MOSFET parameters are not purely a 
result of a variation in average doping density associated 
with a fluctuation in the number of dopants, but also the 
particular random distribution of dopants in the channel 
region [10]. Nanoscale bulk fin-typed field effect transistor 

(FinFET) has recently been of great interests due to the 
better channel controllability over conventional planar 
devices [14-20].  

In this paper, we numerically explore the random-
dopant-induced electrical characteristics fluctuations in sub-
32 nm planar MOSFET and bulk FinFET devices. A large-
scale device simulation is performed, in a sense of discrete 
atomic dopants, by solving a three-dimensional quantum 
mechanical transport model. To explore the immunity and 
mechanism against random dopant effect, we investigate 
random-dopant-induced fluctuations of the two type 
devices, the 30nm-gate (effective gate length is 19nm) 
planar MOSFET and bulk FinFET, shown in Fig. 1. Effects 
due to the random fluctuation of the number and position of 
dopants in the channel region are estimated. Influence of 
the inhomogeneous channel potential induced by discrete 
dopants on the electrical characteristics is investigated. This 
paper is organized as follows. In Sec. 2, the simulation 
method is described. In Sec. 3, the fluctuation of 
characteristics is discussed. Finally, we draw conclusions. 

 

silicon bulk

oxide

drain

source
gate

(a)

(b)

channel Length

gate

drainsource
oxide

silicon bulk

oxide

drain

source
gate

(a)

(b)

channel Length

gate

drainsource
oxide

 

Figure 1:  A schematic plot of (a) planar MOSFET and (b) 
bulk FinFET for the 3D simulation. 
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2 SIMULAITON TECHNIQUE 
 

The simulation flowchart is shown in Fig. 2. To have the 
same device’s operation point, the explored two devices’ 
threshold voltage is calibrated. Both the devices’ nominal 
channel doping concentration is 1.48e-18cm-3, with the 
30nm-gate length, and the gate oxide thickness is 1.2nm. 
The work function used in both devices is 4.4 eV. Outside 
the channel, the doping concentration of well and 
background are 5e19 cm-3 and 1e15 cm-3, respectively. Only 
dopant within the channel region is treated discretely.  
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Figure 2:  A flowchart of the developed simulation 
procedure for the random-dopant-induced electrical 

characteristics fluctuation. 
 

Inside the discrete dopant region, to include the effect of 
random fluctuation of the number and location of discrete 
channel dopants, we first generate 5000 doping islands in a 
150nm3 rectangular semiconductor solid, whose equivalent 
doping concentration is 1.48e-18cm-3. Each doping island 
actually means a dopant particle and the doping 
concentration of each doping island is 1/V, where V is the 
volume associated with a dopant. We then partition the 
large rectangular semiconductor solid into blocks with 
30nm3. Each partitioned blocks are mapped into devices’ 
channel region for the 3D device simulation with discrete 
dopant. The number and position of doping islands in a 
block are the number and position of dopants distributed in 
the device’s channel. Then, the electrical characteristics of 
each discretely dopant fluctuated device are estimated by 
solving a set of 3D quantum mechanical transport equations. 
The quantum mechanical transport simulation is performed 
by solving a set of 3D density-gradient equation coupling 
with Poisson equation as well as electron-hole current 
continuity equations [14]. This approach computationally is 

cost-effective and allows us to explore the fluctuations of 
electrical characteristics that induced by the randomness of 
dopant number and position in the channel region.  
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Figure 3: The Id-VG curves of the planar device, where the 
solid line is the result of continuously doped case and the 
dashed lines are the results of the discretely doped cases.  
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Figure 4: The plot of normalized threshold voltage of the 

30nm-gate planar MOSFET with respect to dopant number. 
 
 

3 RESULTS AND DISCUSSION 
 

Figure 3 shows the Id-VG curves of the explored 30nm-
gate planar device, where the drain voltage is 1V. The blue 
solid line shows the continuously doped case (1.48e-18cm-3), 
and the gray dashed lines are discretely doped cases. The 
spreading Id-VG curve shows the fluctuation of device’s 
current-voltage characteristics that induced by discrete 
dopants. The normalized threshold voltage (Vth) is shown 
in Fig 4. The definition of threshold voltage in this paper is 
the smallest gate voltage as the current larger than 1e-7 
A/um. From the random-dopant-number point of view, the 
equivalent channel doping concentration increases when the 
dopant number increases. Then, it substantially alters the 
threshold voltage and the on- and off-state currents. The 
random-dopant position induces very different fluctuations 
of characteristics in spite of the same number of dopants. 
Furthermore, the magnitude of the spread characteristics 
increases as the number of dopants increases. 
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Figure 5: A 3D view of off-state potential and on-state 
current density of planar MOSFET devices. Plots of (a) and 
(c) show the results of continuously doped case and others 

show the results of a discretely doped case. 

Figure 5 shows the 3D views of off-state potential 
(Vg=1V and Vd=0.05V) and the 3D distributions of on-
state current density (Vg=1V and Vd=1V) of the 30nm-gate 
planar MOSFET. Figures 5(a) and 5(c) show the off-state 
potential and on-state current density of continuously doped 
case, respectively. Figures 5(b) and 5(d) are the discretely 
doped cases. The random-dopant-induced potential 
fluctuation not only influences the threshold voltage, but 
also the current density and current conducting path of 
planar MOSFET. The standard deviations of the on-state 
current (Ion), the off-state current (Ioff), the threshold 
voltage, the drain-induced barrier height lowering (DIBL), 
and the subthreshold swing (SS) for the 30nm-gate planar 
MOSFET are summarized in Tab. I.  

Table I: A list of estimated fluctuations for different 
characteristics for the explored 30nm-gate planar MOSFET. 

Ion Ioff Vth DIBL SS 

1.14x10-6A 4.62 x10-9A 45mV 31.4mV 14.60mV/A
 
Similarly, we also simulate the Id-VG characteristics for 

the 30nm-gate bulk-FinFET device, as shown in Fig. 6, , 
where the drain voltage is 1V. Comparing the fluctuated Id-
VG characteristics of planar MOSFET and bulk-FinFET, 
the spreading range of planar MOSFET is significantly 
larger than bulk-FinFET, which implies the worse 

immunity against discrete dopant fluctuation of planar 
MOSFET.  Also, the planar MOSFET shows significantly 
larger Ioff fluctuations than bulk-FinFET. The off-state 
potential and on-state current density distributions of bulk-
FinFET are introduced, in Fig. 7. For the devices with the 
same threshold voltage, the 30nm-gate length bulk FinFET 
possesses better immunity against the discreteness and 
randomness of dopants due to the improved gate 
controllability in bulk FinFET devices.  
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Figure 6: The Id-Vg curves of the 30nm-gate bulk FinFET. 
The solid line shows the result of continuously doped case 

and the dashed lines are the result of discretely doped cases.  
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Figure 7: A 3D view of (a) off-state potential (Vg=1V and 
Vd=0.05V) and (b) on-state current density (Vg=1V and 

Vd=1V) for a discretely doped bulk FinFET. 
 

4 CONCLUSIONS 
 

    In this paper, the fluctuation of electrical characteristics 
of nanoscale planar MOSFET and bulk FinFET have been 
numerically studied by a 3D “atomistic” simulation. The 
model includes the density-gradient equation coupling with 
Poisson equation as well as electron-hole current continuity 
equations. The fluctuations of threshold voltage, on- and 
off-state current, subthreshold swing, drain-induced barrier 
lowering, and fluctuated potential have been studied. Even 

NSTI-Nanotech 2007, www.nsti.org, ISBN 1420061828 Vol. 1, 2007 191 



device has the same on-state current; the inhomogeneity of 
the potential that induced by the discreteness of the channel 
dopants disturbs conducting path at subthreshold region, 
and thus results in different off-state current. For the 
devices with the same threshold voltage, the preliminary 
result of 30-nm gate bulk FinFET shows that it possesses 
improved immunity against the discreteness and 
randomness of dopants, compared with the planar device.  
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