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Abstract: The results of  numerical simulation of  low-voltage logic gates based on silicon 
CMOS nanotransistors with a cylindrical geometry of  a fully enclosing gate with a variable 
diameter of  the working area are presented. Changing the geometry of  the working area from 
a conventional cylindrical shape to a truncated conical shape improves the electrophysical 
characteristics and allows you to compensate for the limitations that arise due to scaling. 
Numerical studies of  conical prototypes were carried out using mathematical simulation 
performed using the TCAD instrument technological simulation program based on the n- 
and p-type nanotransistor models developed by TCAD. The simulation results demonstrate 
improved electrostatic characteristics. The conical structure in the control voltage range from 
0 to 0.6 V is characterized by a higher transistor current, a maximum Ion/Ioff  current ratio, 
a low leakage current and a slope of  the subthreshold characteristic close to the theoretical 
chapel. The dynamic characteristics of  the developed physical models of  the inverter and 
the chain of  11 inverters are numerically investigated for the optimized ratio of  the diameters 
of  the working area of  8.1/10 nm and the gate length of  25 nm. At control voltages of  0.6 V 
and a frequency of  25 GHz, the inverter model predicts a maximum switching delay of  1.5 
ps, the limit level of  active power of  0.21 μW, static 4.4 pW. The active power consumed by 
the circuit consisting of  11 inverters is 2.34 μW at control voltages of  0.6 V.
Keywords: silicon-on-insulator technology, cylindrical CMOS nanotransistor, logic gate, low 
supply voltage, TCAD simulation
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1. INTRODUCTION
Modern trends in scaling CMOS 
nanotransistors a priori lead to a decrease in 
the distance between the source and drain, 
reducing the controllability of  the gate and 
violating the classical potential distribution, 
which thereby worsens the carrier transfer in 
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the transistor's working area [1-3]. Despite 
this, further scaling and improvement of  
the design of  CMOS transistors continues 
to improve the performance of  integrated 
circuits [4]. Various technological and 
topological solutions are used to level the 
degradation consequences of  scaling [5-9]. 
For example, heterogeneous alloying or the 
use of  gate materials with different output 
operation. The undoubted success of  these 
solutions is always associated with a great 
complication (a sharp rise in price) of  the 
technological process of  manufacturing 
chips [4]. In this paper, we consider a new 
approach to overcome the effects of  scaling 
associated with changing the geometry of  
the transistor's working area. As a result, 
its performance may increase, as well as 
compensate for scaling limitations, in 
particular due to short-channel effects 
(SCE).

Silicon-on-insulator (SOI) structures have 
been recognized as the basic material for the 
development of  nanoelectronics. In order 
to effectively use the area occupied by the 
SOI transistor, the transistor channel can be 
induced over the entire surface of  the working 
area – a 3D channel [10,11]. In this paper, 
the cylindrical architecture of  the CMOS 
nanotransistors with a surrounding gate and 
with a variable diameter of  the working area in 
the form of  a truncated cone is investigated. 
In this case, from the drain side, the diameter 
of  the working area is smaller than its diameter 
from the source side. This technique achieves 
the screening of  the drain, which reduces 
the influence of  hot media. As a result, the 
transistor current in the open state increases 
[10,12]. In addition to this, this design is 
characterized by significant SCE suppression 
and a low capacitance value.

In this paper, the potential application of  
the proposed architecture of  the SOI CMOS 

nanotransistor for the development of  low-
voltage logic gates are investigated. To solve this 
problem, their electrophysical characteristics 
are optimized using mathematical modeling 
carried out in the TCAD instrument-
technological modeling software environment 
[13] based on the TCAD models of  n- and 
p-types of  nanotransistors developed here, 
and the dynamic characteristics of  logic gates 
with low supply voltage are analyzed.

2. TRANSISTOR PROTOTYPE 
STRUCTURE
On Fig. 1 shows the 3D architecture of  a 
silicon cylindrical CMOS nanotransistor with 
a conical working area and a surrounding 
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Fig. 1. A sketch of  a silicon cylindrical surrounding gate 
SOI CMOS nanotransistor with a working area in the 
form of  a truncated cone. Here 1 is a silicon substrate, 2 
is a silicon oxide film, 3 is a source, 4 is a drain, 5 is a 
working area, 6 is a gate dielectric, Lds is the length of  the 
drain (source), Dmax is the diameter of  the working area. 
areas from the source side, Dmin is the diameter of  the 
working area from the drain side, the z axis is directed 
from the source to the drain, the origin is on the upper face 

of  the source.
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gate. The working area of  the transistor is 
a truncated cone with a height of  Lg. It is 
completely covered by a silicon oxide film (a 
gate dielectric) with a thickness of  tox. The 
working area is limited to the source and drain 
areas. The entire structure is placed on a SOI 
substrate with a thickness of  tsub and a thickness 
of  silicon oxide tSiO2.

It is well known that when scaling 
cylindrical transistor structures, only a 
decrease in the diameter of  the working 
area (D) leads to a decrease in the transistor 
current [14]. At the same time, in order to 
suppress SCE in a cylindrical architecture, the 
connecting geometric parameters must be 
met: 8.6g oxL Dt≤  [11,15].  At the same time, 
the diameter of  the working area is scaled 
more easily than the thickness tox, which 
determines both the breakdown voltage at 
the gate and the level of  the tunnel current of  
the gate [11]. The competitiveness of  these 
factors was determined by the development 
of  the design of  the working area of  a 
cylindrical SOI CMOS nanotransistor with 
a working area in the form of  a truncated 
cone, with the help of  which the restriction 
on parameter D is removed. In this case, 
from the source side for a large diameter 
(or Dmax), the condition for suppressing the 
SCE is not fulfilled, and from the drain side 
for a small diameter (Dmin), it is fulfilled. 
At the same time min( )

g

DD z D z
L
∆

= −  и ∆D < Lg, 
where ∆D = Dmax – Dmin. This task is solved 
for the minimum possible Lg, Dmax, Dmin 
and low-alloy workspace. The requirement 
for the doping level is important, because 
a low level ensures approximately uniform 
distribution of  carriers over the entire cross-
section of  the working area. As the channel 
doping increases, the carrier potential on its 
surface will be greater than in the center of  
the working area. This will pull the electrons 
to the surface and lead to a deterioration in 

the flow of  current in the narrowing part of  
the working area at the drain.

3. PROTOTYPE MODEL
Computer simulation of  the electrophysical 
characteristics of  transistor structures was 
carried out using the DESSIS program of  
the ISE TCAD package [13]. A TCAD model 
has been developed for a silicon cylindrical 
surrounding gate SOI CMOS nanotransistor 
with a working area in the form of  a truncated 
cone. The "vertical" was considered (see 
Fig. 1) a design variant taking into account 
the surface recombination of  charge carriers 
by the Shockley-Reed-Hall mechanism, high 
degradation of  field mobility and without 
taking into account quantum effects [16,17]. 
In our calculations, the diameter D varied, the 
gate length Lg is fixed. The floating base effect 
is compensated by the choice of  the D range. 
It should be borne in mind that with a decrease 
in diameter, the capacitance of  the drain-source 
junction decreases, the threshold voltage (Uth) 
increases accordingly and, consequently, the 
response time of  the transistor [8]. The level 
of  doping of  the source and drain is limited 
by an exponential increase in the direct tunnel 
current between the source and drain and a 
decrease in the breakdown voltage [16,18]. 
The boundaries of  the working area and the 
source/drain are sharp. There is no overlap 
between the gate and the source and drain 
areas. The thickness of  tox is set in such a way 
as to exclude the influence of  the constant 
tunnel current of  the gate

In the course of  numerical experiments, 
prototypes with different Dmax/Dmin ratios 
were analyzed. The main model parameters of  
the prototypes are given in Table 1.

The following designations are accepted 
in Table 1. Here Nds is the source and drain 
doping concentration, tg is the thickness 
of  the polysilicon gate, vSRH is the rate of  
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surface recombination by the Shockley-
Reed-Hall mechanism, tSRH is the lifetime of  
non-basic charge carriers by the Shockley-
Reed-Hall mechanism.

4. TRANSISTOR PROTOTYPES 
SIMULATION
Simulation of  the electrophysical characteristics 
of  prototypes of  SOI CMOS nanotransistors 
with cylindrical geometry, a surrounding gate 
and a conical working area was carried out in 
the range of  control voltages from 0 to 0.6 V.

On Fig. 2 shows the longitudinal profiles of  
the surface potential of  prototypes of  conical 
CMOS transistors with different diameter 
ratios. They are compared with the potential 
of  classical cylindrical geometry at Dmin/Dmax 
= 1. It is clearly seen that the profiles of  the 
surface potential of  conical prototypes on 
the drain side are shifted upwards (has a large 
curvature) due to the narrowing of  the silicon 

working area. Then, a kind of  drain shielding is 
implemented, which reduces the electric field 
strength in this area [5,8].

It also follows from the simulation results 
that for all conical prototypes, the peak of  
the electric field is less than for cylindrical 
geometry. The magnitude of  the electric field 
peak is minimal for Dmin/Dmax = 0.65 and 
maximal for Dmin/Dmax = 1. Such a decrease 
in the electric field has a positive effect on the 
functioning of  the transistor due to a decrease 
in the number of  hot carriers.

Various key transistor characteristics 
were analyzed depending on the magnitude 
of  the Dmin/Dmax ratio at maximum control 
voltages. The obtained results show a strong 
dependence of  the transistor characteristics on 
the Dmin/Dmax ratio. For the studied prototypes, 
the dependence of  the threshold voltage (Uth) 
on Dmin/Dmax becomes less convex, different 
from the classical roll-off  [19].

On Fig. 3 shows the results of  calculations 
of  the maximum current of  the transistor 
at different values of  Dmin/Dmax in the range 
0.65–1.

Fig. 3 shows that a conical design in a certain 
range of  the Dmin/Dmax ratio provides a larger 
drain current compared to a conventional 
cylindrical working area. This increase in 
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Fig. 2. Longitudinal distributions of  the surface potential 
at Uds = 0.1 V in the working area of  prototypes with 
different Dmin/Dmax ratios from 1 (the lowest curve) to 

0.7 (the uppermost curve) in increments of  0.1.
Fig. 3. Dependence of  the maximum current (Ids_max) of  
prototypes at Uds = Ugs = 0.6 V on the ratio Dmin/Dmax.

Table 1
Main parameters of prototypes

Parameter Value Parameter Value

Lg, nm 25 NA,сm-3 1.5х1015

D, nm 6.5-10 Lds, nm 50

tox, nm 1.2 Nds,сm-3 5x1019

tSiO2, nm 50 vSRH, сm/sеc 3x105

tsub, μm 0.6 tSRH, μs 10

tg, nm 8 Т, К 300
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the drain current is due to a more uniform 
distribution of  carriers in the cross section 
of  the working area, which occurs due to the 
narrowing of  the channel at the drain. In this 
case, the most favorable conditions for the 
transport of  carriers are created: the absence 
of  hot carriers and a high accelerating potential, 
which determines the most effective transfer 
of  carriers to the drain [1,7,20]. In experiments, 
the maximum current is 11.8 µA at Dmin/Dmax 
= 0.81. Compared to the cylindrical working 
area (Dmin/Dmax = 1), the maximum current is 
1.5 µA lower, or 12% less. Reducing the Dmin/
Dmax parameter reduces the silicon thickness, 
which negatively affects the mobility and 
conductivity of  the prototype. At large values 
of  Dmin/Dmax, the current decreases due to an 
increase in hot carriers due to deterioration of  
the drain shielding.

The Ioff  current plays an important role in 
the functioning of  the nanotransistor. This 
current reduces the switching current and 
affects the performance of  the transistor and 
the chip, ensures its noise immunity [4,5]. 
The leakage current must be kept very low to 
reduce static power dissipation. From Fig. 4, 
where the results of  analytical modeling are 
presented, it can be concluded that conical 
prototypes provide a lower leakage current in 
the off  state compared to a cylindrical design.

The subthreshold slope (SS) is an 
important parameter for providing static and 
dynamic characteristics of  short-channel 
nanotransistors. In particular, in order to 
obtain a high Ion/Ioff  ratio, the subthreshold 
slope must be low, close to the theoretical aisle. 
On Fig. 5 shows the extracted values of  the SS 
parameter.

From the results shown in Fig. 5, it can be 
seen that the SS characteristic improves as the 
Dmin/Dmax ratio decreases. At the same time, the 
steepness becomes more sensitive to changes in 
Dmin/Dmax at its small values due to the complex 
behavior of  Uth with a decrease in Dmin/Dmax. 
Fig. 5 shows that the conical structure has a 
smaller subthreshold slope compared to the 
cylindrical one. For an optimized transistor 
structure, SS = 63.0 mV/dec. With an increase 
in the Dmin/Dmax parameter, a steady increase 
in SS is observed. After the value Dmin/Dmax= 
0.86, it becomes critical. This indicates an 
increase in the influence of  SCE and limits the 
range of  possible values of  the Dmin/Dmaxratio.

For further discussion, we chose transistor 
prototypes with n- and p-conductivities, 
the technological parameters of  which 
correspond to the case of  Dmin/Dmax = 0.81. 
Among all the prototypes studied, they have 
the maximum Ion current value at control 
voltages of  0.6 V, the SS value, which is 
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Fig. 4. Dependence of  the Ioff  (Dmin/Dmax) at Uds = 
0.6 V.

Fig. 5. Subthreshold slope (SS) from the Dmin/Dmax 
ratio.
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comparable to other prototypes, and close 
to ideal. The results of  the simulation of  
Ids(Uds) and Ids(Ugs) I-V data prototypes in 
the control voltage range from 0 to 0.6 V 
are shown in Fig. 6 and Table 2.

For the design and development of  
electronic devices, it is important to take 
into account the Ion/Ioff  current ratio [11,21]. 
For an optimized transistor structure, the 
current ratio is six orders of  magnitude. It 
should be noted that the Ion/Ioff  ratio for 
transistors with different conductivities 
practically do not differ from each other 
and with a change in the supply voltage, 
they synchronously follow this change.

5. INVERTER SYNTHESIS
With the help of  the TCAD program, using 
the models of  the studied transistor structures 
of  n- and p-types of  conductivity developed 
in this work, the propagation of  a high-
frequency logic signal through an inverter on 
the prototypes selected above is simulated. A 
sketch of  the placement of  transistors included 
in the inverter is shown in Fig. 7.
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Fig. 6. I-V data prototypes, where: a) n is the type of  I-V data Ids(Uds) for different Ugs: 1-0.6 V, 2-0.4 V, 3-0.2; 
b) p-type of  I-V data Ids(Uds) at different Ugs:1- -0.6 V, 2- -0.4 V, 3- -0.2 V; c) n-type of  I-V data Ids(Ugs) at 

different Uds: 1-0.05 V, 2-0.6 V; d) p-type of  I-V data Ids(Ugs) at different Uds:1- -0.05 V, 2- -0.6 V.

Fig. 7. Sketch of  the inverter.

Table 2
Parameters of the transistor prototype (values for n- 

and p-types of conductivities are indicated via "/")
Parameter Value

Uth,  mV 108/-118

Ion,  μА 11.8/-5.6

Ioff, pА 13.9/-6.8
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The results of  simulating the inverter 
switching at control voltages Udd = Uin = 0.6 V 
and a clock frequency of  25 GHz are shown 
in Fig. 8.

It should be noted that delays τin and τout, 
where τin and τout – the time delay of  the rise 
and fall of  the signal, respectively, differ from 
each other. The extracted values of  delay and 
power (active and static) are given in Table 3.

It should be noted that due to the I-V data 
saturation effect, the Ids(Uds) dependencies 
are nonlinear. Therefore, the dependence 
of  Uout(Uin) will also be nonlinear. The 
steepness of  this characteristic is a measure 
of  how well a given circuit can perform 
digital operations [22].

On Fig. 9 shows, the dependence of  the 
total delay (τin + τout) at voltage Udd obtained 
from the calculation results.

In this case, in the range from 0.6 to 0.52 
V, the delay increases linearly (with a slope 
of  1.625 ps/V) with a decrease in Udd. With a 
fixed supply voltage Udd, the delay change can 
be represented as follows:

0 1 ln10 ,in thU U
SS

τ τ λ −  = −  
  

 (1)

where λ = 2 – Cox(1/(1 + Cs/Cox)), it is associated 
with the capacitive interaction of  adjacent 
working areas, the capacity of  which is CS, and 
the subgate oxide, the capacity of  which is Cox 
[23,24]. Expression (1) allows us to estimate 
the influence of  topological and electrical 
parameters on the delay of  the inverter. The 
growth leads to a decrease in the steepness of  
the linear section of  the dependence τ(Udd). An 
increase in the value of  SS leads to an increase 
in the steepness and a reduction in the linear 
section.

According to the established methodology, 
the assessment of  the operability of  logic 
circuits is formed based on the analysis of  the 
propagation of  a logic signal in a chain of  a 
large odd number of  identical inverters [5,15]. 
With the help of  TCAD, the propagation of  a 
logical signal through 11 similar inverters, the 
model of  which is discussed above, is modeled. 
Fig. 10 shows the dependence τ(n) obtained 
from the calculation results, n is the number of  
the inverter.

Note the linear increase in the delay from 
the number of  valves. The same nature of  the 
dependence is preserved for control voltages 
of  0.52 V. The active power consumed by this 
circuit is 2.34 μW at U = 0.6 V and 1.9 μW 
at 0.52 V. Static power are 48.5 and 42 pW, 
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Fig. 8. Dynamic characteristic of  the inverter, where 1 is 
the clock (input) signal, 2 is the response of  the inverter.

Table 3
Characteristics of the inverter

Parameters

 / , psс Р,  μW Рstat, pWт

1.5/0.72 0.21 4.4

Fig. 9.  Dependence τ(Udd).
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respectively. The combination of  these factors 
determines the stable performance of  deco 
nanoscale logic gates [25,26].

The totality of  the results obtained allows us 
to consider the analyzed transistor architecture 
for creating low-power nanoscale electronic 
devices [4,5]. Thus, a conical architecture with 
an optimized diameter ratio can become a full 
member of  the GAA (gate-all-around) family, 
which is a priority for the modern technological 
development of  nanoelectronics.

6. CONCLUSION
The paper analyzes one of  the possible 
approaches to the development of  low-
power electronics based on low-voltage logic 
gates made on SOI CMOS nanotransistors 
with cylindrical geometry, a surrounding 
gate and a variable diameter of  the working 
area in the form of  a truncated cone.

TCAD models of  n- and p-types 
of  conductivity of  the nanotransistors 
under consideration have been developed. 
According to the results of  mathematical 
modeling, it was revealed that conical 
prototypes demonstrate improved 
electrostatic characteristics compared 
to cylindrical ones. The electrophysical 
characteristics of  the conical structure in 

the range of  control voltages from 0 to 
0.6 V are characterized by a higher transistor 
current, a maximum Ion/Ioff  current ratio, 
a low leakage current and a slope of  the 
subthreshold characteristic close to the 
theoretical chapel. Prototypes of  transistors 
with optimal parameters with a working 
area length of  25 nm and a working area 
diameter ratio of  8.1/10 nm were selected 
for the synthesis of  logic gates with a low 
supply voltage of  0.6 V.

The dynamic characteristics of  the 
developed physical models of  the inverter 
and the inverter chain are numerically 
investigated. At control voltages of  0.6 V 
and a frequency of  25 GHz, the inverter 
model predicts a maximum switching delay 
of  1.5 ps, the limit level of  active power of  
0.21 μW, static 4.4 pW. The active power 
consumed by the circuit consisting of  11 
identical inverters connected in series is 
2.34 μW at control voltages of  0.6 V.
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