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Abstract- This paper presents radio-frequency (RF) modeling of 
p-n-p-n double-gate tunneling field-effect transistors (TFETs).  
The p-n-p-n TFETs are evaluated for various RF parameters 
such as cut-off frequency, maximum oscillation frequency, gate-
source capacitance, gate-drain capacitance, channel resistance, 
and transconductance. Direct comparisons of high-frequency 
performances and extracted parameters are made with 
conventional TFETs. A nonquasistatic radio-frequency model 
has been used, along with SPICE simulations to investigate p-n-
p-n TFETs with RF parameters extracted from TCAD simulation 
Y-parameters. The results show excellent agreements with the 
TCAD simulation results for the high frequency range up to the 
cut-off frequency for the millimeter-wave applications. 

Keywords- Modeling; Nonquasistatic (NQS); Radio-frequency 
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I. INTRODUCTION  
Today, steep sub-threshold slope (SS), very low leakage 

current and suppressed short channel effects (SCE) are major 
requirement for energy efficient digital ICs. In response to the 
enormous challenges associated with scaled MOSFETs, band-
to-band tunneling (BTBT) field-effect transistors (TFETs) have 
been proposed to replace MOSFET for ultralow power 
applications [1-3]. The basic structure for a TFET is gate 
reverse biased p-i-n diode with heavily doped source and drain 
regions. Although, TFETs have shown better characteristics 
than MOSFETs in terms of low sub-threshold swing and low 
OFF-current but their low ON-current is problematic. In recent 
years, numerous experimental and simulation based techniques 
have been proposed in order to improve tunneling probability 
and ON-current of silicon-based TFETs such as band-gap 
engineering [4, 5], small band-gap materials [6], high-k 
dielectric materials [7], pocket doping [8], extended source [9, 
10] and p-n-p-n structure [11, 12]. Although there have been 
many experimental and simulation studies on the design, and 
drain current model of p-n-p-n TFETs [11, 12] but their RF 
modeling has been seldom reported. In this work, a radio-
frequency (RF) model for p-n-p-n double-gate TFETs is 
presented and their RF performances have been compared with 
that of conventional TFETs. The small-signal parameters were 
extracted from the analytical equations of the Y-parameters of 
a nonquasistatic (NQS) radio-frequency model for analysis of 
cut-off frequency, maximum oscillation frequency, gate-source  

 
capacitance, gate-drain capacitance, channel resistance, and 
transconductance. The paper is organized as follows: In Sec. II, 
we have explained device structure and simulation. The radio-
frequency model for p-n-p-n TFETs is explained in Sec. III. In 
Sec. IV, we discuss the RF performances of p-n-p-n and 
conventional TFETs, and obtained results are presented. In 
section V, validation of the radio-frequency model is 
investigated. Finally, Sec. VI concludes the work. 

II. DEVICE STRUCTURE AND SIMULATION 
Fig. 1 shows cross-sectional views of the Si based double-

gate p-n-p-n TFETs structure used in the two-dimensional 
device simulations [13]. A double-gate geometry is considered 
with Si-channel doping concentration NA = 1×1015 cm-3, 
channel length of 45 nm, silicon film thickness of 15 nm, high-
k gate oxide thickness of 2 nm ( ox=29). The device is 
uniformly doped at the source and drain regions with 
concentrations 1×1020 cm-3 and 1×1018 cm-3, respectively. For 
p-n-p-n structure, an n+ heavily doped pocket of width 5 nm is 
used. The n+ pocket doping concentrations is taken 5×1019 cm-3. 
For higher accuracy, band-to-band tunneling has been modeled 
using a dynamic nonlocal path tunneling approach for the 
device performance calculations. Along with nonlocal BTBT 
model, the physical models activated during device simulations 
are: Shockley-Read-Hall recombination model, auger 
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Fig.  1. Cross-section views of the p-n-p-n TFET. Parameters: channel length
Lch= 45 nm, pocket width Lp= 5 nm, oxide thickness (tox) = 2 nm, tsi =15 nm,
Source doping NA=1×1020 cm-3, drain doping ND=1×1018 cm-3, Nch (p-) =
1×1015 cm-3, pocket doping (Np) = 5×1019 cm-3. 
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recombination, concentration and field dependent mobility 
models, hurkx recombination model and band gap narrowing 
[14]. 

III. RADIO-FREQUENCY MODEL OF P-N-P-N TFETS  
The intrinsic nonquasistatic (NQS) equivalent circuit of a 

transistor to extract small-signal parameters of p-n-p-n TFETs 
is shown in Fig. 2. In the circuit, Cgs and Cgd are intrinsic gate-
source and gate-drain capacitances. Rg is the effective gate 
resistance. Csd is source-drain capacitance which varies with 
the drain bias of short channel devices. Time constant , gm and 
gds are the charge transport delay, transconductance and source-
drain conductance, respectively. The Y-parameters of the 
intrinsic nonquasistatic equivalent circuit are expressed as 
follows [15]:  
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Using the real and imaginary parts of Y-parameters, the 
analytical values of the device parameters can be extracted as 
follows [15]: 
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Extracted small-signal parameters from TCAD simulations 

have been used for the evaluation of the RF performances. The 
cut-off and maximum oscillation frequencies of TFETs have 
been obtained from the high-frequency current gain and 
unilateral power gain data of the TCAD simulations, 
respectively. 

IV. Results and Discussion 
The extracted gate-drain and gate-source capacitance of the 

p-n-p-n and conventional TFETs as a function of the gate 
voltage (VGS) are shown in Fig.3. The Cgd is responsible for the 
capacitance between the gate and the inversion layer because of 
the formation of the inversion layer of a TFET from the drain 
side toward the source side with increasing VGS [16]. Due to   
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Fig.  3. Gate capacitance values of the p-n-p-n and conventional TFET as a
function of VGS. (a) gate-drain capacitance and (b) gate-source capacitance. 
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Fig.  2. Nonquasistatic equivalent circuit of a transistor to extract small-
signal parameters of p-n-p-n TFETs by the Y-parameter analysis. 



 

 

 
reduction of the potential barrier at the drain side, increase in 
VGS causes gate-drain capacitance extremely to increase, as can 
be confirmed in Fig. 3(a). On the other hand, the gate-source 
capacitance monotonically decreases with increasing VGS, as 
shown in Fig. 3(b). Extension of the inversion layer from the 
drain side toward the source side leads to fewer coupling 
between the gate and the source [16]. In the case of the p-n-p-n 
TFET, the values of Cgs are less than those of the conventional 
TFET due to the reduction of the barrier width formed at the 
source-channel junction. 

Fig. 4 shows the transconductance (gm) dependence of p-n-
p-n and conventional TFETs on the gate voltage (VGS). It has 
been observed that the p-n-p-n structure has about 200 times 
higher transconductance than the conventional structure at high 
VGS. Due to a heavily doped n+ pocket region at the source-
channel junction, the barrier width at the source-channel 
junction reduces. Therefore, improving the lateral electric field 
appearing at the tunneling junction leads to an increase in the 
higher ON-current and transconductance [11]. 

Fig. 5 shows the extracted channel resistance (Rch) for p-n-
p-n and conventional TFETs as a function of VGS. Time 
constant for the charging delay (RchCgd) is an important 
parameter in the NQS effects which shows how fast the 
channel charges respond to the input signal. As can be 
confirmed from Fig. 5, because of the large channel 
conductivity induced by smaller barrier width and the total  

 
band-to-band tunneling rate in the on-state, Rch of p-n-p-n 
TFET is much smaller than that of the conventional TFET.  
Consequently, the switching speed of p-n-p-n TFETs can be 
higher than that of conventional TFETs. 

The RF performance of p-n-p-n TFET is evaluated by 
extracting the cut-off frequency (fT) and maximum oscillation 
frequency (fmax), known as figures of merit (FoM). The values 
of the cut-off and maximum oscillation frequencies have been 
extracted by high-frequency current gain and unilateral power 
gain using the TCAD-simulated Y-parameter data, respectively. 
Here, fT is extracted when the current gain is unity, and fmax is 
extracted when Mason’s unilateral power gain drops to unity. 
Fig.6 compares the extracted fT and fmax of the p-n-p-n and 
conventional TFETs as a function of VGS. Generally, the cut-off 
frequency is related to the gm, Cgd and Cgs. It can be seen from 
Fig.6 (a) that p-n-p-n structure shows a better fT as well as the 
switching speed than conventional TFETs because of the 
higher transconductance and current drivability.  However, The 
Cgg (sum of the Cgs and Cgd) of a p-n-p-n TFET is nearly 
similar to conventional TFETs as shown in Figs. 3. The 
maximum fT values of the p-n-p-n and conventional TFETs are 
about 6.8, and 0.020 GHz, respectively. The fmax is obtained 
under power-matching conditions at both the input and output 
ports drops to unity. As previously shown in Figs. 4, 5 and 6 
(a); due to higher fT and gm and lower channel resistance, the p-
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Fig.  6. Comparison of the (a) fT, (b) fmax values between the p-n-p-n TFETs
and the conventional TFETs as a function of VGS. 
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Fig.  5. Channel resistance (Rch) of the p-n-p-n and conventional TFETs as a
function of gate voltage (VGS). 
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Fig.  4. Comparison of transconductance (gm) between a p-n-p-n and
conventional TFET as a function of gate voltage (VGS). 



 

n-p-n TFETs have higher fmax values than conventional TFETs. 
The maximum fmax values of the extended source and 
conventional TFETs were about 400, and 15 GHz, 
respectively. The results indicate that p-n-p-n TFETs can have 
higher cut-off and maximum oscillation frequencies and 
smaller switching time for high-frequency and high-switching-
speed electronics applications. 

V. VALIDATION OF RADIO-FREQUENCY MODEL 
In order to validate the proposed models, Fig. 7 compares 

the modeled Y-parameters by SPICE simulation with the values 
obtained from TCAD simulation up to 250 GHz, which covers 
the cut-off and maximum oscillation frequencies. It is observed 
that Y-parameters obtained from the NQS model equivalent 
circuit show excellent agreement with the calculation results by 
the TCAD simulation. Consequently, the proposed model in 
the previous section is valid up to the extremely high frequency 
range. 

VI. CONCLUSION 
An RF model based on parameter extractions for p-n-p-n 

double-gate TFETs has been presented using TCAD 
simulations. A p-n-p-n TFET has been compared with the 
conventional TFETs through analyses of model parameters 
with variations on bias conditions in terms of the RF 
performances and switching-speed. Because of the higher 
transconductance and current drivability and smaller channel 
resistance of the p-n-p-n TFETs compared to the conventional 
TFETs, p-n-p-n TFETs can have higher cut-off and maximum 
oscillation frequencies and smaller switching time. The RF 
model was well matched with the Y-parameters induced from 
the TCAD simulation up to the extremely high frequency range 
for the millimeter-wave applications. 
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Fig.  7. Comparison of modeled (line) and values obtained from TCAD 
simulation (symbol) Y-parameters of p-n-p-n and conventional TFET at VGS
= VDS = 1.0 V. (a) Y11 and (b) Y21. 


