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Analysis on Radio-Frequency Modeling of Double- and Single-Gate
Square-Shaped Extended Source TFETs
Saeid Marjani and Seyed Ebrahim Hosseini
Abstract. In this paper, the radio-frequency (RF)
performances and small-signal parameters of double-gate
(DG) square-shaped extended source tunneling field-effect
transistors (TFETs) are investigated and compared with
those of single-gate (SG) square-shaped extended source
TFETs in terms of their cut-off and maximum oscillation
frequencies and small-signal parameters. By using of a
nonquasi-static (NQS) radio-frequency model, the smallsignal parameters have been extracted. The results show
that the DG square-shaped extended source TFET has
higher transconductance, cut-off and maximum oscillation
frequencies than single gate structure. The modeled Yparameters are in close agreement with the extracted
parameters for high frequency range up to the cut-off
frequency. Results suggest that the DG square-shaped
extended source TFETs seem to be the most optimal ones
to replace MOSFET for ultralow power applications and
RF devices.
Keywords: Double-gate (DG), radio-frequency (RF),
nonquasistatic (NQS), extended source, tunneling fieldeffecttransistor (TFET).

Although there have been reports on the design and
optimization of square-shaped extended source structure for
better performance in terms of sub-threshold swing and
drive current due to its enhanced tunneling area and total
band-to-band
generation
[25],
[26],
their
RF
characterization and modeling have been seldom reported.
The goal of this paper is to determine the RF
performances and small-signal parameters of double-gate
(DG) square-shaped extended source TFETs and compared
with single-gate (SG) square-shaped extended source
TFETs. By using of the analytical equations for the Yparameters of a nonquasi-static (NQS) radio-frequency
model, the small-signal parameters were extracted for
analysis of cut-off frequency, maximum oscillation
frequency, gate-source capacitance, gate-drain capacitance
and transconductance. This paper is organized as follows.
After discussing in Section 2 the device structures and
radio-frequency model of extended source TFETs, we
present in Section 3 comparisons of RF performances and
small-signal parameters of devices reported in the literature.
We summarize our findings in Section 4.

1. Introduction

2. Device Structure and Radio-Frequency Model of
Extended Source TFETs

Over the last decades, the tunnel field effect transistors
(TFETs) with gate controlled band-to-band tunneling
(BTBT) are investigated as a promising candidate to
replace conventional metal-oxide-semiconductor field
effect transistors (MOSFETs) for low-standby power
(LSTP) and high-frequency applications. The unique and
advantageous features of TFET are steep sub-threshold
slope (SS), low power consumption and a very low leakage
current [1]-[5]. Several works have addressed recently the
devices with SS below 60 mV/decade at room temperature,
both theoretically and experimentally [6]-[8]. However, all
of them exhibit a minimized sub-threshold swing with a
low OFF-current; their low ON-current was problematic.
Consequently, it is necessary to improve the ON-current.
There is a dramatic increase in the number of publications
discussing the various designs to improve the ON-current
by means of using band-gap engineering [9]-[15], small
band-gap materials [16], [17], high-k dielectric materials
[18], pocket doping [19]-[21], line-edge roughness [22],
[23], vertical direction tunneling [24] and extended source
[25].

The cross-sectional views of double- and single-gate
square-shaped extended source TFET devices used in the
two-dimensional device simulation [27] are shown in Fig.
1(a) and (b), respectively. The p+ source and n+ drain are
doped at 1020 cm-3. The p-type body doping is 1015 cm-3.
The gate oxide thickness, channel length and extended
source length are 2, 30 and 10 nm, respectively. By using of
a dynamic nonlocal path tunneling approach, band-to-band
tunneling has been modeled. For higher accuracy band-gap
narrowing, Shockley-Read-Hall recombination, mobility,
Auger recombination and trap-assisted tunneling models
are also activated [28]-[30].
Fig. 2 shows the transistor nonquasi-static model used to
extract the small-signal parameters of the square-shaped
extended source TFETs in this paper. Rg, Cgs, Cgd, Csd, τ, gm,
and gds are the effective gate resistance, gate-source
capacitance,
gate-drain
capacitance,
source-drain
capacitance, the charge transport delay, transconductance
and source-drain conductance, respectively. The Yparameters of the NQS model for the low-frequency region
can be expressed as follows [31]:
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Fig. 2. Nonquasi-static equivalent circuit of a transistor to extract
small-signal parameters of square-shaped extended source TFETs
by the Y-parameter analysis.
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Fig. 1. Cross-section views of the (a) DG square-shaped extended
source TFET, (b) SG square-shaped extended source TFET.
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The small-signal parameters governing the RF behaviors
can be extracted by using real and imaginary parts of
equations (5)-(8) and the Y-parameters from the simulation
results. The parameters of gm, gds, Rg, Cgd, Cgs, Csd, and τ are
expressed as follows [31]:
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In order to extract the small-signal parameters
appropriate for low-frequency region, assumptions that
ω2Rg2 (Cgs+ Cgd)2<< 1 and ω2τ2<< 1 have been used [31].
However, the validity of the assumptions will be checked
by using the extracted parameters. Consequently, the
equations of Y-parameters can be approximated into simple
forms as follows [31]:
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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
simulation, respectively. Extracted small-signal parameters
from TCAD simulation have been used for the evaluation
of the RF performances.
3. Results and Discussion
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Fig. 4. Comparison of transconductance (gm) between a DG and
SG square-shaped extended source TFET as a function of
overdrive voltage (VOV).
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Cgd ) and gm increase monotonically with the increase of
VOV as shown in Figs. 3 and 4, fT of TFETs have the rising
tendency as a function of VOV. However the DG squareshaped extended TFETs have 350 times higher gm than SG
structures at high VOV, fT of DG square-shaped extended
TFETs has improved only 150 times higher than that of SG
structures. It is because the Cgg of DG square-shaped
extended TFETs at high VOV is about 2.3 times higher than
that of SG structures.
Fig. 6 shows the fmax values of the DG and SG squareshaped extended TFETs obtained from unilateral power
gains as a function of VOV. DG square-shaped extended
TFETs have higher fmax values than SG square-shaped
extended TFETs because of lower channel resistance and
higher fT and gm. The maximum fmax values of the DG and
SG square-shaped extended TFETs were about 37.6, and
3.5 GHz at VDS = 0.7 V, respectively. The results indicate
Trans conductance (g m) [µS]

1.4

total field in between the source and channel that leads to
an increase in the higher on-current and transconductance.
The RF figures of merit for extended source TFETs are
analyzed in terms of cut-off frequency (fT) and maximum
frequency of oscillation (fmax). 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. Fig. 5
compares the fT values of the DG and SG square-shaped
extended TFETs as a function of VOV. Generally, the cut-off
frequency depends on the gm, Cgd and Cgs
gm
(fT
) . Since Cgg (sum of the Cgd and
2  (Cgd +Cgs )
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Fig. 3. Gate capacitance values of the DG and SG square-shaped
extended source TFET as a function of VOV. (a) gate-drain
capacitance and (b) gate-source capacitance.
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Gate- Drain Capacitance [fF]

Fig. 3 shows the gate capacitance values of the DG and
SG square-shaped extended TFET as a function of
overdrive voltage (VOV). Due to the formation of inversion
layer of a TFET from the drain side toward the source side
with increasing of VOV, the regnant component in the
capacitance between the gate and the inversion layer is
gate-drain capacitance [32]. Increase in the VOV causes gatedrain capacitance extremely increases which is proportional
to gate length, as can be confirmed in Fig. 3(a). The gatedrain and gate-source capacitance values of DG squareshaped extended TFET are larger than SG square-shaped
extended TFET which should be mainly due to the much
larger coupling between the gate and the source. Due to the
extension of the inversion layer from the drain side toward
the source side and fewer coupling between the gate and the
source, the gate-source capacitance monotonically
decreases, as shown in Fig. 3(b).
Fig. 4 shows the transconductance (gm) of DG and SG
square-shaped extended TFETs as a function of overdrive
voltage (VOV). As can be seen, DG square-shaped extended
TFETs have 350 times higher transconductance than SG
structure at high VOV. It should be mainly due to the higher
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Fig. 5. Comparison of the fT value between DG and SG squareshaped extended source TFET as a function of VOV.
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that DG square-shaped extended TFETs can have higher
cut-off and maximum oscillation frequencies for highfrequency electronics applications.
The modeled Y-parameters by SPICE simulation were
compared with the values obtained from TCAD simulation
up to 250 GHz as shown in Fig. 7 in order to validate the
parameter extraction. Table 1 summarize all the extracted
parameters of the DG and SG square-shaped extended
TFETs used in the verifications at VGS = 0.7 V and VDS =
0.7 V. As shown in Table 1 of manuscript, the values of
approximations are much smaller than one even at 250 GHz
(ω2Rg2 (Cgs+ Cgd)2= 1.096×10-3and 3.353×10-3 ; ω2τ2=
8.19×10-3 and 6.44×10-3 for SG and DG square-shaped
extended source TFET, respectively). This verifies the
validity of using the assumption in simplifying (1)-(4) to
(5)-(8) in this work up to extremely high frequency range
even at 250 GHz. As seen, Y-parameters obtained from the
NQS model equivalent circuit showed close agreement with
the calculation results by the TCAD simulation. The rootmean-square errors of the model were calculated to be
within 3.3% and 3.7% for the DG and SG square-shaped
extended TFETs, respectively. These verification results
strongly support that the proposed model is accurate and
valid for extended source TFETs up to the extremely high
frequency range.

Fig. 6. Comparison of the fmax values between DG and SG squareshaped extended source TFET obtained from unilateral power
gains as a function of VOV.
Table 1. The summary of the extracted parameters (VGS= 0.7 and
VDS= 0.7 V) for DG and SG square-shaped extended source TFET.

SG squareshaped
extended
source TFET

DG squareshaped
extended
source TFET

Cgs

0.306fF

0.528 fF

Cgd

0.513fF

1.233 fF

Csd

44.975 aF

14.649 aF

Rg

25.736 Ω

20.932 Ω

τ

0.362 ps

0.321 ps

gm

19.618 nS

6.817 µS

gds

34.214pS

52.45 nS

ω2Rg2(Cgs+ Cgd)2

1.096×10-3

3.353×10-3

ω2 τ 2

8.19×10-3

6.44×10-3

(c)

(d)
Fig. 7. Comparison of modeled (line) and values obtained from
TCAD simulation (symbol) Y-parameters of DG and SG squareshaped extended source TFET at VGS= 0.7 and VDS= 0.7 V. (a) Y11,
(b) Y12, (c) Y21 and (d) Y22.
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4. Conclusion

In this paper, we described RF performances of DG and
SG square-shaped extended TFETs based on parameter
extractions from the NQS model equivalent circuit in terms
of the cut-off frequency, maximum oscillation frequency
and small-signal parameters. DG square-shaped extended
TFETs have higher RF performances because of the much
higher transconductance than SG square-shaped extended
TFETs. The results showed good agreement between the
modeled Y-parameters and the extracted parameters for the
high frequency range up to the cut-off frequency.
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