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Chapter

Noise Analysis in Nanostructured
Tunnel Field Devices
Sweta Chander and Sanjeet Kumar Sinha

Abstract

Tunnel Field Effect Transistors (TFETs) have appeared as an alternative
candidate of “beyond CMOS” due to their advantages like very low leakage current
and steep sub-threshold slope i.e. <60 mV/dec., etc. From past decades, researchers
explored TFETs in terms of high ON current and steep subthreshold slope at low
supply voltage i.e. < VDD = 0.5 V. The reliability issues of the device have profound
impact on the circuit level design for practical perspectives. Noise is one of the
important parameters in terms of reliability and very few research papers addressed
this problem in comparison to other parameter study. Therefore, in this chapter, we
discussed the impact of noise on Tunnel FET devices and circuits. The detail dis-
cussion has been done for the random telegraph noise, thermal noise, flicker noise,
and shot noise for Si/Ge TFET and III-V TFETs. Recent research work for both low
frequencies as well high frequency noise for different TFET device design has been
discussed in details.

Keywords: Band-to-Band Tunneling, Flicker noise, Shot noise, Thermal noise,
Random Telegraph Noise

1. Introduction

The semiconductor industry has been on a continuous run to search for minia-
turized devices without compromising the electrical parameters [1]. Scaling down
the device dimensions of metal–oxide–semiconductor field-effect transistor (MOSFET)
has been very challenging due to the short channel effects like high subthreshold
slope, high leakage current, and threshold voltage roll-off, etc. [2]. Tunneling-
field-effect-transistor (TFET) has appeared as a potential substitute to replace
already existing MOSFET because of small leakage current and steep Subthreshold
Swing (SS) [3, 4]. The basic difference between the MOSFET and TFET is the
working principle. In MOSFET the current through the channel is set by an energy
barrier and the height of the barrier determines the amount carriers injected into
the channel thermionically. But in TFET, the charge carriers tunnel through the
barrier to reach the channel [5]. TFET is gated reverse-biased pin diodes that
operate on Band to Band (BTBT) tunneling principle [6, 7]. In the miniaturized
devices operating on low voltages, the electrical noise has a serious effect on the
device performance [8, 9]. The non-white noises like flicker noise and burst noise
become more vigorous as we scale down the device dimensions, which degrades the
performance of semiconductor memories [10] and analog circuits [11]. Also, high-
frequency white noise sources like shot noise and thermal noise are desirable in
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analog/Radio-frequency (RF) applications [12]. In the literature, the effect of elec-
trical noise on the performance of TFETs has not been reported much and still
under exploration. In the presence of noise, it is quite difficult to comprehend the
behavior of TFETs. In the literature, very few works related to the modeling of the
impact of high-frequency noise and low-frequency noise on the performance of
TFETs have been reported [13, 14]. This paper provides a detail study of types of
electrical noise in TFET structures and the modeling of electrical noise in various
TFET structures. This paper also elaborates on the basic working principle of TFET
along with the device operation.

2. Tunnel field effect transistors

TFET is gated reverse-biased pin diodes that operate on BTBT) tunneling
principle [15]. Figure 1 shows the cross-sectional view of double gate TFET and
energy band diagram of TFET for ON and OFF state, in which p-type silicon
substrate of length Lch is taken. The source and drain regions have lengths of Ls and
Ld with heavily doped p-type and n-type materials. Also, gate oxide of thickness Tox

is deposited over a p-type silicon substrate.
When no voltage is applied at the gate terminal, no current flows through the

channel. In TFETs, the off-current/leakage current is very small that makes it an
energy-efficient device. When a positive bias is applied at the gate terminal, it
pushes the conduction band down in the channel region. Thus, a tunneling path is
formed between the source band and channel conduction bands.

In heterojunction TFET (HTFET), high ON current and low leakage current can
be achieved. The source and channel may have large band gaps in the case of
HTFET but at the source-channel interface, the tunneling barrier reduces signifi-
cantly [16]. The energy band diagram of homojunction and heterojunction TFET is
shown in Figure 2. In homojunction TFET, the same material is used for the source,

Figure 1.
(a) Cross-sectional view of double gate TFET (b) energy band diagram of TFET for ON and OFF state.

Figure 2.
Energy band diagram of homojunction and heterojunction TFETs [16].
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channel, and drain. The barrier height and the bandgap of material are the same. In
heterojunction TFET, at the source-channel junction, the barrier height reduces
significantly.

3. Noise in MOS devices

It is very significant to study the sources of noise as noise degrades the quality of
the desired signal. In MOSFET, the various noise sources are: (a) thermal noise
introduced by the channel/polysilicon gate resistance/source-drain resistance/
distributed substrate resistance, (b) flicker noise from the channel. In MOSFET
device thermal noise dominates at high frequency and in the channel, it further
gives rise to both drain channel noise and induced gate noise. In the nMOS struc-
ture, excess thermal noise exhibits in the channel. As drain to source voltage is
increased, the noise in the channel increases [17].

D.P. Triantis et al. presented a systematic formulation of the high
frequency noise in short-channel MOSFET. The reported MOSFET structure
was operating in the saturation region [18]. The small-signal behavior and
noise analysis of nanoscale MOSFET at RF was reported by M.A. Chalkiadaki and
C.C. Enz [19]. A.G. Mahmutoglu and A. Demir presented an idealized trap
model to encounter the behavior of traps present in the gate oxide [20]. H. Tian and
A. EL. Gamal proposed a nonstationary extension noise model to analyze flicker
noise in MOSFET circuits more accurately [21]. C. Hu et al. studied the low-
frequency noise characteristics of MOSFET to investigate the effect of noise by
changing metal interconnect perimeter length, device W/L ratio, and gate-biasing
voltage [22].

Renuka Jindal developed noise mechanisms in MOSFET for both intrinsic and
extrinsic noise. The study of intrinsic noise mechanisms is essential to study the
effect of channel thermal noise, induced gate noise, and induced substrate noise on
device operation [23].

4. Noises in tunnel FETs

In Tunnel FETs, different types of noise from low-frequency to high-frequency
must be considered. Low-frequency noise can be further classified into random
telegraph noise (RTN)/burst noise and flicker noise, while high-frequency noise can
be further classified into shot noise and thermal noise.

4.1 Low frequency noise sources

4.1.1 Random telegraph noise

Random telegraph noise (RTN) is a non-white noise that mainly occurs due to
the presence of impurities in semiconductors and thin gate-oxide films. The trap-
ping and de-trapping of carriers in the channel are the source of RTN [24]. If the
trap is located on the source-channel interface, RTN is more pronounced because
the trapped charge can change the junction electric field which in turn affects BTBT
[25]. It is a function of temperature, radiation, and induced mechanical stress. In
audio amplifiers, the burst noise sounds as random shots, which are similar to the
sound associated with making popcorn. The noise spectral density is given by RTN
is given by Eq. (1) [26]:
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SRTN fð Þ ¼ C
4 ΔIð Þ2

1þ 2nf
f RTN

� �2 (1)

f RTN is RTN noise corner frequency. The intensity of RTN noise depends upon
the site at which the trap center is located concerning the Fermi level and the center
area of the Fermi level is responsible for the generation of RTN noise.

4.1.2 Flicker noise

Flicker noise is a low-frequency noise that arises from the trapping and de-
trapping of charge carriers in the trap states in the gate oxide around the quasi-
fermi level. It is mostly generated at the interface of Si-substrate and gate oxide. At
the interface of Si substrate, there exist dangling bonds. These dangling bonds give
rise to extra energy states. The charge carriers that move across these energy states,
get trapped in these sites. The noise spectral density is given by surface model is
given by Eq. (2) [26]:

S1=fα ΔN
� �2

ð

τ1

τ1

1

τ

4τ

1þ ωτ2
dτ ¼ ΔN

� �2 1

f
(2)

where, 1
τ2
≪ω≪

1
τ1
and the noise spectral density for surface model remains

constant up to f 2 ¼
1

2πτ2
.

4.2 High frequency noise sources

Thermal noise and shot noise are the two types of noise sources that degrade the
device’s performance operating at high frequency. For the analysis of thermal
noise effect on TFET structure, the thermal noise model of MOSFET in ON-state
is used, when the applied drain-source voltage is zero [27]. Though, shot noise is
the dominant form of high-frequency noise/white noise in heterojunction TFET.
The modeling of shot noise can be done in the same way as it is done in tunnel
diodes [28].

4.2.1 Shot noise

In electronic devices, the noise that arises due to the unavoidable random fluc-
tuations of electric current when the charge carriers travel a gap is known as shot
noise [29]. Shot noise exhibits since the current is not a continuous flow but it is the
sum of discrete pulses in time where each pulse corresponds to the transfer of
electron through a conductor. Shot noise is caused by the thermal motion of elec-
trons and occurs in any conductor having resistance R. The most dominant white
noise is shot noise and in TFET, it can be modeled similarly as it is modeled in
tunnel diode.

i2shot ¼ 2qIDΓ (3)

where, Γ is Fano factor that indicates the deviation in the magnitude of shot
noise from the nominal value ID. Fano factor value depends upon applied voltage
and it is frequency independent [30].
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4.2.2 Thermal noise

In electronic devices, the noise generated inside a conductor at equilibrium due
to the thermal agitation of charge carriers is known as thermal noise. In 1928,
Johnson experimentally verified the theory of the fluctuating movement of charges
in thermal equilibrium that was initially proposed by Einstein in 1905 [31]. The
magnitude of random motion of free electrons and resistance of elements increases
with an increase in temperature. Due to this thermal motion of charge carriers, a
fluctuating voltage is created at the terminals of the conductor [12].

5. Recent study of noises in tunnel FETs

The electrical noise analysis especially the low-frequency noise analysis of TFET
structure has been done by many researchers from universities and electronic
companies. But the high-frequency analysis of TFET is yet to be explored a lot. In
the past a few years, the research of various TFET structures has been accelerated.
The brief review of impact of noise on various TFET structure is presented in this
section.

The impact of single acceptor-type and donor-type interface trap induced RTN
on TFET was reported in [32]. Using a charge-based approach, an analytical model
for thermal noise and induced gate noise was proposed in junctionless FETs,
whereas the power spectral density of noise was the same for the same drain voltage
[33]. Neves et al. reported the effect of low-frequency noise on the behavior of
vertical tunnel FETs (TFETs) experimentally and compared with MOSFET [34].
Chen et al. reported the amplitude of RTN on the characteristics of TFET experi-
mentally and reveals that nonuniform distribution of BTBT generation rate along
device width direction is responsible for high-amplitude of RTN. It also shows the
high source doping concentration fluctuates the BTBT generation rate and reduces
the RTN amplitudes [35]. High-frequency noise shows different behavior for the
devices having different gate lengths. The scaling of gate length of the High-
electron-mobility-transistor (HEMT) was performed in [36]. Figure 3 shows the
change in the value of the noise suppression factor by changing length.

Ghosh et al. presented analysis of flicker noise of TFET structure. A selective
buried oxide (SELBOX) SiGe layer has been used at the source channel junction in
the presence of trap concentrations as shown in Figure 4a. In Figure 4b, the
presence of trap degrades both ON–OFF current ratio and SS has been studied.
Thus, it degrades the overall performance of the device [37].

Figure 3.
Gate length vs. noise suppression factor [36].
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S.Y. Kim et al. reported the dependency of low frequency noise on the applied gate
voltage of TFET device. At low gate voltage, the noise in TFET is high and for high gate
voltage, electrons directly tunnel from source to drain and noise in TFET is low [38].

Another noise analysis of Ferroelectric Dopant Segregated Schottky Barrier TFET
has been done for different types of materials in the dopant segregated layer and
concluded that flicker noise affects the low frequency and mid-frequency range [39].

6. Noise in Si/Ge tunnel FETs

The conventional Si-based TFET exhibits SS of less than 60 mV/decade and a
very small leakage current but practically implementation is still questionable
because of low ON current. Thus, to improve the ON current, a thin layer of SiGe
can be used on top of the Si source. It is found from, study that the proposed device
is free from short channel effects. Using the strained SiGe layer improves on current
while leakage current was still very low (fA) [40]. In Figure 5, the proposed TFET
structure with a strained SiGe layer is shown.

The features like VLSI compatibility, mature synthesis techniques, and tunable
bandgap makes SiGe compatible with the TFET structure. Li et al. experimentally
demonstrated a TFET structure in which a thin layer of SiGe is inserted between
source and channel. By using the SiGe layer, it has been found that the ON current
increases and SS reduces. The barrier height of tunneling reduces and the lateral
electric field increases that further increases the transport of carriers across tunnel-
ing junction. The performance of the proposed TFET device has been improved by
using SiGe [41].

Vandooren et al. presented the electrical performance of vertical Si homo-
junction and SiGe source hetero-junction TFETs. The analysis of trap-assisted
tunneling through simulations and characterization has been performed. The
trap-assisted tunneling worsens the onset characteristics and SS of the TFET. The
simulation results of Ge TFET are in agreement with experimental data up to some

Figure 4.
(a) Proposed SELBOX structure, (b) effect of change in trap concentrations on ON–OFF current ratio and
SS [37].

Figure 5.
TFET structure with strained SiGe layer [40].
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extent. The results demonstrated that SiGe TFET exhibits improved performance
than Si TFET because of the lower bandgap [42].

For HTFET and FinFET, an electrical noise model for thermal noise, flicker
noise, and shot noise was realized in a differential amplifier with a capacitive load
circuit. The circuit shown in Figure 6 was studied for subthreshold HTFET design
to obtain the same range of gain. From the analysis, it evident that the HTFET
structure offers to gain twice the gain of FinFET structure. Also, the cut-off fre-
quency is higher in TFET. Also, small-signal amplitudes can be detected by HTFET
design. Based on the overall design analysis, it has been found that the proposed
device design is more suitable for the applications operating in low-voltage/low-
power [26].

Apart from noise, ambipolar behavior also affects the performance of the device.
The comparison of different structures of TFET has been reported by Sathish et al.
In TFET structures, heterojunctions have been used to form a source/body junction.
By doing so, the tunneling distance can be lowered and the ON current can be
increased. It can also be used to control the ambipolar behavior of TFET.
Heterojunction TFET characteristics can be determined by using different materials
structures [43].

For the fabricated devices at the nanoscale, flicker noise becomes very problem-
atic because flicker noise increases the reducing the device dimensions. The mea-
sure of device quality and reliability is done by checking the level of flicker noise.
Das et al. presented the analysis of low-frequency flicker noise on dual dielectric
pocket HTFET as shown in Figure 7. Three different gate-source underlap lengths
and different thicknesses were considered. This proposed device exhibits a super
steep slope and high current ratio. In the analysis, two different trap distributions
(uniform and gaussian) were considered. The study specifies that the ON current of

Figure 6.
Representation of noise model implemented at transistor level [26].

Figure 7.
2-D structure of dual dielectric pocket HTEFT [44].
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the reported HTFET structure is not affected by presence of interface traps as
compared to the OFF current [44].

Goswami et al. proposed a new architecture of TFET with a circular gate. The
electrical noise analysis was performed for both structures; (a) proposed structure
(circular gate), (b) HTFET as shown in Figure 8 [45]. A comparative analysis for
both the structures was done also. The uniform and gaussian trap distributions were
simulated and based on the simulation results it can be concluded that structure ‘a’
shows the lesser impact of noise than structure ‘b’. Flicker noise shows an intense
effect at low frequency and mid-frequency range. While at high-frequency, diffu-
sion noise effects. Nonetheless, the drain current in structure ‘a’ is more prone to
traps than the drain current in structure ‘b’. The cut-off frequency of structure
can be improved by using gate-drain underlap and it is well-suited for digital
applications.

7. Noise in III-V tunnel FETs

In the TFET device, during ON state, very low drive current/ON current flows
from source to drain. The drive current can be improved by using low bandgap
materials like SiGe, InGaAs, InAs. The use of SiGe has been already discussed in the
previous section. Figure 9 shows the schematic diagram of homojunction and
heterojunction TFET using III-V materials.

Pandey et al. reported RTN study analysis of HTFET using III-V materials with
20 nm long and 40 nm wide channels. RTN due to the presence of a single charge
trap has been modeled by placing the trap charges to pre-defined coordinated mesh.
When the electron got captured in a trap, it causes a reduction in the drain current.
Also, the analysis of the relative amplitude dependence of RTN on trap location has
been performed. Different locations of the trap were considered for the analysis.
Firstly, when the trap is present in the channel, from the source towards drain
region. Secondly, three different cases can be considered by changing the depth of

Figure 8.
(a) 2-D structure of novel circular gate TFET (b) and hetero-junction TFET [44].

Figure 9.
Homojunction and heterojunction TFET using III-V materials.

8

21st Century Nanostructured Materials - Physics, Chemistry, Classification, and Emerging…



the trap like when the trap is (a) present in oxide (b) present in the oxide-channel
interface (c) present inside the channel. From the analysis, it has been observed that
the relative amplitude of RTNnoise is maximum for case c followed by case b. But
the relative RTN amplitude is minimum when the trap is present in gate oxide [13].

Bijesh et al. presented GaAsSb/InGaAs heterojunction TFET using III-V mate-
rials. In this work, a high ON current has been achieved at the low drain to source
voltage. Also, in the case of InGaAs homojunction, the ON current increases to
double the value in heterojunction. Because in heterojunction TFET, reduction in
the effective tunneling barrier has been observed. Flicker noise analysis for both
homo and heterojunction TFET structure has been performed. The effect of flicker
noise on drive current is lower in the case of heterojunction TFET than in
homojunction TFET structure. An analytical model to analyze the flicker noise
characteristics for both the TFET structure has been developed [46].

Bu et al. developed an analytical model to determine the variation of the elec-
trostatic potential because of the presence of charged trap in the gate oxide of the
TFET device. A noise model based on the flow of current through tunneling of
carriers in the channel has been proposed. The power spectral density of the TFET
device is presented that shows dependency on the frequency and applied gate
voltage. It is evident from the analysis that the noise power spectral density of
because of the tunneling is more affected by voltage applied at gate terminal than
the movement of traps through the channel. The noise observed in the channel is
due to the variation in the mobility of traps [47].

8. Impact of noise in TFET based circuit and memory design

In the processors, SRAMmemory cell have been broadly used as data caches and
these memory cells are the most significant digital building blocks. Fan et al. widely
reviewed the effect of single-trap-induced RTN on TFET, and FinFET. The effect
of noise on BTBT dominated current conduction in TFET and thermionic based
current conduction has been presented in both device and circuit level. The trap
location has an intensive effect and that effect varies with applied bias variation and
type of trap. The worst-case analysis of different parameters for RTN noise has
been investigated for TFET based 6 T/8 T SRAM cells [48]. For different trap
locations A, B, C, A’, B0 the analysis of TFET device has been performed. Figure 10
demonstrates the diagram of reverse-biased TFET with a single charge trap and
having asymmetric source and drain dopant concentrations.

Figure 10.
Potential contour by charge trap [48].
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S.H. Fani et al. presented a new low-power TFET 8 T-SRAM cell with an
improved noise margin. The stability of the 8 T-SRAM cell was improved by using
supply feedback. The proposed structure exhibits 33% in reading noise margin and
26% in write margin as compared to conventional 6 T SRAM cell for the supply
voltage of 0.3 V. The area of the proposed SRAM is larger than the existing one but
the features like stability and high performance at very low voltage supply make it
useful. The use of the TFET device has limited the working of SRAM cells as it is a
unidirectional device but this issue has been resolved by using transistors (n-type
and p-type) placed parallelly and the use of one bit-line [49].

The investigation of the effect of RTN noise present in TFET-based 8 T SRAM
cell was done by Fan et al. To account the effect of negatively charged trap, the
atomistic 3D TCAD simulations were performed for the analysis of TFET-based
SRAM. From the analysis, it has been observed that if the trap is present near the
tunneling junction, fluctuation in drain current has been observed. The RTN causes
16% additional variation for 8 T SRAM circuit configuration [50]. The electron
current density profile for gate voltage values of 0 V and 0.2 V has been shown in
Figure 11. An increase in gate voltage increases the electron current density.

Luong et al. fabricated half SRAM (HSRAM) cells to examine the capability of
TFETs for 6 T-SRAM for the first time. This reported structure has been strained
with Si nanowire. The proposed TFET structure does not work up to the mark even
when the ambipolar behavior has not been included. Also, analysis of the proposed
structure has restricted the static figure of merit [51].

Pandey et al. investigated the effect of a single charge trap RTN in HTFET-based
SRAM. This study focused on the analysis of Schmitt trigger mechanism-based
variation tolerant 10 T SRAM. A comparison of Si-FinFET and HTFET in terms of
iso-area SRAM cell configurations has been done. It has been clear from the analysis
that HTFET based SRAM cells show very good performance even in the presence of
RTN. For the applied voltage of 0.2 V, the proposed structure offers 15% more
improvement as compared to Si-FinFET. Also, the HTFET ST SRAM structure
shows less delay in a read operation and consumes less power [52].

The performance of MOSFET devices degrades on scaling down the dimensions.
All the issues can be solved using TFET structures as TFET devices offer low leakage
current and steeper SS. Nonetheless, TFETs are ambipolar and produce low ON
current. However, this behavior can be overcome by using increasing the doping
concentration. The main challenges in TFETs are to achieve high ON current, low
OFF current, and low average SS. By choosing an accurate predictive model, proper
choice of materials, and dimensions of the device, these challenges can be overcome.

9. Conclusion

Noise is one of the important parameters in terms of reliability. This review
reported the impact of noise in Tunnel FET devices to understand the reliability
issues. The detail discussion has been done for the random telegraph noise, thermal

Figure 11.
TFET electron density profile for two different voltages [50].
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noise, flicker noise, and shot noise for Si/Ge TFET and III-V TFETs. Recent research
work for both low frequency as well high frequency noise for different TFET device
design has been discussed in details. The effect of noise for memory and circuit
based on Tunnel FET devices as also been discussed. The effect of noise on BTBT
dominated current conduction in TFET and thermionic based current conduction
has been presented in both device and circuit level. The analytical models for noise
analysis of different TFETs structures has also been reported which is required for
circuit implementation and memory design.
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