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Advanced MOSFETs



High Switching Performance of Novel
Heterogeneous Gate
Dielectric—Hetero-Material Based
Junctionless-TFET

Samriti Sharma and Rishu Chaujar

1 Introduction

A conventionalMOSFET faces a difficulty in attaining a low-thermal budget because
of the necessity of complex fabrication and large doping-concentration gradient due
to the existence of two source/channel and channel/drain junctions. Scaling down
theMOSFET dimensions in accordance with the International Technology Roadmap
for Semiconductors (ITRS) guidelines becomes very challenging due to the doping
junctions present between the source/channel and channel/drain boundaries beyond
32-nm nodes technology [1]. In order to withstand the downscaling issues with
time various novel structures have been evolved by the researchers. In past few
years junctionless field-effect transistors (JLFET) have attracted the interest of many
researchers due to the absence of doping junctions [2, 3].UnlikeMOSFET, the doping
concentration of JLFET is the same all over the source, channel, and drain regions.
Owing to the absence of concentration gradient in the lateral direction of the channel,
this device is quite easier to fabricate along with improved electrical performance
and better uniformity than MOSFET. The junctionless concept has been explored
in many devices such as TFETs [4], FinFETs [5], Negative capacitance FETs [6],
Nanowire FETs [7]. TFETs are the most promising candidates in present technology
overMOSFETs owing to its steeper sub-threshold swing (<60mV/decade) and lower
leakage current, [8–10]. The Tunnel FETs work on the fundamental mechanism of
band-to-band tunnelling [11, 12]. By applying the junctionless technology, the result
characteristics of a TFET can be enhanced in the form of higher ON current, steeper
sub-threshold swing alongwith fast current switching ratio [13].Alongwith junction-
less technology, the direct bandgap III-V compound semiconducting materials also
aid to accomplish higher ON state current by incorporating lower bandgap and higher
bandgap materials in the Source and channel region [14–16]. Further, enhancement
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4 S. Sharma and R. Chaujar

in ON current and SS can be achieved by High-k gate oxide; however, it increases
the leakage current and the ambipolar current in TFETs. So hetero-gate dielectric is
better option in comparison to high-k dielectrics [17].

In this work, we have designed a hetero-gate-dielectric hetero-junctionless TFET
(HD-HJLTFET), using III-V compound semiconducting materials. The InAs (lower
bandgap) and GaAs (higher bandgap) are used in the source and channel regions,
respectively, giving rise to a hetero-junctionless device, which provides better results
as compared to Si-basedTFETbecause of the higher energy bandgap and hencewider
tunneling barrier in case of Simaterial-based devices.Aheterogeneous gate dielectric
engineering is executed in the proposed device, HD-HJLTFETby locating high-k and
low-kmaterial (SiO2) in the oxide region under the control gate nearby the source side
and drain side, respectively. The results are obtained for the optimization of the high-
k stack material and stack length by using different dielectric materials in the stack.
A comparison of our proposed device HD-HJLTFET is made with two conventional
configurations namely Low-k HJLTFET (which uses only SiO2 as the gate oxide
under the control gate) and High-k HJLTFET (which uses only a high-k oxide under
the control gate) is investigated in this paper for analog applications. The paper
is structured in the following manner: Sect. 2 presents the device architecture and
simulation, Sect. 3 comprises of results and discussion, and Sect. 4 the conclusion.

2 Device Architecture and Simulation

Figure 1a–d represents the graphic outlook of our entire device design framework
[(a), (d) HD-HJLTFET, (b) Low-k HJLTFET, and (c) High-HJLTFET]. The doping
concentration of all the aforementioned devices is uniform throughout the length
with a charge concentration of 1 × 1019 cm−3. The channel length of the device
is 20 nm and the body thickness is 3 nm. The polar gate (PG) towards the source
is used to modulate the source region polarity to p-type and the control gate (CG)
modulates the current transport in the channel region. The work function of PG and
CG is 5.93 eV and 4.7 eV, respectively. There is an isolation between PG and CG of
2 nm, which also works as the spacer between the two gates. In order to strengthen
the gate controllability over the channel, dual gate technology is incorporated.

The results are evaluated after optimizing the high-k material as HfO2 with opti-
mized high-k length of 7 nm. The biasing conditions of the device are VGS = 1.5 V
and VDS = 1.5 V for the ON state and VGS = 0.0 V and VDS = 1.5 V for the OFF
state.
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 (a) (e)

(b) (c) (d)

Fig. 1 Device architecture of a HD-HJLTFET, b Low-k HJLTFET, c High-k HJLTFET, d HD-
HJLTFET. e Calibrated transfer characteristics

2.1 Device Architecture and Simulation

We have applied the non-local band-to-band tunneling model to calculate the exca-
vation of the carriers across the source to channel boundary. We also invoked the
bandgap narrowing and Auger recombination model along with SRH recombina-
tion model and Fermi Dirac Statistics to perform the intrinsic carrier calculations.
To include the effects of parallel, perpendicular electric field mobility, temperature-
dependent mobility, and concentration-dependent mobility, we invoked the CVT
model. To include the quantum effects, we implemented the quantum confine-
ment model of Hänsch et al. [18]. All simulations of our device are performed in
Silvaco-ATLAS simulator [19].

2.2 Calibration

Before simulating our proposed device, we have validated the simulation setup with
the experimental data extracted from the fabrication-based published work [20]. In
order to do so, we deliberated the device parameters and the biasing conditions of our
device exactly as that of the work reported in [20]. Figure 1e illustrates the validation
of simulation setup with the experimental data in terms of the transfer characteristics.

The close proximity of the simulation and experimental results authorizes the
model deliberations of the simulation setup.
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3 Results and Discussion

The energy band diagrams of HD-HJLTFET and Low-k HJLTFET are represented
in Fig. 2a for the OFF state, (VGS = 0.0V, VDS = 1.5V). The implementation of
hetero-material InAs in the source and GaAs in the channel and drain, the bandgap
difference between the two materials leads to a wider barrier width at the source to
channel interface as evident from the figure. This results in minor flow of carriers
due to the P-i-N diode leakage. As revealed in Fig. 2b, when the device is turned on,
(VGS = 1.5V, VDS = 1.5V) by applying the gate biasing of 1.5 V at the control
gate, due to the hetero-materials present at the source and channel, a local minimum
is induced in the conduction band at the source to channel (S/C), boundary. Due
to the application of high-k oxide towards the source, gate to channel coupling is
strengthened and this local minimum induced in the conduction band edge bends
further and overlaps the valence band edge of the source. This process elevates the
tunneling probability of the carriers from the source to the channel because of the
narrower tunneling barrier width at the S/C boundary as compared to the low-k oxide.
Figure 2c illustrates the electron and hole concentration of HD-HJLTFET and Low-
k HJLTFET, when no gate biasing is applied. This reveals that the devices attain
the P-i-N doped configuration deprived of any physical doping being implanted. In

Fig. 2 a OFF state energy band diagram, b ON state energy band diagram, c OFF state carrier
concentration, and d ON state carrier concentration of HD-HJLTFET and Low-k HJLTFET



High Switching Performance of Novel Heterogeneous Gate … 7

the ONstate, as shown in Fig. 2d, When gate biasing is applied to CG, the electron
concentration profile of the HD-HJLTFET increases under the control gate due to
the high-k stack towards the source region. It gives rise to an n doped pocket region
beneath the spacer region between CG and PG. Hereafter the barrier width gets
shortened and causes to shift in the tunneling of the carriers towards the left of the
junction. This fact is further supported by the results revealed by the non-local band-
to-band electron tunneling rate of HD-HJLTFET Compared with Low-k HJLTFET
as shown in Fig. 3a.

As depicted from Fig. 3a, on the application of high-k oxide close to the source,
overlapping of conduction band local minimum edge and the valence band of the
source leads to narrower barrier width as explained before. The electrons tunnel
through the barrier with a higher tunneling rate in HD-HJLTFET as the electric field
of CG is greater at the S/C boundary as compared to Low-k HJLTFET, as revealed
in Fig. 3b, providing higher mobility to the carriers to tunnel through the junction
whereas, low-k dielectric material diminishes the mobility of carriers due to lower
gate to channel coupling. This improves the flow of the electrons across the hetero-
junction and hence electrons start early tunneling at a higher rate as compared to Low-
k HJLTFET. Among three devices as revealed in Fig. 3b, HD-HJLTFET and High-k
HJLTFETshowalmost similar trend of electric field at theS/C intersection in contrary
to Low-k HJLTFET. Whereas, the electric field of High-k HJLTFET is risen at the

Fig. 3 a Non-local BTBT electron tunneling rate and b ON state electric field along the channel
direction. c Transfer characteristics and d Transconductance, gm of HD-HJLTFET compared with
Low-k HJLTFET and High-k HJLTFET
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D/C interface as compared to the other two devices as an outcome of high-k oxide
at the drain side, which rises the drain to channel coupling. In Fig. 3c, a comparison
of the transfer characteristics of HD-HJLTFET is displayed with Low-k HJLTFET
and High-k HJLTFET. The ON current of HD-HJLTFET is 1.2 orders higher in
magnitude than High-k HJLTFET and 4.04 orders higher in magnitude than Low-k
HJLTFET. This increment in ON current is due to the channel modulation leading
to larger tunneling probability of the electrons across the junction on the application
of heterogeneous gate dielectric stack under CG. Another crucial parameter that
determines the current driving efficacy of the device at a constant drain bias is the
transconductance, gm. To attain higher gain, the device should exhibit higher value of
gm. From Fig. 3d, it is observed that HD-HJLTFET shows superiority in terms of gm
in comparison to Low-k HJLTFET and High-k HJLTFET attributed to the enhanced
driving current on the application of heterogeneous gate dielectric under CG.

In Fig. 4a it can be observed that the higher order transconductance coefficient,
gm3 attains lowest value for HD-HJLTFET, which is 11.96% and 309.4% lower as
compared to High-k HJLTFET and Low-k HJLTFET, respectively. The aforemen-
tioned reduction in gm3 for HD-HJLTFET supports improved linearity performance
of the device because of lower amplitude. Figure 4b displays the comparison of
device efficiency as a function of gate voltage, which is the ratio of transconduc-
tance to current. It is noticeable from Fig. 4b that hetero-dielectric device attains the
highest device efficiency as compared to Low-k HJLTFET and High-k HJLTFET.
The peak of device efficiency in HD-HJLTFET and Low-k HJLTFET is also attained

Fig. 4 Comparative plot of a gm3, b Device efficiency, c OFF current, d Current switching ratio,
ION/IOFF, and e SS of HD-HJLTFET compared with Low-k HJLTFET and High-k HJLTFET
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at lower gate voltage than High-k HJLTFET. Device efficiency of the proposed
device is 194.5% and 480% higher than High-K HJLTFET and Low-k HJLTFET,
respectively. In Fig. 4c, it is worth observing that a minimal leakage current (OFF
current) is produced in HD-HJLTFET, which is 12.7% and 9.03% lower than High-k
HJLTFET and Low-k HJLTFET, respectively. This is resulted because of the larger
tunneling barrier width at the S/C interface when the device is in the OFF state. The
High-k HJLTFET shows the highest value of leakage current in comparison to the
other two devices, which is the result of higher electric field and drains to channel
coupling at the D/C junction. Figure 4d illustrates the comparison plot of current
switching ratio, ION/IOFF of HD-HJLTFET, Low-k HJLTFET, and High-k HJLTFET.
As clearly expressed by Fig. 4d, our proposed device, HD-HJLTFET exhibits the
highest ION/IOFF ratio, which is 1.36 and 4.5 orders higher in magnitude than High-
k HJLTFET and Low-k HJLTFET, respectively. In Fig. 4e, our proposed device,
HD-HJLTFET shows ~10% and ~16% smaller value of SS as compared to High-k
HJLTFET and Low-k HJLTFET, respectively, which is a significant parameter for
analog applications of TFET.

The optimization of dielectric material for the proposed device is investigated
by employing different insulating materials, i.e., HfO2 (k = 25), ZrO2 (k = 22),
Al2O3 (k = 9), Si3N4 (k = 7), and SiO2 (k = 3.9), in the high-k region. In Fig. 5a,
b, the transfer characteristics of HD-HJLTFET for different dielectric materials are
illustrated. The results show a marked improvement in the form of ON current on
increasing the dielectric constant of the high-k. HD-HJLTFET with HfO2 (k = 25)
shows the highest value of the ON current which is due to the higher gate coupling
provided by the higher dielectric constant material. The physical oxide thickness
is kept constant as 2 nm throughout the simulations for all the dielectric materials.
Figure 5c displays the comparison plot of current switching ratio and SS as a function
of different dielectric materials in the high-k region as mentioned before. We can
observe that for Low-k HJLTFET device (SiO2, k= 3.9), the ION/IOFF is least among
the chosen dielectric materials and as we increase the dielectric constant, k of the
high-k region; the ION/IOFF exhibits positive gradient for HD-HJLTFET. The reason

Fig. 5 Comparison of Transfer characteristics in a Linear scale, b Log scale for different dielectric
materials, and c current switching ratio and SS variation for dielectric materials constants
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behind such a trend is the increment in the electric field at the S/C intersection below
CG owing to the existence of high-k region. The maximum ION/IOFF is attained for
HfO2 in the range of 3× 1011, while ION/IOFF of SiO2, k = 3.9 (Low-k HJLTFET),
shows the least value of 0.6 × 1011. So, the optimized dielectric material for the
high-k region is HfO2. In order to optimize our proposed device, HD-HJLTFET, the
length of the high-k region, LHigh-k has been optimized for high-k dielectric material
HfO2.

Figure 6a expresses the transfer characteristics of HD-HJLTFET as a function of
gate voltage by varying the length of the high-k region, LHigh-k. It can be observed that
the ON current shows an increasing pattern as we reduce the LHigh-k from 20 to 7 nm,
whereas the ON current again decreases for LHigh-k = 5 nm. The LHigh-k = 20 nm
corresponds to High-k HJLTFET, where HfO2 is located over the whole channel
region. Figure 6b displays the OFF state current variation of HD-HJLTFET as a
function of LHigh-k. The OFF state current starts reducing as the LHigh-k is decreased
from20 to 10 nmand starts increasing for further reduction in LHigh-k. The variation of
current switching ratio, ION/IOFF ofHD-HJLTFET is presented as a function of LHigh-k

in Fig. 6c, which shows an up-surging trend of ION/IOFF ratio with an increment of
~36% as we decrease the LHigh-k from 20 to 7 nm. The ION/IOFF ratio starts decreasing
as the LHigh-k is further reduced to 5 nm. Figure 6d displays the comparison of SS
of HD-HJLTFET as a function of LHigh-k. It is clear from Fig. 6d that the optimized

Fig. 6 Comparison of aTransfer characteristics,bOFFcurrent, cCurrent switching ratio, ION/IOFF,
and d SS of HD-HJLTFET for different high-k gate stack lengths, LStack
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Table 1 Result
characteristics of
HD-HJLTFET, Low-k
HJLTFET and, High-k
HJLTFET

HD-HJLTFET Low-k
HJLTFET

High-k
HJLTFET

ION (µA/µm) 45.2 11.2 39

IOFF (A/µm) 1.5 × 10–16 1.6 × 10–16 1.7 × 10–16

ION/IOFF 3 × 1011 0.6 × 1011 2.2 × 1011

SS
(mV/decade)

20 24 22

LHigh-k is 7 nm, at which the SS is smallest. The optimization of LHigh-k depends
upon the local minimum induced at the conduction band edge of the S/C interface.
On reducing LHigh-k, the conduction band well gets shallower resulting into minor
tunnelingof electrons.On the contrary, the increment inLHigh-k widens the conduction
band well leading to poor transition between ON and OFF states. On comparing the
results of current switching ratio and SS for LHigh-k, the length of the high-k stack is
optimized to 7 nm (Table 1).

4 Conclusion

In this work, we proposed junctionless TFETwith a III-V compound semiconducting
hetero-materials using a hetero-gate dielectric having a combination of high-k oxide
at the source side and low-k oxide at the drain side. Our device, HD-HJLTFET shows
marked improvement as compared tomono-dielectric HJLTFET—High-k HJLTFET
and Low-k HJLTFET in terms of ION, ION/IOFF, device efficiency, and SS. So, the
combination of hetero-dielectric used in our proposed device tends to advance the
analog performance of the device, which makes it an appropriate alternative for low
power and fast switching applications.
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Superior Performance of Gate
Workfunction and Gate Dielectric
Engineered Trapezoidal FinFET
in the Presence of Trap Charges

Priyanshi Goyal and Harsupreet Kaur

1 Introduction

In the last few decades, the microelectronic industry has grown enormously due
to factors such as device miniaturization, improvements in fabrication techniques,
and constant advancements in the area of novel materials. The shrinking of transis-
tors not only improves packaging density but also increases the speed of operation.
Nevertheless, device scaling also leads to deterioration in device performance due to
undesirable effects such as threshold voltage roll-off,Drain InducedBarrierLowering
(DIBL), mobility degradation, velocity saturation, etc. Furthermore, in short channel
devices, charges near the drain end get energized at very high drain voltages and
few of these also get trapped in oxide layer. These hot carriers also degrade device
performance. To overcome these effects, various multigate devices such as Double
Gate (DG) MOSFET [1, 2], Surrounding gate MOSFET [3, 4], and FinFET [5]
have been proposed. In such devices, the presence of multiple gates improves short
channel immunity and also ensures high current driving ability. Apart from this,
high-k materials [6] have also been introduced to reduce tunneling and to improve
gate controllability. In view of the above, in the present work, an analytical model has
been developed for the proposed device, Dual Material Gate—High-k Trapezoidal
FinFET (DMG-HK Trapezoidal FinFET) that incorporates the effect of gate work-
function and gate dielectric engineering. The impact of interface traps has also been
accounted for in the model. It is anticipated that the presence of DMG design and
high-k dielectric layer in the gate stack will help in overcoming various detrimental
effects such as short channel effects and hot carrier effects. These devices also offer
reduced power consumption compared to planar transistors and exhibit more drive
current per unit area than planar devices. Furthermore, in order to critically assess
the effectiveness of the proposed device, a comparison of the proposed device, Dual
Material Gate—High-k Trapezoidal FinFET (DMG-HK Trapezoidal FinFET) has
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been drawn with Conventional Trapezoidal FinFET (C-Trapezoidal FinFET) device
as well as Dual Material Gate Trapezoidal FinFET (DMG—Trapezoidal FinFET)
device. The device characteristics have been obtained by solving Poisson’s equation
and by employing appropriate boundary conditions. Using themodel, various charac-
teristics such as potential, electric field, threshold voltage, and drain induced barrier
lowering (DIBL) have been obtained and these characteristics have been compared
for all devices under consideration. The paper is structured as follows. In Sect. 2,
model formulation has been presented. This is followed by results and discussion in
Sect. 3 and finally conclusion is presented in Sect. 4.

2 Model Formulation

Figure 1 shows the schematic view of Dual Material Gate—High-k Trapezoidal
FinFET (DMG-HK Trapezoidal FinFET). Lg1 and Lg2 denote the lengths of channel
under gate (M1) with higher workfunction and gate (M2) with lower workfunction,
respectively. The channel concentration is denoted by Nc. The fin height, top fin
width, and bottom fin width are denoted as Hfin, Wft, and Wfb, respectively.

In order to obtain device characteristics, the quasi 3D scaling equation is solved
and is given as [7]

d2ψj(z)

dz2
− 1

λ2
l

(
ψj(z) − ψj

) = 0 (1)

where j = 1, 2 corresponds to (0 ≤ Z ≤ Lg1) region 1 and (Lg1 ≤ Z ≤ Lg) region 2,
respectively.

Fig. 1 Cross-sectional view
of DMG-HK Trapezoidal
FinFET
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λl is scaling length of DMG-HK Trapezoidal FinFET,ψj(Z) is the bottom central
potential, ψj is the long channel bottom central potential and is given as

ψj = Vgs − Vfb(j) − qNc

εsi
λ2
l (2)

The flat band voltage at the source side is given as

Vfb1 = �M1 − �Si (3)

Similarly, the flat band voltage at the drain side is given as

Vfb2 = �M2 − �Si − qNft

Cox
(4)

where �M1,�M2, and �Si are the workfunctions of metal 1 (near the source), metal
2 (near the drain end), and silicon, respectively. Nft denotes trap charges and Cox is
oxide capacitance.

Now, in order to consider the effect of high-k layer in the gate stack, the effective
oxide thickness is given as toxeff [8]

toxeff = t1 +
(

εox

εk

)
t2

where εk and εox denote dielectric permittivity values of high-k layer and oxide layer,
respectively, t1 is oxide layer thickness and t2 is thickness of high-k layer.

Considering the boundary conditions and solving Eq. (1), the solutions for bottom
central potential in regions 1 and 2 have been obtained as follows:

ψ1(Z) = X1e
Z
λl + X2e

−Z
λl + ψ1 (5)

ψ2(Z) = Y1e
(Z−Lg1)

λl + Y2e
−(Z−Lg1)

λl + ψ2 (6)

where

X1 = x1Vgs + y1

X2 = x2Vgs + y2

Y1 = X1exp

(
Lg1

λl

)
− (ψ1 − ψ2)

2
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Y2 = X2exp

(−Lg1

λl

)
− (ψ2 − ψ1)

2

x1 =
(
exp

(−Lg

λl

)
− 1

)

2sinh
(
Lg

λl

)

y1 = Vbi + P1 − y2

x2 =
(
1 − exp

(
Lg

λl

))

2sinh
(
Lg

λl

)

y2 = −Vds + T1 − (Vbi + P2) − T2

2sinh
(
Lg

λl

)

Vgs, Vbi, and Vds denote gate to source voltage, built-in voltage, and drain voltage,
respectively.

T1 = (Vbi + P1)exp

(
Lg

λl

)

T2 = B21cosh

(−Lg2

λl

)

P1 = Vfb1 + qNc

εsi
λ2
l

P2 = Vfb2 + qNc

εsi
λ2
l

B21 = (ψ2 − ψ1)

Threshold voltage can be obtained by equating the minimum bottom potential to
twice of bulk potential as follows:

ψmin(Z) = 2�b (7)

where minimum central potential, ψmin(Z) is given as

ψ1(Z) = X1e
Z
λl + X2e

−Z
λl + ψ1 (8)

From above Eq. (2), (5), and (7)
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2ϕb − Vgs + P1 = X1e
Z
λl + X2e

−Z
λl (9)

Substituting X1 and X2 in Eq. (9) and replacing Vgs with Vth, the following
expression for Vth is obtained:

Vth = M − √
M2 − QN

Q

where

M = 2(x1y2 + x2y1) + (P1 + 2�b)

Q = 1 − 4x1x2

N = P2
1 − 4y1y2

Furthermore, subthreshold swing can be obtained using the following expression

SS = 2.3Vt
1

d%min
dVgs

(10)

where Vt is thermal voltage and ψmin(Z) is as given by Eq. (8).

3 Results and Discussion

In this section, using the derivedmodel, parameters such as surface potential, electric
field, threshold voltage, and subthreshold swing have been obtained for different
values of trap charges. The parameters chosen in the model have been obtained
by first calibrating the results for fresh DMG Trapezoidal FinFET with the results
reported in [7] in the presence of strain. The parameters so obtained were then
incorporated in the analytical model to obtain the results for the proposed device
(DMG-HK Trapezoidal FinFET) in the presence of trap charges. A comparison
has also been drawn out between Conventional—Trapezoidal FinFET (Device 1),
DMG Trapezoidal FinFET (Device 2) and DMG-HK Trapezoidal FinFET (Device
3) for different trap charges. The impact of variation in gate length ratio of high
and low workfunction regions as well as variation in length of damaged zone on
device characteristics has also been analyzed. The physical thickness of oxide for
Conventional Trapezoidal FinFET and DMG Trapezoidal FinFET is kept same as
gate stack thickness of DMG-HK Trapezoidal FinFET.
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Table 1 List of parameters Parameters Value

Top fin width (Wft) 15 nm

Bottom fin width (Wfb) 20 nm

Fin height (Hfin) 20 nm

Metal 1 workfunction (�M1) 4.9 eV

Metal 2 workfunction (�M2) 4.4 eV

Oxide thickness (t1) 1 nm

High-k layer thickness (t2) 2 nm

Channel concentration (NC) 1016 cm−3

Device length (Lg) 30 nm

In Table 1, the various parameters used in the present work are listed and these
values have been used throughout the analysis unless otherwise specified.

Figure 2a–e shows the calibration of the results obtained using the derived model
with the results reported in [7] and a good agreement can be observed.

Figure 3a–c shows the change in surface potential with position along channel
for all devices in the absence of trap charges (fresh devices), and for all devices
in the presence of positive and negative trap charges, respectively. The positive trap
charges shift the potential upwards resulting in decrease in potential barrier. However,

Ref. [6] 
Device 3 

Ref. [6] 
Device 3

Ref. [6] 
Device 3 

Ref. [6] 
Device 3 

Ref. [6] 
Device 3 

Vgs =  0V 
Vds= 0.05V 
S.F=0.3 

Vgs =  0V 
Vds = 0.05V 
S.F=0.3 

Vgs =  0V 
Vds = 0.05V 
S.F=0.3 

Vgs =  0V 
Vds = 0.05V 
S.F=0.3 

Vgs =  0V 
Vds = 0.05V 
 S.F=0.3 

(a) (b) (c)

(e)(d)

Fig. 2 a–e Calibration of analytical results with [7]. a Channel potential. b Electric field.
c Threshold roll-off. d DIBL. e Subthreshold
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 Device 1 
 Device 2 
 Device 3 

 Device 1 
 Device 2 
 Device 3 

Nft = 0

 Device 1 
 Device 2 
 Device 3 

Nft = 1016

(a) (b) (c)

Fig. 3 a–c Channel potential along channel for all devices a for Nft = 0, b Nft = 1016/m3, c Nft
= –1016/m3, Ld = 5 nm, Vds = 0.05 V, Vgs = 0 V

negative trap charges lead to the increase in barrier as compared to fresh device. On
comparing Fig. 3a–c, it can be seen that the reduction in barrier is minimal for device
3 and the maximum reduction in barrier can be seen for device 1. Thus, it can be
deduced that the presence of DMG and high-k layer leads to improvement in gate
controllability which is responsible for increased barrier in DMG-HK Trapezoidal
FinFET and this makes this device more immune to short channel effects.

Figure 4a–c shows the electric field along channel length for all devices in the
absence of trap charges (fresh devices), and for all devices in the presence of positive
and negative trap charges, respectively. The presence of positive trap charges leads
to increase in electric field at drain side. On the other hand, the negative trap charges
result in reduction in electric field near drain end. Moreover, the fact that device
3 exhibits lowest electric field values at drain end points to the fact that device 3
exhibits better resilience to hot carrier effects. Furthermore, device 3 exhibits a higher
electric field value at the interface of the two regions which implies that device 3

 Device 1 
 Device 2 
Device 3

 Device 1 
 Device 2 
 Device 3 

Nft = 0 Nft = 1016 /m3

 Device 1 
 Device 2 
 Device 3 

Nft =  –1016

(a) (b) (c)

Fig. 4 a–c Electric field along channel for all devices a for Nft = 0, b Nft = 1016/m3, c Nft =
–1016/m3, Ld = 5 nm, Vds = 0.05 V, Vgs = 0 V
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 Device 1 
 Device 2 
 Device 3 

 Device 1 
 Device 2 
 Device 3 

 Device 1 
 Device 2 
 Device 3 

Nft =  0 Nft = 1016 /m3 Nft = –1016 /m3

(a) (b) (c)

Fig. 5 a–c Threshold roll-off with gate length for all devices a for Nft = 0, b Nft = 1016/m3, c Nft
= –1016/m3, Ld = 5 nm, Vds = 0.05 V, Vgs = 0 V

offers improved transport efficiency apart from improved capacitive coupling due to
the presence of high-k layer in the gate stack.

Figure 5a–c shows the change in threshold voltage with gate length for all devices
in the absence of trap charges (fresh devices), and for all devices in the presence of
positive and negative trap charges, respectively. It can be observed that the presence
of positive trap charges leads to degradation in threshold voltage due to decreased
barrier whereas, negative trap charges lead to less degradation as compared to fresh
device due to an increased barrier as was apparent from Fig. 3a–c. It is also clear
from figure that DMG-HK Trapezoidal FinFET exhibits significant improvement
in device performance as compared to conventional device, and device with only
DMG design as the shift in threshold voltage is minimum for the proposed device
which also implies that DMG-HK Trapezoidal FinFET exhibits less leakage current
as compared to other two devices.

Since positive trap charges lead to degradation in device performance, it is neces-
sary to analyze whether device performance can be improved by optimizing the
lengths of regions with high and low workfunctions and the value of dielectric
constant of high-k layer in gate stack. Therefore, in Figs. 6, 7, 8 and 9), the impact
of these parameters will be studied for positive trap charges only.

Figure 6 shows the variation of surface potential along channel for DMG-HK
Trapezoidal FinFET for fixed positive trap charges for different gate lengths of
regions 1 and 2. It can be observed that increase in the length of damaged zone
(Ld) leads to a decrease in barrier which implies poor gate controllability, thereby
implying that the device becomes more prone to short channel effects and hot carrier
effects. This is because as Lg1 reduces in comparison to Lg2, the length of the region
with higher workfunction reduces which consequently leads to reduced gate control-
lability, thereby implying that device becomes more prone to degradation caused by
trap charges.

Figure 7 shows the variation of threshold voltage with gate length for DMG-HK
Trapezoidal FinFET for fixed positive trap charges for different gate length ratios.
It can be noticed that a smaller Lg1 value leads to more degradation in threshold
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Fig. 6 Channel potential
along channel for DMG-HK
Trapezoidal FinFET for
different gate length ratios

Lg1:Lg2 = 1:2 

Lg1:Lg2 = 1:1 

Lg1:Lg2 = 2:1 

Device 3 
Nft = 1016 /m3 

Vgs =  0V 
Vds= 0.05V 
Ld = 5 nm

Fig. 7 Threshold voltage
with gate length for
DMG-HK Trapezoidal
FinFET for gate length ratios

Lg1:Lg2 = 1:1 

Lg1:Lg2 = 2:1 

Lg1:Lg2 = 1:2 

Device 3 

Nft = 1016 /m3 

Vgs =  0V 
Vds= 0.05V 
Ld = 5 nm 

Fig. 8 Threshold roll-off
with damaged zone zone
length for all devices

 Device 1 
 Device 2 
 Device 3 

Nft = 1016 /m3

Vgs =  0V 
Vds= 0.05V 
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Fig. 9 Subthreshold swing
with damaged length for all
devices

 Device 1 
 Device 2 
 Device 3 (k=7) 
 Device 3 (k=14) 

Nft = 1016 /m3

Vgs =  0V 
Vds= 0.05V 

voltage. This is because the decrease in length of region with higher metal work-
function leads to reduced gate control, thereby resulting in degraded threshold voltage
characteristics.

Figure 8 demonstrates the threshold voltage roll-off with damaged zone length for
all devices. It can be analyzed that trap charges shift the threshold voltage and cause
degradation in device performance. It is evident that the degradation in voltage roll-
off becomes more effective with increased damaged zone length. Furthermore, the
impact of trap charges and consequently change in damaged zone length is minimal
on device 3.

In Fig. 9, the variation of subthreshold swing with damaged zone length has been
shown for all devices. It can be seen that subthreshold swing degrades with increase
in length of damaged zone. Furthermore, the impact of trap charges and increase in
length of damaged zone has least impact in case of DMG-HK Trapezoidal FinFET
as compared to Conv-Trapezoidal FinFET and DMG Trapezoidal FinFET because
DMG-HK offers improved capacitive coupling and gate controllability which leads
to less degradation due to trap charges.

Furthermore, DMG-HK Trapezoidal FinFET offers improved performance as
the dielectric constant of high-k layer increases because of enhancement in gate
controllability.

4 Conclusion

To summarize, an analytical model for DMG-HK Trapezoidal FinFET has been
proposed which amalgamates the advantages of DMG design and high-k layer in
gate stack. The model takes into account the effect of trap charges and in order to
analyze the efficacy of the proposed device in suppressing the degradation caused by
trap charges, various characteristics such as channel potential, electric field, threshold
voltage roll-off, DIBL, and subthreshold swing have been obtained. An exhaustive
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comparison of these characteristics has been performed for all devices to analyze the
efficacy of DMG-HKTrapezoidal FinFET in overcoming the degradation caused due
to trap charges. It has been demonstrated that even in the presence of trap charges,
DMG-HK Trapezoidal FinFET offers improved gate controllability as well as better
immunity to short channel effects and hot carrier effects thereby implying better
resilience of DMG-HK Trapezoidal FinFET towards trap charges.
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High-K Biomolecule Sensor Based
on L-Shaped Tunnel FET

Prarthana Chakraborti, Abhijit Biswas, and Abhijit Mallik

1 Introduction

Over the last few decades FET-based sensors have been extensively investigated due
to their numerous advantages including simplicity in fabrication, scalability, compat-
ibility with standard CMOS technology, low cost, high sensitivity, and also label-free
detection process [1]. Any good sensing devices must possess some important char-
acteristics such as high sensitivity, low detection limit, large dynamic range, rapid
and real-time detection, low cost and reduced size [2–4]. In order to meet these
requirements, various kinds of Metal Oxide Field Effect Transistors (MOSFETs)
have emerged as sensing devices in recent years [2, 5]. Of them asymmetric double
gate transistors, impact ionization FET [6], underlap channel embedded FET, dielec-
tricmodulated (DM)-FET,DMTFETendowedwith novel architecturalmodifications
like gate underlap, split gate, and many more have been used as sensors to detect
biomolecules using their physical properties such as dielectric constant and charge
density [1, 4]. In particular, DMFETs have become popular forworking in an only dry
environment for the detection of different types of neutral and charged biomolecules.
Some of the selected biomolecules are responsible for pulmonary congestion, dizzi-
ness, nausea, drowsiness, reduced level of consciousness, and others are used in
both biochemical and pharmaceutical applications. Biosensing in a wet environment
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by using L-shaped Tunnel FETs is new as well as practical due to the fact that
most of the biomolecules are collected from blood or urine sample for diagnostic
purposes. But, the ionic nature of solvent, for example, water affects the sensitivity
of biomolecules because sometimes the ions of biomolecules may be screened by
ions of solvent. In recent years silicon-based immunological FET (ImmunoFET)
comprising an ISFET in which the gate dielectric is functionalized with ligands
to detect the targeted analyte is being used in CMOS industry. However, it faces
some challenges while operating in liquid environment. So, some modifications like
floating gate immunoFET,DG immunoFET,DM immunoFET are introduced tomiti-
gate these challenges [7]. DMDG FETs are more immune to short channel effects,
however, with comparatively less sensitivity but exhibiting appreciable sensitivity
roll-off [8]. More recently, UDCM-SON-FET with no unwanted interfacial layer is
used to sense mainly the charged biomolecules whereas for neutral biomolecules it
reports the sensitivity of 1.17 V [9].

Among the different kinds of FET structures, steep slope transistors such as
tunnel FETs [7–12] are very interesting as sensing devices since they exhibit the
subthreshold slope below the lower limit of 60 mV/decade at room temperature.
Although there have been numerous findings on the use of TFETs as sensors, impacts
of various kinds of TFET architectures like U-shape, V-shape, L-shape [13], the
concepts of carrier in-line tunneling with gate field and also the biomolecules having
high dielectric constant have not yet been addressed for biosensing application.

This paper presents a comprehensive study on sensing of different biomolecules
with high dielectric constant by using L-shaped tunnel FETs in wet environment. In
this paper, we consider neutral biomolecules which have higher dielectric constant
values ranging 12.3–46.7 exceeding the SiO2 value, i.e., 3.9 and such biomolecules
are referred to as high-k materials.

The work relies on carrier in-line tunneling concepts where the line tunneling
produces more ID and steeper SS compared to lateral tunnel FET. All results are
obtained using well-calibrated SILVACO ATLAS device simulator [14]. Also, the
total gate electric field being strong enough can ignore the screening effect of charges
in a solvent and detect biomolecules from the variations in the device characteristic
that occurs due to the impact of biomolecules on the tunneling mechanism in the
source-channel junction. Moreover, our results on sensitivity are compared with the
earlier data reported in the literature.

This paper is organized as follows: Sect. 2 describes the device structure alongwith
the simulation framework. Section 3 deals with model calibration results. Section 4
describes the simulation results and explanations of the results followed by drawing
concluding remarks in Sect. 5.
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Fig. 1 Schematic of device
structure with doping
concentration of Source (p+)
= 1 × 1020/cm3, Channel
(SEG) (p−)= 1× 1017/cm3,
Channel (p) = 1 × 1015/cm3

and Drain (n+) = 1 ×
1019/cm3, respectively

2 Device Structure and Simulation Framework

2.1 Device Description and Structure

The proposed L-shaped n-Tunnel FET for sensing various biomolecules is shown in
Fig. 1. The detailed fabrication steps of such a device may be found in [13]. 200 nm
thick buried oxide layer is formed on the top of the Si substrate onwhich a 60 nm thick
p-type Si channel having a concentration of 1× 1015/cm3 is placed. p-type source of
200nmheight and n-type drain of 60 nmheight are dopedwith acceptor concentration
of 1 × 1020/cm3, donor concentration of 1 × 1019/cm3, respectively. The p-type L-
shaped selective epitaxial growth (SEG) region is working as the channel [13] having
doping concentration of 1× 1017/cm3. HfO2 with physical thickness of 6 nm is used
as the gate oxide. Some portion of HfO2 is etched for making a cavity in which target
biomolecules having a particular dielectric constant can attach to the receptors at the
oxide-semiconductor interface. TiN having work function of 4.1 eV is employed as
the gate material and Gold is used to form source and drain contacts.

2.2 Simulation Setup

SILVACOATLAS device simulator [14] is used to simulate TFETs in order to obtain
current-voltage characteristics. For FET-based biosensors the primary and important
work is to find the proper area for sensing the biomolecules and to model those
biomolecules, so that the device can capture the sensing effects through modifi-
cation of its drain current. This work considers wet condition analysis of various
biomolecules like HEWL, FABP, LLAMA antibody, dimethyl sulfoxide, pyridine,
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Table 1 Dielectric constant
of different biomolecules
using water as the solvent

Sl. No. Names of biomolecules Dielectric constant

1 HEWL (Hen Egg White
Lysozyme)

25.7

2 FABP (Rat Fatty Acid Binding
Protein)

40

3 LLAMA (antibody) 17.2

4 Dimethyl sulfoxide 46.7

5 Pyridine 12.3

6 Methanol 33.64

and methanol and their dielectric constants are listed in Table 1. Some amounts of
biomolecules are captured in the cavity formed by etching the gate oxide and attached
to the receptors adhered to the interface of oxide and semiconductor of the device.
Bandgap narrowing model, Shockley-Read-Hall recombination model, Fermi-Dirac
statistics, and Trap assisted Tunneling models are used in the simulation. In order
to capture the tunneling current nonlocal band-to-band tunneling (BTBT) model
combined with CVT Lombardi mobility model is employed.

3 Model Calibration

Our simulated characteristic curve is compared with the experimental transfer char-
acteristic of n-channel LTFET reported in [13]. The experimental TFET consists of
70 nm high p-type Si source with doping concentration of 1 × 1020/cm3, p-type Si
mesa shaped Selective Epitaxial Growth (SEG) region serving as the channel with
doping concentration of 1× 1017/cm3 and n-type Si drain regionwith doping concen-
tration of 1× 1018/cm3. 6 nm thick HfO2 is used as the gate oxide in which L-shaped
structure was sculpted. The gate comprises a metal with work function of 4.52 eV. A
good agreement is observed between the experimental and simulated characteristics
(Fig. 2), which validates our simulation framework.

4 Results and Discussions

4.1 Effects of Source Height on Drain Current

The height of the source influences the drain current versus gate voltage charac-
teristics as shown in Fig. 3. As the source height rises the effective tunneling area
of the device increases thereby enhancing the tunneling rate of electrons from the
valence band of the source to the conduction band of the channel. Consequently drain
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Fig. 2 Model calibration
against experimental data in
[13]

Fig. 3 ID–VG
characteristics with the
variation of source height

current shows improvement with increasing source height for a given gate voltage as
demonstrated in Fig. 3. Notably, as the source height increases from 70 to 200 nm,
the drain current shows an increment of 5 times at VG = 2.5 V.

4.2 Effects of Thickness of SEG Region (Li) on Drain
Current

Figure 4 shows the variation of drain current with gate voltage for Li = 9 and 10 nm.
As Li of the device is reduced from 10 to 9 nm, the tunneling window becomes
narrower facilitatingmore electrons to tunnel through the narrower tunnelingwindow
as compared to the number of carriers for Li = 10 nm. The enhanced drain current for
Li = 9 nm relative to the current for Li = 10 nm is clearly shown in Fig. 4 for various
values of VG. As it is known that at least 10 nm space is required to fit biomolecules
perfectly in the cavity, Fig. 5 shows the transfer characteristics curve at Li = 9 nm
with TOX = 10 nm. Hence, the sensing device is designed with SH = 200 nm, Li =



30 P. Chakraborti et al.

Fig. 4 Variation of ID with
VG for Li = 9 nm and Li =
10 nm with TOX = 6 nm

Fig. 5 Variation of ID with
VG for TOX = 6 nm and
10 nm at Li = 9 nm

9 nm, and TOX = 10 nm filling the cavity with water having dielectric constant of
almost 80E0 [5].

4.3 Sensing of Biomolecules

Figure 6a, b shows the variation of drain current with respect to the gate voltage
in the range from 0 to 2.5 V with and without biomolecules. Most importantly, it
may be noticed that the threshold voltage of the device increases considerably as
it contains biomolecules only. Figure 7a shows the variation of gate voltage with
dielectric constant of various biomolecules mentioned in Table 1 at five constant
ID values. A particular species, characterized by a definite dielectric constant, can
be detected by the steep change in VG among a vast range of biomolecules. It is
worthwhile noting that various biomolecules produce steeper change in VG for ID
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Fig. 6 ID-VG characteristic curve in a linear and b semi-log scale for different biomolecules having
various permittivity values

Fig. 7 a variation of gate voltage with dielectric constant of different biomolecules and water
b variation of voltage sensitivity with dielectric constant of different biomolecules and water and
c variation of voltage sensitivity with drain current

= 1 × 10−5and 1 × 10−4 µA/µm (Fig. 7a). The voltage sensitivity, defined by
|VG(K=water) – VG(K=Biomolecules)|, is evaluated and plotted against dielectric
constant of various biomolecules for constant ID of 1 × 10−5 and 1 × 10−4 µA/µm
in Fig. 7b. Intriguingly, biomolecules having comparatively low dielectric constant
can be detected with comparatively higher sensitivity of almost 1.3 V whereas the
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Table 2 Performance
comparison of biosensors

Sl. No Name of device Sensitivity

1 Nanoscale FET-based biosensor 22 mV [15]

2 SOI TFET 90 mV [16]

3 SOI MOSFET 300 mV [16]

4 DM DG JL MOSFET 400 mV [17]

5 DM DG MOSFET 0.45–0.35 V [8]

6 UDCM SON FET 1.17 V [9]

7 DG NW FET 1.3 V [18]

8 This work 1.3 V

biomolecules having high dielectric constant show comparatively low sensitivity of
almost 150mV.As sensitivity of various biomolecules is affected by the drain current,
the variation of sensitivity is plotted against ID for three different biomolecules FABP,
HEWL, pyridine in Fig. 7c.

The sensitivity of our proposed TFET for various biomolecules is compared with
the sensitivity values reported for biomolecules reported elsewhere in Table 2. It
is noticed that this work has achieved almost the same value or higher value of
sensitivity as compared to earlier findings. However, all the previous works were
performed in dry environment which is usually used to sense biomolecules of low
dielectric constant.

5 Conclusion

Wehave presented a comprehensive study on sensing of various biomolecules having
high dielectric constant in wet environment using L-shape TFET sensors. The perfor-
mance of the sensor is influenced by the variation of source height and width of the
Selective Epitaxial Growth (SEG) region and the optimized sensor is designed with
suitable choice of source height and width of SEG. The evaluated sensitivity for
pyridine is in the range from 1 to 1.3 V, for HEWL from 474 to 600 mV, and for
FABP ranging from 155 to 220mV as drain current varies from 10−2 to 10−5 µA/µm.
These sensitivity values are either better or comparable to findings reported earlier.

Acknowledgements The first author acknowledges CSIR, HRDG, India for providing fellowship
for SRF vide File No. 09/028(1028)/2018-EMR-I dtd. 16.04.2018.
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A Novel Trench FinFET as a Biosensor
for Early Detection of Alzheimer’s
Disease

M. Aditya and Rishu Chaujar

1 Introduction

The ability to determine health status, onset and development of illness, and track
treatment outcome through a non-invasive approach is the key goal to be accom-
plished in the promotion and provision and study of healthcare. To achieve this goal,
there are three prerequisites: unique biomarkers suggesting a stable or diseased state;
a non-invasive method for detecting and tracking the biomarkers [1].

In recent years, demand for simple and portable devices in the field of medical
diagnostics has grown, that also have quick response times, are user-friendly, cost-
effective, and are suitable for mass production [1]. Biosensor technologies offer
the ability to meet those requirements through an interdisciplinary synthesis of
nanotechnology, chemistry, and medical science approaches [2, 3].

Detection of biomolecules is one of the main research areas of concern these
days; understandably since the detection of biomolecules will help identify diseases
such as Alzheimer’s disease [3]. The prompt diagnosis of Alzheimer’s helps with
disease management and slowing its progression. Alzheimer’s disease is caused by
the production and deposition of the β-amyloid peptide/protein (βA) on the sulci on
the surface of the brain. The solubility of βA, and the quantity of βA, are closely
related to disease progression.

βA monomers can agglomerate into many types of assemblies, like oligomers,
protofibrils, and fibrils. Fibrils (3–7 nm) [4] are largest and insoluble, and they
can further assemble into plaques, while amyloid-oligomers are soluble and spread
throughout the cerebrospinal fluid and brain [4].
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High sensitivity, reliability, and ease of use are the fundamental for various
biological and biomedical applications. Biosensors based on field transistor (FET)
have attracted attention in recent years due to easy-scalability, high-sensitivity, fast
and direct electrical response, minimal power usage, and cheaper cost compared to
alternative methods [5].

The variation in the devices electrical properties with the introduction of βA inside
the device cavity causes the device to work as a biosensor. In our trench FinFETs,
when βA is introduced in the trench of the device, the dielectric constant of βA can
change the on and off current of the device [6, 7]. We propose this device to detect
the presence of βA oligomers in the cerebrospinal fluid of the patient.

In this work we present a novel Trench FinFET for the detection of βA peptide
for the early detection and diagnosis of Alzheimer’s disease.

2 Device Structure

The structure of the device is shown in Figs. 1 and 2. The structural constraints of the
device are given in Table 1. The device was modeled using SILVACODEVEDIT 3D
Structure andMeshEditor. The device is a FinFETwhose fin is trenched in themiddle
to accommodate biomolecules inside. Figure 3 shows the proposed fabrication steps
to fabricate the device.

The trench on the fin facilitates the βA to lodge themselves inside thus allowing
them to be detected. The cavity is selected according to the diameter of the strands

Fig. 1. 3D view of the simulated Trench FinFET

Fig. 2 a Lateral and transverse section of the device. bDielectric constants of the variousmolecules
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Table 1 Device structure
parameters

Parameter Value

Channel length (Lg) 40 nm

Fin height (Hf) 23 nm

Fin width (Wf) 26 nm

Thickness oxide (tox) 2 nm

Trench width 5 nm

Trench depth 18 nm

Source and drain range 20 nm

Source and drain doping 1021 cm−3

Gate work function 4.26 eV

(3–7 nm) to be 5 nm [4] and the length is selected as the average length of βA fibril
strands is 60–220 nm [8] while the monomers hexamers and oligomers are smaller.
Thus this device can be used to detect βA inside the trench of the device. The βA is
bound to the trench using APTES as a binding molecule.

The device has a fin 80 nm in length that is covered on the surface by 2 nm thick
Silicon Dioxide with a 40 nm Aluminum gate. The measurements of the fin were
23 nm × 26 nm. The measurements of the trench are 80 nm × 18 nm × 5 nm. The
fin doping was a uniform n-type doping of 1015 cm−3 while the source and drain
n-type doping were of 1021 cm−3.

Device modeling was done using SILVACO ATLAS Device Simulator using
the Fermi–Dirac Statistics, Concentration Dependent Arora Mobility Model, and
Concentration Dependent SHR Recombination Model [9, 10].

3 Methodology

The dielectric constant variation of the analyte inside the device trench and the
subsequent variation in the electrical properties of the device is the primary analysis
methodology that has been applied in this work.

This method is used to imitate the habitation of βA in the interior of the trench
allowing the device to act as a sensor. The dielectric constant of βA is used. The
dielectric constant of water is taken to be 80.Most proteins have an internal dielectric
constant of 2–8 [5]. Proteins with high molecular masses (100–200 kDa) such as βA
have an internal dielectric constant close to 8 and high polarizability due to the
presence of large numbers of peptide linkages within them [4]. A value of 2–8 for
the dielectric constant is used to model various proteins static internal dielectric
constant and that approach is applied here to simulate βA. The size of βA fibrils can
range from 3 to 7 nm in diameter [4, 11], while oligomers can range from small
hexamers to large spheroid structures (12–200 monomers). Thus a trench width
of 5 nm is simulated here taking into consideration that the average width of the
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Fig. 3 a Deposition of silicon on oxide b uniform channel doping c deposition of resist and then
source drain doping d removal of resist e transverse view f laying the resist pattern g etching of
silicon to create trench h removing the resist i deposition of oxide j deposition of aluminum gate
electrode k lateral view of device l deposition of source and drain electrodes

fibrils is 5.5 nm which is more than the size of the βA oligomers [11]. APTES ((3-
Aminopropyl) triethoxysilane) is used as a binding molecule to bind the βA peptide
and oligomers inside the trench [12]; APTES has a dielectric constant of 3.57 which
is low compared to βA peptide due to lower polarizability of the APTES molecule,
we have also simulated the response of the device in presence of only APTES to give
a clearer picture of the devices working. The change in the electrical characteristics
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Fig. 4 a Idsversus Vgs characteristics of the device at various molecules at Vgs = 1.5 V. b gd at
different molecules at Vgs = 1.5 V

of the device in presence of βA peptide is then used to detect the presence of βA
peptide in the analyte [13-17].

4 Results and Discussions

4.1 Output Characteristics

Figure 4 presents the Idsversus Vds characteristics simulated for βA in the trench at
Vgs = 1.5 V. The Ion/Ioff and S were derived from these characteristics. Equation (1)
shows the expression used to calculate the sensitivity.

S = Ion(k>1)

Ion(k=1)
(1)

Subsequently, Ids can be seen to increase with the increase in the relative permit-
tivity (k), caused by the rise in the effective

−→
E in the interior of the fin causing

superior channel generation. The sensitivity of the device also shows an increasing
trend with relative permittivity.

4.2 Transfer Characteristics

Figure 5 presents the Idsversus Vgs characteristics for βAatVds = 0.5 V.The threshold
shift (�Vth) from air is also presented. The increase in Ids is ascribed to the increased
permeation of the

−→
E applied on the fin due to the presence of βA modeled by the

relative permittivity of the trench. The rise in the relative permittivity of the trench
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Fig. 5 a Idsversus Vgs characteristics of the device for various molecules at Vds = 0.5 V. b gm for
various molecules at Vds = 0.5 V. c gm/id of the device at Vd = 0.5 V

causes a decrease in the effective width thus increasing Cgs resulting in superior
channel generation.

This causes a movement in the Vth of the device. The gm/idversus Vg of the device
is also shown and it is observed that it increases with the presence of βA peptides
inside the trench, this is attributed to the increase in the gm of the device in the
presence of βA peptides.

4.3 Electric Field Distribution

Figure 6 presents the
−→
E Distribution where it can be seen that the

−→
E in the trench

rises with the rise in relative permittivity keeping Vgs constant caused by the fall
in the effective oxide width when βA is inside the trench. The rise in the effective
permittivity of the trench in the presence of βA peptides causes the effective oxide
width to decrease thus increasing Cgs. The rise in the

−→
E in the fin due to better

penetration of the Vgs through the oxide layer thus resulting in superior channel
generation in presence of βA peptides.

4.4 Electron Current Distribution

Figure 7 presents the electron current density. The current density follows a rising
trend with the relative permittivity of the biomolecule inside the trench. This rise can
be ascribed to the rise in the

−→
E inside the trench due to the presence of βA peptides.

It is also observed that the channel width on the fin surface increase thus increasing
the current at higher relative permittivity (Ion(k>1)), this is also due to the presence
of βA peptides and the better channel forming capability of the device due to an
increase in

−→
E in the interior of the fin. This causes an increase in sensitivity in the

presence of βA peptides.
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Fig. 6 Electric field a Air b βA c APTES d Water e Transverse E scale f longitudinal E scale
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Fig. 7 Electron current density a air b βA c APTES d water e transverse e− scale f longitudinal
e− scale
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Fig. 8 a Cgg at Vds = 0.5 V. b Capacitive sensitivity

Table 2 Sensitivity parameters

Medium Vth (V) �Vth (V) Sensitivity Ion/Ioff

Air 0.392 0 1 26.74

APTES 0.556 0.164 1.18 2635.54

βA 0.616 0.224 1.25 14,666.66

Water 0.679 0.287 1.78 15,966.85

4.5 Sensitivity and Threshold Voltage Shift

The sensitivity defined in Eq. (1) and �Vth are shown in Table 2. The �Vth shift due
to the presence of the molecule in the trench is calculated with respect to air. It is seen
that the Shift increases with an rise in the relative permittivity of the molecule in the
trench, this can be ascribed to the rise in the

−→
E in the cavity which causes a rapid

rise in the current in the device thus increasing the slope of the curve. This increase
in the slope consequently increases the threshold voltage thus increasing the shift.

SR = Ion
Iof f

(2)

The switching ratio defined in Eq. (2) increases due to the rapid increase in the
Ionof the device with the rise in the relative permittivity of the molecules.

4.6 Capacitance and Capacitive Sensitivity

It can be observed from Fig. 8 that the Cgg of the device increases in magnitude with

the presence of βA in the trench. This can be explained by the rise in the
−→
E in the
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interior of the fin due to the effective oxide thickness decreasing as the dielectric
constant of the trench increases. Thus allowing higher penetration of the electric
field inside the oxide layer thus increasing the capacitance of the device. Equation 3
shows the capacitive sensitivity of the device.

Sc = �Cgs

k
(3)

5 Conclusion

Presented in this work is an original Trench FinFET for sensing of βA that can be
used for early diagnosis of Alzheimer’s disease. The analysis involves the variation
in the response of the sensor and changes in the device parameters when the trench
is filled with βA. APTES acts as a binding molecule and the dielectric constant in
the trench changes. The ΔVth follows a rising trend with relative permittivity and
ΔVth max of 0.616 V for βA. The Ids ON of the device also rises from 3.64 × 10−4A
in air to 4.98 × 10−4A for βA. The Ion/Ioff of the device also rises from 26.74 in air

to 1.466 × 104 in βA. The
−→
E and e− current density in the fin interior also increases

with relative permittivity. The sensitivity of the device is 1.28 for βA. These changes
in the electrical response of the device are identified to be primarily caused by the
variations in the electrical parameters due to the presence of βA from the basis of its
bio-sensing action.
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Interface Trap Charge Analysis
of Junctionless Triple Metal Gate High-k
Gate All Around Nanowire FET-Based
Biotin Biosensor for Detection
of Cardiovascular Diseases

Mekonnen Getnet Yirak and Rishu Chaujar

1 Introduction

Recently, the primary area of research interest is reduced semiconductor device size
to satisfy the need for smaller integrated circuits (ICS) with the same functionality
and increase the number of ICs in a single chip for better device performance [1]. As
the size of technology is continually decreasing, the number of transistors in a single
chip and transistors operation speeds are increases [2].However, hugely scaling down
device dimensions arises various problems the so-called short channel effects (SCEs),
such as mobility degradation, threshold voltage roll-off, low on-current, high off-
current, hot carrier, and impact ionization effect, parasitic resistance/capacitances,
DIBL, and a substrate with defects, are worsening to achieve improved device perfor-
mance with better reliability [3, 4]. Another problem of CMOS transistor is p–n junc-
tion related problem, which requires expensive fabrication techniques [5, 6] due to
diffusion of impurities between p- or n-type drain/source region and n- or p-type body
region pose great difficulty in the production of short channel/small scale devices.
To continue Si CMOS device scaling, down to ultra-small device dimension, and
to suppress device scaling-related problems, different approaches have been exam-
ined. For instance, a novel multi-gate structure such as double metal gat or surround
gate MOS [7], replacing SiO2 gate oxide by high-k dielectric material [8, 9], gate
engineering, metal gate rather than polysilicon gate [10], and junctionless transistors
having uniform doping profile from source to drain through the channel region [11]
have been designed. Effective oxide thickness (EOT) can be scaled down to an ultra-
small device dimension using a high-k gate dielectric material without increasing
gate tunneling current [12].
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Similarly, replacing the polysilicon gate with a metal gate electrode (MG), deple-
tion effect caused by the polysilicon gate is reduced [13]. Replacing polysilicon
gate by metal gate electrode reduces parasitic capacitance and depletion effects
caused by a polysilicon gate. But impact of interface charges trapped at buried
oxide/channel interfaces due to hot carrier effects carried by the fabrication process,
plasma etching, and high electric field effect along with ultra-small device dimen-
sion, arise defects/impurities or damage the gate oxide, are not well addressed. These
will be serious issues on device performance [14–16], and Large traps at the inter-
face of oxide/channel alter device electrostatics. Also, the impact of interface trap
charges on the performance of junctionless surrounding gate all around nanowire-
based biotin biosensor is not reported [17]. NWFET-based biosensor has become a
primary focus for many researchers for the following reasons; these are easy scala-
bility, cost-effective, label-free for detection, compatibility with bulk CMOS, high
sensitivity, fruitful on-chip integration, less response time for detection and lower
fabrication cost, and low power consumption [18–20]. The operation of biosensor
technology lies in the fact of the successful translation of biological properties
of the biomolecule to equivalent electronic properties. In case of NWFET-based
biotin biosensor, the same action has been done by first finding the same electronic
properties in dielectric constant and charge density and studding electrical param-
eters, such as threshold voltage, drain current, transconductance, surface potential,
corresponding to the absence and presence of biomolecules in the NWFET-based
biosensor. Critical challenges that enact the sensitivity of FET biosensors are DIBL
[16], hot carrier effects, short channel effects, as a result of narrow the imperfect
interface region on oxide/channel interface due to high electric field in case of short
channel device [20].

In this article, n-type junctionless (JL) TM-high-k GAA—NWFET-based biotin
biosensor has been proposed for the first time to study the impact of interface trap
charges on device sensitivity by considering interface charges near or at the Si-
SiO2/channel, as shown in Fig. 1b.

2 Device Structure and Simulations

The device structure of n-type triple metal high-k gate all around junctionless
NWFET-based biotin biosensor with interface trap charge used in this work has
been illustrated in Fig. 1. Here, L1(6 nm), L2(8 nm), L3(6 nm) are the lengths of
gate one, gate two, gate three, respectively, and L4 is the length for both nanogap
cavity and silicon dioxide (SiO2), which are near to drain and source end respec-
tively is (10 nm), L is channel length (20 nm). T1, T2, T3, and T4 are the thickness of
metal gate, nanogap cavity, hafnium oxide, and interface (SiO2) oxides, respectively,
and 2R is the diameter of the channel. A 0.3 nm thickness of SiO2 interface layer
is considered between hafnium oxide and silicon film to create more compatible
hafnium oxide with silicon film. The three gate materials are G1,G2, and G3 having
different work function denoted by �G1 = 4.86,�G2 = 4.96 and�G3 = 4.50,
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Fig. 1 a 3-D schematic structure and b 2-D cross-sectional viewwith cavity region for n-type triple
metal gate high-k GAA-JL-NWFET

respectively. The work function (�G1) near to the source is used to control electron
saturation velocity, the work function (�G2) between source end and drain end is
used to control potential profile along the channel, which intern reduces SCEs and
lower work function near to drain (�G3) is used for screening effects [3–5]. HfO2 is
used to over com quantum mechanical tunneling [6]. The nanogap cavity region is
used as a detecting site in which the target biomolecules are assumed to be uniformly
immobilized in the nanogap cavity region. Biotin (ε = 2.63), and air (∈= 1) cavity
regions are considered by introducing their dielectric constant material [8]. Inter-
face trap charge (ITCs) (Nf = ±5 × 1016 cm−2) and neutral charge (Nf = 0) are
considered interchangeably for all simulations (see Table 1).

In this work, electrical properties of triple metal gate high-k GAA-junctionless
NWFET device structure have been characterized using the “atlas 3-D” device
simulator tool. Concentration-dependent mobility (CONMOB) [9] model was used
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Table 1 Proposed device structural parameters

Parameters TG-GAA-JL-NWFET

Channel length (nm) 20

Gate oxide thickness (nm) HfO2 = 1.5 and SiO2 = 0.3

Oxide thickness near to the source
(nm)

SiO2 = 1

Oxide length near to the source
(nm)

SiO2 = 10

Nanogap cavity length (nm) 10

Source/Drain thickness (nm) 10

Source/Drain length (nm) 10

Nanogap cavity thickness (nm) 1

The diameter of silicon (nm) 10

Interface trap charges (ITCs) ±5 × 1012 cm−2

Source/Drain and channel doping
(ND+)

1019 cm−3

Oxide dielectric constant SiO2 = 3.9 and HfO2 = 25.0

Gate Work functions (eV) �G1 = 4.86 �G2 = 4.96 �G3 = 4.50

to simulate bandgap mobility within the high channel doping along the bandgap
narrowing (BGN) model. Shockley–Read–Hall model along with the Boltzmann
transport model was used to account recombination of minority carriers [9]. Carrier–
carrier scattering mobility model (CCSMOB) was used at higher carrier concentra-
tion. For parallel and perpendicular field-dependent mobility, CVT model has been
used [10]. Carrier transport equation can be solved using Gummel’s and Newton’s
numericalmethods.Butmodels of quantummechanical effects have not been invoked
in this simulation because the radius of the silicon film is not less than 4 nm [11].
Interface charge density (Nf = ±5 × 1012 cm−2) has been introduced as localized
charge at the Si–SiO2 interface near to drain end.

3 Results and Discussion

In this study, output characteristics of triple metal gate high-k gate all around junc-
tionless nanowire FET-based biotin biosensor has been examined by incorporating
interface trap charges at Si–SiO2/channel interface.
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3.1 Effect of Different ITCs on Drain Current

Figure 3 demonstrates the simulated results of ID-VG transfer characteristics on log
scale at VD = 0.05V with different interface trap charges, including air and biotin
biomolecule for a triple metal gate. It is clear that higher leakage current for positive
interface trap charges (ITCs) is observed compared to negative ITCs; this is because
negative ITC reduces short channel effects and hot carrier effects while positive
ITCs reduces charge carriers within the channel raises depletion layer to get thicker
across the reverse junction that permits the flow of charge carriers in off-state. For
biotin biomolecule, lower leakage is examined compared to air; the reason is that
biotin biomolecule acts as high-k dielectric material and improves gate electrostatic
control [13]. For instance, IOFF for biotin biomolecule at (Nf = ±5×1012 cm−2) are
3.12 × 10−12 A and 4.07 × 10−16 A for positive and negative interface trap charge,
respectively, at VGS = 0 and VDS = 0.05V. JL-NWFET-based biotin biosensor is
the device that uses biological molecules (biotin) to detect the presence of chemicals.
Biotin biomolecule in FET device is an interface condition in the boundary as the
link between the oxide of the FET and the analyte (an aqueous solution) which
contains the bio-sample for purification and detection of various biomolecules and
it is a water-soluble vitamin that functions as a prosthetic group in carboxylation
reactions. In addition to its detection, biotin has multiple roles in gene regulation
[14, 15]. Figure 2 demonstrates/validates the calibration simulation results of our
proposed device.

Fig. 2 Simulation and
experimental calibration
results [12] for n-type triple
metal gate high-k
GAA-JL-NWFET without
nanogap cavity and interface
charges
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Fig. 3 Impact of interface
trap charges on ID-VG, with
air and biotin biomolecule
for n-type triple metal gate
high-k gate all around
junctionless NWFET
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3.2 Impact of Interface Trap Charges on Switching Ratio
and Leakage Current

Figure 4 illustrates the variation of (a) switching ratio (b) leakage current, with
different interface trap charges for n-type triple metal gate high-k GAA-JL-NWFET
at VDS = 0.05V and VGS = 1.0V with air and biotin biomolecules. It is clear that
higher leakage current and lower switching ratios are examined for air compared to
biotin biomolecule. The reason is that the lower gate dielectric constant raises gate
parasitic resistance and short channel effects. At higher dielectric constant (biotin)
biomolecule, higher switching ratio and lower leakage current are explored with
negative interface trap charges (ITCs) compared to positive and neutral ITCs due
to an increasing number of mobility carriers across the channel by negative ITCs,
thereby reducing DIBL [16, 17].

3.3 Impact of Interface Trap Charges (ITCs) on Total
Current Density

Figure 5 demonstrates higher variation of total current density in the case of
biotin biomolecule compared to air in the presence of ITCs. Example, (Nf =
±5 × 1012 cm−2) total current density for biotin (ε = 2.63) are 8.44 × 105 A/cm2

and 2.39 × 105 A/cm2 for positive and negative ITCs, respectively, and air (ε =
1.0) are 6.06 × 105 A/cm2 and 1.32 × 105 A/cm2 for positive and negative ITCs,
respectively. The improved total current density of biotin biomolecule in comparison
to air is 39.3% and 81% for positive and negative ITCs, respectively. This variation
of overall current density indicates that our proposed device can detect biomolecules.
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Fig. 4 Variation of
a switching ratio b leakage
current, with interface trap
charges for n-type triple
metal gate high-k
GAA-junctionless NWFET
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Fig. 5 Variation of total
current density at drain end
with ITCs for n-type triple
metal gate high-k
GAA-JL-NWFET
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3.4 Effect of Interface Trap Charges (ITCs) on Sensitivity
(SIOFF )

Figure 6 illustrates a higher drain-off current ratio (SIoff ) for positive and neutral than
negative interface trap charges (ITCs); this is the result of higher leakage current due
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Fig. 6 Variation of drain-off
current ratio with interface
trap charges for n-type triple
metal gate high-k
GAA-JL-NWFET
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to positive and neutral interface trap charges (TCs) led to higher drain-off current
ratio (SIoff ) than negative ITCs; because of SCEs and DIBL effect experienced by
positive and neutral interface trap charges (ITCs). For instance, at higher dielectric
constant (biotin), drain of current ratio is smaller than that of lower dielectric constant
(air); this indicates that high dielectric materials enhance gate electrostatic control,
thereby reduces gate tunneling current. Sensitivity (SIoff ) or drain-off current ratio is
given by Eq. (1)

SIoff = Ioff (with biomolecule Species)

Ioff (without biomolecule Species)

∣
∣atVgs = 0 (1)

3.5 Impact of ITCs on the Device Transconductance

Transconductance (gm) of a MOSFET characterizes its analog performance, and it
is given by Eq. (2) [19] at constant drain-source voltage.

gm = 2

(
IDON

(VGSON − Vth)
2

)

Veff (2)

where (VGSON, IDON) is a fixed point on the curve when the device is ON, and
Veff is effective (overdrive) or excess gate voltage, which is the difference between
the gate to source bias voltage and the threshold voltage, i.e., (Veff = VGS − Vth).
Transconductance (gm), also known as mutual conductance or transfer admittance,
is a property of certain electronic components and is used to analyze MOSFET
amplifiers.

As shown in Fig. 7b, transconductance for negative interface trap charge (ITCs)
is higher than positive ITC, due to reduced hot carrier and DIBL effects in
the presence of negative ITCs at strong inversion region. Example, at VGS =
1.0V and VDS = 0.6V for Nf = ±5 × 1012cm−2 of ITCs, 20.3, and 33.7% are
enhanced/raised transconductance of the device for negative and positive ITCs when
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Fig. 7 Variation of
a transconductance
b transconductance at
VDS = 0.6V with ITCs for
n-type triple metal gate
high-k gate all around
JL-NWFET
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biotin biomolecule immobilizes/interacts with the nanogap cavity region compared
to the air cavity. So that biotin biomolecule at negative interface trap charges delivers
higher device gain (amplification) andmore drive current experience lower SCEs [20]
due to increased carrier injection by negative (interface trap charges) ITC across the
channel.
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4 Conclusion

In this study, the effect of different interface trap charges (ITCs) on transfer char-
acteristics of TG-high-k-GAA-JL-NWFET-based biotin biosensor has been exam-
ined. These different ITCs cause the change in total current density, switching ratio,
transconductance, leakage current, and drain-off current ratio when air and biotin
biomolecule immobilize interchangeably on the nanogap region. In this study, drain-
off current ratio is taken as a sensing metric to study the impact of ITCs on device
sensitivity. In our research, for biotin biomolecule, enhanced drain-off current ratio
(S) is 72.9% for positive and 29.7% for negative ITCs compared to air. The result
indicates that biotin biomolecule shows a strong dependency on negative ITCs
for increasing output parameters like switching ratio, transconductance, drain-on
current, and total current density. Finally, we have concluded, negative ITC has
a positive impact on our proposed device performance compared to positive ITC.
In our study, we have examined that biotin biomarker for the silicon-based device
presents reactive amine groups on the silicon surface for detecting cardiovascular
diseases.
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Fin Aspect Ratio Optimization of Novel
Junctionless Gate Stack Gate All Around
(GS-GAA) FinFET for Analog/RF
Applications

Bhavya Kumar and Rishu Chaujar

1 Introduction

TokeepupwithMoore’s statement, the size of the transistor reduces from themicrom-
eter regime to the nanometer regime and is now reaching its fundamental limits. The
performance of the device increases relatively with the scaling, but it also presents
severe Short-Channel Effects (SCEs), which reduces the efficiency of the device
[1]. Furthermore, to form an ultra-sharp S/D junction at such small dimensions is
not an easy task. Colinge et al. proposed the Junctionless Field-Effect Transistors
(JLFETs), which ease the fabrication process and lower the fabrication budget of the
device [2]. Over the years, several multi-gate (MG) devices have been introduced by
the researchers to alleviate the SCEs. FinFET, a “3D” field-effect transistor, appeared
as the most encouraging device in comparison to otherMG devices. Gate All Around
(GAA) structure was proposed further to improve the subthreshold characteristics
and performance of the FinFET. The ITRS also termed the GAA configuration as the
“ultimate structure” [3, 4]. A decrease in the gate oxide thickness below a particular
value enhances the gate direct tunneling current [5]. The most technological solution
is the use of high-κ dielectric materials, like HfO2 (κ = 25) [6]. However, there are
issues with the direct deposition of high-κ dielectrics on Si substrates like mobility
degradation and threshold voltage instability [7, 8]. The solution to this problem is
the use of Gate Stack (GS) configuration comprising of a thin interfacial SiO2 layer
as passivation between the Si substrate and high-κ dielectrics by maintaining the
effective oxide thickness constant [9]. Thus, we are proposing a novel Junctionless
Gate Stack Gate All Around (GS-GAA) FinFET. TiN metal gate is preferred over
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the polysilicon gate due to its compatibility with CMOS processing, low resistivity,
and thermal stability [10].

It has already been demonstrated by the researchers in the published work that
the performance of a FinFET device mainly hangs on the variation of geometrical
parameters like the height of Fin (HFin), the width of the Fin (WFin), and gate length
(Lg) [11, 12]. In some research papers, Fin AR is described as the ratio of the
WFin to the HFin, but the correct definition of Fin AR is the ratio of HFin/WFin. It
is because if WFin >> HFin, the top surface orientation becomes more dominant for
device characteristics, and the device acts as a planar device whereas if WFin <=
HFin, the sidewall surface becomes more prevalent compared to the top surface and
consequently the device acts as a 3D device. In the studies performed on the Fin
aspect ratio variation, both HFin and WFin were altered without fixing the effective
channel area (HFin × WFin) of the device to a constant value. In this scenario, the
conductance of the channel will change, and we will not get the appropriate impact
of the Fin aspect ratio variation on the evaluated parameters [13]. Therefore, in this
work, the effective channel area of the device is kept constant while varying the Fin
aspect ratio and essential electrostatic, analog, and RF parameters are evaluated for
analog/RF applications.

2 Device Structure and Simulation Methodology

Figure 1a displays the proposed 3D structure of Junctionless GS-GAA FinFET,
whereas Fig. 1b and 1c portrays the vertical and horizontal cross-sectional view cut
along the silicon fin of the proposed device, respectively. The gate length (Lg) and
the length of source/drain regions (LS/D) are fixed at 7 nm and 10 nm, respectively.
The oxide thickness (tox) is set at 1 nm, and SiO2 (κ = 3.9) and HfO2 (κ = 25) have
been used in equal proportions for the stacking of the gate oxide. All the regions

Fig. 1 a 3D structure of proposed Junctionless GS-GAA FinFET, b vertical and c horizontal
cross-sectional view cut along the silicon Fin of Junctionless GS-GAA FinFET
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Table 1 Different configurations used for simulation

Config. No Fin height, HFin
(nm)

Fin width, WFin
(nm)

Channel area HFin
× WFin (nm2)

Fin aspect ratio,
AR (HFin/WFin)

C1 10 8 80 1.25

C2 16 5 80 3.2

C3 20 4 80 5

are uniformly doped with n-type doping species to make it a junctionless device.
The doping concentration of channel (NCh) and source/drain regions (NS/D) is 1 ×
1019 cm−3. The work function (φG) of the TiN metal gate is 4.65 eV [14]. In the
entire fin region, silicon (Si) material is used with height (HFin), and width (WFin)
of the fin varied in such a way that the effective channel area (HFin × WFin) remains
constant at 80 nm2.We have considered three different configurations for simulation,
namely, C1, C2, and C3 placed in increasing Fin aspect ratio order in Table 1. All
the three different designs have been simulated using the SILVACO ATLAS 3D
simulator [15]. During the simulations, V gs changes from 0 to 1 V, V ds is fixed at
0.5 V, and the temperature is 300 K. The threshold voltage (V th) is used to evaluate
the gate overdrive voltage (V gt), which is the difference between gate-source voltage
and threshold voltage, as displayed in Eq. (1). In amplifier circuits, the region of
operation is decided by V gt. Thus, the evaluated parameters are analyzed against V gt.

Vgt = Vgs − Vth (1)

Several physical models are included in device simulation to obtain more real-
istic and accurate results. The Arora model is invoked to incorporate concentration-
dependent mobility. The accuracy in the results is increased with the help of the
Fermi–Dirac statistics model. SRHmodel is employed for recombination and gener-
ation effects. Klaassen band-to-band tunneling model is included to account for the
tunneling of electrons, and the Crowell–Sze impact ionization model is enabled to
consider the impact ionization effects. Further, Gummel and Newton’s methods are
used to attain a solution [15]. The physical models have been validated with the
published results of Hyunjin Lee et al. [16]. Figure 2a outlines the experimental and
simulated transfer characteristics of a 5 nm All Around Gate (AAG) FinFET at V ds

= 1.0 V. The results are well-calibrated, thus validating the choice of simulation
models used in the device simulation.

3 Results and Discussions

Figure 3a and 3b represents the transfer characteristics (Id–V gs) at a fixed drain–
source voltage (V ds) = 0.5 V in linear and log scale for different configurations.
In Fig. 3a, it is observed that drain current (Id) increases with the increase in the
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Fig. 2 Calibration of simulated and experimental transfer characteristics of a 5 nm All Around
Gate (AAG) FinFET

Fig. 3 Variation of transfer characteristics in a linear scale and b log scale for different
configurations

Fin aspect ratio. As the Fin aspect ratio increases, current drivability increases, and
consequently, C3 configuration acquires the maximum value of Id in comparison to
two other configurations. Also, as displayed in Fig. 3b, leakage current (Ioff) improves
as the Fin AR increases. Ioff reduces approximately by 20 times for C3 configuration
in comparison to C1 configuration. The reason is that as the Fin AR increases (either
fin gets taller or narrower or both), there is a reduction in the electric field in the Fin
region, which in turn reduces the leakage current [12].

In Fig. 4a, switching ratio (Ion/Ioff) is plotted for each configuration. A higher
switching ratio (Ion/Ioff) is obtained for C3 configuration owing to increased drain
current (Id) and reduced leakage current (Ioff), as shown in Fig. 3a and 3b, respec-
tively. The Ion/Ioff ratio increases by 19.58 times for C3 configuration in comparison
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Fig. 4 Comparison of a switching (Ion/Ioff) ratio and b subthreshold swing (SS) for different
configurations

to the C1 configuration. Figure 4b depicts the subthreshold swing (SS) for all three
configurations. Subthreshold swing (SS) is a crucial parameter to measure the Short-
Channel Effects (SCEs) in the microscopic device. It is visible from Fig. 4b that for
higher Fin aspect ratio, SS reduces and is nearest to its ideal value of 60 mV/decade.
ForC3 configuration, SS reduces by1.17 times in comparison to theC1configuration.

In analog applications, transconductance (gm) and device efficiency (TGF) are
the most critical performance parameters. Transconductance, as defined in Eq. (2),
computes the change in Id to the shift in V gs at constant V ds. In Fig. 5a, gm is plotted
as a function of V gt for different Fin aspect ratio configurations. It is observed that

Fig. 5 a Transconductance (gm) and b device efficiency (TGF) as a function of gate overdrive
voltage (Vgt) for different configurations
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gm increases as the Fin AR increases with C3 configuration providing 1.13 times
higher transconductance in comparison to C1 configuration. Figure 5b represents
the variation of device efficiency (TGF) with V gt for each Fin AR configuration.
TGF is defined as the amount of gain generated per unit power loss, as expressed
in Eq. (3). In Fig. 5b, the variation in the TGF is observed only in the subthreshold
region with almost no change in the strong inversion region. TGF increases with the
Fin aspect ratio because the higher value of drain current corresponds to higher gm,
and consequently higher TGF is recorded for C3 configuration.

gm = ∂ Id/∂Vgs (2)

TGF = gm/Id (3)

Cutoff frequency (f T) andmaximum oscillation frequency (f max) are the twomost
essential parameters from the RF applications point of view, and to evaluate them, we
need to extract the value of gate–drain capacitance (Cgd) and total gate capacitance
(Cgg). The values of Cgd and Cgg have been extracted using the small-signal AC
analysis at an operating frequency of 1 MHz with DC voltage ramped from 0 to 1 V
while maintaining a step size of 0.05 V. In Fig. 6a and 6b, gate–drain capacitance and
total gate capacitance are displayed as a function of V gt for all three configurations.
In comparison to C1 configuration, a higher value of Cgd and Cgg is obtained for the
C3 configuration. The fundamental reason is that as the Fin aspect ratio increases,
i.e., either fin gets taller or narrower or both, the fringing field in the device increases,
which in turn enhances the capacitance in the device. Thus, an increase in the Fin
aspect ratio affects the performance of the device.

Fig. 6 a Gate–drain capacitance (Cgd) and b total gate capacitance (Cgg) as a function of gate
overdrive voltage (Vgt) for different configurations
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Fig. 7 a Cutoff frequency (f T) and b maximum oscillation frequency (fmax) as a function of gate
overdrive voltage (Vgt) for different configurations

The cutoff frequency (f T), as defined in Eq. (4), is the frequency at which current
gain becomes unity (0 dB). Figure 7a outlines the plot of cutoff frequency against
gate overdrive voltage (V gt). It is observed that f T increases with the Fin aspect
ratio. A slightly greater value of cutoff frequency is obtained for C3 configuration in
comparison to the other two configurations. The rise in f T is minimal because of the
increased value of total gate capacitance (Cgg), which suppresses the enhancement
in transconductance (gm) [17]:

fT = gm/2π
(
Cgs + Cgd

)
(4)

fmax = fT /
√{

4Rg
(
gds + 2π fT Cgd

)}
(5)

The maximum oscillation frequency (f max) is the frequency at which maximum
unilateral power gain becomes unity (0 dB) [18]. Themaximumoscillation frequency
(f max) is evaluated using Eq. (5) in which Rg, gds, and Cgd represent the gate resis-
tance, drain–source output conductance, and gate–drain capacitance, respectively.
The value of Rg is substituted as 50 �, whereas gds and Cgd are extracted using
the small-signal AC analysis. Figure 7b exhibits the plot of maximum oscillation
frequency (f max) as a function of V gt for all three configurations. It is observed from
Fig. 7b that f max increases with the increase in Fin aspect ratio and 1.33 times higher
values of f max are obtained for C3 configuration in comparison to C1 configuration.
It is because, in our work, the cutoff frequency is almost the same, but drain–source
output conductance (gds) reduces significantly for higher Fin AR, which in turn
enhances the value of maximum oscillation frequency (f max).
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4 Conclusions

In this paper, we investigated the impact of Fin AR on Junctionless GS-GAAFinFET
in terms of analog and RF parameters using the SILVACO ATLAS 3D simulator.
The result indicates that for the C3 configuration (i.e., AR = 5), the switching ratio
increased immensely by 1858.18% when compared to C1 configuration (i.e., AR =
1.25). In contrast, leakage current (Ioff) and subthreshold swing (SS) get reduced by
94.71% and 14.90%, respectively. Therefore, the high Fin aspect ratio enhances the
device performance and suppresses the SCEs as well. Furthermore, parameters like
TGF, f max, gm, and f T exhibit a significant improvement as well for C3 configuration
with TGF enhanced by 69.9%, f max by 33.8%, gm by 13.07%, and f T by 1.52%.
Thus, for the designing of analog and RF circuits, junctionless GS-GAA FinFET
with a high Fin aspect ratio can be looked upon as a tempting solution. However, we
also have to consider the fabrication limitations in creating such narrow Fins with a
high aspect ratio as the chances of the fin falling over also increases.
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Design and Analysis of Cyl
GAA-TFET-Based Cross-Coupled
Voltage Doubler Circuit

Ankur Beohar, Ambika Prasad Shah, Nandakishor Yadav, Gopal Raut,
and Santosh Kumar Vishvakarma

1 Introduction

1.1 Device Circuit Literature

The recent advancement in Internet of Thing (IoT) era promotes low yield power
design, high driving capability, process optimization, and smart peripherals design
with a reliability approach within devices, circuits to architecture levels. In partic-
ular, such designs are best suitable for utilization at a remote location for a longer
period. Therefore, an IoTdevice required an energy harvesting circuit- or device-level
techniques under a low range of voltage [1]. Further, energy harvesting comprises
utilizing energy from surrounding and transforming it to electrical signal. In addition,
the IoT system needs high speed with better energy efficiency design based on low
yield power devices to fulfill the requirement of ultralow yield power applications
[2].

Recently, many researchers have been specifically focusing on developing smart
and small deviceswith their peripheral circuits to the externalworld for emerging IoT.
This is because of low yield power sensor, which transmits the information toward
destination is deployed at a remote location for IoT perspective [3, 4]. It also has an
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ever-increasing demand for longer battery life and low yield power emerging devices
while maintaining high performance [5]. Therefore, addressing to the IoT system
requirement, the power efficient emerging devices have been examined continuously
under extreme short channel node to achieve Moore’s law relating to the integrated
circuit (IC) packaging density, efficient area utilization, and low power dissipation.
Whereas assertive device technology node scaling produces appalling short channel
effects (SCEs), which reflects to not only high leakage current but also significantly
leads to high dynamic power consumption [6].

Addressing to this issue, the transistor with tunneling phenomena of electric field
such as tunneling field-effect transistor (TFET) is the alternative and futuristic ideal
device for on chip control system [7]. The property and beauty of the device is its
sub-threshold swing and hence at room temperature it not stuck less than 60mV/Dec.
Thus, it produces low leakage/off current (IOFF) as compared to the conventional field-
effect transistor (FET) [8]. This property also contributes for the high barrier for the
SCEs and low static power dissipation due to charge carrier tunneling phenomenon
while moving from valence band to the conduction band of the tunneling device.
Despite these benefits, device has some limitations such as ambipolar behavior and
less ON current (ION) [9].

To overcome the limitation of the conventional architecture, the device is proposed
having a cylindrical structure, i.e., gate all around (GAA) in shape across the axis.
It causes fully inversion across the volume and effective channel control by the
applied gate voltage. Recently, we demonstrated [10] a brief examination of three
structures based on GAA-tunnel-FET. Previously, Kim et al. in [11] proposed low Eg

material such as Ge-based source in n-tunnel-FET. The design based on Ge-source
elucidates higher ION due to the low bandgap and high probability of tunneling rate.
However, Ge-source-based structure produces high off-state current. Although its
high ION deteriorates the performance. Thus, this work proposed Ge-source based on
cyl GAA-tunnel-FET with low spacer width and investigated for high-performance
and low yield power circuit. Here, low IOFF and steepest SS achieved high drain-
channel resistance. Note that the tunnel-FET in combination with Si andGematerial
causes a superiority in their performances in such a way that tunnel-FETworks under
reverse biasing, and Si is the only material to provide the highest reverse saturation
current during reverse biasing. In addition, it promotes ease of fabrication processing
and lower cost due to its geometry of all-around symmetry across the axis.

The cross-coupled voltage doubler (CCVD) is the most suitable circuit for the
requirement of applications that is used as energy harvesting circuitswith IoT systems
at remote locations. It can also be used to enhance the available low supply voltage
up to the required supply voltage to operate the system, i.e., in switched capacitor
especially a cross-coupled voltage doubler as it is one from the family. The output
voltage is almost examined double of the input voltage. It also reduces the ripple in
voltage with the same frequency as compared to the conventional charge pump [12].
This is mostly used with DC-to-DC converter over small battery source to power
the IoT applications. However, the power efficiency of the CCVD is limited due to
reversion loss. However, this topology also has a significant issue as drop in voltage
due to the cutoff voltage of the diode. To address the issues, application to boost
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DC-to-DC converter, the CMOS-based cross-coupled voltage multiplier is designed
by Yu et al. in [13].

Furthermore, Kim et al. in [14] proposed the transfer blocking technique, which
has no reversion loss. However, all of the above designs are based on conventional
MOSFET technology that reflects an issue of high power consumption. Therefore,
low yield energy device plays a vital role in powering such systems having limited
energy capacity of batteries or to increase the lifetime of batteries. In this paper, we
have also designed a CCVD circuit based on the proposed device with Ge-source and
extreme low spacer width at VDS of 0.35 V. This cross-coupled DC–DC converter
reduces the reversion leakage loss and increases the power efficiency. It not only
reduces the significant power loss but also increases the conversion efficiency along
with minimal energy consumption.

2 Device and Simulation Models

GAA-based structures produces superior gate control over the inversion layer and
supports for entire volume inversion, which attributes for low leakage applica-
tions. The various model and geometrical parameters associated with the device
are: channel area doping = 1016 cm−3, p+ (doping of Source) = 1020 cm−3, n+
(doping of drain) = 5 × 1018 cm−3, oxide thickness (tox) = 2 nm, and gate work
function = 4.85 eV. In this structure, S is the symbolic of Source region while D
represents Drain, and C stands for Channel of the device.Whereas gate length (LG)=
25 nm, (Lsw)= 12 nm, R= 5 nm, (tox)= 2.5 nm drain extension length LD = 40 nm,
source extension length LS = 40 nm, and Lch = 20 nm are used. Further, supporting
devicemodel libraries are available for simulation alongwith band-to-band tunneling
(BTBT). This models has a quantum phenomenon such as electrons tunneling from
energy band-to-band transition within the device physics. The well-known technique
of bandgap narrowing termed as Shockley–Read–Hall (SRH). It uses fixed minority
carriers life time Fermi–Dirac. Moreover, it is applied to reduce carrier concentra-
tions in heavily doped region. Here, AC analysis has also been performed under the
frequency of 5MHz. The schematic and three-dimensional view of underlap in drain
(DU) of the proposed structure with low spacer width (LSW) is shown in Fig. 1a,
b. The simulation results of transfer curve for drain current of n- and p-type Cyl
GAA-tunnel-FET shown in Fig. 2. The device physical parameters considered are
25 nm gate length with drain voltage of 0.35–1.5 V.

The simulation result and device calibration with experimental data of [15] is
shown in Fig. 3. Further, it has high ION (0.83× 10−4 A/µm), low IOFF (2.09× 10−17

A/µm), and an enhanced ION/IOFF (1013) with which low SS of 25.8 mV/decade is
achieved. This is because of placement of low spacer width over the source region
consisting of Ge, which is lowering the fringing field effects and reduces tunneling
barrier width at the source-gate edge. Thus, depletion zone not created results in the
high source channel tunneling at the junction, not inside the body, which leads to
high ION. Similarly, asymmetry in underlap increases the drain-channel barrier width
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Fig. 1 a The simulated cyl-tunnel-FET structure cross-sectional view b shows the three-
dimensional across the z-axis with asymmetric doping and parameters

Fig. 2 ID-VG characteristics for the proposed device at VD= 0.35 V and 1.5 V

and causes the electric field weakening, which does not affect ION. Consequently, it
reduces the rate of tunneling at the drain-channel junction, and thus low IOFF with
steepest SS was achieved and compared with experimental data [16] as shown in
Table 1.

Moreover, with reliability parameters [17], we exercise on a LUT (look up table)
based on the various parameters with step size = 0.01 to form a spice model
file tabulating Ids$ (vgs and vds), $Igs (vgs and vds), cgs (vgs and vds), and cgd (vgs
and vds) parameter properties of the proposed cyl GAA-tunnel-FET. With the help
of Verilog-A device model file, circuit parameters were examined using circuit
simulator tool. Figure 4a shows the inverter based on complementary tunnel-FET,
respectively. Figure 4b demonstrates the simulated voltage transfer characteristics of
inverter consisting of n-tunnel-FET and p-tunnel-FET based on proposed structure,
which shows a similar characteristic as CMOS inverter. The results indicate that the
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Fig. 3 Calibration of our simulation result with experimental data of [15]

Table 1 Device design
parameters of different
tunnel-FET structures

Performance
parameters

This work Moselund et al.
[16]Vdd = 0.35 V Vdd = 1.5 V

ION (A/µm) 0.83 ×10−4 3.8 ×10−4 0.3 ×10−6

IOFF (A/µm) 2.09 ×10−17 3.43 ×10−15 9.2 ×10−13

ION/IOFF 0.39 ×1013 1.1 ×1011 1 ×107

SS (mV/dec) 25.8 28.3 90

Fig. 4 Circuit performance a Cyl GAA-tunnel-FET-based inverter circuit with load capacitance
(CL). b Voltage transfer characteristics of CMOS inverter based on the proposed device
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proposed device can be utilized to implement the circuits for low yield power appli-
cations. We extended our analysis by applying the CCVD using the proposed device,
as discussed in the subsequent sections.

3 Cross-Coupled Voltage Doubler Based on Cyl
GAA-Tunnel FET

With our proposed device of low bandgap material, we designed the CCVD circuit
and investigated the performance. The CCVD based on the proposed structure
produces superior transient and DC feature due to low depletion barrier width and no
formation of depletion zones across source channel junction and increased depletion
resistance for the drain and channel junction attributed as the cause of underlap in
drain.

Figure 5a shows the circuit of CCVD based on Cyl GAA-tunnel-FET. In the
circuit, T1 and T3 are the two transistors based on the proposed tunneling device
forming the first inverter, whereas T2 and T4 form the second inverter for the cross-
coupled operation. These two inverters are connected in cross-coupled mode, and
storing nodes are connected with the charging capacitors. Here C1 and C2 are the
two flying capacitors, and CL is the load capacitor.

The switches Q1 and Q2, which can close and open the capacitors controlled by
the two-phase non-overlapping clock, are shown in Fig. 5b. The operating frequency
is set as 50 MHz for the non-overlapping clock signal. These clock signals must
operate in the break-before-make fashion to reduce the shoot-through current during
switching. In the steady state, the transistors are operated in the linear region.

Fig. 5 Design of
cross-coupled voltage
doubler (CCVD) a schematic
diagram and b control
scheme of the proposed
circuit
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In the first phase,when switchQ1 isON,T2 willON, andT4 will comeunder cutoff
mode. Meanwhile, Q2 is OFF, and charge voltage across C2 causes the transistor T3

to be ON. In this circuit, C2 is charged by Vin voltage and Q2 will also charge by
Vin voltage through transistor T2, and therefore C2 voltage will be Vin + Vin. At the
same time, T3 is ON, and it passes output voltage through the C1 capacitor to the RL.
Significantly, switch Q2 is ON, it makes T1 ON and T3 OFF, leading to the charging
of capacitor C1 through additional voltage Vin and T4 is ON through Q1 that passes
the C2 charge to the output that is 2Vin. The charging and discharging depend on the
capacitance and ON currents of the transistors.

Further, in the proposed design, we can simplify the analysis for a two-phase
non-cross triggering signal in order to ensure that the duty cycle should be below
50%. During the steady state for complete a clock cycle, the charges supplied by the
power supply must be equal to the charges delivered to the load. Because the load
current (IL) is >0, the computation of charges provided in one clock cycle is given
by QT = IL × T, where T is the time signal. The capacitors can be converted to the
fly capacitors CFC1 and CFC2. The driving current (ID) of the output is near to IL.
Moreover, the current across the device has two parts, which are defined as capacitor
charging current (IC) and load current IL.

4 Results and Discussions

The proposed CCVD based on GAA-tunnel-FET was simulated and implemented
at 25 nm channel length. In this design, each of the flying capacitors C1 and C2 are
10 pF, and the load capacitor (CL) is 1000 pF. The two auxiliary capacitors are 5 pF.
The output voltage of the proposed design concerning time for the different values
of input voltage while keeping the fixed value of load resistance (RL) of 80 MΩ is
shown in Fig. 6. From the results, we observe that the settling time decreases as the
input voltage increases. The observed settling times are 150.4 ms, 72.9 ms, 60.5 ms,

Fig. 6 Transfer characteristics for the output voltage of the CCVD design for five different values
of input voltage (V in)
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Table 2 The output voltage
of CCVD based on MOSFET,
FinFET and our work for
different supply voltages

Input supply Vdd
(V)

Output voltage (V)

MOSFET FinFET Tunnel-FET

1.00 1.90 1.91 1.98

1.25 2.35 2.40 2.65

1.50 2.56 2.75 2.89

1.75 3.10 3.27 3.28

2.00 3.53 3.40 3.89

Fig. 7 Transient response of the CCVD for the fixed value of load resistance (RL) with non-
overlapping control scheme

50.76 ms, and 43.4 ms for input voltages of 1 V, 1.25 V, 1.5 V, 1.75 V, and 2 V,
respectively. Moreover, the peak output voltage without load is 3.89 V, which is
97.25% of the ideal output voltage. Table 2 shows the values of the output voltage of
CCVD for five different values of input voltage, such as 1 V, 1.25 V, 1.5 V, 1.75 V,
and 2.0 V for the case of MOSFET, FinFET, and our work, i.e., tunnel-FET.

Further, Fig. 7 shows the characteristics of the output voltage of the proposed
CCVD design concerning time for the fixed value of RL along with non-overlapping
clock signals. It shows that the process of input voltage modulated with clock signals
and capacitors are used to double the input voltage after the minimum clock pulse
count. Figure 8 shows the efficiency of the proposed design under different RL for
various values of drain voltage. As the design is dedicated to low-power applications,
the load sweeps from 60 to 80 M Ω.

The proposed design performs better than other designs when the RL is approx-
imately 75 MΩ. In this regard, a comparison of output voltage concerning Vin is
analyzed for the proposed design based on TFET and MOSFET, as shown in Fig. 9.
For a fair comparison of both the designs, we have used the same design parame-
ters, such as flying capacitors, output capacitors, and the non-overlap clock signals.
Results indicate that the CCVD based on proposed Cyl GAA-TFET performs well
as compared to the MOSFET-based design. Based on the above discussions, the
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Fig. 8 The efficiency of the proposed design for varying RL under different values of drain voltage

Fig. 9 Performance parameters of the CCVD design, the comparison of transfer characteristics of
output voltages for the proposed design based on TFET and MOSFET

designed voltage doubler would be more beneficial for the IoT system deployed at
remote locations.

5 Conclusion

In this paper, an energy-efficient CCVD based on asymmetry of underlap (AU) Cyl
GAA-TFET with improved reliability has been investigated systematically in terms
of device circuit co-design performance for IoT perspective. The presented design
nullifies the reversion leakage current and improves high driving capability using
two non-overlapping clock signals on the transistors based on the BTBT mechanism
with optimized device physics. In short, it would be concluded that the proposed
design based on low yield power is energy efficient, simple in fabrication, cost-
effective, and implemented on a 25 nm technology node. The simulation results and
comparison conclude that optimum power efficiency of the proposed designmodel is
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95.4%. Moreover, circuit not needed extra components such as power FETs, buffers,
or extra capacitor. It produces low leakage current, high driving current, and life
performances compared to the latest report. Thus, in the future, the proposed design
would be beneficial in a multiple-stage implementation for the system’s low yield
power module on chip applications due to low yield power and a small area with
improved efficiency at the same time.
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Impact of Channel Epilayer Induced
Corner-Effect on the Sensing
Performance of a Unique PTFET-Based
Biosensor (Epi-PTFET-Biosensor)

Sanu Gayen, Suchismita Tewari, and Avik Chattopadhyay

1 Introduction

Nowadays, bio-sensing, or precisely the in-time detection of various bio-molecules,
has gained immense importance as well as utmost urgency in day-to-day human life.
This sudden surge in bio-sensing demand in various fields, viz., medical diagnosis,
environment monitoring, etc., coupled with the requirement of sensors, having the
qualities, like quick response time, user-friendliness, cost-effectiveness, and simple
enough for mass production, have perked the interest in the field of interdisciplinary
research, termed as bio-sensing-technology to a great degree [1–3]. The economic
label-free detection along with compatibility with traditional CMOS process-flow
and easy scalability have made the FET-based biosensors a lucrative choice for the
said purpose.

The device miniaturization has been continued since the last few decades in order
to increase package density while keeping the device footprint small enough tomatch
the insane market demand of easy portability interlaced with multi-functionality in a
single system. This leads to the incorporation of the increased number of devices in a
single system, which urges the individual device to consume less and less power and
to work under extremely scaled-down supply voltage and thus, ultimately become
suitable for low-power electronics. Tunnel FET (TFET) devices are the fine match to
fulfill all the above-mentioned criteria having sub-60mV/decade subthreshold swing
(SS) at room temperature [4, 5].

A number of works have been reported earlier, using advanced device architec-
tures, alternative channel materials, etc., in order to enhance the sensitivity of the
TFET-biosensors. However, all of those schemes lead to high cost and high fabri-
cation complexity [6–8]. While incorporating different architectural schemes, ‘L’-
shaped and ‘U’-shaped gated structures have gained lots of popularity, allowing to
use the vertical tunneling feature, hence enhancing the device ON-current. But, the

S. Gayen (B) · S. Tewari · A. Chattopadhyay
Department of Radio Physics and Electronics, University of Calcutta, Kolkata, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
A. Biswas et al. (eds.), Microelectronics, Circuits and Systems, Lecture Notes
in Electrical Engineering 755, https://doi.org/10.1007/978-981-16-1570-2_8

81

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-1570-2_8&domain=pdf
https://doi.org/10.1007/978-981-16-1570-2_8


82 S. Gayen et al.

well-known corner-effect (a crowding of electric field lines, both in horizontal as
well as the vertical direction, at the corner point, resulting in a sudden upsurge of
electric field strength at corner region, which gives rise to a certain spike of current
and mainly affects the subthreshold region) imposed by these unique structures and
their impact on device characteristics have seldom analyzed in detail.

In this paper, for the first time, we have introduced an electronic pTFET-based
biosensor,with an inverted ‘L’-shaped (‘ Í’-shaped) channel, by introducing a channel
epilayer beneath the nanogap cavity, and have named the device as epi-pTFET-
biosensor. A detailed investigation has been carried out in order to study the impact
of this epilayer, hence the generated corner-effect by this unique shape, on the sensi-
tivity and detectability performance of the proposed epi-pTFET-biosensor device,
followed by determining the end-point of the nanogap cavity and optimum nanogap-
cavity length for a wide variety of bio-molecules, viz., Protein-G, Ferrocytochrome-
C, Ferricytochrome-C, Myoglobin, and Apomyoglobin. The channel material is
restricted to Silicon to keep the device economic. The device architecture is also a
minor diversion from the standard bulk or SOI architecture, without adding up fabri-
cation complexity. Interestingly, we have found that this subtle, yet effective, archi-
tectural modification has ultimately paid off by turning the undesired corner-effect
into a favorable one by giving improved detectability with satisfactory sensitivity
performance for the proposed epi-pTFET-biosensor device.

Fig. 1 2D schematic of the proposed epi-pTFET-biosensor device
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2 Device Structure and Simulation Scheme

The proposed epi-pTFET-biosensor schematic is shown in Fig. 1. The gate oxide
thickness of the proposed device is kept as 4 nm, for the incorporation of one mono-
layer of Myoglobin or Apomyoglobin, having the highest diameter among all the
aforementioned bio-molecules. A channel epilayer of thickness 10 nm is consid-
ered in our study. A portion of gate oxide is etched (starting from the left most
source/channel junction (at the surface) to slightly beyond the corner of the ‘ Í’-
shaped channel), to make a nanogap cavity. For gate metal, TaN is chosen containing
a work function of 4.15 eV [9]. The doping density of the n-type source and p-type
drain region are considered as 1022/cm3 and 1019 cm−3, respectively.

A numerical device simulator, SILVACO ATLAS [10], is used to simulate the
proposed epi-pTFET-biosensor. The model, named, Non-local BTBT (band-to-band
tunneling) is incorporated in the simulation to capture the spatial change within the
energy bands. The Non-local BTBT model, as applicable to our aforesaid numerical
device simulator [10], incorporates a sophisticated tunneling transmission (TWKB)
followingWKB (Wentzel–Kramers–Brillouin) approximation [11], computed accu-
rately based on the actual potential profile variation throughout the tunneling barrier
rather than by assuming constant or average electric field along that path. The
complex band structure inside the forbidden energy gap, as well as the ellipticity,
along with the dual electron/hole behavior of tunneling carriers can be absorbed
in mt by setting it almost equal to 0.7mr [11], where mt and mr are the tunneling
effective mass and reduced effective mass, respectively, which ultimately leads to
the tunneling transmission as [11]

TWK B = exp

[
− π

qF

√
(0.7mr)

2�
E3/2
g

]
(1)

where � stands for the reduced Planck constant, q stands for the elementary charge,
F stands for the electric field in the transition region from tunnel-source to tunnel-
destination, Eg stands for the bandgap of the semiconductor, mt = (0.7 mr) is the
“tunneling effective mass”, and mr is the “reduced effective mass”. Additionally,
Auger and SRH (Shockley–Read–Hall) models are invoked to capture the effect
of carrier recombination and generation. Bandgap narrowing model is integrated to
incorporate the high concentration of doping and finally, the field (lateral as well
as longitudinal)-, concentration-, and temperature- dependent mobility is modeled
by invoking CVT Lombardi mobility model. FD (Fermi–Dirac) statistics is used all
through the simulation.
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Fig. 2 Transfer
characteristics comparison
between the simulated
pTFET device and the
experimentally fabricated
device [12]

-3 -2 -1 0
10-15

10-13

10-11

10-9

10-7

10-5

 Experimental
  Simulation

I D
  (

A
/µ

m
)

VGS (V) 

VDS=-1.6V

3 Model Calibration

At first, the validation of our simulation scheme has been done against the charac-
teristic of an experimentally fabricated pTFET device of Ref. [12]. The simulated
device architecture, dimensions, as well as materials are chosen exactly the same as
in the case for the reported fabricated pTFET [12]. Figure 2 demonstrates a compar-
ison between the transfer characteristics of the device in Ref. [12] and the simulated
pTFET device. Clearly, the simulated characteristics tally with that of the experi-
mental characteristics of the device in Ref. [12] in an excellent manner, as is evident
from Fig. 2, confirming the genuineness of the basis of our simulation.

4 Results and Discussion

The successful recognition of bio-molecule(s) through some equivalent identified
electronic or material parameters, using which an alteration or deviation of device
characteristics takes place, indicating the presence of the bio-molecule(s), is the
essence of electronic bio-sensingmechanism. In this study, the dielectric constant (k)
of bio-molecule(s) is identified as the equivalent material parameter, and throughout
the study, each type of bio-molecules, with its specified diameter and k-value [13],
is modeled as an insulator. This section is subdivided into two parts. In the first
part, the end-point of the nanogap cavity is determined, by exploring the elec-
tric field profile along the channel (considering the corner-effect) of the proposed
epi-pTFET-biosensor device. In the second part, a rigorous analysis of sensitivity
parameters of the proposed device has been studied, followed by determining the
optimum length-window of nanogap cavity (OLW(ncavity)) for five different types
of bio-molecules, and detectability (D) [i.e., minimum number of bio-molecules
required for detecting its presence], for all the five aforementioned bio-molecules.
Table 1 has tabulated the information regarding the above-mentioned bio-molecule
diameters and corresponding dielectric constant values [13].
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Table 1 Different parameters
of the bio-molecules [13]

Types of
bio-molecules

K-value Diameter
(nm)

Protein-G 4.0 2.66

Ferrocytochrome-C 24.0 3.30

Ferricytochrome-C 3.4 3.18

Myoglobin 3.5 4.00

Apomyoglobin 6.0 4.00

4.1 Determination of the End-Point of the Nanogap Cavity

Figure 3a shows the device schematic without the nanogap cavity. Figure 3b shows
the electric field profile along the horizontal cutline (BB′), shown in Fig. 3a. It is
observed that there is a sudden rise of electric filed, at the mid-portion of the channel.

This may be attributed to the fact of the crowding of electric field lines due to the
corner-effect, at the sharp down-right corner of the ‘ Í’-shaped channel. This sharp
rising of the electric field, in the mid-portion of channel (~5 nm on both sides of the
corner point, with a peak value at the corner point) makes that region highly sensitive
against any kind of external stimulant. It is expected that any kind of modification of
the k-value of gate oxide will affect that sensitive zone a lot more than that for the rest
of the channel region. This makes the aforementioned region most appropriate for
the sensing purpose. Based on this concept, the right end-point of the nanogap cavity,
required for capturing the bio-molecules, has been chosen at the right side of that
corner point by a distance equal to twice the highest diameter of the bio-molecules,
covering the entire sensitive zone, as is shown in Fig. 1, so that the incorporation of
a few numbers of bio-molecules in the cavity above that sensitive zone gives rise to
an appreciable change in the targeted output parameters, accelerating the detection
procedure and hence helping to improve the corresponding detectability.

Fig. 3 a Device schematic without the nanogap cavity, b corresponding electric field profile along
BB′
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4.2 Detectability and Sensitivity Study of the Proposed
Epi-PTFET-Biosensor Device

In this exploration, the slope-change and shift of the device characteristics, due to the
existence of the bio-molecule(s) in the nanogap cavity have been taken into account,
and based on those phenomena, the following five sensitivity parameters have been
chosen for further performance analysis, viz.,

(a) Threshold voltage shift

[�Vth] = Vth(Empty cavi t y) − Vth(bio−molecules) (2)

(b) Threshold voltage sensitivity

[S(Vth)] = Vth(Empty cavi t y) − Vth(bio−molecules)

Vth(Empty cavi t y)
× 100% (3)

(c) Drive current shift

[�IDS] = IDS(Empty cavi t y) − IDS(bio−molecules) (4)

(d) Drive current sensitivity

[S(IDS)] =
[
log10 IDS(Empty cavi t y) − log10 IDS(bio−molecules)

]
log10 IDS(Empty cavi t y)

× 100 (5)

(e) Subthreshold swing sensitivity

[S(SS)] = SS(Empty cavi t y) − SS(bio−molecules)

SS(Empty cavi t y)
× 100 (6)

In the parameters, defined in (c) and (d), IDS(Empty cavity) denotes the current at VGS

= {Vth(Empty cavity) + (0.67)×VDD} for empty cavity and IDS(bio-molecules) is the current
at the aforementioned value of VGS after the addition of bio-molecule(s). Figure 4a–
e shows the set of transfer characteristics with the number of bio-molecules as a
parameter, for each type of bio-molecules. In each case, it is observed that with
the addition of bio-molecules, one by one from the right end-point of the nanogap
cavity, the transfer characteristic shifts slowly toward the right, hence decreasing the
corresponding device threshold voltage or a right-shift of Vth has been observed.
The degree of this shifting decreases gradually as the number of bio-molecules is
increased, and ultimately, after adding a certain number of bio-molecules in the
nanogap cavity, the characteristics are seen to overlap with its immediate previous
one, and further incorporation of bio-molecules does not shift the characteristic
anymore. This is termed as shift-saturation case. This may be attributed to the fact
that, as long as the position of the bio-molecules in the nanogap cavity falls right
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Fig. 4 The epi-pTFET-biosensor device—characteristics (transfer) of the conjugated bio-molecules
[a Apomyoglobin, bMyoglobin, c Protein-G, d Ferricytochrome-C, e Ferrocytochrome-C] and of
empty cavity with the number of the bio-molecules as a parameter

above the previously discussed sensitive zone or corner-field zone of the channel,
the presence of even just one molecule results in a sharp increase in the corner-field
resulting an upsurge in hole tunneling (combined effect of vertical and horizontal
tunneling) rate from source to channel in that corner region. This shifts the entire
characteristics toward the right, decreasing the corresponding Vth. With the addition
of each bio-molecule, the position of the new one in the nanogap cavity is shifting
away from the right end-point of the cavity, moving through the sensitive zone,
and ultimately crossing the region. In each step of such bio-molecule addition, the
impact of the newmolecule on the device characteristic gradually decreases, causing
a gradual decrement of right-shift of the characteristics, and ultimately achieving
shift-saturation condition. This phenomenon is reflected from Fig. 5a, b, showing the
corresponding electric field profiles, along with the hole tunneling rate for Apomyo-
globin and Ferrocytochrome-C (along the horizontal line AA′ in Fig. 1). A similar
trend has been followed in the case of the rest of the bio-molecules. The five afore-
mentioned sensitivity parameters are extracted for each type of bio-molecules and are
tabulated in Table 2. Based on that, the minimum cavity length (LC(min)) in each case
is determined. Interestingly, it has been found that for each type of bio-molecules,
only one number of the correspondingmolecule is enough to give ameasurable value
of all the five sensitivity parameters. This leads to enhanced detectability of the bio-
molecules by the proposed epi-pTFET-biosensor device, requiring only onemolecule
of each type of bio-molecules for successful detection. It is to be further noted that, in
each case, this initial shift, for each type of bio-molecules, well surpasses the corre-
sponding change (in value) due to input (gate) voltage fluctuation (aroundVGS =Vth)
by a couple of order of thermal voltage, and thus preventing any sort of false detec-
tion by minor thermal fluctuation. This ensures the reliability and hence stability of
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Fig. 5 Electric field profiles and tunneling rates of epi-pTFET-biosensor device along AA′ for
empty cavity and for [aApomyoglobin,bFerrocytochrome-C]with the number of the bio-molecules
as a parameter

the proposed epi-pTFET-biosensor device against thermal noise. Hence, to cover the
detection of the entire range of five types of bio-molecules, the minimum nanogap-
cavity length should be equal to [D × (diameter of the largest bio-molecule)], which
happens to be 4 nm. With the addition of further bio-molecules of each type, all five
sensitivity parameters are observed to be increased, although the degree of incre-
ment decreases with each addition, and ultimately it becomes non-significant or
what we have termed as achieving shift-saturation condition. It is observed that
for each type, adding beyond five molecules, does not give any significant change,
especially in the case of �Vth and S(Vth) parameters. Thus, the five number of
molecule, of each type, is considered as the attainment of shift-saturation and the
corresponding cavity length (5 × diameter of bio-molecule) is considered to be the
maximum limit of the nanogap cavity and is termed as shift-saturation cavity length
(LC(shift-sat)). Thus, an optimum length-window of the nanogap cavity (OLW(ncavity)),
considering the detectability factor as well as the shift-saturation case to incorporate
increased sensitivity values, can be defined for the error-free and successful detection
of the wide variety of the aforementioned bio-molecules. This parameter is tabulated
in Table 2 as well. The minimum limit of OLW(ncavity) is the highest LC(min) and
the maximum limit is the highest LC(shift-sat) of all the five types of bio-molecules,
respectively. Table 3 shows a comparison between the detectability, offered by the
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Table 3 Comparison of detectability (D) between the biosensor device of this work and that of the
work in [14]

Name of the
bio-molecules

Detectability (D)

Proposed epi-pTFET-biosensor Traditional SOI pTFET sensor device
[14]

Apomyoglobin 1 2

Myoglobin 1 2

Protein-G 1 3

Ferricytochrome-C 1 3

Ferrocytochrome-C 1 3

proposed epi-pTFET-biosensor device, as opposed to a more traditional, purely SOI
pTFET sensor device [14]. From the comparison, it is clearly seen that our proposed
epi-pTFET-biosensor device outperforms the traditional sensor device by a great
degree, for each type of bio-molecules, claiming its absolute superiority from the
detectability point-of-view. This leads to the reduction of the minimum length of
nanogap cavity by two times in the case of Myoglobin and Apomyoglobin and three
times in case of Ferrocytochrome-C, Ferricytochrome-C, andProtein-G, respectively,
for the proposed epi-pTFET-biosensor device over the equivalent conventional SOI
pTFET sensor device, leading to reduced device footprint and ultimately, establishing
the triumph of the introduced subtle, yet effective, architectural modification of the
proposed device.

5 Conclusion

In this paper, a unique epi-pTFET-biosensor device has been proposed and a rigorous
analysis, regarding the performance of the aforementioned device in the sensory
domain, has been carried out in terms of five different sensitivity parameters, and
based on that analysis, the detectability and an optimum length-window of nanogap
cavity for the detection of all the discussed bio-molecules have been determined.
Interestingly, it has been observed that the corner-effect, usually proved to be unde-
sired, here, actually comes to the aid of the proposed sensor device in enhancing
its detectability to a great degree, compared to its equivalent traditional SOI pTFET
sensor device, for a wide range of bio-molecules.
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Performance Comparison of III–V
and Silicon FinFETs for Ultra-Low
Power VLSI Applications

Ankit Dixit, Dip Prakash Samajdar, Vibhuti Chauhan, and Navjeet Bagga

1 Introduction

Since the last few decades, miniaturization of the device technology is one of the
biggest challenges for the researcher to upholdMoore’s law of scaling [1] and thus to
continue follow this era of ‘More thanMoore’ [2, 3]. Numerous novel device physics
and geometricalmodifications in the device have been timely proposed. Tunnel Field-
Effect Transistor (TFET) [4], Impact IonizationMOS (IMOS) [5, 6], and Junctionless
FET [7] are some innovative efforts in this domain which were proposed and carried
out by researchers. Planar silicon process technology also reached its saturation and
therefore the inclusion of new device material has been investigated and proposed
as switching transistors [8, 9]. Among new channel material, III–V compound semi-
conductor (SC) has great potential because of having high mobility and the property
to tune the bandgap by changing the mole fraction of the compounds [10–12]. In the
available literature, many experimental and simulation results of InGaAs-FinFET
[13, 14] and InAs [15, 16] have been discussed solely which claims the potential
of the promising candidacy for III–V SC in future FinFET technology. However, a
suitable comparison of employing III-V SC over conventional silicon as a channel
material is still missing. In this paper, DC and RF performance is investigated for
both group IV (Silicon) and III–V (InAs and InxGa1–xAs) as a channel material in
FinFET. The paper is organized as follows: in Sect. 2, the device structure and simu-
lation framework are discussed. Section 3 discusses the acquired results of our study
and finally, Sect. 4 summarizes the paper.
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2 Device Structure and Simulation Framework

Figure 1 shows a three-dimensional (3D) view of FinFET of silicon-on-insulator
(SOI) configuration adopted for this study. In this work, a commercially available
Sentaraus TCAD tool is used for numerical simulations [17, 18]. All the simulation
has been carried out for gate length (LG) 22nm, Fin height (HFIN) 30nm, and Fin
Width (WFIN)of 10nm. InTri-Gate devices likeFinFFET, the drain current is directly
proportional to the effective device width which is the sum of twice of fin height and
fin width. Titanium Nitrate (TiN) is used as a gate contact due to its low resistivity
and silicon nitrate (Si3N4) is used as a spacer between the source/drain (S/D) pad
and the gate to reduce the strain effect in the device. High-k material (HfO2) with
dielectric constant ( 1) of 22 has been considered as a gate dielectric to increase the
gate controllability and reduce the probability of gate tunneling current.

Device simulations have been performed using Low-Doped Drain (LDD) archi-
tecture to reduce the effect of a high electric field near the junction [19]. Table 1
enlists the material properties of III–V SC and silicon at 300 K [17]. The default

Fig. 1 A three-dimensional view of FinFET device based on SOI configuration

Table 1 Electrical parameters of different materials at 300 k

S. no Parameter Silicon InAs InxGa1–xAs (x = 0.53)

1 1 11.70 14.55 13.90

2 μnmax (cm2V−1 s−1) 1.417 × 103 2.26 × 104 1.59 × 104

3 μpmax (cm2V−1 s−1) 4.705 × 102 2.50 × 102 3.20 × 102

4 Eg (eV) 1.169 0.415 0.718

5 ni (cm−3) 1.5 × 1010 1 × 1015 6.3 × 1011
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Table 2 Parameters used in simulations

S. no Parameter Symbol Value

1 D/S Doping (cm−3) ND 1 × 1020

2 Channel Doping (cm−3) NA 1 × 1016

3 Drain Length (nm) LD 10

4 Source Length (nm) LS 10

5 Channel Length (nm) LG 22

6 Fin height (nm) HFIN 30

7 Fin width (nm) WFIN 10

8 Substrate Thickness (nm) tSUB 10

9 BOX Thickness (nm) tBOX 15

10 Gate Oxide Thickness (EOT)(nm) tox 1

11 Spacer Thickness (nm) tsp 2

12 Gate Work Function (eV) ϕG 4.52

values of device dimensional parameters used in this study are mentioned in Table 2,
unless stated otherwise. In our simulation framework, we have used drift–diffusion
models, doping dependence mobility models along with Augur and SRH recombina-
tion models. In addition, radiative recombination models have also been considered
for III–V materials. Our simulation models are well-calibrated with the reported
experimental data [20] for low and high drain to source (VDS) values as shown in
Fig. 2.

3 Results and Discussion

To investigate the DC behavior of the device, transfer characteristics (ID-VGS) are
plotted for distinct channel material employed in FinFET as depicted in Fig. 3. A
negative threshold voltage for InAs/ InGaAs and a positive threshold voltage for
silicon are observed. III–V materials are having a low bandgap which can causes
a high leakage current in the device and in turn provide a low ON to OFF current
(ION/IOFF) ratio. Whereas, due to higher mobility, the ON current level is high as
compared to conventional silicon. Therefore, III–V material-based devices suffer
from poorer subthreshold slope (SS) and result in an inadequate strength to adopt
these materials over silicon technology. However, due to the lower threshold voltage
in III–V material-based devices, a maximum value of transconductance has been
obtained at smaller gate voltage as depicted in Fig. 4 which results in a higher
intrinsic gain of the transistor and is beneficial in analog applications.

In addition to the analog performances, the radio frequency (RF) analysis of the
device provides a significant improvement in the performance of the device. In III–
V-based FinFET, by applying a positive gate voltage, the channel gets easily depleted
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Fig. 2 Calibration of the simulation framework with reported experimental data [20] for 22 nm
technology

and in turn the inversion layer beneath the channel is formed at lower voltages as
compared to its silicon counterpart. The variation of the charge concentration as a
function of applied gate voltage is shown in Fig. 5. It is clearly observed that for InAs
higher charge concentration has been obtained due to larger intrinsic concentration
in the substrate.

The overall gate capacitance (CGG) is an important parameter to obtain various
figures of merits (FoMs) of RF performance like static and dynamic power dissi-
pation, energy and power delay product, intrinsic delay, and unity gain bandwidth
of the device [21, 22]. Figure 6 illustrates the variation of total gate capacitance
(CGG) as a function of applied gate voltage. It is evident that the lower gate capaci-
tance of III–V-based device improves the switching performance which results due
to lower intrinsic delay, static power, and static energy dissipation as compared to
silicon-based device. Table 3 summarizes the results of DC and RF performance
parameters.

4 Conclusions

In this paper, a tri-gate FinFET is investigated using group IV and III–V material
as a channel material. In comparison to III–V materials, a superior ION/IOFF ratio
is obtained for silicon material due to the higher energy bandgap whereas a higher
value of transconductance is achieved in the case of III–V SC at a lower applied
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Fig. 3 Transfer
characteristics (ID-VGS) of
Tri-gate FinFET for distinct
channel materials
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Fig. 4 Transconductance as
a function of applied gate
voltage in Tri-gate FinFET
for distinct channel material

0.2 0.4 0.6 0.8 1.0

10-5

10-4

10-3

10-2

10-1

100

LG    = 22 nm 

HFin  = 30 nm 

WFin = 10 nm

VDS=0.05 V

  InAs
 InXGa1-XAs
 Si

Tr
an

sc
on

du
ct

an
ce

 (m
S)

Gate Voltage (Volt)

gate voltage. Analog performance metrics are compared for distinct materials which
clearly depicts that reduction in the total gate capacitance for InGaAs and InAs
materials is about 42% of its silicon counterpart. RF performance metrics such as
Power dissipation, energy dissipation, and intrinsic gate delay (τ) are superior in III–
V material-based devices, and a maximum value of unity gain bandwidth (UGB) of
270 GHz is achieved in the InGaAs whereas a maximum value of transconductance
generation factor (TGF) of about 2.60 is obtained for the silicon-based device. The
results indicate that III–V materials are having good potential for ultra-low power
application whereas the DC performance of material can be further improved by
advanced process technology.
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Fig. 5 Gate charge
concentration as a function
of applied gate voltage of
Tri-gate FinFET for distinct
channel material
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Fig. 6 Total Gate
Capacitance (CGG) as a
function of the applied gate
voltage of Tri-gate FinFET
for distinct channel material
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Radiation Tolerant Memory Cell
for Aerospace Applications

Pawan Kumar Sahu, Sparsh Koushik, Shashank Kumar Dubey,
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1 Introduction

The dimensions and voltage level of present-day electronic circuits have reduced
drastically, this decrease in operation voltage and smaller size of these devices have
increased their sensitivity to radiation [1]. Such electronic systemswhenused in space
applications require robustness against radiation. There are many effects of radiation
that range fromdataflipping to permanent device failure.Memory circuit, particularly
static random access memory, is an integral part of all space electronics equipment
(i.e., Command and Data-handling Systems) that process critical data. Therefore,
there is a dire need for PVT variation-aware and radiation-hardened memory circuit
for aerospace applications. Radiation-induced soft errors such as single-event effect
(SEE) or total ionizing dose (TID) cause a significant threat to the reliability of elec-
tronic systems. SRAM circuits are more sensitive to soft-error rate due to SEE. In
modern electronic computer chips, the density of SRAM is large for high perfor-
mance, resulting in an increased soft-error rate (SER) [2]. SRAM cells occupy more
than half of the chip area of modern-day high-performance ICs. As CMOS tech-
nology is scaled, the spacing between the transistors is reduced. This makes multiple
transistors susceptible to the charge deposited from a single particle causing single-
event–multiple-node upsets [3]. This encourages the need for soft-error resilient
SRAM cells that can function even under extreme radiation conditions.

SRAM is critical to the speed of any processor, as it is used as cache memory
in almost all the processors in electronic equipment. The performance characteris-
tics of SRAM cell is desired to be superior for the design of high-speed processors.
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Radiation-hardenedSRAMcells are also important for terrestrial applications. Some-
times in terrestrial applications also the packagingmaterial of the chipmay give away
radiation, this radiation may cause SEU in the chip. Hence in terrestrial applications
also for highly reliable circuits, we require radiation-hardened cells.

A variety of structures have been proposed that address the problem of radiation-
induced soft errors. Authors in [4] have proposed two radiation-hardened-by-design
(RHBD) memory cells (PS-10T and NS-10T) by using a stacked structure. However,
thesememory cells cannot provide fully single-event upset (SEU)protection.NS-10T
cell can only recover 0→ 1 SEUwhereas, PS-10T cell has the capability of tolerating
only 1→ 0SEU. In [5], the authors proposed a differential read scheme-based SRAM
cell. 12T Dual Interlocked storage Cell (DICE-12T) was proposed in [6], which
uses dual node feedback control to make it fully immune against SEU on a sensitive
node.However, it is unable to recover single-event–multiple-node upsets (SEMNUs),
which is becoming a more critical reliability issue for emerging nanometer CMOS
technology. The 12-transistor radiation-hardened-by-design (RHD-12T) memory
cell was proposed in [7]. Besides providing SEU immunity on any of its internal
single nodes, it can also provide the SEMNUs immunity to some extent. Another
RHBD-10T cell is recently proposed in [8] to provide area-efficient solution to SEU
immunity. However, its radiation hardness performance in terms of SEMNUs is yet
to be investigated. The previous solutions either show larger area overhead or limited
SEU immunity. Therefore, theymay not be suitable for aerospace applications where
both area-efficient and highly reliable performances are required. In order to limit the
soft error in SRAM, traditionally error-correcting codes (ECC) are used. However,
due to larger area overhead and longer processing time, ECC-protected SRAM is not
suitable for aerospace applications. Hence radiation hardness by design is preferred
for enhanced performance.

The remaining part of the paper has been organized as follows. Section 2 explains
the proposed SPS-10Tmemory cell, SEU recovery analysis, SEMNU recovery anal-
ysis, MEMNU recovery analysis, and the implantation. Section 3 explains the eval-
uation of the different parameters of the proposed cells and comparison cells. This
includes access time evaluation and comparisons, cost comparison, SEU robustness
verification and comparison, stability comparison (read static noise margin (RSNM),
write margin (WM), and hold static noise margin (HSNM)), read power compar-
ison, write power comparison, and hold power comparison. Section 4 contains the
conclusion.

2 Proposed SPS-10T Memory Cell

2.1 Cell Structure and Behavior

The SPS-10T memory cell has four storage nodes VL, Q, QN, and VR. Q and QN
are the output storage nodes, and VL and VR are the intermediate storage nodes. The
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Fig. 1 Proposed SPS-10T
memory cell

transistors N5 and N6 are the access transistors which are connected with the storage
nodes Q and QN, also connected with the bit lines BL and BLB, respectively. The
access transistor is controlled by the word line WL. If the stored node Q is at zero
state for the proposed SPS-10T cell as shown in Fig. 1, then the logic state of QN,
VL, and VR is 1, 1, and 0, respectively.

If the stored node QN is at zero state for the proposed SPS-10T cell, then the logic
state of Q, VL, and VR nodes is at 1, 0, and 1, respectively. This is the complete
scenario for the stable state of this proposed SPS-10T memory cell. The NMOS
transistors N3 and N1 or N2 and N4 are cross-coupled to pass the output storage
node value to the feedback path, and the PMOS transistors P3 and P4 are also cross-
coupled and it is used as a positive feedback which helps to recover the storage node
value at Q and QN. For the case when Q is at logic-1.

(1) In hold mode, the logic state of the word line (WL) is set to be ‘0’ and the
two access transistors N5 and N6 are disabled, and transistors N3, P4, N2, and
P1 are turned ON while N1, P3, N4, and P2 are turned OFF. In this mode,
the storage nodes Q and QN are assumed to hold their values as 1 and 0,
respectively.

(2) Prior to the read operation, the bit lines BL and BLB are pre-charged to
supply voltage to reduce the wakeup time and then for the read operation,
WL is set to be ‘1’ state to enable the access transistors N5 and N6. As
for the ‘read 1’ operation, BL will maintain its original state without being
discharged, but precharged bit line BLB will discharge through N6 and N2 to
GND. While discharging N6 is in saturation and N2 is in the triode region.
The voltage at BLB starts to decrease and the difference of the voltage
between BL and BLB will be amplified by a differential sense amplifier (not
shown) to decipher the stored value in the memory cell. To obtain one proper
read operation (WN1/LN1)/(WN5/LN5) or (WN2/LN2)/(WN6/LN6) should
be properly sized to get good RSNM. Usually (WN1/LN1)/(WN5/LN5) or
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(WN2/LN2)/(WN6/LN6) is greater than 1 so that the voltage at QN should not
exceed the value VQN ≤ VDD − |Vthp| and due to less resistance of N1 and N2,
we are able to get good RSNM.

During the write operation at Q and QN of the SPS-10T memory cell, WL and
BLB are set to ‘1’ while BL is set to be ‘0’. The charged node Q finds a discharging
path through N5. BL pulls down the potential at output storage node Q below the
threshold voltage ofN3 resulting in a switch of the transistorN3,meanwhile transistor
P2 is ON and trying to pull up the node QN, at the same time N6 also tries to pull up
the potential at node QN. Transistors P2 and N6 are trying to pull up the node QN
and N2 is trying to pull it down but the pull strength due to P2 and N6 are in parallel
is more than the pull-down strength due to N2. N2 becomes almost OFF because
as VQ decreases through N5 to grounded BL and hence N3 stops conducting and
VL rises putting P4 OFF and lowering VR. The lower potential of VR puts N2 OFF.
The pull-up ratio (WP1/LP1)/(WN5/LN5) or (WP2/LP2)/(WN6/LN6) is less than 1
even for the same size transistors, considering the PMOS transistor has small carrier
mobility than NMOS carrier mobility. For higher writeability or for a good write
operation, the strength of the access transistor should be greater than that of pull-up
transistor. The write operation is completed when the content is flipped. That is, after
the write operation, the values of the potential of storage nodes Q and QN are 0 and
1. While the potentials of intermediate nodes VL and VR are 1 and 0, respectively.
Strong 0 and 1 at Q and QN are obtained with the help of cross-coupled pull-down
NMOS transistors N3 and N4 and feedback pull-up transistors P3 and P4.

2.2 SEU Recovery Analysis

Taking the case when the state of the sensitive nodes Q, QN, VL, and VR is 0, 1, 1,
and 0, respectively:

(1) When the output storage nodeQ is affected by anSEU, and its potential changes
from 0 to 1, transistor P2 is OFF and transistor N3 is ONmomentarily, as P2 is
OFF, QN is at a high impedance state and its state is kept at logic-1. Meanwhile
N3 is ON and P3 is already ON making the VL node unstable for a while and
its potential is decided by the strength of P3 and N3 as we kept the strength
of P3 more than the strength of N3, so the value of node VL becomes 1 and it
will switch ON the transistor N1, which will help to recover the value at node
Q immediately.

(2) When the output storage node QN is affected by an SEU and its potential
changes from 1 to 0, transistor N4 is OFF and transistor P1 is ON temporarily.
As N4 is OFF, node VR is at a high impedance state and its state is kept at
logic-0. Meanwhile, P1 is ON and N1 is already ON which will make node Q
unstable for a while and its potential is decided by the strength of transistors
P1 and N1, as we kept the strength of N1 higher than that of P1. So the logic
is decided by the pull-down transistor N1 and the value at node Q is 0. It will
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switch ON the transistor P2 again and the node voltage of QN is recovered
back to logic-1.

2.3 MEMNU Recovery Analysis

Multiple events 0 → 1 and 1 → 0 can occur at multiple nodes. Nodes Q and QN
are capable of handling both 0 to 1 and 1 to 0 multiple events simultaneously. First,
we take the case, when the state of nodes Q, QN, VL, and VR is 0, 1, 1, and 0,
respectively.

When the nodes Q and QN change from 0→ 1 and 1→ 0, respectively, transistor
P2 is OFF and transistor N3 is ON momentarily, transistor N4 is OFF and transistor
P1 is ON. As transistor N4 is OFF, VR is at a high impedance state and it is kept at
logic-0. Meanwhile, N3 is ON and P3 is already ON making the VL node unstable
and its potential is decided by the strength of P3 and N3, as we kept the strength of
P3 more than the strength of N3. So the value at node VL becomes 1 and it will again
switch ON the transistor N1 and try to pull down the potential at Q to zero but P1 is
also ON due to upset at QN from 1→ 0, so the potential at node Q is now decided by
the strength of P1 and N1 and as we kept the strength of N1 more than the strength of
P1, node value of Q becomes 0 and it will switch ON the PMOS transistor P2 which
will help to recover the value at node QN. In this way with the help of feedback
transmitters P3 and P4, the node voltages of Q and QN are recovered very fast. Thus,
the proposed SPS-10T is capable enough to handle simultaneous upset at both the
output-sensitive nodes Q and QN.

2.4 Implementation

The proposed SPS-10T memory cell operated at nominal voltage 1.2 V. This
cell is implemented in 22-nm CMOS Technology. The layout of the proposed
cell SPS-10T is shown in Fig. 2. The cell ratio (WN1/LN1)/(WN5/LN5) or
(WN2/LN2)/(WN6/LN6) is set to be 2.4 for better read stability. The pull-up ratio
(WP1/LP1)/(WN5/LN5) or (WP2/LP2)/(WN6/LN6) is set to be 1.2. The second
pull-up ratio (WP3/LP3)/(WN3/LN3) or (WP4/LP4)/(WN4/LN4) is set to be 4.5 for
providing better feedback and easy recovery of the storage nodes Q and QN. All the
simulations are performed using SPICE. Double exponential current is also modeled
in the SPICE which mimics the same upsets as occurred in the SPACE.
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Fig. 2 Layout of the proposed SPS-10T memory cell

3 Simulation Results and Discussion

3.1 Access Time Comparison

The read access time (TRA) is measured as the time taken for the voltage of BLB line
to fall by 50 mV in the read condition, and this time measurement starts from the
time whenWL starts to be asserted. The simulation setup for the read condition is as
follows: the BL and BLB line are pre-charged to 1, the storage nodes Q and QN are
pre-charged to 1 and 0, respectively, and the WL is swept from 0 to 1. This value of
50-mV is chosen because this is the typical value required by the sense amplifier to
conclusively detect a level. The read access time depends on the access transistors.
More the current through access transistors, the lesser the access time. This current is
dependent on the sizing of the access transistor and the pull-down transistor. Bit-line
loading also affects the read access time.

Write access time is measured as the time taken for the voltage of QN node of
the given SRAM to reach 90% of the VDD in the write condition, and this time
measurement starts from the time when WL starts to be asserted. The simulation
condition for write condition is as follows: the BL is connected to GND and BLB
line is connected to VDD, the storage nodes Q and QN are pre-charged to 1 and 0,
respectively, and the WL is swept from 0 to 1.
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Fig. 3 Plot of a TRA and b TWA of proposed and comparison cells with VDD

The TRA and TWA for the proposed structure were calculated at the supply voltages
of 1.08, 1.12, 1.2, 1.26, and 1.32 V. The supply voltage of design is 1.2 V. The other
values of supply voltage used are to account for supply voltage variation by 5 and
10%. Similarly, TRA and TWA have been calculated for all the comparison structures
namely 6T, PS-10T, RHBD-10T, NS-10T, RHD-12T, and UTSC-12T at these five
voltage values. The values of TRA and TWA of all these structures at the different
supply voltages can be seen in Fig. 3a and b, respectively.

The TRA as shown in Fig. 3a increases for all the structures as the supply voltage
decreases. This can be easily explained as lower supply voltage means lower current
and hence larger time to discharge the bit-line capacitance. The TRA of the proposed
cell is found to be 200 ps at the proposed supply voltage of 1.2 V. The TRA for
the comparison cells are as follows: 200 ps for 6T, 770 ps for PS-10T, 230 ps for
RHBD-10T, 260 ps for NS-10T, 220 ps for RHD-12T, and 240 ps for UTSC-12T.
It can be seen that the TRA of the proposed cell was found to be the shortest among
the structures that support single-event upset resistance. It can be noticed that the
proposed SPS-10T has comparable TRA with RHBD-10T, NS-10T, RHD-12T, and
UTSC-12T.

The TWA as shown in Fig. 3b increases for all structures as the supply voltage
decreases. The reason is the same as that for TRA. The TWA of the proposed cell is
found to be 1100 ps at the supply voltage of 1.2 V. The point to note is that the TWA

is higher for the proposed cell as compared to the existing cells. This is due to a
longer feedback path. A higher TWA also signifies the most robustness against data
flipping due to radiation. This can be considered as a tradeoff between the radiation
tolerating capacity and TWA.
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3.2 SEU Robustness Comparison

SEU robustness was verified by using a double exponential current source. A double
exponential current source was injected at the sensitive nodes, and this was done
to simulate the radiation strike or single-event upset at these nodes. These sensitive
nodes are characterized as the nodes which are reverse biased [1].

To check the relative stability of the different structures to a single event, we
checked the maximum current the circuit can tolerate before the stored data changes.
The maximum value of the peak current for which the proposed SPS-10T operated
correctly is 0.956 mA. This maximum current tolerance for the different comparison
cells is as follows: 72.8 µA for PS-10T, 110 µA for RHBD-10T, 82.45 µA for
NS-10T, 449 µA for RHD-12T, and 71.1 µA for UTSC-12T.

3.3 Stability Comparison

The RSNM,WM, and HSNM for all the cells at the five voltages have been shown in
Fig. 4a, b, andFig. 5, respectively. Thefigure also contains the variation of theRSNM,
WM, and HSNM with voltage. It can be observed that the RSNM increases with a
decrease in voltage. This can be attributed to the low current, since lower current
makes the data flipping more difficult. The RSNM and HSNM were calculated by
using the butterfly plot of the SRAM cell [9].

TheRSNMfor the proposed SPS-10Twas found to be 99mVat the supply voltage
of 1.2 V. The RSNM of the comparison cells as obtained at 1.2 V supply voltage is
as follows: 40 mV for 6T, 80 mV for PS-10T, 98 mV for RHBD-10T, 75 mV for
NS-10T, 100 mV for RHD-12T, and 98 mV for UTSC-12T. In comparison to other
cells, the read static noise margin of the proposed cell was found to be the maximum

Fig. 4 Plot of a RSNM and b WM of proposed and comparison cells with VDD
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Fig. 5 Plot of HSNM of
proposed and comparison
cells with VDD

for all of the comparison cells except RHD-12T, and the RSNM of RHD-12T is high
by a very small margin of 1 mV. Hence it can be concluded that the RSNM of the
proposed SPS-10T SRAM cell is superior or comparable to all the comparison cells.

The HSNM for the proposed cell SPS-10T was found to be 230 mV. The HSNM
of the comparison cells as obtained at 1.2 V supply voltage is as following: 230 mV
for 6T, 140 mV for PS-10T, 235 mV for RHBD-10T, 170 mV for NS-10T, 360 mV
for RHD-12T, and 180 mV for UTSC-12T. As it can be observed, the HSNM for the
proposed cell is not the best among the comparison cells but it is comparable to the
values of the best performing circuit.

The write ability is a measure of the ability of the SRAM to undergo a write
operation, i.e., data being flipped in the stored nodes. Although traditionally write
static noise margin (WSNM) was used for this purpose, however, recent studies have
shown that WM provides a more reliable measure of an SRAM cell’s write ability
[10]. By definition, WM is measured as the voltage difference between VDD andWL
when the storage nodes ‘Q’ and ‘QN’ flip [10].

Figure 4b shows the WM of the comparison cell and the proposed cell at the
different supply voltages. The WM of the proposed cell was found to be lower than
the comparison cell. This is attributed to the same logic as that for the proposed
cell getting a poor TWA. The stronger the feedback and the stronger the radiation
tolerance, the difficult it is to write in that cell.

4 Conclusion

This paper presents a highly radiation-tolerant 10-transistor SRAM cell. The radia-
tion tolerating capacity of the proposed cell is very high as compared to any other
existing cell. The minimum charge required to change the data of the proposed cell
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is significantly higher than any other previously proposed cells. The area of the
proposed cell is similar to most existing cells. The power requirement of the cell is
also reasonably low and comparable to other cells. The read static noise margin of
the transistor is superior to almost all preexisting structures. The hold static noise
margin is also similar to comparison cells. Although the write ability is not good
but this is a tradeoff between higher radiation tolerance and write ability. Hence we
can conclude that the proposed SPS-10T cell is suitable for a very high radiation
environment where there is a possibility of tolerance in write access time.
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A Highly Reliable
and Radiation-Hardened Majority
PFET-Based 10T SRAM Cell

Aakansha, G. S. Namith, A. Dinesh, A. Sai Ram, Shashank Kumar Dubey,
and Aminul Islam

1 Introduction

The aerospace market in India is estimated to reach around $70 billion by 2030. One
of the major components used in it is memory. SRAM cell is used for cache memory,
which occupies 90% of the chip area. The smallest transistors that are sensitive to
process variations are required. The PVT (Process, Voltage, Temperature) variations
affect the device threshold voltage (V t), which in turn modifies the drain to source
current (IDS) [1]. The cells in the SRAM during the standby mode are inactive and
hold power is consumed for the retention of data due to various leakage components.
With theminimization of the technology, thememory cells of SRAM (Static Random
Access Memory) have lower supply voltage and smaller node capacitance, which
makes these memory cells very highly susceptible to different kinds of radiation
particles, which are usually alpha particles, heavy ion and cosmic rays. Hence, these
nanoscale integrated circuits become largely susceptible to such particle-induced
single event transients (SETs) mainly because of the less signal charge and reduced
noise margin. Primarily, SETs are caused by alpha particles and cosmic neutrons.
Packaging materials and intergalactic rays are responsible for the origin of these
alpha particles and cosmic neutrons respectively. Extra charge in these particles is
generated through direct or indirect ionization in silicon. The generated extra charge
gets collected by sensitive nodes, which is responsible for the creation of voltage
transients at these sensitive nodes [2–4].

A latch consists of a cross-coupled inverter pair. The larger values of the amplitude
and duration of the transient alter the value that is stored in the latch, which causes
a single event upset (SEU). Since the damage done to the device is not permanent;
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SEU is also usually referred to as a ‘soft error’. However, system malfunctions can
be caused by these soft errors, which can disturb the state of SRAM [5].

Three types of failures are common in SRAM cell [6]—hard failures, soft failures
and parametric failures. (1) Open or short conditions cause hard failures. (2) Soft
failures—Three major sources are the primary reasons for soft failures. The first
major source for the soft failures is alpha particles, which get released from radioac-
tive impurities like packaging materials [7]. The second source is the high-energy
neutrons, which originate from the terrestrial cosmic radiations and due to the inter-
action with cosmic ray thermal neutron [5]. Parametric failure such as the variation
in the design parameters is the third and one of the major sources for these failures.

In this paper, we proposed a 10T radiation-hardened SRAM cell with PMOS
access transistors, which is radiation-hardened when compared with Quatro 10T
SRAM cell. The organization of the paper is made in such a way that Sect. 2 presents
the prior work of Quatro-10T cell, Sect. 3 describes the proposed 10T SRAM cell
with PMOS access transistors, Sect. 4 analyzes the operations of the proposed 10T
cell such as Read Access Time, Hold Power, Read Static Noise Margin, Write Static
Margin and Soft Error Robustness of the proposed 10T cell while Sect. 5 draws the
conclusion.

2 Prior Work

Figure 1 shows the basic Quatro-10T SRAM cell in which four PMOS and four
NMOS transistors named as MP1, MP2, MP3, MP4 and MN1, MN2, MN3, MN4,
respectively. Bit lines BL and BLB are connected with the access transistors MN5
and MN6 to the storage nodes A and B [8]. If the bit that is stored at node A is
assumed to be at logic ‘0’, then the logic values at nodes B, C and D are ‘1’, ‘1’
and ‘0’ respectively. Access transistors MN5 and MN6 are cut off to show how the
storage nodes maintain the same logic values when the circuit is in HOLD mode.
Storage node A is having a logic value of ‘0’, because the path of charging to VDD
by the MP1 is cut off and the path to discharge to ground by the MN1 is available.
This implies that PMOS transistor MP1 is OFF and NMOS transistor MN1 is ON.
Gate of MN1 is connected to node B. Since the logic value at node B is maintained
at ‘1’, it switches MN1 ON, which allows node A to have the path to discharge to
logic ‘0’. Since node B is at logic ‘1’, MN4 is ON pulling node D down to logic ‘0’,
which turns MP2 ON, raising node C to logic ‘1’. Gate of MP1 is connected to node
C. Hence, the logic value at node C is maintained at ‘1’ to cutoff MP1. As the storage
node C is at logic ‘1’, and then the PMOS transistor MP4 will be OFF as the gate is
connected to the storage node C. This removes the path of charging to VDD for node
D. MN4 is ON, as the gate is connected to storage node B, which is having a logic
value of ‘1’. Hence the node D will discharge to ‘0’ since it has a path to discharge
to the ground.
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Fig. 1 Schematic of
Quatro-10T SRAM cell

3 Proposed 10T SRAM Cell

This paper proposes a radiation-hardened 10T SRAM cell. As shown in Fig. 2, it
includes four PMOS and four NMOS transistors named as MP1, MP2, MP3, MP4
and MN1, MN2, MN3, MN4, respectively. The two access transistors MN5 and
MN6 are connected with bit lines BL and BLB to the storage nodes A and B. If the
stored bit at node A is at logic ‘0’, then the logic values at nodes B, C and D are ‘1’,
‘1’ and ‘0’, respectively. The restoring of logic values at nodes happens in a similar
way to the Quatro cell. Higher degree of radiation tolerance is the advantage that
is obtained by using PMOS transistors as major devices. Radiation bombardment
causes to increase the leakage currents in the NMOS transistors, whereas PMOS
device leakage currents are not affected. The data that are stored in the cell’s storage
node may get corrupted due to the excessive leakage in access transistors. Hence
this advantage of PMOS access transistors over NMOS access transistors will help
in improving the failure probability of the SRAM cell during hold state. Smaller
magnitudes of gate leakage in PMOS devices over NMOS devices also add as a
beneficial factor to the cell [6].
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Fig. 2 Schematic of the
proposed 10T SRAM cell
with PMOS access
transistors

4 Operations of the Proposed 10T SRAM Cell

4.1 Read Access Time (TRA)

The read access time (TRA) is observed starting at the instant when word line (WL)
gets activated to the instant when bit line or bit line bar gets discharged by a value of
50 mV from its initial high level. 50 mV value is sufficient to be detected by sense
amplifier [9].

In Quatro 10T cell, the access transistors are NMOS whereas, in the proposed
10T cell, the access transistors are PMOS. The majority of charge carriers in NMOS
are electrons whereas the majority of charge carriers in PMOS are holes. As we
know that electrons are more mobile as compared to holes, it takes less read time.
This explains why the TRA of the proposed cell is marginally longer compared to
that of Quatro 10T cell as shown in Fig. 3a. The Monte Carlo analysis is done with
5000 sample size and the distribution plot is shown in Fig. 3b for both Quatro and
proposed cells. We observed a greater mean in Quatro as compared to the proposed
cell. The spread of the Gaussian-like curve is better for the proposed cell.
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Fig. 3 a TRA of Quatro 10T cell and proposed 10T cell at various VDD. b Comparison of TRA
distribution plots for Quatro-10T and proposed 10T SRAM cells

4.2 Hold Operation

Hold operation is important for data retention in case of high leakage current. For
the purpose of long data retention during hold mode, disabling of word line (WL)
is done and the BL and BLB lines are made precharged and tight connection of the
partial cross-coupled inverters is established [10].Wemeasured the hold power using
transient analysis by taking the readings of Iavg. and we calculated the hold power
by multiplying the value of Iavg. with the supply voltage. In the case of the proposed
cell, WL is made high to cut off the access transistors for hold operation and the rest
calculation remains the same. In the case of hold operation, the access transistors
are cut off so there is no change in the operation for the Quatro and proposed cells.
Hence, there is no change in the value of hold power. Figure 4 shows that as we keep
on increasing the values of VDD, the value of hold power also increases gradually.

Fig. 4 Hold power of
Quatro 10T cell and
proposed 10T cell at various
VDD
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4.3 Read Static Noise Margin (RSNM) and Write Static
Noise Margin (WSNM)

The minimum DC noise voltage which is needed to flip the cell is known as Static
NoiseMargin (SNM) [11]. It is one of the rapidly used design parameters to measure
the stability of the cell. We can observe from Fig. 5a that the butterfly curve for both
Quatro 10T and the proposed 10T is obtained in a similar manner. This is because,
for a stable read condition, the DC noises are affecting the transistors, which have
the capacity to drive the storage nodes but not the access transistors. So, there will be
no change in the value of RSNM for both Quatro and proposed 10T cells. Therefore,
both the butterfly curves overlap each other as shown in Fig. 5a. The square is placed
in the smaller lobe and the RSNM value is obtained to be 222 mV.

The capability of the cell to pull down the node which has been storing high value
“1” to a voltage that is below the value of VM which is the switching threshold of the
other inverter which has been storing a low value of “0” contributing to the flipping
of the cell is called the write static noise margin (WSNM) [12, 13]. The VTC curves
are obtained as shown in Fig. 5b. We observe that the curves are overlapping for both
Quatro and proposed 10T cells, i.e., they are having the same values of WSNM. This
is because the access transistors are unaffected so the value of WSNM for Quatro
and proposed 10T cells is the same. The value of WSNM is measured by inscribing
the smallest square inside lower half of the curve and the respective smallest square’s
side length provides us with the value of WSNM [13], which is equal to 175 mV for
both Quarto and proposed 10T cells.

)b()a(

Fig. 5 a RSNM butterfly curves for Quatro 10T and proposed cell. b WSNM of Quatro and
proposed 10T cell
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4.4 Soft Error Robustness

For theQuatro and proposed 10T cell, the soft error robustness is verified by injecting
an exponential current at each of the nodes A, B, C and D to mimic or recreate a
particle-induced SET [14–18]. The Quatro 10T and the proposed 10T are capable of
recovering from 1 → 0 as shown by the results in Figs. 6a and 7a, respectively, for
nodes A and B and Figs. 6b and 7b for nodes C and D. Figure 6a illustrates that the
capability of recovering from 1 → 0 SET, which is introduced at node A.

)b()a(

Fig. 6 Recovery of Quatro-10T cell after injecting an exponential current pulse (pulse width of
50 ns and peak voltage selected based on current margin) a 1 to 0 at nodes: a A and B (for all values
of current), b C and D (for all values of current)

)b()a(

Fig. 7 Recovery of the proposed-10T cell after injecting an exponential current pulse (pulse width
of 50 ns and peak voltage selected based on current margin) a 1 to 0 at nodes: a A and B (for all
values of current), b C and D (for all values of current)
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As, we can see from Fig. 6a, node A after getting affected by the exponential
current pulse is able to recover to 1. The sudden rise from 1 is due to the exponential
pulse, which we introduced at node A. The other nodes also seem unaffected from
Fig. 6b. The proposed 10T also shows a similar behavior such as the Quatro 10T
cell, which can successfully recover if 1 → 0 SET is introduced at node A. Both
figures Fig. 7a, b seem similar due to the similar exponential pulse introduced at both
places and the same supply voltage is taken in both cases, but the nodes at which
recovery occurred is different. Quatro and proposed 10T cell has the capability to
recover from 1→ 0 SET at node A whereas a sufficiently large or strong 0→ 1 SET
at node A can flip the cell. When a large 0 → 1 SET is occurring at node A VA =
0, then N2 has the capability to turn the transistors P1 and P4 ON by reducing the
value of VC whereas N3 has the capability to turn OFF N4 by lowering the value
of VB, in this way the cell is flipped. But the proposed 10T is made more robust
against the 0 → 1 SET compared to that of Quatro 10T by replacing the NMOS
access transistors with the PMOS access transistors in the proposed cell. The cell
becomes more radiation hardened by using PMOS access transistors because the
leakage currents in the PMOS access transistors do not get affected by the radiation
bombardment whereas the leakage currents in NMOS access transistors increase
rapidly, which corrupts the stored data.

The current in the exponential current spike reaches 230 µA, we can see that the
Quatro 10T cell is flipped as shown in Fig. 8a for nodes A and B and Fig. 8b for
nodes C and D. From the above Fig. 8a, b, we can see that the cell got flipped when
0 → 1 exponential current spike reached the value of 230 µA.

From Fig. 9a, b, we can see that the cell gets flipped when the value of current
of the exponential current spike reaches 233 µA. Here, we can observe that we have
an increase in the value of current margin by 3 µA in the case of the proposed cell

)b()a(

Fig. 8 Non-recovery of the Quatro-10T cell after injecting an exponential current pulse (pulse
width of 50 ns and peak voltage of 230 µA) 0 to 1 at nodes: a A and B (for all values of current),
b C and D (for all values of current)
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)b()a(

Fig. 9 Non-recovery of the proposed-10T cell after injecting an exponential current (pulse width
of 50 ns and peak voltage of 233 µA) 0 to 1 at nodes: a A and B (for all values of current), b C and
D (for all values of current)

compared to that of Quatro cell. Therefore, the proposed 10T cell can withstand 3
µA stronger 0 → 1 SET compared to that of Quatro cell. This makes the proposed
cell more robust for the soft error than the Quatro cell. The reasons for this robustness
are mentioned in the above discussion.

5 Conclusion

A 10-T SRAM cell has been presented that uses PMOS access transistors, which is
more soft error robust, compared to that of Quatro-10T cell at 22-nm technology.
All the readings are taken with 5000 sample size while performing Monte Carlo
simulation. The increment of 3 µA in current margin implies that the proposed
cell withstands flipping to current spikes, which are stronger, which makes it reliable
compared toQuatro-10Tcell. The unaffectedPMOS transistors leakage currents after
radiation bombardment and hence usage of PMOS access transistors in proposed 10-
T SRAM cell makes it more radiation-hardened than Quatro-10T cell. The increment
in the current margin suggests the better application of the proposed cell in the
radiation environment or in the aerospace industry. Therefore, the proposed cell
remains as an attractive choice for aerospace applications.
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Design and Analysis of Ultra-Low Power
Memory Architecture with MTCMOS
Asymmetrical Ground-Gated 7T SRAM
Cell

Vaibhav Neema, Priyanka Parihar, and Santosh Kumar Vishvakarma

1 Introduction

Static Random Access Memory (SRAM) is popularly used as the fastest memory
in system design. The memory architecture of SRAM consists of many cell blocks,
which are arranged in an array. In digital system design, memory arrays are an
essential and basic building block. It stores an important and large amount of data in
it. The memory array consists of wordlines, bitllines, SRAM cells, sense amplifiers
and decoders. A wordline selects only a single row in the memory array to be read or
written and only one wordline is HIGH at any given time according to the provided
address by the address decoder. The main challenge for new SRAM cell designer
to focus on increase the bit count (increase in memory capacity) and maintain low
power dissipation and high stability. The static noise margin (SNM) is considered as
an important performance parameter of SRAM circuits as it defines the reliability of
thememory [1]. In this paper,MTCMOS technology [2] is proposed to design SRAM
cell for minimizing leakage current [3], power dissipation and for enhancing write,
read and hold SNM [4, 5]. In MTCMOS general architecture a SLEEP transistor is
connect in between cell and ground node, during the non-operational condition the
SLEEP transistor is put in off state which disconnect the cell with ground node that
minimize the unnecessary flow of current during non-operational mode. Here in the
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proposed work, a high threshold sleep transistor is used in the asymmetrical SRAM
cell, which is turned OFF in non-operational mode and helps in reducing the leakage
current.

In SRAM, the 6T SRAM cell is widely used in industrial applications because
of better electrical characteristics compared to the other SRAM cell architectures
and well-defined fabrication steps. At nanotechnology era, the dominating process
variations and voltage scalingmake difficult to achieve highwrite and readmargins in
standard 6TSRAMcell. In conventional 6T SRAMcell [6], as the data read operation
is directly performed through the bitlines, the data read stability gets reduced. To
achieve the higher stabilitywith less leakage current, power dissipation asymmetrical
ground-gated 7T SRAM [7] cell is proposed in this paper.

As to improve the read and write stability in the asymmetrical SRAM cells, sepa-
rate read and write bitlines are used to read and write the data from/into the memory
respectively. The separate read bitline prevents the data flip during the read operation
and stored data remain in the cell.

The paper has been organized in the following pattern. Simulation parameters
are discussed in Sect. 2. Characterization of asymmetrical ground-gated 7T SRAM
cell is discussed in Sect. 3. Characterization of memory array and architecture is
discussed in Sect. 4. The conclusion of the paper is discussed in Sect. 5.

2 Simulation Parameters

For performance evaluation and compression of four important memory cell metrics,
parameters are considered in this work.

The considered major metric parameters are

i. Stability.
ii. Memory cell delay
iii. Leakage current
iv. Static power dissipation.

2.1 Data Stability

The Static Noise Margin (SNM) [5, 8] is the most important metric parameter to
define the stability of the memory cell during the write, read and hold operations in
memory. The higher value of SNM define that the memory is more immune to noise
or data is more stable inside the memory and as discus here in this work we used
separate beltline to perform read and write operation to improve SNM of memory.
The SNM is calculated using Origin software by using butterfly curve method. In
the SRAM cell structure, the DC transfer characteristics of the two back to back in
feedback connected CMOS inverters are used to make the butterfly curve as shown
in Fig. 1.
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Fig. 1 Butterfly curve for
calculating SNM of SRAM
cell

During the data read operation, the applied maximumDC noise voltage at storage
node Q and Qbar that an SRAM cell can tolerate without flipping of stored data is
defined as the read SNM of the SRAM cell.

The write SNM is defined as, how fast the bitline voltage flip, the stored
information at store node Q and Qbar.

Hold SNM is defined as maximum DC noise voltage at node Q and Qbar that an
SRAM cell can tolerate without losing data during an idle state.

SNM = min (SNM1, SNM2).

2.2 Delay

Here we used write and read delay calculation for the characterization of proposed
memory cell during data read and write operation. The write delay of the memory
cell is defined as time required for writing the date in memory [9]. For write “1”,
operation worldline is kept as high and bitline and bitline bar is kept as “1” and
“0” respectively. For the read delay calculation precharged the bitline and bitline bar
line with voltage “1” and read delay is defined as how fast the difference in bitlne
and bilinebar voltage is sense by the sense amplifier, this is according to the stored
information in the memory cell.
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2.3 Leakage Current

Leakage current [10] is defined as the current that flows in a device, which is in “off”
state, where no current will flow ideally.

Similarly, in SRAMcells during thewrite, read and hold operation leakage current
flows through the OFF transistor(s), here we calculated the leakage current in SRAM
cell that flows through the transistor, which is in “off” state during write, read and
hold operations.

2.4 Static Power Dissipation

The write and read power dissipations [11, 12] are defined as the power consumed
by the SRAM cell during its data write and read operations.

The write and read power dissipations are calculated using the leakage current
during write and read operations respectively.

Pstatic = Vdd × Ileakage

3 Asymmetrical Ground-Gated 7T SRAM Cell
Characterization

An asymmetrical ground-gated 7T SRAM cell (Asym7T) is shown in Fig. 2, to
achieve high stability and low leakage current, SLEEPmode of operation is proposed
here. To improve the read stability, separate read port with control signal RWL is
used. The read port consists of N4 and N5, which are read bitline access transistor
and read transistor respectively. To reduce the leakage current of read bitline, a high
threshold voltage (HVT) transistor, Nsl connected to the source of the read transistor
(N4) and controlled by control signal SLEEP1. A write-assist circuitry that consists
of Pch and Nwr is connected to the source of N1 and controlled by the control
signal WWLB. The sleep transistor is turned ON in SLEEPmode (No read and write
operation) and due to stacking of N4 and Ns1 helps in reducing the leakage current.

During the read “0” operation through the memory cell, the node voltage at Qb
is “1”, due to high node voltage at Qb the transistor N4 is turn ON. As for the read
operation, RWL signal is high, the transistor N5 is also in ON state and read bitline
start discharged through the N5, N4 and Sleep transistor. The RBL voltage is forced
into a single-ended sense amplifier [13], which is shown in Fig. 3 to read the data
stored in the node Q of the SRAM cell.

The write “0” and write “1” operations are performed as same as in case of
conventional 6T SRAM Cell. Here for the write operation, WWLB signal is high
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Fig. 2 Schematic of Asym7T SRAM cell. *HVT transistors are shown with thick channel region

Fig. 3 Single-ended sense amplifier

that is the input to the inverter design by Pch andNwr PMOSandNMOS respectively.
Because of high input signal during write operation, the inverter output signal is Low
that may be consider as ground (Low Voltage) for write operation.

The single-ended sense amplifier shown in Fig. 3 is composed of two data nodes
“in” and “out” and three control nodes “pre”, “prebar” and “SLEEP”. The data
nodes are input and output to the sense amplifier and its working is as follows: “pre”
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equalizes the data nodes. The SRAM cell that is being read is asserted and node “in”
experiences a small voltage drop. At the beginning of each cycle, “in” is precharged
to Vdd. “pre” is kept high for read operation. If “0” is stored in Qbar node of the
SRAM cell, the voltage on RBL node is maintained at Vdd. “Out” of the sense
amplifier has the same voltage as the RBL voltage and detects the voltage drop in it.
P2 is used to prevent the data loss when “out” is at high voltage (Vdd). The voltage
on the RBL is transferred to the input of sense amplifier “in”.

The layout design and RCX extracted view of Asym7T SRAM cell are shown in
Fig. 4a and b respectively. RCX extracted view shows the parasitic capacitance and
resistance due to metals and polyline interconnects.

The post layout timing diagram of the Asym7T SRAM cell is shown in Fig. 5a.
Table 1 lists the control signal of Asym7T SRAM cell for different operation
conditions.

Fig. 4 a Layout of Asym7T SRAM cell. b RCX extracted view of Asym7T SRAM cell

Fig. 5 a Post layout timing diagram of Asym7T SRAM cell. b Design of memory architecture of
4 × 4 memory array
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Table 1 Control signals for operation of Asym7T SRAM cell

Signals Hold Write “1” Write “0” Read “1” Read “0”

RWL GND GND GND Vdd Vdd

WBL Vdd Vdd GND Vdd GND

RBL GND Vdd GND Vdd Vdd

WWL GND Vdd Vdd GND GND

WWLB Vdd GND GND Vdd Vdd

Table 2 Process corner simulation results of Asym7T SRAM cell

Parameters SS SF FS FF

Delay (nS) 37.4 25.7 27.7 14.4

Leakage current (pA) 1.23 1.54 1.24 1.26

Power dissipation (pW) 1.47 1.84 1.48 1.51

Table 3 Pre and post layout
simulation results of Asym7T
SRAM cell

Parameters Pre layout Post layout

Write delay (nS) 56.33 112.1

Write leakage current (pA) 1.24 10.6

Write power (pW) 1.48 12

Write SNM (mV) 608.02 600

Read delay (nS) 6.6 6.88

Read leakage current (pA) 0.5 0.51

Read power (pW) 0.6 0.612

Read SNM (mV) 466.6 452.4

Hold SNM (mV) 763.56 749.5

The circuit simulation of the proposedAsym7TSRAMcell is performed at various
process corners is shown in Table 2. Where SS, SF, FS and FF denote slow–slow,
slow–fast, fast–slow and fast–fast corner simulation.

Pre and post layout simulation results after RC extraction are also presented in
Table 3.

4 Memory Array and Architecture

In this section, 4 × 4 memory array and memory array with all peripheral circuitry
using Asym7T SRAM cell is presented. The memory array has separate output ports,
wordline and bitline for each column.
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To read the data from the array, single-ended sense amplifiers are used for each
column of the memory array. A 4 × 4 memory array architecture using Asym7T
SRAM cell is shown in Fig. 5b. For write operation, simulation waveform result of
4× 4 memory array architecture is shown in Fig. 6a. Pre and post layout simulation
results of 4 × 4 Memory array as write delay, read delay, write leakage current and
read leakage current are shown in Table 4.

The memory architecture of 4 × 4 memory array consists of a row decoder to
select thewordlines of thememory array. Singlewordline is selected at any given time
according to address provided by address decoder. Single-ended sense amplifiers are
connected with each column of the memory array to read the data stored in the cells.
Memory architecture along with peripheral circuitry using Asym7T SRAM cell is
shown in Fig. 6b.

Fig. 6 a Write operation of 4 × 4 memory array. b 4 × 4 memory array of Asym7T SRAM cell
with peripheral circuitry

Table 4 Pre and post layout
simulation results for various
performance parameters for 4
× 4 memory array

Parameters Signals Pre layout Post layout

Write delay
(nS)

WBL1 and QB1 77.58 159.5

WBL2 and QB2 77.58 159.5

WBL3 and QB3 76.76 154

WBL4 and QB4 78.77 159.7

Read delay
(mS)

Q1 and Out1 1.625 1.626

Q2 and Out2 1.62 1.63

Q3 and Out3 1.62 1.63

Q4 and Out4 1.625 1.626

Write leakage
current (fA)

– 0.117 0.139

Read leakage
current (pA)

– 0.48 0.481
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Table 5 Comparative study
of Asym7T with
ground-gated 6T SRAM cell
for pre layout simulation
results

Parameters Ground-gated 6T [12] Asym7T

Write delay (nS) 18.6 56.33

Write leakage current (nA) 40.5 0.001

Write power (nW) 48.6 0.0015

Write SNM (mV) 197.9 608.02

Read delay (nS) 0.68 6.6

Read leakage current (pA) 0.16 0.5

Read power (pW) 0.196 0.6

Read SNM (mV) 223.1 466.6

Hold SNM (mV) 408 763.56

Fig. 7 a Static noise margins of ground-gated 6T and Asym7T SAM cells. bWrite leakage current
and power of ground-gated 6T and Asym7T SAM cells

WBL1, WBL2, WBL3 and WBL4 are the write bitlines of each column of array.
Q1, Q2, Q3, Q4, QB1, QB2, QB3 and QB4 are the output nodes of the SRAM cells
in the array. Out1, Out2, Out3 and Out4 are the output nodes of sense amplifiers
connected to the columns of 4 × 4 memory array. A comparative study of Asym7T
SRAM cell with ground-gated 6T SRAM [12] cell is shown in Table 5, here we
considered all HVT transistors for pre layout simulation. The static noise margins
of ground-gated 6T and proposed Asym7T SRAM cell are shown in Fig. 7a, write
leakage current and write power are shown in Fig. 7b.

5 Conclusion

In this paper, the application of MTCMOS technique is used in Asym7T SRAM cell.
The leakage current and power dissipation get reduced and stability gets enhanced by
using MTCMOS technique. All the transistors are taken as HVT for the best results
for all the characteristics for memory design. Process corner simulation is done in
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which FF simulation has the least delay i.e. 14.4 ns. Pre and post layout simulation
of Asym7T SRAM cell is done for better memory design. Post layout simulation
results are degraded as compared to pre layout results.

Asym7T SRAM cell has very less leakage current as compared to ground-gated
6T SRAM cell.

Asym7T SRAM cell has higher write, read and hold SNM up to 67.45, 52.18
and 46.56% as compared to ground-gated 6T SRAM cell shows that the proposed
Asym7T SRAM cell has high stability.

A 4 × 4 memory array and complete memory architecture are designed using
Asym7T SRAM cell. All required peripheral circuit for memory array design is
designed using Cadence EDA tool and pre and post layout simulation results are
presented in the paper.
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Data-Aware Near Subthreshold 10 T
SRAM Cell for Ultra-Low Power
Application

Priyanka Sharma and Vaibhav Neema

1 Introduction

As technology grows, the various applications of artificial intelligence and the
Internet of things become more popular. To enable this technology for mobile-
based applications or wireless sensor-based application, battery power is limiting its
processing capability. To overcome this situation or to improve the computing power
at the sensor node, the only solution is by the use of ultra-low power circuits and
memory. If on chipmemorywill work at ultra-low power, then the power requirement
of the sensor node will significantly reduce. The design and operation of memory
in the subthreshold region are one of the possible solutions to get the low power
dissipation during the read, write, and hold operations [1] in memory circuit. But at
the lower supply voltage, data stability in memory is the biggest challenge for the
designers. The Six Transistor (6 T) SRAM cell is shown in Fig. 1a and it is observed
that it fails to operate at lower supply voltage [2]. However, the impact of process vari-
ation becomes more substantial for low supply voltage circuits and it becomes even
exponential in the subthreshold region [3]. Threshold voltage variation in SRAM
cell due to random dopant various during the fabrication process will increase cell
failure rate [4]. Threshold voltage variation cause by increasing leakage current and
there is inverse exponential relation between leakage current and threshold voltage
[5]. For the reduction of leakage current bitline leakage minimizing techniques [6,
7] leakage reduction using sleep transistors [8, 9] and multi-threshold devices [10,
11] have been introduced. Therefore, to overcome design challenges for designing
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Fig. 1 Circuit diagram a Conventional Six Transistor (6 T) SRAM cell, b 10 T SRAM cell
(proposed), c circuit for read buffer, d D2AP8T, e Vth_9T, f D2P11T

low power memory, various researchers proposed several SRAM cell architectures
in recent years such as D2AP8T [12], Vth_9T [13], and D2P11T [14].

The given state-of-art SRAM cells, D2AP8T, Vth_9T, and D2P11T are differen-
tial reading and writing. The D2AP8T uses differential data-aware power-supplied
(D2AP). This D2AP reduces power consumption at low VDD but reduces read
stability due to common read and write word line. D2P11T SRAM cell has been
proposed to increase the read stability, which uses the separate read buffer config-
uration. This read buffer consists of two NMOS stacked transistors that increase
read stability and reduces power consumption in standby mode, but this configura-
tion requires the number of control signals that increase complexity in generating
that control signals and increasing area. Another configuration to decreasing power
consumption at low is VDDVth_9T. The Vth_9TSRAM cell has been proposed low
threshold transistor in read path to increasing read access time and control leakage
current during reading and holds operation to preventing standby mode power dissi-
pation. TheWrite 1 Static NoiseMargin (WSNM1) of the cell degrades at low supply
voltage [16]. Hence, for AI, IoT and other various applications require SRAM cells
with low leakage and high reliability at lower supply voltage. The key highlights of
the proposed work are as follows:

i. The use of data drove power supply leads to reduce the leakage power dissi-
pation and improvement in the write noise margin of the proposed cell is
calculated.

ii. During the write data operation in the memory cell, one of the inverters in
cross-couple mode gets zero supply voltage that reduces the effort to flip the
store data in memory.

iii. The use of read decouple and read buffer will increase the read static noise
margin and read speed.
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iv. The use of high threshold transistor in cross-couple inverter effectively reduces
the leakage current during the hold operation.

The organization of the research paper is as follows. In Sect. 2, we elaborate the
proposed 10 T SRAM cell. In Sect. 3, simulation results are presented. Section 4
concludes the manuscript.

2 Proposed 10 T SRAM Cell

The circuit diagram of the data-aware proposed 10 T SRAM cell is shown in Fig. 1b.
The write, hold, and read operations in the proposed memory cell are performed
using states of control signals are shown in Table 1. Here supply volatge V =300
mV is used for circuit to operate in low power mode, and the memory is also data
driven. The praposed cell consist of two back to back connected inverters to store
the bit information, which have high threshold transistors (M1, M2, M3, and M4).
The purpose of using high Vth transistors is to minimize the leakage current during
hold state. The transistors M9 and M10 are considered as low Vth transistors.

Here, M5 and M6 are access transistors controlled by control signal WL. Control
signal WL is logic high during write operations and logic low during hold and
read operations. M9 and M10 are read decouple transistors that are controlled by
control signal RWL and Qbar. RWL control signal is logic low during the read
operation and Qbar node voltage is data-dependent. The read static noise margin
can be improved by the use of read decouple transistors. In conventional 6 T SRAM
during the read operation, bitline or bitline_bar gets discharged through the access
and pull-down transistor node voltage is data dependent. The read decouple circuit
consist of transistor M9 and M10 hence to discharge bitline or bitline_bar and to
improve the read static noise margin pull-down transistor must have high current
driving strength. In the proposed memory cell read operation achieve higher read
static noisemargin without sizing of pull-down transistor. In conventional 6 T SRAM
cell, write operation is performed by bit flipping at node Q and Qbar through the
discharging of Q or Qbar node voltage. The bitline and bitline_bar are set to be logic
low or high according to the information to be write in the memory cell. The write
operation is guided through the pull-up transistor and access transistor and to get
the high write noise margin, the access transistor must have high current driving
strength. To achieve the write noise margin independent of the cell ratio or sizing of
the transistor, here, in the proposed cell, the supply voltage VDD is provided through

Table 1 Control signals
status of proposed 10 T cell

Operation WL ZWL RWL

Read 0 0 0

Write 1 0 1

Hold 0 0 1
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the M7 and M8 pMOS transistors controlled by the control signal ZWL and source
of the transistor is connected with bitline and bitline_bar. The control signal ZWL is
at logic low value during the read, write, and hold operations. According to the stored
information in memory cell, transistors M7 and M8 provide the supply voltage for
write operation. For write ‘1’ operation, bitline voltage is charged at VDD bitline
voltage discharged to gnd. Hence, for node Q, pull-up transistor M3 will get the
voltage VDD and node Qbar to pull-up transistor M4 will get zero voltage. The zero
supply voltage to the pull-up transistor M4 turns off the transistor, due to off mode
of M4 transistor, data at the node Q will easily flip and desire information is written
over the memory cell. No direct supply voltage is provided to the memory cell, due to
this, leakage current is also suppressed, hence minimum leakage power dissipation
is achieved.

2.1 Design and Analysis of Read Buffer

Read buffer circuit diagram is shown in Fig. 1c where two transistors M9 (PMOS)
and M10 (NMOS) are used. Here both the read buffer transistors are conducting
in subthreshold region due to lower supply voltage. Due to subthreshold mode of
conduction, channel between source and drain is in week inversion state and drain
current flows by diffusion only [12]. The subthreshold drain current flow through the
transistors is presented by Eq. (1).

iSub = I0exp

(
VGS − VT H

nVT

)(
1− exp

(−VDS

VT

))
(1)

where I0 is the subthreshold current, which depends on the technology and is given
as in Eq. (2):

I0 = μcox
W

L
(n − 1)V 2

T (2)

where n subthreshold swing factor, VT thermal voltage is given as KT/q, μ mobility,
WL aspect ratio. Equation (3) shows the effective threshold voltage of any short
channel device, which is the function of applied drain-source voltage VDS and body-
source voltage VBS:

VT H = Vt0 − λDSVDS − λBSVBS (3)

where in Eq. (3), Vt0 is the threshold voltage of the device without considering the
drain-induced barrier lowering (DIBL) and body effect, due to consideration ofDIBL
and body biasing effect λDS > 0 and λBS > 0 respectively.
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M9 and M10 transistors are operating in subthreshold region, and both are
connected in series hence equal drain current flows through both the transistors.
The drain current flowing through the transistor M10 is calculated by applying KCL
at node X of Fig. 1c. For read ‘0’ operation, node voltages for M10 transistor are as
follows:

Qbar = VDD, VRWL = 0, VGS = VDDVDS = Vx ,VBS = 0
For finding the value of threshold voltage for M10 transistor during read ‘0’, we

will put the value of above parameters in Eq. (3) and get the threshold voltage of
M10 during read ‘0’ as shown in Eq. (4)

VTHread = Vt0 − λDSVx (4)

By combining Eqs. 1, 2 and 4, I read is the final read current of the proposed SRAM
cell determine, which is the drain current of transistor M10 and calculated as:

Iread = μcox

(
W

L

)
10

(n − 1)V 2
T exp

[
VDD − Vt0 + λDSVx

nVT

]
.

[
1− exp

(−Vx

VT

)]

(5)

During the hold ‘0’ operation, the various node voltage values for the transistor
M10 are calculated as: Qbar = VDD, VRWL = VDD, VGS = 0, VDS = Vx −
VDD,VBS = −V DD

The threshold voltage for hold operation will be calculated by substituting values
of the above parameters in Eq. (3) and we will get

VTHhold = Vt0 − λDS(Vx − VDD) + λBSVDD (6)

By combining Eqs. 1, 2, and 6, hold ‘0’ current value through the proposed SRAM
cell is presented in Eq. 7. Ihold is the drain current of transistor M10 is as follows

Ihold = μcox

(
W

L

)
10

(n − 1)V 2
T exp

[−V t0 + λDS(Vx − VDD) − λBSVDD

nVT

]
.

[
1exp

(−Vx + VDD

VT

)]
(7)

By comparing Eqs. (4) and (6), we found that Vth, hold > V th,read so, here we
conclude that higher the threshold voltage minimizes the current that causes the low
power dissipation during the hold operation and stability of storage node is increased
due to proper sizing of the back to back connected inverter transistors. Low-threshold
transistors M9 and M10 in the proposed design provide a low resistance path during
read operation that causes an increment in current consequently reduces read access
time.
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2.2 Write Bit Operation of a Proposed SRAM Cell

1. Write ‘0’ bit operation: To write the bit ‘0’information in the proposed memory
cell, the status of the control signal voltages is presented in Table 1. Initially, we
assume that the cell stores the bit value ‘1’ and by writing ‘0’ we flip the node
voltages at nodeQ andQbar, here, initial voltages at the Q node at logic high and
Qbar at a logic low level. By applying proper control signal voltages presented in
Table 1, write ‘0’ operation initiates. During the write, operation read decouple
circuit turnoff and for write ‘0’ operation, bitline is precharged at low and bitline
bar is precharged with high voltage. As WL = 1 both access transistors are in
ON state and bit flip initiate from the Q node that starts discharging through
the access transistor and flips the store state by the inverter through positive
feedback path.

2. Write ‘1’ bit operation: Bitline is precharged with high and bitline bar is
precharged with low voltages for write ‘1’ bit operation. By applying control
signal WL= 1, both the access transistors are turned on. The bit flip is initiated
by the charging of node Q voltage through the access transistor. Once sufficient
voltage is stored at the node Q, these flip the inverter state, and information ‘1’
is stored inside the SRAM cell.

In the proposed work during the write operation, supply voltage to the inverter
cell is provided from the bitline and bitline_bar voltages and controls by the control
circuit ZWL. During the write, ‘1’ operation, bitline voltage is precharged to high
voltage hence inverter connected with bitline gets the high supply voltage and other
inverters get the zero supply voltage. The advantage of zero supply voltage to the
inverter is that the inverter is weak and the state can easily flip in it, which makes the
write noise margin higher for the memory cell and also reduces the leakage current
through the inverter.

2.3 Read Operation of a Proposed Cell

1. Read ‘0’ operation: The control signal voltages for Read ‘0’ operation of the
proposed 10 T SRAM cell are presented in Table 1. During read operation,
bitline and bitline_bar precharged to logic high voltage. As presented in Table
1, signal WL= ‘0’, both the access transistors M5 andM6 are in OFF state, and
for read ‘0’ operation, node Q is at logic low and Qbar is at a logic high value.
Due to Qbar at high voltage, transistor M10 of read decouple circuit is in turn
ON condition means discharging of bitline_bar voltage, hence information ‘0’
is read.

2. Read ‘1’ operation: for the read ‘1’ operation, control signal voltages are the
same as read ‘0’ operation. The advantage of the proposed cell observed during
read operation, due to read decouple circuit data flip during the read operation
is eliminated hence static read noise margin of the proposed cell is high.
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2.4 Hold Operation of a Proposed Cell

In the hold operation of the proposed cell, the control single voltages are presented
in Table 1 where WL, ZWL are logic low voltages, and RWL is logic high voltage.
Due to logic low value of the control signal, WL cell is disconnected from the bitline
and bitline_ bar lines because both the access transistors M5 and M6 are in turn OFF
condition. The control signal RWL is at logic high value during the hold operation,
turn OFF the M9 of the read decouple circuit that prevents any discharging of bitline
bar voltage during hold operation. The control signal ZWL at logic low voltage
provides the power supply to the cross-couple inverters through the transistors M7
and M8.

3 Simulation Results and Analysis

In this section, simulation results of various performance parameters of the memory
cell are calculated and compared with the other state of art memory cell architecture
as shown in Fig. 1. For the fair comparison, all the circuits are designed using 45 nm
GPDK CMOS technology and simulated using Cadence design environment. The
features comparison of these cells with the proposed 10 T is shown in Table 2.

Table 3 shows the simulated results and comparison of proposed 10 T with the
conventional 6 T and other state-of-art SRAM cells (D2AP) 8 T [12], (Vth_9T) 9 T

Table 2 Comparison of SRAM cell features

Features 6 T D2AP8 T VTH_9 T (D2P) 11 T Proposed 10 T

Reading/writing Diff./diff Diff./diff SE./diff SE/diff SE/diff

Control signal WL ZWL WL, RWL WL, RWL WL

Bit lines 2 BL 2 BL 2 BL 2 BL, 1 RBL 2 BL

(BL) bit line, (Diff) Differential, (RWL) readword line (SE), single ended, (WL)word line, (RGND)
read ground, (ZWL) control signal for bit lines powering

Table 3 Comparative analysis of various SRAM cell architectures

VDD = 0.3 mV, Temp. =
27°C@ 45 nm TN

Proposed 10 T 6 T 8 T 9 T 11 T

Leakage power (pW) 0.843 1.722 1.722 1.632 1.51

RSNM (mV) 101.66 Unstable Unstable 77.52 38.75

HSNM (mV) 101.66 110.11 109.66 77.44 38.75

WSNM 0 (mV) 188.31 88.68 173.84 109 203

WSNM 1 (mV) 188.31 88.68 173.84 155.55 195.87

Read delay 94.96 (ps) 1.35 (ns) 1.85 (ns) 44.61 (ps) 44.61 (ps)
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Fig. 2 a Comparison of read butterfly curves for various SRAM cells at worst process corner (FS)
at 0.3 V. b RSNM Histogram of proposed cell at 0.3 V supply voltage with 2000 Monte Carlo
simulation. c RSNM at different supply voltages

[13], and (D2P) 11 T [14]. Here we considered uniform device sizing at 300 mV
supply voltage and operating temperature of 27 °C with worst corner analysis.

3.1 Read Stability

The maximum DC noise voltage that a SRAM cell can tolerate without flipping the
stored data during the read operation is known as Read SNM. Here in the research
work, static noise margin is calculated using the butterfly curve method where noise
margin is defined as the largest square that can best fit into the smaller lobe of the
butterfly curve [15]. Figure 2a shows the comparison of worst-case Fast Slow (FS)
corner read butterfly curve at the supply voltage 300 mV. The Read SNM of the
proposed 10 T memory cell is calculated as 101.66 mV, which has the highest value
of Read SNM with compare to other state-of-art SRAM cells. The conventional 6 T
and (D2AP) 8 T [12] are unstable at FS corner. The proposed memory cell shows
the 1.31X and 2.62X improved in Read SNM as compared to 9 T Vth_9T [13] and
(D2P) 11 T [14] techniques respectively. Here to show the stability of the obtained
results, 2000 point Monte Carlo simulation at 300mv of supply voltage is performed
and presented in Fig. 2b. The results obtained for Monte Carlo simulation represent
that the mean is at 0.094 V with a standard deviation of 0.007 V. Figure 2c shows
the variation on RSNM at different supply voltages.

3.2 Write Stability

Minimum bit line voltage required to flipping the state of the memory is defined as
write static noisemargin (WSNM).Here in the researchwork,we used butterfly curve
method to determine the write SNM of the memory cell [15]. Figure 3a, b shows the
comparative results of write butterfly curves for the proposed 10 T memory cell and
other state-of-art SRAM cells at worst slow fast (SF) corner using 300 mV supply
voltage for write ‘1’ and write ‘0’ operation. The 188.31 mV is the calculated value
of write SNM for the proposed memory cell for write ‘0’ and write ‘1’opeartions.
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Fig. 3 Comparative results of a write ‘0’ SNM, b write ‘1’ SNM using butterfly curve method for
various SRAM cells at worst process corner (SF) using 300 mV supply voltage. c Write ‘1’ SNM
dWrite ‘0’ SNM for 2000 Monte Carlo simulation for Write SNM of proposed cell using 300 mV
supply voltage

For the process variation analysis on WSNM, 2000 point Monte Carlo simulation is
performed and presented in Fig. 3c, d. From the simulation results, it is concluded
that the proposed memory cell has a deviation of 0.019 V and mean of 0.179 V at
300 mV supply voltage for WSNM ‘1’ and ‘0’ operations.

3.3 Hold Static Noise Margin

ThemaximumDCvoltage that SRAMcell can tolerate without losing data during the
idle state is defined as Hold static noise margin (HSNM). The HSNMof the proposed
memory cell is calculated as 101.90 mV for the FS corner at 300 mV supply voltage.
We observed that in Fig. 4a, the HSNM is improved in proposed cell as compared to
9 T Vth_9T [13] and (D2P) 11 T [14] respectively. The proposed cell Hold SNM is
1.31X and 2.62X, which is 9% less from conventional 6 T SRAM.

Fig. 4 a Comparative analysis of Hold operation using butterfly curve for various SRAM cells at
worst process corner (FS) using 300 mV supply voltage. b Various SRAM cells, leakage power
dissipation versus supply voltage variation. c Effect of temperature variation on leakage power
dissipation for various SRAM cells



144 P. Sharma and V. Neema

3.4 Leakage Power

During the data hold operation, power dissipated by the memory cell is defined
as leakage power. The leakage power comparison of the SRAM cells at different
supply voltages is presented in Fig. 4b. Due to the use of high threshold voltage
transistor in cross-coupled inverter, data dependent power supply and read buffer
circuit, the proposed cell drawn less leakage current and less power dissipate during
hold operation. The leakage power is 0.84pW at 300mV supply voltage and consume
50, 50, 48 and46% less leakage power as comparedwith 6T, (D2AP)8T [12],Vth_9T
[13] and (D2P) 11 T [14].

To check the thermal stability, the simulation of the proposed work is also
performed for temperatures range from 0 °C to 100 °C at 300 mV supply voltage.
As presented in Fig. 4c, from the obtained results, it is concluded that the proposed
10 T cell has equal leakage power as compared to (D2P) 11 T [14] and less leakage
power as compared with rest of state of art cell at a higher temperature value.

3.5 Read Delay

The calculated read delay of various SRAM cells is shown in Table 3. The read delay
of the proposed memory cell is lower than the 6 T and (D2AP)8 T memory cell but
has slightly higher values as compared to the other 9 T and 10 T SRAM cell. The
main cause of increase in delay for the proposed memory cell is because stacking
of transistor during the read operation and due to use of high threshold transistor in
read discharge path.

4 Conclusion

The proposed data-driven 10 T SRAM cell is highly stable and consumes less power
in subthreshold region where the power supply voltage is 300 mV. In the proposed
memory cell, the use of high threshold voltage transistors in cross-couple inverter
reduces the leakage current of the cell and the use of read decouple circuit helps
to improve the read stability of the memory cell. The feature of data-driven power
supply in the proposed memory cell leads to an increase in write noise margin and
also reduces the leakage current through the memory cell. The read noise margin and
hold noisemargin of the proposed cell at FS corner are calculated at 101.66mVwhere
conventional 6 T SRAM cell is unstable at 300 mV supply voltage. The write static
noise margin of the proposed cell is calculated as 188.31 mV. The proposed memory
cell shows the better noise handling capability at lower supply voltage during the
read, write, and hold operations as compared to the other memory cell architectures.
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Along with the high noise stability, the proposed memory cell has the lowest leakage
current with a smaller area overhead.
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Radiation Immune SRAM Cell for Deep
Space Applications

Sparsh Koushik, Pawan Kumar Sahu, Shashank Kumar Dubey,
and Aminul Islam

1 Introduction

There exist a large number of highly energized particles in the space environ-
ment. Unexpected errors or even failure of the complete system may come about if
these highly excited particles hit the integrated circuits. The Static Random Access
Memory, abbreviated as SRAM, carries with it a substantial amount of data, which
unfortunately are extremely vulnerable to the radiations. Since the SRAM is a very
crucial part of the aerospace electronics system, the study of radiation hardening and
its impact on these memory cells become very important.

In deep submicron technologies, virtue of aggressive dimension scaling in the
MOSFETs, SRAM cells are more prone to radiation-induced single event upsets
due to large sensitive volume and low storage node capacitances. Earlier, the error-
correcting codes are used to limit the soft error in SRAM. However, due to longer
processing time and larger area overhead, error-correcting codes protected SRAMare
not appropriate for aerospace applications. Due to smaller silicon area, lower power
dissipation and shorter access delay are better options to enhance the single event
upset (SEU) immunity as compared to traditionally used error-correcting codes. This
motivates to design a radiation [1] hardened SRAM cell to provide robust operation
even under process, voltage and temperature (PVT) variations and severe radiation
environment in space with the help of double exponential current source. SRAM [2]
cells occupy more than half of the chip area of modern-day high-performance ICs.
As transistor dimension and spacing between the transistors is reduced due to CMOS
technology scaling, multiple transistors are susceptible to the charge deposited from
a single particle causing single event multiple node upsets [3]. This encourages
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the need for soft-error resilient SRAM cells that can function even under extreme
radiation conditions.

A variety of structures have been proposed that address the problem of radiation-
induced soft errors. Authors in [4] have proposed two radiation-hardened-by-design
(RHBD) memory cells (PS-10T and NS-10T) by using a stacked structure. However,
these memory cells cannot provide fully single event upset (SEU) protection. NS-
10T cell can only recover 0 → 1 SEU, whereas PS-10T cell has the capability of
tolerating only 1 → 0 SEU. In [5], the authors proposed a differential read cell.
12T Dual Interlocked storage Cell (DICE-12T) was proposed in [6], which uses
dual node feedback control to make it fully immune against SEU on a sensitive
node.However, it is unable to recover single-event–multiple-node upsets (SEMNUs),
which is becoming more critical reliability issue for emerging nanometer CMOS
technology. The 12-transistor radiation hardened by design (RHD-12T) memory
cell was proposed in [7]. Besides providing SEU immunity on any of its internal
single nodes, it can also provide the SEMNUs immunity to some extent. Another
RHBD-10T cell is recently proposed in [8] to provide area-efficient solution to SEU
immunity. However, its radiation hardness performance in terms of SEMNUs is yet
to be investigated. The previous solutions either show larger area overhead or limited
SEU immunity. Therefore, theymay not be suitable for aerospace applications where
both area-efficient and highly reliable performances are required. Hence, radiation
hardness by design is preferred for enhanced performance.

The remaining part of the paper has been organized as follows. Section 2 explains
the proposedWARH12Tmemory cell structure and behavior, SEU recovery analysis,
MEMNUrecovery analysis. Section 3 explains the evaluation of the different parame-
ters of the proposed cells and comparison cells. This includes access time evaluation
and comparisons, cost comparison, SEU robustness verification and comparison,
stability comparison (RSNM, WSNM and HSNM), read power comparison, write
power comparison and hold power comparison. Section 4 contains the conclusion.

2 Proposed WARH12T Memory Cell

2.1 Cell Structure and Behavior

Figure 1 shows the schematic diagram of the proposed WARH12T SRAM cell. The
proposed cell has four storage nodes Q, QN, VL, VR, four PMOS (P1, P2, P3,
P4) and eight NMOS (N1, N2, N3, N4, N5, N6, N7, N8) to form a latch. Q and
QN nodes are the storage nodes, VL and VR are the intermediate storage nodes.
The transistors N5 and N6 are the access transistors, which are controlled by row-
based WL signal and used for read and write operations. The transistors N7 and N8
are also the access transistors, which are connected with the intermediate node VR
and VL, also connected with the bit lines BL and BLB, respectively, for easy write
operations. The four transistors N5, N6, N7 and N8 improve the write capability of
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Fig. 1 Proposed WARH12T memory cell

the proposed cell. In order to achieve balance read and write operation, the cell ratio
(WN1/LN1)/(WN5/LN5) or (WN2/LN2)/(WN6/LN6) is set to be 2.4 for better read
stability. The pull-up ratio (WP1/LP1)/(WN5/LN5) or (WP2/LP2)/(WN6/LN6) is set to
be 1.2. The second pull-up ratio (WP3/LP3)/(WN3/LN3) or (WP4/LP4)/(WN4/LN4)
is set to be 4.5 for providing the better feedback and easy recovery of the storage
nodes Q and QN. The NMOS transistors N3 and N1 or N2 and N4 are cross-coupled
to pass the output storage node value to the feedback path, the PMOS transistor P3
and P4 are also cross-coupled and it is used as a positive feedback, which helps to
recover the storage node value at Q and QN.

2.2 SEU Recovery Analysis

Taking the case when the state of the sensitive nodes Q, QN, VL and VR is 0, 1, 1
and 0, respectively.

(1) When the output storage nodeQ is affected by anSEU, and its potential changes
from 0 to 1. Transistor P2 is OFF and transition N3 is ON momentarily, as P2
is OFF QN is at high impedance state and keeps its state as logic 1. Meanwhile
N3 is ON and P3 is already ON making VL node unstable for a while and its
potential is decided by the strength of P3 and N3 as we kept the strength of P3
is more than the strength of N3. So, the value of node VL becomes 1 and it
will switch ON the transistor N1, which will help to recover the value at node
Q immediately.
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(2) When the output storage node QN is affected by an SEU and its potential
changes from 1 to 0, transistor N4 is OFF and transistor P1 is ON temporarily.
AsN4 is OFF, nodeVR is at high impedance state and keeps its value as logic 0.
Meanwhile P1 is ON and N1 is already ON, which will make node Q unstable
for a while and its potential is decided by the strength of transistor P1 and N1,
As we kept the strength of N1 is higher than P1, so the logic is decided by
the pull-down transistor N1 and value at node Q is 0. It will switch ON the
transistor P2 again and the node voltage of QN is recovered back to logic 1.

2.3 MEMNU Recovery Analysis

Multiple events 0 → 1 and 1 → 0 can occur at multiple nodes. Nodes Q and QN are
capable of handling both 0 to 1 and 1 to 0 multiple events simultaneously. Taking the
case when the state of all the nodes Q, QN, VL and VR is 0, 1, 1 and 0, respectively.
When the Node Q and QN change from 0 → 1 and 1 → 0, respectively, transistor
P2 is OFF and transistor N3 is ON momentarily, transistor N4 is OFF and transistor
P1 is ON. As transistor N4 is OFF, VR is at high impedance state and keeps its state
as logic 0. Meanwhile N3 is ON and P3 is already ON making VL node unstable
and its potential is decided by the strength of P3 and N3, as we kept the strength
of P3 more than the strength of N3. So the value at node VL becomes 1 and it will
again switch ON the transistor N1 and try to pull down the potential at Q to zero
but P1 is also ON due to upset at QN from 1 → 0, so the potential at node Q is
now decided by the strength of P1 and N1 and as we kept the strength of N1 more
than the strength of P1, node value of Q becomes 0 and it will switch ON the PMOS
transistor P2, which will help to recover the value at node QN. In this way, with the
help of feedback transistors P3 and P4, the node voltage of Q and QN is recovered
very fast. This proposed WARH12T is capable enough to handle simultaneous upset
at both the output-sensitive nodes Q and QN.

2.4 Implementation

The proposed WARH12T memory cell is implemented in 22 nm CMOS technology.
The operating voltage for simulation is used as 1.2 V. The layout of the proposed cell
WARH12T as well as the comparison cells is implemented in Microwind Version
3.1. All the measurement simulations of proposed cell and comparison cells are
performed using SPICE. Double exponential current is also modeled in the SPICE,
which mimics the same upsets as occurred in the SPACE. The layout of the proposed
cell is shown in Fig. 2.
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Fig. 2 Layout of the proposed WARH10T memory cell

3 Simulation Results and Discussion

3.1 Access Time Comparison

The read access time (TRA) is measured as the time taken for the voltage of BLB
line to fall by 50 mV in the read condition, this time measurement starts from the
time when WL starts to be asserted. Write access time is measured as the time taken
for the voltage of a given storage node of the given SRAM to reach 90% of the VDD

when a write is attempted for that node, this time measurement starts from the time
when the word line selected for the given SRAM starts to be asserted.

The TRA andTWA for the proposed structure are calculated at the supply voltages
of 1.08, 1.14, 1.2, 1.26 and 1.32 V. The supply voltage of design is 1.2 V. The
other values of supply voltage used are to account for supply voltage variation by
5 and 10%. Similarly, TRA and TWA have been calculated for all the comparison
structures namely 6T, PS-10T, NS-10T, RHBD10T, RHD-12T and UTSC-12T at
these five voltage values. The values of TRA and TWA of all these structures at
different supply voltages can be visualized in Fig. 3a and b, respectively, to gain
some insights.
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Fig. 3 Plot of a TRA, b TWA of proposed and comparison cells with VDD

3.2 SEU Robustness Comparison

The SEU robustness was verified by using a double exponential current source. A
double exponential current source was injected at the sensitive nodes. This was done
to simulate the radiation strike or single event upset at these nodes. These sensitive
nodes are characterized as the nodes, which are reverse biased [1].

To check the relative stability of the different structures to single event, we
checked the maximum current, the circuit can tolerate before the stored data at the
storage nodes of the SRAM cell changes or flips. The maximum value of the peak
current for which the proposed WARH12T cell operated correctly is 870 uA. This
maximum current tolerance for different comparison cells was found to be 91.63%
smaller for PS-10T, 87.35% smaller for RHBD-10T, 90.52% smaller for NS-10T,
48.39% smaller for RHD-12T and 91.82% smaller for UTSC–12T as compared to
the proposed cell at the proposed supply voltage of 1.2 V. It can be noticed that the
radiation handling capability of the proposed WARH12T cell is significantly larger
than the other comparison cells due to strong cross-coupled PMOS (P3 and P4) feed-
back, which does not allow to change the voltage at nodes VL and VR even if the
output storage nodes Q and QN get affected by SEU, SEMNU and MEMNU.

3.3 Stability Comparison

Static noise margins for read, write and hold states have been used to quantify the
stability of the proposed cell and hence for the comparison of the stability of the
proposed cell with that of the existing or comparison cells. The static margins calcu-
lated are Read Static Noise Margin (RSNM), Write Static Noise Margin (WSNM)
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Fig. 4 Plot of a RSNM and b WSNM of proposed and comparison cells with VDD

Fig. 5 Plot of HSNM of
proposed and comparison
cells with VDD

andHold Static NoiseMargin (HSNM). TheRSNM,WSNMandHSNMwere calcu-
lated for the proposed and comparison cells at supply voltages of 1.08, 1.14, 1.20,
1.26 and 1.32 to study the behavior of the stability of the cells with voltage variation.
The variation of the RSNM, WSNM and HSNM with voltage has been plotted in
Figs. 4a, b and 5, respectively.

3.4 Power Comparison

For comparing the power consumption of the proposed cell WARH12T with that
of existing cells, the power consumed by the proposed cell and the comparison
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cells was calculated during a read operation, write operation and hold state. These
powers are termed as read power (RPWR), write power (WPWR) and hold power
(HPWR). The read power quantifies the power dissipated during a read operation
similarly the WPWR and HPWR represent the power dissipated during a write and
hold operation. The values obtained for the RPWR, WPWR and HPWR for the
proposed and comparison cells for different supply voltages are shown in Figs. 6a,
b and 7, respectively.

Fig. 6 Plot of a WPWR and b RPWR of proposed and comparison cells with VDD

Fig. 7 Plot of HPWR of
proposed and comparison
cells with VDD
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3.5 TRA and TWA Variability

This section talks about the standard deviation of read access time and write access
time. This standard deviation is calculated usingMonteCarlo simulations. TheMonte
Carlo simulations are run for 5000 iterations. This parameter gives an idea of how the
read access time andwrite access timeof the circuit deviate under PVTvariations. The
values of the standard deviation for TRA and TWA of the proposed and comparison
cells at different supply voltages are represented in Figs. 8 and 9.

The standard deviation for the TRA of the proposed cell WARH12T at 1.2 V
supply voltage is calculated to be 52 ps. From Fig. 8, it can be observed that the
TRA variability of the proposed cell is similar in value to other comparison cells,
although its value is slightly greater than that of the best performing cells. The
standard deviation for the TWA of the proposed cell WARH12T at the proposed
supply voltage of 1.2 V was found to be 51 ps. From Fig. 9, it can be concluded that

Fig. 8 TRA-SIGMA variation with voltages of the proposed WARH12T memory cell

Fig. 9 TWA-SIGMA variation with voltages of the proposed WARH12T memory cell
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the TWA variability of the proposed cell is similar in value to the best-performing
comparison cells. Its value is slightly higher than the best-performing cells but is
comparable and similar in magnitude.

4 Conclusion

This work proposed a high radiation-tolerant 12 transistor SRAMcell. Theminimum
charge required to change the data of the proposed cell is significantly higher than
any other previously proposed cells. The radiation tolerating capacity of the proposed
cell is very high compared to any other existing cell. The power requirement of the
cell is also reasonably low and comparable to other cells. The read and write static
noise margin of the transistor is superior to almost all preexisting structures. The
hold static noise margin is also similar to comparison cells. Although the area is not
good, this is a trade-off between higher radiation tolerance, write ability and area
requirement. Hence, we can conclude that the proposed WARH12T cell is suitable
for a very high radiation environment.
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Comparative Study of InAlN and InGaN
Back Barrier Layer
on p-Gate/AlGaN/GaN HEMT

Shaveta, H. M. Maali Ahmed, and Rishu Chaujar

1 Introduction

In last few years due to the promising properties of gallium nitride (GaN), it is consid-
ered as the future material for devices used in space, defense, etc. applications. GaN
has a large band gap and ability to operate at high temperatures as compared to other
semiconductors like silicon that are usually used to fabricate devices. They also
have high mobility, high saturation velocity, polarization nature and high breakdown
voltage [1–3]. The common AlGaN/GaN HEMTS are normally-on due to natural
induction of high-density electron gas (2DEG) in the channel. In contrast to this,
normally-off devices have the benefit of positive and stable threshold voltage, high
breakdown field and low on-resistance [4]. GaN-based high electron mobility tran-
sistors (HEMTs) provide exceptional performance at elevated frequency and high
power electronics [4]. The reliability of the device is limited by some factors like
scattering of carriers into buffer layer, which results in weakening the carrier concen-
tration in channel and reliability [5–9]. To solve this problem, introducing a barrier
(known as back barrier) region between channel and the buffer layer can reduce
spilling of carriers and enhance the carrier confinement in the channel.

Several researchers reported the use of different back barrier (BB) layers. For a
65-nm gate length, Lee D. S. reported the current gain cutoff frequency (fT) of a
transistor with an AlGaN back barrier, that is 210 GHz, which is higher than that of
the standard device with the same gate length [10]. T. Palacio et al. reported the use
of InGaN BB layer up to fT of 128 GHz, fmax of 168 GHz and improved linearity
performance [11]. Y. L. Fang et al. reported the use of AlN super back barrier layer
by totally replacing conventional GaN buffer and reported buffer leakage current of
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10−5 A/mm, which is two order of magnitude lower than GaN buffer [12]. X. G. He
et al. investigated the use of InAlNwith 0.62–0.67 Al composition to improve carrier
confinement and eliminate parasitic channel [13]. In this paper, thick GaN buffer is
completely replaced by InAlN and InGaN BB layers for the AlGaN/GaN HEMT to
improve the 2DEG confinement.

Here, the aim is to do comparative study between structures with InAlN BB,
InGaN BB and GaN buffer for AlGaN/GaN normally-off HEMT. From different
approaches, p-GaN gate is preferred due to excellent performance parameters [4].
The three structures are simulated using Silvaco TCAD software. Conduction band
energy and electron concentration are investigated. The electric field distribution,
output characteristics, transfer characteristics and ION/IOFF ratio are studied.

The paper is planned as follows: description of structure schematic in Sect. 2,
detail results and explanations in Sect. 3 followed by conclusion in Sect. 4.

2 Structure of the Proposed Device

Figure 1 highlights the structure of three different configurations of p-
GaN/AlGaN/GaN HEMT that is considered for comparison. Structure I with InAlN
back barrier (BB), structure II with INGaN BB and structure III with GaN buffer are
taken as reference. Each structure has 150 nmGaN channel, 1 nmAlN spacer, 18 nm
Al0.20Ga0.80N barrier, 70 nm-thick Mg-doped p-GaN layer having concentration
of ~2 × 1019 cm−3, 1 µm-thick BB (structures I and II) and 1 µm-thick GaN buffer
(structure III). The gate length (LG) is 4 µm, gap between source and gate (LSG) is
4 µm and between gate and drain (LGD) is 15 µm. Surface state effects are reduced
by a passivation layer of Si3N4 layer. Schottky and ohmic contact is taken at the gate
and drain is ohmic terminal respectively.

Fig. 1 Schematic of
enhancement-type HEMT
structure
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Scattering mechanism has been defined by two mobility models. The model for
low field mobility is given by
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where a = 2.61 × 10−4/V s cm−2, b = 9.8 × 10−4/V cm−2 and c = 1.7 ×
10−2/V s cm−2. µ(N, T ) is mobility, N is total concentration of dopant and T is
temperature.

The high high-field mobility model can be specified as follows:
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)N2 +
(
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)N1
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where µ(N, T ) is the low field mobility, vsat is saturation velocity, E is electric field.
The values of Ec, an, N1, N2 are as per Ref. [14].

Polarization modeling is critical for GaN-based devices. The total charge density
by polarization is defined as:

Ptotal =
[
PPE(bottom) + PSP(bottom)

] − [
PPE(top) + PSP(top)

]
, (3)

where piezoelectric and spontaneous polarization is presented byPPE andPSP, respec-
tively. The difference in both polarizations will result in the formation of layer of
charges at the interface.

3 Result and Discussion

As mentioned earlier, Silvaco TCAD software has been used for simulations in this
paper. Important physicalmodels like drift–diffusion transport, FermiDirac, lowfield
mobility, high field mobility, Shockley-Read Hall (SRH) and polarization have been
used during simulation. Following simulation parameters are taken for GaN, the band
gap is 3.42 eV, the saturation velocity for electron is 2 × 107 cm/s, the spontaneous
polarization is −0.034 C/m2, the Hall electron mobility is 1900 cm2/V s.

Figure 2 shows the conduction band profile of the three AlGaN/GaN HEMTs. It
is observed that for structures I and II, the conduction band at the end of the channel
is elevated as compared with the structure III. As positive polarization in both InAlN
and InGaN causes conduction band edge to raise, thereby resulting in better 2DEG
confinement [2].
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Fig. 2 Conduction band
profile of HEMT structure

The effect of confinement can be seen from the simulated electron distribution
profile, which is shown in Fig. 3. Structures I and II indicate electron concentration
of 2.15× 1019 cm−3, 2.16× 1019 cm−3, which is more than the concentration of 8.7
× 1018 cm−3 in structure III. So the higher concentration and narrow distribution of
carriers in the channel region will give better control over the device performance
parameters.

Figure 4 shows the electric field distribution contours at VGS = 0 V. An elec-
tric field is generated due to inbuilt polarization and carrier distribution at channel
interface. It is seen from our simulation results, the built in electric field in region
1 of structures I and II is more concentrated at AlGaN/GaN interface, as compared
with structure III. The field strength is 1.17 MV/cm, approximately one order higher

Fig. 3 Electron distribution
at interface of AlGaN/GaN
HEMT structure
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Fig. 4 Simulated electric field distribution of a InAlN BB b InGaN BB c GaN Buffer HEMT
structures at VGS = 0 V

than structure III. Narrower and improved carrier distribution will result in more
concentrated field in the channel, which is here observed in structures I and II. Also,
the formation of confined 2DEG potential well in the channel is supported by the
electron distribution profile, which is shown in Fig. 2b.

Figure 5 highlights the output characteristics of different structures under investi-
gation. The maximum drain saturation current in structures I and II is ~332 mA/mm
at VGS = 6 V, that is, 35% higher than structure III. The reason for increase in
current is better carrier confinement of 2DEG in the channel. Although drain current
is comparable in both back barrier layers, that might be due to almost similar electron
concentration [13].

The transfer characteristics are shown inFig. 6a. The threshold voltage is increased
by ~5% with BB layer showing improved carrier concentration.

Figure 6b shows ION/IOFF ratio of the three structures. ION/IOFF ratio is a very
important parameter as is related to switching applications. Structure I is showing
a better ratio as compared with the other two structures. Although, in structure I,
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Fig. 5 IDS versus VDS plot of HEMTS with/without BB layer

Fig. 6 a Transfer characteristics. b Switching ratio of the p-Gate/AlGaN/GaN HEMT device
with/without BB layer example of a figure caption

the pinch-off current is less than structure II, it is indicating improved pinch-off
characteristics as well as ION/IOFF ratio. Lower band gap of InGaN BB than GaN
may cause parasitic electron channel [11] that is hard to pinch-off and result in
higher leakage current in subthreshold region, poorer ION/IOFF ratio in the structure
II.

4 Conclusion

In this paper, a comparative study of three different structures is carried out. Due
to the lifting of conduction band in structures I and II (i.e. InAlN and InGaN BB,
respectively), the scattering of carriers in the channel has reduced, which in turn
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resulted in improved2DEGconfinement.Maximumelectricfield in the channel is one
order higher than conventionalGaNbuffer. The drain current is increased in structures
I and II due to enhanced electron concentration in the channel. AION/IOFF ratio is
higher in structures I and II as compared to structure III, which leads to better power
efficiency. So, with the addition of both back barrier layers in p-GaN/AlGaN/GaN,
HEMT performance is improved as compared to the conventional GaN buffer. Out of
two back barrier layers, InGaN showed a poorer ION/IOFF ratio due to large leakage
current in the subthreshold region. Therefore, a device with InGaN back barrier may
lead to higher off-state losses and reduced reliability as compared with the InAlN
back barrier.

Acknowledgements This work was done with the constant support and encouragement of our
guide. Heartful thanks to the Applied Physics Department, Delhi Technological University, New
Delhi faculty.

References

1. Ren, F., Zolper, J.C.: Wide Band Gap Electronic Devices. World Scientific, Singapore (2003)
2. Mishar, U.K., Parikh, P., Wu, Y.: AlGaN/GaN HEMTs—an overview of device operation and

applications. In: Proceedings of the IEEE 1022—1031 July 2002
3. Ambacher, O., Smart, J., Shealy, J., Weimann, N., Chu, K., Murphy, M., Chaff, W., Eastman,

L., Dimitrov, R., Wittmer, L., Stutzmann, M., Rieger, W., Hilsenbeck, J.: Two-dimensional
electron gases induced by spontaneous and piezoelectric polarization charges inN- andGa-face
AIGaN/GaN heterostructures. J. Appl. Phys. 85, 3222–3233 (1999)

4. Grecoa, G., Iucolanob, F., Roccaforte, F.: Review of technology for normally-off HEMTs with
p-GaN gate. Mater. Sci. Semicond. Process. 78, 96–106 (2018)

5. Madan, J., Pandey, R., Chaujar, R.: Analysis of varied dielectrics as surface passivation on
AlGaN/GaN HEMT for analog applications

6. Roccaforte, F., Fiorenza, P., Greco, G., Lo Nigro, R., Giannazzo, F., Patti, A., Saggio, M.:
Challenges for energy efficient wide band gap semiconductor power devices. Phys. Status
Solidi A 211, 2063–2071 (2014)

7. Medjdoub, F., Zegaoui, M., Grimbert, B., Rolland, N., Rolland, P.-A.: Effects of AlGaN
back barrier on AlN/GaN-on-silicon high-electron-mobility transistors. Appl. Phys. Express 4
(2011)

8. Kamath, A., Patil, T., Adari, R., Bhattacharya, I., Ganguly, S., Aldhaheri, R.W., Hussain, M.A.,
Saha, D.: Double-channel AlGaN/GaN high electron mobility transistor with backbarriers.
IEEE Electron Device Lett. 33(12) (2012)

9. Gu,Y.,Chang,D., Sun,H., Zhao, J.,Yang,G.,Dai, Z.,Ding,Y.: Theoretical studyof InAlN/GaN
high electronmobility transistor (HEMT)with a polarization-gradedAlGaN back-barrier layer.
Electronics 8, 885 (2019)

10. Lee, D.S., Gao, X., Guo, S.: InAlN/GaNHEMTs with AlGaN back barriers. IEEE Electron
Devices Lett. 32, 617–619 (2011)

11. Palacios, T., Chakraborty, A., Keller, S., DenBaars, S.P., Mishra, U.K.: AlGaN/GaN HEMTs
with anInGaN-based back-barrier. IEEE (2005)

12. Fang, Y.L., Guo, Y.M., Wang, B., Zhang, Z.R., Feng, Z.H.: High breakdown field AlGaN/GaN
HEMT with AlN super back barrier

13. He, X.G., Zhao, D.G., Zhu, J.J., Chen, P., Yang, H. et al.: GaN high electronmobility transistors
with AlInN back barrier. J. Alloy Comp. 662, 16–19 (2016)



164 Shaveta et al.

14. Ambacher, O., Majewski, J., Miskys, C., Link, A.: Hermann, pyroelectric properties of
Al(In)GaN/GaN hetero-and quantum well structures. J. Phys. Condens. Matter 14, 3399–3434
(2002)



HEMTs, MEMS and Photovoltaics



Unified Analytical Model for Charge
Density and Plasmonic Waves
in the Quaternary AlInGaN/AlN/GaN
Heterostructures

Manju K. Chattopadhyay and Kavita Thorat Upadhyay

1 Introduction

Lately, theTerahertz (THz) sources are gaining attention due to their possible applica-
tions in spectroscopy, bio-medical imaging, and high-speed communication. Tradi-
tionally accessible terahertz suppliers included vacuum devices and cryogenic QCLs
[1]. However, these devices were bulky, besides being unstable at room temperature
THz signal generation.

Dyakonov and Shur theoretically envisaged that solid-state field-effect transistors
could find applications as THz detectors for both resonant and non-resonant THz
waves [2]. Their theory paved way for wide research on the new concept of traveling
wave transistor. Various kinds of THz detectors based on solid-state devices viz. the
Si metal–oxide–semiconductor field-effect transistors (MOSFETs), high electron
mobility transistors (HEMTs)), and graphene FETs have been widely researched
[3, 4].

As compared to the Si MOSFET, wurtzite AlGaN/GaN MODFET has superior
carrier mobility and higher two-dimensional electron gas (2DEG) density, owing to
the spontaneous and piezoelectric polarization effects. These effects lead to elevated
responsivity and low noise equivalent power (NEP) at ambient temperature. Addi-
tionally, the manufacturing procedure is less complex as the 2DEG heterointerface
is formed by spontaneous polarization without any deliberate doping. Because of
these advantages, the AlGaN/GaN heterostructures are considered promising as THz
detectors. Knap et al. reported an AlGaN/GaN HEMT-based THz detector with the
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detectable frequency in the 100–600 GHz range [5]. Sun et al. demonstrated THz
detection by a floating antenna-based AlGaN/GaNHEMTwith elevated responsivity
Rv of (3.6 kV/W) and a small NEP (40 pW/Hz0.5) at room temperature [6]. Hou et al.
also proposed aGaNHEMTwith the highestRv of 15 kV/W and the smallest value of
0.58 pW/Hz0.5 as NEPwith 0.25μmgate length [7]. Traditionally, the AlGaN barrier
layer has a constraint of the critical thickness of at least 10 nm to supply adequate
2DEG concentration. This limit blocks the frequency performance enhancement. To
facilitate the increase in device frequency and to have a higher charge concentration,
a thinner barrier layer is required.

The quaternary alloy semiconductor AlxInyGa1-x-yN has clear advantages over the
ternary AlGaN material. Firstly, the bandgap and lattice constants can be engineered
individually, resulting in reduced defects, misfit locations, cracks, and piezoelectric
field. This also allows the development of a skeletal Schottky barrier layer without
significant immiscibility-associated problems in AlN, In, and GaN [8]. Secondly,
with higher Al content, larger polarization strength can be realized because of
increased spontaneous polarization in AlxInyGa1-x-yN. By using proper In and Al
compositions, high 2DEG concentration in AlxInyGa1-x-yN structures can be attained
even using a thin barrier layer with better controllability by the gate voltage. There-
fore, the solid-state heterostructures, consisting of a GaN channel and an AlInGaN
barrier layer, are considered promising for high-power THz applications.

We propose a THz device based on AlInGaN/AlN/GaN HEMT in the present
work. We present a unified analytical model for sheet charge density and plasmonic
waves in quaternaryAlInGaN/AlN/GaNHEMTs. This sheet charge density is used in
expressions to calculate the directly proportional Plasmon frequency. Section 2 below
describes our 2DEG charge density (ns) model. Expressions for Plasmon frequency
and other parameters used are given in the Sect. 2 too. Results are discussed in Sect. 3,
and the present work is concluded in Sect. 4 (Figs. 1 and 2).

Fig. 1 Cross-sectional
diagram of quaternary
AlInGaN/GaN HEMT
structure
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Fig. 2 Energy band diagram of the device

2 Calculations for 2DEG Charge Model

2.1 Polarization Calculations for the AlInGaN/AlN/GaN
HEMT

Configuration of the 2DEG is a pertinent use of the polarization characteristics of the
nitride alloy. In the literature, a good amount of valuable predictions on the polar-
ization property of the ternary alloys is available. However, little work in literature
is available with a special focus on the polarization property of quaternary AlInGaN
alloy.

Structural and electronics properties can be attained by linearly interpolating the
formulae based on Vegard’s law. On the other hand, many structural parameters
and the energy bandgap are non-linear. Therefore, in our model, we use bowing-
based interpolation formulae. The bowing model requires non-linear data of appli-
cable quantities only at the same portions of compositions [9]. In the case of the
AlInGaN/GaN HEMTs, the polarization-dependent threshold voltage is given as

Vth = ∅b − �Ec − qNdd
2
d/2ε − σint (dd)/ε (1)

where∅b is the Schottky barrier height,�Ec is the conduction band discontinuity, Nd

is the doping concentration, ε is the permittivity of AlInGaN, and dd is the thickness
of the AlInGaN layer,

σint = PGaN − PAl InGaN (2)

and
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PAl InGaN = Psp(Al InGaN ) + Ppz(Al InGaN ) (3)

i.e., Sum of spontaneous and piezoelectric polarization.
For a practical AlInGaN/GaN heterostructure, a thin AlN layer, usually of 1 nm

width, is introduced at the heterojunction to reduce the alloy disorder scattering from
theAlInGaN barrier layer and to increase the charge density.We estimate its outcome
by substituting the conduction band offset�Ec in Eq. (1) by our modified conduction
band offset as

�Ec_mod = �Ec_AlN/GaN − �Ec_Al InGaN/AlN + �Ec_AlN (4)

Here, we have taken

�Ec_AlN = q2dAlN

εAlN

(
σAlN

q
− ns

)
(5)

Various other terms are as defined in Table 1.

2.2 Carrier Density Model

The sheet charge density ns can be obtained by solving the 1D Poisson’s equation
and can be represented as

ns = ε
(
Vg − Vth − Vk − EF/q

)
/qd (6)

where d is the sum of dd and the length of the AlN layer, Vk is the channel voltage
at distance k, and EF is the Fermi level.

An analytical expression for ns as a function of Vg can be expressed as [10]

ns = [
AVgo/(1 + B)

][(
1 − A2/3γ0

)
/(1 + B)2/3V 1/3

go

]
(7)

A = ε/qd and B = A/qD, andD is the two-dimensional density of states inside the
quantum well at the heterointerface.

The unified expression for ns including the contribution of charge carriers in the
barrier layer is given as [11]

ns,uni f ied =
2kBT Aln

(
1 + exp

(
qVgo
2kB T

))

q

(
AVgo

ns,AboveV th
+ A

D exp
( −qVgo

2kB T

)) (8)

here Vgo = Vg− Vth.
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Table 1 Material specific parameters for the calculations

Parameters Values/Details

Polarization charge across the AlN/GaN
interface

σAlN

Thickness of the AlN layer dAlN

Conduction band offset at the AlN/GaN
interface

�Ec_AlN/GaN

Conduction band offset at the
AlInGaN/GaN interface

�Ec_Al InGaN/AlN

Permittivity of the AlN layer εAlN

Spontaneous polarization Psp(Al InGaN ) =
x ·Psp(AlN )+y ·Psp(I nN )+z ·Psp(GaN )+bAlGaN ·
z ·+bInGaN · y · z+bAl InN · x · y+bAl InGaN · x · y · z

bAlGaN , bInGaN , bAl InN are bowing
parameters of ternary alloy

bAl InGaN = 27Psp(Al0.33 I n0.33Ga0.33N ) −
9(bAlGaN + bInGaN + bAl InN ) − 3(Psp(AlN ) +
Psp(I nN ) + Psp(GaN ))

Basal strain defined after Vegard’s
interpolation of lattice parameter

η
(
UxVyGazN

) = [x(aGaN−aUN )+y(aGaN−aV N )]
[xaUN+yaV N+zaGaN ]

Piezoelectric polarization parameters Ppz(Al InGaN ) =
x · Ppz(AlN , η)+ y · Ppz(I nN , η)+ z · Ppz(GaN , η)

Ppz(AlN , η) = −1.808η + 5.624η2 f orη < 0

Ppz(AlN , η) = −1.808η − 7.888η2 f orη > 0

Ppz(GaN , η) = −0.918η + 9.541η2

Ppz(I nN , η) = −1.373η + 7.559η2

Energy bandgap Eg(GaN ) = 3.4eV, Eg(AlN ) =
6.2eV, Eg(I nN ) = 0.7eV

2.3 Model for Drain Current

The model for drain current may be formulated by calculating the current along the
channel.

Id = qμ0Wns,uni f iedvs (9)

where μ0 is the low vertical field mobility,W is the width of the device, and vs is the
drift velocity.

Integrating from source to drain gives a simple analytical model of the drain
current as
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Id =
(
qμe f f W

Lg

)⎧⎨
⎩

⎡
⎣ (A + D)

(
n2s − n2D

)
2AD

⎤
⎦ +

(
2

5
γ0

(
n5/3s − n5/3D

))
+ kBT (ns − nD)

q

⎫⎬
⎭ (10)

where ns and nD are the electron charge densities at the source and drain ends,
respectively, Lg is the gate length, and the rest of the symbols are defined as done
conventionally. The calculations of nD and saturation voltage Vsat are given in our
previous work [10].

The second-order effects such as drain-induced barrier lowering (DIBL), channel
length modulation, and self-heating effects (SHE) are neglected here but can be
included in Id–Vd characteristics by modifying the Eq. (4), in a procedure similar to
our earlier work [12].

2.4 Dispersion Relations for Plasma Waves in 2D Gated
Devices

In two- or one-dimensional plasma, the frequency of plasma oscillations,ωp depends
on the plasma wave vector k. Theoretical modeling of a 2D plasma leads to the
following dispersion relationship [13]:

ωp =
√

q2nsk

2m∗ε0εGaN
, k =

√
qVgo

m∗ kn for kd � 1

(kn)gated = (2n − 1)π

Lg
, where n = 1, 2, 3 . . .

The plasma waves propagate with much greater velocities than the electron drift
velocities. Hence, the plasma wave frequency for the fundamental harmonic for
short-channel solid-state devices is in the THz range. Other relations used for various
parameters related to plasmon oscillations are listed in Table 2.

Table 2 Relationship used for various parameters related to plasmon oscillations

Parameter with units Relationship

Characteristic length for the ac voltage decay from the source
[15]

Lo = s
√

τ/m

Electron effective mass in AlInGaN layer m∗ = (0.35x + 0.1y + 0.2z)m0

Fermi velocity [16] vF = h
2π

1
m∗

√
2πns

Electron plasma velocity [16]
S =

√
q2nsd
εm∗

Fundamental plasma frequency [16] f = S
4L g
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Plasma wave electronic devices have a major benefit that they can be tuned by
applying bias voltage and are able to modulate at very high frequencies viz. 200 GHz
and more [14]. This makes quaternary GaN heterostructures interesting devices
for probable employability in high-power, ultrahigh-speed wireless communications
used in the ultrahigh-resolution broadcast.

3 Results and Discussion

Figure 3 shows the comparison of our calculated output characteristics and exper-
imental data published by Hwang et al. [8]. Values of various parameters used are
given in Table 3. High drain currents of 1589 A/mm, 1278 A/mm, 865 A/mm, and

Fig. 3 Id–Vd characteristics
of heterostructure at different
gate voltages Vg

Table 3 Model and device
parameters used in
calculations for comparison
in figure

Parameter with units Values employed in our
computations

Lg (μm) 400 nm

W (μm) 1 μm

μ0 (cm2/V-s) 1621

Fitting parameters a1 (1/V) −40 × 10–3

a2 (1/V2) 0.32

a3(1/V) 5 × 10–5

Transition width
parameter

α, (unit less) 1.2

Rs (�) 0.6

Rd (�) 0.6
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Fig. 4 Plasma frequency ωp
versus Al mole fraction x

337 A/mm are obtained at gate voltages 1 V, 0 V, −1 V, and −2 V, respectively. By
choosing suitable fitting parameters, we obtained a goodmatchwith the experimental
result.

The relationship of plasma frequency ωp with x, the Al mole fraction, is depicted
in Fig. 4 for Lg = 100 nm. A higher frequency range is observed for higher values
of d. The frequencies observed are higher by an order as compared to calculations
done for AlGaN/GaN HEMTs by Rabbaa et al. [17]. ωp achieved values more than
40 THz for d = 15 nm and Lg = 100 nm.

Figure 5 illustrates the variation of plasma frequency ωp with doping density at
different gate voltages applied. A linear relationship of ωp is seen with the doping

Fig. 5 Plasma frequency
versus doping density for
different gate voltages Vg
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density Nd and the Vg . The relationship of Plasma and Fermi velocities with 2DEG
is shown in Fig. 6. We infer that the plasma wave velocity reaches a much higher
value of 27.6 × 105 m/s as compared to the Fermi velocity of 9.4 × 105 m/s for a
sheet charge concentration of 1017 cm−3.

Change in calculatedplasma frequencyωp versusVg for different Inmole fractions
y is illustrated in Fig. 7withAlmole fraction x fixed at 0.3. It is observed that the lower
y values give higher plasma frequencies. Figure 8 depicts the variation of fundamental
plasma frequency f with the gate length Lg at a drain voltage of 4 V for gate voltages
from 2 to 5 V. We see that f rises exponentially with a decrease in Lg. Although we
attain great THz plasmon frequencies by lessening theLg, there are certain limitations

Fig. 6 Plasma velocity S
and Fermi velocity vF versus
2DEG sheet concentration

Fig. 7 Calculated plasma
frequency ωp versus gate
voltage for different Indium
mole fractions y
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Fig. 8 Fundamental plasma
frequency f versus gate
length Lg for various gate
voltages

with very short gate lengths while designing the HEMTs. Therefore, one has to
ascertain the minimum critical gate length for optimized operation.

4 Conclusion

Aunified analytical model for calculating sheet charge density and plasma frequency
of Terahertz waves in quaternary AlInGaN/AlN/GaN HEMTs is presented. Calcu-
lated results using our model matched well for Id–Vd characteristics of experimental
data given in Ref. [8].We observed that due to higher electron concentration accumu-
lation in quaternary alloys as compared to ternary alloys such as AlGaN, the plasmon
oscillations introduced have higher frequency by almost an order. Our unified analyt-
ical model gives an overview of different parameter relationships for exploring the
quaternary alloy-based HEMTs for THz device applications.
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Studies on Performances of Copper
Oxide Nanoparticles from Catharanthus
Roseus Leaf Extract

K. A. Khan, M. Shaiful Islam, Md. Abdul Awal, M. N. Islam Khan,
and A. K. M. Atique Ullah

1 Introduction

The CuO Nanoparticles from Catharanthus Roseus leaf extract is an innovative idea
[1–4]. Although it has been conducted MnO2 NPs from Bryophillim pinnatum leaf
extract by our research group previously[5–10] It has been conducted the different
characterizations likeXRD,GC–MS, SEM, FESEM, FTIR, EDX,DSC,VSM, TGA,
etc. The CuO nanoparticles are stable, robust, and have a longer shelf life compared
to organic, antimicrobial agents [11–13]. There are a few strategies for the union
of CuO NPs, which incorporate sol–gel process, co-precipitation, sonochemical
method, hydrothermal techniques, non-aqueous synthesis, ultrasound irradiation,
micro-emulsion method, electrochemical and microwave irradiation synthetic route,
and so on[14–16]. Themain aim of our research work on CuONanoparticles (NPs) is
to use for electricity generation system by using electrochemical cell. TheCatharan-
thus Roseus leaf is also amedicinal leaf [17–21]. It has a great medicinal value. There
are some countries where it is used as a medicinal value. The biogenic amalgamation
includes the blend of NPs utilizing plants and microorganisms or their concentrates
[22, 23]. The microbial combination is a tedious and to some degree dangerous
strategy, since it includes the upkeep of microbial societies under advanced, septic
research center conditions. Developing a facile and green method for synthesizing
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CuONanoparticles (NPs) is of importance and still a challenge formaterials scientists
[24, 25]. The Catharanthus roseus leaves possess biomolecules such as terpenoid,
carotenoid, sterol, alcohol, and organic acid, which could be used as reducing agent
to react with Cu2+ ions as scaffolds to direct the formation of the CuO Nanoparticles
(NPs) in a solution that have been extensively explored for possible medical applica-
tions [26]. The CuO Nanoparticles (NPs) from Catharanthus roseus leaves provide
a particularly useful platform and demonstrate unique properties with potentially
wide-ranging therapeutic applications [27].

2 Methodology

CuONPs were synthesized via a facile green synthesis route where (Cu(CH3COO)2-
H2O) were used as a precursor and Catharanthus roseus leaf extract was used as a
source of reducing and capping agents. To synthesis CuO NPs, the Catharanthus
roseus leaf extract was added to an aqueous mixture of Cu2+ acetate at a 1:1 M ratio.
The chemical reactions for CuO NPs are given by the following:

Catharanthus roseus+H2O+Cu2+(aq) Stirring [Cathararanthus roseus/Cu2+]
[Cathararanthus roseus/Cu2+] [Cathararanthus roseus/CuO] ↓(s) + H2O (aq)

The method of Catharanthus Roseus leaf extract preparation for getting CuO
Nanoparticles (NPs) is shown in Fig. 1. From Fig. 1, it is found that the finished
product was Catharanthus Roseus leaf extract (C.R.L. extract).

The method of CuO Nanoparticles (NPs) preparation using Catharanthus Roseus
leaf extract is shown in Fig. 2. Finally, it is found (from Fig. 2) that the finished
product was CuO Nanoparticles (NPs) using Catharanthus Roseus leaf extract
(C.R.L. extract).

Fig. 1 Method of leaf extracts preparation
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0.3M(Cu(CH3COO)2-H2O) Added 200ml leaf extract     Solution dried at 80 oC       Grinding dried sample  

CuO NPs Grinding with Mortar Dried in oven at 100oC           Washing & centrifuging at 
4000 rpm about 15 times. 

Fig. 2 Methods for sample preparation of CuO NPs

3 Results and Discussion

Table 1 shows the amount inpercentage (%) of functional group of Catharanthus
roseus leaf extracts. It is found that the maximum functional group present in Catha-
ranthus roseus leaf extractwasAlcohol (42.64%) and theminimumfFunctional group
present in Catharanthus roseus leaf extract was Carotenoid (1.82%).

3.1 Structural Analysis Using XRD

It is shown (in Fig. 3) that the diffraction peaks of synthesized CuONPs are assigned
to the crystal planes of (110), (−111), (111); (−202), (020), (202); (−113), (−311),
and (220), respectively. The analyzed diffraction peaks were matched well with the
standard magnetite XRD patterns with JCPDS file no: 05-0661, which declared the
crystallographic system of the monoclinic structure.

Table 1 Functional group
present in Catharanthus
roseus leaf extracts

Functional group Amount (%)

Alcohol 42.64

sterol 23.03

Alkane 3.43

Ketone 10.14

Terpenoid 2.67

Carboxylic acid 2.43

Carotenoid 1.82
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Fig. 3 XRD patterns of
CuO Nanoparticles

3.2 Structural Parameter of CuO NPs

The structural parameter for different calcination temperatures at 400 °C, 500 °C, and
600 °C is shown in Table 2. The maximum crystallite size, D(nm) was 30.77 nm at
400 °C and the minimum crystallite size, D(nm) was 13.25 nm at 500 °C. The
maximum dislocation density, δ(line/nm2 × 10–3) was 5.70 at 500 °C and the
minimum dislocation density, δ(line/nm2 × 10–3) was 1.06 at 400 °C. The maximum
microstrain, 1(×10–3) was 1.34 at 500 °C and the minimum microstrain, 1(×10–3)
was 0.85 at 400 °C.

It is shown (in Fig. 4) that the average crystallite size decreases from 400 °C to
500 °C with increasing calcination temperature and then increases with temperature.
It is shown (in Fig. 5) that the dislocation density increaseswith increasing calcination
temperature up to 500 °C and then decreases with temperature.

Table 2 Structural parameter for different calcination temperatures

Temperature(°C) Crystallite Size, D(nm) Dislocation density,
δ(line/nm2 × 10–3)

Microstrain, 1(×10–3)

400 30.77 1.06 0.85

500 13.25 5.70 1.34

600 21.78 2.11 1.18
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Fig. 4 Calcination
temperature versus
crystallites size

Fig. 5 Calcination
temperature versus
Dislocation density (δ)

3.3 Williamson–Hall Method

Williamson–Hall X-ray line broadening analysis provides a method of finding an
average size of coherently diffracting domains and strain. Strain-induced peak broad-
ening arises due to crystal imperfection; and distortion, which had been calculated
using the relation :

ε = β

4tanθ
(1)
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Fig. 6 Slope of the plots provides the value of strain. The slope for 400’C, 500’C, and 600’C are
3.53 × 10–3, 2.24 × 10–3, and 3.23 × 10–3, respectively

To estimate microstrain from the X-ray diffraction pattern, Williamson and Hall
[9] proposed a modified Scherrer’s formula as follows:

βcosθ = kλ

D
+ 4εsinθ (2)

The equation represents the linear plot of βhklcosθ_ against 4 sinθ for the samples
calcined at (a) 400 °C, (b) 500 °C, and (c) 600 °C temperatures displayed in Fig. 6.
The slope of the plots provides the values of strain (ε) [9].

It is shown (in Fig. 6) that the plots provide the value of the strain, which varies
with temperatures. The value of the slope of the strain was 3.53 × 10–3, 2.24 ×
10–3, and 3.23 × 10–3 at 400’C, 500’C, and 600’C, respectively. It is found that
the maximum value of the slope of the strain was 3.53 × 10–3 at 400 °C and the
minimum value of the slope of the strain was 2.24 × 10–3 at 500 °C.

3.4 Surface Morphology Analysis: SEM and FESEM

The SEM images of CuONPs calcined at 400 °C and 500 °C are shown in Fig. 7a and
Fig. 7b. The SEM image shows that the samples are in the nano range. The FESEM

Fig. 7 Surface morphology analysis using SEM and FESEM
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image of CuONanoparticles (NPs) calcined at 600 °C is shown in Fig. 7c. The image
shows that the surface morphology of the Nanoparticles (NPs) is homogeneous and
almost spherical in shape.

3.5 Functional Group Analysis of Nanoparticles Using FTIR
Technique

Table 3 shows the functional group analysis of Nanoparticles (NPs) using the FTIR
technique. It is also found from Table 3 that the maximum peak position(cm−1) of
the functional group was 3460 for (-OH) and the minimum peak position(cm−1) of
the functional group was 515 for (Cu–O).

It is shown (in Fig. 8) that the stretching vibration of –OH functional group is at
thepPeak position of 3460 cm−1. Whereas, the antisymmetric stretching vibration of
–CH2– is in naphthalic or aliphatic at the peak position of 2925 cm−1. Again, it is
also shown that the stretching vibration of –OH functional group is in polyols at the

Table 3 Table for FTIR analysis of CuO NPs

Functional Group Peak Position(cm−1) Attribution

– OH 3460 Stretching vibration of –OH functional Group

– CH2– 2925 Antisymmetric stretching vibration of –CH2– in
naphthalic or aliphatic

– OH 1416 Stretching vibration of –OH in polyols

C–N 1050 Stretching vibration of C-N in amines

Cu–O 515 Stretching vibration of Cu–O bond

Fig. 8 FTIR analysis of
CuO NPs
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Table 4 Elemental analysis Elements Mass (%)

Copper (Cu) 40.36

Oxygen (O) 20.52

Carbon (C) 39.12

Fig. 9 Elemental analysis of CuO NPs calcined at 600 °C using EDX

peak position of 1416 cm−1, whereas, the stretching vibration of C-N is in amines at
the peak position of 1050 cm−1. Finally, it is shown that the stretching vibration of
Cu–O bond is at the peak position of 515 cm−1.

3.6 Elemental Analysis of CuO NPs

Table 4 shows the Elemental Analysis of CuO Nanoparticles (NPs). It is shown that
the mass (%) of Copper (Cu), Oxygen (O), and Carbon (C) are 40.36%, 20.52%, and
39.12%, respectively.

It can be seen that (from Fig. 9) no coercivity or remanence could be observed for
the sample, suggesting the diamagnetic properties of the magnetite nanoparticles.
This can be ascribed to the small size of nanoparticles which were smaller than the
diamagnetic critical size.

3.7 Elemental Analysis and Magnetization of CuO NPs

It is shown (in Fig. 10) that the saturation magnetization of the nanoparticles (NPs)
was 0.00125 emu/g.
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Fig. 10 Magnetization
measurement: VSM image
of CuO NPs

3.8 Thermal Analysis of Nanoparticles Using TGA

In the TGA plot (from Fig. 11), the total weight losses are observed 13.33% up to
1100 °C. The weight losses are observed 2.36% up to 700 °C and 10.81% up to
800–1000 °C flat line stabilizes the pure CuO NPs with no impurities.

Fig. 11 TGA plot of CuO
NPs calcined at 600 °C
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Fig. 12 DSC plot of CuO
NPs calcined at 600 °C

3.9 Thermal Analysis of Nanoparticles Using DSC

The DSC curve shows (from Fig. 12) a broad exothermic dip in between room
temperature and 500 °C. There is also a sharp dip observed at around 950 °C, which
might be due to crystallization and condensation to the anatase phase.

4 Conclusions

The XRD pattern of the average crystallite size was estimated for the synthesized
spherical monocyclic crystalline typed CuO NPs as 21.96 nm. NPs synthesized with
various calcination temperature also confirmed their crystallinity by XRD analysis
and it was found that all of them have pure crystal phase with a spherical monocyclic
crystalline structure,where the crystallites size of theNPs decreasedwith the increase
of calcination temperature 400 to 500 °C and crystallite size increases with 600 °C.
EDX spectra confirmed the presence of elemental components of the CuO NPs.
FTIR spectroscopy showed the involvement of biomolecules present in the extract
of Cathranthus roseus, which were verified in the synthesizing process of CuO NPs.
The formation of CuO NPs was confirmed due to the noticeable absorption peaks
at 520 cm−1. The FESEM image showed the high degree of crystallinity of the
synthesized CuO NPs in which surface morphology was found to be homogeneous
and almost spherical in shape with the presence of capping agents that stabilize the
CuO NPs. The thermal analyses were carried out using DSC and TGA techniques
in which the synthesized CuO NPs were responded with temperature. The magnetic
properties of prepared CuO NPs are examined by VSM which demonstrates that the



Studies on Performances of Copper Oxide … 189

synthesized CuO NPs showed slightly superparamagnetic characteristics with zero
corrosivity and remanence magnetization property.
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Applications of PKL Electricity for Use
in DC Instruments

Lovelu Hassan and K. A. Khan

1 Introduction

The voltaic cell is also known as a galvanic cell which is an electrochemical cell and
where spontaneous reactions for electricity generation occur. Generally, the voltaic
cell has two half cells with a salt bridge. Our designed and fabricated PKL electro-
chemical cell has no salt bridge but the basic principle is based on voltaic or galvanic
cell [1, 2]. That is why we have called it modified voltaic or modified galvanic
cell. Sometimes it is also called called voltaic or galvanic cell. The main difference
between the voltaic/galvanic electrochemical cell and PKL electrochemical cell is
that no large current for voltaic/galvanic cell whereas a large current can be generated
by PKL electrochemical cell [3, 4]. A PKL half cell has an electrode within a PKL
extract with Mn+ ions, where M is a metal stip and n+ is the number of ions [5].
There is a link for two half cells by a connecting wire from one electrode to the other.
The salt bridge in a voltaic cell connects to the half cells [6, 7]. The electrons are
transferred and the energy is released due to the spontaneous redox (reduction–oxida-
tion) reactions. As a result, it is possible to use that energy if the flow of electrons
occurred through the external circuit [8, 9]. Figure 1 shows a typical PKL electro-
chemical cell. In our innovated PKL electrochemical cell, oxidation occurs at anode
and reduction occurs at cathode [10, 11]. In the traditional voltaic cell, electrons
flow from anode to cathode and the charges in each beaker would not be balanced
and then the flow of electrons would stop [12]. Generally, a salt bridge looks like
a u-tube which contains the solution of the salt and it keeps the charges balanced
[13]. In the solution of the beaker, anions move toward the anode and cations move
toward the cathode [14]. In our innovated modified voltaic cell, electrons leave the
anode toward the cathode through an external circuit and the cations dissolve into the
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Fig. 1 Experimental setup for the DC appliances of PKL electricity. a DC table fan bDC TV c DC
bulb d DC Energy bulb

PKL extract in each compartment. The PKL electricity generation device is based
on Zn/Cu electrodes [15]. That is why when the electrons reached the Cu Plate, and
cations in the Cu plate are attracted to the Cu plate [16]. The electrons are taken by
the cations (Cu2+) and the neutral Cu metal is deposited on the Cu plate. The gener-
ated PKL electricity travels in a complete electrical circuit [17]. The spontaneous
reaction of a PKL circuit always runs in that direction where the+ve electrochemical
cell potential is produced. The main things for our complete PKL electric systems
are obtained: the created cell potential of the PKL system, the direction of the flow
of electrons, the role of anode (Zn plate) and cathode (Cu plate), the role of PKL
extract, and the nature of ions, electrodes, and electrolytes [18].

1.1 Methodology

The different Specifications of Electrolyte is given below:
Quantity of PKL = 800 g = 0.8 kg, Quantity of water = 3200 ml = 3.2liter,

and PKL: Water = 1:4, and the dimensions of the Zn electrode is length of the Zn
electrode = 14.8 cm, width of the Zn Electrode = 3.8 cm, and the area of the Zn
electrode = (14.8 × 3.8) cm2 = 56.24 cm2. The dimensions of each chamber is
length of each chamber = 10.0 cm, width of each chamber = 3.5 cm, and the area
of each chamber = (10.0 × 3.5) cm2 = 35 cm2.

It is shown in Fig. 1a the DC table fan with PKL electricity, in Fig. 1b about the
DC TV with PKL electricity, in Fig. 1c regarding the DC LED bulb, and in Fig. 1d
DC Energy bulb with PKL electricity. Overall Fig. 1 shows the experimental setup
for the DC appliances of PKL electricity.

Electrodes: The zinc plate was used as an anode and the copper plate was used as a
cathode. There are six chambers/compartments in a PKL module, which was made
by an insulated battery box. There are one pair of electrodes (one Zinc plate and
one copper plate)set up in each compartment. Then electrodes of each compartment
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are connected in a series combination. As a result, the voltage of the PKL module
increases, and the current of the PKL module remains constant. Then after the DC
load is connected between the ends of the PKLmodule. If the load needs high voltage,
then more PKL module is connected in series connection to face the demand of the
DC load voltage. The electrolyte prepared by PKL extract has been put into each
compartment of the PKLmodule. After a chemical reaction, the voltage is generated
in the PKL module which lights the DC appliances.

Electrolytes: PKL extract is mixed with water for getting electrolyte of the PKL
electrochemical cell. This PKL extract has been filtered and then kept into each
compartment of the PKL electrochemical cell. When the electrodes Zinc and Copper
are immersed into the electrolyte, then the voltage and current are produced which
lights the DC appliances.

Battery box: The battery box was made of an insulated material like plastics.
Generally, it is available in the local market.

Connecting wires: The connecting wires are made of copper. It is also available in
the market. It can be purchased from both local and international markets. Although
it is also available in the local market, it can be purchased in kg or feet basis.

Multimeters: The voltage and current have been measured by a calibrated multime-
ters. It can be purchased from both local and international markets. Although it is
also available in the local market.

PKL cultivation: The PKL is called a miracle leaf. Because it can grow everywhere.
So that it can be harvested easily. After collecting the PKL, it has been blended by a
blender or any other suitable crash machine. Then it is mixed with water. If the water
is DI water, then it would better for better performance of electricity generation.

Direct Current (DC) and Alternating Current (AC): The current which flows in
a unidirectional way is called Direct Current (DC). It follows the ohm’s law, V =
IR and Power law, P = VI, where, V = voltage, I = current, and R = resistance.
The current which changes its magnitude and polarity at regular intervals of time is
called Alternating Current. The equation of ac voltage is: v(t)= vm sin Ñt and i(t)=
im sin Ñt, where, v(t) = ac voltage, vm = maximum voltage, i(t) = ac current, im =
maximum current, and Ñ = angular frequency = 2Pf. Here, f = Linear frequency.
The ac power, P = v(t) i(t) = (vm2/R) sin2t, where R = load resistance.

Inverter: It converts DC to AC. There are three types of inverters such as square
wave inverter, modified square wave inverter or quasi inverter, and pure sine wave
inverter.
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1.2 Chemical Reactions

The difference between cathode and anode for a PKL electrochemical cell is given
in Table 1. It is found that from Table 1 that Copper works as a cathode and Zinc
works as an anode. It is also shown that the loss of electrons occurs at Zinc and gain
of electrons occurs at Copper. The redox reaction occurs between Copper and Zinc
electrodes.

Generation of Electric potential in a PKL System:

The potential difference between the Cu plate and Zn plate of a PKL cell is called the
electric potential or electromotive force of a PKL electrochemical cell. Generally, it
is denoted by Ecell. It is measured by the equation

1V = 1J/1C (1)

(since, V =W/Q),

where V = potential, W = Potential Energy, and Q = charge. The pull or driving
force on electrons of a PKL electrochemical cell is also called the electromotive
force (emf). The cause of the electro motion in a PKL electrochemical cell is the
electromotive force. The potential at theZnplatemaybe called the oxidation potential
and the potential at the Cu plate may be called the reduction potential. The electrode
potential cannot be measured in isolation. The electrode potential of a PKL cell
depends upon the chemical properties of thematerials of the electrodes, concentration
of the materials, temperature, and pressure.

Standard State Condition for PKL electrochemical cell:

The concentration of the solution = 1 mol/L, the pressure of gases = 1 atm, and
temperature = 25ºC or 298 K.

Standard PKL electrochemical Cell Potentials:

The PKL electrochemical cell potential at standard state conditions can be shown by
the following equation:

Ecell = Ered (cathode) − Ered (anode) (2)

Table 1 Difference between
cathode and anode for a PKL
electrochemical cell

Cathode (Copper electrode) Anode (Zinc electrode)

Here electrons are
consumed/gained

Here electrons are
generated/lost

Here reduction occurs Here oxidation occurs

Here positive(+) sign Here negative(-) sign



Applications of PKL Electricity for Use in DC Instruments 195

Table 2 Difference between
cathodic and anodic reactions
for a PKL electrochemical
cell [22].

Cathodic reactions Anodic reactions

Cu2+ +2e− = Cu Cu-2e− = Cu2+

Zn2+ +2e− = Zn Zn-2e− = Zn2+

Fe3+ +e− = Fe2+ Fe2+–e− = Fe3+

H+ +2e− = 2H = H2 2H–e− = H+

where Eºcell = Cell potential, Eºred (cathode) = Cathode (Cu plate) potential or
reduction potential, and Eºred (anode) = Anode (Zn plate) potential or oxidation
potential [19]. The intensive property of the PKL electrochemical cell can be found
according toEq. (1), and the potential energyper unit of charge is equal to the potential
of the PKL electrochemical cell. For PKL electrochemical cell, Eºred (cathode) =
−0.76 V and Eºred (anode) = +0.34 V. Therefore, from Eq. (2), we have Eºcell
= +0.34–(−0.76) = 1.10 V. The strongest oxidizers have the most +ve reduction
potential and the strongest reducers have the most –ve oxidation potential. It is
found that the PKL cell potential depends upon the difference of the potential of two
electrodes. It is also shown that the reduction potential of the PKL cell potential does
not depend upon the stoichiometric constant.

Summary of the standard electrode potential:

The electric voltage is created of a PKL electrochemical cell for two dissimilar elec-
trode materials. This voltage has been measured for the potential energy per unit
charge from the redox reaction to drive the total reaction activities. The PKL electro-
chemical cell has two half cells made by cathode (Cu plate) and anode (Zn plate) with
PKL extract [20]. The important and interesting matter is that the created voltage of
the PKL electrochemical cell is positive because the reaction is spontaneous.

1.3 Difference Between Cathodic and Anodic Reactions
of a PKL Electrochemical Cell

It is shown in Table 2 that the Zn2+ is the product ion and the Cu2+, Zn2+, and H+ are
the reactant ions. In PKL electrochemical system, the concentration of the reactant
ions should be higher than the concentration of the product ions [21].

2 Results and Discussion

The performance of PKL electrochemical cell for some parameters has been studied
for two consecutive weeks which have been graphically presented.

The variation of open circuit (VOC) with the variation of time duration for day-1is
shown in Fig. 2. The Voc indicates the average value of Voc1, Voc2, Voc3, Voc4, Voc5,
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Fig. 2 VOC–Time duration
curve
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and Voc6. It is shown in Fig. 2 that the variation of open circuit voltage (VOC) was
from 5.17 V to 5.39 V for first day. Therefore, the open circuit voltage change was
0.22 V for first day. The variation of open circuit (VOC) with the variation of time
duration for day-2 is shown. The Voc means the average value of Voc1, Voc2, Voc3,
Voc4, Voc5, and Voc6. The variation of open circuit voltage from 5.05 V to 5.17 V for
the second day is also shown in Fig. 3. It is mentioned that the difference between
day-1 and day-2 is around one week. Therefore, the open circuit voltage change was
0.12 V for second day. Figure 4 shows the behavior of the variation of open circuit,
Voc for first day and second day together. The variation of open circuit Voc for two
different days is also foundwhich has been recorded carefully and graphically shown.
In Fig. 4, it is shown that the variation of open circuit (VOC) was decreased by the
PKL electrochemical cell after a week.

Fig. 3 VOC–Time duration
curve
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Fig. 4 VOC–Time duration
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The variation of short circuit current (Isc) with the variation of time duration for
day-1 is shown in Fig. 5. The Isc indicates the average value of Isc1, Isc2, Isc3, Isc4,
Isc5, and Isc6. It is shown in Fig. 5 that the variation of short circuit current (Isc) was
from 2.51 to 3.11 mA for first day. Therefore, the short circuit current (Isc) change
was 0.60 mA for first day. The variation of Isc with the variation of time duration
for day-2 is also shown. Here, the Isc means the average value of Isc1, Isc2, Isc3, Isc4,
Isc5, and Isc6. The variation of short circuit current (Isc) from 2.50 to 3.40 mA for
the second day is also shown in Fig. 6. It is mentioned that the difference between
day-1 and day-2 is around one week. Therefore, the short circuit current change was
0.90 mA for the second day. Figure 6 shows the behavior of the variation of Isc for
the firstst day and second day together. Thevariation of short circuit current (Isc) for
two different days is also found which has been recorded carefully and graphically
shown. In Fig. 7, it is shown that the short circuit current (Isc) was regained by the
PKL electrochemical cell after a week.

Fig. 5 ISC–Time duration
curve
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Fig. 6 ISC–Time duration
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Fig. 7 Isc–Time duration
curve
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Fig. 8 IL–Time duration
curve
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The variation of load current (IL) with the variation of time duration for day-1
is shown in Fig. 8. The IL indicates the load current. It is shown in Fig. 7 that the
variation of load current (IL) was from 1.21 mA for the first day. Therefore, the load
current (IL) was constant and there was no change of load current for the first day.
The variation of IL with the variation of time duration for day-2 is also shown. It is
also shown in Fig. 9 that the variation of load current (IL) was from 1.10 to 1.20 mA
for the second day. It is mentioned that the difference between day-1 and day-2 is
around one week. Therefore, the load current change was 0.10 mA for the second
day. Figure 10 shows the behavior of the variation of IL for the first day and second
day together. The variation of short load current (IL) for two different days is also
found which has been recorded carefully and graphically shown. In Fig. 10, it is
shown that the load current (IL) was almost constant by the PKL electrochemical
cell after a week.

The variation of maximum power (Pmax) with the variation of time duration for
day-1 is shown in Fig. 11. The Pmax indicates the maximum power. It is shown in
Fig. 11 that the variation of maximum power (Pmax) was from 13.53 to 16.08 W
for first day. Therefore, the maximum power (Pmax) increased exponentially and the
change of the maximum power was 2.55 W for firstt day. The variation of Pmax with

Fig. 9 IL–Time duration
curve
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Fig. 10 IL–Time duration
curve
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Fig. 11 Pmax–Time duration
curve
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Fig. 12 Pmax–Time duration
curve
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the variation of time duration for day-2 is also shown in Fig. 11. It is also shown in
Fig. 12 that the variation of maximum power (Pmax) was from 12.12 to 15.54 W for
the second day. It is mentioned that the difference between day-1 and day-2 is around
one week. Therefore, the maximum power change was 3.42 W and it was decreased
about exponentially for the second day. Figure 13 shows the behavior of the variation
of Pmax for the first day and second day together. The variation of maximum power
(Pmax) for two different days is also found which has been recorded carefully and
graphically shown. In Fig. 13, it is shown that the maximum power (Pmax) was almost
opposite for the PKL electrochemical cell after a week. So it can be concluded here
that the maximum power of the PKL electrochemical cell has decreased a little bit
after a week.

The variation of load power (PL) with the variation of time duration for day-1 is
shown in Fig. 14. The PL indicates the load power. It is shown in Fig. 14 that the
variation of load power (PL) was from 2.58 to 2.62W for first day. Therefore, the load
power (PL) was changed exponentially from 2.59 to 2.62Wfirstly and then decreased
also linearly up to 2.61W, and the total change of the load power was 0.14W for first
day. The variation of PL with the variation of time duration for day-2 is also shown

Fig. 13 Pmax–Time duration
curve

0
5

10
15
20

0
0.

33
0.

67
16

8.
33

16
8.

67

P m
ax

(W
)

Time dura�on (hr)



200 L. Hassan and K. A. Khan

Fig. 14 PL–Time duration
curve
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Fig. 15 PL–Time duration
curve
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Fig. 16 PL–Time duration
curve
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in Fig. 15. It is also shown in Fig. 15 that the variation of load power (PL) was from
2.25 to 2.60 W for the second day. It is mentioned that the difference between day-1
and day-2 is around one week. Therefore, the load power change was 0.35 W and it
was decreased firstly about linearly and then increased exponentially for the second
day. Figure 16 shows the behavior of the variation of PL for first day and second day
together. The variation of load power (PL) for two different days is also found which
has been recorded carefully and graphically shown. In Fig. 16, it is shown that the
load power (PL) was almost opposite for the PKL electrochemical cell after a week.
So it can be concluded here that the load power of the PKL electrochemical cell has
decreased a little bit after a week.

3 Conclusions

The stronger oxidizing agent and the weaker reducing agent make a positive electro
potential for PKL electrochemical system. It is in oxidized form for more negative
reduction potential which makes the weaker oxidizing agent and it is in reduced
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form for the stronger reducing agent. The positive value of cell potential indicates
the overall reaction is spontaneous. The electricity is produced due to the voltage
difference between two Zn and Cu electrodes for PKL electrochemical cell. This
voltage difference is also the difference between two individual voltages of Zn and
Cu electrodes with respect to the PKL extract electrolyte. The overall voltage of
PKL electrochemical cell can be measured properly but there is no simple way to
properly measure the voltage between electrode–electrolyte till today. The electric
voltage of the PKL electrochemical cell depends upon concentration, temperature,
and pressure.
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Fast Charging Method for Wireless
Power Transfer Enabled Devices

Shikhar Jain and Aman Sharan

1 Introduction

Wireless power transmission additionally termed as wireless charging is an engi-
neering science that permits the relay of non-particulate radiation energy from the
source to an electrical load through the air gap in the absence of the use of inter-
linking cables or wires. This cable-free novelty is accentuating in an in-depth sort of
implementation from a low-power mobile charger to a high-power electrical auto-
mobile understanding of its convenient operation and simplicity of execution. The
wireless power transfer phenomenon operates in the following process. Initially, a
voltage source is imperative to operate theAC toDC rectifier.Wireless power transfer
requires high frequency for its effective operation. Commercially a frequency of 50
Hz is used in various parts of the world, also there are countries like USA which use
60 Hz to operate their various electrical machineries. However, these frequencies are
too low to drive the charging circuit. Using a combination of rectifier and inverter,
this AC supply is converted toDC,which is followed by raising the voltage ofDC and
converting the DC back to high-frequency AC using full-wave inverters. This high-
frequency AC is input to the transmitter coil in the shape of a loop which produces a
magnetic flux around it. An alternating current is induced at the receiver coil which is
placed at a certain distance from the transmitter coil due to mutual induction between
the two coils. The terminals of the receiver coil are then connected to the rectifier
coils so that the alternating current is changed into direct current via the rectifier.
The output terminals of the rectifier are then connected to the rechargeable battery
socket that can be used to recharge the batteries (Fig. 1).
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Fig. 1 Working of a wireless power transfer system

2 Classification of Wireless Power Transfer Techniques

The Wireless Charging Technologies can be broadly classified into three main
categories:

1 Non-Radiative Charging: Also popularly known as near-field charging, Non-
radiative charging is the technique in which the power is transferred over a short
distance by a magnetic field using inductive coils. These can be subdivided into
two types:

1.1 Inductive coupling: Similarities exist between the Inductive coupling and
the transformer coupling as both primarily focus on the transfer of power
based on electromagnetic induction.

1.2 Magnetic Coupling: It is similar to the inductive coupling but the differ-
ence is that the coupled coils are connected to the capacitor and a condition
of resonance is achieved which permits loose alignment and has higher
efficiency in comparison to the inductive coupling.

2 Radiative Charging: Also known as far-field charging has the advantage of
charging at a distance of typically a fewmeters to a few kilometers. The mode of
transmission of power is mostly RF, but requires large transmitting and receiving
antennas.

3 Acoustic Charging: In this technological advancement, the ultrasonic which are
sound waves are used to enable power transmission.

3 Applications of Wpt

Wireless Power Transfer finds its application ranging from compact electronic
devices up to the more heavier and complex electric vehicles. Firstly, WPT could
replace the traditional wired charging systems that are used in the present times.
Instead of charging electronic devices such as mobile phones via a power cord, wire-
less power helps to replenish the battery without the actual use of any connecting
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cables.WPThasmajor research potential in Electric vehicle charging.As the demand
for EVs is on the continuous rise, charging these vehicles efficiently and econom-
ically still poses a greater challenge for the scientists. The reliability and demand
of driving such vehicles for a better and sustainable future solely depend upon the
charging time, availability of charging stations, and the ease of driving such vehi-
cles over the traditionally fuel-fired ones. WPT along with some advanced power
electronics circuit provides one such alternative to this problem.

4 Wireless Charging System

4.1 Center Tapped Transformer

The construction of a center tap transformer is such that it provides dual independent
secondary output voltages, V1 and V2, to work along a general connection. The
output of the present type of transformer composition results in a 2-phase, 3-wire
supply. The connection point along the transformer winding to select the suitable
number of turns on the secondary winding is the exact center point that provides a
typical connection which induces two equal yet opposite secondary voltages. As the
tapping at the center of the transformer is grounded, the two output voltages V1 and
V2 are positive and negative with respect to the earthing point and also with a 180°
phase shift between each other, respectively.

1. Vertical mount type
2. Supply Voltage: 220 V AC at 50 Hz
3. Vout: 24, 12 V, or 0 V
4. Iout: 5A (Fig. 2).

Fig. 2 Stepping down of 220V input voltage into 12V output voltage using a center tap transformer
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4.2 AC–DC Rectifier

Rectifier circuits are those circuits that aid in the conversion of alternating current
(AC) into direct current (DC). The 12 V alternating output voltage is tapped from the
transformer and is input to the rectifier circuit. The circuit converts the 12 VAC input
voltage to a constant DC output voltage of the same magnitude. In the first half-cycle
(positive) of the alternating voltage, the first terminal is positive, center tap is at a null
potential, and the second terminal will be at a negative value. This leads to a forward
bias of diode D1 and causes current to pass through diode D1. Simultaneously, diode
D2 is reverse biased and does not allow current to flow through it.When the polarity is
changed, i.e., during the negative half-cycle of the input voltage, the second terminal
will become positive with respect to the first terminal and the center tap. This results
in a forward bias of diode D2 and current starts flowing through it. During this time,
diode D1 is reverse biased and does not allow the passage of current through it
(Fig. 3).

4.3 DC–AC Inverter

The world today operates on 50 or 60 Hz. But during wireless power transfer, the
main problem is of efficiency, and to achieve effective and maximum transfer of
power, higher frequency is required. To achieve this high-frequency AC, the 12 V
DC output of the rectifier is fed to an inverter circuit comprising of MOSFETs,
inductors, and capacitors. This circuit helps to convert the low-frequency AC input
current into high-frequency AC which is further provided to the transmitting coil to
generate a magnetic field around it (Fig. 4).

Fig. 3 Rectification of 12 V AC from the transformer into DC
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Fig. 4 A full-wave inverter
circuit comprising of
MOSFETs, inductors, and
capacitors

Table 1 Specification of the
coils used

Parameter Transmission coil Receiving coil

Material Copper Copper

Thickness 26 SWG 26 SWG

Number of turns 150 180

4.4 Transmitting and Receiving Circuits

The Transmitter coil (Tx) and Receiver coil (Rx) are inductive coil. It is observed
that maximum power transfer takes place when both the coils overlap each other. In
this case, there is maximum flux linkage between both the Tx and the Rx coils. As
the distance between the coils is increased, the magnetic field generated by the Tx
coil does not overlap with the Rx coil. As a result, the power transferred decreases
and ultimately becomes zero at a distance of a maximum of 20 cm in our case.

Ideally, the number of turns of the primary and the secondary coils should be the
same. But due to the presence of leakage flux and losses, the secondary coil has a
greater number of turns so as to counter these losses. We also use ferrite core so as
to increase the flux linkages (Table 1).

4.5 LM317EMP

TheLM217-N is a device consisting of adaptable three-pin positive voltage regulators
which are effective in providing a surplus of 1.4A over a 1.3–35 V output domain and
a broad temperature range. It is extraordinarily effortless to utilize and calls for only
a pair of peripheral resistors to specify secondary voltage. The line regulation of the
instrument is better than other line regulators. Moreover, load regulation is superior
to typical load regulators. The LM317EMP offers complete overload protection such



208 S. Jain and A. Sharan

as thermal overload safety, safe area protection, and current limit. Entire overload
protection circuitry is always completely utilitarian although the adjusting terminal
is disengaged.

4.6 The Auto-Cut Arrangement

The auto-cut arrangement constitutes of a Zener diode, Relay, and transistor switch.

(1) Transistor switch—BD139 is an NPN transistor. which has a gain value of 40
to 160. This value determines the amplification capacity of the transistor. The
maximum passage of the current permitted through the collector pin is 1.5A.
To bias a transistor and for its effective operation, a base current (IB) needs to
be provided to the base terminal. This current should be limited to 1/10th of
the collector current and the voltage across the base emitter pin should be a
maximum of 5 V.

(2) Zener diode—The role of the diode is to start conducting as soon as the voltage
is above the prespecified value so as to allow the transistor to conduct.

(3) Relay—1-Channel 12 V Relay Module is a device used for the closing of
the switch when connected to the battery for charging. The relay’s primary
utility in the given circuit is to open the circuit when the voltage across the
battery rises above 12 V. As soon as the Zener diode starts conducting, the
transistor is triggered. The transistor acting as a switch is short circuited and
the current starts flowing in the magnetizing coil of the relay. The coil attracts
the conductor and opens the circuit due to electromagnetic attraction (Fig. 5).

5 Working

Following is the way in which the circuit works.

Fig. 5 Circuit for fast charging mechanism
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1. The supply is given to the single-phase center tap transformer (220 V/12–0-
12 V). The transformer steps down the voltage to 12 V.

2. The transformer is then connected to a closed-loop rectifier that is respon-
sible for the conversion of the alternating current to direct current. Due to the
maximum efficiency of 80%, the output voltage from the rectifier is around
8.5 V.

3. The rectified DC current then flows through the inverter which converts it into
AC and is then electrically coupled to the transmitting coil. The output voltage
from the inverter is 6.94 V.

4. The transmitting coil (150 turns) is magnetically coupled with the receiving
coil (180 turns).

5. Ignoring the losses, the receiving coil voltage is 9.18 V.
6. The receiver coil is connected to the bridge rectifier having a rectification

efficiency of 80%, hence the output 6.5 V.
7. The current is then fed to the input terminal of the voltage regulator.
8. The output from the voltage regulator is calculated as Voutput = 1.25 V(1 +

R1/R2) + Iadjust(R1)
9. A diode is connected so as to promote the flow of current from the regulator

to the battery and not vice-versa.
10. When the value of the voltage across the diode is more than the prescribed

value, the Zener diode starts conducting, and the base terminal of the transistor
receives current.

11. When the value of the current in the base terminal of the transistor (base
current) exceeds the specified value, the transistor which is working as a switch
is triggered and the switch is closed.

12. When the switch is closed, the relay gets operated and the battery is isolated
leading to auto-cut-off.

6 Calculations

A 220/12 V transformer is supplied a voltage of 220 V.
RMS Voltage from the transformer = 12 V.
It is fed into the full-wave rectifier, where the AC is converted into DC. The output

of full-wave rectifier is given by

=> Vdc1 = Vrms/
√
2

=> Vdc1 = 0.70712

=> Vdc1 = 8.5V
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The full-wave rectifier is then connected to the inverter to convert the DC again
into AC due to the requirement of high frequency. The fundamental RMS output
voltage from the inverter

=> E1 = √
2/3 × Vdc1

=> E1 = √
2/3 × 8.5

=> E1 = 6.94V

Due to complete overlap between the windings,

=>
N1

N2
= E1

E2

=>
150

180
= 6.94

E2

where N1 and N2 are the number of turns 150 and 180, respectively on both the
primary and the receiver side

=> E2 = 9.18V

The output of the full-wave rectifier on the receiver side is

=> Vdc2 = E2/
√
2

=> Vdc2 = 0.7079.18

=> Vdc2 = 6.5V

Voltage through the voltage regulator

=> I adj = 100 (From Data Sheet)

=> Vout = V ref (1 + R1/R2) + I adj (R1) (From Data Sheet)

=> V ref = 1.25V (From Data Sheet)

R1 = 1.8K�R2 = 220�)
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=> Vout = 1.25(1) + 100 (1800) = 11.65V

7 Conclusion

This paper presented the design and implementation of a wireless power transfer
system including fast charging technology. To achieve high output power and power
transfer efficiency, an inverter, rectifier, transmitter, and receiver coil and regulator
were optimally designed. Using wireless power technology eliminates the need of
using cord connections to replenish portable electronic devices. The main problems
that are being faced today inwireless power transfer are of slow charging and low effi-
ciency. A fast-charging mechanism has been proposed in this paper. It was observed
that maximum flux linkage takes place when the coils overlap each other. As the
distance between the coils is increased, the flux linkage decreases which hampers
the power transfer and output efficiency. Therefore, inductive wireless charging is
seen to be an efficient method for charging compact electronic devices, which can
be kept near to the charging circuit for effective operation, minimum losses, and
maximum efficiency.



Design and Simulation of Bi-metallic RF
MEMS Switch for Fast Switching Time

K. Srinivasa Rao, Sk. Shoukath Vali, K. Girija Sravani, P. Ashok Kumar,
and Koushik Guha

1 Introduction

MEMS switches are the combination of both mechanical and electrical structures.
The mechanical configuration switches are designed as Fixed-Fixed, and cantilever
beams and electrical configurations are based on series or shunt type such as metal
to metal contact, capacitive type of RF MEMS switches [1]. Capacitive MEMS
switches are preferred in RF application due to their high isolation and low inser-
tion losses at high frequencies. RF MEMS switches having tremendous advantages
over commercial switches like Gallium Arsenide (GaAs), Filled Effected Transistor
(FET) and photo-injected diode (PIN Diode). The utilization of RF MEMS switches
in communication [2], space application fields exponentially improved due to low
power consumption, low noise, low cost, low weight, high linearity and lower inter-
modulation distortion [3, 4]. Surface micromachining process is the suitable method
to fabricate the RFMEMS switches having a thinmetallic beam called bridge over an
electrode, and beam can allow and block the electronic transmission by mechanical
moment of the bridge. To perform switching operation, electrostatic force will be
generated by applying voltage beam and lower electrode [5]. The RF MEMS switch
suffers from low switching time and high actuation voltages. A novel RF MEMS
capacitive switch with step structure reduces the gap between beam and dielectric,
a helical shaped spring for unique spring constant produces low actuation voltage
of 2.2 V, S11 <−11.5 db, S21 >−0.85 db in upstate at 1–40 GHz and high isolation
−71 db in down state condition at 30.5 GHz [6]. Superior changes in insertion losses
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and return loses for a shunt and series RF MEMS switch will be acquired by using
asymmetric structure [6, 7]. Non-uniform RF MEMS shunt type switch is designed
to attain less spring constant, small pull-in voltage and also high isolation [8–10].

This paper presents the comparison of electromechanical characteristics of normal
beam and bimorph beam of RF MEMS capacitive switch. The remaining part of the
paper follows: the proposed design is explained in Sect. 2, in Sect. 3, the results
carried out using FEM tool are presented and followed by the conclusion in Sect. 4.

2 Proposed Design

The proposed switch consists of a silicon substrate having a length, width and height
of 700μm, 410μm and 150μm, respectively. Over a substrate, 0.5μm-thick silicon
dioxide layer is placed. Coplanar waveguide (CPW) is positioned on an oxide layer,
to transmit RF signal. The width of the signal line is 55 μm and the separation from
the ground with is 120 μm. Over a signal line, dielectric material of SI3N4 is kept
with a length and width of 350*410 μm. The performance characteristics of RF
MEMS switch depending on the membrane dimensions and material. The design
of the membrane has some specifications like low pull-in voltage and low spring
constant [11]. Low spring constant will be achieved by using serpentine flexure-
type meanders. Fixed-Fixed membrane is placed over the dielectric with the help
of anchors, the gap between the beam and dielectric is 2 μm. The thickness of the
beam is one of the key parameters to control the pull-in voltage of the switch, if
the thickness of the beam is very high, it required more actuation voltage to pull
down the beam towards dialectic to close the switch. When the switch is in a close
position, no signal will transmit from the input to the output port. All dimensions of
the proposed switch are explained in Fig. 1.

Fig. 1 Cross-sectional view of the proposed switch
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2.1 Proposed Bimorph RF MEMS Switch

The design of the beam includes holes and meanders, two holes are inclusive on top
of the beam with the dimensions 100*30 μm to reduce the residual stress and air
damping. Serpentine flexure type meanders are used to pull down the total spring
constant. The spring constant value of meanders is 5.16 N/m. The dimensions of
beam with meanders are shown in Fig. 2. The design structure of the normal Fixed-
Fixed beam is similar to the bi-metallic beam structure, instead of tacking single
beam two beams are replacing with same dimensions. Selection of materials for bi-
metallic beam are polymers and materials to reduce the mass of the beam [12, 13].
The proposed bimorph RF MEMS shunt switch is shown in Fig. 3 and the specific
dimensions of both normal beam and bi-metallic beam are shown in Tables 1 and 2
respectively.

Fig. 2 Normal beam RF
MEMS shunt switch

Fig. 3 Bimorph beam RF
MEMS shunt switch

Table 1 Shunt beam switch specifications

S. No Parameters Length (μm) Width (μm) Depth (μm) Material

1 Substrate 700 410 150 Silicon

2 CPW (G/S/G) 55 350 1 Gold

3 Beam 200 200 1 Gold

4 Holes 100 30 1 Gold

5 Dielectric layer 350 250 1 Si3N4
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Table 2 Bimorph switch specifications

S. No. Parameters Length (μm) Width (μm) Depth (μm) Material

1 Substrate 700 410 150 Silicon

2 CPW (G/S/G) 55 350 1 Gold

3 Beam 200 200 0.5 + 0.5 Gold, aluminum

4 Holes 100 30 1 Gold

5 Dielectric layer 350 250 1 Si3N4

3 Results and Discussion

3.1 Pull-in Voltage

The pull-in voltage of the desired switch is the voltage required to bring the beam to
two-thirds of the distance, which can be obtained from Eq. 1 [14, 15]

Vp =
√

8kg30
27ε0A

(1)

where k is the spring constant, ε0 is the permittivity of free space, i.e. ε0 = 8.85 ×
10−12 F/m and overlapping area is A, g is gap between beam and dielectric. Spring
constant and distance between the CPW and beam are mostly affecting the pull-in
voltage of RF MEMS switch. Spring constant calculations per both normal and bi-
metallic beams are similar, same type meander structures are used in both types of
switches. The stiffness of the beam [16] can be obtained by

K = Ewt3

l3
(2)

where a single meander structure consists of five identical beams and each meander
having a spring constant of

Km = K

5
(3)

where w—beam width, l—beam length, t—beam thickness, E—Young’s modulus.
The spring stiffness of the beam is obtained from Eq. 2 as 6.5 N/m. The spring

constant of each meander is obtained from Eq. 3 as 1.296 N/m. The desired switch
has four different meanders, which are used to parallel suspend the beam. Thus,
the switch overall spring constant is four times the meander spring constant and is
obtained as 5.16 N/m. Thus, the switch pull-in voltage is achieved by replacing the
k value and the go value in Eq. 1 and is technically obtained as 4.6 V. The proposed
switches using normal beam and bi-metallic beam is simulated using FEM tool in
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Fig. 4 a Pull-in voltage of normal shunt beam is 4.6 V, b pull-in voltage of bimorph beam is 4.6 V

Fig. 5 Pull-in voltage RFMEMS switch at a 1 μm, b 1 μm, c 1 μm gaps for beam thickness 1 μm

electromechanics physics environment. When a voltage of 4.8 V is applied on the
beam, the beam deflects all through the gap vertically downwards and falls on the
dielectric layer. The normal beam switch and bi-metallic switch exhibit same pull-in
voltage as the parameters involved in obtaining pull-in voltage are not affected by
bi-metallic beam combination [13, 17]. The pull-in voltages of normal shunt beam
and bimorph beam are shown in Fig. 4.

The pull-in voltage of RF MEMS switches at 1 μm thickness of the beam is
represented in Fig. 5, the variation with respect to gap between beam and dielectric
such as 1, 1.5 and 2 μm is analyzed by simulations. The minimum pull-in voltage
has occurred at 1μm gap and this low gap will enhance the capacitance of the switch
[18, 19].

The pull-in voltage of RF MEMS switches at 0.5 μm thickness of the beam
is represented in Fig. 6, varying with respect to different gaps between beam and
dielectric such as 1, 1.5 and 2 μm. The minimum pull-in voltage is occurred at 1 μm

Fig. 6 Pull-in voltage RF MEMS switch a1 μm, b 1 μm, c 1 μm gaps with beam thickness 1 μm
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Fig. 7 a Stress development in normal beam at 5 V, b stress development in bi-metallic beam at
5 V

gap, low gap and small thickness of the beam increase switch displacement due to
high electrostatic forces [20].

From Figs. 4 and 5, the minimum gap between the beam and dielectric is 2 μm.
The stress development in the membrane is not uniform in normal beam and bi-
metallic beam due to the difference in the density of the bi-metallic beam. The
normal beam switch shows high stress on the meanders, which is 17.8 MPa, whereas
the bi-metallic beam shows low stress of 12.7 MPa. This is due to the decrease in
mass of the bi-metallic beam. The stress development of normal shunt beam and
bimorph beam are shown in Fig. 7.

3.2 Capacitance Analysis

Variation of capacitance with voltage applied between electrodes is plotted by elec-
trostatic analysis. Good dielectric materials generally have a relative permittivity
between 3.4 and 13. In the switch discussed, dielectric material is taken as silicon
nitride, which has a dielectric constant of 7.5. The up capacitance of the switch can
be assessed by Eq. 4.

Cu = ε0A

g + td
εr

(4)

The down state capacitance is given by

Cd = ε0εr A

td
(5)

where ε0 is the free space permittivity, εr dielectric layer permittivity, A, g are the
overlapping area and distance between the electrodes, respectively, thickness of the
dielectric layer is td. Capacitance ratio is the ratio between upstate capacitance and
the down state capacitance. The capacitance ratio is given by [18]
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Fig. 8 Up state capacitance

Fig. 9 Down state
capacitance

Cr = Cd/ Cu (6)

The down state and upstate capacitance is calculated from the above equations
as 303.5 fF and 9 pF. The capacitance ratio of 29.7 is attained from the switch
proposed. The capacitance of proposed RF MEMS switches depends on the surface
area of beam; therefore, the bi-metallic beam combination does not affect the capac-
itance development of switch. Hence, two switches will have the same up and down
state capacitances. The proposed switch is simulated using FEM tool in electrostatic
environment and obtained the simulated results of 303.5 fF in upstate condition and 9
pF in down state condition. The simulated capacitance ratio of the switch is 30.3. The
simulated upstate and downstate capacitance of both normal shunt beam and bimorph
beam are similar, shown in Figs. 8 and 9 respectively.

The upstate capacitance with varying gaps 3, 2.5, 2, 1.5, 1 μm and dielectric
thickness from 0.3 to 1 μm are represented in Fig. 10.

The dependency of capacitance over thickness of the dielectric layer and the air
gap between the beam and dielectric are analyzed by plotting the graph as shown in
Fig. 10. The switch shows high capacitance values at g = 2 μm; tb = 1 μm; td =
1 μm.
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Fig. 10 Upstate capacitance variations by parametric analysis

3.3 Switching Time Analysis

The applied voltage is responsible for the changes in the switching time. Greater
the applied voltage, stronger the electrostatic forces acting on the beam to displace
it. Switching speed defines the device performance. The switching time is given by
Eq. 9 [21].

Ts = 3.67Vp

Vsω0
(9)

where Vs, Vp are the actuation voltage and the pull-in voltage (Vs = 1.4Vp), and
the angular resonant frequency is ω0. The switching obtained for normal beam-
structured switch is 8.6 μs and for bi-metallic beam switch is 7.2 μs. This shows
that the bi-metallic switch exhibits fast switching mechanism than normal beam-
structured switch. The comparison of both normal shunt type switch and proposed
bi-metallic shunt switch is shown in Table 3. The switching time of both normal
shunt beam and bimorph beam are shown in Fig. 11.

Table 3 Switch specifications

Sl. No. Parameter Normal shunt
switch

Proposed bi-metallic
shunt switch

Observation

1 Pull-in voltage 4.6 V 4.6 V No change due same
spring stiffness

2 Capacitance
ratio

30.3 30.3 No change due to
same overlapping area

3 Resonance
frequency

19.58 kHz 23.4 kHz Increased due to
increase in mass of the
beam

4 Quality factor 2.2 1.5 <2 (desired)

5 Switching time 8.6 μs 7.2 μs Fast switching is
achieved
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Fig. 11 Switching time
graph of the switches

3.4 Electromagnetic Analysis

The S-parameters are observed by simulating switch using HFSS software at both
onstate and offstate of switches. The insertion losses and return losses aremeasured in
onstage, that is upstate position of the proposed switch (Figs. 12 and 13, respectively
[7, 19]).

The switch shows less than 1 dB of insertion loss up to 16 GHz and shows
good return losses up to 12 GHz. The switch is designed for 8–12 GHz for X-band
applications. The isolation of proposed bi-metallic switch is shown in Fig. 14.

The switch has high isolation of −48.7 dB at 20 GHz and good isolation of −
25.6 dB at 8–12 GHz. This shows that the switch is effectively working at 8–12 GHz
frequency band for X-band applications [22].

Fig. 12 Insertion loss at
upstate
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Fig. 13 Return loss at
upstate
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Fig. 14 Isolation at down state

4 Conclusions

The proposed design of normal beam and bi-metallic beam switches are analyzed
for electromechanical and electromagnetic characteristics. The proposed bi-metallic
beam structure shows low pull-in voltage of 4.8 V with high resonant frequency of
23.42 kHz and serves a good quality factor of 1.5. The bi-metallic switch shows a
very fast switching time of 7.2 μs and is useful for many RF applications with very
less delay in switching. The S-parameters are observed over 8–12 GHz and can be
utilized for X-band applications.
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Reconfigurable Antennas
for RFID/GPS/WiMAX/WLAN
Applications Using RF MEMS Switches

Lakshmi Narayana Thalluri, K. Srinivasa Rao, G. Venkata Hari Prasad,
S. S. Kiran, Koushik Guha, Appala Raju Kanakala, and P. Bose Babu

1 Introduction

The demand for innovative wireless communication applications is drastically
increasing day by day [1, 2]. To fulfill this demand, there is a necessity for novel
and optimized communication devices like reconfigurable antennas, phase shifters,
and RF isolators with low power consumption. Especially in 5G technology, there is
a significant demand for reconfigurable antennas with multi-operating frequencies
and low interferences [3, 4]. The researchers are investigated with intense curiosity
to propose the optimized solution and to design a reconfigurable antenna with best
performance. In this era, MEMS technology is shown great potential in the design
of communication devices with low power consumption and high linearity.

This is the major motivated factor to design reconfigurable antennas by using
RFMEMS switches other than traditional solid-state electronic switches (PIN diode
and FET transistor) [5–7]. MEMS technology has recently received significant atten-
tion due to its ability to enhance the performance of RF switches. Despite the best
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Table 1 Wireless
applications based on
frequency bands [14–16]

Frequency range (GHz) Application

0.9–5.2 RFID

1.2–1.6 GPS

1.85–1.9 GSM

2.39–2.4 and 5.2–5.6 WLAN

3.4–3.69 WiMAX

3.7–4.2 and 5.1–6.25 and 6.7–7.1 Few satellites

performance, decreasing the pull-in voltage, increasing the reliability, and improving
the switching time are significant research challenges in RF MEMS switches.
Improving the capacitance ratio and achieving the best RF performance are the
potential challenges in capacitive RF MEMS switches [8–10]. RF MEMS switch-
based reconfigurable antennas are offering the best performance when compared
with structure-based reconfigurable antennas [11–13].

In this paper, we have presented an investigation and design analysis on the
performance of reconfigurable antennas using shunt capacitive RFMEMS switches.
These configurations aim to provide the following bands: GPS bands (1.2–1.6 GHz),
WLANbands (2.39–2.4 and5.2–5.6GHz),RFID (0.9–5.2GHz), some satellite bands
(3.7–4.2, 5.1–6.25, and 6.7–7.1 GHz), and GSM bands (1.85–1.9 GHz) (Table 1).

2 Reconfigurable Antenna

In this paper, we have designed a reconfigurablemicrostrip patch antenna using shunt
capacitive RF MEMS switches. The antenna is aimed to serve multiple applications
like RFID, WLAN, GPS, and WiMAX applications.

2.1 RF MEMS Switches

The shunt capacitive RF MEMS switches are used as the basic switching elements
used formaking the antenna as reconfigurable. The switch is designedwith serpentine
structure membrane of gold (Au) material of 1 µm thickness (Table 2; Figs. 1, 2 and
3).

The membrane is perforated with 5 µm × 5 µm size square shape holes. Elec-
trostatic actuation is used to deform the membrane. The RF MEMS switch designed
using COMSOL tool is offering good performance i.e., the required actuation voltage
is 4.5 V, the switching time of the switch is 45 µs. We have done a wide range of
analyses on the serpentine membrane in terms of max/min actuation voltages points,
max/min displacement points, isolating surface for electric potential, displacement
direction, and contour for electric potential, principal stress points.
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Table 2 RF MEMS switch materials and dimensions

Parameter Material Dimension

Serpentine membrane thickness Gold (Au) 1 µm

Perforation – 5 µm × 5 µm

Dielectric AlN 0.5 µm

Meander
10 µm uniform width

1 Gold (Au) 20 µm

2 60 µm

3 70 µm

4 80 µm

5 30 µm

Air gap – 1.5 µm

Fig. 1 Serpentine membrane electrostatic actuation

Fig. 2 Actuation voltage (Vs) displacement
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Fig. 3 Serpentine membrane resonant frequencies, a 4608 Hz, b 7772 Hz, 12244 Hz

2.2 Reconfigurable Antenna Using RF MEMS Switches

The reconfigurable microstrip patch antenna is designed by placing three identical
shunt capacitive RF MEMS switches i.e., S1, S2, and S3 (Fig. 4).

All three switches are individually connected to biasing pads. Silicon is used as
a substrate. Silicon dioxide is used as an insulating material on the top of the silicon
substrate (Figs. 5 and 6).

CPW type feeding is used with G/S/G value 50µm/100µm/50µm. The structure
of the reconfigurable antenna is designed by connecting the four patches i.e., P1, P2,
P3, and P4. The P1 patch is conned with P2, P3, and P4 through three switches S1,
S2, and S3, respectively. If S1-OFF, S2-OFF, and S3-OFF, the antenna is resonating
at 5.4 GHz. If S1-OFF, S2-OFF, and S3-ON, the antenna is resonating at 0.9 GHz.
If S1-OFF, S2-ON, and S3-ON, the antenna is resonating at 1.5 GHz. If S1-OFF,
S2-ON, and S3-ON, the antenna is resonating at 3.5 and 8.4 GHz. Based on the
switching of the RF MEMS switches, the antenna is resonating at 0.9, 1.5, 3.5, and
5.4 GHz. So, the proposed antenna is suitable for multiple applications like RFID,
GPS, WiMAX, and WLAN (Table 3).
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Fig. 4 Reconfigurable antenna with three identical RF MEMS switches, a top view, b side view

Fig. 5 Flow of current
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Fig. 6 Reconfigurable antenna resonating at multiple frequencies under different switching
conditions

Table 3 Antenna resonating
frequencies under different
switching conditions

Switching condition Antenna resonating
frequency (GHz)

Application

S1-OFF, S2-OFF,
S3-OFF

5.4 WLAN

S1-OFF, S2-OFF,
S3-ON

0.9 RFID

S1-OFF, S2-ON,
S3-ON

1.5 GPS

S1-OFF, S2-ON,
S3-ON

3.5 and 8.4 WiMAX

3 Conclusion

The demand for the reconfigurable antenna is increasing day by day. In this paper, we
have designed a reconfigurable microstrip patch antenna for low-frequency commu-
nication applications using shunt capacitive RF MEMS switches. The RF MEMS
switch used is offering high performance. The reconfigurable antenna is designed
with three RF MEMS switches. Based on the switching of the RF MEMS switches,
the antenna is resonating at 0.9, 1.5, 3.5, 5.4GHz. So, the designed antenna is suitable
for multiple applications like RFID, GPS, WiMAX, and WLAN.
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Design, Analysis and Simulation
of a Piezoresistive Microbridge
and Microcantilever for MEMS Pressure
Sensor in Continuous Glucose

G. Sai Lakshmi, K. Srinivasa Rao, Koushik Guha, and K. Girija Sravani

1 Introduction

They detect the blood glucose levels using the topology of interdigital electrodes
with the help of COMSOLMultiphysics, this type of interdigital electrodes is used to
detect the blood glucose levels by doing several tests in a non-invasivemethod, which
is to decrease the physical injuries and infection [1]. They determine the simulation
and modeling of blood pressure using a piezoelectric cantilever sensor [2]. Their
research paper shows the development of a non-invasive device to monitor the blood
glucose levels [3]. To detect the hypodermic continuous glucose monitoring sensor,
a needle-type multi-electrode array has been fabricated using the MEMS technology
[4]. They determine a sensor, a device that consists of microcantilever, which can be
driven by a remotemagnetic field and separated by the sensing environment using the
semi-permeable membrane [5]. Their system is based on the Beer’s and Lambert’s
principle to detect the variations in absorption of IR light by glucose levels in blood
[6]. Their aim is to design a sensor,which is a non-invasive approachof biosensor used
to detect the blood glucose levels using COMSOLMultiphysics [7]. They introduce
a differential affinity sensor for the continuous glucose monitoring system [8]. This
paper presents the different models of capacitive pressure sensors with which the
capacitance can be varied with an increase in pressure [9]. They introduce a sensor
that detects the continuous blood glucose levels with the help of micro-cantilever and
a semi-permeable membrane [10]. The two devices microcantilever and membrane
situated inside the microchambers are used to detect glucose levels in the blood [11].
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Blood glucose sensor is injected into the person, if they inject insulin into the human
body it shows the readings through LCD and mobiles screen [12]. The microwave
spectroscopy is attached to the interdigital capacitive sensor to detect blood glucose
levels through electromagnetic properties [13]. They present aMEMS-based affinity-
sensor via dielectric properties [14]. They proposed a capacitive pressure sensor using
MEMS technology for continuous glucose monitoring in diabetes treatment [15].
References [16–19] shows the different structures of pressure sensors with different
types of mechanisms. They proposed a multi-channel nanocavity-coupled biosensor
with waveguides and nanocavity in the hexagonal lattice structure in the air slab to
detect the concentration of glucose in blood [20]. They focus on the different types of
capacitive pressure sensor principles, which simulate the capacitance when pressure
is applied [21]. They used the electro-osmotic pressure sensor, which is used to
measure the glucose levels in the blood [22]. The application for drug delivery system,
micropump, is designed and evaluated [23–25]. The design of microbridges is done
using three principles piezoresistive, piezoelectric and capacitive [26]. To determine
the performance of the capacitive pressure sensor, the two plates are separated by
using a dielectric medium [27]. The capacitive pressure sensor is designed for the
harsh environment [28]. The MEMS-based piezoelectric micropump is designed
and its performance can be calculated by using the FEM tool [29]. To calculate the
reliability of the device, stress analysis is performed on the piezoelectric micropump
[30]. The capacitive-based microstructure is designed to detect Parkinson’s disease
[31]. Human kidneys have a tendency to get affected easily, so the artificial kidney
is needed [32–34]. The design, analysis, simulation, optimization of the MEMS
piezoelectric micropump is used in the application of drug delivery system [35].

As of now, two types of approaches are presented, one is non-invasive and the
other is minimally-invasive. Non-invasive technique observation is seen by optical
devices by pointing a light ray into skin to determine properties in reflected light,
minimally-invasive measures the change in glucose levels that is either consumption
of oxygen or production of hydrogen peroxide. Here, we proposed a sensor with high
sensitivity and better time response.

The rest of the sections are as follows, the proposed device, the working prin-
ciple and theoretical parameters are discussed in Sect. 2, optimized analysis and the
parametric analysis are discussed in Sect. 3 and the conclusions are discussed in
Sect. 4.

2 Methodology

2.1 Proposed Device

The proposed device has three piezoresistors that are placed on top of the membrane
and using p-type single crystalline silicon. The pressure sensor has a square cavity
loaded with a standard solution of reference concentration, a semi-permeable
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Fig. 1 Proposed device

Fig. 2 Schematic view of microcantilever

membrane is utilized to close the filled cavity and silicon membrane is kept on
the top of the cavity. Inside the square cavity, 100 mg/dl is placed and in the test
chamber, the concentration varies from 50 to 450 mg/dl. When the fluid is detected
outside, osmotic pressure creates across the semi-permeable membrane, and then it
gives the deformation in microcantilever in terms of change in resistance in the form
of the output voltage (Figs. 1 and 2).

In this paper, microcantilever is constructed, one end of the beam is fixed and the
other end of the beam is movable. It can be designed using the piezoresistors, one is
at the substrate and another is at the length of the microcantilever and is placed at
the edges of the microcantilever as maximum stress is at the edges compared to the
middle. Threemembranematerials, silicon dioxide, aluminumnitride, silicon nitride,
and three piezoresistive materials, P-type single crystalline silicon, N-type single
crystalline silicon and PZT-5H, are used in the microcantilever. The deformation in
the microcantilever is seen by applying load across the length of a microcantilever
and measures in the form of change in resistance and the form of the output voltage.

2.2 Working Principle

In this paper, the glucose sensor uses the osmosis principle to detect the change
in glucose concentration levels. Osmosis is defined as the solvent, flow across the
semi-permeable membrane driven by a difference in concentration levels, then the
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osmotic pressure develops and molecules move from lower concentration to higher
concentration.

2.3 Theoretical Parameters

Resistance can be calculated as

R = ρ0
LR

WRTR
(1)

where ρ0 is the resistivity of the material, LR, WR, TR are the length, the width and
the thickness of the piezoresistor.

Stress is given by

σl = M.y

l
(2)

σ represents the stress, suffix l refers to longitudinal stress, y is the distance
between the natural axis to bending axis M is bending moment.

Change in resistance is given as

�R

R
= πlσl . (3)

Here�R/R represents the change in resistance,π is the piezoresistive coefficient,
σ is the applied stress and suffix l refers to the longitudinal stress for resistor axis.

3 Results and Discussions

3.1 Optimized Analysis

The length of the microcantilever increases then non-linearity also increases, it is
smaller for lower lengths. Figure 3 shows the non-linearity of the microcantilever
when the force is applied from0 to 2.5μNat different lengths from300 to 500μmfor
silicon dioxide membrane. Figure 4 shows the non-linearity of the microcantilever
when the force is applied from 0 to 2.5μN at different lengths from 300 to 500μm for
aluminum nitride membrane. Figure 5 shows the non-linearity of the microcantilever
when the force is applied from 0 to 2.5 μN at different lengths from 300 to 500 μm
for silicon nitride membrane. The optimized length and width can be taken from
non-linearity and sensitivity aspects.
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Fig. 3 Force versus non-linearity for SiO2 membrane at different lengths

Fig. 4 Force versus non-linearity for ALN membrane at different lengths

Fig. 5 Force versus non-linearity for Si3N4 membrane at different lengths

Fig. 6 Force versus non-linearity for SiO2 membrane at different widths
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Thewidth of themicrocantilever increases then non-linearity also increases, Fig. 6
shows a non-linearity of a microcantilever when the force is applied from 0 to 2.5μN
at different widths from 50 to 150 μm for silicon dioxide membrane. Figure 7 shows
a non-linearity of the microcantilever when the force is applied from 0 to 2.5μN at
different widths from 50 to 150μm for aluminum nitride membrane. Figure 8 shows
the non-linearity of the microcantilever when the force is applied from 0 to 2.5μN
at different widths from 50 to 150 μm for silicon nitride membrane.

Piezoresistive thickness has more impact in sensitivity rather than piezoresistive
width, Fig. 9 shows the sensitivity of the microcantilever when the Pzt thickness is
varying from 0.2 to 2 μm and Pzt width is varying from 4 to 2 μm for P-type single
crystalline silicon material. Figure 10 shows the sensitivity of the microcantilever
when the Pzt thickness is varying from 0.2 to 2μm and Pzt width is varying from 4 to

Fig. 7 Force versus non-linearity for ALN membrane at different widths

Fig. 8 Force versus non-linearity for Si3N4 membrane at different widths

Fig. 9 Piezoresistive thickness versus sensitivity at various widths for P-type silicon
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Fig. 10 Piezoresistive thickness versus sensitivity at various widths for N-type silicon

2 μm for N-type single crystalline silicon material. P-type single crystalline silicon
has more sensitivity compared to the N-type single crystalline silicon.

The unique characteristics of a microcantilever are that it bends when the molec-
ular adsorption is confined to one side of the surface. The deflection in the micro-
cantilever is obtained by applying uniformly distributed load along the length of the
microcantilever, which measures the surface stress by the adsorption of molecules
and also measures the change in resistance as shown in Fig. 11. The deflection in
the microcantilever when applying the force ranging from 0 to 2.5μN is shown in
Fig. 12.

Fig. 11 Force versus change in resistance

Fig. 12 Force versus displacement
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Fig. 13 Relationship between the input voltage and output voltage

Fig. 14 Input voltage versus displacement

3.2 Parametric Results

A minimum difference in change in resistance may vary the stress in the form of
voltage. Figure 13 shows a relationship between the input voltage and output voltage
and Fig. 14 shows the relation between the input voltage and displacement.

4 Conclusion

The microcantilever is designed and optimized using the FEM Tool. Three piezore-
sistors are placed on the top of themicrocantilever, by integrating thismicrocantilever
with the pressure sensor thenwe could calculate the Change in Resistance in the form
of output voltage.

Different materials SiO2, AlN and Si3N4 are used for membrane in microcan-
tilever, among them silicon dioxide is considered as membrane material due to its
low young’s modulus. Materials like P-type silicon, N-type silicon and PZT-5H are
used as piezoresistive materials. P-type silicon is considered as Pzt material because
P-type has more sensitivity than the N-type. Silicon, glass (Quartz), LCP are used
as substrate materials, owing to its high-cost silicon is taken as substrate material.
The optimized dimensions 400 μm, 50 μm, 1 μm are length, width and thickness
of membrane. Piezoresistive width and piezoresistive thickness are 2 and 0.2 μm.
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Table 1 Comparison
between the microbridge and
microcantilever

Component Microbridge Microcantilever

Sensitivity 1.5e−7 5.2e−6

Change in resistance 0.000015 0.00011

Output voltage 5.11 μv 0.15 μv

Displacement 2.2e−4 m 1.04 μm

Microcantilever having more parametric values than the microbridge as shown in
Table 1. So, the microcantilever is further integrated into the pressure sensor.

Acknowledgements The authors would like to thank NMDC supported by NPMASS, National
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Investigation of the Optoelectronic
Properties of InSbNBi with 16-Band k
Dot p Model

Indranil Mal and Dip Prakash Samajdar

1 Introduction

The advent of sophisticated and state-of-the-art semiconductor alloy fabrication tech-
niques such as molecular beam epitaxy, metal organic chemical vapor deposition
and pulsed laser ablation have offered the opportunity to explore the dilute impu-
rity containing ternary and quaternary semiconductors with promising properties [1,
2]. Dilute Bismuth and Nitrogen-containing III–V narrow band gap semiconducting
materials grown over the commonly used III–V substrates drew the attention of
infrared community from the last few years due to their fascinating optoelectronic
properties in the mid and far-infrared regime [3]. InSb, being a widely used binary
semiconductor for mid-wave infrared (MWIR) regime [4], it is incapable to operate
in the long wavelength infrared (LWIR) regime. Dilute incorporation of impurities
like Bi and N can address the issue [4]. Solely N or Bi impurity perturbs the conduc-
tion and valence band of the host InSb respectively, which drives the host further
towards the LWIR regime. However, the resultant ternary material (InSbN/InSbBi)
undergoes several issues like lots of defects in the material due to lattice mismatch
with the host, loss of stoichiometry of the host and inefficient optoelectronic devices.
Co-incorporation of Bi and N helps to achieve the lattice-matched condition with
the host material, as a result, it can mitigate these issues too. In order to achieve a
specific operating wavelength in LWIR window, in case of co-incorporation of N
and Bi the total amount of impurity is very less as compared with the single Bi or
N incorporation. Here, we have modeled the 16-band k·p perturbation Hamiltonian
[5, 6], considering the Conduction Band Anticrossing (CBAC) [2, 7] and Valence
Band Anticrossing (VBAC) [8] model to taking into account the effect of N and Bi
incorporation, respectively. Finally, we have calculated the optoelectronic properties
of InSb1-x-yNxBiy.
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2 Mathematical Modeling

N impurity creates isoelectronic defect state 0.47 eV above the conduction band edge
of host atom, whereas the Bi defect states lie 1 eV below the valence band maxima
of InSb. These isoelectronic defect states interact and split up the band edges of host
atom into bonding and antibonding sub-bands, respectively.Consequently, a lowering
in band gap is accomplished. The smaller size N impurity creates tensile strain and
larger size Bi creates compressive strain, as a result, the strain compensation can be
achieved by co-incorporation. The ratio is 0.14 between the N and Bi concentration
for which strain compensation is achieved. The host Hamiltonian (H8×8) is modeled
accordingly [5, 9], where the diagonal terms correspond to the respective sub-bands
extrema, and all other terms are elaborated in Ref. [7]. Finally, including the impurity
and coupling matrix components with the system Hamiltonian, the H16×16 has been
formulated as follows:

H16×16 =
[

H8×8 VN ,Bi(8×8)

VN ,Bi(8×8) HN ,Bi(8×8)

]
(1)

The readers are encouraged to go through [7, 8] for the formulation of the 16-
band Hamiltonian in more detail. Solving the 16-band system Hamiltonian, we have
derived the reduced bandgap equation for the InSb1-x-yNxBiy as a function of impurity
concentrations, which is controlled by the host conduction and valence band extrema(
E InSb
CB/V B

)
, impurity energy levels

(
EN/Bi

)
, band-offsets (�EV B(x, y)) between the

binary elements as a function of impurity concentrations (x, y) and the coupling
coefficients

(
CN/Bi

)
are as follows

E InSbN Bi
g (x, y) =

⎡
⎢⎢⎣

1

2

[
E InSb
CB + �ECB (x, y) + EN −

√
(E InSb

CB − EN )2 + 4C2
N x

]

− 1

2

[
E InSb
V B + �EV B (x, y) + EBi −

√
(E InSb

V B − EBi )
2 + 4C2

Bi y

]
⎤
⎥⎥⎦ (2)

Computing the band gap, band offsets and effective mass, we have calculated the
optical gain for InSb1-x-yNxBiy/InSb quantum well (QW) system accordingly [10]
as a function of impurity concentration, surface carrier density and thickness of the
QW. All the required binary material parameters are considered from Ref. [11].

3 Results and Discussion

Formulating the 16 × 16-system Hamiltonian at room temperature and one atmo-
spheric pressure, we have calculated the eight doubly spin-degenerate Eigen values
of the corresponding boning and antibonding sub-bands of InSb0.9772N0.0028Bi0.02
along the highly symmetric directions with respect to the Brillouin zone center (�)
point.
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3.1 Electronic Properties

The impurity incorporation into the host material is very less: ~2% Bi and around
0.3% N, which helps to achieve a narrow band gap of 68 meV and corresponding
operating wavelength of around ~18.23 µm is achieved without disturbing the stoi-
chiometry of the host semiconductor. The co-incorporation of Bi and N helps to
realize two important conditions: first, the derived material maintains strain relax-
ation condition with respect to InSb substrate and second, very less amount of impu-
rity is required to achieve LWIR regime operating wavelength, which resolves one of
the prior concerns of the Bi andN incorporation in III–V semiconductors. The energy
dispersion along the crystallographic symmetric directions (a) <100> (b) <110> (c)
<111> with respect to the Brillouin zone center (�) point are shown in Fig. 1.

It can be observed from the figure that the heavy hole (HH) and light hole (LH)
sub-bands preserve degeneracy at (�) point, which is an evidence of strain relaxation
of the derived material with respect to the host InSb. It can also be concluded from
the dispersion relations that the direct band gap is very low as compared with the
spin–orbit coupling splitting energy gap, which helps to mitigate the non-radiative
recombination processes such as Auger recombination in optoelectronic devices. In
order to diminish several fabrication challenges caused by the bigger size Bi and
smaller size N as compared with host atoms, we have thoroughly studied the effect
of impurity concentration. Therefore, any suitable concentration for growth process
can be considered to obtain the desired band gap of the material. Furthermore, the
application window corresponding to any particular band gap has also been studied
and these are collectively shown in Fig. 2. It represents a near about linear variation
of band gap and corresponding operating wavelength as a function of Bi and N.

A wide range of band gap starting from 170 to 40 meV and the corresponding
wavelength of 7 to 30µmcanbe attained,whichmakes InSbNBi a potential candidate
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Fig. 1 Electronic band diagram of InSb0.9772N0.0028Bi0.02 along three highly symmetric directions
a 100, b 110, c 111 with respect to the � point at room temperature
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Fig. 2 Variation of direct
band gap and corresponding
operating wavelength of
InSb1-x-yNxBiy as a function
of Bi and N concentrations
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for thermal detection in LWIR region. In order to study the heterostructure, the
knowledge of band offset is pivotal. The conduction and valence band offset and
offset ratios of InSb0.9772N0.0028Bi0.02with respect to InSb are (�ECB) 67.4 meV,
(�EV B) 34.5 meV, (QC) 66.1% and (QV ) 33.9%, respectively. The offsets and their
ratios can be tuned precisely as a function of N andBi concentrations, which is shown
in Fig. 3.

Fig. 3 Variation of
conduction (in red line) and
valence (in olive line) band
offset ratio as a function of
Bi and N concentrations
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Fig. 4 Parametric variation
of optical gain of
InSbNBi/InSb
heterostructure as a function
of incident photon
wavelength and Bi
concentration
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3.2 Optical Properties

With the help of the calculated electronic properties like band gap, band offset,
effective mass, we have thoroughly investigated the optical gain for the proposed
InSbNBi/InSb heterostructure, which gives a complete and precise optical gain
spectra suitable for several wavelength application windows. Increasing the concen-
tration of impurities results in reduction in band gap, which is reflected in terms of
redshift in the optical spectra of the optoelectronic devices.

It can be concluded from Fig. 4 that on increasing the N and Bi concentration,
optical gain spectra undergo a redshift. Along with the redshift, the FWHM of the
gain spectra increase with increasing impurity concentration. Increment of FWHM is
not favorable for monochromatic optoelectronic device applications.

An operating wavelength window of 9–20 µm and maximum gain value from
1000 to 500 cm−1 can be achieved for InSbNBi/InSb QW with a Bi concentra-
tion of 1–2.5%, 50 nm active layer thickness and surface carrier density of 4.5 ×
1015 cm−2. Increasing surface carrier density helps to enhance the number of popu-
lated carriers in the higher energy band, which results in an increase in the number
of radiative transitions and carrier lifetime. Consequently, the maximum gain and
FWHM are augmented in the gain spectra, as shown in Fig. 5. The maximum gain of
InSb0.9772N0.0028Bi0.02/InSb QW system varies from 450 to 950 cm−1 for a surface
carrier density of 3× 1015 cm−2 to 6× 1015 cm−2. The optical gain spectra can also
be tuned by changing the active layer thickness of the QW structure. Thicker active
layer leads to poor carrier confinement and smaller transition energies. As a result, on
enhancing the QW thickness, the optical gain spectra undergo a redshift and smaller
maximum gain value, which is evident from Fig. 6. Owing to poor confinement, the
FWHM will also increase for thicker active-layered heterostructure.
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Fig. 5 Variation of optical
gain of InSbNBi/InSb
heterostructure as a function
of incident photon
wavelength and surface
carrier density
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Fig. 6 Parametric variation
of optical gain of
InSbNBi/InSb QW as a
function of incident photon
wavelength and thickness of
the QW layer
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Therefore, depending on the requirement of the application window in LWIR
regime, our proposed InSbNBi/InSb material system will be a potential candidate
for optoelectronic devices.

4 Conclusions

To conclude, a suitable and promising candidate for LWIR regime in the form of
InSbNBi is proposed with superior structural, electronic and optical properties at
room temperature. A wide range of band gap tunability can be accomplished with a
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precise variation of low impurity concentration of Bi and N, which furthermore helps
to realize a wide range of operating wavelength in deep IR regime. Dilute impurity
concentration also helps to retain the stoichiometry of the host material. Eventually,
the proposed material, InSbNBi, could be a prospective candidate for thermal image
sensors with greater efficiency.
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