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Abstract: Using well-calibrated device simulation, the analogue performance of 20 nm double-gate junctionless transistors
(JLTs) is investigated in terms of transconductance (gm), output conductance (gd) for various underlap spacer asymmetricity and
dielectric constant (k) values. The spacer length is varied ranging 1–6 nm on both source (LS) and drain sides (LD) while
keeping their sum fixed at 12 nm. Obtained results show that for both n- and p-metal-oxide-semiconductor field-effect transistors
(FETs), a longer LD increases gm exhibiting weak sensitivity to variations in k while gd increases and decreases with higher and
lower k. The present findings reveal that the highest voltage gain of 46.3 and largest gain bandwidth (GBW) of 676 GHz are
obtained for complementary metal–oxide–semiconductor (CMOS) amplifiers featuring both n and p transistors with LS = 11 nm,
LD = 1 nm and k = 80 and LS = 1 nm, LD = 11 nm and k = 3.9; both figures are quite higher compared with their symmetric
counterpart. The studies manifest that such an asymmetric dielectric spacer engineering could be employed in designing high
performance nanoscale CMOS amplifiers without increasing hardly any process complexity and cost while providing augmented
GBW compared with reported amplifiers based on molybdenum disulphide transistors and tunnel FETs.

1 Introduction
The junctionless transistor (JLT) has emerged as an attractive
device concept among a plethora of emerging devices such as twodimensional material particularly molybdenum disulphide (MoS2)based transistors [1, 2], tunnel field-effect transistors (FETs) [3, 4].
JLTs have shown promise in the nanometre regime for their vast
application spaces including analogue/radio-frequency (RF), logic
and memory circuits owing to the simpler fabrication process,
better immunity to short channel effects, reduced parasitic
capacitances, improved characteristics and many more [5–10]. Of a
wide variety of high-k insulators, dielectrics such as hafnium (IV)
oxide (HfO2), zirconium dioxide etc. are usually used as gate
insulators and sidewall spacer layers in nanoscale metal–oxide–
semiconductor FETs (MOSFETs) because of their high dielectric
constant, considerable amount of conduction and valence band
offsets with silicon (Si), apart from their thermodynamic stability
with Si [11, 12]. There have been numerous published works
regarding effects of spacer layers on the analogue/RF and digital
circuit performance of inversion-mode (IM) [13–15] as well as
JCTs [16–19]. Extensive investigations are reported concerning the
impact of dual-k spacers on multiple application domains such as
analogue, logic and memory circuit performances of IM FinFETs
[20–23] including a recently coined new device architecture, e.g. a
reconfigurable FET [24]. The influences of underlap spacer layers
in improving low-power logic applications for double-gate JLTs,
and also for FinFETs were reported in [18, 19, 25]. Additionally,
the enhanced analogue performance of double-gate JCTs using
spacer engineering was investigated in [26, 27]. Furthermore, some
research groups reported the subthreshold and analogue/RF
performance of 3D multi-gate JCTs with varying dual-k spacers in
[28, 29]. Although performance improvement of FinFETs using
symmetric and asymmetric dual spacer layers has been reported,
the benefits are obtained at the expense of process complexity and
also cost compared with devices featuring single spacer layers.
While all earlier research works were focused on the impact of
symmetric underlap spacer engineering on analogue/RF and logic
performance of JCTs, the investigation of effects of both sourceand drain-side spacer asymmetricity on device performance metrics
of JLTs has not been addressed yet. Moreover, the introduction of
underlap source and drain (S/D) spacer length asymmetry
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influences the device parameters considerably due to modification
of the landscape of electric-field distribution on either side of the
gate. Notably, incorporation of spacer asymmetricity hardly
increases any process complexity as it can be easily patterned at the
lithographic level with software control while maintaining almost
the same cost of fabrication. Moreover, unlike IM transistors, the
current in JLTs flows through the middle of the channel; hence,
spacer layers influence differently in modifying their current–
voltage characteristics. This is why the impact of asymmetric
spacer layers on analogue behaviour of JLTs and also circuits built
using them needs to be addressed separately.
In this work, using numerical simulations we investigate, for the
first time, the impact of both source- and drain-side spacer
asymmetricities on various device parameters of 20 nm MOSFETs
associated with analogue circuit applications, optimisation of
device parameters with reference to spacer asymmetricity and
dielectric constant. Subsequently, we employ our in-depth devicelevel understanding to design asymmetric and symmetric analogue
complementary metal–oxide–semiconductor (CMOS) amplifiers
and analyse them in detail with a view to optimise their
performance at the deca-nanometre regime.

2 Device structure and simulation framework
In the present paper, we consider double-gate Si junctionless
pMOSFETs and nMOSFETs with symmetric and asymmetric
underlap spacer layers and their subsequent use to construct
common source load inverters for analogue applications. Various
device design parameters of the pMOSFETs and nMOSFETs, used
in our simulation, are chosen in accordance with the International
Technology Roadmap for Semiconductors [30] and entered in
Table 1. Fig. 1 illustrates the device structure of an asymmetric
nMOSFET device having width 1 µm which features a gate stack
comprising a composite dielectric stack of 0.6 nm silicon dioxide
(SiO2) (k = 3.9) followed by 1.7 nm HfO2 (k = 22), thereby
achieving a capacitance equivalent thickness (CET) of 0.9 nm.
TaN/TiN are used as the gate material for both the p- and n-type
devices. The design of pMOSFET is identical, except that the n+type Si is replaced by p+-type Si and the gate material. We
represent asymmetricity in devices with reference to the difference
510

Table 1 Various device design parameters of JLTs used in
simulation
Sl.
Device design Si p-JL MOSFETs Si n-JL MOSFETs
no.
parameter
1.

gate length, LG

20 nm

20 nm

2.

Si channel
thickness, tSi

5 nm

5 nm

3.

channel doping
concentration
CET
spacer length on
source side, LS

1019 cm−3

1019 cm−3

0.9 nm
1, 3, 5, 6, 7, 9, and
11 nm

0.9 nm
1, 3, 5, 6, 7, 9, and
11 nm

6.

spacer length on
drain side, LD

1, 3, 5, 6, 7, 9, and
11 nm

1, 3, 5, 6, 7, 9, and
11 nm

7.

dielectric spacer
layers with
dielectric constant
(k) in the
parentheses

SiO2 (3.9), Al2O3
(9.3), hafnium (IV)
silicate (HfSiO4)
(12), HfO2 (22),
lanthanum oxide
(La2O3) (30), and
TiO2 (80)

SiO2 (3.9), Al2O3
(9.3), HfSiO4 (12),
HfO2 (22), La2O3
(30), and TiO2 (80)

4.
5.

Fig. 1 Schematic representation of a DG junctionless MOSFET having
asymmetric underlap spacer layers. LS and LD denote the source-side and
drain-side underlap spacer lengths, respectively. The width of the device is
1 µm

between the drain-side and source-side underlap lengths and the
asymmetricity is defined as (LD–LS)/(LS + LD) × 100%, where LS
and LD are the source-side underlap spacer length and the drainside spacer length, respectively. In this work, the symmetric device
features LS = LD = 6 nm and is represented by (6–6). The
asymmetric pMOSFETs and nMOSFETs are designated as (LS–LD)
and such different devices are represented as (1–11), (3–9), (5–7),
(7–5), (9–3) and (11–1) with a total underlap length (LS + LD) = 12
nm. In this paper, we use various dielectric materials listed in
Table 1. In the simulation, such dielectrics are modelled in terms of
dielectric constant, interface-trapped charge density of 1 × 1012 eV
−1cm−2, and conduction and valence band offsets with Si following
[31–33]. The supply voltage VDD is set to 1 V. The device
characteristics of both pMOSFETs and nMOSFETs are obtained
using the numerical device simulator SILVACO ATLAS [34]. The
Lombardi constant voltage and temperature (CVT) model is
employed to capture the effect of various scattering mechanisms
such as acoustic phonon, impurity scattering etc. on carrier
mobility in the JLT. To include generation-recombination events
which influence carrier concentrations, we use Shockley–Read–
Hall and Auger recombination models.
To capture bandgap narrowing due to heavy channel doping,
bandgap narrowing model, and to obtain carrier distribution Fermi–
Dirac statistics are also enabled. The drift-diffusion transport
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Fig. 2 Comparison of simulated transfer characteristics with reported
experimental curves [5] of a 1 µm junctionless FinFET at low- and highdrain voltages. Here, continuous lines represent simulation results while
symbols represent experimental data (filled symbols for nMOSFET and
hollow symbols for pMOSFET). The nMOSFET is biased at positive drain
voltages while the pMOSFET is biased at negative drain voltages

Fig. 3 Transfer characteristics of nMOSFET and pMOSFET having
various asymmetricity at VDS = 0.5 V with HfO2 as the spacer layer. Square
symbols are used for a (6–6) symmetric device; circles and triangles are
employed for (1–11) and (11–1) asymmetric devices, respectively. While
solid symbols represent data for nMOSFET, hollow symbols represent data
for pMOSFET

model along with density-gradient model is invoked in order to
include a quantum potential correction in the current density
expression since the channel length is below 30 nm. Since our
devices have a channel thickness of 5 nm, the quantum mechanical
effects become insignificant and hence are neglected [35]. The S/D
resistance which is crucial for extremely scaled multi-gate
architecture is considered to be 150 Ω μm following [30]. The
threshold voltages of –0.3 V for the pMOSFET and that of 0.3 V
for nMOSFET are set by adjusting the work function of the gate
metal of the respective devices. To simulate different kinds of
common source inverters built using symmetric as well as
asymmetric p and nMOSFETs the mixed mode simulation is
performed on the SILVACO platform.

3 Model calibration
The models used in our simulation set-up are calibrated by
comparing our simulated transfer characteristics with reported
experimental data [5] for both the pMOSFETs and nMOSFETs at
low- and high-drain bias conditions. The fabricated Si JCTs
reported in [5] consist of 10 nm thick gate oxide, 10 nm thick and
30 nm wide Si channel at a gate length of 1 μm. Both the donorand acceptor-type doping concentrations used in nMOSFET and
pMOSFET, respectively, are 1019 cm−3. While n-type polySi is
used as the gate metal for p-type devices, p-type polySi is
employed for the gate metal of n-type devices. The validity of our
model is ensured from the good agreement of the simulated
511

Fig. 5 Variation of

(a) Transconductance with gate overdrive voltage, (b) Comparison of peak
transconductance with asymmetricity of nMOSFET and pMOSFET at VDS = 0.5 V

with HfO2 (k = 22) spacers. The symbolic representation is the same as in Fig. 3

4 Results and discussion
4.1 Impact of asymmetric spacers on device parameters

Fig. 4 Contour plot of

(a) Electron concentration, (b) Electron velocity for (1–11) nMOSFET devices at VDS
= 0.5 V and VGS = 1 V with HfO2 as the spacer material. Contour plot of (c) electron
concentration, (d) Electron velocity for (11–1) nMOSFET devices at VDS = 0.5 V and
VGS = 1 V with HfO2 as the spacer material

transfer characteristics with the experimental counterparts as is
evident from Fig. 2.
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4.1.1 Varying S/D spacer lengths: Fig. 3 shows the transfer
characteristics of symmetric (6–6) and extremely asymmetric, i.e.
(1–11) and (11–1) pMOSFETs and nMOSFETs having HfO2 as the
spacer material, with increasing ON-current ION for larger drain
spacer lengths. It is also found that for both p and n devices, ION
attains its highest values of 583 and 637 µA/µm for the (1–11)
configuration, respectively, compared with the other
configurations. The variation of ON-current in symmetric and
asymmetric devices with S/D spacer asymmetricity and spacer
dielectric constant can be interpreted by taking into account both
the S/D underlap regions together with the channel region. ION is
evaluated when both gate and drain voltages are high and under
such bias conditions fringing fields emanating from both the gate
and drain, for instance in case of an nMOSFET, detour through the
spacer layer and eventually terminate in the drain-side underlap
region resulting in an enhanced electron concentration.
Consequently, the parasitic drain resistance below the underlap
region reduces exhibiting more decrement for a higher-k spacer
layer. The effect of gate fringing electric field prevalent on the
source side causes somewhat less reduction in parasitic source
resistance compared with the drain side, showing more reduction
as spacer dielectric constant increases. Thus, the reduction of
parasitic source/drain resistance with increasing spacer dielectric
constant is higher for a transistor having LD > LS in comparison
with that of a device with LD < LS. Our numerical analysis (not
included) is commensurate with this physical basis. For the channel
region, given that the drain current is directly proportional to the
carrier concentration, n and the carrier velocity, v in the channel,
variations in ON-current can be explained from the contour plots of
n and v in the Si channel at VDS = 0.5 V and VGS = 1 V. From the
contour plots as shown in Fig. 4 for nMOSFETs, it is observed that
both n and v in the channel attain their highest values for the (1–11)
device while they assume their lowest values for the (11–1) device.
Considering the dependence of S/D parasitic resistance and also a
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Fig. 6 Variation of

(a) Output conductance with gate overdrive voltage, (b) Saturated output conductance
(gdsat) at VGS = VDS = 0.5 V with asymmetricity of nMOSFET and pMOSFET at
VDS = 0.5 V having HfO 2 (k = 22) as the spacer material. The symbolic representation
is the same as in Fig. 3

variation of carrier concentration as well as mobility, the nature of
variation in ON-current for devices with different S/D
asymmetricity can be well explained. For the (1–11) device, though
the effective electron mobility is found the lowest, the effective
electric field shows the highest value, thereby enhancing the
electron velocity in the channel. Such variations in carrier effective
mobility with an effective electric field are in accordance with
results reported in [36]. Notably, since the ON-current is the
highest for the (1–11) device, the corresponding transfer
characteristic is the steepest while the steepness reduces with
increase in spacer length on the source side, as obtained from our
numerical analysis. Hence, the (1–11) device exhibits the highest
peak transconductance gm at VDS = 0.5 V as evident from Fig. 5a
compared with all other devices. Fig. 5b compares the peak
transconductance with asymmetricity for both pMOSFETs and
nMOSFETs. It is observed from our numerical analysis that for the
same increment in VGS the increase in electron concentration and
carrier drift velocity as well as the reduction in total parasitic S/D
resistances is the highest for (1–11) and lowest for (11–1), with
intermediate values for the (6–6) device. Thus, the enhancement in
drain current for the same increment of VGS follows a similar trend
in all the above-noted devices. As a result, the transfer
characteristic becomes the steepest for (1–11) device. This
interpretation for peak gm holds good for both p and n devices. The
values of peak gm of various devices follow the trend: (1–11)>(6–
6)>(11–1), for both pMOSFETs and nMOSFETs. It is observed
from our numerical analysis that the simulated output characteristic
is the flattest for (11–1) device while the curve is the steepest for
(1–11) devices for both pMOSFETs and nMOSFETs, thereby
producing the lowest values of output conductance gd in (11–1)
devices in comparison with the highest values for (1–11) devices as
shown in Fig. 6a. Fig. 6b compares the gdsat values obtained at |
VDS| = |VGS| = 0.5 V for both pMOSFETs and nMOSFETs as a
function of asymmetricity. More clearly, with increasing
asymmetricity gdsat increases. To understand the physical insight
regarding the variation of gd with asymmetricity, we follow the
approach adopted in [37]. Considering the expression for drift
IET Circuits Devices Syst., 2019, Vol. 13 Iss. 4, pp. 510-518
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Fig. 7 Variation of ∂v/∂VDS and N(x) along channel length
(a) Variation of Δvelocity for ΔVDS (VDS = 0.4 V and VDS = 0.8 V), (b) Variation of
N(x) at VDS = 0.6 V at VGS = 0.5 V through the centre of the channel (y = tSi/2,
through the active layer) for asymmetric nMOSFETs (1–11) and (11–1) with k = 3.9
(low-k) and k = 80 (high-k)

Fig. 8 Variation of unity gain cut-off frequency and maximum frequency of
oscillations with asymmetricity of nMOSFET at VDS = 0.5 V having HfO2
(k = 22) as the spacer material

current, the value of gd can be approximated as, gd ≅ qN(x) ∂v/
∂VDS, where N(x) is the density of carriers integrated in the crosssectional area of the device and v is the carrier drift velocity in the
channel which is a function of the effective electric field Eeff and
effective carrier mobility in the channel. We numerically obtain the
variation of gd with asymmetricity for devices that includes the (6–
6) symmetric nMOS device and the extremely asymmetric (1–11)
and (11–1) nMOS devices. Since in junctionless devices the
conduction channel is formed at the centre of the Si film [5], we
consider the active layer at the centre of the Si film and calculate
the values of N(x) (VDS = 0.6 V and VGS = 0.5 V) and ∂v/∂VDS
through a longitudinal line along the channel for VGS = 0.5 V, VDS
= 0.4 and 0.8 V. Introduction to asymmetry in the spacer layer
alters the electric-field distribution in the channel, thereby varying
the carrier concentration and carrier velocity in the channel. Our
numerical study shows that both N(x) and ∂v/∂VDS attain their
highest values for the (1–11) device as graphically illustrated in
513

from our numerical analysis. It is worth noting that though we
present an explanation for gd with asymmetricity of the n-type
device, similar explanation holds for the p-type device as well.
Thus for both the pMOSFET and nMOSFET, the peak gm and gdsat
values are the highest for (1–11) transistors, whereas they are the
lowest for (11–1) devices. Notably, the effect of asymmetricity on
gd is higher than on gm; also the effect on gd for pMOSFET is
significant as may be seen from Figs. 5b and 6b. Fig. 8 shows the
variation of unity gain cut-off frequency and maximum frequency
of oscillations for nMOSFETs as a function of asymmetricity. The
unity gain cut-off frequency fT can be expressed as
f T = gm /2 (Cgs + Cgd), where Cgs and Cgd are the gate-to-source
and gate-to-drain capacitances, respectively. The maximum
frequency of oscillations fMAX can be expressed as [38]
f MAX =

Fig. 9 Variation of

(a) Peak transconductance with dielectric constant of spacer of junctionless
nMOSFETs at VDS = 0.5, (b) Saturated output conductance (gdsat) at VGS = VDS =
0.5 V with dielectric constant of spacer of junctionless nMOSFETs at VDS = 0.5. The
symbolic representation is same as in Fig. 3

Fig. 10 Percentage change in device parameters of asymmetric
nMOSFETs in comparison with that of symmetric nMOSFETs

Fig. 7 together with the lowest value of total S/D parasitic
resistances and the opposite occurs for the (11–1) device (for highk spacer material) and also intermediate values are observed for the
(6–6) symmetric counterpart. This analysis accounts for the highest
values of gd obtained for (1–11) nMOSFET with HfO2 as the
spacer material. The vertical electric field Ey (due to the gate field)
at the surface of the device acting vertically inwards (from the
surface toward the centre) is the highest for the (11–1) device,
thereby forcing more electrons to drift toward the surface and thus
electron concentration in the centre of the channel reduces which is
manifested as lowest values of N(x) at the centre of channel for
(11–1) device as may be found in Fig. 7b. Our numerical findings
show that the difference between the conduction band edge (EC)
and the electron quasi-Fermi level (EFn) is the highest for (11–1)
device and lowest for (1–11) device, thereby leading to such
variations of N(x) since the electron concentration varies as exp[−
(EC–EFn)/kBT]. The highest value of ∂v/∂VDS for (1–11) device can
be explained due to the highest value of ∂EEff/∂VDS as obtained
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gm
2πCgs 4 Ri + Rg + Rs gds + gm Cgd /Cgs

,

where Ri, Rg and Rs are, respectively, the intrinsic channel
resistance, gate resistance and S/D resistance of the channel. Ri is
calculated using the channel mobility of 100 cm2/V s [36], and Rg
and Rs are computed from the reported values of gate material
TaN/TiN resistivity ρg of 3 mΩ cm [39] and S/D resistivity of 150
Ω µm [30]. As asymmetricity increases, both gm and gd increase
while Cgg reduces primarily due to reduction in Cgd since with
increase in LD the drain is moved away from the gate resulting in a
weaker coupling of electric fields between the gate and active
region of the drain, which eventually causes widening of fringing
field lines, thereby reducing drain capacitances. Thus both fT and
fMAX increase. A similar analysis holds good for pMOSFETs as
well. While the peak values of fT and fMAX for nMOSFET are 246
and 276 GHz, respectively, the corresponding values for
pMOSFET are 234 and 190 GHz, respectively.
4.1.2 Varying S/D spacer dielectric constant: Fig. 9a compares
the variation of peak gm (at VDS = 0.5 V) of nMOSFETs with a
dielectric constant of spacer k, for different asymmetric and
symmetric devices. As the spacer dielectric constant k increases,
the peak transconductance of the device increases since the transfer
characteristics become steeper as explained earlier in [16, 27]. The
variation of gdsat (at VDS = VGS = 0.5 V) of nMOS transistors as a
function of spacer dielectric constant k is depicted in Fig. 9b. From
our numerical investigation, we obtain that for (6–6) and (1–11)
devices, as k increases from 3.9 (SiO2) to 80 [titanium dioxide
(TiO2)] both N(x) and ∂v/∂VDS increase due to the reduction in Ey
at the surface, and increase in ∂EEff/∂VDS, thereby increasing gdsat
while showing the opposite trend in case of (11–1) device, where
both N(x) and ∂v/∂VDS reduce with increasing k due to the opposite
behaviour exhibited by Ey at the surface, and ∂EEff/∂VDS. In
addition for VDS exceeding the drain saturation voltage VDSAT, the
total S/D parasitic resistance for the (1–11) device compared with
the (11–1) device continues to reduce as the spacer k increases.
Thus, for all symmetric and asymmetric devices, with the increase
in spacer dielectric constant the parasitic S/D resistance in the
underlap region decreases due to the stronger accumulation of
carriers in that region leading to an enhanced ION and also the
slope of the ID−VGS curve observed in terms of increased
transconductance. These results are consistent with earlier findings
[16, 18]. Hence, we can establish that with increasing k, gdsat
increases for a device having LD > LS, whereas it reduces for a
device with LD < LS. It is also evident from Fig. 9b that for a device
with spacers of high-k values (22, 30 and 80), the gdsat values
follow the trend, (1–11)>(6−) >(11–1), whereas for a low-k spacer
(3.9 and 9.3) the gdsat values show the opposite trend, i.e. (11–
1)<(6–6)<(1–11), the values being the same for all devices at k =
12. Such variations can be explained by examining the increase in
N(x) and ∂v/∂VDS for (1–11) device with high-k spacers and
reduction in N(x) and ∂v/∂VDS for the same device with low-k
IET Circuits Devices Syst., 2019, Vol. 13 Iss. 4, pp. 510-518
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Table 2 Comparison of ION and transconductance gm of
various nanoscale devices
Device
ION,
Peak
gm,
µA/µm
µS/µm
n-channel MoS2 transistor with L = 20 nm [2]

248

—

n-channel MoS2 transistor with L = 16 nm [2]

282

824

n-channel MoS2 transistor with L = 32 nm [2]

187

our n-channel transistor with LS = LD = 6 nm
610
and k = 22 at 20 nm
our (1–11) n-channel transistor with k = 22 at
637
20 nm
n-channel (p-channel) TFET [4] at 90 nm
38 (41)
our (6–6) n- (p-) MOSFET device with k = 22 at 170 (163)
90 nm
our (1–11) n- (p-) MOSFET device with k = 22 184 (170)
at 90 nm

579
1567
1631
—
—
—

Fig. 11 Inverter circuit and varying S/D spacer lengths

(a) Circuit diagram of a current-source inverter built using DG junctionless MOSFETs
with asymmetric/symmetric underlap spacer layers, (b) Comparison of peak voltage
gain of various asymmetric and symmetric inverters with asymmetricity using HfO2
as the spacer material

spacers as shown in Fig. 7 together with considering the variation
of total parasitic source/drain resistance with spacer k. The
variations in N(x) and ∂v/∂VDS are explained by taking into account
the variation of Ey at the surface and ∂EEff/∂VDS as discussed
earlier. The device parameters for the pMOSFETs show a similar
variation with various spacer k values, hence earlier explanations
presented for nMOSFETs may be applied for the purpose of
understanding. Fig. 10 displays the performance improvement of
various device parameters in asymmetric devices as compared with
the symmetric device. The (1–11) nMOSFET exhibits 4.26, 4.08,
3.36 and 8.6% increase in ION, peak gm, fT and fMAX, respectively,
while the (11–1) nMOSFET shows 25.8% reduction in gdsat in
comparison with the symmetric device, thereby significantly
improving output resistance for an asymmetric device. Next, in
Table 2 we make a comparison of the performance of symmetric
IET Circuits Devices Syst., 2019, Vol. 13 Iss. 4, pp. 510-518
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and asymmetric devices with other emerging devices such as
tunnelling FET (TFET) [4] and MoS2 [2] transistors in terms of
ION and gm. The obtained results show that our JL devices
outperform the reported devices in terms of both ON-current and
transconductance.
4.2 Analysis of amplifiers built with asymmetric spacer
CMOSFETs
4.2.1 Varying S/D spacer lengths: We construct various
current-source load inverters comprising reason is that with
increasing LS both gm and gd of nMOSFETs reduce having a rapid
percentage decrement in gd compared with gm, resulting in an
enhanced inverter gain as depicted in Fig. 11b. Figs. 12a and b
compare, respectively, VTC curves and peak voltage gain values of
the best-performing asymmetric inverter in terms of voltage gain
built with (11–1) p and nMOS devices with the equally sized
symmetric inverter for different VBias conditions. It is observed that
with an increase in VBias the VTC curve becomes steeper and the
peak gain increases for both the symmetric and asymmetric
inverters, with the asymmetric inverter gain exhibiting larger for all
values of VBias. Although VBias has no effect on gm and gd of
nMOSFETs, with an increment in VBias gd of the pMOSFET
reduces, thereby increasing the inverter peak voltage gain. A higher
value of VBias drives the pMOSFET device toward the subthreshold
region of operation and hence gd reduces as is evident from
Fig. 6a. As VBias increases, VGS and hence VGT become less
negative since the source voltage of the pMOSFET is fixed at VDD
= 1 V. Consequently, the pMOSFET moves deeply toward the
subthreshold region and hence gd reduces. The pMOSFET enters
into the subthreshold region when (VDD–VBias) < |Vth|. Here, Vth≅
−0.3 V for pMOSFET and VDD = 1 V, hence for VBias > 0.7 V, the
pMOSFET operates in the subthreshold region with very low
values of gd [37]. Fig. 13a shows the variation of gain bandwidth
(GBW), GBW [=gm(n)/2ΠCTotal] [40], as a function of VBias for
various asymmetric inverters together with the symmetric one. As
the gm of the nMOSFET becomes insensitive to the variation in
VBias, the GBW is influenced by the variation in CTotal with
different VBias conditions. The dependence of CTotal against VBias is
demonstrated in Fig. 13b for a number of asymmetric inverters and
also for the symmetric inverter. Various capacitances in the
expression for CTotal (=Cg1d1 + Cg2d2 + Cd1 + Cd2) are obtained by
the ac simulation on SILVACO platform at Vout = 0.5 V. It is
observed from Fig. 13b that CTotal decreases with increase in VBias
for all the inverters with different p/n transistor spacer layer
combinations forming the inverter. Given that a high VBias drives
the pMOSFET toward the subthreshold region of operation,
wherein both Cgd and Cd comprise mainly the depletion
capacitance that decreases with an increase in VBias, thereby
reducing CTotal for all combinations of p and nMOSFETs. The
nature of variations of Cgd and Cd with increasing VGS has already
been reported for n-type junctionless devices in [6, 7], which
supports the validity of our results for pMOSFETs. For a wide
range of values of VBias, it is observed that CTotal is the lowest for a
(1–11)/(1–11) inverter while it is the highest for an (11–1)/(11–1)
inverter. This is primarily attributed to the fact that both (1–11)
pMOSFETs and nMOSFETs show the lowest values of Cgd and Cd
in comparison with all other counterparts. As LD increases, the
drain is moved away from the gate leading to a weaker coupling of
electric fields between the gate and active region of the drain,
which eventually leads to widening of fringing field lines, thereby
reducing drain capacitances. This foregoing discussion explains the
lowest value of CTotal for the (1–11)/(1–11) inverter and the highest
value of CTotal for (11–1)/(11–1) inverter. The highest value of gm
for (1–11) nMOSFET and lowest value of CTotal for the (1–11)/(1–
11) pMOSFET ultimately results in the highest GBW for the (1–
11)/(1–11) inverter while the (11–1)/(11–1) inverter exhibits the
lowest GBW for value in all other kinds of inverters.
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Fig. 12 Comparison of VTC curves and peak voltage gain values

(a) VTCs for different values of VBias for current-source inverters built using
asymmetric (11–1) pMOSFET and nMOSFET junctionless devices using HfO2 as the
spacer material, (b) Variation of peak voltage gain with VBias for symmetric (6–6/6–6)
and asymmetric (11–1/11–1) inverters with devices having HfO2 as the spacer
material

4.2.2 Varying S/D spacer dielectric constant: Fig. 14 shows
the variation of peak voltage gain obtained from VTC curves with
increasing spacer k for different combinations of asymmetric
inverters and the symmetric inverter. For the (11–1) pMOSFET/
(11–1) nMOSFET inverter, the voltage gain shows a steep rise with
increasing value of spacer k. It is worth noting that as spacer k
increases, gm for (11–1) nMOSFET increases while gdsat for both p
and nMOSFETs reduce, which effectively aids to enhance the gain
of the inverter with increasing k. However, for the (1–11)
pMOSFET/(1–11) nMOSFET inverter, the gain attains its
maximum value for aluminium oxide (Al2O3) (k = 9.3) while it
reduces at both higher and lower k values. This phenomenon is
ascribed to the interplay between the value of gm for the (1–11)
nMOSFET and that of gdsat for both n and pMOSFETs with
different values of k. It may be noted that with the increase in
spacer k, both gm and gd of (1–11) nMOSFET and also gd of (1–11)
pMOSFET increase, thereby producing a detrimental effect on gain
and hence the gain drops with increasing k. Interestingly, in the
case of the (1–11) pMOSFET/(11–1) nMOSFET inverter, a slight
increase in peak gain is observed with increase in k. This is
accounted for due to the fact that as spacer k increases, gm
increases while gd reduces for (11–1) nMOSFETs but for (1–11)
pMOSFETs gd increases, which effectively keeps the sum of output
conductances of n and pMOSFETs nearly the same, thereby
making gm the ruling factor in determining the voltage gain of the
inverter. For an (11–1) pMOSFET/(1–11) nMOSFET inverter, the
gain reaches its maximum value at Al2O3 (k = 9.3) while it reduces
on both lower and higher-k values. This kind of variation in peak
gain is observed considering the fact that for (1–11) nMOSFETs
both gm and gd increase with an increase in k while gd reduces for
(11–1) p transistors with increasing k. For k > 9.3, the peak gain
reduces with increase in k since unlike gm, gd increases at a faster
rate with k for (1–11) n devices together with a decrement in gd
with increasing k for (11–1) p devices. The peak gain is almost
insensitive to variations in k for the symmetric (6–6)/(6–6) inverter
showing a slight reduction in gain with higher values of k. As k
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Fig. 13 Variation of

(a) GBW product, (b) CTotal between different inverters with VBias for different
inverters with Vout = 0.5 V and f = 1 kHz built using devices with spacers having k =
22

Fig. 14 Variation of peak voltage gain of current-source inverters built
using different combinations of symmetric and asymmetric junctionless
devices with the dielectric constant of the spacer of the devices with VBias
= 0.5 V

increases, gm of nMOS devices and gd of both p and nMOS devices
increase which effectively results in a reduction in peak gain due to
primarily the increase in gd. Figs. 15a and b show the variation of
GBW and CTotal, respectively, as a function of spacer k for multiple
asymmetric inverters and the symmetric inverter. The various
capacitances are numerically extracted at Vout = 0.5 V. For all
combinations of pMOSFETs and nMOSFETs, it is observed that
with an increase in k, Cgd and Cd increase due to increase in outer
fringing capacitance, i.e. increase in the fringing field between the
gate and drain, thereby enhancing CTotal values for a higher k.
CTotal being the dominant factor, GBW reduces as k increases
despite partial compensation through increased gm of the
nMOSFET with a higher k, for all the inverters. The variation of
CTotal with k is more sensitive for the (11–1) p/(11–1) n inverter
IET Circuits Devices Syst., 2019, Vol. 13 Iss. 4, pp. 510-518
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5 Conclusion
We have extensively investigated the impact of S/D underlap
spacer length asymmetricity and spacer dielectric constant on
various device parameters such as transconductance, output
conductance and the voltage gain of double-gate Si junctionless
pMOSFETs and nMOSFETs pertaining to analogue performance.
The obtained results have shown that various device parameters
have exhibited a marked sensitivity to the variation in
asymmetricity and dielectric constant of the spacers through
modification of electric-field distribution in the channel which
leads to an alteration in carrier concentration as well as velocity.
Our findings show that the highest voltage gain of 46.3 is obtained
for an inverter composed of a pMOSFET and an nMOSFET having
LS = 11 nm, LD = 1 nm and k = 80 relative to 20.2 for a symmetric
spacer inverter. This observation is ascribed to the interplay
between the device transconductance and output conductance with
the spacer asymmetricity and dielectric constant. Moreover, the
largest GBW of 676 GHz is found for an amplifier built using a
pMOSFET and an nMOSFET with LS = 1 nm, LD = 11 nm and k =
3.9 as compared with GBW of amplifiers built using tunnel FETs
as well as MoS2 transistors reported elsewhere. Therefore, our
investigation would certainly contribute high-performance design
of analogue CMOS amplifiers by proper choice of S/D spacer
asymmetricity and a dielectric constant in the nanometre regime.

6 Acknowledgment
The first author thanks CSIR, HRDG, India for providing financial
support for Senior Research Fellowship (SRF) vide File no. 09/
028(0985)/2016-EMR-I dated 30/03/2017.
Fig. 15 Variation of

(a) GBW product, (b) CTotal of different inverters with a dielectric constant of the
spacer of the devices with Vout = 0.5 V and f = 1 kHz at VBias = 0.5 V

7 References
[1]

Table 3 Comparison of circuit parameters of amplifiers
constructed using various devices
Type of amplifier
GBW
Peak
voltage
gain, dB

[2]
[3]
[4]

amplifier using 16 nm MoS2 FETs [2]

41.8 MHz

22.7

amplifier using 32 nm MoS2 FETs [2]

50.6 MHz

25.1

[5]

—

[6]

13.7

[7]

operational transconductance amplifier using 64.7 MHz
TFET [4]
our amplifier using (1–11) asymmetric p and
676 GHz
nMOSFETs with k = 3.9 at LG = 20 nm
our amplifier using (11–1) asymmetric p and
nMOSFETs with k = 80 at LG = 20 nm

73 GHz

16.65

our amplifier using (6–6) symmetric p and
nMOSFETs with k = 3.9 at LG = 20 nm

522 GHz

13.5

our amplifier using (6–6) symmetric p and
nMOSFETs with k = 80 at LG = 20 nm

107 GHz

13

than the (1–11) p/(1–11) n inverter, whereas the reduction of GBW
with increasing k is more for the (1–11) p/(1–11) n inverter than the
(11–1) p/(11–1) n inverter. Notably, for all values of k, the highest
value of gm of (1–11) nMOSFET and lowest value of CTotal of (1–
11) p-/(1–11) nMOSFET inverter eventually produces the highest
GBW for (1–11) p/(1–11) nMOSFET inverter while showing the
lowest GBW for the (11–1) p/(11–1) n inverter having the lowest
value of gm of (11–1) nMOSFET and the highest CTotal of the
inverter. Finally, in order to evaluate the performance of our
designed amplifier built using symmetric and asymmetric JLTs we
compare gain and GBW of our amplifier with the corresponding
parameters of amplifiers designed with MoS2 and TFET devices as
listed in Table 3. Our findings reveal that the proposed amplifiers
excel the reported amplifiers [4] in terms of GBW; however,
exhibiting a low value of gain compared with MoS2-based
amplifiers [2].
IET Circuits Devices Syst., 2019, Vol. 13 Iss. 4, pp. 510-518
© The Institution of Engineering and Technology 2019

[8]

[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]

Radisavljevic, B., Radenovic, A., Brivio, J., et al.: ‘Single-layer MoS2
transistors’, Nat. Nanotechnol., 2011, 6, pp. 147–150
Wei, B., Lu, C.: ‘Transition metal dichalcogenide MoS2 field-effect
transistors for analog circuits: a simulation study’, Int. J. Electron. Commun.,
2018, 88, pp. 110–119
Ionescu, A.M., Riel, H: ‘Tunnel field-effect transistors as energy-efficient
electronic switches’, Nature, 2011, 479, pp. 329–337
Trivedi, A.R., Carlo, S., Mukhopadhyay, S.: ‘Exploring tunnel-FET for ultralow power analog applications: a case study on operational transconductance
amplifier’. IEEE Design Automation Conf., Austin, TX, USA, 2013, pp. 1–6
Colinge, J.-P., Lee, C.-W., Afzalian, A., et al.: ‘Nanowire transistors without
junctions’, Nat. Nanotechnol., 2010, 5, (3), pp. 225–229
Trevisoli, R., Doria, R.T., de Souza, A., et al.: ‘Analytical model for the
dynamic behavior of triple-gate junctionless nanowire transistors’, IEEE
Trans. Electron Dev., 2016, 63, (2), pp. 856–863
Jazaeri, F., Barbut, L., Sallese, J.-M.: ‘Trans-capacitance modeling in
junctionless symmetric double-gate MOSFETs’, IEEE Trans. Electron Dev.,
2013, 60, (12), pp. 4034–4040
Singh, B., Gola, D., Singh, K., et al.: ‘Analytical modeling of channel
potential and threshold voltage of double-gate junctionless FETs with a
vertical Gaussian-like doping profile’, IEEE Trans. Electron Dev., 2002, 63,
(6), pp. 826–831
Meile, W., Xiaoshi, J., Rongyan, C., et al.: ‘Simulation study on short channel
double-gate junctionless field-effect transistors’, J. Semicond., 2013, 34, (3),
p. 034004 (8pp)
Joo, M.-K., Mouis, M., Jeon, D.-Y., et al.: ‘Flat-band voltage and low-field
mobility analysis of junctionless transistors under low-temperature’,
Semicond. Sci. Technol., 2014, 29, (4), p. 045024 (13pp)
Mohapatra, N., Desai, M.P., Narendra, S.G., et al.: ‘The effect of high-k gate
dielectrics on deep submicrometer CMOS device and circuit performance’,
IEEE Trans. Electron Dev., 2002, 49, (5), pp. 826–831
Forst, C.J., Ashman, C.R., Schwarz, K., et al.: ‘The interface between silicon
and a high-k oxide’, Lett. Nat., 2004, 427, pp. 53–56
Pradhan, K.P., Sahu, K.P.: ‘Benefits of asymmetric underlap dual-k spacer
hybrid Fin field-effect transistor over bulk Fin field-effect transistor’, IET
Circuits Devices Syst., 2016, 10, (5), pp. 441–447
Koley, K., Dutta, A., Saha, S.K., et al.: ‘Analysis of high-k spacer asymmetric
underlap DG-MOSFET for SoC application’, IEEE Trans. Electron Dev.,
2015, 62, (6), pp. 1733–1738
Sachid, A.B., Chen, M.-C., Hu, C.: ‘FinFET with high-k spacers for improved
drive current’, IEEE Electron Dev. Lett., 2016, 37, (7), pp. 835–838
Gundapaneni, S., Ganguly, S., Kottantharayil, A.: ‘Enhanced electrostatic
integrity of short-channel junctionless transistors with high-k spacers’, IEEE
Electron Dev. Lett., 2011, 32, (10), pp. 1325–1327
Ghosh, D., Kranti, A.: ‘Impact of channel doping and spacer architecture on
analog/RF performance of low power junctionless MOSFETs’, Semicond. Sci.
Technol., 2015, 30, (1), p. 015002 (11pp)

517

[18]
[19]
[20]
[21]
[22]
[23]
[24]

[25]
[26]
[27]
[28]

518

Roy, D., Biswas, A.: ‘Performance optimization of nanoscale junctionless
transistors through varying device design parameters for ultra-low power
logic applications’, Superlattices Microstruct., 2016, 97, pp. 140–154
Lou, H., Zhang, B., Li, D., et al.: ‘Suppression of subthreshold characteristics
variation for junctionless multigate transistors using high-k spacers’,
Semicond. Sci. Technol., 2015, 30, (1), p. 015008 (7pp)
Nandi, A., Saxena, A.K., Dasgupta, S.: ‘Design and analysis of analog
performance of dual-k spacer underlap N/P-FinFET at 12 nm gate length’,
IEEE Trans. Electron Dev., 2013, 60, (5), pp. 1529–1535
Pal, P.K., Kaushik, B.K., Dasgupta, S.: ‘Design metrics improvement for
SRAMs using symmetric dual-k spacer (SymD-k) FinFETs’, IEEE Trans.
Electron Dev., 2014, 61, (4), pp. 1123–1130
Pal, P.K., Kaushik, B.K., Dasgupta, S.: ‘Investigation of symmetric dual-k
spacer trigate FinFETs from delay perspective’, IEEE Trans. Electron Dev.,
2014, 61, (11), pp. 3579–3585
Pal, P.K., Kaushik, B.K., Dasgupta, S.: ‘Asymmetric dual-dspacer trigate
FinFET device-circuit codesign and its variability analysis’, IEEE Trans.
Electron Dev., 2015, 62, (4), pp. 1105–1112
Bhattacharjee, A., Saikiran, M., Dasgupta, S.: ‘A first insight to the thermal
dependence of the DC, analog and RF performance of an S/D spacer
engineered DG-ambipolar FET’, IEEE Trans. Electron Dev., 2017, 64, (10),
pp. 4327–4334
Gupta, M., Kranti, A.: ‘Sidewall spacer optimization for steep switching
junctionless transistors’, Semicond. Sci. Technol., 2016, 31, (6), p. 065017
(9pp)
Baruah, R.K., Paily, R.: ‘A dual-material gate junctionless transistor with
high-k spacer for enhanced analog performance’, IEEE Trans. Electron Dev.,
2014, 61, (1), pp. 123–128
Roy, D., Biswas, A.: ‘Sidewall spacer layer engineering for improvement of
analog/RF performance of nanoscale double-gate junctionless transistors’,
Microsyst. Technol., 2017, 23, (7), pp. 2847–2857
Saini, G., Choudhary, S.: ‘Improving the subthreshold performance of
junctionless transistor using spacer engineering’, Microelectron. J., 2017, 59,
pp. 55–58

[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]

Saini, G., Choudhary, S.: ‘Analog/RF performance of source-side only dual-k
sidewall spacer trigate junctionless transistor with parametric variations’,
Superlattices Microstruct., 2016, 100, pp. 757–766
‘International Technology Roadmap for Semiconductors’, 2013. Accessed
April 25, 2018, Available at http://www.itrs2.net
Robertson, J.: ‘Band offsets of wide-band-gap oxides and implications for
future electronic devices’, J. Vac. Sci. Technol. B, 2000, 18, (3), pp. 1785–
1791
Campbell, S.A., Gilmer, D.C., Wang, X.-C., et al.: ‘MOSFET transistors
fabricated with high permittivity TiO2 dielectrics’, IEEE Trans. Electron
Devices, 1997, 44, (1), pp. 104–109
Fuyuki, T., Matsunami, H.: ‘Electronic properties of the interface between Si
and TiO2 deposited at very low temperatures’, Jpn. J. Appl. Phys., 1986, 25,
(9), pp. 1288–1291
‘ATLAS Users’ Manual: Silvaco Int. Santa Clara’, 2012. Accessed May 2–17,
2018, Available at http://www.silvaco.com
Colinge, J.-P., Alderman, J.C., Xiong, W., et al.: Quantum-mechanical effects
in trigate SOI MOSFETs’, IEEE Trans. Electron Devices, 2006, 53, (5), pp.
1131–1136
Wei, K., Zeng, L., Wang, J., et al.: ‘Physically based evaluation of electron
mobility in ultrathin-body double-gate junctionless transistors’, IEEE
Electron Dev. Lett., 2014, 35, (8), pp. 817–819
Doria, R.T., Pavanello, M.A., Trevisoli, R.D., et al.: ‘Junctionless multiplegate transistors for analog applications’, IEEE Trans. Electron Devices, 2011,
58, (8), pp. 2511–2519
Mondal, C., Biswas, A.: ‘Performance analysis of nanoscale germanium on
insulator MOSFETs for mixed-signal system-on-chip applications’,
Superlattices Microstruct., 2013, 63, pp. 277–288
Nie, H.B., Xu, S.Y., Wang, S.J., et al.: ‘Structural and electrical properties of
tantalum nitride thin films fabricated by using reactive radio-frequency
magnetron sputtering’, Appl. Phys. A, 2001, 73, (2), pp. 229–236
Allen, P.E., Holberg, D.R.: ‘CMOS analog circuit design’ (Oxford University
Press, New York, 2002, 2nd edn.)

IET Circuits Devices Syst., 2019, Vol. 13 Iss. 4, pp. 510-518
© The Institution of Engineering and Technology 2019

