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A B S T R A C T

In this article, we investigate the feasibility of enhancing the linearity Figures of Merit (FoMs) by introducing
pocket implant in the source/drain regions of the FDSOI MOSFET with ground plane (GP) under the influence
of back-gate bias (V𝐵) effect. The current investigations are carried out using a well calibrated industry
standard simulation tool Silvaco ATLAS. The proposed device architecture shows reduction in peak electric
field, improvement in effective mobility (𝜇𝑒𝑓𝑓 ), subthreshold slope (SS), threshold voltage (V𝑇𝐻 ) & off-state
current (I𝑂𝐹𝐹 ) by rearranging the accumulated charges that can mitigate impact ionization. The improvement
in these parameters leads to enhanced the fundamental transconductance term (g𝑚) and in turn boosts the
linearity, which can make it essential for RF/wireless IC designs. An investigation is performed to figure out
the non-linear behaviour of proposed FDSOI MOSFET with pockets design by simulating the DC characteristics.
The vital FoMs such as higher order transconductance coefficients, intermodulation distortion (IM) and input
intercept point (IIP) are explicitly analysed along with the impact of V𝐵 .
1. Introduction

The growing demand for technological advancements towards 5G
communication systems in high frequency bands with stable operation
and low coupling loss can be achieved by FDSOI MOSFET technol-
ogy [1]. The SOI technology offers unique substrate and channel iso-
lation with the help of an insulating material, preferably SiO2 which
can greatly diminishes the crosstalk phenomenon that is commonly
observed in RF/wireless applications [2]. This feature of SOI technol-
ogy makes it most appropriate for RF/wireless applications such as
power amplifiers, low noise amplifiers and RF switches [3–6]. The
power amplifier ICs utilize the back-gate bias feature of FDSOI-MOSFET
for tuning the device performance which may lead to irregularities in
the system [3]. Therefore it is indispensable to investigate the non-
linearities of FDSOI MOSFET for reliable operation with back-gate bias
feature.

Most of RF switches in present day are preferably fabricated using
body contacted PDSOI technology and proved that body-bias feature
is essential to achieve desirable linear operation even under large
RF signal. However, the scalability of PDSOI is inferior due to its
larger channel thickness and suffers from kink effect caused by impact
ionization [5,7]. Some of the MOSFET technologies like cylindrical
surrounding gate (CSG) MOSFET [8], gate material engineered cylin-
drical gate (GME CGT) MOSFET [9], underlap double gate (UDG)
MOSFET [10] have been proposed to offer better linearity with complex
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architectures. However, the real world applications need more scalable,
less complex and high packaging density designs that can be offered by
FDSOI technology which tends to be free from kink effect. It can offer
simpler designs and highly customizable substrates depending on the
type of application [11,12].

Although, the FDSOI MOSFET offers high scalability and reduced
short channel effects (SCEs) as compared to bulk CMOS technology [13,
14], they suffer from self heating effects (SHEs) [15] which can degrade
the device performance. One way to overcome these effects is to intro-
duce p-implant (pockets) in source/drain (S/D) region of the device to
rearrange the accumulated holes in the channel. This rearrangement
of accumulated holes can reduce the peak electric fields and reduces
the chance of impact ionization. Thereby, pockets in S/D regions can
help in reduction of SHEs [16,17]. In addition to the pockets in S/D
regions, FDSOI MOSFET technology offers superior threshold voltage
modulation with the use of ground plane (GP) and back-gate bias
effect [18–20]. With these characteristics combined, the device per-
formance can be modulated between high performance (HP) and low
standby power technology (LSTP) applications [21] depending on the
consumer requirement without compromising on linear performance of
the device.

Non-linear performance of a device often leads to system failure,
which makes linearity an essential requirement for any system. Linear-
ity in RF/wireless applications can be maintained with highly complex
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Fig. 1. Cross-section view of n-type (a) conventional FDSOI MOSFET without pockets,
and (b) FDSOI MOSFET with pockets.

circuits. Efforts made at device level towards high linearity is much
appropriate and can help in reducing area, power & complexity of
the design [8–10,22–27]. The linearity study at device level involves
investigation of linearity FoMs namely: higher order transconductance
coefficients, intermodulation distortion (IM), and input intercept point
(IIP). They play a major role in the investigation towards more linear
operation of the device. A quantitative study on linearity FoMs is highly
appropriate.

The objective of the work presented here involves:

• Introduction of pockets (optimized at 3 nm × 4 nm) in S/D
region of FDSOI MOSFET with GP using calibrated simulation tool
Silvaco ATLAS [28] with measured data [29,30].

• The benefit of adding pockets in S/D regions of FDSOI MOSFET
with GP in a comparative investigation.

• The advantage of back gate bias (V𝐵) on the DC characteristics for
the optimized FDSOI MOSFET with pockets implant is evaluated.

• Extraction of linearity FoMs from the DC characteristics [23,31]
of the proposed device for linearity investigation.

The complete work is organized as follows: Section 2 gives the geomet-
rical nomenclature of the proposed FDSOI MOSFET GP with pockets
architectures in comparison with conventional one. Section 3 presents
the simulation methodology. Section 4 gives a comprehensive under-
standing on the benefits of adding pockets in S/D regions. Section 5
explains the linearity FoMs from the DC characteristics for the proposed
device. Section 6 presents the concluding remarks on the work.

2. Proposed structure configuration

Fig. 1(b) gives a schematic representation of the proposed structure
FDSOI with pockets, along with the conventional FDSOI structure in
Fig. 1(a). The location of pockets is clearly mentioned in Fig. 1 with
the dimensions as length (L) and height (H) in nanometres (nm). It is
expressed as L×H (nm× nm) pockets size for better understanding of
pockets optimization. Both the devices have p-GP, since they are n-type
MOSFETs that can help to suppress the depletion region under BOX
which can improve the channel mobility [18,20,32]. The nomenclature
of both the devices are almost the same except for the additional p-
implant (same as channel doping) in the S/D regions of FDSOI. The
geometrical nomenclature for both the devices is presented in Table 1.

3. Simulation methodology and fabrication procedure

The simulations are carried out in a technology computer aided
design (TCAD) tool Silvaco ATLAS [28]. To carry out the simulations
with utmost accuracy, the TCAD tool is calibrated to the measured data
in [29]. The physical models used for calibration in Fig. 2 are similar
to the current investigations. The physical models used are, concen-
tration dependent Shockley–Read–Hall (SRH) which specifies the SRH
recombinations at concentration dependent lifetimes. For accurately
measuring high current densities, Auger recombination is reckoned.
To observe the velocity saturation and heavy doping effects, field and
concentration dependent mobility models are incorporated. Since, the
2

Fig. 2. Calibration with measured data of 28 nm FDSOI n-type MOSFET consists of
high-k dielectric as gate stack on top of SiON interfacial layer with gate oxide thickness
of 1.2 nm, silicon body thickness of 7 nm without any intentional channel doping,
BOX thickness of 25 nm and the ground-plane is under the BOX at 𝑇 = 300 K,
the drain current is normalized for TCAD by taking W = 1 μm (typical value for 2D
simulations) [29,30].

S/D regions are heavily doped it is suggested to reckon band gap nar-
rowing effects. The Selberherr’s model is selected to capture the impact
ionization phenomenon in the device. For obtaining the solutions, the
simulations are carried out in an iterative fashion which uses numerical
methods to obtain the results to the particular bias conditions [28].

The fabrication process flow for the proposed device can be achieved
by following the process steps as shown in Fig. 3. The procedure
involves two stages i.e., first stage is to obtain the FDSOI wafer [33].
It involves (i) two initial silicon wafers A & B, in which B wafer is
having a P+ ground plane, typically the ground-plane is a well type
implantation under the BOX. (ii) Oxidation is done for wafer A which
can be later used as buried oxide. (iii) H+ implantation is done for
donor wafer A to weaken the bonds. (iv) Wafer bonding is done for
wafer A & B. (v) Smart Cut procedure reported by LETI [34] is done
to separate the donor wafer and planarization is done by annealing
and chemical mechanical polishing (CMP) finishes the first stage to
obtain SOI wafer. The second stage of the fabrication process involves
obtaining the proposed device structure i.e., (vi) Acceptor (N𝐴) doping
through ion-implantation and ultra-thin SiO2 formation for gate-oxide.
(vii) Patterning of gate electrode for self-aligning the source and drain
regions. (viii) Formation of the double spacers, outer spacer 2 in orange
and inner spacer 1 in blue. Spacers 1 & 2 are of different materials.
And source/drain donor (N+

𝐷) ion-implantation. (ix) Selective removal
of the spacer 2 and shallow N+

𝐷 implantation. This step requires greater
attention by the process engineer as the implantation must be done
with low implantation energy and low dose rates in order to leave N𝐴
doping at the bottom of the thin film. (x) Metallization and contacts
formation finishes the second stage to fully obtain the proposed device
structure [16,18].

4. Effect of pockets on device performance

In this section, we investigate the benefits of adding pockets/implant
to FDSOI MOSFET in S/D regions. Although SOI devices are better
suited for RF applications, they suffer from impact ionization which
reduces the device performance by degrading the electron mobility
caused by high electric fields in S/D regions. The pockets help in
disseminating the accumulated charges at the S/D regions, thereby
reducing the peak electric field and impact ionization [16,17,35].

To elaborate the above mentioned advantages of adding pockets
the investigations are carried out essentially by extracting the DC
transfer characteristics, transconductance (g𝑚), second- and third-order
transconductance coefficients (g𝑚2 & g𝑚3) for FDSOI-GP with and with-
out pockets implant at high drain potential (V𝐷 = 1 V) as depicted
in Fig. 4(a), Fig. 4(b), Fig. 4(c) and Fig. 4(d) against gate overdrive
voltage (V - V ), respectively. The memoryless or static non-linear
𝐺𝑆 𝑇𝐻
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Fig. 3. Fabrication process flow for the proposed device structure.
Table 1
Geometrical nomenclature for both the devices.

Technology parameter Symbol FDSOI without
pocket

FDSOI with
pocket

Channel length L𝐺 22 nm 22 nm

Silicon thickness t𝑆𝑖 6 nm 6 nm

Buried-oxide (BOX) thickness t𝐵𝑂𝑋 25 nm 25 nm

Gate-oxide thickness t𝑂𝑋 1 nm 1 nm

Substrate thickness t𝑆𝑈𝐵 50 nm 50 nm

Gate metal workfunction 𝜙𝑀 4.71 eV 4.71 eV

S/D doping N+
𝐷 1020 cm−3

Gaussian profile
(𝜎 = 0.5 μm)

1020 cm−3

Gaussian profile
(𝜎 = 0.5 μm)

Channel doping N𝐴 1014 cm−3

Gaussian profile
(𝜎 = 0.5 μm)

1014 cm−3

Gaussian profile
(𝜎 = 0.5 μm)

Substrate doping p𝑆𝑈𝐵 1015 cm−3

uniform profile
1015 cm−3

uniform profile

p-GP doping p𝐺𝑃 1018 cm−3

Gaussian profile
(𝜎 = 0.5 μm)

1018 cm−3

Gaussian profile
(𝜎 = 0.5 μm)

Pocket length L – 3 nm

Pocket height H – 4 nm
characteristics of output I𝐷 with respect to gate–source voltage (V𝐺𝑆 )
can be modelled using Taylor series expansion [31], and given by:

𝐼𝐷 ≈ 𝑔𝑚1𝑉𝐺𝑆 (𝑡) + 𝑔𝑚2𝑉𝐺𝑆
2(𝑡) + 𝑔𝑚3𝑉𝐺𝑆

3(𝑡) +⋯ + 𝑔𝑚𝑛𝑉𝐺𝑆
𝑛(𝑡) (1)

where, g𝑚1, g𝑚2, g𝑚3, . . . , g𝑚𝑛 are the transconductance coefficients
responsible for producing static non-linearity due to its dependency
on I𝐷 with the input signal V𝐺𝑆 (𝑡). Static or memoryless non-linearity
occurs when input has direct dependency on output.

From Fig. 4(a) & (b) we can observe that the FDSOI with pockets
implant has lower I𝑂𝐹𝐹 with slight compromise in I𝑂𝑁 and peak-g𝑚,
while predominantly improving the subthreshold slope (SS) and I𝑂𝐹𝐹
in comparison with the FDSOI without pockets implant. The higher
order derivatives of g𝑚 give us a preliminary device behaviour towards
non-linearity, lower values of g𝑚2 and g𝑚3 predict improved linearity.
From Fig. 4(c) & (d) we can observe the FDSOI with pockets implant
has slightly lower g𝑚2 and g𝑚3 in major part of the gate overdrive
sweep in comparison to FDSOI without pockets implant. This suggest
an enrichment in the non-linear performance of the device along with
improvement in static, analog/RF device performance parameters.

For a clear understanding of providing the pockets a comparison
between the important device parameters: SS, V𝑇𝐻 , I𝑂𝐹𝐹 , I𝑂𝑁 & peak-
g is done for both the devices as shown in Table 2. The above
3

𝑚

Table 2
Device parameters extracted using Silvaco ATLAS-parameter extraction tool [28].

Device SS V𝑇𝐻 I𝑂𝐹𝐹 I𝑂𝑁 Peak-g𝑚

FDSOI
without pockets

94.5 mV/dec 0.22 V 6.2×10−9 A 6.1 mA 91.9 mS

FDSOI
with pockets

82 mV/dec 0.26 V 4.24×10−10 A 5.7 mA 89.7 mS

mentioned parameters have been extracted from the parameter extrac-
tion tool of Silvaco ATLAS [28]. From the table we can summarize that
a substantial improvement in SS (reduced by 13%) and I𝑂𝐹𝐹 (reduced
by 93%) of FDSOI device with pockets while a slight compromise in
I𝑂𝑁 and peak-g𝑚 in comparison with FDSOI device without pockets.

To further understand the benefits of adding pockets in S/D region
to FDSOI MOSFET, a charge concentration diagram under off-state
(V𝐺𝑆 = 0 V, V𝐷𝑆 = 0 V) and in saturation (V𝐺𝑆 = 1.2 V, V𝐷𝑆 = 1 V)
without considering the back-gate bias (V𝐵 = 0 V) influence for both
the devices is presented in Fig. 5. It is elucidated as follows:

(1) Firstly, the devices are kept under off-state as shown in Fig. 5(a)
and 5(b). It can be interpreted that the charge concentration is directed
towards S/D-channel junctions and not below the gate-oxide predicting
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Fig. 4. Transfer characteristics & transconductance coefficients against gate overdrive
voltage for FDSOI-GP with and without pockets implant. (a) Transfer characteristics,
(b) g𝑚, (c) g𝑚2 and (d) g𝑚3 under high drain bias (V𝐷 = 1.0 V).

Fig. 5. Charge concentration contours of drain-channel–source regions, respectively
across the silicon channel thickness for FDSOI (a) without and (b) with pockets implant
in off state, and FDSOI (c) without and (d) with pockets implant under saturation
regime.

the off-state behaviour for both the devices. The FDSOI without pockets
in Fig. 5(a) can be observed to that the charges are densely concen-
trated over the entire channel thickness at S/D junctions. Whereas, the
charges are having thin charge concentration at the pockets in FDSOI
with pockets implant which is transparent from Fig. 5(b) suggesting
lower peak electric field under off-state.

(2) Similarly, the devices are kept under saturation as shown in
Fig. 5(c) and 5(d). The charge concentration in channel under the gate-
oxide region is predicting the formation of strong inversion region.
The benefits of pockets can be observed at the junction(s) where a
broader charge concentration profile is observed for the FDSOI without
pockets implant as shown in Fig. 5(c). Whereas, charges are incapable
of accumulating in the FDSOI with pockets implant in Fig. 5(d), owing
to the extra room for charges to occupy in the channel predicting
lower peak electric field and thereby improved electron mobility under
saturation.

The electric field and electron mobility cut-line plots give a com-
prehensive understanding on the benefits of device with pockets and it
4

Fig. 6. Cut-line of (a) electric field and (b) electron mobility under saturation regime
(V𝐷 = 1.0 V, V𝐺 = 1.2 V, V𝑆 = 0 V).

is plotted in Fig. 6(a) and Fig. 6(b), respectively. The cut-line is drawn
across the channel (drain side pocket-channel–source side pocket, re-
spectively) lateral 𝑥-direction and 1 nm above the Si-BOX interface to
estimate the benefit of adding pockets in S/D regions. The electric field
of FDSOI with pockets implant is predicted to show lower peak at the
drain-channel junction in comparison with the FDSOI without pockets
implant suggesting the rearrangement of accumulated charges is indeed
true as presented in the charge concentration contour in Fig. 5. In lieu
with the reduction in peak electric field, the electron mobility also
improved in the channel region as shown in Fig. 6(b) suggesting that
the extra space provided by the pockets help the electrons move more
freely, implying the improvement in channel mobility for the FDSOI
device with pockets [16,17].

5. Extraction of linearity FoMs considering back-gate bias varia-
tion

Since, the FDSOI device with pockets showed improved perfor-
mance in comparison to the without pockets implant as discussed
in Section 4, hence a comprehensive investigation on memoryless or
static linearity FoMs [31] is carried out quantitatively for the structure
proposed in Fig. 1(b). The linearity FoMs are extracted numerically
from the DC transfer characteristics [23], by varying the back gate
voltage (V𝐵) from −1 to +1 V with a +0.5 V step size at high drain bias
(V𝐷 = 1.0 V) as shown in Fig. 7(a). It can be interpreted from Fig. 7(a)
that the back-gate bias variation has actively shifted the V𝑇𝐻 suggesting
superior device tuning by utilizing the GP and back-gate bias effect [18,
20,32]. The advantage of providing pockets in S/D sides has been
briefly investigated in Section 4. Pockets can help in rearranging the
accumulated charges generated by higher electric fields that can boost
the performance of device by lowering off-currents, peak electric field
& increasing channel mobility. The pockets implant combined with GP
and back-gate biasing help to achieve better performing devices which
can be implemented in low and high power applications [16,17].

5.1. Transconductance coefficients (g𝑚1, g𝑚2 & g𝑚3)

The coefficients g𝑚1, g𝑚2 & g𝑚3 are primarily responsible for produc-
ing the static non-linearity in small signal operation of the MOSFET and
the higher order coefficients g𝑚4, g𝑚5, g𝑚6, etc. are of significance only
during the large signal amplitude (A > 0.2×V𝐷𝐷) operation which is not
the scope of current work. Henceforth, the investigation is carried out
only for g𝑚1, g𝑚2 & g𝑚3 which are later used for finding the linearity
FoMs. They are obtained by differentiating (1) with V𝐺𝑆 (𝑡), and given
by [36]:

𝑔𝑚𝑛 =
1
𝑛!

𝜕𝑛𝐼𝐷
𝜕𝑉𝐺𝑆 (𝑡)

𝑛 𝑎𝑡 𝑉𝐺𝑆 (𝑡) = 0 (2)

where n = 1, 2, 3. The coefficients g𝑚1, g𝑚2 & g𝑚3 obtained after solving
(2) and are plotted against gate overdrive voltage when subjected to
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Fig. 7. Transfer characteristics & transconductance coefficients against gate overdrive
voltage by varying back-gate bias (V𝐵). (a) Transfer characteristics, (b) g𝑚, (c) g𝑚2 and
(d) g𝑚3 under high drain bias (V𝐷 = 1.0 V).

ariation in back gate biasing from −1 V to +1 V with a step of 0.5 V
under high drain bias (V𝐷 = 1.0 V), which is illustrated in Fig. 7(b), (c)
& (d), respectively.

To explain the effects of pockets, GP and V𝐵 effects on the funda-
mental g𝑚 (= g𝑚1) can be interpreted from (3) as given below [10,37]:

𝑔𝑚 =
𝜕𝐼𝐷
𝜕𝑉𝐺𝑆

= (𝜇𝑒𝑓𝑓
𝑊
𝐿𝑒𝑓𝑓

)(𝑄𝑠 −𝑄𝑑 ) (3)

here 𝜇𝑒𝑓𝑓 is the effective mobility, 𝐿𝑒𝑓𝑓 is the effective channel
ength, W is the width of the device (= 1 μm for 2D-TCAD), 𝑄𝑠&𝑄𝑑 are
ource and drain charges (contours presented in Fig. 5 give a funda-
ental insight toward charge accumulation at S/D-channel regions in

ff-state and saturation) respectively. The g𝑚 in Fig. 7(b) is observed to
e enhanced with increase in gate overdrive voltage and a clear change
n g𝑚 for a change in V𝐵 indicating good tuning under high drain
otential. Peak g𝑚 is observed at moderate inversion region of the gate

overdrive voltages for all V𝐵 suggesting early velocity saturation [16].
By incorporating pockets on either sides of the channel, the ac-

umulated charges rearrange in the pockets as discussed in Fig. 5,
hich improves the 𝜇𝑒𝑓𝑓 and fundamental g𝑚 [16,17]. Furthermore,
arying back-gate bias for a ground plane FDSOI MOSFET can better
une the device performance. It can be noticed that the V𝐵 variation is
aving direct influence on I𝐷 which makes tuning of V𝑇𝐻 possible with

suppressed depletion under BOX in presence of GP [18]. Consequently,
the V𝐵 modulation can effectively tune the electric field distribution in
the channel leading to a well enhanced and well controlled device for
applications like RF, low standby power technology (LSTP) and high
performance (HP) [18,20,38].

For g𝑚2 the effect of pockets, GP can be interpreted from taking the
partial derivative with V𝐺𝑆 of (3), we get:

𝜕𝑔𝑚 =
𝜕2𝐼𝐷

2
= (𝜇𝑒𝑓𝑓

𝑊 )
𝜕(𝑄𝑠 −𝑄𝑑 ) (4)
5

𝜕𝑉𝐺𝑆 𝜕𝑉𝐺𝑆
𝐿𝑒𝑓𝑓 𝜕𝑉𝐺𝑆
The g𝑚2 is the second order non-linearity transconductance coefficient,
it is responsible for causing the second order distortions in the system
and it is analytically obtained by taking n = 2 in (2), it is plotted in
Fig. 7(c) under high V𝐷 by varying V𝐵 . Please note that the actual value
f g𝑚2 plotted in Fig. 7 is taken from (2) when n = 2, the expression
n (4) is used to explain g𝑚2 for the sake of better understanding the
hysics involved.

In (4) we can interpret that at lower gate voltage (V𝐺𝑆 ) values, the
mpact of (𝑄𝑠 − 𝑄𝑑) on g𝑚2 is higher. And the influence of (𝑄𝑠 − 𝑄𝑑)
n g𝑚2 is nullified at higher V𝐺𝑆 values. We can observe the same from
ig. 7(c) at incrementing the gate voltage for high V𝐷 the influence
f (𝑄𝑠 − 𝑄𝑑) on g𝑚2 is significant until the peak-g𝑚2. And, the peak-
𝑚2 drops due to a higher gate voltage and drain potential which can
rovide required (𝑄𝑠 − 𝑄𝑑) to gradually drop 𝜕𝑔𝑚∕𝜕𝑉𝐺𝑆 with actively
uning the 𝜕𝑔𝑚∕𝜕𝑉𝐺𝑆 by varying V𝐵 [10,20].

Similarly, g𝑚3 is the third order transconductance coefficient or sec-
nd order derivative of g𝑚 i.e, 𝜕2𝑔𝑚∕𝜕𝑉 2

𝐺𝑆 . It is responsible for causing
he third order distortions in a system it can be obtained analytically
fter solving n = 3 in (2). The solution is plotted against gate overdrive
oltage at high V𝐷 as shown in Fig. 7(d). The g𝑚3 is observed to have
positive slope in lower gate overdrive values suggesting the device to
ave higher distortions. The low values of g𝑚3 manifests low distortions
nd the zero-crossover point (V𝑧𝑒𝑟𝑜−𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟) gives the optimum dc bias
oint of a system. Further increasing the gate overdrive voltage cause
he g𝑚3 to become lower and tuning of g𝑚3 can be observed while V𝐵
s varied. At higher gate overdrive voltages the device is observed to
ave high g𝑚3. It can be agreed that the device should be operated
n between zero-crossover point and moderate inversion regions of the
ate overdrive voltages for better control on the distortions and more
inear operation of the system [9].

Although, the non-linearity performance of the device can be ap-
lication specific, finding optimal V𝐵 value to operate the device in a
ore linear fashion without compromising in device performance can

e tricky. For LNA application, it is necessary to operate the device at
ow power i.e., close to V𝑇𝐻 . In the mentioned region, the reduction
n peak g𝑚2 (from Fig. 7(c)) can be observed at V𝐵 = 1.0 V which
ignifies more linear behaviour. On the other hand, for PA application,
t is imperative to operate the device at high bias condition. Again,
nother minima for g𝑚2 can be seen at V𝐵 = 0.5 V that is making the
evice more suitable for PA application. Similarly, for g𝑚3 to operate
he device at zero-crossover (close to V𝑇𝐻 ), the negative V𝐵 predict
ower g𝑚3 which can be better suited for LNA application. Whereas, the
egative V𝐵 fails to predict lower g𝑚3 values under high bias condition,
hich is required for PA application. Hence, it can be strenuous for
designer to select the optimal V𝐵 condition by comparing trade-off

etween the distortion terms and performance metrics for a more linear
ehaviour.

.2. Intermodulation Distortion terms (IM2 & IM3)

The intermodulation distortion terms (IM2 & IM3) are the integral
art of non-linear characteristics exhibited by a transistor in static or
emoryless operation during dual tone mode with direct dependency

n the input signal amplitude (A). This can cause degeneration of signal
n RF/wireless applications which is undesirable. Signal amplitude
lays a major role in causing non-linearity in a system which can lead
o distortions. Hence, a low constant small signal amplitude of 20 mV
A = 20 mV) is selected in the whole investigation to agree with the
istortion expressions presented [10,23,31].
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The intermodulation distortion caused by the g𝑚2 coefficient which
gives dual tone distortions to the fundamental (g ) is called IM and
𝑚 2



Microelectronics Journal 121 (2022) 105365R.R. Shaik et al.

v

i
o
t
I
f
s

I

p
g
p
b
n
a
i
r
c
o
l

5

&
&
c
s
w
I

𝐼

o
g
v
h
d
i
t
a
p

b

d
l

I
A
o
p

&
i
t
p
b

D

c
i

A

B
2

Fig. 8. Intermodulation distortion (a) IM2 and (b) IM3 plotted against gate overdrive
oltage by varying back gate bias (V𝐵) under high drain bias (V𝐷 = 1.0 V).

s given by (5) [31]. The IM2 is plotted for high V𝐷 against gate
verdrive voltage in Fig. 8(a) while V𝐵 is varied. The IM2 can be seen
o monotonically reduce when increasing the gate overdrive voltage.
t can be observed that V𝐵 modulation allows us to find a dip in IM2
or all V𝐵 , this dip in IM2 can predict very low distortions in the
ystem [9,10,20,23].

Similarly, the intermodulation distortion caused by the g𝑚3 is called
M3 and is given by (6) [31]. The IM3 is plotted for high V𝐷 against

gate overdrive voltage in Fig. 8(b) while V𝐵 is varied. The degeneracy
caused by IM3 at high V𝐷 can be interpreted by its mobility behaviour.
The term 𝜕2𝑔𝑚∕𝜕𝑉 2

𝑔𝑠 gives the dip or minima in IM3 plot each dip
redicts a transition in mobility [9,10]. Mobility of a device can be
reatly affected by its transverse electric field when a high drain
otential is applied. If the electric field is high then mobility tends to
ecome lower, this can predict a high chance of impact ionization and
on-linear performing device which can be mitigated by the pockets
s explained in Section 4. This improved mobility in the channel helps
n achieving a constant IM3 between strong and moderate inversion
egions. This feature of low distortions and tuning with V𝐵 variation
an be well suited for power amplifiers in which the threshold voltage
f power amplifier can be changed without compromising on the
inearity [1,3,39].

.3. Input Intercept Points (IIP2 & IIP3)

The input intercept points (IIP2 & IIP3) have similar context to IM2
IM3 that give dual tone non-linear behaviour. But, the levels of IM2
IM3 are directly dependent on the input signal which increases the

omplexity in finding their relative values without knowing the input
ignal amplitude (A). On the other hand, the IIP2 & IIP3 detect the
hole IM2 & IM3 without depending on A. Hence, IIP gives the entire

M2 & IM3 independent of the input signal amplitude [9,31].

𝐼𝑃2 = 20 log
(
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The second-order input intercept point (IIP2) is defined as the ratio
f fundamental to the second-order transconductance coefficient and is
iven by (7) [31]. The IIP2 evaluated for high V𝐷 against gate overdrive
oltage in Fig. 9(a) while varying V𝐵 . It can be interpreted from (7) that
igh g𝑚 and low g𝑚2 predicts higher IIP2 values which can improve the
evice linearity. At maximum g𝑚 (Fig. 7(b)), a peak can be observed
n Fig. 9(a) suggesting better linearity at that particular bias point and
uning of the peak is done by varying V𝐵 . For IIP2 at high V𝐷 the values
re increasing gradually due to g𝑚 and g𝑚2 being biased at high drain
otential by improving 𝜇𝑒𝑓𝑓 and (𝑄𝑠 − 𝑄𝑑) terms which can in turn
6

mitigate the impact ionization phenomena that generally occur at high
Fig. 9. Input intercept points (a) IIP2 and (b) IIP3 plotted against gate overdrive voltage
y varying back gate bias (V𝐵) under high drain bias (V𝐷 = 1.0 V).

rain potential without affecting the device performance and improving
inearity [9,16–18,20].

The third-order input intercept point (IIP3) has similar context to
M3 which dual tone behaviour of IM3 without depending on the input
. It is defined as the ratio of square-root of fundamental to the third-
rder transconductance coefficient and is given by (8) [31]. The IIP3 is
lotted against gate overdrive voltage while varying V𝐵 at high V𝐷 in

Fig. 9(b). Improved IIP3 values probe to a more linear system [9]. It can
be observed in Fig. 9(b) that the IIP3 at zero-crossover point followed
by strong inversion region shows constant values while varying V𝐵 ,
which can manifest to better control on linear operation by utilizing
the back-gate bias engineering, GP and pockets implant which make it
suitable for amplifiers that need to change the gain and do not want to
compromise on linearity [16–18,20].

6. Conclusion

In summary, a comparative investigation of FDSOI MOSFET with
and without pockets implant is done. The FDSOI MOSFET with pockets
implant is observed to have improved channel mobility, reduced peak
electric field, rearrangement of accumulated charges, improved SS
(reduced by 13%) and I𝑂𝐹𝐹 (reduced by 93%) while, a slight com-
promise in I𝑂𝑁 and peak-g𝑚. Hence, the FDSOI MOSFET with pockets
implant has been investigated to check the feasibility to enhance the
linearity performance of the device. The investigation predicts that
the DC characteristics by varying V𝐵 for high V𝐷 is explicitly used
to extract the following linearity FoMs from a memoryless or static
characteristics: g𝑚, g𝑚2, g𝑚3, IM2, IM3, IIP2 & IIP3. It has been observed
that the improvement in the 𝜇𝑒𝑓𝑓 , reduction in peak electric field

rearrangement of accumulated charges has lead to improvement
n fundamental with actively tuning the V𝑇𝐻 by varying V𝐵 . From
he analysis of V𝑧𝑒𝑟𝑜−𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟, negative back-gate bias values can be
referred to achieve low distortions that can manifest high linearity
ehaviour for the FDSOI-GP with pockets implant device.

eclaration of competing interest

The authors declare that they have no known competing finan-
ial interests or personal relationships that could have appeared to
nfluence the work reported in this paper.

cknowledgment

This work was supported by Science and Engineering Research
oard, India (SERB) Start-up Research Grant (SRG) (Grant No. SRG/
020/ 001622).



Microelectronics Journal 121 (2022) 105365R.R. Shaik et al.
References

[1] B. Moret, V. Knopik, E. Kerherve, A 28ghz self-contained power amplifier for 5 g
applications in 28 nm fd-soi cmos, in: 2017 IEEE 8th Latin American Symposium
on Circuits & Systems, LASCAS, IEEE, 2017, pp. 1–4, http://dx.doi.org/10.1109/
LASCAS.2017.7948059.

[2] J.-P. Raskin, A. Viviani, D. Flandre, J.-P. Colinge, Substrate crosstalk reduction
using soi technology, IEEE Trans. Electron Devices 44 (1997) 2252–2261, http:
//dx.doi.org/10.1109/16.644646.

[3] U. Çelik, P. Reynaert, Robust, efficient distributed power amplifier achieving 96
gbit/s with 10 dbm average output power and 3.7 fd-soi, IEEE J. Solid-State
Circuits 56 (2021) 382–391, http://dx.doi.org/10.1109/JSSC.2020.3020229.

[4] L. Gao, E. Wagner, G.M. Rebeiz, Design of e-and w-band low-noise amplifiers
in 22-nm cmos fd-soi, IEEE Trans. Microw. Theory Tech. 68 (2019) 132–143,
http://dx.doi.org/10.1109/TMTT.2019.2944820.

[5] H. Guan, H. Sun, J. Bao, Z. Wang, S. Zhou, H. Zhu, High-performance rf
switch in 0.13μm rf soi process, J. Semiconductors 40 (2019) 022401, http:
//dx.doi.org/10.1088/1674-4926/40/2/022401.

[6] M.K. Anvarifard, Creation of a new high voltage device with capable of
enhancing driving current and breakdown voltage, Mater. Sci. Semicond. Process.
60 (2017) 60–65.

[7] D. Lederer, D. Flandre, J.-P. Raskin, High frequency degradation of body-
contacted pd soi mosfet output conductance, Semicond. Sci. Technol. 20 (2005)
469, http://dx.doi.org/10.1088/0268-1242/20/5/025.

[8] Y. Pratap, S. Haldar, R. Gupta, M. Gupta, Performance evaluation and reliability
issues of junctionless csg mosfet for rfic design, IEEE Trans. Device Mater. Reliab.
14 (2014) 418–425, http://dx.doi.org/10.1109/TDMR.2013.2296524.

[9] P. Ghosh, S. Haldar, R. Gupta, M. Gupta, An investigation of linearity perfor-
mance and intermodulation distortion of gme cgt mosfet for rfic design, IEEE
Trans. Electron Devices 59 (2012) 3263–3268, http://dx.doi.org/10.1109/TED.
2012.2219537.

[10] A. Dutta, K. Koley, S.K. Saha, C.K. Sarkar, Analysis of harmonic distortion in
udg-mosfets, IEEE Trans. Electron Devices 61 (2014) 998–1005, http://dx.doi.
org/10.1109/TED.2014.2306971.

[11] L. Zhu, S. Liu, F. Allibert, I. Radu, X. Zhu, Y. Lu, X. Wang, Rf characteristics
of two generations of rfesi hr-soi substrates over temperature, IEEE Microw.
Wirel. Compon. Lett. 28 (2018) 377–379, http://dx.doi.org/10.1109/LMWC.
2018.2813884.

[12] D. Lederer, B. Aspar, C. Laghae-Blanchard, J.-p. Raskin, Performance of soi
devices transferred onto passivated hr soi substrates using a layer transfer
technique, in: 2006 IEEE International SOI Conferencee Proceedings, IEEE, 2006,
pp. 29–30, http://dx.doi.org/10.1109/SOI.2006.284417.

[13] T. Ohno, Y. Kado, M. Harada, T. Tsuchiya, Experimental 0.25-/spl mu/m-
gate fully depleted cmos/simox process using a new two-step locos isolation
technique, IEEE Trans. Electron Devices 42 (1995) 1481–1486, http://dx.doi.
org/10.1109/16.398663.

[14] T. Sakurai, A. Matsuzawa, T. Douseki, Fully-Depleted SOI CMOS Circuits and
Technology, Springer, 2006.

[15] S. Makovejev, J.-P. Raskin, M.M. Arshad, D. Flandre, S. Olsen, F. Andrieu, V.
Kilchytska, Impact of self-heating and substrate effects on small-signal output
conductance in utbb soi mosfets, Solid-State Electron. 71 (2012) 93–100, http:
//dx.doi.org/10.1016/j.sse.2011.10.027.

[16] R.R. Shaik, G. Arun, L. Chandrasekar, K. Pradhan, A study of workfunction
variation in pocket doped fd-soi technology towards temperature analysis, Silicon
(2020) 1–10, http://dx.doi.org/10.1007/s12633-020-00399-0.

[17] M.K. Anvarifard, A.A. Orouji, Proper electrostatic modulation of electric field in
a reliable nano-soi with a developed channel, IEEE Trans. Electron Devices 65
(2018) 1653–1657, http://dx.doi.org/10.1109/ted.2018.2808687.

[18] C. Fenouillet-Beranger, S. Denorme, P. Perreau, C. Buj, O. Faynot, F. Andrieu,
L. Tosti, S. Barnola, T. Salvetat, X. Garros, et al., Fdsoi devices with thin box
and ground plane integration for 32 nm node and below, Solid-State Electron.
53 (2009) 730–734, http://dx.doi.org/10.1016/j.sse.2009.02.009.

[19] W.-T. Chang, C.-T. Shih, J.-L. Wu, S.-W. Lin, L.-G. Cin, W.-K. Yeh, Back-biasing
to performance and reliability evaluation of utbb fdsoi, bulk finfets, and soi
finfets, IEEE Trans. Nanotechnol. 17 (2017) 36–40, http://dx.doi.org/10.1109/
tnano.2017.2706265.
7

[20] C. Fernandez, N. Rodriguez, A. Ohata, F. Gamiz, F. Andrieu, C. Fenouillet-
Beranger, O. Faynot, S. Cristoloveanu, Bias-engineered mobility in advanced
fd-soi mosfets, IEEE Electron Device Lett. 34 (2013) 840–842, http://dx.doi.org/
10.1109/led.2013.2264045.

[21] L. Wilson, International technology roadmap for semiconductors (itrs), 2013,
Semiconductor Industry Association 1.

[22] R.T. Doria, A. Cerdeira, J.-P. Raskin, D. Flandre, M.A. Pavanello, Harmonic
distortion analysis of double gate graded-channel mosfets operating in saturation,
Microelectron. J. 39 (2008) 1663–1670, http://dx.doi.org/10.1016/j.mejo.2008.
02.006.

[23] A. Cerdeira, M.A. Alemán, M. Estrada, D. Flandre, Integral function method for
determination of nonlinear harmonic distortion, Solid-State Electron. 48 (2004)
2225–2234, http://dx.doi.org/10.1016/j.sse.2004.06.001.

[24] B.K. Esfeh, V. Kilchytska, B. Parvais, N. Planes, M. Haond, D. Flandre, J.-P.
Raskin, Back-gate bias effect on utbb-fdsoi non-linearity performance, in: 2017
47th European Solid-State Device Research Conference, ESSDERC, IEEE, 2017,
pp. 148–151, http://dx.doi.org/10.1109/ESSDERC.2017.8066613.

[25] J.-P. Raskin, Analogue and rf performances of fully depleted soi mosfet,
2019, http://dx.doi.org/10.21494/ISTE.OP.2019.0358, 2019 ISTE OpenScience-
Published by ISTE Ltd. London, UK-openscience. fr.

[26] T. Zine-eddine, H. Zahra, M. Zitouni, Design and analysis of 10 nm t-gate
enhancement-mode mos-hemt for high power microwave applications, J. Sci.:
Adv. Mater. Devices 4 (2019) 180–187, http://dx.doi.org/10.1016/j.jsamd.2019.
01.001s.

[27] P. Murugapandiyan, A. Mohanbabu, V.R. Lakshmi, V. Ramakrishnan, A. Vargh-
ese, M. Wasim, S. Baskaran, R.S. Kumar, V. Janakiraman, Performance analysis
of hfo2/inaln/aln/gan hemt with aln buffer layer for high power microwave
applications, J. Sci.: Adv. Mater. Devices 5 (2020) 192–198, http://dx.doi.org/
10.1016/j.jsamd.2020.04.007.

[28] T. Silvaco Atlas, Tool ver.- 5.24. 1, 2016.
[29] B.K. Esfeh, N. Planes, M. Haond, J.-P. Raskin, D. Flandre, V. Kilchytska, 28 Nm

fdsoi analog and rf figures of merit at n2 cryogenic temperatures, Solid-State
Electron. 159 (2019) 77–82, http://dx.doi.org/10.1016/j.sse.2019.03.039.

[30] N. Planes, O. Weber, V. Barral, S. Haendler, D. Noblet, D. Croain, M. Bocat,
P.-O. Sassoulas, X. Federspiel, A. Cros, et al., 28 Nm fdsoi technology platform
for high-speed low-voltage digital applications, in: 2012 Symposium on VLSI
Technology, VLSIT, IEEE, 2012, pp. 133–134, http://dx.doi.org/10.1109/VLSIT.
2012.6242497.

[31] B. Razavi, Basic Concepts in Rf Design, RF Microelectronics, 1998, p. 22.
[32] M.M. Arshad, S. Makovejev, S. Olsen, F. Andrieu, J.-P. Raskin, D. Flandre, V.

Kilchytska, Utbb soi mosfets analog figures of merit: Effects of ground plane
and asymmetric double-gate regime, Solid-State Electron. 90 (2013) 56–64,
http://dx.doi.org/10.1016/j.sse.2013.02.051.

[33] O. Kononchuk, B.-Y. Nguyen, Silicon-on-Insulator (Soi) Technology: Manufacture
and Applications, Elsevier, 2014.

[34] M. Bruel, The history, physics, and applications of the smart-cut®process, MRS
Bull. 23 (1998) 35–39.

[35] M.K. Anvarifard, A.A. Orouji, Enhanced critical electrical characteristics in a
nanoscale low-voltage soi mosfet with dual tunnel diode, IEEE Trans. Electron
Devices 62 (2015) 1672–1676.

[36] C. Lakshumanan, K.P. Pradhan, Memoryless non-linearity in b-substitution doped
and undoped graphene fets: A comparative investigation, IET Circuits Devices
Syst. (2021) 1–8, http://dx.doi.org/10.1049/cds2.12059.

[37] O. Moldovan, D. Jimenez, J.R. Guitart, F.A. Chaves, B. Iniguez, Explicit analytical
charge and capacitance models of undoped double-gate mosfets, IEEE Trans.
Electron Devices 54 (2007) 1718–1724, http://dx.doi.org/10.1109/TED.2007.
899402.

[38] B. Hoefflinger, Itrs: The international technology roadmap for semiconductors,
in: Chips 2020, Springer, 2011, pp. 161–174.

[39] A. Larie, E. Kerhervé, B. Martineau, L. Vogt, D. Belot, 2.10 A 60ghz 28 nm
utbb fd-soi cmos reconfigurable power amplifier with 21% pae, 18.2 dbm p 1db
and 74mw p dc, in: 2015 IEEE International Solid-State Circuits Conference-
(ISSCC) Digest of Technical Papers, IEEE, 2015, pp. 1–3, http://dx.doi.org/10.
1109/ISSCC.2015.7062919.

http://dx.doi.org/10.1109/LASCAS.2017.7948059
http://dx.doi.org/10.1109/LASCAS.2017.7948059
http://dx.doi.org/10.1109/LASCAS.2017.7948059
http://dx.doi.org/10.1109/16.644646
http://dx.doi.org/10.1109/16.644646
http://dx.doi.org/10.1109/16.644646
http://dx.doi.org/10.1109/JSSC.2020.3020229
http://dx.doi.org/10.1109/TMTT.2019.2944820
http://dx.doi.org/10.1088/1674-4926/40/2/022401
http://dx.doi.org/10.1088/1674-4926/40/2/022401
http://dx.doi.org/10.1088/1674-4926/40/2/022401
http://refhub.elsevier.com/S0026-2692(22)00007-6/sb6
http://refhub.elsevier.com/S0026-2692(22)00007-6/sb6
http://refhub.elsevier.com/S0026-2692(22)00007-6/sb6
http://refhub.elsevier.com/S0026-2692(22)00007-6/sb6
http://refhub.elsevier.com/S0026-2692(22)00007-6/sb6
http://dx.doi.org/10.1088/0268-1242/20/5/025
http://dx.doi.org/10.1109/TDMR.2013.2296524
http://dx.doi.org/10.1109/TED.2012.2219537
http://dx.doi.org/10.1109/TED.2012.2219537
http://dx.doi.org/10.1109/TED.2012.2219537
http://dx.doi.org/10.1109/TED.2014.2306971
http://dx.doi.org/10.1109/TED.2014.2306971
http://dx.doi.org/10.1109/TED.2014.2306971
http://dx.doi.org/10.1109/LMWC.2018.2813884
http://dx.doi.org/10.1109/LMWC.2018.2813884
http://dx.doi.org/10.1109/LMWC.2018.2813884
http://dx.doi.org/10.1109/SOI.2006.284417
http://dx.doi.org/10.1109/16.398663
http://dx.doi.org/10.1109/16.398663
http://dx.doi.org/10.1109/16.398663
http://refhub.elsevier.com/S0026-2692(22)00007-6/sb14
http://refhub.elsevier.com/S0026-2692(22)00007-6/sb14
http://refhub.elsevier.com/S0026-2692(22)00007-6/sb14
http://dx.doi.org/10.1016/j.sse.2011.10.027
http://dx.doi.org/10.1016/j.sse.2011.10.027
http://dx.doi.org/10.1016/j.sse.2011.10.027
http://dx.doi.org/10.1007/s12633-020-00399-0
http://dx.doi.org/10.1109/ted.2018.2808687
http://dx.doi.org/10.1016/j.sse.2009.02.009
http://dx.doi.org/10.1109/tnano.2017.2706265
http://dx.doi.org/10.1109/tnano.2017.2706265
http://dx.doi.org/10.1109/tnano.2017.2706265
http://dx.doi.org/10.1109/led.2013.2264045
http://dx.doi.org/10.1109/led.2013.2264045
http://dx.doi.org/10.1109/led.2013.2264045
http://refhub.elsevier.com/S0026-2692(22)00007-6/sb21
http://refhub.elsevier.com/S0026-2692(22)00007-6/sb21
http://refhub.elsevier.com/S0026-2692(22)00007-6/sb21
http://dx.doi.org/10.1016/j.mejo.2008.02.006
http://dx.doi.org/10.1016/j.mejo.2008.02.006
http://dx.doi.org/10.1016/j.mejo.2008.02.006
http://dx.doi.org/10.1016/j.sse.2004.06.001
http://dx.doi.org/10.1109/ESSDERC.2017.8066613
http://dx.doi.org/10.21494/ISTE.OP.2019.0358
http://dx.doi.org/10.1016/j.jsamd.2019.01.001s
http://dx.doi.org/10.1016/j.jsamd.2019.01.001s
http://dx.doi.org/10.1016/j.jsamd.2019.01.001s
http://dx.doi.org/10.1016/j.jsamd.2020.04.007
http://dx.doi.org/10.1016/j.jsamd.2020.04.007
http://dx.doi.org/10.1016/j.jsamd.2020.04.007
http://refhub.elsevier.com/S0026-2692(22)00007-6/sb28
http://dx.doi.org/10.1016/j.sse.2019.03.039
http://dx.doi.org/10.1109/VLSIT.2012.6242497
http://dx.doi.org/10.1109/VLSIT.2012.6242497
http://dx.doi.org/10.1109/VLSIT.2012.6242497
http://refhub.elsevier.com/S0026-2692(22)00007-6/sb31
http://dx.doi.org/10.1016/j.sse.2013.02.051
http://refhub.elsevier.com/S0026-2692(22)00007-6/sb33
http://refhub.elsevier.com/S0026-2692(22)00007-6/sb33
http://refhub.elsevier.com/S0026-2692(22)00007-6/sb33
http://refhub.elsevier.com/S0026-2692(22)00007-6/sb34
http://refhub.elsevier.com/S0026-2692(22)00007-6/sb34
http://refhub.elsevier.com/S0026-2692(22)00007-6/sb34
http://refhub.elsevier.com/S0026-2692(22)00007-6/sb35
http://refhub.elsevier.com/S0026-2692(22)00007-6/sb35
http://refhub.elsevier.com/S0026-2692(22)00007-6/sb35
http://refhub.elsevier.com/S0026-2692(22)00007-6/sb35
http://refhub.elsevier.com/S0026-2692(22)00007-6/sb35
http://dx.doi.org/10.1049/cds2.12059
http://dx.doi.org/10.1109/TED.2007.899402
http://dx.doi.org/10.1109/TED.2007.899402
http://dx.doi.org/10.1109/TED.2007.899402
http://refhub.elsevier.com/S0026-2692(22)00007-6/sb38
http://refhub.elsevier.com/S0026-2692(22)00007-6/sb38
http://refhub.elsevier.com/S0026-2692(22)00007-6/sb38
http://dx.doi.org/10.1109/ISSCC.2015.7062919
http://dx.doi.org/10.1109/ISSCC.2015.7062919
http://dx.doi.org/10.1109/ISSCC.2015.7062919

	Back-gate bias effect on the linearity of pocket doped FDSOI MOSFET
	Introduction
	Proposed structure configuration
	Simulation methodology and fabrication procedure
	Effect of pockets on device performance
	Extraction of linearity FoMs considering back-gate bias variation
	Transconductance coefficients (g m1 , g m2   g m3 )
	Intermodulation Distortion terms (IM 2  & IM 3 )
	Input Intercept Points (IIP 2   IIP 3 )

	Conclusion
	Declaration of competing interest
	Acknowledgment
	References


