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Summary

The progress of semiconductor electronics devices has been marked by rapid improve-
ment in terms of performance since the first MOSFET was invented in 1960 (1). In
the last decades the down-scaling of the transistor has led to increasing performance in
electronic systems while following the Moore’s Law (2). However, this trend reached its
limit, when the performance degradation of junction based metal-oxide-semiconductor
field-effect-transistor (MOSFET) increased due to channel scaling (3). The limitations
of the device related to the rising short channel effects (SCEs) are the threshold voltage
(Vrn) roll-off, subthreshold current and drain-induced-barrier-lowering (DIBL). More-
over, process challenges concerning the fabrication of ultra steep p-n junctions restricts
its functionality in the fabrication of the transistor itself.(3; 4)

The increasing demand for high integration density, high performance and low power con-
sumption can be achieved with 3D multigate structures such as FinFET and NanoSheet
GAAFET (NSGAAFET), thanks to a better control of the channel transport via fully
surrounding gate (5).

Further challenges emerge during fabrication processes in the next technology nodes when
decreasing the size of transistors. The junctions (p-type and n-type) will get closer, which
means that the requirement of extremely high gradients in doping concentration to create
the heavily doped source/drain regions becomes unfeasible (6; 7).

One of the solution to address the physical limitations of junction based MOSFET, while
achieving better performance, has been proposed by designing a FET without junctions
known as junctionless field-effect-transistor (JLFET) (4).

Combining the JLFET with the electrostatic gate control of multigate structures like
GAA it is possible to obtain a device with improved SCEs immunity and tunable Vry,
obtained by varying the channel width (4).

In this work, the electrical performance of junctionless FinFET (JL-FinFET) and NS-
GAAFET (JL-NSGAAFET) are compared with the conventional FinFET and NSGAAFET.
A fabrication process simulation of the devices with highlights of different steps that could
replace the current manufacturing of conventional transistors is provided.

The analysis carried out using Synopsys Sentaurus (8; 9) are developed to report electrical
characteristics of each devices under exam.

Thereafter, the results have been compared to have an idea of how certain parameters
affect the performance of each transistor.

Finally, there are presented some thoughts about the possible evolution of technologies
and future works that may help investigating the application of junctionless devices.
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Chapter 1

Introduction

Nowadays, semiconductor devices play a huge role in digital and telecommunications tech-
nology. The shrinking of transistors becomes more difficult, since more heat and power
consumption indirectly enhances while trying to achieve better performance for an inte-
grated system (13). Moreover, the scaling-down of MOSFETS boosts short channel effects
(SCEs). To reduce them, 3D multigate structures such as finFETs and NSGAAFETSs are
developed to increase the electrostatic control of the channel.

Difficulties arise in transistors when developing ultra-sharp source and drain junctions
at nanoscale due to the requirement of extremely high gradients in doping concentration
(7; 13).

Junctionless transistor is a promising technology for the replacement of conventional MOS-
FETs. If we combined the junctionless technology with the 3D multigate, we can obtain
high performance in terms of Ion/Iorr, while reducing SCEs.

The concept of junctionless transistor (JLT) was introduced by J.E. Lilienfeld in 1925.
The characteristic of this device is the absence of any p-n junctions (14).The device is ba-
sically a resistor in which the current can be modulated by the gate (15). This technology
has attracted the attention of many researchers and as a result many architectures were
proposed. Combining the junction-free structure with the multi-gate structures allowed to
build transistors with greater performance with respect to the conventional one, in terms
of SCEs and less degradation of carrier mobility when the gate voltage is increased (10).
Trying to find a way to reduce parasitics in NSGAAFET was what motivated me in choos-
ing this thesis subject. Therefore, since at nanoscale the major knobs of parasitics are
related to random dopants, interface trap charges and line edge roughness, I decided to
exploit the junctionless technology to investigate this issue (5).

Moreover, in Chapter 2 an overview of different technology regarding the MOSFET and
their evolution is presented. In Chapter 3 the steps to fabricate JL-finFET and JL-
NSGAAFET are proposed, while highlighting the differences and similarities with con-
ventional transistors. In Chapter 4, the data of the simulations carried out by means of
Synopsys Sentaurus TCAD (8) are reported. Finally, in Chapter 5 and in the appendix,
a summary of the devices performances and the scripts employed in TCAD are provided.
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Chapter 2

Junctionless Transistor

2.1 Junctionless working principle

The concept of junctionless transistor (JLT) was introduced by J.E. Lilinfield and patented
in 1925 (16). However, the device was not fabricated at that time due to lack of equipment
required to build this technology.

All existing transistors commercially available are based on the semiconductor junctions
formed by implanting dopant atoms into the semiconductor material. Because of the laws
of diffusion and the statistical nature of the distribution of the doping atoms, such junc-
tions represent an increasingly difficult fabrication challenge for integrated circuits (ICs)
industry.

In order to lower the fabrication costs while solving the problem related to the heavily
and abrupt doped junctions, junctionless transistors were introduced.

The JLT works differently compared to inversion mode devices, and it is essentially a gate
controlled resistor since there is no junction in the semiconductor material. The channel
is fully depleted in off-state due to work function difference between gate and substrate
material. To control the flow of current inside the Lilinfield device, a gate voltage is
required to modulate the carriers inside the semiconductor film, thus modulating its con-
ductivity (10). In Figure 2.1.1 is presented a schematic view of a junctionless nanowire
gated resistor.

The choice of the metal work function is very important for the behaviour we want
to design. Indeed, there are two possible working principles that can be used for the
junctionless device:

« the first one consists in the conduction of the transistor at Vi = 0V (depletion-
mode), so that it can be turned-off if a gate voltage is applied, thus depleting the
channel. Fig.2.1.2b shows the trans-characteristics of JLT working with this type
of operating principle (17; 18; 19; 20). The thin film transistor (TFT) is similar to
MOSFET built on SOI wafer with the exception that the active film is a deposited
thin film, as it is shown in Fig.2.1.2a. Because the semiconductor layer is formed
by deposition, the amorphous material has more defects and imperfections than in

17



Junctionless Transistor

Source Gate
o

Box Gate Oxide

Figure 2.1.1: Schematic of an n-channel nanowire transistor. The nanowire is uniformly
doped n-type and the gate material is p-type polysilicon. Opposite dopant polarities are
used for p-channel devices (10).

single-crystalline semiconductors, resulting in more complicated transport mecha-
nism for the TFT (21).

e the second operating principle of junctionless transistor consists in using work func-
tion engineering to bend the energy band diagram so that the channel region will
result depleted of carriers at Vg = 0V (enhancement-mode), thus obtaining the con-
ventional behavior of CMOS devices(22; 21).

At this point, if the semiconductor is sufficiently thin and the work function differ-
ence is large enough, then full depletion of carriers can be easily achieved, as reported
in Fig.2.1.3.

— Telvg@Vol=1,0V
— TeligBiei=0 054

1{—5%
1{—5%
1E—7%
1E—sé

L

Urain Gurrent (&)

1E-10 5

1E-11 5

1E-12 5

1E-13 T T T T T T T T T T
-0.5

Source (n-type)

Gate Voltage (V)

(a) (b)
Figure 2.1.2: (a) Bird’s eye view of n-type TFT, (b) Ip vs Vg of n-type TFT
Since the electrical behaviour in this thesis is obtained with enhancement-mode of the
JLT, the focus will be on such structure. Even though the electrical behaviour of the

junctionless transistors is similar to those of regular MOS transistors as it will be seen in
chapter 4, there is a fundamental difference between the two devices, related to the drain
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2.1 — Junctionless working principle

Source Drain Source Drain
(a) (b)
Source Drain Source Drain

(<) (d

Figure 2.1.3: Electron concentration contour in an n-type junctionless nanowire for dif-
ferent gate-source voltage (Vis). (a) Vas < Vg the channel is depleted; (b) Vs = Vg
the channel is shaped and current starts to flow if a certain Vpg is applied; (¢) Vgs > Vry
the channel expands in width and thickness; (d) Vs = Vrp the channel has become a
simple resistor (10).

current.
For what concern the conventional transistors, the drain current (Ip) in saturation region
is given by:

1 Wsi
Ip gar = iﬂcoz I

(Voo — Vrr)? (2.1)

where 11 is the carrier mobility, Wy; is the effective width of the device, L, the gate length,
Vpp the supply voltage and C, the gate capacitance.

On the other hand, the junctionless transistor behaves like a resistor when flat band con-
dition is met, hence the drain current for n-type JLT is given by:

Tsi Wsi
L

ID [ QHND VDD (22)

g

where Ty is the thickness of the silicon and Np the donor concentration (10). For the
p-type, the donor concentration is swapped with the acceptor concentration Ny.

Considering the equation 2.2, the amount of current flowing depends on the doping con-
centration (10). Figure 2.1.4 shows the drain current as a function of gate voltage in two
types of SOl MOSFETS: inversion-mode "N*PN*" and junctionless "NTN+tN™" transistor.

When the JLT is turned off, the distance between the non-depleted source and drain
regions can be larger than the physical gate length across the entire section of the device
as it shows Fig.2.1.5b (6). This feature can be controlled by the designer when choosing
the parameters of the device, like the width of the spacers (Lgp).
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Figure 2.1.4: Drain current (log scale) as a function of gate voltage in (a) an inversion-
mode MOSFET; (b) an accumulation-mode MOSFET and c a heavily-doped junctionless

transistor (6).
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Figure 2.1.5: Electron concentration along the channel of n-type three vertical stacked
NSGAAFET and JL NSGAAFET; (a) depletion of n-type NSGAAFET, (b) full depletion
of n-type JL-NSGAAFET, (c) depletion of n-type JL-NSGAAFET

As it can be seen from Fig.2.1.5 when the device is switched-off, the electron concentra-
tion in junctionless devices is so low, that the short channel effects such as drain-induced
barrier lowering (DIBL), subthreshold slope (SS) will be reduced. Iopr is also improved,
hence the overall performance Ion/lorr as well (15; 10; 23; 24).

As the gate voltage is increased, the carrier concentration in the channel reaches the dop-
ing concentration Np, in the n-type transistor. It is possible to further increase the gate
voltage (Vs > Vrp) to create accumulation channels, but it would be unnecessary since
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2.1 — Junctionless working principle

the device relies on the body current(25).

Even though the bulk mobility is lower than the surface one (26; 27; 6), the carriers
are subjected to a reduced electric field in the direction perpendicular to their flow and
they are much less influenced by surface roughness scattering compared to inversion-mode
transistors (23; 10; 25).

The JLT requires high doping concentrations for the source-channel-drain structure of the
order of 10' atoms cm™. Such high doping is usually reserved to only source-drain in
conventional inversion-mode transistors but in junctionless devices it is needed to ensure
a high current drive and good contact resistance. Moreover, due to the high level doping,
the geometry must be small enough to allow for the full depletion of the channel region,
which is necessary to turn-off the device (10).
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2.2 Energy band diagram

The operating principle of the device can be understood from its energy band diagram.
These diagrams help to explain the operation of many kinds of semiconductor devices and
to visualize how bands change with position (band bending).

Using multigate structures like gate-all-around, the electrostatic gate control is improved.
However, to better study the energy band bending behaviour, we consider the cross sec-
tion of the device, then focus the attention on the channel region.

Gate
Oxide

Oxide

Channel

Oxide
Gate

Channel Drain

Oxide |
Gate

(a) (b) (c)

Figure 2.2.1: (a) Bird’s eye view of gate-all-around (GAA) FET, (b) Cross section along
plane AA’ of the GAAFET, (c¢) Channel region cut.

The band diagram of a junctionless device is reported in Fig.2.2.3, and it is obtained
by rotating of 90° the structure in Fig.2.2.1c¢ along the BB’ axis.
It can be observed that the band diagram of JLT is the same of the conventional MOSFET.
What it changes between the two technologies is the doping of the source and drain
contacts.
Conventional MOSFETs rely on the inversion of charges in the channel region to create the
path where current flows, while the junctionless transistors exploit charges in the channel
to provide current.
The JLT metal workfunction is 4.1 eV and 5.0 €V for p-type and n-type respectively.
The quantities reported in the following band diagrams are: Ep (Fermi energy), Epy
(Fermi energy of the metal), qén (metal workfunction), Eg (vacuum level), ys; (electron
affinity of silicon), xsio, (electron affinity of silicon dioxide), Eq (band-gap energy), Epy
(intrinsic Fermi energy), Ep, (Fermi energy of n-type silicon), Ep, (Fermi energy of p-type
silicon), Ey (valence energy) and E¢ (conduction energy).
First, to have a general understanding of what is going to happen, the energy band diagram
of the isolated material is represented at thermal equilibrium.
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2.2 — Energy band diagram
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Figure 2.2.2: Energy band diagrams of isolated materials (a) n-type JLT, (b) p-type JLT.

At equilibrium, when contact is formed, a depletion region is formed in the channel
region, due to the thin channel and the workfunction difference between the gate and the
channel. The region may be fully depleted or partially depleted, depending on the device
parameters.

As positive voltage is applied at the gate electrode, the band bending declines and de-
pletion width tends to decrease. Therefore, current starts to flow through the bulk of
the channel. If the voltage is further increased, the flat band condition is reached, and a
completely neutral channel is created. Flat band is the condition where the energy band
(Ec and Ev) of the substrate is flat at the Si-SiOy interface (28). When applied voltage
crosses flat band voltage Vpg, charges accumulate in the surface of the channel, then
current is governed by accumulation charges at the outer region of the channel (10; 29).
As a result, the channel conduction for JLT goes from depletion to accumulation, which is
different from the conventional MOSFETSs, where the conduction progress from depletion
to inversion.
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Figure 2.2.3: Energy band diagrams for n-type (left side) and p-type (right side) JLT
under different bias, for the conditions of: a-b) full-depletion (OFF state), c-d) partial
depletion, e-f) flat-band (ON state) and g-h) accumulation.
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2.2 — Energy band diagram

The energy band diagram along drain-channel-source of the junctionless devices are
identical to those of a regular MOSFET. Figure 2.2.4 shows the band diagram of both type
JLT, extracted by Sentaurus, for three ranges of voltage sweeps: Vas=0 V and Vpg=0
V, Vgs=0 V and Vps=Vpp, Ves=Vpp and Vps=Vpp. The supply voltage (Vpp) for

the n-type and p-type transistors are 0.75 V and -0.75 V respectively (30).

05

0

05

A

Drain

_7

Source

05

[ VatnceBandEnergy

Source

_

05

Figure 2.2.4: Energy band diagrams from drain to source when Vgg=0 V and Vpg=0 V
of (a) n-type JLT and (b) p-type JLT. Energy band diagrams from drain to source when
Vgs=0 V and Vps=Vpp of (¢) n-type JLT and (d) p-type JLT. Energy band diagrams
from drain to source when Vgs=Vpp and Vps=Vpp of (e) n-type JLT and (f) p-type

JLT.
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Junctionless Transistor

2.3 Junctionless: State-Of-The-Art

JLTs can be classified based on the geometrical shape, material composition of the channel
and gate structure. When a single gate is exploited to control the current that flows
through the channel, the device is called Single Gate or Planar junctionless transistor
(31; 32; 11). If the channel is thin (<10 nm) and made with polysilicon material, this is
known as Thin Film transistor (17; 33; 18; 19).

As device dimension shrinks towards the nanoscale, the gate is less effective in controlling
the carriers in the channel. The multi-gate field-effect transistor (MuGFET) improve the
electrostatic control of the channel while suppressing the SCEs.

If the channel is sandwiched between two controlled gate structures, the structure built
is the Double Gate junctionless transistor (18; 4). More advanced junctionless transistors
can be built by merging the well-known multigate technologies such as FinFET, Nanosheet
GAAFET and Nanowire GAAFET (10; 33; 19; 34; 20; 35; 36; 37; 38; 39). The analysis
presented in the papers (34; 35; 36; 38; 39) compares different techniques like using stress-
silicon and gate work function engineering while focusing on the main figures of merit
(DIBL, SS, Iox/Iorr) to evaluate the performance of the respective JLT. Shallow trench
isolation (STT) (23) and silicon-on-insulator (SOI) technology are also deployed to further
reduce parasitic effects (6; 24).

(a) (b)

() (d)

Figure 2.3.1: Bird’s eye view of various type of junctionless devices: (a) Bulk planar
junctionless transistor (11), (b) Gate-all-around nanowire (12), (¢) nanowire transistor on
SOI (10), (d) Thin Film transistor
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Chapter 3

Fabrication process
simulations

The junctionless transistor was initially demonstrated on a silicon-on-insulator (SOI) sub-
strate because the thickness of the channel can be easily scaled down. Moreover, the
fin formation process sequence using SOI makes the fabrication trivial and allows to get
a rectangular fin profile (40). Nevertheless, the fabrication cost increases (41), and the
implementation leads to non-compatibility with standard CMOS technology, which is typ-
ically built on a bulk substrate (42). Therefore, in this thesis the junctionless finFET is
built on a substrate with the shallow trench isolation (STI) to isolate various devices
fabricated on the wafer (43). The additional design parameter, i.e., substrate doping con-
centration, could be used to tune the device performance and since the channel-substrate
junction produces an additional depletion region, the effective channel thickness is re-
duced, thus improving the electrostatic control of the gate (44).

The bulk finFET fabrication process discussed in this thesis follows the steps for conven-
tional finFET manufacturing technology (43), while highlighting the differences between
junction based finFETs and junctionless inFETs. To emulate what happens during the
fabrication of the transistor, Sentaurus TCAD is employed (8).

In section 3.1, the manufacturing process steps are presented for the n-type and p-type
junction based finFET, while it is suggested a new way to fabricate junctionless finFETs
in 3.2 to adapt it to the current fabrication technology. This way to fabricate the junc-
tionless inFETs and integrate it in the standard manufacturing technology is new, since
in the current papers these inFET structures are SOI-based (45). Moreover, because this
type of transistors is still relatively new, most papers related to fabrication build the junc-
tionless transistors with polysilicon using solid-phase recrystallized (SPC) (46) process on
amorphous-Si. The electrical performance of polysilicon made through SPC is strongly
influenced by the lattice of the structure. The defects in the grain boundaries reduce the
carrier mobility, which cause the decrease of Ion due to scattering sites in the channel.
In literature (47), to test the behaviour of the junctionless technology, the channel has
been fabricated through electron-beam (e-beam) lithography. In e-beam lithography an
electron beam is guided in a scanning mode to the substrate and at the same time the
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Fabrication process simulations

beam is rapidly switched on and off. As consequence, electron beam writing is a slow
process but with high accuracy, which is not suited for the high volume productions in
microelectronics, where the throughput is a key factor (48).

In another paper (42), it is reported how to build a junctionless vertically stacked silicon
nanowire gate-all-around using the deep reactive ion etching (also called Bosch process).
The trigate device structure simulated in this section has the following specifications:

Parameters Parameter Value unit

Fin Height, HFIN 40 nm

Fin width, WgN 18 nm

STT thickness 22 nm

Spacer length, Lgp 8 nm

Gate length 20 nm

S/D Doping, Ngp 6 —8x 10 em 3

Channel Doping, Ncg 9x10%—-1x10"" cm™

Gate oxide (SiO2) 0.7 nm

High-k dielectric (HfO3) 1 nm
Metal Gate Stack (p-type finFET)

TiN 1.5 nm

TaN 2.0 nm

TiN 5.0 nm

TiAl 5.0 nm
Metal Gate Stack (n-type finFET)

TiN 1.5 nm

TaN 2.0 nm

TiAl 5.0 nm

Table 3.0.1: FinFET device parameters used in the simulation.

Notice that the concentration of source/drain and channel may be subjected to vari-
ation, since the simulation will emulate the implantation and diffusion of dopants when
activated by rapid thermal annealing (RTA). Therefore, obtaining a constant concentra-
tion within source/drain/channel is unfeasible. Moreover, the increase in diffusivity arises
from the large excess of point defects that result from the ion implantation process, hence
RTA limit the transient-enhanced diffusion (49).
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3.1 — Bulk finFET

3.1 Bulk inFET

The starting material for the fabrication of finFET is a silicon substrate lightly doped
with Boron and Phosphorus concentration of 10'® cm™ for n-type and p-type finFET
respectively. To have a better knowledge and accuracy of dopant concentration, a silicon
epitaxial layer is grown on the wafer, with thickness determined by the target Hg, of
finFET device technology.

A boron (phosphorus) implantation is performed to create the p-well (n-well) region for
the n-type (p-type) transistor. Afterwards the wafer is annealed using the rapid thermal
annealing (RTA) process to activate the implanted dopants (Fig.3.1.1).

‘-

(a) (b)

Figure 3.1.1: Bird’s eye view of silicon epitaxial growth; a) n-type finFET, b) p-type
finFET.

After the well formation, the thin silicon fin is formed using sidewall image transfer
process (50). It is to be noted that the dimensions of such ultrathin vertical structures
are beyond the resolution of available photolithography. Moreover, it is challenging to
pattern such high aspect ratio (Hg,/Wipy) in high volume production.

The major processing step in patterning multiple fins is using self-aligned double pattern-
ing (SADP), which employ layers of different materials. The stack is composed by an
oxide layer, a thick layer of silicon nitride and amorphous silicon (mandrel layer), using
chemical vapor deposition (CVD). After the deposition, the photoresist is patterned on
the wafer and by using a mask combined with the anisotropic etching, the location where
the fins will be created is defined. Next the mandrel patterning, a thin layer of SiOg is
deposited on the wafer, then a highly anisotropic etch process that is selective to oxide is
used to form thin oxide spacer on the sidewalls of the amorphous silicon layer. After the
oxide spacers formation, the mandrel strips are etched; then using the oxide spacers as
mask, the underlying SisNy layer is removed by a highly anisotropic etching process using
the SiO5 as etch stop layer. The oxide spacers and nitride mask are used as patterns in
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Fabrication process simulations

an anisotropic etch that goes through the silicon into the well region forming silicon fin
(Fig.3.1.2).

¥

(a) (b) (c)
(d) (e) ()

Figure 3.1.2: Bird’s eye view of SIT process steps.

y

e
2

A thick layer of tetraethyl orthosilicate (TEOS) oxide is deposited using the CVD pro-
cess. Then, the wafer is polished using chemical-mechanical planarization (CMP) process
using SigNy layer as the CMP stopper. After the planarization of the surface, the residual
SizNy layer is removed exposing the fin capped with oxide. The TEOS oxide is then etched
back using selective etching to remove all the oxide surrounding the fins and expose it.
This is a critical process since the electrical parameters of finFET depends on the aspect
ratio of the fin (Fig.3.1.3). The fin is rounded to have structure more similar to what it
is obtained in the reality during fabrication.

To limit punch through leakage in the off-state current of finFETSs, a punch through
stop layer (PTSL) is formed; a layer beneath the channel with relatively high impurity
concentration obtained by ion implantation. In conventional process flow, the PTSL is
made after fin formation (51).

For the gate definition, the fin is coated with oxide, then a dummy gate made of polysil-
icon is transferred through photolithography. The patterned gate will define the channel
length of the transistor (Fig.3.1.4).
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3.1 — Bulk finFET

Figure 3.1.3: TEOS formation and fin aspect ratio definition.

Figure 3.1.4: Dummy gate.

Afterwards, a photoresist is patterned to cover the gate and a dual Phosphorus (Boron)
implantation is performed with a tilt angle of 410 degrees and -10 degrees for the n-type
(p-type) transistor. The tilt is to ensure adequate coverage of tall fins. Nevertheless,
a higher degree of tilt would be needed to obtain a higher electrical conformal doping
(52; 53), but this would lead to shadow the nearby finFETs. The role of source/drain
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extension is to reduce the maximum electric field near the drain, so that the hot car-
rier injection phenomenon can be mitigated. An RTA is performed to activate dopants,
however the lateral diffusion taking place under the polysilicon will eventually affect the
effective channel length of the transistor, thus changing some electrical parameters from
the desired ones. A thin oxide layer is grown to cover the walls of the dummy gate.
To form the spacers, a thick layer of Si3N4 is deposited on the wafer. Then a highly
anisotropic etching process leaves the nitride residue on the sidewalls of the gate electrode
and fins, which will prevent further implantation to penetrate the fin (Fig.3.1.5).

After the SizNy spacer-etch process, a layer of SICN hard mask is deposited to protect

Figure 3.1.5: Spacer formation.

the dummy gate. The fin left uncovered by the mask are etched to promote the SiC
(SiGe) epitaxial growth on the exposed silicon surface of the n-type (p-type) finFET.
This procedure is developed to improve the mobility of carriers by exploiting strained
silicon technology. The carbon (germanium) atom added with silicon modifies the lattice
spacing inside the semiconductor, which translates into a tensile (compressive) stress on
the channel, therefore, mobility increases (Fig.3.1.6).

To further increase performance of the transistor, a silicidation with titanium is per-
formed. This implant reduces the source-drain contact resistance. Next, the wafer is
rapidly heated to form titanium silicide, then unreacted Ti located on the surface is
etched away (Fig.3.1.7).

A thick layer of phosphorus doped glass, known as phosphosilicate glass (PSG) is
deposited over the wafer then its surface is smoothed by CMP using the polysilicon gate
as etch stop layer (Fig.3.1.8). After CMP, the top of the gate electrode is exposed, and
the dummy gate is removed by selective etching.
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Figure 3.1.6: Source/Drain epitaxial growth with strained technology; a) n-type finFET
with SiC for tensile stress, b) p-type finFET with SiGe for compressive stress.
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Figure 3.1.7: Silicidation; a) n-type finFET, b) p-type finFET.
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The gate dielectric consists of an ultrathin SiO, interfacial layer thermally grown and
hafnium dioxide (HfO2) high-k dielectric deposited using atomic layer deposition (ALD)
(54). The equivalent oxide thickness (EOT) obtained is a length, given in nanometers,
which indicates how thick a silicon oxide film would need to be to produce the same
capacitance as the high-k material (HfO2) being used (55).

EOT =tgio, +tuso, £8i0: _ EOTsi0, + EOTH o0, (3.1)
€Hf02
The dielectric stack is needed to increase the overall oxide capacitance while reducing
the transparency coefficient, which is responsible for the gate tunnelling current.
Until now the fabrication process steps for n-type and p-type transistors were the same,
despite having opposite doping. Since a metal gate is required to reduce the contact
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Figure 3.1.8: PSG; a) n-type finFET, b) p-type finFET.
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resistance and poly-depletion effect, p-finFETs and n-finFETs need different metal work
function to set the desired threshold voltage, thus improving the electrostatic control over
the channel. Therefore, during the metal gate stack performed with ALD, there will be
some differences between the two structures. However, to emulate what really happens
during the fabrication, the steps employed in the 3D construction of the inFET will take
into account this matter.

The first layer to be deposited on the whole wafer is TiN (15 A), subsequently a thin layer
of TaN (20 A) is formed. Next, a thick layer of TiN (50 A) covering both transistors is
patterned. Photoresist is patterned to cover only the p-finFET region, so that the exposed
TiN on the n-finFET region is etched away using TaN as an etch stop layer. Afterwards,
the photoresist is stripped and a TiAl (50 A) deposition is done. An annealing step is
required to cause the Al in the TiAl to diffuse through the TaN barrier and creating the
TiAIN (titanium aluminum nitride) for the n-finFET workfunction metal, on top of the
high-k dielectric (56; 57; 55) . However, the thick layer of TiN (50 A) over the p-type
transistor region blocks the diffusion of aluminum into TiN, so that the p-finFET work-
function metal is unaltered (TiN).

To fill cavities, a thick layer of tungsten (W) is deposited using CVD process and a CMP
is done to polish the surface, thus make it coplanar with the top of the gate electrode
(Fig.3.1.10).

After W deposition and planarization, self-aligned contacts (SAC) are formed for inter-
connection purposes of the transistor to prevent short-circuits between gate and source/drain.
This procedure consists in isolating the top gate electrode with SigNy, so that if any mis-
alignment occurs during the contact formation made with tungsten, no problems arise.
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Figure 3.1.9: Gate stack; a) n-type finFET, b) p-type finFET.
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Figure 3.1.10: Tungsten filling;
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Figure 3.1.11: Self-aligned contacts; a) n-type inFET, b) p-type finFET.
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3.2 Bulk JL-finFET

The fabrication steps employed for JL-finFETs are based on existing process flows of
conventional finFET (43), so the following pictures show the suggested sequence to build
the JL-inFET.

To remind the geometries employed during the fabrication process steps of conventional
finFET and report the doping used for the junctionless structure, the data are reported
in the following table.

Parameters Parameter Value unit
Fin Height, Hpn 40 nm
Fin width, Wy 18 nm
STT thickness 22 nm
Spacer length, Lgp 8 nm
Gate length 20 nm
Source/Channel /Drain Doping, Ngp 6 —8 x 108 cm ™3
Gate oxide (SiO2) 0.7 nm
High-k dielectric (HfO9) 1 nm
Metal Gate Stack (n-type finFET)
TiN 1.5 nm
TaN 2.0 nm
TiN 5.0 nm
TiAl 5.0 nm
Metal Gate Stack (p-type finFET)
TiN 1.5 nm
TaN 2.0 nm
TiAl 5.0 nm

Table 3.2.1: JL-inFET device parameters used in the simulation.

First, the well-implantation is done in the bulk silicon to block the unwanted leakage
current that can flow along the silicon substrate. Fin formation is done using sidewall
image transfer including trench etching into the bulk, and then oxide gap fill to create
the shallow trench isolation (STI). The exposed fin is doped with phosphorus (boron) to
build a n-type (p-type) transistor. The dummy gate is patterned to build the spacers but
it is not related to the formation of the source/drain extension employed in conventional
CMOS technology (Fig.3.2.1).
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Figure 3.2.1: Bird’s eye view of a) well implantation, b) SIT, ¢) channel doping, and d)
dummy gate process flow of n-type JL-finFET. e) well, f) SIT, g) channel doping and h)
dummy gate process flow of p-type JL-finFET

In JL-finFET, the spacers prevent short circuits between gate and S/D regions. More-
over, the electric field that fringes through the spacer to the device layer on both sides of
the gate results in an effective increase in electrical gate length in the off-state (Fig.3.2.2).
Therefore, the Iopr, and SS are improved, because the channel layer gets depleted beyond
the nominal channel length, when the transistor is switched off (58; 59; 60; 61; 62). Fur-
thermore, the spacers mitigate the gate-induced drain leakage (GIDL), which is identified
by the increase of drain current when a negative (positive) gate voltage is applied to the
gate of an n-channel (p-channel) device (63). The GIDL is caused by band-to-band tun-
nelling (BTBT) in the gate and drain overlap region (GIDL is larger in inversion mode
MOS because of the junction abruptness (64)).

In order to enhance carrier mobility, strained channel technology is introduced into JL-
finFET (Fig.3.2.3). The application of strain engineering has improved the Ion, Ion/lorr
and transconductance (65).

To enhance the drive current of the JL-finFET (Fig.3.2.4), titanium silicide is employed
to lower the sheet resistance of source/drain contact (66).

The PSG is deposited to isolate the source/drain contacts then CMP is used to planarize
the wafer surface.
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o

Figure 3.2.2: Spacer formation.

(a)

Figure 3.2.3: Source/Drain epitaxial growth with strained technology; a) n-type JL-
finFET with SiC for tensile stress, b) p-type JL-finFET with SiGe for compressive stress.
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Figure 3.2.5: PSG; a) n-type JL-finFET, b) p-type JL-finFET.

The dummy gate previously deposited to build the spacers is etched to create the gate
stack. The gate dielectric consists in SiO2 (low-k dielectric) and HfOo (high-k dielec-
tric). The silicon dioxide employed as standalone dielectric in ultra-scaled transistors has
become too leaky. Therefore, the introduction of HfO4 is required to reduce the tunnel
leakage current. However, the direct contact of hafnium dioxide with silicon decreases
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3.2 — Bulk JL-finFET
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Figure 3.2.4: Silicidation; a) n-type JL-finFET, b) p-type JL-finFET.

carrier mobility and creates defects, affecting the electrical characteristics of the transis-
tors, including reliability (67). Hence, the HfO; is used to increase the gate capacitance
which raises the gate control and SiO, is exploited over silicon body as interface material
(68; 58; 69).

Junctionless devices exploit the work function difference between the gate electrode and
the channel to deplete the carriers from the channel, so the choice of the gate material
plays an important role in defining the threshold voltage. Moreover, the gate stack mate-
rial employed for conventional n-type and p-type finFETs will be swapped for JL-finFETs.
This procedure is done to merge the fabrication of junctionless transistors with the current
manufacturing technology. Therefore, the optimal work function, which would be needed
to improve the performance of the JLT won’t be involved (39; 70).

X(um)
Xum)

0.08
¥Y(um)

Figure 3.2.6: Gate stack; a) n-type JL-finFET, b) p-type JL-finFET.

To finish the process flow, a thick layer of tungsten is deposited and planarized with
CMP, then self-aligned contacts is performed to prevent possible short-circuits between
gate and source/drain contact due to misalignment.
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The high compatibility with conventional inFET process makes this fabrication method
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Figure 3.2.7: Self-aligned contacts; a) n-type JL-finFET, b) p-type JL-finFET.

a good choice to replace the current manufacturing steps.

The following scheme summarize the differences between the inFET and the JL-finFET.

f ™ 4 ™y
finFET process flow JL-finFET process flow
3 S5 epitaxy »  Siepitaxy
¥ Well formation (Boron imp.) * Well formation (Baron imp.)
¥ Sifin patterning *  5ifin patterning
3 Punch through stop layer implantation »* Source/Channel/Drain doping implantation {Phosphorus imp.)
J Dummy gate patterning » Dummy gate patterning
3 5/Dextension formation (Phosphorus imp.) ® Spacer deposition
¥ Spacer deposition * 5/D epitaxial growth
¥ 5/D epitaxial growth * P5G
> P3G »* Dummy gate & oxide removal
> Dummy gate & oxide removal * Gate dielectric depasition
¥# Gate dielectric deposition »* RMG (p-type effective work function)
¥ RMG (n-type effective work function) #  Fill metal (W) deposition/ChMP
3 Fill metal (W) deposition/CMP » SAC
» SAC
\, v \. v

Figure 3.2.8: FinFET and JL-finFET fabrication process flow. In brackets are reported

the dopants and gate workfunction for the n-type transistor.
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3.3 — Bulk NSGAAFET

3.3 Bulk NSGAAFET

FinFET technology was introduced to overcome limitations of planar technology relating
to scaling and increasing fabrication complexity. Moreover, the continuously performance
improvement demand for finFET has been achieved mainly by increasing fin height, since
the effective width is twice the height plus the width. However, the resulting performance
is less than what expected because of parasitic capacitance. In addition, once a technol-
ogy node is chosen, the only parameter employed by designers to control the amount of
current is the number of fins, which can limit flexibility (71).

Therefore, a vertically stacked nanosheet (NS) and Gate-All-Around (GAA) structure has
been proposed as a promising candidate for replacing finFETs in future nodes, which al-
low getting better short channel control due to the GAA structure and design flexibility
thanks to the variable NS widths. Larger widths will increase performance in terms of
Ion while increasing leakages such as DIBL. The opposite behaviour is expected if the
width of the channel is reduced.

The bulk NSGAAFET structure has been built with the following specifications, by means
of Sentaurus TCAD. Nevertheless, there are differences between the structure built with
Sentaurus Process and the actual fabrication steps, due to the epitaxial deposition models
employed in the simulations.

Parameters Parameter Value unit
Nanosheet height, Hyg 5 nm
Nanosheet channel gap, gap ) nm
Nanosheet width, Wyg 18 nm
STTI thickness 22 nm
Spacer length, Lgp 8 nm
Gate length 20 nm
S/D Doping, Ngp 6 —8x 10 cm ™3
Channel Doping, Ny 9x10% —1x10'" cm™3
Gate Stack
Gate oxide (SiOq) 0.7 nm
High-k dielectric (HfO,) 1 nm
TiN 5.0 nm

Table 3.3.1: NSGAAFET device parameters used in the simulation.

The NSGAAFET is built on a substrate with the shallow trench isolation (STI), in-
stead of using SOI wafer, to keep the cost low.
The process begins with the epitaxial growth of SiGe/Si multilayers. Then, fin is pat-
terned using SIT technique, which allows to define the nanosheet width on the basis of
the etching process.
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Figure 3.3.1: SiGe/Si epitaxy.

Differently from finFET process steps, the well implantation is performed after fin for-
mation, instead of doing at the beginning of the fabrication process. This method exploit
the Hgp to have an accurate estimation of well implant energy (43), as the diffusion of
dopants in Si and SiGe is different.

However, the implementation of the NSGAAFET structure must be changed due to some
issues related to the epitaxial growth used to create the raised source-drain pockets. The
method employed in Sentaurus is based on the lattice kinetic Monte Carlo (LKMC) model,
and it simulates the epitaxy of silicon and germanium in the atomistic scale. Hence,
it describes for instance, how silane molecules interact with surface silicon atoms and
then disintegrate, leaving new silicon atoms adsorbed to the surface. The hybrid mode
is exploited to get the wanted shape of the grown region, so that the epitaxial growth
is modelled atomistically during the diffusion step, and dopant diffusion in continuum
mode. Since the alternating doped deposition and inert annealing are used, which take
into account the material-dependent growth rates of silicon and silicon-germanium, the
regrown crystalline is not completely free of irregularities, hence several defects can form.
Furthermore, to obtain the desired shape of the raised source-drain pockets and control
the dopants redistribution during annealing, some adjustments are needed for the 3D epi-
taxy (8; 72).

The solution adopted to solve these issues is to replace the SiGe material in the stacked
layers, where the raised source-drain contacts will be built.
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(a) (b)
Figure 3.3.2: Well implantation; (a) n-type NSGAAFET and (b) p-type NSGAAFET.
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3.3 — Bulk NSGAAFET

This is followed by the deposition and planarization of polysilicon, by means of CMP.
A selective etching of polysilicon, performed through reactive ion etching (RIE), is now
essential to define the dummy gate. Then, source and drain extension are formed. Suc-
cessively, spacers made of SiN are patterned along the vertical walls of the gate with an
anisotropic etching process.
Till now, the steps employed to fabricate three vertical-stacked NSGAAFET are similar
to what illustrated during finFET process (3.1). However, to obtain the gate-all-around
structure, it is required to build inner spacers, which will avoid short-circuits between
the metal gate and the source/drain contacts. To this purpose, an anisotropic etching of
SiGe/Si layers is carried out. At this point, the SiGe layers inside the spacers are partially
etched back, leaving some cavities that will be later filled with SiN, to isolate the channels.
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Figure 3.3.3: Spacer formation; (a) n-type NSGAAFET and (b) p-type NSGAAFET.

Source and drain regions are now epitaxially grown to exploit strain technology, thus
enhancing the carrier mobility. Then, silicidation is performed to reduce contact resistiv-
ity.

The PSG is deposited on the structure as insulating layer, followed by a CMP process
that planarized the structure using the dummy gate as etch stop layer (ESL).
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Figure 3.3.4: S/D fabrication; (a) n-type NSGAAFET and (b) p-type NSGAAFET.
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Figure 3.3.5: Silicidation; (a) n-type NSGAAFET and (b) p-type NSGAAFET.
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Figure 3.3.6: PSG; (a) n-type NSGAAFET and (b) p-type NSGAAFET.

The dummy gate is removed and the silicon channels are released by etching the SiGe
sacrificial layers. The gate stack is built by depositing through atomic layer deposition
(ALD) the interfacial layer (SiOz), the high-k dielectric (HfO3) and metal gate (TiN).
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Figure 3.3.7: RMG; (a) n-type NSGAAFET and (b) p-type NSGAAFET.
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3.3 — Bulk NSGAAFET

Lastly, tungsten is deposited and planarized with CMP, then SAC is performed to pre-
vent possible short-circuits between gate and source/drain contact due to misalignment
(71; 73; 74; 75).
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Figure 3.3.8: SAC; (a) n-type NSGAAFET and (b) p-type NSGAAFET.

The fabrication process mentioned have great similarities with the inFET one, except
for five steps: SiGe/Si epitaxial growth, SiGe/Si fin patterning, punch through stop layer,
inner spacer definition and sacrificial SiGe layers removal.

The high compatibility with inFET process makes this approach the most used for NS-
GAFFET fabrication.

e ™ s ™
finFET process flow NSGAAFET process flow
3 Siepitaxy *  S5iGe/Si epitaxy
» Well formation » SiGe/Sifin patterning
¥ Sifin patterning » Well foermation
¥ Punch through step layer implantaticn * Dummy gate patterning
* Dummy gate patterning * 5/D extension formation
»  5/D extension formation * Spacer deposition
¥ Spacer deposition » Inner spacer definition
» 5/D epitaxial growth ¥ §/D epitaxial growth
> P3G > P3G
» Dummy gate & oxide removal ® Dummy gate & oxide remaval
¥ Gate dielectric deposition ¥ sacrificial SiGe remaoval
¥ RMG »  Gate dielectric depaosition
¥ Fill metal (W) deposition/CMP * RMG
» SAC *® Fill metal (W) deposition/CMP
»* SAC
o vy . v

Figure 3.3.9: FinFET and NSGAAFET fabrication process flow.
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3.4 Bulk JL-NSGAAFET

Gate-all-Around (GAA) nanowire (NW) or nanosheet (NS) field-effect transistors (FETs)
are the promising candidate to continue scaling down the transistor. The improvement of
electrostatic gate control over the channel can be achieved compared to other structures,
such as finFETs.

However, finFET structure can offer higher drive current, since changing the finFET into
GAA-NW while keeping same footprint, it reduces the active channel area. Therefore,
the typical structure employed with the GAA technology is the nanosheet, which offers
not only the possibility to significantly enhance the effective width (Weg), but also the
flexibility to the designers to adapt this parameter to the amount of current they want to
achieve (76; 74; 73).

Moreover, it is also possible to stack several nanosheets vertically to improve the drain
current when the transistor is turned on. Nevertheless, the parasitic components, such
DIBL and Ippp, might increase.

On the other perspective, the junctionless transistor (JLT) has been studied to improve
short channel effects (SCE) and further scale down the technology. The JLT can be
fabricated simpler than the existing inversion mode FET because of the absence of the
p-n junctions. In addition, junctionless devices are subjected to lower electric field in the
channels, lower leakage current, nearly ideal subthreshold slope (SS) and better scalability,
over a conventional MOSFET (76).

Some studies involving the fabrication of junctionless GAA structures, exploit the electron
beam lithography, which is not suitable for a large-scale production (77; 78). In other
papers, they have reported building multi-channel gate-all-around devices, using deep
reactive-ion etching (also called Bosch process) (79) and SOI wafers (80). However, the
transistor reported in (79) works in depletion-mode and using SOI wafers would increase
too much the manufacturing cost.

Therefore, in this thesis it is explored a fabrication process for JL-NSGAAFET, which
takes the steps employed in the manufacturing of conventional NSGAAFET, and it is
adjusted to satisfy the requirements of junctionless technology.

The current of JUT is dominated by body current instead of surface current between gate
oxide and inversion channel layer, and it is proportional to the doping concentration as
seen in equation 2.2. Hence, if N¢g is increased, the drive current is improved when the
transistor is turned on. However, it is difficult to fully deplete the channel, if high doping
concentration is exploited. Therefore, Vry decreased (81; 82) . Moreover, if we want to
keep the depletion effective as the doping concentration is increased, the channel cross
section must be reduced.

The dimensions exploited for the fabrication of the JL-NSGAAFET in this chapter are
the same of the NSGAAFET, so that the two technologies can be compared.

The parameters are reported in the Tab.3.4.1.

The major difference between the two structures, apart from the absence of the p-n
junctions as it will be seen in the final structure, is that the JL-NSGAAFET has one
suspended nanosheet, instead of three.
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3.4 — Bulk JL-NSGAAFET

Parameters Parameter Value unit
Nanosheet height, Hng 5 nm
Nanosheet channel gap, gap 5 nm
Nanosheet width, Wyg 18 nm
STT thickness 22 nm
Spacer length, Lgp 8 nm
Gate length 20 nm
Source/Channel /Drain Doping, Ngp 6 x 10'8 cm ™3
Gate Stack

Gate oxide (SiO3) 0.7 nm
High-k dielectric (HfO9) 1 nm
TiN 5.0 nm

Table 3.4.1: JL-NSGAAFET device parameters used in the simulation.

The JL-NSGAAFET fabrication process begins with the epitaxial growth of SiGe/Si mul-
tilayers. This stack is performed to obtain one suspended channel when the silicon-
germanium is going to be etched away.

Figure 3.4.1: Deposition of SiGe/Si layers.

Fin is patterned using SIT technique, which allows to define the nanosheet width on
the basis of the etching process parameters. Then, the shallow trench isolation is per-
formed to reduce parasitics.

The well implantation is done after fin formation, like it has been seen for the conventional
NSGAAFET. Then, the exposed fin is doped with phosphorus (boron) to build a n-type
(p-type) transistor.
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Figure 3.4.2: Well and channel doping; (a) n-type JL-NSGAAFET and (b) p-type JL-
NSGAAFET.

This is followed by the deposition and planarization of polysilicon, by means of CMP.
A selective etching of polysilicon, performed through reactive ion etching (RIE), is now
essential to define the dummy gate. Then, source and drain extension are formed. Suc-
cessively, spacers made of SiN are patterned along the vertical walls of the gate with an
anisotropic etching process.
To build the GAAFET, it is required to build inner spacers, which will avoid short-circuits
between the metal gate and the source/drain contacts. To this purpose, an anisotropic
etching of SiGe/Si layers is carried out. At this point, the SiGe layers inside the spacers
are partially etched back, leaving some cavities that will be later filled with SiN, to isolate
the channels.
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Figure 3.4.3: Spacer formation; (a) n-type JL-NSGAAFET and (b) p-type JL- NS-
GAAFET.

Source and drain regions are now epitaxially grown to exploit strain technology, thus
enhancing the carrier mobility. Then, silicidation is performed to reduce contact resistiv-
ity. The PSG is deposited on the structure as insulating layer, followed by a CMP process
that planarized the structure using the dummy gate as etch stop layer (ESL).
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Figure 3.4.4: S/D fabrication; (a) n-type JL-NSGAAFET and (b) p-type JL-NSGAAFET.

The dummy gate is removed and the silicon channel is released by etching the SiGe
sacrificial layers. The gate stack is built by depositing through atomic layer deposition
(ALD) the interfacial layer (SiOz), the high-k dielectric (HfO3) and metal gate (TiN).
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Figure 3.4.5: RMG; (a) n-type JL-NSGAAFET and (b) p-type JL-NSGAAFET.

Lastly, tungsten is deposited and planarized with CMP, then SAC is performed to
prevent possible short-circuits between gate and source/drain contact due to misalignment
(71; 73; 74; 75).
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Figure 3.4.6: SAC; (a) n-type JL-NSGAAFET and (b) p-type JL-NSGAAFET.
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The fabrication process mentioned have great similarities with the NSGAAFET one, so
it should be feasible to adopt this technology in the current industry. Moreover, the issue
related to the dopant redistribution in the fabrication of p-n junctions of conventional
MOSFET at nanoscale is solved.

( NSGAAFET process flow h flL-NSGAAFET process flow A
» 5iGe/Si epitaxy ¥ SiGe/Si epitaxy
»  5iGe/Sifin patterning » SiGe/Sifin patterning
#* Well formation (Baron imp.) #  Well formation (Boron imp.)
» Dummy gate patterning # Source/Channel/Drain extension formation (Phosphorus imp.)
»* 5/D extension formation (Phosphorus imp.) ¥ Dummy gate patterning
» Spacer deposition » Spacer deposition
® Inner spacer definition ¥ Inner spacer definition
»* 5/D epitaxial growth #* 5/D epitaxial growth
* P5G > P5G
» Dummy gate & oxide removal » Dummy gate & oxide remaoval
»  Sacrificial SiGe removal # Sacrificial SiGe remaoval
» Gate dielectric deposition ¥ Gate dielectric deposition
* RMG (n-type effective work function) ¥ RMG (p-type effective work function)
¥ Fill metal (W) deposition/CMP ¥ Fill metal (W) deposition/CMP
\ » SAC y. k} SAC y

Figure 3.4.7: NSGAAFET and JL-NSGAAFET fabrication process flow.
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Chapter 4

Electrical simulations

The electrical device simulations of junctionless and conventional transistors are made by
means of Synopsys Sentaurus Device (8), then the results are visualized, analysed, and
compared with Sentaurus Inspect.

4.1 Simulation models

The simulation performed on the 3D devices comprehends the silicon bandgap narrowing
model that determines the intrinsic carrier concentration, and the density gradient model.
The mobility model specifications take into account the carrier mobility degradation due
to carrier scattering on ionized impurities, the carrier velocity saturation in high electric
field, and the mobility degradation due to surface roughness scattering. The bandgap
narrowing model is activated due to the presence of doping according to the Slothoom
model. Shockley-Read-Hall recombination with doping-dependent lifetime and band-to-
band tunnelling are also included in the simulation.

The analytical study is performed on the n-type and p-type 3D multigate structures pre-
viously made with Sentaurus Process. The trans-characteristic Ip-Vag is obtained by
computing a set of equations: the Poisson equation and continuity equations (electrons
and holes), while taking into account quantum corrections for the specified carriers related
to the type of the transistor.

The Poisson equation is:

V- (eV¢)=—q(p—n+ Np— Na) (4.1)
While the continuity equations for carrier transport are:

0 0
V. 771 = anet,n + q% -V 71) = anet,p + Q£ (42)

where:

e ¢ is the electrical permittivity.
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e ( is the elementary electronic charge.
e Np is the concentration of ionized donors.
e N, is the concentration of ionized acceptors.

e Ryet,n and Ryetp are the electron and hole net recombination rate, respectively.

. 711 is the electron current density.

Tp is the hole current density.
o n and p are the electron and hole density, respectively.

These equations in their differential form describes the local microscopic behaviour of the
material under analysis. The Poisson equation expresses the local change of the electric
field due to the volumetric charge density in a point (x, y, z), in the material. The con-
tinuity equations express the conservation of electrons and holes in the same point. The
flow of electrons and holes are either driven by an electric field (when a voltage is applied)
in case of drift current or by a concentration gradient in case of diffusion current.
Moreover, the potential distribution and the electron/hole distribution are obtained by
solving these equations with the proper boundary conditions (initial operating electrode
potentials). In this way, the electron current and hole current can be estimated at any
proper section. Thanks to the device simulator developed by Synopsys, the results give
an accurate knowledge of the semiconductor parameters, which allow to estimate the elec-
trical characteristics of the transistor.

The method employed to describe carrier confinement in arbitrary potential wells is called
density gradient model, which is a first-order quantum-correction model. The model ex-
ploits the gradients of the carrier densities to describe carrier confinement by locally
modifying the electrostatic potential through a correction potential. This correction po-
tential has to be calculated separately for each carrier type and added to the electrostatic
potential for and only for the respective charge carrier transport equation (83).

In the density gradient approximation, the quantum potential is a function of the carrier
densities and their gradients, which requires the self-consistent quantum potential and the
carrier transport equations solution (8). The analysis is focused on collecting the figures
of merit, such as Vg, SS and DIBL.

The threshold voltage is extracted from the Ip-Vgg curve in linear regime using the max-
imum transconductance method. Therefore, the Vg is defined as the intersection of the
tangent at the maximum transconductance (gm= dIp/dVgag) point with the gate voltage
(84).

The subthreshold slope (SS) indicates how easily a transistor can be turned off, in partic-
ular it is the Vg reduction needed to reduce of one order of magnitude Iopg.

This parameter has been calculated according to the following equation, which is defined
as the inverse of logarithmic slope in sub-threshold slope drain current.

dlogy Ip > !
ss < o (4.3)
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4.1 — Simulation models

The subthreshold slope is obtained by setting the voltage where the slope of the trans-
characteristic (in linear regime) is read. Since the slope may be noisy at the beginning of
the curve or at very low current levels, the data are obtained at Ip=182 pA.

Since the transistor under analysis is a short-channel device, the threshold voltage de-
creases as the voltage applied to the drain increases. Moreover, as drain voltage is in-
creased, the depletion region of the p-n junction between the drain and body increase in
size and extends under the gate, so that the gate can control less effectively the charge
in the channel, due to the reduction of the energy barrier near the drain electrode (85).
This is what it is called drain-induced barrier lowering (DIBL). DIBL has been calculated
according to the following equation as reported in (69):

(4.4)

DIBL <mv> _ _VTH(VDz) ALY

v Vb2 — Vb1

where Vrg(v,,) is the threshold voltage estimated at low drain voltage (Vp1); VIHWD,) 18
the threshold voltage when the drain voltage is equal to the supply voltage (Vp2=Vpp).
Another relevant figure of merit for a device working as a switch is the Ion/lopr, which
is used to have a better understanding of the performance of the device. Having an high
ratio means that the transistor can drive high current when it is turned on while having
low leakage current when the device is switched off.

The Ipn and Iopp are evaluated in saturation regime, which means that the Vpg is set to
Vpp and Vgg goes from 0 V to Vpp. In particular Iopp is acquired at Vps= Vpp, Vas=
0 V, while Ipy is extracted at Vps= Vpp and Vas= Vpp.
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4.2 Bulk inFET

4.2.1 p-type finFET

Firstly, the p-type transistor was simulated in linear and saturation region for a Vpg=-
0.05 V and Vpg=-0.75 V respectively. The gate was varied in the range [0 V, -0.75 V] for
both transients then the resulting curves were plotted with Sentaurus Inspect. The simula-
tion range is chosen considering the performance and power scaling in nanostructures (30).
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Figure 4.2.1: Ip — Vigg characteristic of p-type finFET with different channel lengths, in

linear regime.

All the figures of merit related to the p-type transistor with Ly= [12,14,18,20] nm are
reported in the following table:

finFET (p-type) Vpp=-0.75 V

Parameters Parameter Values
L, (nm) 12 14 18 20
Vru (V) -0.40 -0.40 -0.41 -0.41
Ion (nA) -5.34 -5.25 -5.14 -4.94
lorr (pA) -8.09 -3.88 -1.15 -0.72
Ion/lorr 6.61x10° 1.35x10% 4.48x10% 6.90x106
SS (mV/dec) 80.01 79.63 79.43 78.92
DIBL (mV/V) 64.39 51.95 45.33 40.34

Table 4.2.1: Vry, Ion, lorr, Ion/lorr, SS, DIBL of p-type bulk finFET with different

channel lengths.
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4.2 — Bulk finFET
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Figure 4.2.2: Ip — Viag characteristic of p-type inFET with different channel lengths, in
saturation regime.

Despite the fact that the IRDS (30) suggests a supply voltage of -0.75 V for these
channel lengths, the Vpp has been raised to increase the current Ionx (Tab.4.2.2).

finFET (p-type) Vpp= -1.00 V

Parameters Parameter Values

L, (nm) 12 14 18 20
Ion (pA) -11.11 -10.92 -10.81 -10.44
lorr (pA) -14.06 -6.23 -1.65 -1.10

Ion/lopr  7.90x10° 1.75x105 6.55x10% 9.49x10°

Table 4.2.2: Ion, lorr, lon/Iorr of different channel lengths p-type bulk finFET.

As it can be seen from the data extracted from Sentaurus TCAD, the threshold voltage
is slightly reduced when the channel shrinks. Moreover, it’s clear that as the device is
scaled down, the parameters such as Iopr, SS, DIBL and Ion/Iorr are worsened.
Nevertheless, the drain current increases, which is expected, considering that in equation
2.1, when the oxide capacitance and the channel length are reduced, the current is im-
proved if all the other parameters are constant. However, the current is not as high as
expected and this is due to the doping concentration of the raised source/drain contacts.
Comparing the current obtained in (74) with its high dopant concentration (102° cm™),
the transistor I made, takes into account the various steps required to build the structure
during fabrication. Therefore, the process steps adopted to obtain the electrical charac-
teristics in Tab. 4.2.1 emulate different scenario, such as implantation with tilt of 10° and
annealing processes.
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Most papers in literature in which are built transistors to test their behaviours, it is not
taken into account the lateral diffusion that occurs during fabrication, since when making
the source and drain epitaxially grow, the dopant concentration is initialized within the
silicon structure.

The software employed for the simulations does not consider the diffusion of metals in
the semiconductor which occurs in conventional transistors, thus affecting the resistance
of the source/drain contacts.

Moreover, the program written for different channel lengths exploits the same dose im-
planted in the device, which is not correct according to the scaling policy. This is done to
analyse how the transistors behave when changing one parameter at a time.

Therefore, the dose is chosen considering the worst case scenario in terms of lateral dif-
fusion, which occurs when the gate length is the shortest one (12 nm), as it is shown in
Fig.4.2.3.

Figure 4.2.3: p-type finFET with physical gate length Ly= 12 nm, and shorter channel
length (Leg), due to dopant redistribution.

The actual channel length is shorter than the nominal one, due to the lateral diffusion
of dopants from source/drain contacts into the channel (23). This dopant fluctuations
are a relevant problem in nanoscale devices, since it affects the threshold voltage of the
transistor, thus compromising its reliability.

Hence, it is becoming difficult to fabricate a conventional MOSFET with abrupt doped
junctions, while keeping high doped source/drain contacts to further reduce the electrical
resistance, and therefore increasing the current.

This is why junctionless technology has become more relevant nowadays, since the wanted
current can be simply increased by doping concentration and no junctions is present.
The structure has been simulated with different channel lengths while keeping constant
the dose implanted in the transistor. The reason why the gate length is explored within
10 nm variation for the simulations, is to attenuate the error due to the constant dose
implanted in the device under analysis.
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4.2 — Bulk finFET

Thereafter, it is important to study what happens when the dose implanted in the source
and drain pockets is increased for the Ly=20 nm transistor.

This study is carried out to prove that bigger transistor can provide more current with
respect to shorter one, due to scaling policy.

The results are reported in Tab.4.2.3. It can be noticed that the drive current is improved
by 156% for the p-type transistor (Ly=20 nm).

p-type finFET (Lg=20 nm) Vpp=-0.75 V

Parameters Parameter Values

Dose (cm™?) 7.0 E12 1.0 E13 2.0 E13 5.0 E13
Vru (V) -0.40 -0.40 -0.40 -0.39
Ion (pA) -6.26 -8.08 -12.19 -16.16
lorr (PA) -0.91 -1.33 -3.20 -10.41

Ion/lorr 6.91x10% 6.10x10° 3.81x10% 1.55x10°
SS (mV/dec) 78.95 79.69 80.79 83.60
DIBL (mV/V)  40.42 41.74 42.12 43.43

Table 4.2.3: Vg, SS, DIBL, Ion/Iopr of p-type bulk finFET with various doses im-
planted.
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4.2.2 n-type finFET

Considering the equations 4.1 and 4.2, the n-type finFET trans-characteristic is estimated
by means of Sentaurus TCAD.

During the fabrication of finFETSs, the aim was to obtain a symmetric voltage for p-type
and n-type, so that they could be employed in a CMOS technology. Therefore, even
though they use different dopants according to their conduction mechanism, the process
steps are calibrated to get the wanted behaviours. The same concept is applied when
analysing the electrical parameters.

Moreover, the range where the device is tested is the same for the p-type but with opposite
polarity. The linear regime (Vgs=[0, 0.75] V, Vpg=[0, 0.05] V) and saturation regime
(Vas=[0, 0.75] V, Vpg= [0, 0.75] V) are shown in Fig.4.2.4 and Fig.4.2.5. The figures of
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0,2 0.4 0.6

Gate-Source Woltage (W)

Figure 4.2.4: Ip — Vigg characteristic of n-type finFET with different channel lengths, in
linear regime.

merit of the n-type inFET are extracted from the data of the Ip-Vag curves for different
channel lengths and reported in Tab.4.2.4. The Vpp has been raised to increase the
current Ion, for the n-type inFET structure (Tab.4.2.5). Since the Ly=20 nm transistor
is able to preserve better its channel length with respect to the shorter one (Lg= 12 nm),
due to lateral redistribution of dopants, the dose implanted in the source and drain pockets
can be increased to enhance the Ion. Indeed, the drive current is improved by 85% for
the n-type transistor, as reported in Tab.4.2.6.

It can be noticed from the results obtained, that the n-type finFET has an overall better
performance with respect to the p-type finFET. This behaviour is expected since the
electron mobility is higher than the hole mobility. Electrons travel in the conduction band
whereas holes travel in the valence band. Since holes are created by electron excitation,
they are subjected to stronger atomic force by the nucleus than the electrons, hence holes
has lower mobility.
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4.2 — Bulk finFET
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Figure 4.2.5: Ip — Vgg characteristic of n-type inFET with different channel lengths, in
saturation regime.

finFET (n-type) Vpp= 0.75 V

Parameters Parameter Values
L, (nm) 12 14 18 20
Vru (V) 0.44 0.45 0.45 0.46
Ion (nA) 12.38 12.36 11.86 11.81
Iorp (pA) 2.20 0.92 0.30 0.23
Ion/lorr 5.64x10% 1.35x107 3.96x107 5.20x107
SS (mV/dec) 78.93 78.24 77.56 75.93
DIBL (mV/V)  57.12 47.14 44.47 39.20

Table 4.2.4: Vry, lon, lorr, lon/lorr, SS, DIBL of n-type bulk finFET with different
channel lengths.

n-type finFET (Lg=20 nm) Vpp= 0.75 V

Parameters Parameter Values
Dose (cm™?) 70E12 10EI3 20EI3 5.0EI3
Vru (V) 0.46 0.46 0.46 0.45
Ton (pA) 13.64 15.60 19.64 25.27
Torr (pA) 0.24 0.29 0.44 1.25
Ion/lorr 5.65%x107  5.48x107 4.48x107 2.02x107
SS (mV /dec) 75.80 76.11 77.98 79.60
DIBL (mV/V)  39.65 40.13 40.70 41.63

Table 4.2.6: Vg, SS, DIBL, Ion/lopr of n-type bulk finFET with various doses im-
planted.
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finFET (n-type) Vpp= 1.00 V

Parameters Parameter Values
Ly (nm) 12 14 18 20
Ion (pA) 21.92 21.90 21.35 21.32

Ion/lopr  5.99x10% 1.63x107 4.97x107 7.90x107

Table 4.2.5: Ion, lorr, Ion/lorr of different channel lengths n-type bulk finFET.
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Figure 4.2.6: Ip — Vg characteristic of p-type inFET (left) and n-type finFET (right)
(Lg= 20 nm), in linear regime.
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Figure 4.2.7: Ip — Vg characteristic of p-type finFET and n-type finFET (right) (Lg=
20 nm), in saturation regime.

61



FElectrical simulations

4.3 Bulk JL-finFET

4.3.1 p-type JL-finFET

Considering equations 4.1 and 4.2, the simulations are carried out for junctionless devices
as well. In particular, the analysis is focused on the comparison of conventional MOSFETs
and the junctionless finFETs, therefore the SDevice settings employed must be the same
to have faithful data.

The current-voltage characteristics of the JL-finFET are very similar to those of a con-
ventional MOSFET.

The p-type JL-finFET is analysed in linear and saturation region for a Vpg=-0.05 V and
Vps=-0.75 V respectively. The gate was varied in the range [0 V, -0.75 V] for both tran-
sients for different channel lengths to observe how it works when the device is shrunk.
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Figure 4.3.1: Ip — Vigg characteristic of p-type JL-finFET with different channel lengths,
in linear regime.

The figures of merit extracted from the plots are reported in Tab.4.3.1. As it can
be seen from the data extracted from Sentaurus TCAD, the threshold voltage is slightly
reduced when the channel shrinks. Moreover, it’s clear that as the device is scaled down,
the parameters such as Iopp, SS, DIBL and Iox/Iopr are worsened. Moreover, it can be
noticed, that the Ionx/lorr provided by the p-type junctionless device is worse than the
conventional finFET.

However, since the device behaves like a resistor (2.2), when the length is reduced, the
Ion is slightly improved.

The Vpp has been raised to increase the current Ioy, for the p-type finFET structure
(Tab.4.3.2).
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Figure 4.3.2: Ip — Vg characteristic of p-type JL-inFET with different channel lengths,
in saturation regime.

Junctionless finFET (p-type) Vpp=-0.75 V

Parameters Parameter Values
L, (nm) 12 14 18 20
Vru (V) -0.45 -0.45 -0.45 -0.46
Ion (nA) -3.71 -3.65 -3.60 -3.54
lorr (pA) -3.11 -1.93 -1.10 -0.78
TIon/Iorr 1.19x10%  1.89x10% 3.38x10° 4.51x10°
SS (mV/dec) 75.55 73.48 70.54 69.70
DIBL (mV/V) 49.43 39.61 28.91 25.60

Table 4.3.1: Vry, lon, lorr, lon/lorr, SS, DIBL of p-type bulk JL-inFET with different
channel lengths.

Now, the same analysis done for the dose in conventional finFET is performed for the
junctionless device. The current Ioy is increased by 84% for the p-type transistor, as the
implanted dose gets higher (Tab.4.3.3).
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Junctionless finFET (p-type) Vpp=-1.00 V

Parameters Parameter Values

Ly (nm) 12 14 18 20
Ion (pA) -8.78 -8.66 -8.61 -8.55
Iorr (pA) -4.70 -2.73 -1.46 -1.04

Ion/lopr  1.87x10°% 3.17x105 5.88x10% 8.21x10°

Table 4.3.2: Ion, lorr, Ion/Iorr of different channel lengths p-type bulk JL-finFET.

p-type JL-inFET (Ly=20 nm) Vpp=-0.75 V

Parameters Parameter Values

Dose (em™?) 7.0E13 1.0El14 3.0El4
Vru (V) -0.50 -0.48 -0.45
Ion (pA) -7.76 -9.66 -14.28
Iorr (pA) -0.46 -0.70 -5.25

Ion/lorr 1.69x107  1.39x107 2.72x10°
SS (mV /dec) 69.80 70.25 74.59
DIBL (mV/V)  26.26 27.83 33.83

Table 4.3.3: Vg, SS, DIBL, Ion/lopr of p-type bulk JL-finFET with various doses
implanted.

4.3.2 n-type JL-finFET

For different channel lengths, the Ip-Vgg characteristics in linear and saturation regime
for the n-type JL-inFET is reported in Fig.4.3.3 and Fig.4.3.4 respectively. As expected,
when shrinking the channel lengths, the performances of the transistor such as Vry, DIBL,
SS, lopr and Ion/lopr get worse. However, since the device behaves like a resistor (2.2),
when the length is reduced, the Ipoy is slightly improved.

All the figures of merit related to the n-type JL-finFET with various gate lengths are
reported in the following table:

Junctionless finFET (n-type) Vpp= 0.75 V

Parameters Parameter Values
L, (nm) 12 14 18 20
Vrr (V) 0.53 0.55 0.59 0.60
Ion (pA) 9.46 8.39 6.75 6.18
Iorr (pA) 1.62 0.30 2.66 E-2  1.29 E-2
Ion/Iorr 5.85x106 2.82x107 2.54x10% 4.78x108
SS (mV/dec) 7717 73.52 68.80 66.15
DIBL (mV/V) 65.97 53.95 37.78 30.49

Table 4.3.4: Vy, SS, DIBL, Ion/Iopr of different channel lengths n-type bulk JL-inFET.
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The data trends follow what expected from different papers regarding junctionless
multigate transistors (20; 23; 86).
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Figure 4.3.3: Ip — Vigg characteristic of different channel lengths n-type JL-finFET, in
linear regime.
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Figure 4.3.4: Ip — Vigg characteristic of different channel lengths n-type JL-inFET, in
saturation regime.

Considering the figures of merit reported in Tab.4.3.4 for n-type JL-finFET and Tab.4.3.1
for p-type JL-inFET, it can be noticed that as channel length increases, the Iopp is greatly
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reduced in the n-type transistor with respect to the p-type one.
The Vg is reduced from 0.60 V to 0.53 V as the channel length gets shorter, while the
DIBL doubles the value.
Nevertheless, it has been demonstrated the feasibility and device functionality of the junc-
tionless technology, which was the first important point of this thesis.
The evolution of the current inFET dimensions due to scaling is optimized in such a way
that the effective channel width is increased by making the fin height as tall as possible
while reducing the fin width (high aspect ratio). This method is exploited because the
channel in inversion-mode transistors is created at the interface of the gate dielectric and
the silicon layer, so by increasing the aspect ratio of the finFET, it is possible to have a
better electrostatic control of the channel and increase the effective channel width, while
reducing the fin pitch.
For what concern the JL-finFET, the high aspect ratio is a demerit, because the conduc-
tion path is located near the center of the fin, since it operates under bulk conduction
rather than channel conduction.
Therefore, the junctionless transistors is subjected to large variation in terms of electrical
parameters when changing channel length during fabrication, which is in agreement with
the data obtained from the simulations.
Even though the geometry adopted for the JL-finFET is not suitable for its application,
the leakage current of junctionless devices is less than the conventional finFET, for each
channel length simulated.
However, the drive current of inversion mode finFET is greater than the JL-finFET one,
which is consistent with the results of other papers (10; 20).
Nevertheless, the junctionless devices can achieve Ion/Iopr significantly higher, thus es-
tablishing the fact that turning off the device by electrostatically depleting the channel of
carriers works better than using a revere-biased junction (10).

Despite the fact that the IRDS (30) suggests a supply voltage of 0.75 V for these
channel lengths, the Vpp has been raised to increase the current Ioy, for the JL-finFET
structure (Tab.4.3.5). The structure has been simulated with different channel lengths

Junctionless finFET (n-type) Vpp= 1.00 V

Parameters Parameter Values

L, (nm) 12 14 18 20
Ion (pA) 19.98 19.20 18.33 18.00
Iorr (pA) 3.21 0.64 0.17 0.16

Ion/Iorr  6.22x10% 2.99x107 1.05x10%® 1.15x108

Table 4.3.5: Ion, lorr, lon/Iorr of different channel lengths n-type bulk JL-finFET.

while keeping constant the dose implanted in the transistor. The reason why the gate
length is explored within 10 nm variation for the simulations, is to attenuate the error
due to the constant dose implanted in the device under analysis.

Thereafter, it is important to study what happens when the dose implanted in the source
and drain pockets is increased for the Ly=20 nm transistor.
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Figure 4.3.5: Ip — Vigg characteristic of different channel lengths p-type finFET (black),

Ip — Vg characteristic of different channel lengths p-type JL-finFET (red).
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Figure 4.3.6: Ip — Vg characteristic of different channel lengths n-type finFET (black),

Ip — Vigs characteristic of different channel lengths n-type JL-finFET (red).

This study is carried out to prove that bigger transistor can provide more current
with respect to shorter one, due to scaling policy. Therefore, the electrical parameters
extracted by the plots obtained by Sentaurus TCAD are reported in Tab.4.3.6 for the
n-type JL-finFET. The Ioy is improved by 69% as the dose implanted is increased.

67



FElectrical simulations

1E-5

1E-&

1E-7

1E-8

1E-9

1E-10

Drain Current (4)

E

1E-11

1E-12

1E-13

1E-14

m IolVgslVd=-0.05 V, Dose= 3.0eld cm-2
— Iclygslic=-0,05 V. Dose= 1.0eld cn-2
m TeligafVo=-0,05 V. Dose= 7.0e12 cn-2
m IolVgslVd=0.05 V. Dose= 3.0eld cn-2
— Icl¥gs@Vc=0,05 ¥. Dose= 1,0eld cm-2

mm Teliga@Voi=0,06 V. Dose= 7,012 cn-2

Figure
(right)

1E-4

L
f=3
w
o
=3
i

Gate-Source Yoltage (V)

4.3.7: Ip — Vs characteristic of p-type JL-inFET (left) and n-type JL-inFET

(Lg= 20 nm), in linear regime.
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Figure 4.3.8: Ip — Vg characteristic of p-type JL-inFET (left) and n-type JL-finFET

(right)

(Lg= 20 nm), in saturation regime.

As expected, when the dose implanted in the raised pockets or Vpp is increased, the
transistor provides higher Ion. However the increase of SCEs affect the overall perfor-
mance, which lead to worsening the leakage current (Iopr), SS and DIBL.



4.4 — Bulk NSGAAFET

n-type JL-finFET (Ly=20 nm) Vpp= 0.75 V

Parameters Parameter Values
Dose (ecm@)  7.0E13 1.0E14 3.0 El4
Vru (V) 0.63 0.62 0.59
Ton (pA) 8.64 10.08 14.56
Ion/IoFF 2.81x107 1.73x107 3.00x10°
SS (mV /dec) 69.32 74.04 77.40
DIBL (mV/V)  34.32 37.38 40.41

Table 4.3.6: Vg, SS, DIBL, Ion/Iopr of n-type bulk JL-finFET with various doses
implanted.

4.4 Bulk NSGAAFET

4.4.1 p-type NSGAAFET

The development of nanosheet gate-all-around field effect transistors (NSGAAFET) has
been promoted to overcome some limitations of finFET related to scaling. The NS-
GAAFET provides higher electrostatic channel control and better immunity to short
channel effects (SCEs), compared to the fin technology.
The simulation settings for the NSGAAFET are the same of the one employed for the
finFETs. This is done to compare the performances between the two technologies while
the gate length is shrunk.
The current-voltage characteristics of the p-type NSGAAFET are simulated in linear
regime (Vgs=[0, -0.75] V, Vpg=]0, -0.05] V) and saturation regime (Vgs=[0, -0.75] V,
Vps= [0, -0.75] V).

The figures of merit related to the p-type NSGAAFET with various gate lengths are
reported in the following table:

NSGAAFET (p-type) Vpp=-0.75 V

Parameters Parameter Values
L, (nm) 12 14 18 20
Vru (V) -0.38 -0.38 -0.39 -0.39
Ion (nA) -3.90 -3.39 -3.19 -3.18
IOFF (pA) -0.69 -0.42 -0.39 -0.17
Ion/lorr 5.68x10% 8.01x10% 8.12x10% 1.88x107
SS (mV/dec) 77.09 76.18 75.59 69.04

DIBL (mV/V)  47.16 46.97 39.26 35.40

Table 4.4.1: Vy, SS, DIBL, Ion/Iorr of different channel lengths p-type NSGAAFET.

As it can be seen from the data extracted from Sentaurus TCAD, the threshold voltage
is slightly reduced when the channel shrinks, thus obtaining a higher leakage current.
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Figure 4.4.1: Ip—Vgg characteristic of p-type NSGAAFET with different channel lengths,
in linear regime.
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Figure 4.4.2: Ip—Vgg characteristic of p-type NSGAAFET with different channel lengths,
in saturation regime.

Moreover, it’s clear that as the device is scaled down, the parameters such as Iopp, SS,
DIBL and Ion/Iopr are worsened.

However, the drive current for long transistors (Ly=20 nm) is not high as expected, when
the transistor is turned on. This is because the script written to simulate the 3D structure
for different channel lengths exploits the same dose implanted in the device, which is not
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4.4 — Bulk NSGAAFET

correct according to the scaling policy. Therefore, the dose is chosen considering the
worst, case scenario in terms of lateral diffusion, which occurs when the gate length is the
shortest one (Ly=12 nm).

Although the IRDS (30) suggests a supply voltage of -0.75 V for these channel lengths,
the Vpp has been set up to -1.00 V to increase the current Ioy.

NSGAAFET (p-type) Vpp= -1.00 V

Parameters Parameter Values

L, (nm) 12 14 18 20
Ion (nA) -7.61 -7.61 -7.22 -6.96
lorr (pA) -0.77 -0.47 -0.40 -0.26

Ton/lIopr  9.92x10°6 1.62x107 1.79x107 2.65%107

Table 4.4.2: Ion, lorr, lon/lorr of different channel lengths p-type bulk NSGAAFET.

The dose chosen for the NSGAAFET when analysing the behaviour of various channel
length devices has been kept constant. This was done to prevent further lateral diffusion
for the shortest transistor (Lg=12 nm).

Therefore, if we take the NSGAAFET with Ly=20 nm, the dose implanted in S/D con-
tacts can be increased to further increase the Ion (Tab.4.4.3).

p-type NSGAAFET (Ly=20 nm) Vpp=-0.75 V

Parameters Parameter Values
Dose (em?) 1.0E13 30EI3 7.0EI3 10El4
Vrr (V) -0.40 -0.40 -0.39 -0.39
Ion (pA) -6.16 -8.85 -10.54 -11.10
Iorr (PA) -0.18 -0.20 -0.21 -0.22
Ion/lorr 3.52x107  4.48x107 4.99x107 5.10x107
SS (mV /dec) 69.04 69.59 69.99 70.18
DIBL (mV/V)  35.42 35.74 36.12 36.43

Table 4.4.3: Vg, SS, DIBL, Ion/Iopr of p-type bulk NSGAAFET with various doses
implanted.

The drive current is improved by 80% for the p-type transistor. Moreover, when
the dose implanted in the raised pockets is increased, the transistor is subjected to lat-
eral dopant redistribution during annealing, which affect the overall performance and the
leakage current (Iopg) is worsened.
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4.4.2 n-type NSGAAFET

The procedure to simulate the n-type NSGAAFET is the same exploited for the p-type
one, apart from the doping used during ion implantation.

The Ip-Vgg characteristics in linear and saturation regime are reported in Fig.4.4.3 and
Fig.4.3.4 respectively, for different channel lengths. As expected, when shrinking the chan-
nel lengths, the performances of the transistor such as Vg, DIBL, SS, Iopr and Ion/lopr
get worse.
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Figure 4.4.3: Ip—Vgg characteristic of n-type NSGAAFET with different channel lengths,
in linear regime.

The figures of merit of the n-type NSGAAFET are extracted from the data of the
Ip-Vas curves for different channel lengths and reported in Tab.4.4.4.

NSGAAFET (n-type) Vpp= 0.75 V

Parameters Parameter Values
L, (nm) 12 14 18 20
Vru (V) 0.43 0.44 0.45 0.45
Ion (nA) 5.19 5.11 4.15 3.05
lorr (pA) 0.11 0.10 7.98 E-2  5.80 E-2
Ton/IoFF 4.86x107 5.06x107 5.20x107 5.26x107
SS (mV/dec) 74.60 74.45 73.90 73.38
DIBL (mV/V) 41.02 35.16 34.30 30.27

Table 4.4.4: VTH> ION7 IOFF> ION/IOFF7 SS, DIBL of n—type NSGAAFET with different
channel lengths.
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Figure 4.4.4: Ip—Vgg characteristic of n-type NSGAAFET with different channel lengths,

in saturation regime.

The Vpp has been raised to increase the current Ign, for the n-type NSGAAFET

structure (Tab.4.4.5).

NSGAAFET (n-type) Vpp= 1.00 V

Parameters Parameter Values

L, (nm) 12 14 18 20
Ion (pA) 11.65 11.21 11.12 10.88
lorr (pA) 0.18 0.16 0.15 0.14

Ion/lopr  6.31x107  6.91x107 7.55x107 7.93x107

Table 4.4.5: Ion, lorr, lon/lopr of different channel lengths n-type bulk NSGAAFET.

The same analysis carried out for the dose in p-type NSGAAFET is performed for

the n-type device. The current Ioy is increased by 149% for the p-type transistor,

as the

implanted dose gets higher (Tab.4.4.6).Moreover, when the dose implanted in the raised
pockets is increased, the transistor is subjected to lateral dopant redistribution during an-
nealing, which affect the overall performance and the leakage current (Iopp) is worsened.
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n-type NSGAAFET (Lg=20 nm) Vpp= 0.75 V

Parameters Parameter Values
Dose (em?)  1.0E13 3.0E13 7.0E13 1.0El4
Vrr (V) 0.47 0.47 0.46 0.46
Ton (nA) 8.19 12.98 18.09 20.45
Iorr (pA) 8.23 E-2 0.16 0.28 0.33
Ion/lorr 9.95x107 8.21x107 6.50x107 6.23x107
SS (mV /dec) 73.39 73.42 73.45 73.63
DIBL (mV/V)  30.27 31.35 32.71 33.30

Table 4.4.6: Vry, SS, DIBL, Ion/Iorr of n-type bulk NSGAAFET with various doses
implanted.
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Figure 4.4.5: Ip— Vg characteristic of p-type NSGAAFET (left) and n-type NSGAAFET
(right) (Lg= 20 nm), in linear regime.
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Figure 4.4.6: Ip — Vg characteristic of p-type NSGAAFET and n-type NSGAAFET
(right) (Lg= 20 nm), in saturation regime.

It can be noticed from the results obtained, that the n-type NSGAAFET has an overall
better performance with respect to the p-type NSGAAFET. This behaviour is expected
since the electron mobility is higher than the hole mobility.

Moreover, it can be noticed that the gate-all-around structure provides a better immunity
to SCEs. Nevertheless, the Ion in saturation regime is not high compared to what it was

obtained in finFET, which is to be expected if the width of the nanosheet is not increased
(71).
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4.5 Bulk JL-NSGAAFET

4.5.1 p-type JL-NSGAAFET

The junctionless transistor (JLT) has been studied for improving short channel effects for
very short channel transistors. The fabrication of junctionless devices is simpler than the
existing inversion mode FET, because it is not necessary to employ fast annealing to build
the p-n junction S/D profiles (76).

Since the junctionless technology relies on the silicon channel thickness (Tcy) and doping
concentration to allow its switching capability, the GAA can alleviate the strict require-
ment of reducing Ty, which is needed to deplete the carriers in the channel.
The script used to simulate the JL-NSGAAFET is the same as the NSGAAFET one, to
faithfully compare the behaviour of both devices.
The ranges where the JL-NSGAAFET is tested are: Vgg=-0.75 V and Vpg=-0.75 V,
Vas=-0.75 V and Vpg=-0.05 V, for saturation and linear regime respectively.

The data extracted from the plots (Fig. 4.5.1-4.5.2) are reported in the Tab.4.5.1.
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Figure 4.5.1: Ip — Vigg characteristic of p-type JL-NSGAAFET with different channel
lengths, in linear regime.
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Figure 4.5.2: Ip — Vigg characteristic of p-type JL-NSGAAFET with different channel
lengths, in saturation regime.

Junctionless NSGAAFET (p-type) Vpp=-0.75 V

Parameters Parameter Values
L, (nm) 12 14 18 20
Vo (V) -0.35 -0.35 -0.36 -0.36
Ion (nA) -3.30 -3.10 -3.06 -2.94
lorr (pA) -0.61 -0.40 -0.38 -0.16
Ion/Iorr 5.38x10% 7.77x105 8.14x105 1.86x107
SS (mV/dec) 66.50 65.63 63.90 62.91
DIBL (mV/V) 31.70 29.41 28.85 20.60

Table 4.5.1: Vg, SS, DIBL, Ion/Iopr of different channel lengths p-type JL-NSGAAFET.

The Vry does not change much, as the channel shrinks, which is a good behaviour
at nanoscale. The current Ioy and Iopr are similar to what obtained for the p-type NS-
GAAFET.

Despite the fact that the IRDS (30) suggests a supply voltage of -0.75 V for these channel
lengths, the Vpp has been raised to increase the current Ion (Tab.4.5.2).

To improve the drive current without affecting the channel doping, an additional S/D
implantation is performed to limit the resistance of the contacts.
The simulation settings implemented in Sentaurus Device to analyse the benefits of this
process are the same as what is used in the script for the various channel length devices ex-
plored before. The electrical parameters extracted from the plot of p-type JI-NSGAAFET
are reported in Tab.4.5.3. It can be noticed that the drive current of p-type is increased
by 69%, when the doping concentration is increased.
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Junctionless NSGAAFET (p-type) Vpp=-1.00 V

Parameters Parameter Values

Ly (nm) 12 14 18 20
Ion (pA) -6.36 -6.00 -5.88 -5.56
Iorr (pA) -0.61 -0.41 -0.34 -0.22

Ion/Iopr  1.05x107 1.45x107 1.71x107 2.55x107

Table 4.5.2: Ion, lorr, lon/Iopr of different channel lengths p-type bulk JL-NSGAAFET.

p-type Junctionless NSGAAFET (Lg=20 nm) Vpp=-0.75 V

Parameters Parameter Values
Dose (cm?) 1.0E13 30E13 T70E13 10El4
Vrr (V) -0.37 -0.37 -0.36 -0.36
Ion (pA) -3.00 -3.79 -4.79 -5.07
Iorr (PA) -0.18 -0.20 -0.22 -0.23
Ton/Iorr 1.63x107 1.88x107 2.17x107 2.25x107
SS (mV /dec) 62.46 62.78 63.04 63.44
DIBL (mV/V)  21.21 21.65 22.15 22.22

Table 4.5.3: Vg, SS, DIBL, Ion/Iorr of p-type bulk JL-NSGAAFET with various doses
implanted.

4.5.2 n-type JL-NSGAAFET

The Ip-Vgg characteristics in linear and saturation regime is reported in Fig.4.5.3 and
Fig.4.5.4 respectively, for different channel lengths. All the other critical dimensions and
processing conditions are kept constant, so that the only difference lies in L, for fair com-
parison.

As expected, when shrinking the channel lengths, the performances of the transistor such
as VTH7 DIBL, SS, IOFF and ION/IOFF get worse.

All the figures of merit related to the n-type JL-NSGAAFET with various gate lengths
are reported in table 4.5.4. Although the IRDS (30) suggests a supply voltage of 0.75 V
for these channel lengths, the Vpp has been raised to increase the current Ion. The new
setting has been applied to the JL-NSGAAFET structure, which have different channel
lengths. To emulate the process fabrication performed in the industry, the gate material
chosen for p-type and n-type JL-NSGAAFET is TiN (5) . Since the gate workfunction is
set to 4.66 eV, the doping concentration for junctionless technology must be lower than
10' to ensure a proper switching of the transistor. The consequence of this is that the
drain current is reduced. However, it allows to employ a feasible metal gate workfunction
and it counteracts the increase of sensitivity to parameters, such as Vg, SS and DIBL,
which is related to the high dopant concentration (87).

78



4.5 — Bulk JL-NSGAAFET

Iovgs@Vd=0.05 ¥, Le= 20 nm
— Iclvgs@Vc=0,05 ¥, Lg= 18 nn
— TelgsVd=0,05 V. Lg= 14 nn
— IdVgsBVd=0.05 ¥. Le= 12 nn

1E-&

1E-7

1E-9

1E-10

Drain Current (4)

1E-11

1E-12

1E-13

1E-14 T T T T T T T T T T
0,2 0.4 0.6

Gate-Source Voltage (V)

Figure 4.5.3: Ip — Vigg characteristic of different channel lengths n-type JL-NSGAAFET,
in linear regime.
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Figure 4.5.4: Ip — Vg characteristic of different channel lengths n-type JL-NSGAAFET,
in saturation regime.

A higher doping concentration could improve the Ioyn, thanks to the large number
of mobile carriers devoted to the total saturation current. However, when the channel
concentration (Ncp) exceed a critical point where full depletion of the channel does not
occur, the feasibility of JLT is compromised (88).
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Junctionless NSGAAFET (n-type) Vpp= 0.75 V

Parameters Parameter Values
Ly (nm) 12 14 18 20
Vry (V) 0.42 0.43 0.43 0.43
Ion (pA) 4.62 4.16 4.15 4.00

Iorr (pA) 6.83 E-2 5.83E-2 437E-2 3.69 E-2

Ion/lorr 6.75x107  7.00x107 9.50x107 1.08x10®
SS (mV /dec) 63.28 63.07 61.90 61.52
DIBL (mV/V)  22.01 21.35 17.71 16.62

Table 4.5.4: Vg, SS, DIBL, Ion/lopr of different channel lengths n-type bulk JL-
NSGAAFET.

Junctionless NSGAAFET (n-type) Vpp= 1.00 V

Parameters Parameter Values
L, (nm) 12 14 18 20
Ion (pA) 9.00 8.53 7.98 7.63
lorr (PA) 0.12 0.11 9.79 E-2 9.23 E-2

Ion/lopr  7.31x107 7.46x107 8.15x107 8.26x107

Table 4.5.5: Ion, lorr, lon/lorr of different channel lengths n-type bulk JL-NSGAAFET.

To improve the drive current without affecting the channel doping, an additional S/D
implantation is performed to limit the resistance of the contacts.
The simulation settings implemented in Sentaurus Device to analyse the benefits of this
process are the same as what is used in the script for the various channel length devices
explored before.
Thereafter, the curves obtained with various dose implanted in the junctionless transis-
tors are plotted for linear and saturation regime. The electrical parameters extracted
from the plots of n-type JL-NSGAAFET are reported in Tab.4.5.6. It can be noticed
that the drive current of n-type JL-NSGAAFET is increased by 59%, when the doping
concentration is increased. Nevertheless, it becomes more difficult to deplete the channel,
hence Vry decreases (81; 82).
Although the subthreshold slope is slightly degraded as the channel length gets shorter,
it is still kept under 65 mV/dec (near thermionic limit) at L,=12 nm. Moreover, the
deviation is not prominent owing to the strong gate controllability of the gate-all-around
structure and effectively suppressed Iopp (89).
Apart from the result at Ly=[18,20] nm, the Iox in the junctionless devices is smaller, if
compared to the conventional NSGAAFET, and it is a well-known characteristic result-
ing from the large impurity scattering which comes from the high doping concentrations
throughout the channel.
The plots in Fig.4.5.7-4.5.8 are reported to show the differences between the junctionless
(in red) and inversion mode NSGAAFET (in black).
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Figure 4.5.5: Ip — Vg characteristic of p-type JL-NSGAAFET (left) and n-type JL-
NSGAAFET (right) (Lg= 20 nm), in linear regime.
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Figure 4.5.6: Ip — Vgg characteristic of p-type JL-NSGAAFET and n-type JL-
NSGAAFET (right) (Lg= 20 nm), in saturation regime.

The inversion mode and junctionless NSGAAFET have similar characteristics both for
p-type and n-type. On the other hand, while the JL-NSGAAFET shows lower Iopp at
Vas=0 V, the NSGAAFET has higher drain saturation current at Vas=Vpp than the
others.

81



FElectrical simulations

n-type Junctionless NSGAAFET (Ly=20 nm) Vpp= 0.75 V

Parameters Parameter Values

Dose (em?)  1.0E13 3.0E13 7.0E13 1.0El4
Vry (V) 0.45 0.44 0.44 0.43
Iox (nA) 4.02 4.29 5.69 6.40

Torr (pA) 387 E-2 520E-2 7.70E-2 9.36 E-2

Ion/lorr 1.04x10% 8.25x107 7.40x107 6.84x107
SS (mV /dec) 61.74 61.74 61.75 61.77
DIBL (mV/V) 16.71 17.10 17.81 17.92

Table 4.5.6: Vry, SS, DIBL, Ion/Iorr of n-type bulk JL-NSGAAFET with various doses
implanted.
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Figure 4.5.7: Ip — Vg characteristic of different channel lengths p-type NSGAAFET
(black), Ip — Vigs characteristic of different channel lengths p-type JL-NSGAAFET (red).

However, the junctionless devices have a near-ideal subthreshold slope, close to 60
mV /dec at 300 K (known as thermionic limit) and extremely low leakage currents (10).
The junctionless NSGAAFET simulated in this section has only one suspended channel,
to compare the results with others published in the literature.

Since the JL-NSGAAFET has only one suspended channel instead of three vertical stacked
channels like the NSGAAFET structure, the drive current of the JLT is expected to be
lowered than the inversion mode transistor.
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4.5 — Bulk JL-NSGAAFET
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Figure 4.5.8: Ip — Vg characteristic of different channel lengths n-type NSGAAFET
(black), Ip — Vg characteristic of different channel lengths n-type JL-NSGAAFET (red).

Gate-all-around junctionless transistor papers have been reported in the literature,
which have treated multi-channel junctionless devices (76; 79). However, the first one
(76) has simulated the 3D device without considering any fabrication aspect, while the
latter (79) has exploited Bosch process to build the structures. Nevertheless, the shape
of the suspended channels made by deep reactive-ion etching (DRIE) are not regular and
uniform between each others. Moreover, this transistor is simulated in depletion-mode,
which means that the device is normally on at zero gate-source voltage.
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4.5.3 Vertically stacked JL-NSGAAFET

Until now, the JL-NSGAAFET has been simulated considering only one suspended chan-
nel, due to its dependency on doping concentration. In literature, the data available for
this type of technology has been obtained by testing one channel, so to compare the results
reported in this thesis, the design choice has taken this characteristic into account.

The feasibility of three vertical stacked nanosheet in junctionless mode (76) has been anal-
ysed, while considering a uniform and constant doping concentration along each channels,
which in reality it’s not achievable.

Therefore, the same fabrication steps employed for the NSGAAFET to make the three
suspended channels has been adopted to the junctionless one, to simulate if the require-
ment of constant and uniform doping concentration is strictly required to implement a
working device.

According to the IRDS (30), the voltage ranges for these channel lengths in saturation and
linear regime are Vgs=0.75 V, Vpg=0.75 V and Vgs=0.75 V, Vps=0.05 V, respectively.
For duality, the p-type transistors have opposite polarity for what concern the voltages
applied to the device.

Junctionless NSGAAFET (n-type) Vpp= 0.75 V

Parameters Parameter Values
L, (nm) 12 14 18 20
Vry (V) 0.41 0.41 0.42 0.42
Iox (nA) 10.99 10.74 10.81 10.87
Iorr (pA) 0.29 0.20 0.12 0.10
Ion/lorr 3.77x107  5.50x107 8.83x107 1.05x10®
SS (mV/dec) 64.66 63.58 62.24 61.84
DIBL (mV/V)  26.78 25.43 23.74 22.41

Table 4.5.7: Vry, SS, DIBL, Ion/Iorr of n-type bulk three-stacked channels JL-
NSGAAFET.

There is an improvement for the Igyn, which is expected since three channels are now
vertically stacked. Indeed, the plots obtained by simulating the 3D structure show the
drive current improvement of about 175%.

The supply voltage has been raised of 0.25 V to increase the current provided by the
device. The Ipn current at Vgg=1 V in saturation regime is around 20 pA, while the
Iorr tends to slightly increase (Tab.4.5.8).

The same analysis has been performed for the p-type JL-NSGAAFET to test its be-
haviour.

There is an improvement for the Ign, which is expected since three channels are now
vertically stacked. Indeed, the plots obtained by simulating the 3D structure show the
drive current improvement of about 240%.

The p-type transistor is providing the same amount of current of the n-type one, even
though the electron mobility is higher than the hole mobility. The reason for this lies
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4.5 — Bulk JL-NSGAAFET

Junctionless NSGAAFET (n-type) Vpp= 1.00 V

Parameters Parameter Values

Ly (nm) 12 14 18 20
Ion (nA) 20.36 19.81 20.14 19.46
lorr (PA) 0.40 0.30 0.23 0.21

Ion/lopr  5.07x107 6.61x107 8.64x107 9.31x107

Table 4.5.8: Vrpu, SS, DIBL, Ion/Iorpr of n-type bulk three-stacked channels JL-
NSGAAFET.

in the the gate workfunction (q¢rin= 4.66 eV) employed for the transistor. It allows a
greater current as showed in (39; 70), however the depletion of carriers is worsened due
to the q¢in compared to the n-type transistor. Indeed, the Vry is lower than the n-type
counterpart, therefore Iopr extracted from the plots for the p-type device is higher of one
order of magnitude, as reported in Tab.4.5.9.

The supply voltage for p-type JL-NSGAAFET has been changed to -1.00 V (Tab.4.5.10),

Junctionless NSGAAFET (p-type) Vpp=-0.75 V

Parameters Parameter Values
L, (nm) 12 14 18 20
Vo (V) -0.32 -0.33 -0.33 -0.34
Ion (nA) -11.21 -10.94 -10.25 -9.99
lorr (pA) -6.25 -4.38 -1.45 -1.00
Ton/Iorr 1.79x10%  2.50x10% 7.05x10° 9.96x10°
SS (mV/dec) 68.80 68.09 64.42 63.97
DIBL (mV/V) 33.53 32.51 31.58 30.69

Table 4.5.9: Vg, SS, DIBL, Ion/lopr of p-type bulk three-stacked channels JIL-
NSGAAFET.

to increase the drive current provided by the device. The leakage current is slightly in-
creased however, the improvement of Iox and the ratio Ion/lopr makes the effort worth
it. The junctionless devices aren’t subjected to reliability problem if lateral diffusion oc-
curs, since they have uniform doping for their entire structure. However, since it has been
adopted a bulk fabrication with STI, the high dose implanted during the fabrication of
bulk structure with STI would cause a high leakage current flowing through the substrate.

Therefore, setting the concentration within the transistors to control better the dopant
redistribution, the current provided by the p-type and n-type JL-NSGAAFET greatly
improve. The channel concentration has been set up to 5.0e18 cm™ to allow a full depletion
of the channel, when the transistor is switched-off. The source and drain contacts have
been initialized with 1.0e21 cm™ to limit the resistance and provide an higher current. To
avoid the spreading of dopants during diffusion, the bulk has to be implanted with a dose
which leads to a concentration of 2.0e18 cm™, thus controlling the leakage current under

85



FElectrical simulations

Junctionless NSGAAFET (p-type) Vpp=-1.00 V

Parameters Parameter Values

Ly (nm) 12 14 18 20
Ion (pA) -18.77 -18.50 -17.54 -17.28
Iorr (pA) -7.34 -5.17 -1.64 -1.17

Ion/lopr  2.56x10°  3.58x105 1.07x107 1.47x107

Table 4.5.10: Vru, SS, DIBL, Ion/lorr of p-type bulk three-stacked channels JL-
NSGAAFET.

a certain threshold.
The Ipn current extracted from the plots (Fig.4.5.9-4.5.10) has reached almost 100 pA for
the transistors, as reported in Tab.4.5.13-4.5.14. The supply voltage has been raised
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Figure 4.5.9: Ip — Vg characteristic of p-type JL-NSGAAFET (left) and n-type JL-
NSGAAFET (right) with varying channel lengths, in linear regime.

to increase the Ion provided by the devices. From the data extracted, the current has
improved of 113% and 107% for the n-type and p-type transistor, respectively.

86



4.5 — Bulk JL-NSGAAFET

1E-4 3

Tevgs@d=-0.75 ¥, Lg=20 nn
— TdVzs@Vd=-0,75 ¥, Lg=18 nm
— IdVgsBVd=-0.75 V. Lg=14 nm
— Idgs@Vd=-0,75 ¥, Lg=12 nm

TovgaBvd=0,75 V. Lg=20 rn

1E-5 o

— IdVgsBVd=0.75 ¥, Lg=18 nn
— IdzsBVd=0,75 ¥, Lg=14 nn
— TdVzsBVd=0,75 ¥, Lg=12 nn

1E-6 o

1E-7 o
1E-5 o

1E-9 o

[rain Current (&)

1E-10 o

1E-11 o

1E-12 o

PO . : T T T : T T . T T T :
-0.5 0 0.5
Gate—Source Voltage (V)

Figure 4.5.10: Ip — Vgg characteristic of p-type JL-NSGAAFET and n-type JL-
NSGAAFET (right) with varying channel lengths, in saturation regime.

Junctionless NSGAAFET (n-type) Vpp= 0.75 V

Parameters Parameter Values
L, (nm) 12 14 18 20
Vru (V) 0.45 0.46 0.47 0.48
Ton (pA) 45.14 43.73 42.26 40.23
Torr (pA) 1.38 1.03 0.99 0.77
Ion/lorr 3.28x107 4.23x107 4.27x107 5.23x107
SS (mV /dec) 67.29 63.37 62.94 62.69
DIBL (mV/V)  22.64 21.77 20.28 20.48

Table 4.5.11: Vg, SS, DIBL, Ion/Iopr of n-type bulk three-stacked channels JL-
NSGAAFET, with concentration configured.

Junctionless NSGAAFET (p-type) Vpp=-0.75 V

Parameters Parameter Values
L, (nm) 12 14 18 20
Vru (V) -0.43 -0.44 -0.45 -0.45
Ion (nA) -39.27 -37.26 -35.51 -34.57
Iorp (PA) -2.37 -1.26 -0.98 -0.93
Ton/lorr 1.66x107 2.99x107 3.62x107 3.70x107
SS (mV/dec) 68.10 65.59 63.22 62.66
DIBL (mV/V)  32.93 31.79 28.37 27.65

Table 4.5.12: Vg, SS, DIBL, Ion/Iopr of p-type bulk three-stacked channels JIL-
NSGAAFET, with concentration configured.
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Junctionless NSGAAFET (n-type) Vpp= 1.00 V

Parameters Parameter Values

L, (nm) 12 14 18 20
Ion (pA) 96.13 95.92 98.96 96.67
lorr (PA) 1.75 1.36 0.93 0.89

Ion/lopr  5.51x107  7.06x107 1.07x10% 1.08x108

Table 4.5.13: Vg, SS, DIBL, Ion/Iorr of n-type bulk three-stacked channels JL-
NSGAAFET, with concentration configured.

Junctionless NSGAAFET (p-type) Vpp=-1.00 V

Parameters Parameter Values

L, (nm) 12 14 18 20
Ion (pA) -81.07 -78.62 -80.84 -81.10
lorr (pA) -2.90 -1.34 -1.19 -0.95

Ion/lopr  2.79x107  5.87x107 6.77x107 8.54x107

Table 4.5.14: Vg, SS, DIBL, Ion/Iorr of p-type bulk three-stacked channels JL-
NSGAAFET, with concentration configured.
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Chapter 5

Conclusions and Future works

This thesis aimed to cover different aspects related to the current technology, from the
fabrication to the electrical performance point of view, when the channel length of tran-
sistors is shrunk.

The starting point (Chapter 2) was to provide an overview of the transistor and its limit.
The junctionless technology was introduced as an alternative solution to the present in-
version mode transistors, to overcome SCEs.

In Chapter 3, fabrication processes for JL-finFET and JL-NSGAAFET are proposed and
simulated with Sentaurus TCAD (sprocess), while highlighting the differences and simi-
larities with conventional 3D transistors. The absence of junctions between channel and
S/D, has simplified the process steps required to fabricate transistors, at the nanoscale.
The electrical performances of junctionless and inversion mode 3D FETs are compared,
and it is shown the functionality of the junctionless devices while varying gate length and
dose implanted in S/D (Chapter 4). The data extracted from the electrical characteristics
obtained by means of TCAD simulations (8) have proved that the junctionless transis-
tors have a near-ideal subthreshold slope, low DIBL and extremely low leakage currents,
if compared to the corresponding inversion mode based technologies. In this thesis, the
moderate dopant concentration (~10'® em™) employed for the JLT channel is proved to
enhance the Ion/Iopr and reduce the sensitivity to variation in parameters as demon-
strated in (87), and allow to deplete the channel using common gate materials (TiN).
Nevertheless, the drain current provided by this type of technology is lower than con-
ventional MOSFETs. To improve the Ion of junctionless multigate structures, the use of
additional source and drain doping is employed (86), so that the parasitic contact resis-
tances are furtherly reduced.

From the results obtained throughout the thesis, it can be concluded that the JLT, in the
currently analysed structure on the basis of literature supporting works, is suitable for
low standby technology power (LSTP), because of the really low leakage current (Iopr).
The JL-NSGAAFET threshold voltage has varied at most within 30 mV, in the overall
range of channel lengths devices analysed.

Instead, the simulated inversion mode transistors has provided higher current so it can be
exploited for low power applications.

For future works, the actual fabrication of the junctionless transistors in the industry
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using the proposed process steps might provide a better comprehension of how the device
works in reality. The investigation of new gate materials could improve the junctionless
devices and allow to deplete more efficiently carriers from the channel. Replacing the sili-
con semiconductor material with alternative material like GaN may contribute to enhance
the electrical performances of devices.

The junctionless devices built on SOI wafers are expected to provide better electrical per-
formance because of limited parasitics and lowered Iopp, so it could be interested to study
the behaviour of such structures.

A possible application of JLTs in the near future, might be the use of this technology
for the manufacturing of memories, since the reduced fabrication complexity due to the
absence of junctions and low leakage currents, are crucial requirements for these types of
devices.
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Appendix A

Synopsys Sentaurus TCAD
Codes

A.1 n-type JL-finFET sprocess file

math coord.ucs

math numThreads=4
AdvancedCalibration 2017.09

pdbSet Mechanics StressRelaxFactor 1

# Solver Enhancement
pdbSet Math diffuse 3D ILS.hpc.mode 4

# turn off stress relaxation after depo/etch
pdbSet Mechanics EtchDepoRelax O

# meshing parameters
mgoals resolution= 1.0/3.0 accuracy= le-4
pdbSet Grid SnMesh max.box.angle.3d 175

grid
set
set
set

set.min.normal.size=

0.005/1.0 \

.normal.growth.ratio.3d= 2.0 \

.min.edge=

.max.neighbor.ratio= 1e6

# Structure parameters, [um]

set
set
set

set
set
set

H
STI
Hfin

HalfLg
Tox
LSpacer

0.06
0.02
[expr

[expr
0.002
0.008

#thickness of gate

($H - $STI)]

(eLg@*0.5)]

insulator

le-7 set.max.points= 1000000 \

;# Fin exposure
;# Fin height
;# Half gate length

;# Total thickness of gate insulator
;# Length Spacer
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Synopsys Sentaurus TCAD Codes

set Tiox 0.0007
3 set Tihfo2 0.001

#RMG (metal stack)

;#Gate interlayer oxide thickness
;#Gate high-k

set TiN1 0.0015 ;# First layer TiN
set TaN2 0.0020 ;# Second layer TaN
set TiN3 0.0050 ;# Third layer TiN
set TiAl4 0.0050 ;# Fourth layer TiAl

# Doping parameters

set Nsub 1.0el15b ;#Substrate doping [/cm3]
set Nepi 7.0el18

set Nsd 1.9e13 ; #8D doping [/cm2]

set Nch 1.4e13 ;#channel doping [/cm2]

line x location=
line location=
line x location=

]

line y location=
line y location=

line z location=
line z location=

#substrate

region Silicon xlo= SiTop xhi= SiBottom ylo= Left yhi= Right zlo= Back

-70.0<nm> spacing=10.0<nm> tag= SiTop
20.0<nm> spacing= 10.0<nm>
50.0<nm> spacing= 20.0<nm> tag= SiBottom

0
0

0

.0 spacing= 50.0<nm> tag= Left
.062<um> spacing= 50.0<nm> tag= Right

.0 spacing= 50.0<nm> tag= Back
.1<um> spacing= 50.0<nm> tag= Front

zhi= Front substrate

init concentration=$Nsub<cm-3> field=Boron wafer.orient=
orient= {1 1 0}

!DelayFullD

struct tdr= n@node@_pGAA1l

refinebox name=

nw min= {-0.12 0 0.0} max= {-0.05 0.11 0.1} xrefine=

nm> yrefine= 10<nm> zrefine= 50<nm>

7 grid remesh

#--Epi layer with known doping concentration (well)

temp_ramp name= epi temperature= 750<C> time= 4.5<min> Epi \

epi.doping= { Boron= $Nepi<cm-3> } epi.doping.final=

-3> } epi.model= 1 epi.thickness= $H

diffuse temp_ramp=

epi

#----Sidewall Image Transfer (SIT)
diffuse temperature= 900<C> time= 4.0<min> 02

deposit material= {Nitride} type= isotropic time= 1<min> rate= {0.0165}
deposit material= {AmorphousSilicon} type= isotropic time= 1<min> rate=

{0.0195}
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A.1 — n-type JL-finFET sprocess file

mask name= fin left= 0<nm> right= 38<nm> back= -1 front= 0.17<um>
negative

; etch material= {AmorphousSilicon} type= anisotropic time= 1<min> rate=

{0.04} mask= fin

struct tdr= n@node@_pGAA4

deposit material= {0Oxidel} type= isotropic time= 1 rate= {0.015}

etch material= {0Oxide} type= anisotropic time= 1 rate= {0.015} isotropic
.overetch= 0.1

etch material= {AmorphousSilicon} type= anisotropic time=1<min> rate=
{0.3%}

etch material= {Nitridel} type=anisotropic time= 1<min> rate= {0.02}

etch material= {0Oxide} type= anisotropic time=1 rate= {0.02}

etch material= {Silicon} type=anisotropic time=1<min> rate= {$H}
isotropic.overetch= 0.03

struct tdr= n@node@_pGAA8 ;# fin exposure

mater add name=TEOS new.like=oxide

deposit material= {TEOS} type= isotropic time= 1<min> rate= {($H+0.0165)
}

etch material= {TEO0S} type=cmp etchstop= {Nitride} etchstop.overetch
=0.01

struct tdr= n@node@_pGAA10 ;# TEOS CMP

etch material= {TEOS} type=isotropic time=1 rate= {(0.0165+0.003+$Hfin)}
etch material= {Nitridel} type=anisotropic time=1 rate= {0.02}

#Fin rounding

etch material= {0Oxide} type= anisotropic time=1<min> rate= {0.01}
etch material= {Silicon} type= isotropic rate= {0.004} time= 1.0
deposit material= {Silicon} type= isotropic rate= {0.004} time= 1.0

selective.materials= {Silicon}

struct tdr= n@node@_pGAAl1l2 ;# Fin rounding

# Channel doping
implant Phosphorus dose= $Nch<cm-2> energy=3<keV> tilt=10 rotation=90
implant Phosphorus dose= $Nch<cm-2> energy=3<keV> tilt=10 rotation=270

diffuse temperature=1000<C> time=60<s>
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SetPlxList {PTotal BTotal}
WritePlx n@node@_NMOS_sddiff.plx y=0.03 z=0.0 Silicon

struct tdr= n@node@_pGAA12c ;# channel doping

#Dummy gate

deposit material= {0Oxide} type= isotropic time=1 rate= {$Tiox}
struct tdr= n@node@_pGAA13b

deposit material= {Polysilicon} type= fill coord= -0.17

mask name= gate back= (0.05-$HalfLg)<um> front= (0.05+$HalflLg) <um>

etch material= {Polysilicon} type= anisotropic time=1 rate= {0.17} mask=

gate

struct tdr= n@node@_pGAA13 ;# Dummy Gate

; etch material= {0Oxide} type=anisotropic time=1 rate=1.0

5 deposit material= {0Oxidel} type= isotropic time=1<min> rate= {$Tiox}
selective.materials= {PolySilicon}

etch material= {0Oxide} type=cmp etchstop= {PolySilicon} etchstop.
overetch=0.001

deposit material= {Nitride} type= isotropic time=1<min> rate= {$LSpacer}

selective .materials= {0Oxidel}

etch material= {Nitridel} type=cmp etchstop= {PolySilicon} etchstop.
overetch=0.001

struct tdr= n@node@_pGAA17 ;# Spacer

mask name= gate_neg back= (0.05-$HalfLg)<um> front= (0.05+$HalflLg) <um>
negative

# S/D fabrication

mater add name=SiCN new.like= Nitride

deposit material= {SiCN} type=anisotropic time=1 rate= {0.08} mask=
gate_neg

; etch material= {Silicon} type= anisotropic rate= {0.003} time= 1.0

struct tdr= n@node@_pGAA18b ;# S/D epitaxy

etch material= {Silicon} type= isotropic rate= {0.001} time= 1.0

struct tdr= n@node@_pGAA18c ;# S/D epitaxy
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171 #-- To activate stress in Si:C pocket for nFinFET---#
172 pdbSetDoubleArray Silicon Carbon Conc.Strain {0 0 1 -0.432}

174 # Diamond shaped Si/SiC Pocket using Lattice KMC (LKMC)
175 pdbSet Grid KMC UselLines 1

176 pdbSet KMC Epitaxy true

177 pdbSetBoolean LKMC PeriodicBC false

17z pdbSet LKMC Epitaxy.Model Coordinations.Planes

150 set EpiDoping_init "Carbon= 1.5e21"
181 set EpiDoping_final "Carbon= 1.5e21"

1853 temp_ramp name= epi temperature= 450<C> t.final= 740<C> time= 7.0<min>
Epi epi.doping= $EpiDoping_init epi.doping.final= $EpiDoping_£final
epi.model= 1 epi.layers= 10 epi.thickness= 0.02

185 diffuse temp_ramp= epi lkmc

186

1z7 pdbSet KMC Epitaxy false

189 struct tdr= n@node@_pGAA18 ;# S/D epitaxy

190

191 F--——-—— " — - — - m o - ——— #

192

193 # S/D Implantation

194

105 implant Phosphorus dose= $Nsd<cm-2> energy=6<keV> tilt=10 rotation=90

107 implant Phosphorus dose= $Nsd<cm-2> energy=6<keV> tilt=10 rotation=270

190 SetPlxList {BTotal Phosphorus_Implant}
200 WritePlx n@node@_NMOS_sdimp.plx y=0.03 z=0.0 Silicon

202 etch material= {SiCN} type=isotropic rate=1.0 time=1
204 diffuse temperature=1000<C> time=60<s>

206 SetPlxList {PTotal BTotall}
207 WritePlx n@node@_NMOS_sddiff.plx y=0.03 z=0.0 Silicon

200 struct tdr= n@node@_pGAA19 ;# SD implantation

213 # Silicidation

215 deposit material= {TiSilicide} type= isotropic rate= 0.12*$Hfin time=
1.0 temperature= 450 selective.materials= {Silicon}

217 struct tdr= n@node@_pGAA20 ;# Silicidation
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# Planarization PSG

; mater add name= PSG

ambient name=Silane react add

reaction name= PSGreaction mat.l= Phosphorus mat.r= 0Oxide mat.new= PSG
new.like= Oxide ambient.name= {Silane} diffusing.species= {Silane}

deposit material= {PSG} type= isotropic time=1 rate= {0.2}

etch material= {PSG} type=cmp etchstop= {Nitride} etchstop.overetch=0.01

struct tdr= n@node@_pGAA21 ;# PSG

# Dummy gate etching
strip Polysilicon

etch material= {0Oxide} type=anisotropic time=1 rate= {0.1} mask=gate_neg
isotropic.overetch=0.01

struct tdr= n@node@_pGAA23 ;# Si02 removal
# Gate stack fabrication

deposit material= {0Oxidel} type= isotropic time=1 rate= {$Tiox} selective
.materials= {Silicon}

struct tdr= n@node@_pGAA24 ;# Si02

deposit material= {Hf02} type= isotropic time=1 rate= {$Tihfo2}
selective.materials= {0Oxide}

struct tdr= n@node@_pGAA25 ;# Hf02
# MIG
mater add name= TiAl new.like= Aluminum

# TaN metal
mater add name=TaN new.like=Aluminum

pdbSet TaN Mechanics BulkModulus 1.96e12
pdbSet TaN Mechanics ShearModulus 0.69e12
pdbSet TaN Mechanics ThExpCoeff 6.5e-6

; deposit material= {TiN} type= isotropic time=1 rate= {$TiN1} mask=

gate_neg

deposit material= {TaN} type= isotropic time=1 rate= {$TaN2} selective.
materials= {TiN}
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7 deposit material= {TiN} type= isotropic time=1 rate= {$TiN3} selective.

materials= {TaN}

deposit material= {TiAl} type= isotropic time=1 rate= {$TiAl4} selective
.materials= {TiN}

struct tdr= n@node@_pGAA29 ;# TiAl4 deposition
diffuse temp=500<C> time=1.0e-6<s> stress.relax
deposit material= {Tungsten} type=fill coord= -0.2
struct tdr= n@node@_pGAA31 ;# W fill

etch material= {Tungsten} type=cmp etchstop= {PSG} etchstop.overetch
=0.01

struct tdr= n@node@_pGAA32 ;# metal gate cmp

etch material= {Tungsten} type=isotropic time=1 rate= {0.003}

deposit material= {Nitride} type=£fill coord=-0.2

etch material= {Nitridel} type=cmp etchstop= {PSG} etchstop.overetch=0.01
struct tdr= n@node@_pGAA35

mask name=s left=8<nm> right=54<nm> back=(0.05+$HalfLg+$LSpacer+0.006)<
um> front=94<nm> negative

mask name=d left=8<nm> right=54<nm> back=6<nm> front=(0.05-$Halflg-
$LSpacer -0.006) <um> negative

mask name=g left=8<nm> right=54<nm> back=45<nm> front=56<nm> negative
etch material= {PSG} type=anisotropic time=1 rate= {0.1} mask=s
struct tdr= n@node@_pGAA36

etch material= {PSG} type=anisotropic time=1 rate= {0.1} mask=d
struct tdr= n@node@_pGAA37

etch material= {Nitride} type=anisotropic time=1 rate= {0.1} mask=g
struct tdr= n@node@_pGAA38

deposit material= {Tungsten} type=fill coord=-0.2

etch material= {Tungstenl} type=cmp etchstop= {Nitride} etchstop.overetch
=0.01

3 struct tdr= n@node@_pGAA40
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316 transform cut location= -0.05 down

318 # clear the process simulation mesh
519 refinebox clear

320 refinebox !'keep.lines

321 line clear

323 # reset default settings for adaptive meshing

324 pdbSet Grid AdaptiveField Refine.Abs.Error 1e37

25 pdbSet Grid AdaptiveField Refine.Rel.Error 1el0

326 pdbSet Grid AdaptiveField Refine.Target.Length 100.0

208 # Set high quality Delaunay meshes

320 pdbSet Grid sMesh 1

330 pdbSet Grid Adaptive 1

3. pdbSet Grid SnMesh DelaunayType boxmethod
332 pdbSet Grid SnMesh CoplanarityAngle 179
333 pdbSet Grid SnMesh MaxPoints 2000000

;3. pdbSet Grid SnMesh max.box.angle.3d 179

336 refinebox name= gate min= {-0.088 0.0 0.038} max= {-0.2 0.062 0.061}
xrefine= 5<nm> yrefine= 10<nm> zrefine= 5<nm> materials= {Silicon}
adaptive

138 refinebox name= source min= {-0.088 0.0 0.061} max= {-0.2 0.062 0.1}
xrefine= 5<nm> yrefine= 5<nm> zrefine= 5<nm> materials= {Silicon}
adaptive

339

310 refinebox name= drain min= {-0.088 0.0 0.0} max= {-0.2 0.062 0.03%}
xrefine= 5<nm> yrefine= 5<nm> zrefine= 5<nm> materials= {Silicon}
adaptive

312 refinebox name= sub min= {-0.088 0.0 0.0} max= {-0.05 0.062 0.1} =xrefine
= b<nm> yrefine= 5<nm> zrefine= 5<nm> materials= {Silicon} adaptive

314 refinebox name= channel min= {-0.080 0.0 0.05-%$HalfLg-$LSpacer} max=
{-0.2 0.062 0.05+$HalfLg+$LSpacer} xrefine= 1<nm> yrefine= 1<nm>
zrefine= 1<nm>

16 refinebox name= source_Ti min= {-0.088 0.0 0.061} max= {-0.2 0.062 0.1}
xrefine= 15<nm> yrefine= 10<nm> zrefine= 15<nm> materials= {
TiSilicide}

315 refinebox name= drain_Ti min= {-0.088 0.0 0.0} max= {-0.2 0.062 0.03}
xrefine= 15<nm> yrefine= 10<nm> zrefine= 15<nm> materials= {
TiSilicidel}

349

350 refinebox name=SiGOX min.normal.size=0.1<nm> normal.growth.ratio=1.4 \

551 max.lateral.size=5.0<nm> min= {-0.089 0.0 0.05-$HalfLg-$LSpacer} max=
{-0.2 0.062 0.05+$HalfLg+$LSpacer} interface.materials= {Silicon}

352
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A.2 — n-type JL-NSGAAFET sprocess file

grid remesh

struct tdr= n@node@_pGAA41 ;# remeshing

contact bottom name= bulk Silicon

contact name= gate x= -0.140 y= 0.014 z= 0.050 Tungsten
contact name= source x= -0.14 y= 0.0166 z= 0.08 Tungsten
contact name= drain x= -0.14 y= 0.0166 z= 0.01 Tungsten
struct tdr= n@node@_presimulation !Gas

A.2 n-type JL-NSGAAFET sprocess file

math coord.ucs

math numThreads=4
AdvancedCalibration 2017.09

pdbSet Mechanics StressRelaxFactor 1

pdbSet Math diffuse 3D ILS.hpc.mode 4
pdbSet Mechanics EtchDepoRelax O

mgoals resolution= 1.0/3.0 accuracy= le-6

pdbSet Grid SnMesh max.box.angle.3d 175

grid set.min.normal.size= 0.005/1.0 \
set.normal.growth.ratio.3d= 2.0 \
set.min.edge= 1le-7 set.max.points= 1000000 \
set.max.neighbor.ratio= 1e6

# _____________________________________________________

# Structure parameters, [um]

set STI 0.02 ;# STI

set Tns 0.005 ;# Thickness nanosheet

set Spacing 0.015 ;# Space between nanosheet (SiGe)
set H [expr 2*$Spacing + $Tns + $STI] ;# Fin exposure

set Hfin [expr ($H - $STI)] ;# Fin height

set Lg QLg@ ;# Gate length

set Halflg [expr $Lg*0.5] ;# Half gate length

set Tox 0.002 ;# Thickness of gate insulator
set LSpacer 0.008 ;# Length Spacer

#thickness of gate insulator
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set Tiox 0.0007 ;#Gate interlayer oxide
thickness
set Tihfo2 0.001 ;#Gate high-k

#RMG (metal stack)
set TiN1 0.0020 ;# layer TilN

# Doping parameters

set Nsub 1.0el5b ;#Substrate doping [/cm3]
set Nsd 7.0el12 ; #SD doping [/cm2]

set Nch 1.0e13 ;#S/D/channel doping [/cm2]
set Nstop 1.0e13 ;#well doping [/cm2]

line x location= -70.0<nm> spacing=10.0<nm> tag= SiTop

line x location= 20.0<nm> spacing= 10.0<nm>

line x location= 50.0<nm> spacing= 20.0<nm> tag= SiBottom

line y location= 0.0 spacing= 50.0<nm> tag= Left
line y location= 0.062<um> spacing= 50.0<nm> tag= Right

line z location= 0.0 spacing= 50.0<nm> tag= Back
line z location= 0.1<um> spacing= 50.0<nm> tag= Front

#substrate
region Silicon xlo= SiTop xhi= SiBottom ylo= Left yhi= Right zlo= Back
zhi= Front substrate

init concentration=$Nsub<cm-3> field=Boron wafer.orient= {0 0 1} flat.
orient= {1 1 0} !DelayFullD

refinebox name= nw min= {-0.12 0 0.0} max= {-0.05 0.11 0.1} xrefine= 5<
nm> yrefine= 10<nm> zrefine= 50<nm>

; grid remesh
5 #--Epi layer with known doping concentration (well)

7 deposit material= {Silicon} type=isotropic time=1 rate= {$H}

deposit material= {SiliconGermanium} type=isotropic time=1 rate= {
$Spacing}

deposit material= {Silicon} type=isotropic time=1 rate= {$Tns}

deposit material= {SiliconGermanium} type=isotropic time=1 rate= {
$Spacing}

#----Sidewall Image Transfer (SIT)
diffuse temperature= 900<C> time= 4.0<min> 02

77 deposit material= {Nitride} type= isotropic time= 1<min> rate= {0.0165}

deposit material= {AmorphousSilicon} type= isotropic time= 1<min> rate=
{0.0195}
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struct tdr= n@node@_pGAA3 ;#deposit Si02, hardmask, mandrel

> mask name= fin left= O<nm> right= 38<nm> back= -1 front= 0.17<um>

negative

etch material= {AmorphousSilicon} type= anisotropic time= 1<min> rate=
{0.04} mask= fin

deposit material= {0Oxidel} type= isotropic time= 1 rate= {0.015}

7 etch material= {0Oxidel} type= anisotropic time= 1 rate= {0.015} isotropic

.overetch= 0.1

etch material= {AmorphousSilicon} type= anisotropic time=1<min> rate=

{0.3}

) etch material= {Nitride} type=anisotropic time= 1<min> rate= {0.02}

etch material= {0Oxide} type= anisotropic time=1 rate= {0.02}

> etch material= {Silicon SiliconGermanium} type=anisotropic time=1<min>

rate= {$H}

mater add name=TEOS new.like=oxide
deposit material= {TE0S} type= isotropic time= 1<min> rate= {($H+0.0165)
}

etch material= {TEOS} type=cmp etchstop= {Nitridel} etchstop.overetch
=0.0001

etch material= {TEOS} type=isotropic time=1 rate= {(0.0165+0.002+$Hfin)}

etch material= {Nitridel} type=anisotropic time=1 rate= {0.02}

etch material= {0Oxide} type= anisotropic time=1<min> rate= {0.01}

mask name= inner back= (0.05-$HalflLg-$LSpacer)<um> front= (0.05+$HalflLg+
$LSpacer) <um>

etch material= {Silicon SiliconGermanium} type= anisotropic time=1 rate=
{$Hfin} mask= inner

mask name= fin_dummy left=20.3<nm> right=38<nm> back=-1<um> front= 0.17<
um>

deposit material= {Silicon} type= fill coord= -0.16

etch material= {Silicon} type=cmp etchstop= {SiliconGermanium} etchstop.
overetch=0.001

> etch material= {Silicon} type= anisotropic time=1 rate= {$Hfin} mask=

fin_dummy
#well implant
refinebox name= etchstop min= {-0.13 0 0.0} max= {-0.04 0.062 0.1}

xrefine= 2<nm> yrefine= 10<nm> zrefine= 50<nm>
grid remesh
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implant Boron dose= $Nstop<cm-2> energy=2<keV> tilt=0 rotation=0

SetPlxList {BTotal}
WritePlx n@node@_NMOS_etchstoplayer.plx y=0.03 z=0.0 Silicon

implant Boron dose= $Nstop<cm-2> energy=4<keV> tilt=0 rotation=0

SetPlxList {BTotal}
WritePlx n@node@_NMOS_etchstoplayerl.plx y=0.03 z=0.0 Silicon

implant Boron dose= $Nstop<cm-2> energy=6<keV> tilt=0 rotation=0

SetPlxList {BTotal}
WritePlx n@node@_NMOS_etchstoplayer2.plx y=0.03 z=0.0 Silicon

diffuse temperature=1050<C> time=20.0<s>

SetPlxList {BTotal}
WritePlx n@node@_NMOS_etchstoplayer3.plx y=0.03 z=0.0 Silicon

struct tdr= n@node@_pGAA12Db

#S/D/channel doping

; refinebox name= sd min= {-0.13 0 0.0} max= {-0.04 0.062 0.1} xrefine=

nm> yrefine= 5<nm> zrefine= 2<nm>
grid remesh

mask name= gate_neg back= (0.05-$Halflg)<um> front= (0.05+$Halflg)<um>

negative

implant Phosphorus dose= $Nch<cm-2> energy=3<keV> tilt=10<degree>
rotation=90<degree>

implant Phosphorus dose= $Nch<cm-2> energy=3<keV> tilt=10<degree>
rotation=270<degree>

SetPlxList {BTotal Phosphorus_Implant}

;3 WritePlx n@node@_NMOS_sdext.plx y=0.03 z=0.0 Silicon

diffuse temperature=1050<C> time=10<s>

SetPlxList {PTotal BTotal}
WritePlx n@node@_PMOS_sdext2X.plx y=0.03 z=0.0 Silicon

) SetPlxList {PTotal BTotall}

WritePlx n@node@_PMOS_sdext2Y.plx x=-0.12 z=0.0 Silicon

3 struct tdr= n@node@_pGAA15 ;# Phosphorus implantation

5 #Dummy gate

deposit material= {0Oxide} type= isotropic time=1 rate= {$Tiox}
struct tdr= n@node@_pGAA13b
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deposit material= {Polysilicon} type= fill coord= -0.18

struct tdr= n@node@_pGAAl3c

; mask name= gate back= (0.05-$HalflLg)<um> front= (0.05+$HalflLg)<um>

etch material= {Polysilicon} type= anisotropic time=1 rate= {0.18} mask=
gate

struct tdr= n@node@_pGAA13d

mask name= inner_neg back= (0.05-$HalfLg-$LSpacer)<um> front= (0.05+
$HalfLg+$LSpacer)<um> negative

etch material= {0Oxide} type=anisotropic time=1 rate=1.0
struct tdr= n@node@_pGAAil3e

etch material= {SiliconGermanium} type= anisotropic time=1 rate= {0.18}
mask= gate

struct tdr= n@node@_pGAA13f

deposit material= {0xidel} type= isotropic time=1<min> rate= {$Tiox}
selective.materials= {PolySilicon}

struct tdr= n@node@_pGAAl3g

etch material= {0Oxide} type=cmp etchstop= {PolySilicon} etchstop.
overetch=0.001

struct tdr= n@node@_pGAA13h

mask name= spacer_neg back= (0.05-$HalfLg-$LSpacer)<um> front= (0.05+
$HalflLg+$LSpacer)<um> negative

deposit material= {Nitride} type= anisotropic time=1<min> rate= {0.1}
mask=spacer_neg

etch material= {Nitride} type=cmp etchstop= {PolySilicon} etchstop.
overetch=0.001
struct tdr= n@node@_pGAA1l7 ;# Spacer

; # S/D fabrication

mask name= spacer_neg back= (0.05-$HalfLg-$LSpacer)<um> front= (0.05+
$HalfLg+$LSpacer)<um> negative

mater add name=SiCN new.like= Nitride
deposit material= {SiCN} type=anisotropic time=1 rate= {0.08} mask=

Spacer_neg

#-- To activate stress in Si:C pocket for nFinFET---#
pdbSetDoubleArray Silicon Carbon Conc.Strain {0 0 1 -0.432}
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pdbSetDouble Silicon Mechanics TopRelaxedNodeCoord 0.05e-4

213 # Diamond shaped Si/SiC Pocket using Lattice KMC (LKMC)

pdbSet Grid KMC Uselines 1

5 pdbSet KMC Epitaxy true

pdbSetBoolean LKMC PeriodicBC false
pdbSet LKMC Epitaxy.Model Coordinations.Planes

struct tdr= n@node@_pGAA18c ;# S/D epitaxy

set EpiDoping_init "Carbon= 1.5e21"
set EpiDoping_final "Carbon= 1.5e21"

temp_ramp name= epi temperature= 450<C> t.final= 740<C> time= 7.0<min>
Epi epi.doping= $EpiDoping_init epi.doping.final= $EpiDoping_£final
epi.model= 1 epi.thickness= 0.02

diffuse temp_ramp= epi lkmc

pdbSet KMC Epitaxy false

struct tdr= n@node@_pGAA18 ;# S/D epitaxy

# S/D Implantation

implant Phosphorus dose= $Nsd<cm-2> energy=5<keV> tilt=10 rotation=90

implant Phosphorus dose= $Nsd<cm-2> energy=5<keV> tilt=10 rotation=270

SetPlxList {BTotal Phosphorus_Implant}
WritePlx n@node@_NMOS_sdimp.plx y=0.03 z=0.0 Silicon

etch material= {SiCN} type=isotropic rate=1.0 time=1

2143 diffuse temperature=1000<C> time=1<s>

SetPlxList {PTotal BTotall}
WritePlx n@node@_NMOS_sddiff_ch.plx y=0.03 x=-0.142 Silicon

SetPlxList {PTotal BTotall}
WritePlx n@node@_NMOS_sddiff.plx y=0.03 z=0.0 Silicon

struct tdr= n@node@_pGAA19 ;# SD implantation

2535 deposit material= {TiSilicide} type= isotropic rate= 0.12*$Hfin time=

1.0 temperature= 450 selective.materials= {Silicon}
# Planarization PSG
mater add name= PSG
ambient name=Silane react add

reaction name= PSGreaction mat.l= Phosphorus mat.r= 0Oxide mat.new= PSG
new.like= Oxide ambient.name= {Silane} diffusing.species= {Silane}
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deposit material= {PSG} type= isotropic time=1 rate= {0.2}

etch

material= {PSG} type=cmp etchstop= {Nitride} etchstop.overetch=0.01

# Dummy gate etching

strip Polysilicon

strip Oxide

etch

material= {SiliconGermanium} type=isotropic time=1 rate= {0.1}

# Gate stack fabrication

deposit material= {0xidel} type= isotropic time=1 rate= {$Tiox} mask=
gate_neg

; etch

material= {0Oxide} type=cmp etchstop= {Nitride} etchstop.overetch

=0.01

struct tdr= n@node@_pGAA24 ;# SiO2

deposit material= {Hf02} type= isotropic time=1 rate= {$Tihfo2}
selective.materials= {0Oxide}

struct tdr= n@node@_pGAA25 ;# Hf02

deposit material= {TiN} type= isotropic time=1 rate= {$TiN1} selective.
materials= {Hf02}

diffuse temp=500<C> time=1.0e-6<s> stress.relax

deposit material= {Tungsten} type=fill coord= -0.2

etch

material= {Tungsten} type=cmp etchstop= {PSG} etchstop.overetch

=0.01

etch

material= {Tungsten} type=isotropic time=1 rate= {0.003}

deposit material= {Nitride} type=fill coord=-0.2

etch

mask

mask

> mask

etch

etch

material= {Nitride} type=cmp etchstop= {PSG} etchstop.overetch=0.01
name=s left=8<nm> right=54<nm> back=74<nm> front=94<nm> negative
name=d left=8<nm> right=54<nm> back=7<nm> front=25<nm> negative
name=g left=8<nm> right=54<nm> back=45<nm> front=56<nm> negative
material= {PSG} type=anisotropic time=1 rate= {0.1} mask=s

material= {PSG} type=anisotropic time=1 rate= {0.1} mask=d
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etch material= {Nitridel} type=anisotropic time=1 rate= {0.1} mask=g
deposit material= {Tungstenl} type=fill coord=-0.2

etch material= {Tungsten} type=cmp etchstop= {Nitride} etchstop.overetch
=0.01

struct tdr= n@node@_pGAA40
transform cut location= -0.05 down
# clear the process simulation mesh
refinebox clear

refinebox !keep.lines
line clear

3 # reset default settings for adaptive meshing

pdbSet Grid AdaptiveField Refine.Abs.Error 1e37

327 pdbSet Grid AdaptiveField Refine.Rel.Error 1e10

pdbSet Grid AdaptiveField Refine.Target.Length 100.0

# Set high quality Delaunay meshes

pdbSet Grid sMesh 1

pdbSet Grid Adaptive 1

pdbSet Grid SnMesh DelaunayType boxmethod
pdbSet Grid SnMesh DelaunayTolerance 5.0e-2

; pdbSet Grid SnMesh CoplanarityAngle 179

pdbSet Grid SnMesh MaxPoints 2000000

35 pdbSet Grid SnMesh max.box.angle.3d 179

refinebox name= gate min= {-0.088 0.0 0.038} max= {-0.2 0.062 0.061}
xrefine= 5<nm> yrefine= 10<nm> zrefine= 5<nm> materials= {Silicon}

refinebox name= source min= {-0.088 0.0 0.061} max= {-0.2 0.062 0.1}
xrefine= 5<nm> yrefine= 10<nm> zrefine= 5<nm> materials= {Silicon}

refinebox name= drain min= {-0.088 0.0 0.0} max= {-0.2 0.062 0.03}
xrefine= 5<nm> yrefine= 10<nm> zrefine= 5<nm> materials= {Silicon}

; refinebox name= channel min= {-0.089 0.0 0.05-$HalfLgl} max= {-0.2 0.062

0.05+$Halflg} xrefine= 2<nm> yrefine= 1<nm> zrefine= 1<nm> materials
= {Silicon}

5 refinebox name= source min= {-0.088 0.0 0.061} max= {-0.2 0.062 0.1}

xrefine= 15<nm> yrefine= 10<nm> zrefine= 15<nm> materials= {
TiSilicide}

refinebox name= drain min= {-0.088 0.0 0.0} max= {-0.2 0.062 0.03}
xrefine= 15<nm> yrefine= 10<nm> zrefine= 15<nm> materials= {

TiSilicidel}

refinebox name=SiGOX min.normal.size=0.1<nm> normal.growth.ratio=1.4 \
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max.lateral.size=5.0<nm> min= {-0.089 0.0 0.05-$HalfLg-$LSpacer} max=
{-0.2 0.062 0.05+$HalfLg+$LSpacer} interface.materials= {Silicon}

grid remesh

struct tdr= n@node@_pGAA41 ;# remeshing

contact bottom name= bulk Silicon

contact name=

contact name=

contact name=

gate x= -0.170 y= 0.014 z= 0.050 Tungsten
source x= -0.17 y= 0.0166 z= 0.08 Tungsten

drain x= -0.17 y= 0.0166 z= 0.01 Tungsten

struct tdr= n@node@_presimulation !Gas

exit

A.3 n-type JL-NSGAAFET and JL-inFET sdevice

file

File {

*Input Files
Grid =
Parameter =

*0utput Files
Plot =
Current =
Output =

Electrode

name="gate"
name="bulk"

YA X XA

Physics

5 {

"n@previous@_presimulation_fps.tdr"
"sdevice.par"

"n@node@_tdrdat"
"n@node@_nJL -NSGAAFET_I"
"n@node@_log"

defines which contacts have to be treated as electrodes; initial bias
& boundary conditions

name="source" Voltage=0.0 }

name="drain" Voltage=0.0 }

Voltage=0.0 }
Voltage=0.0 }

Mobility ( DopingDep Enormal (RPS) HighFieldSaturation )
EffectiveIntrinsicDensity ( BandGapNarrowing( 0ldSlotBoom ) NoFermi )
Recombination ( SRH(DopingDep) Auger Band2Band ( Model = Hurkx ) )

107



Synopsys Sentaurus TCAD Codes

Physics (Material="Silicon")
{
Aniso(eQuantumPotential (Direction(SimulationSystem)=(0,0,1)))

3

Plot{
*--Density and Currents, etc
eDensity hDensity
ConductionCurrentDensity
TotalCurrent/Vector eCurrent/Vector hCurrent/Vector
eMobility/Element hMobility/Element
eVelocity hVelocity
eQuasiFermi hQuasiFermi
ElectrostaticPotential

*--Fields and charges
ElectricField/Vector Potential SpaceCharge

*--Doping Profiles
Doping DonorConcentration AcceptorConcentration

*--Generation/Recombination
SRH Band2Band Auger
AvalancheGeneration eAvalancheGeneration hAvalancheGeneration

*--Driving forces
eGradQuasiFermi/Vector hGradQuasiFermi/Vector
eEparallel hEparallel eENormal hENormal

*--Band structure/Composition
BandGap
MetalWorkFunction
BandGapNarrowing EffectiveBandGap
Affinity ElectronAffinity
ConductionBandEnergy ValenceBandEnergy
eQuantumPotential hQuantumPotential

Math

{

coordinateSystem { UCS }
-CheckUndefinedModels

GeometricDistances

* use previous two solutions (if any) to extrapolate next
Extrapolate

* use full derivatives in Newton method
Derivatives

* control on relative and absolute errors
-RelErrControl

* relative error= 10~ (-Digits)

Digits=5

* absolute error

Error (electron)=1e8
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Error (hole)=1e8

* numerical parameter for space-charge regions
eDrForceRefDens=1e10

hDrForceRefDens=1e10

* maximum number of iteration at each step
Iterations=100

* solver of the linear system

Method=1ILS

* display simulation time in ’human’ units
Wallclock

; * display max.error information

CNormPrint

* to avoid convergence problem when simulating defect-assisted tunneling
NoSRHperPotential

StressMobilityDependence=TensorFactor

CheckRhsAfterUpdate

RHSmin=1e-12

Number_of_Threads = 4

3

Solve {
*- Build-up of initial solution:
Coupled { Poisson }
Coupled (Iterations=100 LineSearchDamping=1e-4) { Poisson
eQuantumPotential %}
Coupled { Poisson Electron eQuantumPotential }
Coupled { Poisson Electron Hole eQuantumPotential }
Save ( FilePrefix= "n@node@_init" )

NewCurrentPrefix = "n@node@_IdVdil"

#-- Ramp drain to VdSat
Quasistationary (

InitialStep= 0.001 MinStep= 1le-7 MaxStep= 0.025

Goal { Name= "drain" Voltage= 0.75 } )

{ Coupled { Poisson Electron Hole eQuantumPotential }
*I-V calculated at regular intervals

CurrentPlot (Time=(Range=(0 1) Intervals=100))
}

NewCurrentPrefix = "n@node@_IdVgl"
#-- Vg sweep for Vd=VdSat
Quasistationary (

InitialStep= 0.001 MinStep= 1le-7 MaxStep= 0.025

Goal { Name= "gate" Voltage= 0.75 } )

{ Coupled { Poisson Electron Hole eQuantumPotential }
*I-V calculated at regular intervals

CurrentPlot (Time=(Range=(0 1) Intervals=100))
}
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