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Changes in Silicon Processing
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Multi-patterning
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High-k dielectrics with metal gates came into 
use, preventing gate oxide thicknesses from 
getting too thin.

A 300mm wafer is more expensive than a 
200mm wafer, but cost is spread over many 
more chips for lower net die cost.

Multi-patterning using 193nm immersion 
technology became necessary because 
EUV lithography (13.5nm) was not ready 
for production 

Quadruple patterning significantly increased 
manufacturing cost, but it was the only way 
to print smaller features.

EUV started at 7nm and was required at 5nm

Source: adapted from Bryon Moyer, Semi Engineering, and Marvell
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Rethinking wiring could improve chip efficiency 

Traditional chip architecture

Source: financial times

Backside power Architecture
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Companhias

https://www.icinsights.com/data/articles/documents/1376.pdf

https://semiwiki.com/semiconductor-services/335616-nvidia-
number-one-in-2023/
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https://en.wikichip.org/wiki/technology_node
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Permite a pequenos clientes prototipar circuitos integrados

Possuem programas especiais para universidades que 
permitem fabricar CIs gratuitamente

Principais atores
- MOSIS (EUA)
- EUROPRACTICE (IMEC –Bélgica)

- CMP (França)

PMU – Projeto Multi Usuário

2020
A-SOC (PUCRS), com dimensão de 1660 um x 1660 um (2,76 mm2)
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• O wafer varia de 100mm a 450mm de diâmetro
• Espessura do wafer: 0,25mm a 1 mm
• Wafer é cortado de um lingote de silício de cristal simples
• Impurezas são adicionadas para as propriedades elétricas 

requeridas

Características de um wafer

https://anysilicon.com/does-size-matter-understanding-wafer-size/
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Fabricated 
Chip (“die”) Process 

testing chips

Wafer com vários circuitos integrados idênticos
(antes de serem testados e encapsulados)

Características de um wafer
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Cerebras – https://www.cerebras.net

• TSMC 16nm, 84 dies  

• The WSE (Wafer Scale Engine ) is
215 mm by 215 mm

https://fuse.wikichip.org/news/3010/a-look-at-cerebras-wafer-scale-engine-half-square-foot-silicon-chip

Consumo de potência máxima: 20 kW

https://fuse.wikichip.org/news/3010/a-look-at-cerebras-wafer-scale-engine-half-square-foot-silicon-chip
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FABRICAÇÃO DOS 
WAFERS



The Czochralski Process

Pure silicon + high 
temperature melting 
dopant

up
spin

motor
Seed of single-crystalline 
silicon

Single-crystalline 
silicon ingot

Inductive heating

Source: Gilson Wirth, EMicro2004

Obtaining the Single-Crystalline Silicon Ingot 

Processo de Fabricação 



Obtenção de Silício Monocristalino
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Processo de Fabricação 



Silicon Ingot

A single crystal of silicon, a 
silicon ingot, grown by the 
Czochralski technique. The 
diameter of the ingot is 6 inches 
– 15 cm (courtesy of Texas 
Instruments).

ATUAL!
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Processo de Fabricação 



Polimento dos lingotes de silício monocristalino

Após o crescimento do lingote de silício
monocristalino, este passa por um processo de
polimento, antes do corte em fatias

15

Processo de Fabricação 
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1. Reference cut (to provide mask alignment)

2. Slicing the silicon ingot

Source: R. Reis 1999

Obtaining the Silicon Wafer

Processo de Fabricação 



Polimento dos wafers de silício monocristalino

Cada wafer passa individualmente por um processo de polimento, tanto 
das bordas como de suas superfícies.
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Processo de Fabricação 



Planarization:  Polishing the Wafers
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From Smithsonian, 2000

Processo de Fabricação 



Polimento e limpeza dos wafers de silício monocristalino
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Processo de Fabricação 



FABRICAÇÃO 
DOS CIRCUITOS 

INTEGRADO

20

Obrigados os professores José Luís Güntzel (UFSC) e 
Gilson Inacio Wirth (UFRGS) por compartilharem 

suas apresentações neste tema



CMOS Process

p-substrate

n+ n+

Polysilicon Metal (Al or Cu)

Silicon Oxide (SiO2)

Metal (Al or Cu)

P-type silicon (substrate),
~ 1mm thick

N-type implant (or 
N-type “diffusion”)

NMOS Transistor

21



CMOS Fabrication

CMOS transistors are fabricated on silicon wafer

Lithography process similar to printing press

On each step, different materials are deposited or etched

Easiest to understand by viewing both top and cross-
section of wafer in a simplified manufacturing process

22



Princípio de base: litografia

23

FONTE:
http://www.nobelprize.org/educational/physics/integrated_circuit/history/
http://spie.org/samples/PM190.pdf

Light-field photomask

http://www.nobelprize.org/educational/physics/integrated_circuit/history/


Processo de Fabricação de CIs

Photoresist Coating

A light sensitive polymer is evenly 
applied by spinning the wafer 
(thickness ~1μm)

Positive photoresist: a parte 
exposta à luz se torna solúvel  

24



Processo de Fabricação de CIs

Si substrate

SiO2

Photoresist (negative type)

UV light

Si substrate

SiO2

Development:

Modified from: Gilson Wirth. EMicro2004

Stepper Exposure & Photoresist Development

(glass) mask

• Photoresist não 
exposto é removido 
com solvente orgânico

• Wafer is “soft-baked” 
to harden remaining 
photoresist

25



NMOS transistor PMOS transistor

Layout vs. AA’ Cross on Fabricated Structure

N wellField oxide

Transistor gate
(poly)

P substrate

N implant

Transistor gate
(poly)

Field oxide Field oxide

Gate (thin) oxide

Gate (thin) oxideP implant

Metal 1 Metal 2

A A’

Isolation 
oxide

N.B.:
oxide = SiO2

26



NMOS transistor PMOS transistor

Layout vs. AA’ Cross on Fabricated Structure

A A’

27

q Designers define only the top view geometries
q The vertical geometries (thickness of the various materials) 

are consequence of the fabrication process



Process Features: Gate Length

28

NMOS transistor PMOS transistor

Lp

Ln, Lp: NMOS, PMOS transistor channel length
Lmin: minimum channel length allowed by a given fabrication 

process. Examples: 350nm, 180nm, 130nm, 90nm, 65nm, 
45nm, 32nm, 22nm …

Ln



Process Features: Gate Width
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NMOS transistor PMOS transistor

WpWn

Wn, Wp: NMOS, PMOS channel width

Wmin: minimum channel width allowed by a given fabrication process 
(generally, is the same value for both NMOS and PMOS)



Detailed Mask Views

q Six masks
§ n-well
§ Polysilicon
§ n+ diffusion
§ p+ diffusion
§ Contact
§ Metal
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Processo de Fabricação CMOS
Section 2.2 Manufacturing CMOS Integrated Circuits 49

p’s). Multiple insulated layers of metallic (most often Aluminum) wires are deposited on
top of these devices to provide for the necessary interconnections between the transistors.

A more detailed breakdown of the flow into individual process steps and their
impact on the semiconductor material is shown graphically in Figure 2.7. While most of
the operations should be self-explanatory in light of the previous descriptions, some com-
ments on individual operations are worthwhile. The process starts with a p-substrate sur-
faced with a lightly doped p-epitaxial layer (a). A thin layer of SiO2 is deposited, which
will serve as the gate oxide for the transistors, followed by a deposition of a thicker sacri-
ficial silicon nitride layer (b). A plasma etching step using the complementary of the
active area mask creates the trenches, used for insulating the devices (c). After providing
the channel stop implant, the trenches are filled with SiO2 followed by a number of steps
to provide a flat surface (including inverse active pattern oxide etching, and chemical-
mechanical planarization). At that point, the sacrificial nitride is removed (d). The n-well
mask is used to expose only the n-well areas (the rest of the wafer is covered by a thick
buffer material), after which an implant-annealing sequence is applied to adjust the well-
doping. This is followed by a second implant step to adjust the threshold voltages of the
PMOS transistors. This implant only impacts the doping in the area just below the gate
oxide (e). Similar operations (using other dopants) are performed to create the p-wells,
and to adjust the thresholds of the NMOS transistors (f). A thin layer of polysilicon is
chemically deposited, and patterned with the aid of the polysilicon mask. Polysilicon is
used both as gate electrode material for the transistors as well as an interconnect medium
(g). Consecutive ion implantations are used to dope the source and drain regions of the
PMOS (p+) and NMOS (n+) transistors, respectively (h), after which the thin gate oxide
not covered by the polysilicon is etched away1. The same implants are also used to dope

1 Most modern processes also include extra implants for the creation of the lightly-doped drain regions
(LDD), and the creation of gate spacers at this point. We have omitted these for the sake of simplicity.

Implant well regions

Deposit and pattern
polysilicon layer

Implant source and drain
regions and substrate contacts

Create contact and via windows
Deposit and pattern metal layers

Figure 2.6 Simplified process sequence for the manufacturing of a n-
dual-well CMOS circuit.

Define active areas
Etch and fill trenches
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Processo de Fabricação CMOS

N Well Creation  (1/12)

P substrate

Silicon oxide (SiO2)

Thickness of substrate is 
between 0.5 and 1.0 cm

A thin layer (“film”) of 
oxide (SiO2), typically 
with 10nm, is deposited 
through dry oxidation 
(which is slow, but 
allows for a good 
thickness control)
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Processo de Fabricação CMOS

N Well Creation (2/12)

P substrate

Silicon oxide (SiO2)
Silicon nitride (Si3N4)

A thicker layer (“film”) of 
“sacrificial” silicon nitride 
(Si3N4) is deposited 
through Plasma CVD 
(Chemical Vapor 
Deposition)

Section 2.2 Manufacturing CMOS Integrated Circuits 47

2.2.3 Some Recurring Process Steps

Diffusion and Ion Implantation

Many steps of the integrated circuit manufacturing process require a chance in the
dopant concentration of some parts of the material. The creation of the source and drain
regions, well and substrate contacts, the doping of the polysilicon, and the adjustments of
the device threshold are examples of such. There exist two approaches for introducing
these dopants—diffusion and ion implantation. In both techniques, the area to be doped is
exposed, while the rest of the wafer is coated with a layer of buffer material, typically
SiO2.

In diffusion implantation, the wafers are placed in a quartz tube embedded in a
heated furnace. A gas containing the dopant is introduced in the tube. The high tempera-
tures of the furnace, typically 900 to 1100 °C, cause the dopants to diffuse into the
exposed surface both vertically and horizontally. The final dopant concentration is the
greatest at the surface and decreases in a gaussian profile deeper in the material.

In ion implantation, dopants are introduced as ions into the material. The ion
implantation system directs and sweeps a beam of purified ions over the semiconductor
surface. The acceleration of the ions determines how deep they will penetrate the material,
while the beam current and the exposure time determine the dosage. The ion implantation
method allows for an independent control of depth and dosage. This is the reason that ion
implantation has largely displaced diffusion in modern semiconductor manufacturing. 

Ion implantation has some unfortunate side effects however, the most important one
being lattice damage. Nuclear collisions during the high energy implantation cause the
displacement of substrate atoms, leading to material defects. This problem is largely
resolved by applying a subsequent annealing step, in which the wafer is heated to around
1000°C for 15 to 30 minutes, and then allowed to cool slowly. The heating step thermally
vibrates the atoms, which allows the bonds to reform.

Deposition

Any CMOS process requires the repetitive deposition of layers of a material over
the complete wafer, to either act as buffers for a processing step, or as insulating or con-
ducting layers. We have already discussed the oxidation process, which allows a layer of
SiO2 to be grown. Other materials require different techniques. For instance, silicon
nitride (Si3N4) is used as a sacrificial buffer material during the formation of the field
oxide and the introduction of the stopper implants. This silicon nitride is deposited every-
where using a process called chemical vapor deposition or CVD, which uses a gas-phase
reaction with energy supplied by heat at around 850°C.

Polysilicon, on the other hand, is deposited using a chemical deposition process,
which flows silane gas over the heated wafer coated with SiO2 at a temperature of approx-
imately 650°C. The resulting reaction produces a non-crystalline or amorphous material
called polysilicon. To increase to conductivity of the material, the deposition has to be fol-
lowed by an implantation step.

The Aluminum interconnect layers are typically deployed using a process known as
sputtering. The aluminum is evaporated in a vacuum, with the heat for the evaporation

chapter2.fm  Page 47  Friday, January 18, 2002  8:59 AM

Cap. 2 – Rabaey
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Processo de Fabricação CMOS

N Well Creation (3/12)

P substrate

Silicon oxide (SiO2)
Silicon nitride (Si3N4)

Photolithography using N 
well mask:
1.Spin deposition of 
photoresist (~1μm)
2.Wafer is put in oven to dry 
photoresist
3.Wafer surface is exposed 
to UV light through N well 
optical mask

Optical mask with 
N well pattern
(Negative) photoresist

UV light

“N well layer” (pattern)

A A’
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Processo de Fabricação CMOS

N Well Creation (4/12)

P substrate

Silicon oxide (SiO2)
Silicon nitride (Si3N4)

Photolithography using N 
well mask:
4.Unexposed photoresist is 
removed by using organic 
solvent
5.Wafer is “soft baked” at 
low temperature to hard 
remaining photoresist

Remaining photoresist
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Processo de Fabricação CMOS

N Well Creation (5/12)

P substrate

Silicon oxide (SiO2)
Silicon nitride (Si3N4)

Nitride is selectively 
removed by plasma 
etching (photoresist 
serves as coat)

Remaining photoresist
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Processo de Fabricação CMOS

N Well Creation (6/12)

P substrate

Silicon oxide (SiO2)
Silicon nitride (Si3N4)
Remaining photoresist

Nitride is selectively 
removed by plasma 
etching (photoresist 
serves as coat)



38

Processo de Fabricação CMOS

N Well Creation (7/12)

P substrate

Silicon oxide (SiO2)
Silicon nitride (Si3N4)

Remaining photoresist is 
removed with a mixture 
of acids



39

Processo de Fabricação CMOS

N Well Creation (8/12)

P substrate

Silicon oxide (SiO2)
Silicon nitride (Si3N4)

N well is formed by ion 
implantation:
• Nitride is used as 

protecting coat
• Ions traverse oxide 

film
Ion implantation (N-type dopant)
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Processo de Fabricação CMOS

N Well Creation (9/12)

P substrate

Silicon oxide (SiO2)
Silicon nitride (Si3N4)

N well

Ion implantation (N-type dopant)

N well is formed by ion 
implantation:
• Nitride is used as 

protecting coat
• Ions traverse oxide 

film
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Processo de Fabricação CMOS

N Well Creation (10/12)

P substrate

Silicon oxide (SiO2)
Silicon nitride (Si3N4)

N well

Nitride is selectively 
removed by plasma 
etching
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Processo de Fabricação CMOS

N Well Creation (11/12)

P substrate

Silicon oxide (SiO2)

N well

Oxide is removed by 
using Hydrofluoric acid 
(HF)
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Processo de Fabricação CMOS

N Well Creation (12/12)

P substrate

N well

The wafer is cleaned 
(SRD - spin, rinse and 
dry with nitrogen)

Resumo
1. Deposita óxido
2. Deposita nitrito
3. Deposita photoresist
4. Exposição UV
5. Remove photoresist
6. Remove nitrito (parcial)
7. Implantação iônica
8. Remove nitrito (total)
9. Remove óxido
10. “Limpa” o wafer
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Processo de Fabricação CMOS

Field Oxide Growth (1/5)

P substrate

N well

There are two types of 
regions ion wafer 
surface:
• Active area (where 

transistors are)
• Field area (must 

isolate transistors)
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Processo de Fabricação CMOS
Field Oxide Growth (2/5)

P substrate

N well

Silicon oxide (SiO2)
Silicon nitride (Si3N4)

After oxide and nitride 
deposition (similar to N 
well creation step), 
photolithography is 
performed with an 
optical mask containing 
the negative of active 
area pattern. 

optical mask with 
negative pattern of 
active area

UV light

“Active area” layer (pattern)

A A’
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Processo de Fabricação CMOS

Field Oxide Growth (3/5)

P substrate

N well

Silicon oxide (SiO2)
Silicon nitride (Si3N4)
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Processo de Fabricação CMOS

Field Oxide Growth (4/5)

P substrate

N well

Wet oxidation is used 
to grow a thick layer of 
oxide (with a few 
hundreds of 
nanometers), that will 
serve as isolation 
between transistors“Field oxide”
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Processo de Fabricação CMOS

Field Oxide Growth (5/5)

P substrate

N well

Nitride is selectively 
removed by plasma 
etching
Oxide is removed by 
using Hydrofluoric acid 
(HF)
The wafer is cleaned 
(SRD - spin, rinse and 
dry with nitrogen)
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Processo de Fabricação CMOS

Gate Oxide Formation

P substrate

N well

Wafer surface is 
submitted to dry 
oxidation to grow a thin 
film of oxide (~100 
Angstrom), referred to 
as “gate oxide” 

“Gate oxide”
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Processo de Fabricação CMOS

Polysilicon Deposition (1/7)

P substrate

N well

Poly is deposited by 
CVD process using 
silane gas



Processo de Fabricação CMOS

Polysilicon Shaping (2/7)

P substrate

N well

Transistor gates pattern 
are “printed” on wafer 
surface by using 
photolithography.

optical mask with 
negative pattern of poly

UV light

“Poly” layer (pattern)

A A’



Processo de Fabricação CMOS

Polysilicon Shaping (3/7)

P substrate

N well

UV light

“Poly” layer (pattern)

Transistor gates pattern 
are “printed” on wafer 
surface by using 
photolithography.

A A’
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Processo de Fabricação CMOS

Polysilicon Shaping (4/7)

P substrate

N well

Poly is selectively 
removed by etching. The 
photoresist serves as 
coating.
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Processo de Fabricação CMOS

Polysilicon Shaping (5/7)

P substrate

N well

Poly is selectively 
removed by etching. The 
photoresist serves as 
coating.
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Processo de Fabricação CMOS

Polysilicon Shaping (6/7)

P substrate

N well

Thin oxide is selectively 
removed by etching. The 
photoresist serves as 
coating.
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Processo de Fabricação CMOS

Polysilicon Shaping (7/7)

P substrate

N well

Thin oxide is selectively 
removed by etching. The 
photoresist serves as 
coating.

Observar: já temos o 
polisilício dos gates, 
mas ainda não temos 
D/S
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Processo de Fabricação CMOS

PMOS Transistor Drain and Source Creation
1/12

P substrate

N well

P implant pattern is 
“printed” on wafer 
surface by using 
photolithography. 

Optical mask with 
P implant pattern

UV light

“P implant” layer (pattern)

A A’
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Processo de Fabricação CMOS

PMOS Transistor Drain and Source Creation
2/12

P substrate

N well

P implant pattern is 
“printed” on wafer 
surface by using 
photolithography. 

Optical mask with 
P implant pattern

UV light

“P implant” layer (pattern)

A A’
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Processo de Fabricação CMOS

PMOS Transistor Drain and Source Creation
3/12

P substrate

N well

P-type dopants are 
implanted through ion 
implantation.
Photoresist serves as 
coating (implants are 
shallow).Ion implantation (P-type dopant)
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Processo de Fabricação CMOS

PMOS Transistor Drain and Source Creation
4/12

P substrate

N well

P-type dopants are 
implanted through ion 
implantation.
Photoresist serves as 
coating (implants are 
shallow).Ion implantation (P-type dopant)
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Processo de Fabricação CMOS

PMOS Transistor Drain and Source Creation
5/12

P substrate

N well

Remaining photoresist is 
removed with a mixture 
of acids.
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Processo de Fabricação CMOS

PMOS Transistor Drain and Source Creation
6/12

P substrate

N well

Remaining photoresist is 
removed with a mixture 
of acids.
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Processo de Fabricação CMOS

NMOS Transistor Drain and Source Creation
7/12

P substrate

N well

N implant pattern is 
“printed” on wafer 
surface by using 
photolithography. 

“N implant” layer (pattern)

Optical mask with 
N implant pattern

UV light
A A’
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Processo de Fabricação CMOS

NMOS Transistor Drain and Source Creation
8/12

P substrate

N well

N implant pattern is 
“printed” on wafer 
surface by using 
photolithography. 

“N implant” layer (pattern)

Optical mask with 
N implant pattern

UV light
A A’
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Processo de Fabricação CMOS

NMOS Transistor Drain and Source Creation
9/12

P substrate

N well

N-type dopants are 
implanted through ion 
implantation.
Photoresist serves as 
coating (implants are 
shallow).Ion implantation (N-type dopant)
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Processo de Fabricação CMOS

NMOS Transistor Drain and Source Creation
10/12

P substrate

N well

N-type dopants are 
implanted through ion 
implantation.
Photoresist serves as 
coating (implants are 
shallow).Ion implantation (N-type dopant)



67

Processo de Fabricação CMOS

NMOS Transistor Drain and Source Creation
11/12

P substrate

N well

Remaining photoresist is 
removed with a mixture 
of acids.
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Processo de Fabricação CMOS

NMOS Transistor Drain and Source Creation
12/12

P substrate

N well

Remaining photoresist is 
removed with a mixture 
of acids.
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Processo de Fabricação CMOS

Isolation Oxide Deposition

P substrate

N well

A thick film of oxide is 
deposited through CVD.
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Processo de Fabricação CMOS

Contact Wholes Opening (1/6)

P substrate

N well

Contact holes are 
“printed” on wafer 
surface by using 
photolithography. 

“Contact” layer (pattern)

Optical mask with 
contacts pattern

UV light
A A’
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Processo de Fabricação CMOS

Contact Wholes Opening (2/6)

P substrate

N well

Contact holes are 
“printed” on wafer 
surface by using 
photolithography. 

“Contact” layer (pattern)

Optical mask with 
contacts pattern

UV light
A A’
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Processo de Fabricação CMOS

Contact Wholes Opening (3/6)

P substrate

N well

Contact holes are dug 
on isolation oxide 
through etching.
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Processo de Fabricação CMOS

Contact Wholes Opening (4/6)

P substrate

N well

Contact holes are dug 
on isolation oxide 
through etching.
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Processo de Fabricação CMOS

Contact Wholes Opening (5/6)

P substrate

N well

Remaining photoresist is 
removed.
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Processo de Fabricação CMOS

Contact Wholes Opening (6/6)

P substrate

N well
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Processo de Fabricação CMOS

Metal 1 Deposition (1/6)

P substrate

N well

Metal 1 is deposited 
through sputtering.



77

Processo de Fabricação CMOS

Metal 1 Deposition (2/6)

P substrate

N well

Undesired metal 1 is 
removed, leaving only 
desired connections.

“Metal 1” layer (pattern)

Optical mask with 
metal 1 pattern

UV lightA A’
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Processo de Fabricação CMOS

Metal 1 Deposition (3/6)

P substrate

N well

Undesired metal 1 is 
removed, leaving only 
desired connections.

“Metal 1” layer (pattern)

Optical mask with 
metal 1 pattern

A A’UV light
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Processo de Fabricação CMOS

Metal 1 Deposition (4/6)

P substrate

N well

Undesired metal 1 is 
removed through 
etching.
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Processo de Fabricação CMOS

Metal 1 Deposition (5/6)

P substrate

N well

Undesired metal 1 is 
removed through 
etching.
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Processo de Fabricação CMOS

Metal 1 Deposition (6/6)

P substrate

N well

Photoresist is removed.
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Processo de Fabricação CMOS

P substrate

N well

Isolation Oxide Deposition

Another thick film of 
oxide is deposited 
through CVD to isolate 
metal 1 from metal 2.
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Processo de Fabricação CMOS

P substrate

N well

Similarly to metal 1 
deposition.

Metal 2 Deposition
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Processo de Fabricação CMOS

NMOS transistor PMOS transistor
Layout vs. AA’ Cross on Fabricated Structure

N well

P substrate

A A’



A Modern CMOS Process
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Processo de Fabricação CMOS

Final Result



Corte dos wafers

Die
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Processo de Fabricação CMOS



Teste Final
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Encapsulamento
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3D Design
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RF/AnalogProc

Mem

DRAM

Proc

NVM

Active interposer (mature technology): 
Services & communication infrastructure ; IO, IF and ESD ; 
Test ; Power … management

Standard DRAM
Parallel & low speed IF

Stackable Processor

Standard Non Volatile Memory

Heterogenous with RF



3D NAND architecture
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3D NAND is quantified by the number of layers stacked in a device. As more layers are added, the bit 
density increases. Today, 3D NAND suppliers are shipping 64-layer devices, although they are now 
ramping up the next technology generation, which has 96 layers. And behind the scenes vendors are racing 
to develop and ship the next iteration, 128-layer products, by mid-2019, analysts said.
https://semiengineering.com/3d-nand-flash-wars-begin/



94

Novos processos
de fabricação



Até +- 32 nm
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http://maltiel-consulting.com/Intel_22nm_3D_Tri-Gate_FinFETs_Transistors_maltiel_semiconductor_consulting.html

http://www.chipex.co.il/_Uploads/dbsAttachedFiles/ChipExAMAT.pdf



FinFET - Intel 3D Tri-Gate Transistor
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bulk



FinFET

97https://www.youtube.com/watch?v=Jctk0DI7YP8

Dopante N ou P
Isolante



FinFET Layout
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FinFET Layout
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FinFET
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SOI – Silicon on Insulator
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Fully Depleted Silicon On Insulator, or 
FD-SOI:
• planar process technology 
• an ultra-thin layer of insulator, called the buried 

oxide, is positioned on top of the base silicon.
• a very thin silicon film implements the transistor 

channel. 
• Thanks to its thinness, there is no need to dope the 

channel, thus making the transistor Fully Depleted.
• Device: “ultra-thin body and buried oxide Fully 

Depleted SOI” or UTBB-FD-SOI

https://www.youtube.com/watch?v=uvV7jcpQ7UY



SOI – Silicon on Insulator
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• The buried oxide layer lowers the parasitic capacitance between the source and the drain. 
• It also efficiently confines the electrons flowing from the source to the drain, reducing 

performance-degrading leakage currents.

http://globalfoundries.com/docs/default-source/PDF/FD-SOI-Offers-Alternative-to-FinFET.pdf
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http://www.soiconsortium.org/fully-depleted-soi/presentations/SOI-Consortium-FD-SOI-and-RF-SOI-Forum-Tokyo-
2016/analogRF_ACathelin_19012016_SOIConsortiumWS_Tokyo_Jan2016_final_very.pdf



Mais uma opção - SOI FinFET
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The SOI Industry Consortium (including IBM, Imec, Soitec, and Freescale) has been
experimenting with combining FinFETs with SOI, here showing the buried-oxide (BOX, right) 
which is thinned for FD-SOI. 

(Source: SOI Industry Consortium)



Para vai a tecnologia?
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Gate-All-Around Transistors: the transistor channel is made up of an array of vertical 
nanowires.



GAA Transistors

106https://blog.lamresearch.com/finfets-give-way-to-gate-all-around/
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7905480

Multi Bridge Channel FET

3nm Samsumg

Fig. 3. GAA geometry structures. (A). horizontally sizing; (B). laterally
sizing; (C).vertically sizing. Pink lines indicate the position of contacts.

makes it possible for designers to focus on high-level aspects.
A standard cell library is a set of high-quality timing and
power models that accurately and efficiently capture the behav-
ior of standard cells. In this paper, the main goal is to perform
power density analysis for GAA transistor based circuits. Thus,
the characterization of standard cell library is needed.

Liberty library modeling format (.lib) is the semiconductor
industrys most widely adopted library standard, which is
supported by over 100 semi-conductor vendors and imple-
mented in over 75 production electronic design automation
(EDA) tools. The .lib file is an ASCII representation of the
timing and power parameters associated with any cell in a
particular semiconductor technology. The timing and power
parameters are obtained by simulating the cells under a variety
of conditions and the data is represented in the .lib format.
Therefore, we build our 10nm GAA transistor standard cell
library in the .lib format. The building procedures includes
two major steps: 1). standard cell sizing and 2). timing/power
parameter characterization [17].

A. Standard Cell Sizing
As we move to FinFET and GAA, one of the challenges

is the discrete size of the fin and nanowire. Transistor width
(Wsi), which is one of the main variables for tweaking
transistor sizes, is no longer a continuum. The driving strength
of GAA transistor depends on geometrical parameters of
nanowires. A wide (large Wsi) and thin channel (small Hsi)
achieves highest ION because it has the lowest parasitic
source/drain resistance [18]. However, both parameters are
determined by the fabrication technology. Thus, the GAA
standard cell sizing involves selecting the appropriate number
of nanowires for pull-up and pull-down networks of each logic
cell. Here, in this paper, we adopt a general sizing method that
targets at balancing the rise and fall delays of a standard cell.

B. Timing/Power Parameter Characterization
After the properly size of each standard cell is determined,

the timing and power parameters need to be extracted and
included in the library. Here, this information is also stored
in LUTs in the input/output pin-level. Based on the Verilog-A
model of 10nm GAA devices, timing and power parameters
of each standard cell of interest are calculated by Hspice
simulations for different input/output parasitic values. The
timing parameters of a logic cell include propagation delay
(tPHL and tPLH ), which are the transition times from input
pin makes transition to output pin makes transition. For
sequential cells, such as D flip-flops and latches, the timing
check parameters such as setup time, hold time, the recovery
time and removal time of asynchronous control signals should
also be included in the timing parameters. Input transition
times and load capacitance values of at the output pin are
indices of the 2D LUTs. The power parameters in the Liberty
library include the leakage power and internal power of each
logic cell. The overall power consumption is evaluated by
summing up the leakage power, internal power, and switching
power (power consumed when charging and discharging the
capacitive load). The internal power accounts for the short-
circuit power consumption and dynamic power of the diffusion
capacitors at the output pin of the logic cell. Also 2D LUTs
are used to store internal power values of the output pin related
to each input pin.

IV. STANDARD CELL LAYOUT CHARACTERIZATION

Standard cell sizing and timing/power parameters extraction
are done to perform circuit synthesis and estimations of
total power. The layout area of each standard cell is needed
to calculate the area budget and power density. For GAA
transistors, the unique geometry of nanowire channels provides
more options for layout design. Here, we present the layout
of each standard cell with horizontally, laterally and vertically
stacked nanowire channels. The lambda-based layout design
rules are adopted based on the previous standard cell sizing
results.

A. Horizontal GAA
As discussed previously, horizontally sizing GAA up needs

to discretely increase the number of nanowires in the x-y
plane, which is identical to size up FinFET. Fig. 4 shows
the horizontal GAA layout. PNW is denoted as the nanowire
pitch, which is the minimum center-to-center distance of two
adjacent parallel nanowires. PNW is a critical process related
parameter that is defined by technology nodes. LG is the
gate length. WG2C is the Minimum space of gate to contact.
Considering the fabrication process of GAA transistors, geo-
metrical parameters of a nanowire is defined by lithographic
process and may followed by oxidation thinning or etching
[6], [19]. Undercap or sidewall spacer techniques can also be
applied [20]. In this paper, we perform a pessimistic layout
characterization by considering the feature size relaxation
incurred by introducing the undercap/spacer. Please note that,
the thickness of dielectric tox and the height of nanowire
Hsi are not shown here. In the fabrication process, dielectrics
and the gate electrodes can be deposited by atomic layer
deposition (ALD) technique, which ensures the channel can
be uniformally wrapped around [21].

255Authorized licensed use limited to: Pontificia Universidade Catolica do Rio Grande do Sul (PUC/RS). Downloaded on September 15,2022 at 13:14:07 UTC from IEEE Xplore.  Restrictions apply. 

Fig. 4. Layout of the horizontal GAA transistor

B. Lateral GAA
Lateral GAA is similar to horizontal GAA because the

direction of current flow in the nanowire channel is still
parallel to the substrate. Instead of increasing the number of
nanowires in the x-y plane, nanowires are stacked along the
z-axis shown in Fig. 3. From the top-down view, the gate
electrodes and nanowire channels are overlapped, which makes
it hard to interpret. Please refer the 3D structure shown in
Fig. 3(B) for clearance. As a result, sizing up the lateral GAA
transistor would not increase the area of cells, which allows a
more compact layout design.

Fig. 5. Layout of the lateral GAA transistor

C. Vertical GAA
For advanced channel structure beyond 10nm technology

node, the cell width of both the horizontal and lateral GAA
transistors is still constrained by the gate length, the spacer
distance and source/drain contact size [22]. The vertical GAA
is proposed to provide the relaxation on the gate length for
further scaling down by making nanowires vertically stand on
the substrate with source/drain on the top/bottom.

Fig. 6 shows the layout of an inverter based on the vertical
GAA transistor. The top contact can serve as either a source
or drain terminal, and so does the bottom contact. The bottom
contact can be created by ion implantation with nitride hard
masks covering the vertical nanowire pillars [23], [24]. The
top contact can also be highly doped by ion implantation after
the oxide insulation layer has been deposited to protect the
device structure below. The dieletric and the gate electrode

TABLE III
GAA-SPECIFIC GEOMETRIES AND DESIGN RULES

Parameter Value in 10nm CommentGAA (nm)
LG 2� = 10 gate length
WSi 10 nanowire width
HSi 10 nanowire height
PNW 3� = 15 nanowire pitch
tox 0.68 equivalent oxide thickness

WC 3� = 15 Minimum
contact size

WM2M 3� = 15 Minimum space
between metal wires

WG2C 2� = 10 Minimum space
of gate to contact

wrap around nanowire channels in the region, and are buried
in the oxide insulation layer. Please note that the crystalline
orientation has impact on the mobility of transistors. Because
the primary focus of this paper is to characterize layouts and
estimate the power density, the optimization of vertical GAA
transistors is not mainly touched here. In this work, all vertical
nanowire channels are assumed to stand on the (100) wafer
with a surface orientation of (100).

Fig. 6. An inverter layout of the vertical GAA transistor.

Fig. 7 shows the 10nm conventional GAA layout of selected
standard cells. Due to space limitation, only the layout of
inverter, 2-input NAND X2 and 2-inputs NOR X2 of C-GAA
for horizontal, lateral and vertical stacking are shown here. The
proper sizing of pull-down and pull-up networks are based
on balancing the rise and fall delays. The P-type transistor is
weaker than the N-type transistor which requires us to increase
the number of P-type nanowires in pull-up networks. We set
the height of all the cells the same as the standard 2-input
NAND X2 (equivalently NOR2 X2 and 4X inverter) cell in
order to achieve the best tradeoff between design flexibility
and area waste.

According to the GAA-specific layout design rules as well
as our fixed-height design method summarized in Table. III,
the layout of combinational logic cells and the sequential logic
cells can be derived accordingly.

256Authorized licensed use limited to: Pontificia Universidade Catolica do Rio Grande do Sul (PUC/RS). Downloaded on September 15,2022 at 13:14:07 UTC from IEEE Xplore.  Restrictions apply. 

https://www.youtube.com/watch?v=3otqUu-7WUQ

https://blog.lamresearch.com/finfets-give-way-to-gate-all-around/
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7905480
https://www.youtube.com/watch?v=3otqUu-7WUQ
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https://medium.com/@MattTraversoPhD/how-cfet-will-revolutionize-semiconductor-morphology-and-continue-
moores-law-4705bc803d49

Well à canal



108https://www.imec-int.com/en/imec-magazine/imec-magazine-december-2019/scaling-
cmos-beyond-finfets-from-nanosheets-and-forksheets-to-cfets

https://www.imec-int.com/en/imec-magazine/imec-magazine-december-2019/scaling-cmos-beyond-finfets-from-nanosheets-and-forksheets-to-cfets
https://www.imec-int.com/en/imec-magazine/imec-magazine-december-2019/scaling-cmos-beyond-finfets-from-nanosheets-and-forksheets-to-cfets
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Intel’s CFET technology (at least 4 process nodes away) shows the smallest feature is >4x 3 nm. 
From https://www.techdesignforums.com/blog/2020/11/09/iedm-2020-core-cmos-advance/

https://www.techdesignforums.com/blog/2020/11/09/iedm-2020-core-cmos-advance/

