PN Diode, Transistors — MOS FET ...and C-MOS

MoS FET — Scaling issyes..
— H

The p-n diode s
|

Ith contro
) Oxide
Vg=0 Thin oxide | c :

Vo
harging ’-__l |»—|||

Mewis
Hp— breakdown N
vV \I\ Gate

33 Sio, T

L {ils J I R _— ] :ii—-/_\ Fy b .
p | n ~ X [ 7 R
|

Pair creation

—--“

_________

[(diff) Punch through —/ b Sy
I=1(gen.)I(e?V*T —1) Z

Substrate current

p=Si

f I(gen.) & l vy

* Constant field = electrostatic integrity

Streetman & Banerjee T

* Constant voltage =» noise immunity

¢ Scaled devices prone to short-channel effects, including
» Forward-bias: large current due to minority carrier diffusion

. o . . ) — Breakdown of thin gate oxide
* Reverse bias: small current due to minority carrier generation and drift

— Hot-carrier generation

— Punchthrough breakdown between source/drain

C-MQOS architecture dominates semiconductor industry ...high noise immunity / low
21 Extemal Use power consumptions Ql Siverisis.



New Materials & Device Structures...

|

2003 2005 2007 2009 2011
90 nm 65 nm 45 nm 32 nm 22 nm

www.intel.com

Drain
Strained channel High-k, metal gate stack = Multi-gate, thin body

=> higher carrier speed lower gate leakage = better electrostatics

=> more scalable

22 External Use @ QE'IZHEB



CMOS Scaling today...and tomorrow...

SCE. low, lor, Vr
A

1—I§
Scaling challenges
Scaling Solutions
-

-

-

-

il

-

-
-

ABojouyoa pue sjeuajel

+-——SOND Papuac3—n»

Strain Engineering
Parasitic Reduction ERD-WG in Japan
ON-current Improvement S—

Improved Reliability

Beyond CMOS

Circuit Performance Metrics

Emerging Devices year

Energy-Efficient Design Altemate Scaling

Process-Aware Design
Error-Resilient Design

More-of-Moore: Dimensional & Functional Scaling
More-than Moore: Heterogenous Integration, Sensors, Energy harvesting...
Beyond CMOS: Spintronics (MeRAM); NeuroMorphic...
APPLIED
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Semiconductor Manufacturing

Manufacturing Process

Semiconductor Equipment
The Fab (possible layout, cleanroom concepts, subfab &

related concepts)




Feature Size and Wafer Size

Chip
or die\ P csan s sasass
Chip made with 0.35 um /
technology S & |
with 0.25 um / 5 g \
technolo " 200 mm ‘\
\ FEEDRH ==

: : Hong
www2.austin.cc.tx.us/HongXiao/Book. Xiao, Ph. @) ARPLIED
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Cleanroom Environments

Why does a chip have to be
made in a cleanroom?

The dimensions of the critical 2
structures and circuitry on a chip are

so tiny - measuring in nanometers

(one billionth of a meter) that

particles or dust, like pollen, in the = 4
air can damage them.

How clean is your room?

Cleanrooms are classed by the

number of particles per cubic foot of \
air. Semiconductor cleanrooms are >
3 million times cleaner than outside air. r

*Federal Standard 209E

What are they wearing? - Bunny Suits

Hair, moisture, finger prints and particles from skin
and clothing can damage the tiny features on
semiconductors. To prevent any contamination of
the environment, people who work in the cleanroom
must wear gowns or “Bunny Suits." The gown
completely covers a person from head to toe.

Qll A&ERAR.

make possible

How small is a nanometer?

A nanometer (nm) is one billionth
of a meter. If a feature on a chip
measures 10nm, then about 8,000
of those features can fit across the
width of a single human hair.

O‘Ox\mate dia’”@f
/ (R

©2018 Applied Materials, Inc. All rights reserved.



How to Make a Chip o it e

FROM SAND PATTERN CONNECT PACKAGING
TO WAFER FORMATION TRANSISTORS

Silicon, the second most Circuit patterns are drawn Wires connect transistors
common element on Earth, on a clear stencil-like —= to route electronic signals
is refined from sand into x mask, and transferred to “ out of the chip, and are

The chips are then placed
in a lead frame forming a
protective housing.

pure silicon dioxide, and the photoresist using created by patterning and

then melted and pulled to ultraviolet light. etching circuit lines, then
form a cylinder called a filling them with metal.
crystal ingot.

) Materials in unexposed
areas are etched away,
/ leaving a 3D pattern on
then sliced into thin wafers the wafer. These steps

The ingot is polished and
- typically 300mm or 12 repeat multiple times
inches in diameter. and require precise

WAFEER PREP measurement. TRANS'STOR

A single chip can contain
more than 12.5 miles of
wiring spanning multiple

levels.

0 o Each chip is tested before
FORMATION being packaged. They are
] - - A pure layer of silicon is ’ CUTINTO now ready to be used in

grown on the wafer The transistor is the SlNGLE CH'PS computers, mobile devices
surface using a process fundamental building block 1 and many other products.
called Epi to protect the of electronics. It is a switch When the waferis

underlying silicon during ‘ or gate that regulates
. subsequent steps. ; voltage. Advanced chips
can contain 12 billion
transistors.

finished being processed,
the surface is now
covered with multiple
semiconductors. The wafer
is sliced into individual
semiconductor "chips."

Next, the wafer is spun
and uniformly coated with
a thick light-sensitive
3 . liquid called photoresist.

Switching a gate open
allows current to flow
through a channel from a
source to a drain. Etch and
deposition steps form the
transistor. lon implantation
and thermal steps improve
transistor speed by
modifying the silicon to
conduct current faster.

S e

)
%
)
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Images shown are an artist rendering and may differ from the actual product. ©2018 Applied Materials, Inc. All rights reserved.



Device Fabrication Technology

About 10%° transistors (or 10 billion for every person in the
world) are manufactured every year.

VLSI (Very Large Scale Integration)
ULSI (Ultra Large Scale Integration)
GSI (Giga-Scale Integration)

Variations of this versatile technology are used for flat-panel
displays, micro-electro-mechanical systems (MEMS), and
chips for DNA screening...

Modern Semiconductor Devices for Integrated Circuits (C. Hu) Slide 3-28
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3.1 Introduction to Device Fabrication

Oxidation

Lithography &
Etching

lon Implantation

Annealing &
Diffusion

5i0);

Si

510, selectively etched

| ,J{ | Si0,

Si

Dopant atoms introduced into exposed silicon

|\|rl'1|rl| Si0;

Si

Dopant atoms diffuse into 51 Si

Modern Semiconductor Devices for Integrated Circuits (C. Hu)
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3.2 Oxidation of Silicon

Quart%

‘S/iWafers
o= I =
% ¢
I
Flow :,:
controller
o
\
i’ $ H,0 or TCE(trichloroethylene) Resistance-heated furnace

Modern Semiconductor Devices for Integrated Circuits (C. Hu)
Slide 3-30
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3.2 Oxidation of Silicon

Dry Oxidation : S1+0, > SIO,

Wet Oxidation : Si +2H,0 — SIO, + 2H,

10 T T TTTTT] T TTTTI T TTTT

T TTTTIT

1.0

T T

Oxide thickness ({m)

(100}

0.01 N EEET Lo Lot
0.1 1.0 10 100
Ogxidation time (hr)

Modern Semiconductor Devices for Integrated Circuits (C. Hu)

Slide 3-31

External Use @ ﬁARI'EHEIE



3.3 Lithography
(a) (€)

Positive resist ~ Negative resist

Photoresistff

Sl

PP rrrys -
Oxide

TSI SISSSIIISIY | SAASSTSTSSSSSSS

Q g P

Deep Ultraviolet Light (d)

Optical
Lens syste

>

Photomask with
opaque and
clear patterns

Modern Semiconductor Devices for Integrated Circuits (C. Hu)
Slide 3-33
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3.3 Lithography

Photolithography Resolution Limit, R
* R > kA due to optical diffraction
» Wavelength 4 needs to be minimized. (248 nm, 193 nm,
157 nm?)
* k (<1) can be reduced with

o Large aperture, high quality lens

« Small exposure field, step-and-repeat using “stepper”
» Optical proximity correction

» Phase-shift mask, etc.

» Lithography is difficult and expensive. There can be 40
lithography steps in an IC process.

Modern Semiconductor Devices for Integrated Circuits (C. Hu)
Slide 3-34



3.3 Lithography

Wafers are being loaded into a stepper in a clean room.

Modern Semiconductor Devices for Integrated Circuits (C. Hu)
Slide 3-35
External Use @ ﬁAI?I_IEHEg



A Mask and a Reticle

Photo courtesy: SGS Thompson

Hong

WWWZ.austln.cc.tx.us/HongX|ao/Book.Xiao’ Ph @) APPLIED.

htm
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Extreme UV Lithography (13nm wavelength)

xtreme Ultraviolet Lithography (EUVL)

(s )€ Reflective “photomask”

Laser produced
plasma emitting
EUV

\“ Laser

Nd:YAG
\ \Condenser  7=1.064 ym
\ \Optlcs

No suitable lens material at this
wavelength. Optics is based on mirrors
with nm flatness.

Modern Semiconductor Devices for Integrated Circuits (C. Hu)
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Beyond Optical Lithography

 Electron Beam Writing : Electron beam(s) scans and exposed
electron resist on wafer. Ready technology with relatively low
throughput.

 Electron Projection Lithography : Exposes a complex
pattern using mask and electron lens similar to
optical lithography.

* Nano-imprint : Patterns are etched into a durable material to
make a “stamp.” This stamp 1s pressed nto a liquid film over
the wafer surface. Liquid is hardened with UV to create an
Imprint of the fine patterns.

Modern Semiconductor Devices for Integrated Circuits (C. Hu)
Slide 3-39
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3.4 Pattern Transfer—Etching

Isotropic etching Anisotropic etching

photoresist photoresist

photoresist photoresist

Modern Semiconductor Devices for Integrated Circuits (C. Hu)
Slide 3-40
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External Use

3.4 Pattern Transfer—Etching

Reactive-lon Etching Systems

Gas Baffle

Gas Inlet Wafers

RF
Vacuum

Cross-section View Top View

Modern Semiconductor Devices for Integrated Circuits (C. Hu)
Slide 3-41
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3.4 Pattern Transfer—Etching

Dry Etching (also known as Plasma Etching, or
Reactive-lon Etching) Is anisotropic.

» Silicon and its compounds can be etched by plasmas
containing F.

« Aluminum can be etched by CI.

e Some concerns :

- Selectivity and End-Point Detection
- Plasma Process-Induced Damage or Wafer Charging
Damage and Antenna Effect

Modern Semiconductor Devices for Integrated Circuits (C. Hu)
Slide 3-42



Scanning electron microscope view of a plasma-etched
0.16 um pattern in polycrystalline silicon film.

Modern Semiconductor Devices for Integrated Circuits (C. Hu)
Slide 3-43
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3.5 Doping

3.5.1 lon Implantation

Dopant ions

)

L

Y

S Masking material,™

Y

¥

Y

for example, resist or 510,

« The dominant doping method
 Excellent control of dose (cm2)

« Good control of implant depth with energy (KeV to MeV)
 Repairing crystal damage and dopant activation requires
annealing, which can cause dopant diffusion and loss of

depth control.

Modern Semiconductor Devices for Integrated Circuits (C. Hu)
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3.5.1 lon Implantation
Schematic of an lon Implanter

lon lon
analyzer selection _ y-scan  X-scan
magnet aperture ~ Acceleration plates  plates
tube
Lens
Wafer
|
II
. | |"__‘|ﬁ
—\—\__\__\_Hll'_\_‘_——\_\_\__Jr_If II

|
Fotating wafer holder __
{electrically grounded) —f__:'I

] J,
lon source
Modern Semiconductor Devices for Integrated Circuits (C. Hu)
Slide 3-45
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3.5.1 lon Implantation
Model of Implantation Doping Profile (Gaussian)

N (X) _ Ni .e—(x—R)ZIZARZ
V27 - (AR)
2000 TTTITTT I T I T Tf [P T I aT I Ir T 650
N: : dose (cm™) 1800 75¢ _wgi 600
| 1600 1220
R : range or depth 1400 1500
AR : spread or sigma "< 1200 H400°2°
o 4350 <
1000 =
E —300 L]
x 800 —250 @
600 —200
4150
400
znoE _ ;g':’
O L s bl g laaaleralassly 0
0 40 80 120160200 240280
ENERGY (kev)
Modern Semiconductor Devices for Integrated Circuits (C. Hu)
Slide 3-47
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Other Doping Methods

» Gas-Source Doping : For example, dope Si with P
using POClI,.

 Solid-Source Doping : Dopant diffuses from a doped
solid film (SiGe or oxide) into Si.

 [In-Situ Doping : Dopant is introduced while a Si
film is being deposited.

Modern Semiconductor Devices for Integrated Circuits (C. Hu)
Slide 3-48



3.6 Dopant Diffusion

Junction depth

SN ﬂ* - o 38 DopemDifision

* D increases with
increasing temperature.

HHHHHHHHH

n-type 107 * Some applications need
diffusion Iayer . o o very deep junctions (high
p-type Si “; T, long 1). Others need
o 10151 Ansemic very shallow junctions

(low T, short 7).

N(x,t) = No e .
V- Dt bttt N

N : Ny or N, (cm)

N, : dopant atoms per cm? o

t : diffusion time

D : diffusivity, JDt is the approximate distance of

dopant diffusion

Modern Semiconductor Devices for Integrated Circuits (C. Hu)
Slide 3-49
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3.6 Dopant Diffusion

Shallow Junction and Rapid Thermal Annealing

» After ion implantation, thermal annealing is required. Furnace
annealing takes minutes and causes too much diffusion of dopants
for some applications.

* In rapid thermal annealing (RTA), the wafer Is heated to high
temperature in seconds by a bank of heat lamps.

*In flash annealing (100mS) and laser annealing (<1uS), dopant
ddiffusion is practically eliminated.

Modern Semiconductor Devices for Integrated Circuits (C. Hu)
Slide 3-50
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3.7 Thin-Film Deposition
Three Kinds of Solid

Crystalline Polycrystalline Amorphous

Example: Thin film of Si or metal. | | Thin film of
Silicon wafer SI10, or Si;N,.

Slide 3-51
@ AERHER
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3.7 Thin-Film Deposition
Examples of thin films in integrated circuits

« Advanced MOSFET gate dielectric

Poly-Si film for transistor gates

Metal layers for interconnects

Dielectric between metal layers

Encapsulation of IC

Modern Semiconductor Devices for Integrated Circuits (C. Hu)
Slide 3-52
External Use @ ﬁARI'IEHEIE



External Use

3.7.1 Sputtering
Schematic lllustration of Sputtering Process

Atoms sputtered out of the target
ket

Target material
deposited on wafer
fedegesedel fege g g eges XX XX £X XX XX KX 0

DREEEEEE  FRRRR fedededel pedededededs
R KXKUKUKR KR KX X XX XX XX XX XX X8 K8 KX KX KX KX >
fededefedededebe e egegesef g egesesesesesesetetet el
& O R R
Koggodty X8 XX KX KX KX X egegefedededss
XX DR R EEEREE
00 K00 KX X KX X XX X G X KX K%
egedel edededededel
el XXX

Si Wafer

Modern Semiconductor Devices for Integrated Circuits (C. Hu)
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3.7.2 Chemical Vapor Deposition (CVD)

Chemical

- deposited layer
reaction E:E. um'umﬂcfmuﬂ-:m
Ce OB 08 08 0w 08 Cee

ol o8 Cm OB
os OB e e
on8 on
» Gas | - - 51 wafer

QO (as 2

Thin film 1s formed from gas phase components.

Modern Semiconductor Devices for Integrated Circuits (C. Hu)
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Some Chemical Reactions of CVD

Poly-Si: SiH, (g) —— Si (s) + 2H, (9)
Si3N4 : 3SiH,Cl, (g)+4NH, (g) — Si.N, (s)+6HCI(g)+6H, (g)
Si02: SiH, (g) + O, (g) — SiO, (s) + 2H, ()

or
SiH,Cl, (g)+2N,0 (g) — SiO, (s)+2HCI (g)+2N, (g)

Modern Semiconductor Devices for Integrated Circuits (C. Hu)
Slide 3-55
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3.7.2 Chemical Vapor Deposition (CVD)

Two types of CVVD equipment:

 LPCVD (Low Pressure CVD) : Good uniformity.
Used for poly-Si, oxide, nitride.

« PECVD (Plasma Enhanced CVD) : Low temperature
process and high deposition rate. Used for oxide,
nitride, etc.

Modern Semiconductor Devices for Integrated Circuits (C. Hu)
Slide 3-56
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3.7.2 Chemical Vapor Deposition (CVD)

Pressure sensor Resistance-heated furnace
/

Quartz tube

’/ Trap

T

Toexhaus!

Pump

~0— 1780urce
ases
Gas control 1 o J
system

LPCVD Systems

Modern Semiconductor Devices for Integrated Circuits (C. Hu)
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3.7.2 Chemical Vapor Deposition (CVD)

<«—— Cold Wall Parallel Plate

Gas Injection l Wafers
Ring Pump

Heater Coil Wafers

Gas

Hot WaII Parallel Plate .y |n|et o iz;iz;iz;iz:-:.;.;.;.,_;_;.._;_;_f;_;_;_ “”””'“”'?5;555:'”'”"‘”"”55;553 I d
W ower 1eads

Plasma Electrodes

PECVD Systems

Modern Semiconductor Devices for Integrated Circuits (C. Hu)
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3.7.3 Epitaxy (Deposition of Single-Crystalline Film)

Epitaxy

SI Substrate

Selective Epitaxy

SiO, SiO;

SI Substrate

S| Substrate

SI Substrate

Modern Semiconductor Devices for Integrated Circuits (C. Hu)
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3.8 Interconnect — The Back-end Process
Al or Cu

‘\_‘/\H)_/
Dopant ditfusion region

(@)
Encagsulation

silicide
d\iffusion region

(b)
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