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Applications of Photolithography
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IC Fabrication

e-Beam or Photo

Mask or [on Implant |
EDA Reticle PR . - Chip

Photolithography

EDA: Electronic Design Automation
PR: Photoresist
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Photolithography Requirements
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Negative and Positive Photoresists
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Substrate
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Photoresist Chemistry
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Photoresist Composition
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Solvent
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Sensitizers
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Additives
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Negative Resist
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Negative Photoresist

Disadvantages
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Comparison of Photoresists
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Positive Photoresist
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Positive Photoresist
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Chemically Amplified Photoresists
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Chemically Amplified Photoresists
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Chemically Amplified Photoresist
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Requirement of Photoresist
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Photoresist Physical Properties
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Photoresist Performance Factor
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Resolution Capability

* The smallest opening or space that can
produced 1n a photoresist layer.
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Photoresist Characteristics

Summary
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Polymer Polyisoprene Novolac Resin

Photo-reaction

Polymerization

Photo-solubilization

Sensitizer

Provide free radicals
for polymer cross-

link

Changes film

15V 11111

to base soluble

Additives

Dyes

Dyes

31




Photolithography Process
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Basic Steps of Photolithography
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Figure 6.5
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Wafer Clean

Gate Oxide
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Pre-bake and Primer Vapor

Primer
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Photoresist Coating

Primxe
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Soft Bake
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Alignment and Exposure

(Gate Mask
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Alignment and Exposure
| Gate Mask
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Post Exposure Bake
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Development
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Hard Bake
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Pattern Inspection
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Photolithography Process, Clean

7~

— BB F "R
— YE R ] i B
- B BRI

48



Water Clean Process
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Photolithography Process, Prebake
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Photolithography Process, Primer
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Pre-bake and Primer Vapor Coating
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Wafter Cooling

* o 7 & 44

* gp Tfﬂ/i\ Fr L 4

c BR g BT LI
— BRI g g AR

54



£ ¥

55



Viscosity
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Relationship of Photoresist Thickness
to Spin Rate and Viscosity
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Spin rate

Dynamic Spin Rate

Time
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PR Spin Coater
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Photoresist Spin Coater
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Photoresist Applying
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Photoresist Suck Back
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Photoresist Spin Coating
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Photoresist Spin Coating
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Photoresist Spin Coating
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Photoresist Spin Coating
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Photoresist Spin Coating
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Photoresist Spin Coating
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Photoresist Spin Coating
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Photoresist Spin Coating
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Photoresist Spin Coating
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Edge Bead Removal (EBR)
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Edge Bead Removal
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Edge Bead Removal
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Ready For Soft Bake
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Optical Edge Bead Removal
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Optical Edge Bead Removal
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Developer Spin Off
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Soft Bake

¢ B R R fopF R R E T_ A7 P T
- i B E% (Over bake) © & sk fE B
AT

v

« M2 2 & _(Under bake) @ #2534 %

%
e
"'ft"ﬁlv'o

80



Soft Bake

- 4 # T 45 (Hot plates)

¥R ¥ 45 (Convection
oven)

- iz 7 &% 45 (Infrared oven)
« pcik % 45 (Microwave oven)

81



Baking Systems
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Hot Plates

Wafer

Heater
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Water Cooling
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Alignment and Exposure
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Alignment and Exposure Tools
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Contact Printer
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Contact Printing
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Proximity Printer
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Proximity Printer
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Proximity Printing
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Projection Printer
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Projection System
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Scanning Projection System
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Stepper
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Step-&-Repeat Alignment/Exposure
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Step&Repeat Alignment System
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Exposure Light Source
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Spectrum of the Mercury Lamp

— [-line G-line

= (365)  (436)
s - |
2 H-line
f»’ (405)
=
I | | >
300 400 500 600

Wavelength (nm)

100



Photolithography Light Sources

Name Wavelength (nm) | Application feature
size (um)
G-line 436 0.50
Mercury Lamp H-line 405
[-line 365 0.35t00.25
XeF 351
XeCl 308
Excimer Laser KrF (DUV) 248 0.25t00.15
ArF 193 0.18 t0 0.13
Fluorine Laser F, 157 0.13t0 0.1
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Exposure Control
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Standing Wave Effect
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Standing Wave Intensity
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Standing Wave Effect on Photoresist

Substrate

Overexposure .

Underexposure
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Post Exposure Bake
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transition) 8 & T,
G ERF T,
- Sk B 4 =+ (molecules) & 24 #1i&F &
e BOKER AR KA KA T F RTE T
o L ID% i R
» TR RIS E L R R

106



Post Exposure Bake
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Post Exposure Bake
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PEB Minimizes Standing Wave Effect

-
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Water Cooling
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Development
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Development: Immersion
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Developer Solution
o IFCRIEIE Y @ * 334k % H|

(tetramethyl ammonium hydride), &
TMAH ((CH,),NOH).
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NavalAanrmoant
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l Mask
Film — Film
Substrate Substrate
PR Coating Exposure l
| | Film — Film
Substrate Substrate

Etching Development
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Development Profiles

‘ Substrate i ‘ Substrate i

Normal Development Incomplete Development

‘ Substrate i ‘ Substrate i

Under Development Over Development
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Developer Solutions

Positive PR Negative PR
Developer TMAH Xylene

Rinse DI Water n-Butylacetate
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Schematic of a Spin Developer

DI water Developer
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‘\ Chuck
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Drain

Vacuum
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Optical Edge Bead Removal Exposure

«— Light source

Light beam Photoresist

.— Wafer

" Chuck
" —Spindle
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Optical Edge Bead Removal Exposure

< Light source

/ Light beam

Photoresist

Exposed 4 )\ Chuck
Photoresist Spindle
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Applying Development Solution

Exposed Development solution
Photoresist dispenser nozzle
——
Chuck
Spindle

To vacuum
pump

TRURRNNNNNNNY

120



Applying Development Solution

Exposed
Photoresist

Chuck
Spindle

To vacuum
pump
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Development Solution Spin Off

Edge PR Patterned
removed photoresist

P
— .— Wafer
C
< D>
Chuck
Spindle

To vacuum
pump
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DI Water Rinse

DI water ____—
dispenser ‘
nozzle =D

<

o=
Chuck
Spindle

To vacuum
pump
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Spin Dry

To vacuum
pump

<

| e
c~

Spindle

Chuck
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Ready For Next Step

Chuck
Spindle
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Development

Developer
?ddle ‘ ‘
Wafer f T
Form puddle Spin spray Spin rinse

and dry

126



Hard Bake
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PR Pinhole Fill by Thermal Flow

Pinhole

Substrate

Substrate
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Hard Bake
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Hard Bake
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Photoresist Flow

* Over baking can causes too much PR flow,
which affects photolithography resolution.

Substrate Substrate

Normal Baking Over Baking
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Pattern Inspection
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-« #Ffa 7 7 F s (Scanning electron
m1croscope,SEM)

- Sk B k5 4% (Optical microscope)
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Electron Microscope

Less secondary
clectrons on the
sidewall and plate
surface

LT

Electron Beam

More secondary
electrons on the
corners

1 11

Substrate
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Pattern Inspection

-%féﬁg
- 4 1 (run out) A4E ~ (run-in), % &5 % § 538,
5, B ¥edE, x> o e B (mlsplacement),y
w g % ( 1splacement)

+ B4 < 1 (CD )
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Misalignment Cases

Run-out

Run-in

Reticle rotation

Walfer rotation

Misplacement in x -direction

Misplacement in y-direction
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Critical Dimension

Substrate Substrate Substrate

Good CD CD Loss Sloped Edge
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Photoresist Development Problems

Resist Substrate
X X J X
Under Incomplete Correct Severe

develop develop develop overdevelop




Pattern Inspection

ke gy T B HRARL, € EE R T
BT - B4R
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et 4 L ALA e — L
o W ETEREES(Mask Aligner and Exposure
System) 365 nm 400 nm Resolution 0.6pum
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Future Trends

© Hgol R
* B fFEITR
« FTEA
+ #p 4 £ & (Phase-shift mask)
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Optical Lithography

T

- Sk ¥Es+(diffraction)
c fR¥TR

- ¥ 7%=(Depth of focus,DOF)
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Diffraction
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T
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Light Diffraction Without Lens

N\

Diffracted light Mask

Intensity of the
projected light
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Diftraction Reduction
o mk K ik A 4 S Meid

o Sk B AR RS BB E{’} f247 K

. . A
Diffraction * o dEAE
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Light Diffractio

A AW

Strayed
refracted light

Lens

Diffracted light _—

collected by the
lens

-—H—————ﬁ-l——
< r >

0]

Less diffraction after
focused by the lens

Ideal light
Intensity pattern
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Numerical Aperture

» BoiE 7T (NA) 2 g & ST B SEsf % ey
* NA=2r,/D
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— D $ 8 38 & RS
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Object Plane Image Plane

o

s —

Figure 1. Schematic of a single thin lens with aperture diameter, D,. The point spread function through a circular aperture is the
well-known Airy function of width, d; = 2.445,1/D,.

Resolution o
NA
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y coordinate (mm)

=
iy

=
m

Gaussian width evolution

=

x coordinate (mm)

-100
200 _
z coordinate (mm)
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Irradiance

-4

=3

-0.2

mm)

"-—-"_”]

0

0l

X coordinate

04

=100 =50 . ] &0 100
z coordinate (mm)

Fig. 1 Map of the irradiance distribution of a Gaussian beam.
The bright spot corresponds with the beam waist. The hyperbolic
white lines represent the evolution of the Gaussian width when
the beam propagates through the beam waist position. The
transversal Gaussian distribution of irradiance 1s preserved as the
beam propagates along the z axis.
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Resolution

~ NA
* K, JOELY B, A R A £
NA = 2F/D ﬁ{lﬁa s
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Exercise 1, K, = 0.6

o )
NA
A NA R
G-line 436 nm 0.60 .
I-line 365 nm 0.60 .
DUV 248 nm 0.60 .
193 nm 0.60
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« 3 4t NA
T AN A S R
- R BRI %ﬂ B A2 PR EL R
« BREAE
- ZTRTE /Jﬁlf'ol“f'ﬂ\i%
— KQ,;FJI‘"]% & 0 RTER &
— UV to DUV, to EUV, and to X-Ray
« 7] K
- #p 4% & ¥ (Phase shift mask)
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Wavelength and Frequency of
Electromagnetic Wave

Visible
RF MW IR UV X-ray y-ray
s —A e A V—A_\ /_A " N

10° 10 10" 10" |10 10" 10" 10 f(Hz)

10° 107 10 10° 10° 10° 107" A (meter)

RF: Radio frequency; MW: Microwave; IR: infrared; and UV: ultraviolet
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Wavelength and Frequency of

E]ectmmagnetic Wave

H 2295 (0.2-180 nm)

#i(Soft )X- th(Mid)ygE4h ot
(0.2-25 nm) (300-350 nm)
o . T —— EE[DEEP) L&F;‘JE_JE{NQ:HI}?‘EF}‘;%
-¥ Hard)X-
e nf} (100-300 nm) (350-450 nm)
ESS— Eﬁ(Eﬂfﬂme} Al
I {45?—?ﬂéénm)
I:]U-“:H] I"II'I"It KrF ———
(FI 8 Ak g Hl(Hg-Aro) K
X 193 nm G-Line
0.8 nm Fa2 He-Arc 436 nm
EHFREG 157 mm e
l}ﬁimj‘ﬂx-;u Aty 365 nm
126 nmy
0.01 0.1 ] 10 100 200 300 400 500
K (nm)
M 6-1-1 EFAMARERSHAKE c RKRBAPFHAL— B8 g

WA A E o 1 Askimm)= 103 (A) o Ardhk i 28



Depth of focus

o« kB EFEF POV O PR GE P4 iRy
e i [F)

—_— 1 %4

e —1 & Yo
* BIFF AT &
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of Focus

Depth
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Exercise 2, K, = 0.6

DOF = K, 4
2(NA)?2
A NA DOF
G-line 436 nm 0.60 _pm
I-line 365 nm 0.60 _pm
DUV 248 nm 0.60 pm

193 nm 0.60 LLm
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Depth of Focus

o B DB IR, ik B R
_'ﬁ/\?”bgmﬁigﬁ R %]
— Bty g @ -?;K Y B RER
— A DR R
- BRER R R S 7 REH A BB I T ek
¥ 347 R
+ BRI R, KF IR
» BEE Rk g v 4

159



Focus on the Mid-Plain to
Optimize the Resolution

Center of focus Depth of focus

Substrate
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DOF

° E‘BE‘]—E]%‘\'&

. ¥ i

(planarized).

Bl F LR FBESE(CMP)

v jb

—

RT3

7 &
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[-line and DUV

« -k 42 1-line, 365 nm
- 3§ 3E (.35 um BB
« DUV 4 it £ (KrF) # & 3 3 5+, 248 nm
—0.25 um, 0.18 um and 0.13 um lithography
« 4 i* & (ArF)# & 3 % %+,193 nm
— Application: <0.13 um
+ & (F)) &4 3 3 %+,157 nm
-7 a4 7w B¢ ,<0.10 um application
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I-line and DUV
» B I (SI0, )3 4 St AR F A& A<
180 nm
e “ 3 iV pEEEEE 2R

o 157 nm F, T BFHcR FjiT
-z z'&OH,};}imﬁr: F L@ 3p3ed cno § 0L
B 11L& & i 4T (CaF,)
- e b Ap AR R, 0.035 pmgR A L F A
» (AT - R P (next generation
lithography ,NGL)
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Next Generation Lithography (NGL)

o« i P M(EUV)He R B
« X-Ray lithography

« @+ kAR’ % %tElectron beam (E-beam)
lithography
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e G —y
N \O R A e )

S o
SN o0

Feature Size (mm)

1 ~ L
1 1

Fyitiire Tra Q

rultulc 11011UD

Photolithography

1.5
Maybe photo-
lithography
Next Generation
0.5 Lithography
0.18 (.13 0.10 (.07

S o
S NN

84 88 90 93 95 98 01 04 07 10 14
Year
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#p i=# & ¥ (phase shift mask)

gt 3 & d [BMM. D. Levenson®
L1982 e 0 e AR F AR -
ek ¥ oo R @ FﬁlJor] L Sx O
ﬁ#“‘u Q‘?E? /‘Y’IL 1,_. 7103; m[’]"]/i
CERPE B R e S A€ A
ARk #1807 ek e oo F LR R KRBT
ARl Al s T OB gk k2 R dTar 4 XA M
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Design

Cross Section

Electric Field

Sum

Intensity

Conventional Mask

E e , H“‘x e
/N
; AN

Alternating PSM

-~ Nshifter

Y
Y A
|

.II.
F
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Phase Shift Mask

Pell\i‘cle }hror/ne pattern Phase shift coating
|
d - — e o — —
*
r \\ p ]
n Quartz substrate

din, —1)= A2

n; : Refractive index of phase shift coating
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o
|l

Phase Shift Mask

Pellicle Chrome pattern  Phase-shifting etch

. /

—_—

Quartz substrate

ding — 1) = 4/2

n,: refractive index of the quartz substrate
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Phase Shift Mask Patternine
J AN A AL ANV L1V ANRNANIIAXN A A VUV A LLLLLD
Normal Mask Phase Shift Mask
— — — F —
Constructive Phase shift
Interference coating Total Light
Intensity
Total Light ~ 7 N
Intensity \ // Destructive
\\ / Interference

Substrate

Substrate

Substrate Substrate

F Final Pattemq FFmal Pattern q
= T T

Designed Pattern Designed Pattern

170



—ta P p

s e P (off-axis illumination)

RS RHTURPHRI 0 o - 52
I ’ w%ﬁﬂ JE]}?‘]'E[J LI IE%HJ—L i[/F T 7] L[;r%
S | RIS o SR e
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conventional annular

e PR B S R e
FI|E B0 K B S (OB
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OPOO

Conventional Quadrupole Annular Dipole

FIGURE 3. Comparison of conventional illumination source to several types of off-axis illumina-
tion sources. Note that the black areas are opaque, and the other areas are transparent.
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e B aRiT 13 b T
optical proximity correction
FIORTRE (AU [ R sV Ad -
MR ST AL K S
Er E1 % ] g ok EE'Ff“DE'}ﬂ?ﬁ?FA‘
gy B PRVRPYAT S BR[O SRR
il e S

174



kB ARIT I I T K:r.k;g@]tm 2

AR k1 R A
' 5 d x’n;jzfc;'r;g;__l m[’]ﬂ; : ,gé_i

L

H

7N

r /

£7)

MEBTE A bt FR B LFHEE R

175



Resolution Enhancement Techniques ()
Optical proximity correction (OPC)

OPC uses modified shapes of adjacent subresolution geometry to improve
Imaging capability

Figure on the mask Pattern on the wafer

When the feature size is smaller than the
resolution, the pattern will be distorted in
several ways:

Line width variation
-Corner rounding
Line shortening

Modify the Mask based on rules or model




Corner rounding
Photomask (desired image) Line-end pullback 'HI

Actual photoresist
image

Scattering
Photomask : bar _
Serif

Actual photoresist

Mousebite image

Hammerhead

FIGURE 2. Schematic diagram of optical proximity correc-
tion. The spatial-frequency effect distorts the image pat-
terned on the photoresist by rounding sharp corner features
and shortening narrow line ends. The addition of
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Double Exposure Metho

Pattern critical
features (e.g.
gates) only

Pattern poly
interconnect,
and size up
critical features
(e.g. gates) only

Dark Field PShI

Bright Field Binary
Mask

Dark field PSM
This mask is used
Primarily to define the
transistor gates and
does not define the
remaining poly
interconnect pattern

Bright Field
Binary Mask

(i) Defines the
remaining poly
interconnect patterns
(il) Protects the gates
defined by the PSM
(iil) removes unwanted
edges defined by the
Cr edges of the PSM

73
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Concept of Double Exposur

Phase shifter mask

/E\

"H

Original layout I Shrink gate pattern

Wafer result

[ ]Phase=180°

Trim mask
[ ] Phase=0°
74
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* Even shorter wavelength
— 193 nm

— 157 nm
« Silicate glass absorbs UV light when A < 180 nm

+ CaF, optical system
e Immersion lithography
* Next generation lithography (NGL)
— Extreme UV (EVU)

— Electron Beam
— X-ray (?)
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EUV

A=10to 14 nm

Higher resolution

Mirror based

Projected application ~ 2010
0.1 um and beyond
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EUYV Lithography

Mask \

Mirror 2 Mirror 1

Wafer
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M1, M2 and M4
are aspheric

Mask

“engineering test stand,” so 1t 1s called the ETS camera.

Figure 4: Schematic diagram of the 4-murror ETS
camera
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-X-ray Lithography (XLR)
«X-ray (1nm) generated by a synchrotron storage ring is used as the energy
source
«as most materials have low transparency at . ~ 1nm, the mask substrate must
be a thin membrane (1-2um thick). The pattern itself is defined in a thin
(~0.5 um), relative high-atomic-number materials such as tungsen and gold.
Advantages:
*High resolution (100 nm or better) and high depth of focus
*No reflection from the substrate to create standing wave
Disadvantages:
*Complex and expensive XRL system

*Complex mask fabrication tr

Figure 418 Schematic representation of a proximity x-ray lithography system.'



Beryllium

N

[T
X-ray

Gold

Substrate

185



Optical Mask and X-ray Mask

Gllass Berfrllium

- Gold] [T [ OO0UL

Chromium

Photo Mask X-ray Mask
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E-Beam

SAA LA

B ATk E 2 24k (reticles)
F 3B =+ 1 0.014 um

BERB A ERY

—@iéﬁ

PR RECHEE N T AN
(SCALPEL)

— Tool development
— Reticle making

— Resist development
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I Electron Gun

Blanking Plate

Stigmator
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SCALPEL

Scattering with Angular Limitation Projection Electron Lithography

INCIDENT

SCATTERING = == = = o om == == | =m
MASK

LENS

SCALPEL

LENS

IMAGE ON WAFER 189



Concept of SCALPEL

Redrawn from International SEMATECH's Next Generation Lithography Workshop Brochure



Ion Beam Lithography
R E U
— B A~ F PNk e gk
- P REITHHSF G E BT RN
(sputtering patterned) @] & 4 %] 7 & 4 — &

# 5%

e AT R ITHE A T4 A
k¥ 2 Bapk R enig At
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lon Projection Lithography
== lon source
/ Ion beam \

Mask

-

m Electrostatic
i lens system
(4:1 reduction)

Reference f\

plate ! -
\ / Step-and-
/ B S \ scan wafer

stage

m _chamber

Redrawn from International SEMATECH's Next Generation Lithography Workshop Brochure



2 T A
immersion lithography
« i SR R R IR AT S R RN ek A
s T ARV R & Y EARR L
s KIS R=1.44
« 193nmaYy A& 134nmés sk
o« 4o R A 4K e NGl g E T AR FH I ST R
« FFLA193nmay e sA 5 40nmeA T #9418
« JK¥ 15 TnmaY F R % BH
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193 nm resist platforms release relatively low
volumes of gas during exposure.

The reaction of water with 193 nm photoresist 1s
minimal and can be reduced through modification
of resist materials.

Water 1s transparent to below 0.05 cm-1 at 193 nm.

Water 1s an existing component of wafer
processing, limiting the critical concerns of wetting,
cleaning and drying.

Few alternative optical choices now exist.
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Mirror

Polanzing : 3

beam splitter \

qyzim}r
HeNe laser

.

+—Lens

Servo motor
driven wafer stage

. Wafer
HeMe laser Polarizing

! beam splitter
Sensor

Figure 4. Stepping exposure system stage control
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Nozzle— — Lens Sgnru motor
driven water stage

Water
puddle

Wafer
Figure 5. Immersion lithography. Stage control omitted for clarity.
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Projection lens

Liquid supply
Waflar
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UL

* Immersion Lithography Results

65nm line-and-space pattern (joint test with
Tokyo Ohka Kogyo)
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Safety

» it & Chemical
- #+xMechanical

- @ #% Electrical
» i5 %+rRadiation
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VL e A LAt~
Chemical Safety
° {&*\ i /7&

- Fnfe (Sulfuric acid,H,SO,) : & &4+
- i ¥ i* 3 (Hydrogen peroxide,H,0,) : 3 ¥

jL Ef"fl]

"~ B IR I
« HMDS (KA &) : & %3 B8 H
« TMAH (& £fe 883 d): 3 4 7 B ol



U Aacvntsmnanl Q ALt
Chemical dSatety

+ -k 42Mercury (Hg , % F &L &) 7 3
nyE:

- % Chlorine (CL,, & & 3 3 &)
-3 F 0 E et

» 4 Fluorine (F,, & & + 7 &)
-3 EF P EFAel
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Electrical Safety
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Radiation Safety
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