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Photolithography (Talk 1)

- Fundamentals, Process Skills
* Overview of Photolithography

— The trend of Nanofabrication
— Micro/Nano fabrication processes
— Basic steps of photolithography

 Fundamentals of photolithography
— Photoresist and related processes
— UV exposure (light source, exposure optics, equipment)
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Photolithography (Talk 2, Date —TBD, Nov.)
- Advanced Process and Application Notes
PhotoMask Design
Lift-off Resist and Process
Image Reverse Resist Process and Application
Advanced lithography for Nanofabrication

— SPM lithography
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Trend of Nanofabrication sl
Year of 1st DRAM Shipment | 1997 | 1999 | 2003 | 2006 | 2009 | 2012
DRAM Bits/Chip 256M 1G 4G 16G 604G | 256G
Minimum Feature Size nm
Isolated Lines (MPU) 200 140 100 70 50 35
Dense Lines (DRAM) 250 180 130 100 70 50
Contacts 280 200 140 110 80 60
Gate CD Control 3¢ (nm) 20 14 10 5 4
Alignment (mean + 3G) (nm) 85 65 45 35 25 20
Depth of Focus (Lim) 0.8 0.7 0.6 0.5 0.5 0.5
Defect Density (per layer/m?) 100 80 60 50 40 30
(@ Defect Size (nm) @80 | @60 | @40 | @30 | @20 | @15
MPU Chip Size (mm?) 300 360 430 520 620 750
Field Size (mm) 22x22 | 25x32 | 25x36 | 25x40 | 25x44 | 25x52
Exposure Technology 248nm | 248nm | 248nm | 193nm | 193nm | ???
DUV | DUV or DUV | DUV
193nm or or
DUV 77 M7
Minimum Mask Count 24 24/26 | 26/28
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* Photo-litho-graphy: light-stone- Wafer Design
ertlng Preparation

» Purpose: Transfer same circuit S

. . o ront-cn

patterns onto a large number of Thin Fiims | Processes
wafers.

« Key role in Nanofabrication Photo- |

lithography
— Critical dimension generations
' -

« Major Concerns in Photolithography lon

Implantation

L4

Test &
Assembly
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Resist Mask @

1) Surface preparation 2) Spin coat 3) Soft bake 4) Alignment
and Exposure

8 Steps in Photolithography fv
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* Resolution

« Contrast (profile control)
* Sensitivity

o VisZcsity

 Adhesion
 Etchiesistanc
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- Positive tone:
sexposure increases solubility
*Low molecular-weight (<10,000) polymer

*Pre-cross linked before exposure. exposure
weakens polymer by rupture or scission of
polymer chains

/ | *Mask image is same as wafer image
l l y *CNS supply, Shipley 1800 (1805, 1813,
I'—————'I Mask 1818, 1822)

r:-:-:1 Resist
e




L ED

. Components of Conventional f'V
I Photoresist Sintorss ©

Solvent:

gives resist its flow
characteristics

_~  +PGMEA

Resin:
*mix of polymers used as binder;
L~ egives resist mechanical and

chemical properties
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Resin in photoresist (positive)

o] B OH ]
— CH
SOLTENa G
+
CH
SO,CI | * ]
a) Naphthoquinone diazide b) Novolak resin

sulfonylchloride

Figure 5.19: Generation of light sensitive novolak resin - DQN.
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Light
0] % O
SD EI SO CI
a) Naphthoquinone diazide b) Keto-carbene
sulfonylchloride
COOH

+ H 0 “

50, "3| Hydration S0.Cl

c) Ketene d) Indene-ﬂ-

carboxylic acid

8]

H 7
C—ONa
—_—
Developing ! + H,0

NaOH S0,Cl

Figure 5.20: Naphthoquinone diazide sulfonylchloride photochemical reaction.
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KTFR - Kodak Thin Film Resist,

-invented in 1957, dominated in the early years of semiconductor

O
I .
_ _ Sensitizer,
-bis arylazide...
CH,
U

Sensitizer reacts with light.
Light -Exposure

T,
—‘N 'ﬂ:’@m: -releasing N2 and

T —CH,
Cyclized poly-isoprene - ECH E;Ha—
CH,
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SU-8 Chemical Composition:
*EPON epoxy resin
«Solvent,
-gamma-butyrolactone (GBL), or

cyclopentanone (in Su-8 2000 series)
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« Cleaning:
- Remove any contaminants on the wafers prior to photoresist
coating
» Dusts/particles, oil, residue, grease, wax...

» Cleaning approaches: solvent cleaning, TCA (1,1,1-trichloroethane),
TCE (trichloroethylene), Piranha cleaning (H2S04 & H202), RCA (I,
II), acid-based Nanostriper, O2 plasma...

* Dehydration:

— remove water prior to priming and coating




Surface Preparation i i
-Surface Priming (1) e Y

* For Si, Si02, and other dielectric material:
— primers form bonds with surface and produce a polar
(electrostatic) surface

— most are based upon siloxane linkages (Si-O-Si)
*1,1,1,3,3,3-hexamethyldisilazane (HMDS), (CH3)3SiNHSi(CH3)3
e trichlorophenyisilane (TCPS), C6H5SICI3
« bistrimethylsilylacetamide (BSA), (CH3)3SiNCH3COSi(CH3)3

« For GaAs and other llI-V materials:

— GaAs already has a polar surface
* monazoline C




Surface Preparation i i
-Surface Priming (2) e ¥

HMDS adhesion promotion on SiO2

(CH,);SINSI{CH;), (CH,),SiOSi(CH.),
+MNH,
H.O H.O H.O T
OH OH OH OH OH OH
N N A
/\/\/\ AN NPT
[ [ i i
\ / ‘\ / “\ / \O/’ \0/’ “\0/
a) HVIDS + hydrated SiO, surface b) Adsorbed moisture removal
(CH,),SIMSI{CH,), MH,

T

(I)Si[DHSJS (l)Si{CHS}a £|)Si|:CHj|

Lo

. N . s / \\. / \\. / \
i i i i
\\O/ \0/ \O/" \\ / \ / \\ /

¢) HMDS + surface OH (silanol) d) Lower surface tension - lower H,O surface

Surface tension (dyne/cm) H20 on surface (molecule/um”2)
Pre-HMDS 78 >35
Post-HMDS 21 <1
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Process Summary: /
 Wafer is held onto vacuum chuck Photoresist
- Typical coating steps: dispenser
» Dispensing (low speed ~500rpm for I

4-10s)
> Level out (high speed-1000-to ©
5000rpm, 30-60s)
« Quality measures: \\/
— thickness
— uniformity /
— particles and defects i m
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PR Spin-coating Process
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-Uniformity (artifacts) i 4

e Striations and streaks
»Nonuniform drying of solvent during spin coating
»Wafer flatness and waveness (~ 50-100 um ), radially out from
center of wafer
»Radial patterns caused by hard particles or micro-air bubbles
»Vacuum chuck effect
» Trick: filtering particle out, avoid air bubble

Edge Bead

~ N\,
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* Drives off most of solvent in photoresist

 Impacts to post fabrication processes
— Photoresist-to-Wafer Adhesion
— Thermal stress within PR-film
— Resist Uniformity on Wafer
— Etching rate and Linewidth Control During Development

 Typical bake temperatures are 90 to 115°C




SOft-ba kl n g Exa m p I e Harvard University
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e Y

The ‘bumps’ are induced by the solvent trapped in the resist after
softbaking, especially in the thicker SU-8 film

Solutions 1: Balance the spinning time, soft-baking process
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* Required for negative PR (like SU-8), to ensure
cross-link in the resist

« Typical Temperatures 90 to 110°C on a hot plate
— SU-8, 65/95 °C
— Tricks :

» Controlled cooling step is also critical for thick resist
* Immediately after Exposure
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Photoresist Development i 4

Process Summary:

Soluble areas of photoresist
are dissolved by developer
chemical

Developer:
* For Shipley 1800
» KOH (CD-351),
» NaOH (CD-30), or
» (CH,),NOH (TMAH, CD-26,
\V/
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 An Optional Post-Development Thermal Bake to

— Evaporate Remaining Solvent
— Stabilize and harden the developed photoresist

* Impacts to the post processes

— Improve Resist-to-Wafer Adhesion

— Improve the resistance for dry or wet etching

— Improve the edge roughness due to plastic flowing

— Not easy to be removed, thus not good for lift-off process
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Resist liftoff
* Inspect to Verify a Quality Pattern
— Idg
2rformance of the Photgliteregeanhy Process

ng Defects to Other Are

blant
ork Mis-processed or Defective R

e
! B aini t I
L =y
" — - B
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 Master patterns which are transferred to wafers
* Types:

— Laser-plotting on plastic film (cheapest)

-- photographic emulsion on soda lime glass

— Fe,O; on soda lime glass
— Cr on soda lime glass
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Two Types of Photomasks in CNS

Laser Writing, or . CNS,
! Cr on glass E-beam fum (EBL Smooth | SXPenSVe | pdvance ood for
Hard' M plate (Soda- Lithograph can reach edge ($80/hour Reproductions as:i nment
lime or Quartz ) (EgBL)p y sub-um) g in CNS) P g
: . Outputcity,
Transparent | ink on plastic ngh-p_reclsmn Rough cheap Advance |notgood for
: laser printer (5k -f  >10um . .
Fim film 20k dpi) edge (<$35) |Reproductions| alignment
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Wavelengths of Exposure

Decreasing feature sizes requires shorter A.

-' Center for v
! A Nanoscale
2 & Sources Sysiems
uv
Wavelength Wavelength UV Emission Source Energy (eV)
Name
(nm)
436 g-line Mercury arc lamp 2.84
405 h-line Mercury arc lamp 3.1
365 i-line Mercury arc lamp 3.4
Mercury arc lamp or
248 Deep UV Krypton Fluoride (KrF) 4.96
(DUV) excimer laser
193 Deep UV Argon Fluoride (ArF) excimer 6.42
(DUV) laser
Vacuum UV - . 7.9
157 (VUV) Fluorine (F,) excimer laser
13.4 EUV (Extreme | Plasma from Xe gas excited by 92.6
' UV, soft-X-ray) high power laser
0.5 X-Ray X-ray 2480
0.062 Electron 20 keV
lon 100 keV



Light source:

Harvard University

Center for
Mercury Arc Lamp et
! i
1.00 | g J G-line: 436nm
i-): | | h lines H-Line: 405 nm
2 0.80f ! MIG.OV: 313 nm
Led I 1 DeepUV: 254 nm
= 0.60F | | (KrCl, KfF, ...)
= |
L ;
w 040F I
2ot
< 0.20 |
2 ool L
Ll
& 0.00

200 300 400 500 600
WAVELENGTH IN NM
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Three Basic Exposure Methods iy

RS Systems
1:1 Exposure 1:1 Exposure ~5:1 Exposure
Light
Source
Optical
System

Mask
Photoresist Pl

Si Wafer

Contact Printing Proximity Printing

2b = k0.54d 2b=kAJA(s +0.5d)
d, the thickness of photoresist, s, the gap of mask-resit, k~3

Ky, ~0.3-0.9



Comparisons of three e
exposure modes Y
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« Contact Aligner

* Proximity Aligner

« Scanning Projection Aligner (scanner)
« Step-and-Repeat Aligner (stepper)

« Step-and Scan System




Contact/Proximity Aligner
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Exposure Procedure

: Renter lon
gContact Mask AllgneQ e \ 4

>By 2007, >80% users did NOT know
following functions in mask aligners

B R e
CXD PRV

ontact the mask without

‘wedge’.

_1 Rt expoELrR"E8sage
«Soft-contact
Checking




SU-8 Photolithography
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Process Conditions Symomss

Required | SU-8 type| (*1) Spin Pre- Soft- Exposure |(*2) Suggest|(*3) Suggest| Post-Exp | Post-Exp | PGMEA |Comment
SuUs speed baking baking Energy | Exposure | Exposure |Baking 1| Baking 2 | Develop (*4)
Thickness (rpm)iramp- | time time ((mJ/icm*2}| Energy time PEB1 PEB2 time
(um) time/hold- [{65C, min)({95C, min) (mJicm#2) (AB-M)  |(65C,min)|(95C,min) (min)
time (+/-10%) (sec)
1.5 2 3000/ 8s /B0s 1 1 70-100 85 35 1 1 1
2 2002 | 3000/ 8s /60s 1 2 70-100 85 35 1 1 1 CNS
5 2005 | 3000/ 8s /60s 1 2 80-120 100 432 1 1 1
5 5 3000/ 8s /B0s 1 3 80-110 100 42 1 1 1
7 2007 | 3000/ 8s /60s 1 2 90-140 1145 45 1 1.5 1
10 2010 | 3000/ 8s /60s 1 2 110170 140 hAh 1 25 2 CNS
10 10 3000/ 8s /60s 2 5 100170 140 545 1 25 2
15 2015|3000 / 8s /60s 1 2 120-190 160 6.5 1 241 3 CMS
20 2015|2000/ 5s /60s 1 3 140-230 190 T4 1 241 3 CMS
25 2025  |3000 / 8s /60s 1 3 150--250 200 8 1 3+1 4 CMNS
35 2035 |3000/ 8s /60s 2 5 160-300 240 9.5 1 3+1 4]
40 50 3000 / 8s /60s ] 15 250-300 280 1 1 4+1 G CMS
50 2050 |3000/ 8s /455 3 6 230-380 30 12 1 T+1 6 CMS
75 2075|3000/ 8s /455 3 9 250-470 380 15 1 T+1 7
3000/ 8s /455 5 320--540 430 17.5 1 10+1 10 CNS

3000 rpm of spin speed is recommended for better repeabability of film thickness
2) Suggest exposure energy is given under follwing conditions: Plastic film pattern mask, a 360nm LP filter to hold the mask and Si substrate
) Suggest exposure time is based on the intensity of AB-M at 365nm ~25mW/cm*2

) Some of SU8 are provided by CNS, as marked in the Comment column,

) 6 types of SU-8 (2005, 2010, 2015,2025, 2050, 2100) have been verified in LISE clean-room of CN5 (SU-8 banch, rightside spinner, which are highlighted
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Three Dimensional Pattern in Photoresist

Linewidth SpPace
—

Photoresist

Substrate

Criterias for ‘good photolithography’
- Line/space size -Profile control - Etching resistance
- Adhesion -Sidewall roughness - Surface tension
- Uniformity -Defects



{.,_} Light Profile Comparisons of ..
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Separation Depends
on Type of S}rstem

Proximity Projection

Contact

Incident

Plane Mask . ight Intensity
Wave Aperture — Water ﬁ]::mt Surface




Resolutlon Limit and Profile Controlcagstrgrufym.w
— Light intensity profile i

Figure 716  Intensity as a function of position on the
wafer for a proximity printing system where the gap
incrcascs lincarly fromg 5 Dtog 5 15 nm {afier Geikas
and Ahles),

Light intensity distribution in a photo resist
film (cross section) with a - from top to
bottom - increasing gap betweesn mask and
resist film.
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— Mask-resist Gap Systems

Gap between mask and resist

Resolution for

Resoulution for Contact/ Proximity Exposure Contact/proximity
7 exposure:

b=1.5,/1(s+0.5d) =1.5,/1g

— HHine, 405nm Effective mask-resist gap:

* / Gline, 435nm g=s+0.5d

Example

2 =435 nm (g-line)
d =0.5 pym
s =10 pm

20 30 40 50

b (contact) ~ 0.5 um
Hfective Mask-resist Gap (um) b (Proximity) ~ 2.6 pm




=2 Resolution Limit and Profile Control.........

e
~§ - PR Contract (1) - 4
bhdbdddbdbd IR RN E R R

/—\ P-PR \ / N-PR

Positive PR Negative PR

a a E

E ] 0
£ 0 1 g, 1 /
v— — E . =
ﬁ ” \ g Log,(E, | Ey) 5 Log,, (E, /Ef)/
o \ - /
© Q
e = o
= \ E /
£ £
2 \Ef < Ef/

Exposure Dose (LOG) Exposure Dose (LOG)



Ideal Exposure - Ideal Resist

- PR Contract (2)

Dose

Resist Thickness

Dose

-
Distance

Distance—

i
| w
. w0
| o]
H =
| vy
: o
| L
b |l
| =
un
i i
i o
|
|

=, Resolution Limit and Profile Control..........
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Real Exposure - Ideal Resist

e
Al

Distance

i
:

L
H

Increase
Time
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’ - PR Contract (3 il

Real Exposure - Real Resist (positive)

mask MICROPOSIT $1813 PHOTO RESIST
Figure 7. Contrast Curve
P-PR %
1.0
0.9
'g'g 0.8 4
| = 1 = 43416-2.2681x R'=0.383
1.0 /_\,__/\ /\_,_ g E_;._ ¥ - 82 mycm?
B Ei ﬂ-s-: Contrast = 2.3
0% ﬂ;i
.ﬁﬁn — Ea 03l
fi o
0.1 4

00 02 04 06 08 10 1.2 14 16 18 20
LOG DOSE NORMALIZED (mdicm*2)

Phl:!ft-:rre*sist Patterlfl after dew

D1

PR Thickness

Pasition




A4 - PR Contract (3)

Resolution and Profile Control

.Resolution Limit and Profile Control...cuu
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T

Conditions Resolution | Profile (Sope)| Adhesion
Exposure Contact
Grim i I ! !
Bposure Dosage | N fosturs daneity, PR

type, thickness

PR contrast |

N
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- PR Absorption (1) '

. Resolution Limit and Profile Control....u

* Trick: Short wavelength effect (add 360 LP filter
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- PR Absorption (2) )
« Short wavelength effect * Exposure dosage curve
| S pen | SU=6 2000 Exposuce vs Film Thickness
15 || —00
| g —51]'1111 T 1]
. 2 - :§ e {) e - 70 _-'_______..-
= | g &m0
Z1s 2 T s o
g I & il
-t 14 | ; ) ///’:’_‘__'.——'——___
E‘ 20N {/
0= = o1m
W0 320 30 360 3B 400 420 Film Thickness {um]

Wavelength (nm)
Figure 2. SU-8 absortance vs. flim thicknesy



Resolution Limit and Profile Contrarlardufnwersny
- Optical Proximity Effect (1) ‘*

Rounded corners




Resolution Limit and Profile Control.....,

Center for

- Optical Proximity Effect (2) -

Trick: Optical Proximity Correction (OPC) in Photomask
design

Without OPC . .

With OPC




Mask

Edge —

diffraction

Exposed

UV exposure light

Unexposed
photoresist

photoresist

W

-

W2y

y

esolution Limit and Profile Control....cuues

Center for

- Light Reflections Effects (1) ¥

1 Surface_
reflection

\ /@

Notched photoresis
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Center for

- Light Reflections Effects (2) -V

Trick: Planarization
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___-Standwave Effects =~ s

— Incident wave
""""" Reflected wayv

Photoresist

Substrate




Summary

Challenge Photolitho process:

»High resolution (<1um), with
»High aspect ratio (>5:1), and
»Dense patterns

*Keys to ‘good exposure’

1)Right photoresist
2)Right Dosage

Harvard Unive

rsity
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