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@ High-Resolution Lithography in General
- Photons 1 vs. Charged Particles;
- € - Beam Systems and Writing Strategies;
- Future Developments and Novel Concepts;
- Patterning Fidelity Issues (Tools/Process);

@ Fogging & Heating Effects
- Pattern Degrading Effects;
- Parameter Extraction & Process Simulation;

- Exposure Optimization & Correction Methods.
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Lithography in General FHV ’
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Global Wafer Fab Equipment Market

U.S. $ billions
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Lithography remains the largest segments of the wafer fab equipment market, but there is
significant innovation in all sectors, driven by:

U shrinking geometries and
U new materials.
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Lithography belowwavel engt h &

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Photolithography con_

Mask
(Reticle)

Light - most often used writing tool in the HVP industry (ever since its inception);

Reduction Lens

Conventional (masked) - litho systems use DUV + RET;

Pattern A
being

HR purposes i complicated/expensive EUV litho systems proposed;

Traditionalf or m of exposures uses pure uncharged

Miniaturization of pattern features in polymer resists has been achieved mainly by

shortening the wavelength

which increases the energy of the radiation over the ionization potential of the resist
material, which is crucial for the formation of the latent image in resist.

Resolution: all application by the time are below wavelength (193nm).
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Lithography belowt he wavel ength & FHV’

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Radiation sources for the photo-lithography used: wavelength vs. energy.

E=hc//
hi Pl anckds con
Lithography - Source| Wavelength [nm] Energy [eV] ¢ =3 x 108 [m/s]
UV (with i T Line) 365 3.4 a1 wavelength [m]
DUV (KrF 1 laser) 248 5.0 ET phatons energy |
DUV (ArF 1 laser) 193 6.4
EUV 13.5 92.5

- each EUV-photon carries much more energy than DUV-photon;

- chances of having a photochemical reaction in the resist become higher;

-e

- an EUV photon should cost more energy to make than a DUV photon (~14x).

Eventually, the industry will reach the physical limits of photolithography for printing circuit
ifeatures on semiconductor devices @&
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Lithography abovet he wavel ength ¢é FHV’

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Sources for the Photo- vs. Charged Particle - lithography: wavelength vs. energy.

Lithography Wavelength [nm] Energy [eV]
UV (with i -Line) 365 3.4
DUV (KrF - laser) 248 5.0
DUV (ArF - laser)) 193 6.4
EUV 13.5 92.5
EBL 0.0039 100,000.0
IBL with (H* ions) 0.00009 100,000.0

Diffraction Theory i max. resolution is limited by the practical wavelength (8) used;

Since the wavelength of an electron or ion is far smaller than that of a photon,

diffraction is not a limit to the resolution.

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo
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Resist Types,

ooooooooooooooooooooooooo

oooooooooooooooooooooooooooooooooooooooooo

@® Organic
@® Organometallic

Process (pre- & post-exposure processing) | @ Contamination
@ Inorganic
. Self Assembled Monolayers
deer;feerz:?se nt i Pattern Deformation 1 o J bled !
- L |
- ~
” ~ P N -
’ ¥ — . ool specific
/ Modelling: \ éBL-System Aberrations effects
/4 e-Scatteran / (E/B-Col Linearit
a: Analytical ( AT St b'I'ty p
/ b: Statistical \ anty \
" E
/ \l Writing \
. ‘ @® e-Energy

/ Resist: Proximity I\ Raster/Vector ® Beam pParam. \
EID @ e-Repulsion \
I E Heating I ‘ Alignment !

| Radiat. Events I | Stitching = Mark Detection
E Chargin ‘ |
| Dissolution - | , Accuracy I

: | CAD

\ Fogging I I
Development \ L Splitting ]

\ P Topology: ( Focused | | Shaped Structure

\ edge effects / \ Beam Beam Processing /
\ Morphology: \ /
material | /
\ \
Simulators:

Forward Solver
Exper. Methods
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EBDW 1 Tool Specific i Fogging Effect (FE) FHV ’

D Y

Proximity Effect: Fogging Effect:
scattering of electrons re-scattering of electrons
Polepiece of
Primary electron beam the objective
lens

Re-scattered Re-scattered

Backscattered _ .
electron ﬁFogglngo: : iFogging
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elections : : electrons Backscattered
) electron
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EBDW i Fogging Effect Correction (FEC) FHV ’

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

o Electrons reflected from the substrate to physical elements of the electron column;

0 Re-scattered electrons produce a broadband background additional parasitic exposure;
o Critical issue at higher acceleration voltages in High-End technology nodes;

o Complex design with not uniform pattern density.

FE-Correction (FEC) - to achieve a better GCDU of resist patterns;

incident electrons

Primary electron beam
Polepiece of th

Rescattered - Rescattered iecti
Back Fogging A8 Fogging objective lens /« multi-scattering—>/"\
Slcatttere electrons ] electrons Back electror;s
electro resist
, ! a Scattered CrOx
RG‘SISt\ \\ . / electron quartz
1 Ogasawara et al., J. Vac. Sci. Technol. B 17.6., Nov/Dec 19¢
o

g specially structured Carbon coating

%]
.g ~ . . N
Z nANnti-Fogging Plateo » Reduction depends
= (FE-not fully eliminated !') AN o n t h eFogyiAgn t

Scattering of primary )
v electrons in the target Pl ateo q_ ual
the chamber environ-

[P. Hudek et al. Microelectronic Engineering 84 (2007) 8BA7] ment.
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EBDW i Fogging Effect Correction (FEC) FHV ’

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Further improvement - possible only by application of an additional dose correction.

Main Idea:
FEC is performed in a single step together with the PEC using the same proximity corrector é

> >
§ PSFpec §
g (short range) 12 PSFrec
= = (long range)
3 \ e L2 _& —
0 10 20 [um] 0 10000 20000 [MM]
A
frec+pec(r)= GG; + GGy + CeG
£
D
5 Common PSFpec.recy
c
= (short + long range)
3
() o
0 20000 40000 [Hm]
(r)=cg exér—qiiex 80 [ oo G
foecirec g ge 2_0 5 Y 9% . ngi‘ gé_ﬁl
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EBDW i Fogging Effect Correction (FEC) FHV ’

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

ne - (WEIGHT) value determination in the Fogging Gaussian:

Dioze Factar Calculated =t with Fogging

an a= 0063
b= 0273
— c . e= 0312
Goal 7 find such a numerical n - parameter, which a=12.000
. . . . = 0.500
provides the required numerical Dose-Shift Factor. 42 = 20000.000

ne = 0063
FOGGIMG-On

Gap-width - directly controlled by the n - - parameter

Calc_ulgteW/o \y of the fogging Gaussian
foggingmpact

1 Dose Bane Base Dose(ll) - Base Dose(llg) in [uC/cm?]

Calculatedith 1 l E =
foggingimpact

10 1] Lirewidth 1

f (r)_cé1 expé r2 0 1 exp 820 /1. expé r2 8

PEC+FEC - 2 x 2 OI X - 0

ég C = b Q% ~ 0 C O —=

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

LABORATOIRE DE PHOTONIQUE ET DE NANOSTRUCTURES
CeNTRE N

&5~ BEAMeetin@011 Paris ) =S Foqqing & Heating Effects in EBDW  (Peter Hudek) 11

GenlISysi


http://dx.doi.org/10.1016/j.mee.2007.01.025
http://dx.doi.org/10.1016/j.mee.2007.01.025
http://dx.doi.org/10.1016/j.mee.2007.01.025
http://dx.doi.org/10.1016/j.mee.2007.01.025

FHV ’
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18
> . . .
& -+ - without fogging impact calculated
o - 0 - measured _
1T Dose- Factor band width
s 14 4
L
q) % o wm = m
0 - m X# - w = = —
O . . . % = - - — - - —
&) -X-with max. fogging impact —x
1 I I [l | I |
0 0,2 0,4 0,6 0,8 1
Linewidth [um]
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FHV ’
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After Correction

Fogging & Etch-Loading \ S5 7 .

/ S4 L "

N 3 5

6-inch Mask after Cr/MoSiON-etch (65 nm node) ) /(S}
3 4 551 ] 2 3 4 53‘

GCDU ( réamg e)
GCDU ( 33d)nm

40004 HOYAAXQ-60251T-K63ANTARZFEP171U
for Attenuated Phase Shifting masks (APSM)
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Electron - atom scattering effects

FHV ’

D Y

Incident electron changes its direction and transfers part of its energy to the atom
As a direct result, both charge and energy are deposited in the exposed region.

Elastic event

Target
atom
-
@ — @ ...................
{DE=0;Dg, O
Largest contribution to the AEED
s, SE & lonization event
o
Inner shell
o (core e)
@ el >@
...'A
Binding energy
DE = E; + Egjnging: DG° 0

...... D NN

& BEAMeetin@011 Paris (&
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Excitation event

Main Internal excitation
molecular
changes ! Inner shell
(core e)
e_ -
DE, 0,Dg° 0

Plasmon event
Efficient -AHe®!1 CTI ONA#

hwg

Outer shell

DE=hw,Dg, O

NO molecular changes
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From Theory of e-Scattering : FHV ’

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

AEED from Direct Monte Carlo Calculation

[keV] T e - Energy
[UC/cm?] - Incident Dose (represents No. of electrons per unit area)

units :

€ [eV/cm3] - AEED
Result :

Absorbed Electron Energy Density Distribution @ 40keV
300nm PMMA on GaAs & 300 nm ZEP on COG

i T ™ 1000000
y El I‘: 100000
, 10000
u) Resist 1000
100
10 A
1

A )
=
|
Y
E [eV/pm?]

ZEP/COG

o
[EEY

0,01
PMMA/GaAs
0,001 | | |

0,0001 -
LeicaM6_z150.xrz
0 5 Ri [um] 10 Leicami_40_z150.xz 15

Substrate

Response Function

(I
..............................................................................................................................................
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EBDW i Modeling i e/atom Inelastic Scattering Effects  gnv ’

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Throughput i animportant merit for the feasibility of EBL tools:
Increasing beam result in an increase in:

A amount of energy deposited by e-inelastic scatterings, and
A rate of e-scattering in the sample.

Three main consequences of inelastic e-scattering:
C  exposure of the resist (rad.-chem. changes);
C heating;

C generation of free electron-hole pairs.

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo
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EBDW i Heating Effect FHV ’

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Power that is dissipated in the resist/substrate stack

e- beam exposure:

X  electrons deposit a large amount of energy into the sample;
X most of the energy is converted to heat;

X cause temperature rise of the sample (resist & substrate).

Pattern shape distortion: originates from the scattering of electrons convoluted with
additional effects, which are

NOT exactly detachable and separately treatable.

Energy transfer and accumulation:
€ - energy;
dose (dwell time) ;

pattern density and ¢&
rate at which the dose is applied !!

To I o I

This effect is attributed to certain writing strategy.

i . /8 LAZORATORE DE PHOTONIQUE ET DE NANOSTRUCTURES . . i 17
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One single exposure shot
Sp - Beam Step Size

VUeeee:

& &
Start p*.....

scan
here

e

Beam Shape: (a) Q (D) < :, (c) <E . presﬁlzfplged
v v
Focused A GRhaastr Variably Shaped Beam Cell Projection
VSB Character Projection

reduced number of shots-> boost to th e>

Device Engineering Fast Prototyping

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu
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Multi Beam Array
(IMS Nanofabrication, MAPPER)

i Apertures illumination
éwith uniform flood of :
i acceleratedCP

It

ii wiillllE
I ‘ e-beam field emitters
I integrated on

IIIIIII|""""“"" I moveable Silicon

........... m cantilever arrays

10— Low Volume [ —— P77

The goal is to have a machine that produces ~10 WPH US Patent 7141808 B2

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo
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EBDW T Novel Concepts i ML2 (Mask Less Lithography)  Frv ’
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Single Beam

YMacuum Environment
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Parallel Multi Beams

programmable
Aperture Plate System

(APS)

2um
b
200x
b

)

. 10nm )

256k beams

IMS Nanofabrication

MAsK less lithoGraphy for IC manufacturing

~z MAGHC http://www.magiefp7.org/

EBDW i Novel Concepts i mL2 (Mask Less Lithography)  Frv ’
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Main Assumptions used in PEC

FHV ’

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Linear & Space/Time Invariant Effects n,

1. Linearity:

(Exposure from the neighborhoods)

n,
—— n,
P

E(P):kg n.e€

=1

2. Theorem of reciprocity:

(Uniform dose-distribution D over area A)

E(P) = ké:{ f(r
E(P)= k& [ D 7 f()dA
=1 A

3. Time invariance;

(No thermal/charging effects !!)

E(P)=km¥n &

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

T
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FHV ’

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Experiments Looking for the Presence
of the Resist Heating Effect

There are still no special pre-designed universal layouts including test structures
for the experimental extraction of the heating effect parameters-set.

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo
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c Test

D Y

- - a8, = n =

ﬂ - 10— -
"ﬂl’ —a—— 08 Y Erosion
Completely developed to wafer surface N
06

13, = = MmN - -

5 \_; wimininiuinin o

Y ~35
04 \
02 - \ D,

NEE

1 10 100

1., = 1| M (S & - -

Normalized Remaining Thickness

Exposure Dose (mJ/cm?)

Underexpgsed. €€ — 7

4

» Overexposed |a l l 51 I I& l

Dy

D50:50X (002) XDyaee “Dose to Clear”
- D5,=51x(0.02) X Dyqee
Underexposed Underexposed Ds;= Do = 52 X (0.02) X Dpgse

Y
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Basic Test used as a Dose-Shift Monitor FHV ’

D Y

I X pass 2 X pass 4 X pass

1 X pass

EERERERER : c R AR ERERRR
EEEEEENM 3 EREEERENEE I EEEREENEEREN
I T BN E e
feieiaieis] - EpEReeEgegEgeT
EieEeinialnr — [

SEVENTH FRAMEWORK
PROGRAMME
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oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Dissolution Rate difference (resist
thickness diff.) depends on temperature

T

DR(T) = Ae 7~ 8
¢lo =+

A - pre-exponential factor
R - gas constant (1.9872 cal K1 mole)
is the activation energy [cal/mole]

E,- i
n - unit-less fitted constant <-1, 1>

wwwwwwwwwwwwwwww
nnnnnnnnn

----------------------------------------------------------------------------------------------------------------------------------------------
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
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Global substrate heating (gross heating effect) FHV ’

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

1 Scanfield

1 x

over-exposure (resist fully developed)
over-exposure (resist fully developed)

Comparison of two large exposed areas with single (left) and multiple (4x) exposures of the same pattern.

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Y
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FHV ’

Slows down
throughput !

uniform

relative
resist

sensitivity
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Local resist heating FHV ’

D Y

e direct acknowl edge nresist-heatihg effeste pr es enr

one scanfield — ————»

ilx

2 X

Reduced
Heating
Conditions

a)

Comparison of 300 nm thick ZEP7000 resist response coated on photo plate for different writing methods
under the same lithographic conditions.

MAGEC http://www.magiefp7.org/

...... D R Y
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Local resist heating FHV ’

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Resist response to the specific exposure strategy (single-pass) with a 50 keV VSB-tool

Writing strategy and the ordering of the exposure shots in the pattern:

10 um wide single line sequentially exposed with 2 um?2 square shots with a constant dose of
1920C/ cm|] in 3 subfields ¢é

T
MAGC http://www.magiefp7.orag/

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo
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Pattern uniformly exposed with a constant Multiple exposure of the same pattern with
dose of 20.5 pC/cmz2 using equal square a delay (heat relaxation time) between
shots. exposures €

Single Pass 4x Pass

Conseguence:

In-Validity of the Time Invariance !

----------------------------------------------------------------------------------------------------------------------------------------------
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Fogging & Heating Effects in EBDW (Peter Hudek)
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EBDW i Heating Effect FHV ’
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Heating is attributed to certain writing strategy ...

Consequence:
Heating/ Effects i are tiMme dependent !
while

Proximity & Process Effects i are NOT.

Characteristic effect of heating:

C CD-error - the local heating can produce local variations in the resist
sensitivity - non-uniform nature;

Q Placement error - substrate temperature rise -> wafer expansion during
exposure i global In-Plane Distortions (IPD).
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Substrate Heating Y IPD (in Plane Distortions) FHV ’
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Temperature control of the EBL system is very important !

Placement errors due to substrate heating depend greatly on substrate mounting to the stage.

Materials expand - thermal vibration of the atoms in a material, and hence to an increase in
the average separation distance of adjacent atoms.

CTE (thermal-expansion coefficient):
-Cigy =25 -4.68x10°/K;

Note:

CTE is rarely linear and should be quoted
either at a specific temperature or as an
average over a given temperature range.
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