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Why reduce the sizes?

DRAM litho requirements

T T T T T T T ‘ T T T T I . ; ' '
Production capabilit
4M / papility
16M Development capability

Feature size

- Moore’s law

CMOS critical region/

Lithographic techniques

nano-science




The scale length of things
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Occhio nud

Microscopio ottico

Micro-Mondo

Microscopio elettronico

Nano-Mondo

Sintesi dellATP
Diametro ~ 10 nm

Microscopi a sonda (SPM)

Tools to observe the nano world

* (SPM, scanning probe microscope):
STM (scanning tunneling microscope) Resolution ~0.1 nm
AFM (atomic force microscope) Resolution ~1 Onm

e SEM (scanning electron microscope) Resolution ~1 nm

* TEM (transmission electron microscope) Resolution ~0.1 nm
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Size Scales Accessible to Nanofabrication
Approach

YVL5I ~minimum
feature size

\ l |

I R S I S T L I L

Dimensions I Characteristic Size (Meters) \
1 micrometer
Lithographic techniques: I

Existing |

Techniques |




Light
Source

Optical
System

Mask
hotoresist

Si Wafer

1:1 Exposure Systems

Usually 4X or 5X
Reduction
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1201 W. . Roentgen in Physics for the discovery of z-raws.
1214 ML von Laue m Physics for z-ray difffaction from crystals.

1315 W. H. Bragg and W. L. Bragg in Physics for crystal structure denved from z-ray diffraction.
15917 . G. Barkla in Physics for characteristic radiation of elements.

1924 K. M. G. Sieghahn in Physics for =-ray spectroscopy.

1227 A, H. Compton in Physics for scattering of 2-ravs by electrons.

1234 P. Debye in Chemistry for difffaction of 2-rays and electrons in gases.

1962 M. Perutz and J. Kendrew in Chemistry for the structure of hemoglobin

1962 J. Watson, M. Wilkins, and F. Crick in IWMedicine for the structure of DITA

15759 A McLeod Cormack and 5. Newhold Hounsfield in Medicine for computed axal tomographe.
1981 K. M. Siegbahn in Physics for lugh reselution electron spectroscopy.

1225 H. Hauptman and J. Karle in Chemistry for direct methods to determine x-ray structures.

13 8% J. Deisenhofer, . Huber, and H. Wichel in Chemistry for the structures of proteins that are crucial to photosynthesis
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THEORETICAL UNDERSTANDING >

1873 Maxwell’'s equations

- made evident that changing charge densities would
result in electric fields that would radiate outward

1887 Heinrich Hertz demonstrated such waves:

..... this is of no use whatsoever |

Why do they radiate?

Charge at rest: Coulomb field

Uniformly moving charge v = const.

Accelerated charge




Fields of a moving charge
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Radiation field quickly
separates itself from the
Coulomb field




Longitudinal acceleration
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Radiation field cannot
separate itself from the
Coulomb field

R ad I atl O n IS e m Itte d Litografia a raggi X con luce di sinc: :

INt0 a harrow cone

Into a narrow cone




Crab Nebula GE Synchrotron
6000 light years away New York State

First light observed First light observed
1054 AD 1947
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Transmitted Spectrum
0.0006 +
0.0005
0.0004
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0.0002
0.0001 +

Synchrotron Spectrum

‘Wafer Plane

Aligner Tool

Synchrotron

Useful
Exposure

Figure 3.19: Schematic of an X-ray Lithography system based on a synchrotron.
Notice the synchrotron, beamline and mask arrangement as well as the changes in

the spectrum of the radiation.
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Litografia a raggi X con luce di sincrotrone

Step & Alignment
Mechanism

X-ray extraction window

X-ray mirror
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The Stepper

Litografia a raggi X con luce di sincrotrone

- Reray absorber
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LILIT energy spectrum
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FIGURE 2

Calculated transmission spectra of the beamline for different values of the incidence angles.
The absorption from two Berillium windows of various thicknesses is included in the calculation
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Incident
Radiation

membrane
~ 2 micron:

absorber
~ 0.4 microns




1:1 XRL for 2D GaAs/AlGaAs PC

Diffraction, partial-coherence and lithography




Experimental results: unconventional base

25KV L Lpaseaad

INTRODUCTION

Objectives:

» Achievement of 3D
resist microstructures
in only one shot

« Modulation of the
x-ray dose by using
agrey tone mask /

/

® X-ray source
/
/N

\\Grey Tone

" Mask

Resist and
Substrate

T
1

Simulation of illumination effect

By computer
simulation, we
obtain this shape
for the developed
resist exposed by
the x-rays passing
through the
described mask




MASK FABRICATION

Picture of the mask

B % M T VR e

X-RAY EXPOSURES

SEM image of 3D shaped resist
dose of 7000 mJ/cm2, and gap of 13 um.

X-ray Replication
X-ray Mask & Liftoff (Ti/Au)
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Electron-Beam nanolithography syetsm
Installed in Pirelli Labs-Milan
Developed further to the needs of micro-electronics industry, electron-beams are

systems able to impress a thin layer of photosensitive material (photoresist) with a
resolution orders of magnitude higher than that achieved by optical methods

Typical parameters of
operation:

*spot size of the beam: 5nm

eresolution: 15nm
(conservative)

esize of the wafer: 8”, 12"
standard, larger sizes
developed for semiconductor
industry

Typical e-beam system used in the production (Leica VB6 HR type)
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Electron beam

10A Auger electrons
50-500A Secondary electrons

Backscattered
electrons

Continuum X-rays

Secondary fluorescence
bﬁ continuum and
characteristic X-rays

incident electron beam

characteristic
X-rays

backscatterad
alectrons

sacondary

alectrons -, " bremsstrahl ung

visibla light

Augear
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absorbed
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. 0.1 Enl.ﬁ

where E =accelerating voltage (keV),
and p = density {g/fem?)

0.077 E,'* 276 x 102 AE,167

y@m)= ——F3—— Ty = 0w

where E | = aceelerating voltage (keV), where p = density of the matenial (gfem¥),

; — T 3y Z =atomic number,
and p = density (gfem”) A =agtomic mass,

and E , =accelerating voltage.
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two-address lines and spaces
I*

[ e e e
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two-address line in a sparse area

‘#‘

two-address line in a dense area

FIG. 3. Proximity effect pattern consists of two-address lines in dense and
sparse areas. The dark areas are the exposed areas. The white areas are
the unexposed areas.

Smaller than design

50k V EB , 7/

Resist H 30um

\/ Effect of BSE
I Forward

(| scattering (FS)

1

\

Backward
scattering (BS)

Large pattern Larger than design




Simulation for Incident Electron trajectories

Eolkvi=50: Titldeg)=0: TrajNe.=500 EolkV) Sl SpecimenCOMACIZ: Tifldeq)=0: TraNo.=2000

ThickLA}=3000

ES coefficient = 15.00% Eroadaning [radus) = 255 A

Simulation for Incident Electron trajectory

Caltnd THieeqal: Tral Ha =500




Line & Space

_ Isolation line
Position (X)




Dose Distribution Simulation vs Writing Result




Proximity Effect for 100nm L&S Lattice

PEC(Proximity Effect Correction)
for 100nm L&S Lattice




DDSfor L/S
|
|

|
L

Backward scattering only: Forward and backward scattering:
6,=51m, n=0.75. 6,=30nm , o,=5pum, n=0.75.

CRESTEC CORPORATDN 0912191 All rights reserved.

PEC result for L/S

Before-PEC After PEC

4 H
{condition) 30kV, 50pA, 500 ym sq, L/S=125/75 nm on Si

L 50pm X W10 um, 20, 600 dot, ZEP520-300nmt
CRESTEC CORPORATDN 0912191 All rights reserved.




Resist Thickness Dependence of
Proximity Effect

Without PE Correction
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With PEC Correction

T R S TR g et

Proximity Effect Correction

(Data supplied by Thales Research & Technology)

i1dmm




Proximity Effect Correction

(Data supplied by Thales Research & Technology)

With proximity correction Without proximity correction

L= SE1 EHT= 18,0 KV HD- 2 mm MAG= X 922. PHOTD= 2
20, 0pm —————— 4
C.N.E. I.E.5.%.




The E-Beam Lithography fabrication
process of 3D profiles for phase DOEs

Electron
Beam \/
DEVELOPMENT
censitive [ 5 —
: JUREN
resist — Fused
«— silica
substrate
1- The phase profile is 2- After the development,
transferred by direct a surface relief pattern
e-beam writing onto built in the resist can
an electron sensitive actasa DOE
resist (PMMA)

CNR-IESS - pFab Group

The key for a good DOE efficiency

The left resist The DOE overall efficiency
thickness \e/ o is high when every couple
depends on the \ \e . of consecutive levels has

electron dosage \ - \g; the same height
-

a2 2105 B 3 = ML B TR AT absorbed per . difference
d,d,d,d, dose unit area w
A |

doses in the i I i system

Fic. 1. Schematic description of dose assignment procedure. (For a highly efficient resulting DOE,
the electron dosages are to be
assigned accurately, in order to

kachieve equally spaced resist levels

CNR-IESS -

The dose calibration

Resist pads are exposed at
increasing electron dosages (the
pad lateral size is larger than the
electron backscattering range
——> the exposure dosage is
equal to the absorbed dosage)
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vs. absorbed dosage curve it is
possible to interpolate the electron
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Scanning Electron Microscope analysis

SEM image of a 16-level, 32
steps double ramp-shaped
pattern.

Development: MiBK-IPA
3:1 for 20 sec.

16-levels rrh

Testing the dose calibration on a _
practically realized multi-level profile Expected profile

femmmNmmmm

Profilometer measurements
of the resist thickness
performed on a 16-level
ramp-shaped pattern.

| Development: MiBK-IPA
55 wm 3:1for 20 sec.

The step width is 20 um and their mean height is ~100 nm.
The maximum resist height is 1.5 um.
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Quarter wave shift

After development After chemical etching

Grating Pitch : 235.98 ~ 247.68 nm

Spacing : 0.3 nm
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Continuous profile holographic surfaces
produced by e-beam methods

Continuous profile make it
possible to design a
wavefront transforming
surface having the exact
theoretical shape required
to maximize efficiency.

*Continuous profile

‘/_\-Overall pattern

*Uniform redistribution of
laser light obtained by the
innovative optical element







1ON SOURCE

MASS SEPARATCR

BEAM DEFLECTOR

TRANSLATION

LASER BEAM ALIGNMENT

ION SOURCE
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tst STIGMATION
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Stencil Mask

H"or Hé
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- mold
1. Imprint '
*Press Mold

sRemove Mald

= =10 nm

841136 3.5K X358K
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* Preliminary simulatfion and experiment show:

* the world’s tiniest and strongest
Al nhanopencil

LN * never needs sharpening

TEM Image: Si02 lines (10 nm widt) :
on Si Surface, writen by a CNT fip

Ref: NASA, Ames Center




