lon beam lithography

*Progress in ion technology spot size <10nm

Direct writing : resist, milling, implantation

lons rapidely absorbed by matter —almost no proximity effect
low dose -

3D structures possibles



lons trajectories

Eﬂkeﬁ' 20keV  20keV ISUI(%E' SEEE_EE

Gat electron




Liquid Metal lon Source (LMIS)

Heating loop

Reservoir
Liquid metal

W tip

Taylor cone

lon Beam

Extractor

Energy dispersion : 4eV

Spot size limited by chromatic aberratrions : 3nm
Brgihtness 108A/cm?.sr

Good current stability

Probe current (pA)
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examples

30kV 10ns Gallium

Hole in a Si;N, membrane

LPN Marcoussis



3nm hole pierced in a 20nm thick SIC membrane

LPN Marcoussis



Inorganic resist AIF3

100,0 nmM

50,0 nm

0.0 nm

LPN Marcoussis



Magnetic field patterning

Kerr image of the patterned PtCoPt film
(Gat*ions, 30 keV, 510> ions/cm?).
define stable domains: 1500 nm, 750 nm, 300 nm, 50 nm



3D shape



Hellum microscope

A trimer of W atoms emits the He ions:
spot on the sample ~0.3-0,5nm

xtractor

Focus

lon Beam

Aperture PlaS

Scanning
Coils

* Field Ion Microscope
(Miiller, 1951)

Final

Lens sharp tip

¢ W single-crystal

MCP
E-T SE detector

detector « 3 atoms at the end (‘trimer”)
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An atomic size source

Source is one atome - spot size can be as low as 0.35nm on sample



Small spatial extension of the diffused He ions

SEM images are produced by SE1 and SE2 electron
Here it is mostly SE1 small sppatial extension and sensitivity to surface

30 keV Gallium lon Beam 1 keV electron Beam 30 keV Helium lon Beam

Secondary Electron
Escape Depth

100 nm

&




Overall equipment

1

Gaz injector
W, Pt, SiO,

Low energy
electron gun
flood

Plasma cleaner

. / L:

Electron detector



A versatile tool

Microscope : high resolution, sensitive to
surface, very high deep of focus, flood to
neutralize ions allows imaging insulator and
biological stuff

Lithography : high sensitivity, high resolution,
no proximity effect.

Direct milling : low damage ( low sputter yield)
high precision, no interdiffusion (Ga ions) .
Possibility to use Neon for higher yield but less
stability and resolution

Beam induced deposition : W, Pt ,SiO, no
contamination

microscopy

lithography

milling

deposition
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A microscope

High resolution and sensitivity to High depth of focus
the surface
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High resolution lithography with HSQ

Small spot size high
resolution

High yield high sensitivity

Very small proximity

effects
High DoF high aspect Ligne 9.7nm HSQ 20nm
ratio
Small thickness resist 20
Negative resist for B & =
EtChing -Em-_ _____ e ;S_n._.u_ ........
i_% % °gg§§“’
Sub 10nm achieved 0

0 25 50 75 100 125 150 17
Dose (uClem®)




nanolithography

Development on a new
resist based on
Aluminum oxide.

Better resist profile and
roughness than HSQ

Width below 10nm can be
easily achieved with an aspect
ration higher than 4.

Dense lines




RIE etching of Silicon with the AlOXx resist

50 nm

Working Distance
9.917 Millmelers

e
£
3
=
!
Beam Curren 43 Scan Size — Working Distance Beam Current Scan Size
0.345 pA 512x512 20 nm 9.916 Millmelers 0.375 pA 512x512
Caolumn Scan Dwell Time GFIS Field Of View Acquisition Timestamp Column Scan Dwell Time
GFIS 10 ps 0.2 Microns 11/29/2017 3:39:54 PM GFIS 20 ps

||||

Acquisition Timestamp
11/29/2017 4.03:23 PM

Good selectivity with fluorine based etching.
We obtain 5nm width and 40nm height Silicone nanowires.




PEBjhoh dVEEEhg Graz

AlOX resist

80nm

400 nm



ReBjhat dvBiEtihg Graz

det | WD HV mag H | tilt | curr 200 nm
TLD | 4.1 mm | 2.00 kV | 234 961 x | -0 ° |50 pA C2N - CNRS



High precision milling

Nanogap etched on a gold bridge
Hole in suspended graphene for molecule grafting (collab C2N,

- dia<5nm ICMMO)
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etching

8cam Cymort
P

n 48 sanm

Weding Distance

Coberrmy IS Fawdd OF Views o e, Scam Cymoct — v
GFIE 05 Misong 2018 1 P DATAPA Mnm 3,092 148 mems

Coberrny et T IS Pwkd OF Viemw Actpuisthon Timwstairp
GFis 06 Whzsons 2UZ01E 11:02:33 AM



Beam induced deposition

Deposit gas
injection

vvvvvv

......

..............

--------------

..............

FEB «~%»

Yt

Yt e

vvvvvvvv

Volatile
Fragments

vvvvvvv

Precursors mostly metal carbonyls:

W(CO)6 , Fe(CO)5
For platinium :C.H,CH;Pt(CH,),
For cooper : Cu(C:HF0,),

Me(CO)x

usually C contimination
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Growing W wire ( in fact W, ,C, 5)
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Commercial equipment

Source Gallium Source Hélium or Néon
30kV 30kV

750k€ 1.2M€



The dual beams

Electron column: insitu real time
Observation

lon column : milling, cutting and
beam induced deposition.




TEM preparation



Near field lithography

Daonald Eigler et al. [IBM-almaden) Xe ! Cu




Near field methodology

Electric pulse

. N |
Mechanical pressure threshold

Under threshold —>  Alignment, observation




More pratical : local anodization

Water condensed b) Monolayer of gold oxyde

H-O

o o ®
00000000 atomic flat gold ©0€

00000000 00000000
® oxygen @ gold
c) Exchage process d) Dissoution of gold atom




exemples

80.0
60.0
40.0
20.0

0

nm

Carte de France (32,000 atomes d’or enleves) L2ZM
04081014.501

-200

-100

o Z.Z.Wang LPN




Other examples

Anodisazon of GaAs Anodisation du Nb
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EBL-Bilayer
process

€

/ N\
’./ Germanium N\

e-beam exposure

T

| MAA ballast _
- -~

77, 777727
oxidized ¥

wet development of
the exposed resist

Engraving resist with an AFM tip

EBL-Trilayer
process
beam resist PMMA

silicon substrate

e-beam exposure

wet development of
the exposed resist

v

anisotropic dry etching

ralln
7 77

isotropic dry etching

AFM-Trilayer
process

Polyimide,

Germanium
™~

MAA ballast_ | -
‘/

%

AFM engraving

anisotropic dry etching

?

isotropic dry etching

Single electron transistor made by
AFM litho — PhD thesis V. Bouchiat



Nano-imprint

1.temp +pressure 50Bars mold

substrate ‘Q‘Qﬁ'..g.ﬁn@ o
eenBeogRaGedren
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4. Residus etchnig

Slow process, mask 1/1 scale i.e. ebeam lithography
10nm resolution demonstrated , very cheap



examples

Etched W for Interdigi

tal

Large surface uniformity




UV assisted imprint

L
S

Faster

Resist hardening underuUVv



resolution

3 Dimensional printing Low LER

Via chain structure (Via / Metal2)

Imprint into dielectric

I (tilt--\:,eJ} ‘T
‘ I ‘ ] ‘ ‘ 20nm Replication

==

. “ ' ” . ” Courtesy of MI1

tion tobxe cu partiefie Sur queique SUPPOt que C= 3ait ow USEsstion du contena de Ce document st inerdie sans Faviordsation éofe préaiatie du CEA
d. Ary seproduciion in whole or In part on any medium or use of Sie Iroreaton comained herein is prohibitad Wihot the pricr wiitien consent of CEA




Commercial equipment




Roller lithography

Easy and rapid but simple pattern — solar cells?

—




Soft lithography

PDMS mold

photoresist

Mold is prepared by lithography. PDMS is poured

After PDMS is cured, it can be PDMS mold is ready.
peeled off from the surface easily.




microfluidics

\

Photorcsase on 1 ransparcocy
S u.-;(c:t Exposec phorommask

PIOAS warh
<hanoel snpons

Rebef srnucourse

n plrotorcsise Drill rese .

Oxiclize
Seal 1o flat surface

Buffcr
S Sastils Boffer

PIOAMS glass,

Sample Becnon eservolrs



M.A. Unger, H-P Chou, T. Thorsen, A. Scherer, and S.R. Quake, Science 288, p.113 (2000)

PDMS A:B 15

I | —_— -

ST

o
ol

DMS bi-couche

N NN mold
1 flat
substrate

Fluidigm (USA)



Litho 3D laser

~s—— Piezoelectric 3D Scanning Stage

Inverted Microscope

The wavelength of the LASER ido not produce any change In
the resist

But at the focal point where the intensity is very strong

-> Two photons process

-> resist polymerisation

The sample is scanned under the focal point



Resolution 200nm a 300nm




Conclusions on lithography

Technique Resolution Use Remarks
contact 0.25Em Labs et R&D Cheap mter_medlate
resolution
Optical proximity 28m Labs and R&D Cheap but low resolution
lithograpphy
projection 20nm Industry \ery expensive
EUV <10nm? Industry Need some work 20207?
Easy to handle no mask
Ebeam lithography 1nm Labs et R&D very high resolution
Mask making .
Intermediate cost
lon beam lithography 1nm Labs et R&D Mllllngdqnd I|th_ography
iagnostic
Near field lithography Atom Labs Very SIO.W.’ cheap for
10nm specific appl.
Nano-imprint 10nm Labs and industry? Cheap, alignment issu

specific




Transfert technigues

*\Wet etchnig
lon etching
*Reactive ion beam etchnig



Wet etchnig

Isotrope etching (non crystallin materials)

*Simple
*Fast
*Pb of undercut
aftg’fnéﬁzelﬂprf:iﬁt under etching after mask removal
>

—— Stuibstrat

Difficult to control :
If weak chemistry long time but surface state important




Anisotropic wet etching (crystalline material)

<100>

T <110> r

<100>

<110>
<111>

] : l
54.7°

<100>

T <110> r
<111>

; :5 54.7°




MEMS suspended structures







lon Beam Etching (IBE)

*Mechanical impact of the ions
Etchnig rate T

E
T o« —
ZlU
anode o
gase — [T1accelerated lo U Bmdmg energy
= :H Z atomic number
Eﬁ;‘é /H: E ion energy x coeff (angle)
1] 1]
11
Typical energy: 100eV to 2kV
HH =
Collimation

grids



lon beam etching

\

*Poor etching rate m/\\

*Not very anisotrope
*Not very selective
*Re-deposition
*Trenching S R S A A S S
Defect e

Each rate (& min)
e
&

g

2

2



Reactive ion etching: RIE




plasma

Plasma = partially ionized gase with ions (+or -) électrons and neutral
species

Create by radiofrequency or microwave discharge at gase pressure
typically 100Pa ( 1Torr)

Although the gase is at ambient temperature, the electron energy
create very active ions radicals usually obtained at high temperature

Chemical reactivity of the surface is also modified by the impact of the
lons.

The interplay between chemical and physical effect give rise to very
anisotropic and high rate etching.

Plasmas are quite complex systems and it is difficult to master all the
parameters.



Autopolarisation

Speed of electron >> speed of ion because of mass difference
During an RF cycle all electrons reach the electrode but not all

the ions
DC polarisation lock by the capacity
The ions are accelerated by this voltage to the sample

Zone neutre

Gaine Gaine
cathodique anodigue

Capacité de
hlocage

H : Plasma

R.F.




Autopolarisation

At the first positive voltage an important flux of electrons arrive on the
electrode but at the next negative one a much smaller number of ions arrive.

A negative voltage built up and repell the electrons. The stationary state arise
when the flux of electrons = flux of ions.

Haute

tension

vp |l
/ A\
/
- .

Masse

Distance

Ve

Mean potential

interélectrodes

The plasma is at a positive potential
since the electron are rapidely evacuated
by the chamber wall. Vp allows to
maintained the neutral charge of the
plasma, This the most positive charge of
the system.



autopolarisation

The polarisation depends on e e
the ratio between the two Vil / \
electrodes. The mass ol ) B
electrode include the wall of
the reactor and VdC >> Vp i Equal Area Electrodes i

— i

Unequal Area
' ‘!Small “hoath — —0| Electrodes L |

Time averaged wvalues for the potentials

? Sample in different RF reactors
large sheath

plasma @

The pollution of the reactor change
the area of the mass electrode and
the polarisation evolve with time



chemistry

non active specie

Active species created ) “/

diffusion

[
“ diffusion

reaction )
@ desorption

adsorption :




Chemical aspects

Example:
CF4 Is not active on Si but F Is active

The desorption process of the chemical reaction is
Important otherwise the surface is passivated.

Ex : Al react with F — AIF3 but vapor pressure AIF3 1 torr
even at 1000°C

Si + F — SIF non volatile
SIF + F —- SiIF2 non volatile
SiIF2 + F — SIF3 non volatile
SIF3+ F — SiF4 volatile

The chemical reaction are activated by electrons and ions
bombardment creating active sites.



Silicon Etch Rate (A/min)

| | | | 1 | I+ | 1
B8O XeF, Gas -+_ Art lon Beam + XeF, Gas _...l._ Ar lon Beom _.{—
Only Only
- —
%, Chemical+physical
50#— .%.-.- -
Sessannasnmn,fe s et
- ¢ —
404~ —
e ' -
20HPure chemical o -
® Pure physical .
o
0| | 1 | | I J P s i e e
0 200 400 600 800

Time (seconds)



Anisotropy

@ <— Active element

[ ) Passivation gase

masque

YOOOOOOC(
QOO0 IIf

Yr o rrrr I ‘ )(
QOO0 0000000000000 000000 &
I X L L Ll Ll L L Ll Ll L L Ll

The edge which are less bombarded are protected



Bosch

Polymer{nCF.)
Deposit Polymer

Etch

MEMS application

Spring - Klaassen. et af, 1885

(College de France-LPN-ESIEE)



RIE Pros

»Easy to handle
»High rate
» Selectivity

» Anisotropy

»No redeposition

RIE Cons
» Sensitive to pollution drift in etch rate
> Plasma density quite small 10'° cm-3

»Energy and pressure are linked difficult to separate physic to chemistry



Examples RIE

1,94pum x 6,25um

AlAs/GaAs micropillar

7.5 um

4608682 25KY K48.8K 8.75

depth 1.2um
diameter0.4um



Reactive lon Beam Ething:RIBE

g asS—__

S
Fepes

»ldem IBE but with chemical
lons instead of Argon

»Complete separation between
energy and chemistry

»Glive impressive aspect ratio
»Quite high voltage — defects

»Needs plasma electron
source (filament burn)



Example RIBE



Electron Cyclotron Resonance

Very dense plasma (high rate) at low energy (less defects)

Independent control energy/density of ions ECR : cyclotron 21 f = eB/m in phase with
Microwave field

Adjust plasma density

— E

MICROWAVE ot=0
fecr=2.4GHz POWER

875G

Y

{ B

GAS DIELECTRIC B

INLET -»— ‘EEWINDOW ) . t=r/a
MAGNETS _ e PCRZONE _ \| E
Rl X o
| =7/2
WAFER | _,. TO VACUUM E ot=m
" pUMP
g —E Adjust ions energy
]
Y
SUBSTRATE N - S
RF BIAS
B O > sus

There is a space slab where

cyclotron and microwave are in phase Plasma density 1013cm?3



Example ECR etching

Center Edge
O.l-um HARC

AR 1o OO Heps Juccasshd




ICP : inductively Coupled Plasma

The plasma is create by a oscillating magnetic field
Gas Inlet JL

Ceramic Process Chamber

13 56 MHz a B(t)
@‘—RFMatching Plasma Chamber . b b
Unit Ceramc—> 1 | |
. hamb ‘ '
Process Height Ll s
®
 SRY O Vo ®
Weighted Clamp Wafer/Sample 5
i o &
(Optional)
Popig o L] —MESC Compatible
] i Isolation Valve
I : Temperature Controlled
. o / Bellows Sealed Electrode
% |
Helium Cooling
Gas Inlet

The oscillating magnetic field create an electric field :cf Maxwell rotE = TS

The plasma is better confined than with condensator plate

A voltage applied on the substrate holder allows to control the energy
of the impining ions

density10t’cm-3



