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STRUCTURE

Introductory lectures

A. Electron and ion beam lithography B. Directed self-assembly (DSA)

* Bottom-up vs top down fabrication
* Recap on principles and limitations * DSA for high volume manufacturing
* Relevant examples of ion-beam  Principles of DSA of block co-polymers
patterning

‘ Advanced lessons l'

* |on beam patterning for the fabrication of Advanced DSA aspects: Creation of guiding paterns and

Nanoelectronic and nanomechanical devices applications
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lon beam patterning for the fabrication of
Nanoelectronic and Nanomechanical devices
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Focused lon Beam (FIB) fabrication
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-
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Focused ion
beam system
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Objective lens
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EYE Stage I}.:; esrt;ngt:rferom eter controlled
Concept:
 Exposure of a surface by a focused ion beam
. Multiple modes of operation: Resist exposure (lithography),
direct writing (milling), induce reactions, doping, ...

lons have much large mass than electrons
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FIB TOP-DOWN PROTOTYPING OF NANOSTRUCTURES
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lon beam interaction processes with surfaces

ION BEAM
Precursor .
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Widely used in Microelectronics to locally modify the conductivity with electrons (type N) or holes (type P).

Type N: donor of electrons
(e.g. phosphorus)
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lon implantation

* The target (wafer) is bombarded by energetic doping ions

* lon energy: 1 keV to 1 MeV, typically in standard implanters 10 to 200 keV

Wafer

/ TARGET COLLISION
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lon implantation

Profile of implanted ions First approximation: Gaussian Distribution
lon E Subsirate 2
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lon implantation

Projected ranges in Si and SiO, Projected standard deviations in Si and SiO,
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lon implantation

(for CMOS technology)
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Energy: 3 —300 keV
Typical corrent: 0.1-100 pA
Beam size: 1 cm?

Current density : 1-103 A/m?

apm— e — TR

Energy: 3 —35 keV
Typical corrent: 0.1 =100 nA
Beam size: 10 nm?

Current density : 100-10° A/m? 14
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lon implantation by Focused lon Beams

1o
fl\ os| - @ Implant profile without sputtering
6 .3 o 1 2 J 3 s s t; 7
ion bl Impt pr_oﬁ/e with steady state
sputtering sputteringlan

105 )
LA G dFA S Ed Q 30-keV Ga’ for S1eiching with 1, gasi!!
.A. Gianuzzo and F.A. Stevie, Ed. EXPERIMENT: FIBID
Introduction to focused ion beams. 10¢] & 50-keV Ga’ for W deposition with W(CO), gasH g
. i ) 1 4
Springer. 2005 o .!O-N:V Gia (urC(k[.len)l wih CH, gas i
EXPERIMENT: Milling
+ 90-keV As* in Au substrute! !4l o
10%4 © 30-keV Au” in 6H-SIC substrate ™) 4
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b 102 4 30-keV Ga~in Ni, Fe. substreate 122
= 1 132 v TS
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Beam diameter nm 20 §
Area nm2 1,257 i
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Ga* exposure Gat exposure Volume nm3 1.26E+05 - CORRELATION & DV Ga WO
1 = Mill I ¢ s in
Dose: 1.5-1016 Ions/cm? Dose: 2:1016¢ Ions/cm? Silicon density atoms/nm3 49.9 - Ei‘sﬁ;:”l& rihz:ﬂ * S0keV Ga in Si 7
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implantation
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lon implantation by Focused lon Beams
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Implant profile
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sputtering

L.A. Gianuzzo and F.A. Stevie, Ed. Introduction to

focused ion beams. Springer. 2005

Increasing dose does not implant more ions to
the surface, but rather, only recedes the "same
steady state surface with time
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Figure 1. Ga* implantation depth, denoted by circles, for varying
FIB beam voltages as simulated using TRIM. The straggle length,
defined as one standard deviation from the mean dose, is denoted by
the solid lines. The etch mask thickness is approximated here by two

times the straggle kength.

30 keV Ga Ion Range at 0 degrees on silicon: 15- 30 nm
16
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lon implantation by Focused lon Beams

SEM TEM

ADF STEM

G B 7 ¥ LR A 0
BB e e .
Ml KRt B e s / "\ >
CEE TN T s A .
ecboe s A ¥
Y . » -
- ~ -
¥, .
e ‘ - »
‘
.
- \

N
= il

0.5 um /

Dose: 6.2:101% jons/cm2 \




(P MICRO-724. Advanced topics in micro- and nanomanufacturing: top-down meets bottom-up. 2022

lon implantation by Focused lon Beams

FEDERALE DE LAUSANNE

Crystallization of the Si in the substrate far
away from the Ga+ implanted area.

e In the Ga+ implanted area, the material is
amorphous.

e Next to the borders, the Si structure is
damaged with rough areas of mixed
amorphous and crystalline Si.

c n m 3
)

18
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How did our interest in this method start?

Available online at www.sciencedirect.com

-
=, ScienceDirect MICROELECTRONIC

W A1
ELSEVIER Microelectronic Engineering 84 (2007) 1215-1218

www.elsevier.com/locate/mee

Fabrication of nanogaps for MEMS prototyping using focused
ion beam as a lithographic tool and reactive ion etching pattern transfer

Maria Villarroya “‘*‘1, Nuria Barniol , Cristina Martin b, Francesc Pérez-Murano b,

Jaume Esteve °. Lars Bruchhaus ¢, Ralf Jede €. Eric Bourhis ¢, Jacques Gierak d o

Silicon RIE to define microcantilever (Al mask)
a

IMB-CNM-CSIC 300nm EHT = 1000 kv Detector = InLens Date 30 Jun 2004
Section Analysis Mag=100.00KX | WD= 8mm  Aperture Stze = 20.00 um Time 1318:11

S e —
N\~

. N I C. S

o
FIB to define nanometer feature on Al s
b
-
(a) Cantilever in rest ) <
=7 ' ]
v 0 0.20 0.40 0.60 0.80 um

RIE of Silicon to define nanogap
c

(b) Cantilever deflected H Oweve r (YT RN}
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lon beam implantation for nanopatterning

Ga* induced amorphization

Isotropic RIE

reveals:

e mask
robustness

e thickness

o selectivity

CNM-IMB-CSIC 300nm EHT = 3.00 kV Signal A = SE2 Date :30 Oct 2008 CNM-IMB-CSIC 2pm EHT = 3.00 kV Signal A = SE2 Date :30 Oct 2008
Mag=12000KX [—————| WD= 5mm Time :12:07:40 Mag= 10.00KX |—— WD= 5mm Time :12:08:28

= _- 3 —
Date :30 Oct 2008 CNM-IMB-CSIC 2um EHT = 3.00 kv Signal A = SE2 Date :30 Oct 2008
Time :11:36:18 Mag= 1583KX I—' WD= 10mm Time :11:17:09

20
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lon beam implantation for nanopatterning

Irradiation :30 keV Ga* 5000 mC/cm?; 50 - 100 nc/cm

i }£< 13 liig ; —a.
L BT
After FIB ==t TS S g}
IR s iy 2 o 5 L9 - - T -
R e 2
% : 26
% ' 3
0 5 10 15 20
After RIE —_— X position (um)
SEM and AFM images after RIE: SF6 (20 sccrm) and C4F8 (30 sccm)

Etched
surface:

i
~ | Non etched
' surface:

. | 0.4 nmrms

21
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lon beam implantation for nanopatterning

Use of Si;N, together with optimized (but slow) etching process (pure CF4)

m Effect that Ga implanted regions show reduce
etching rate in silicon first published in 1983:
Komuro et al., J. Vac. Sci. Technol. B 1, 985 (1983)
La Marche et al., J. Vac. Sci. Technol. B, 1, 1056 (198
Berry et al., J. Vac. Sci. Technol. B, 1, 1059 (1983)

Profile of FIB exposure dose

(a) ) |_| |_| |_| |_|

Pattern formed in inorganic resist

() si (d si
| <100>
Fully <100>* ‘ - <110> Structure after dry etching
under-etched <100>
features (a)
9

‘free-standing” :

Schmidt, B., Bischoff, L. & Teichert, J. Writing FIB
implantation and subsequent anisotropic wet Erdmanis et al., Appl. Phys. Lett. 104, 073118 (2014)

chemical etching for fabrication of 3D structures in
silicon. Sens. Actuators Phys. 61, 369-373 (1997).

Ga-doped Si lines (140 nm wide, 20 nm thick) [3]

shallow doping with Ga+ions ~ milling with Ga+ ions

B Dy s ® Si: Cryogenic or mixed mode etching (DRIE) enables structures with very

" f L L IJ:I . high aspect ratios (AR) and vertical sidewalls
|
PR T
30 nm
e S I S
s s T =
©) rgctanguiar wgss-secﬁon u-shape saclion - 120 °C
{ g J L | Figu:redZ. SEM oi a series of 30 nl;: thin and 100
— — 7, B nm wide Si cantilevers with length ranging from
I ’7 g 0.5 - 2 um. Only the shorter gbeamﬁ fregstab]e SF6I02 i M Romme/
t b dl ‘ enough to withstand the surface tension during ’ ’
! 2 the rinsing process.
. Chekurov et al. Nanotechnology lISB-Franhofer

J. Brugger, et al, Microelectronic Engineering, 35, 401-404, 1997,

(2009)
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lon beam implantation for NEMS

<«— Structural layer (silicon)

General approach <«— Sacrificial layer (silicon oxide)
for the fabrication

Process

<+— Substrate (silicon)

1. Lithography
and etching

Patterning and transfer

2. Under-etching

Release of the structure

Double-clamped beam Free-standing cantilever 23
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lon beam implantation for NEMS
Wet etching (KOH or TMAH)

Isotropic etching { = e
(HF + HNO, + H,0) > ' 10" ko
i

. (100) Surface Orientation w! L
( - —6~— 25w1% TMAH
" Anisotropic etching 02 L %
I (110) Surface Orientation (basic solutions) F "o WRKOH
TR ETTT BRI BT TITY AT
lol! Ioli 10" 'lﬂ“ loli lolﬂ 10"
Boron concentration (cm™)

24
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lon beam implantation for NEMS

SOl preparation

—

lon implantation

Silicon etching

High T annealing

. Ga implanted silicon
. Si p-type doped (B) . Si




Free standing nano-cantilever

Thickness: 30 nm
Width: 200 nm
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lon beam implantation for NEMS - .

High dose

(milling and

implantation) Low dose
(implantation)

o 0 ¥
o >0 0 9

0

200 nm
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SOl preparation

lon implantation
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Silicon etching

High T annealing

. Ga implanted silicon
. Si p-type doped (B)

Sio,

m

|On beam |mp|antat|on for NEMS Recovering conductivity
Effect of annealing:

304
- Recovery of crystallinity 2w
- Activation of electrical conductivity
04 , ]
R . t ” t 0 Voltagse (mV) 10
14000 e.CO\./erlng C,rys ‘a I,m y, Out-diffusion of gallium :
| 200.0 1 — Before annealing:
o — Cryllne secn | St ater e et e 0=3110m
: ] . 1 boron dopi
;/10000 — iggog 1500 oron doping) s ] ‘
>, 50001 —_—200°C | ™y 0 Af ling:
D 6000; FIB implantation +100.0- ] ter annealing:
g 3 | p=3.410* Q'm
£ 4000 O Si
1 ~— 50.0
2000
505 510 515 520 525 530 535 540 545 0.0t—r—7——

_ 1.0 15
Raman Shift cm™) Energy (KeV)

- J Llobet, M Sansa, M Gerbolés, N Mestres, J Arbiol, X Borrisé, F Pérez-Murano Nanotechnology 25, 135302 (2014)
- J Llobet, M Gerbolés, M Sansa, J Bausells, X Borrisé, F Pérez-Murano J. Micro/Nanolith. MEMS MOEMS 14, 031207 (2015)
- J Llobet, G Rius, A Chuquitarqui, X Borrisé, R Koops, M van Veghel, F Perez-Murano Nanotechnology 29, 155303 (2018%3
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%é""“il‘Ve S|02 110]si RO

Annealing in N2 environment promotes:
* Elimination of galllum nano electromechanical devices.” PhD thesis. Universitat Autbnoma de Barcelona

- J. Llobet 2016. ‘Focused ion beam implantation as a tool for the fabrication of

- In collaboration with J. Arbiol 34

» Re-crystallization of silicon (nanocrystals)
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lon beam implantation for NEMS

Side-gate
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- Drain

Source . |36 nm

200 nm
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side-gate (V)
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lon beam implantation for NEMS

Integration of QDs into a SINW (SET/SHoT)

1. Gate capacitance: 3. Tunnel capacitances:
Cg = €el(Vg, — V) = 0.023 aF Vpy = €/(2C, + Cg) = 0.043 V
= C,=185aF

2. Total QD capacitance: — C,=1.13aF

[Voul= [Vix|= €/Cy = 0.053 V :

=C;=C,+C,+C;=3aF 4. Coulomb charging energy:

A Ec =e?%/2C; = 27 meV

002)

, (2-25%'}1‘{;:4-_1’11) Nanocrystalline o '
i ' Silicon

A
% & A
an
ad /’ Vg1
<45 nm <
/ -*"‘_":.,n 5:[.4-

(c) Gt Off state| |(d)

gds (nS)

E,
E,
E

Durrani, Z.A.K. Single-electron devices and circuits in silicon, Imperial
College Press, London 2010
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lon implantation for creating nanoelectronic devices

* Self-assembly of quantum dots * Deterministic dopant implantation
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Self-assembly of quantum dots

Si nanoclusters can be form from an excess Si in SiO,:

* ion-induced mixing at a Si/SiO, interface,
* Subsequent thermal phase decomposition of the

supersaturated oxide layer.
50depth(6r(1)m) 70
1.0 L Poly-Si ' SiOz' Sisubstr.] P

()

L. Rontzsch, K. H. Heinig, B. Schmidt, A. Mucklich, W. Moller, A. Thomas, and T. Gemming, Phys. Status
Solidi A 202, R170 (2005). https://doi.org/10.1002/pssa.200521399 L. Rontzsch, K. H. Heinig, and B. Schmidt, Mater. Sci. Semicond. 38
Process. 7, 357 (2004). https://doi.org/10.1016/j.mssp.2004.09.098
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lon implantation for creating nanoelectronic devices
Self-assembly of quantum dots

Si NC formation after Si* irradiation of a-Si/SiO,/c-Si layer stack and rapid thermal annealing at 1050 °C in a N, atmosphere

ion energy: 50 keV

(a) Top Si thickness 50 nm, oxide
interlayer thickness 14 nm

(b)—(d) top Si thickness 30 nm,
oxide interlayer thickness 7 nm

10 nm pr——
ermaraeey 39

ion energy: 60 keV Priifer, T., et al., Journal of Applied Physics, 125(22), 225708 (2019).
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lon implantation for creating nanoelectronic devices

Quantum dot single electron device Quantum dot single electron transistor

Source (S) Drain (D) Single Electron Transistor (SET) is a configuration based on a
e QD separated from tunnel reservoirs by tunnel junctions in
.-

which gate action is provided

—
Coulomb blockade: quantization of capacitor N Col )
electrical current given a low- \ — —A —A
capacitance tunnel junction. Q2 : m O m
W - = Source Drain
¢ | miena [
T |
Electron reservoirs \ junucr:in:nsj = =
Discretization of the energy levels. By applylng a bias Charging current  Gate bias shifts the Combination of Coulomb
voltage the energy levels can be shifted. occurs at discrete  charging energy levels blockade  with QD
voltage steps. of the QD. energy levels.
V>0
. _:IDiscret?er el R, ?.:?L v
v < [ o e < e .
B e = A nl
g T = ?/C TC + + g s n=-1 n=0 n=1 e
8 3?,:/2 . el +e  +3ef = /\/\ \/V\
I R e K B .
gl R 2
§ | JERe ] B
Source @ Drain Source Drain o s N §9,RT N o 4 ! +e}2c +3§/ 40
T —3el2Cq er2Cs 5 7Cs

Drainto-sourcebias V__ (V) Gateto-source bias, Vg (V)
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Concept for Si NDs self-assembly

Si NDs self assembly

. o SYRSRRL1T1110)
O Si NDs irradiation is...
= aself-assembly method.
lon irradiation Rapid thermal annealing (RTA)

50 keV, 1.2x10% Si*/cm2  60s at 1050°C in N,

Interface mixing turns finite volumes Induces a phase separation
of SiO, into a SiO, metastable form (SiO, =2 Si + SIO,)

a-Si

» R=25nm
/i (all corners)

mf‘ﬁ..a :' _.._' :-. .

o Annealing

time 41

Prufer, T., et al., Journal of Applied Physics, 125(22), 225708 (2019).
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Concept for Si NDs self-assembly

o The lons4S[eT proposal... S I:T H‘DR
Vertical SET, CMOS compatible, |0ns4 Bl T

room temperature and scalable.

@ ~10nm

Gate Gate
capacitor ©)
\—) E ~25 nm a-Si
Source Drain
(S) ()] ~71nm

Tunnel j

junctions

6 Nm

[l Crystalline silicon [[] Plasma/thermal SiO, [l Amorphous silicon Pourteau, M. L., et al. (2020).
Micro and Nano Engineering, 9, 100074.
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lon implantation for creating nanoelectronic devices

Fabrication of pillars

®€30 50nm ®€10 40 nm
25 nm a-Si (RN RRRRRRE] QD <3nm s
5-7 nm SlO2
Stack preparatlon lon |rrad|at|on Pillar pattermnq RTA Plasma OX|dat|on
SiO, layer by dry thermal oxidation EBL with a SIARC/SOC Oxidation at T<350°C +
Amorphous Si by LPCVD hard mask followed by RIE diluted HF sequence

Si plasmon-
loss-fiitered

, plasmon-
loss-filtered

Si0, with
4775 NDs

Von Borany et al. Submitted to SST. 43
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lon implantation for creating nanoelectronic devices

iii) Drain
contact

iv) Effective drain-
gate separation

Vertical SET integration Contacting of pillars

i) Thin oxide
around the

pillar

ii) Gate aligned
with the

embedded
oxide

[ Crystalline silicon [ HSQ=SiO,

B Silicon nitride B Titanium nitride
I Amorphous silicon [ Nickel/Gold

[] Plasma/thermal SiO, [ Titanium/Gold
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i 8

| smmmmn
8

L
o -] n

: _ °
Vertical SET integration Concept for Si NDs self-assembly IOI‘]S4SLT

O Design, optimization and development of a complete technological process: more than 40 individual steps

(c) HSQ deposition
(a) Initial state (b) Wet etching e

(d) Etched-back (e) Annealing (f) Argon plasma  (g) TiN sputtering
- el - e - B - - - -
(n) PECVD
(h) Litho #1 (i) Mask etched-back (j) TiN wet etching (k) 2" intermetal () Litho#2  (m) Drain definition
@*ﬁ*ﬁ*-*h*-*-*
(o) Litho #3 (p) RIE (g) Wet etching () Resist stripping (s) Litho #4 (t) Metal routing -
(Ll [ e | [ e ] | -
0.0}
5
- - - - - =04
5-0.6
o /
B Crystalline silicon B Amorphous silicon B HSQ=Sio, [ Nickel/Gold [ Negative resist HSQ 08/ 17
W Silicon nitride 0 Plasma/thermal SiO, B Titaniumnitride [ Titanium/Gold [ Positive resist PMMA 777 ; — KT
s 06 0a™ 02 00
A del Moral et al. Submitted to SST

Voltage (V)



N (Pr

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

MICRO-724. Advanced topics in micro- and nanomanufacturing: top-down meets bottom-up. 2022

lon implantation for creating nanoelectronic devices

Si quantum technologies

Donor based qubit _
STM lithography

Si conduction band Control gates

Middle gate B “—'

Read-out = L™ 9

Left gate Right gate
—r L dot R dot

1 E\ [1%0]>

IR &

Source
/

100 nm

_H‘_ —#f— 1)

1L

Morton JJL, McCamey DR, Eriksson MA, Lyon SA.
Nature 479, 345-353. (2011)

Y He et al.
Nature 571, 371-375 (2019)

fast donor gate

DC donor gate

SET top gate

Localized implantation

MW antenna

] 2 200 nm

barrier gate

e 2

< ) A

5€ ‘3“\6‘ ¥ ‘0\6
As)

@°

Madzik, M.T et al.
Nature 601, 348—-353 (2022)

Electrostatic quantum dot qubit

Quantum dots in Si/SiGe
(a) 3

Reservoir',

3
[y

Morton JJL, McCamey DR, Eriksson MA, Lyon SA.

C. B. Simmon et al. Phys. Reuv. Lett. (2011)
Nature 479, 345-353. (2011)

Quantum dots in silicon nanowire

Crippa et a.
Nature communications, (2019)
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Donor based silicon qubits

Stocastic
a & E C VGate

as 4 L

st __2 Eb VBias :; ‘o" 'I\\ ®._|II
K110) == | " K(100) P
< > s /single ;
HH Ource  accéptor: Drain

2 PR ‘SIS
2 |
LH >
é \

—_ RT

g 10°

g 100 WA A

3 10° -
-200 200

Gate voltage [mV]

Van Der Heijden J, Salfi J, Mol JA, Verduijn J, Tettamanzi GC, Hamilton AR, et al. Probing the spin
states of a single acceptor atom. Nano Lett 2014;14:1492—6. https://doi.org/10.1021/nl4047015.

Not scalabe

Incorporation
1l v v

Ej. Si

47

Fuechsle M, ...., Michelle Y. Simmons. A single-atom transistor. Nat Nanotechnol 2012;7:242—-
6. https://doi.org/10.1038/nnano.2012.21
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Deterministic doping challenges:
Positioning, Straggle, diffusion and statistics

48
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Single Donor-Atom Lithography Lab

Single atom doping for quantum device development in diamond
and silicon
C. D. Weis and A. Schuh

Lawrence Berkeley National Laboratory, I Cyclotron Road, Berkeley, California 94114 and Technical
University llmenau, D-98684 limenau, Germany

A. Batra and A. Persaud
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Deterministic doping challenges

=)

Positioning, Straggle, diffusion and statistics

& Poisson statistics in timed ion implantation

04 T T T T T T L ] L] L] L] L] L ] L] L] L] L]
37 %
AIE—A . L] [ ] . . L] . L] [ ] .
0.3F P(X = JE') = X! ] . . . . ] . L] . L] L]
.'E\ — - L] L ] L ] L ] L ] L ] . L ] L ] L ]
= o2k A=1000/s x1ms .
©
o
o Number of Success
o 01k placed atoms probability
2 0.14
0-0 I I L 1 4 I 6 2x 10—_138
0 1 2 3 4 5] 6 40 4x10
no. of ions

& Deterministic ion implantation requires detection of each individual ion

© Daniel Spemann. Universitat Leipzig. NEP-JA3 workshop, on-line, 10.12.2021 51
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Deterministic Single Dopant lon Results

.4~ 200UA; lon effect ~ 20nA (104)
~ 0.2 ions/interval

~ 4 jons/interval ~ 1 ion/interval
20 1.5 R —— A ————
2 5_-;\\.\/\,“/‘ * ;i ) 1.2
> ‘no ion hits
2.0 : 1.1
2 1.0 L = 06
S o054 - '
2 1 - 0.8
L 0.0 - ]
© 1 =, 0.7
g 054 % -
— 10 —” 0.6 1
_1_5_-; ; 8 ! 0.5 4
-2-0 -E' IR AL G LIS TR SR S AL R T B AN (R 'gg' A T 'EE’ LS SO R E'é 2 [FREEL 'ié' | B 'ii‘ L E’ 0-4
O 10 20 30 40 50 60 70 80 90
time (s)

Improved single ion implantation with scanning probe alignment,
Michael llg, et. al. J. Vac. Sci. Technol. B 30(6), Nov/Dec 2012 2166-
2746/2012/30(6)/06FD04/5/530.00 VC 2012 American Vacuum Society

Arbeitsgruppe Nanoskalige L.W. Rangelow n
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& approach 1: use signals from ion impact (“post-detection”)

# electron-hole pairs & secondary electrons
*
* ) g
W—.—— | €

8 i *
n* il —r i — .
| o
LF"'-FF-.- 17

"ﬁme-l[aj i

voltage (mV)

1. van Donkelaar et al., New ). Phys. 12, 065016 (2010) T. Matsukawa et al., Appl. Surf. Sci. 117/118, 677-683 (1997)
J. van Donkelaar et al., J. Phys.: Condens. Matter 27, 154204 (2015) T. Shinada et al., Nature 437, 1128 (2005)
D. N. Jamieson et al., Mater 5ci Semicond Process 62, 23 (2017) M. Cassidy et al., phys stat sol (a) 218, 2000237 (2021)

A.M. Jakob et al., arXiv:2009.02892 (2020)

Prof. David Jamieson et al (University of Melbourne)

& challenge: detection efficiency close to 100% required

P. Racke et al. Nanoscale ion implantation using focussedhighly

charged ions. New J. Phys. 22083028 (2020) -

© Daniel Spemann. Universitat Leipzig. NEP-JA3 workshop, on-line, 10.12.2021
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Current status of the detector development

— noise
— signal + noise |
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Take home messages
Message

* Nanoelectronic devices are always using the ultimate
performance of available fabrication methods

* Future evolution of semiconductor devices requires the
development of improved fabrication methods

56
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Botom-up fabrication

(c)

Fernandez-Regulez et al (2013) 57
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Limits of optical lithography

Contact Proximity Projection
et Light source
. S — (l)lll,l:il:sination 1 05
o <«+— Light source—» =
_— —+— Mask Contact Printer
T i SRR, ..o 104 ® Proximity aligner
Mok — ———— e = s Projection aligner
el = g . ® siinesiepper
: 10° A @ i-line stepper
b) © @ 248 nm scanner
e
askK Is expose! 2 T
U = 10 @ 193 nm scanner
o0 % ©® 193 nm immeysion scanner
‘ I weses m 101 ]
Lens&i.lluminator . E UVS!Cﬂnnfr
100 T T T T T T
1960 1970 1980 1990 2000 2010 2020 2030
ol Do Year of Introduction
Waterlesapiaand - | SEUV et aciieos Figure 2.4. Evolution of the optical resolution during the years. Data extracted from [2].

Figure 2.3. (a) Optical lithography modes using an optical mask: contact, proximity and projection.
(b) Photograph of an extreme-UV optical lithography system. The main elements are labelled.

Figures extracted from: Francesc Perez-Murano, José Ignacio Martin y José Maria de Teresa. Optical Lithgroaphy, Chapter 2. Nanofabrication. IOP books 58
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Patterning resolution vs Throughput

10?3
1 Garcia et al. Nature Nanotechnology 9, 577 (2014)

Throughput (pm;(:i) 0
SEQUENTIAL LITHOGRAPHY PARALLEL LITHOGRAPHY

- Scanning probe lithography - Optical lithography

Electron beam lithography - Directed self assembly
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Examples of bottom-up fabrication

Carbon nanotubes transistors Silicon
- o T A

nanowire
resonators

Sansa et al. .
Nature comm e R S Lo
2014. SilSi(111); Al

Logic Circuits with L 28 S Block copolymer self- % %}» Z
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7 V/G
=

' Oria et al. g\
Microelectronic Engineering (W?
Science. 2001 .
o 4 E Assembly of nanocrystals [l
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Directed self-assembly of block copolymers

By optical lithography By directed sef-assembly of block copolymers
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|IEEE IRDS ROADMAP 2021

https://irds.ieee.org/

The IRDS™ is a set of predictions that intent to provide a clear outline to simplify
academic, manufacturing, supply, and research coordination regarding the
development of electronic devices and systems.
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~ LINE AND SPACE POTENTIAL SOLUTIONS

Production Year 2018 2020 2022 2025 2028 2031 2034
Minimum Minimum lithographically
P P defined half pitch for MPU
Semiconductor Product node ha:‘; ﬁ;:m and DRAM 18 15 12 10 P P P
Possible Option
EUV SP Possible
EUV DP Possible
"Tnm" Logic Node 18 193nm QP
18nm DRAM EUV
193nm QP
"5nm"” Logic Node 15 EUV
NIL
193nm QP
"3nm" logic Node 12 EUV DP ﬂ
"2.1nm" Logic Node 10 NIL
14nm and 11nm DRAM 14 DSA
EUV DP
"1.5nm" Logic Node and below 8 High NA EUV %
=10nm DRAM 8.4,7.7 DSA plus EUV
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BLOCK CO-POLYMER SELF-ASSEMBLY

® What are block copolymers?

Disordered state Ordered state

A B A B
Alond "D
f: Volume fraction of one block in a BCP % D NS N

—_

%: Flory-Huggins interaction parameter Le,w \‘\% «— Nava M

N: Polymerization index N SV

Y X AN TN r

10-100 nm

® Phase diagram of A-B diblock copolymer

100

I g
a0k HEX LAM i
a0 F 3
% 40| h
[ GYR i
1wk i

F FCC i f

== ) > %N =10.5 A
0.2 0.4

0.6 0.8 1.0
a Bates, F.S. and Fredrickson, G.H. “Block Copolymers — Designer Soft Materials”, Physics Today, 52, 2 (1992)
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Cylindrical forming
of block copolymers
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BLOCK CO-POLYMER SELF-ASSEMBLY

The pitch of the features depends on the molecular

1 Polymer chain length = Polymer period

19 nm half pitch

11 nm half pitch

Polymerization reaction time

Lo~ N 2/3 PMMA PS o
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Thin film preparation of block co-polymers

1. Preparation of a surface with the proper interface energy
(usually, deposition of a monolayer of molecules)

2. Dissolution of the block co-polymer in a solvent
3. Spinning of the solution
4. Annealing (Thermal annealing or solvent annealing)

67



) S :
.ﬂﬂ- MICRO-724. Advanced topics in micro- and nanomanufacturing: top-down meets bottom-up. 2022 GAM :

Thin film preparation of block co-polymers

4 N

In order to promote and enhance the
ordering of BCP microdomains it is
necessary to induce some mobility on
polymer chains to facilitate the
\_ microphase separation process. )

Thermal annealing

Heating above T, and below degradation T

D = Doe—0.28-()(N—3.5)

Eaa T 533] Ty

XAB = kB_T lgAB - >

v’ Equipment already implemented in the industry
v No waste stream

% Systems which undergo degradation at high
temperatures

Ordered state
B A B A

Disordered state

Thermal annealing rf}{‘“/\f\’ (jJ /\_ﬁ—f\ \,Tw\/

: "(rr\;)/

Solvent annealing

Solvent annealing

Exposure to a solvent below T, to form a swollen and
mobile polymer film

Solvent
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Thin film preparation of block co-polymers

Disordered state

rJJJﬁA)/\/\/rSJ annealing

\:;L(\fw(_

Neutral surface

50:50

AN AR AV

Py

AN\ AAAY

PMMA PS PMMA

30:70

Ordered state
AL T
Nf\'/w — =
A~
1A

Non-neutral surface

B

The surface affinity is usually controlled by a polymer monolayer

Frot = ) F=

- A B

iy

stretch + Ecurvature + Emterblock + Esurface
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Surface neutralization

FEDERALE DE LAUSANNE

For technological applications there is Use of brush polymer to create a neutral
the need to control the BCP layer which balances the surface free After the annealing treatment:
morphology, and thus avoid wetting energy between the BCP domains

ysnigq HO-Sd

morphologies at the polymer-brush

ntertace. EEEEEENR

Brush

Mansky, P., “Controlling polymer-surface interactions with random
copolymer brushes”, Science, 275, 1458-1460 (1997) Substrate

% PMMA (PS-r-PMMA)

Cylindrical PS-b-PMMA

SEM images taken after PMMA removal
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Block copolymer — surface interaction: Role of surface affinity

Interaction energies E = (E,/5 + Econs)|+|(Ea/subs + Eg/subs + Eajair+Es jair)

AFFINE SURFACE

YA-air < yB-air

YA-subs < yB-subs

Neutral surface Neutral surface

YA—air > YB—air
YA-air = YB-air Y a-subs < ¥B-subs

YA-subs = YB-subs

When the BCP does not
fulfill the film thickness
commensurability
condition, the BCP tend
to create some holes or
terraces

'\ 200 nm
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Directed self-assembly (DSA)

Intrinsic property of
BCP to self-assemble

Density multiplication factor: n

72
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Graphoepitaxy process

Graphoepitaxy consists in creating topographical features on the substrate to enforce the self-
assembly of block copolymers, thus enhancing the lateral order on the BCP nano-domains.

Graphoepitaxy overall process
1. E-beam 2. PMMA development 3. Resist 4. Brush 5. BCP spin-
+ Si etching stripping deposition coating

4

Neutral bottom and
preferential walls

\

Perpendicular
morphology parallely
oriented to trenches

lithography

The chemical affinities
bet th I dth Neutral bottom
etween e.wa san € and neutral walls
bottom with the BCP )
nanod.omalns arg the ones Perpendicular
which determine the morphology
orientation the BCP will take perpendicularly
after self-assembly. oriented to trenches
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Examples of grapho-epitaxy

} rows

4 rows

S rows

b rows

C. Ros

Directed block copolymer self-assembly for nanoelectronics fabrication.
Daniel J.C. Herr. Mater. Res., 26, 122, , 2011
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2 this: DOI: 10.1039/c8sm0104 5e

Synchrotron light

SisNs membrane

o Intensity

o

-
N
LRI ETETTEEEE B

Nano-confinement of block copolymers in high
accuracy topographical guiding patterns:
modelling the emergence of defectivity due to
incommensurability

Steven Gottlieb,* Dimitrios Kazazis, ©° lacopo Mochi,” Laura Evangelio,”
Marta Fernandez-Regulez,? Yasin Ekinci® and Francesc Perez-Murano ()2

(b)
(1) HSQ deposition (2) HSQ exposure (3) Development (4) DSA  (5) Selective PMMA removal
(c) (d) P
Eu]«)— \oo > ~
= -
E S0 ...Q -
g .....: ° . L
E G0 $e.0 -
1030 ™J/ | o
K cm? 10 e — —
400 600 800 1.000

Exposure dose [uC/cm?®]
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Examples of grapho-epitaxy

I 1
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ECOLE POLYTECHNIQUE

FEDERALE DE LAUSANNE
nys on surface
lll ”l " lll

| nps below ntfue
+l"\ "l+ B

~
l

-
|

w
|

L
|

number of PS domaimns ngs [-]

f2 3NN E A
l | : | | " : |
40 60 S0 100 120 140

trench width w [nm]
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Al

(a) (n—1)*L, (n—0.5) * Lo ne Ly

70.2 nm 81.9 nm 93.6 nm

-——0---0———O0——-—0——0————0——0——0
68 nm 74 nm 79 nm 85 nm 90 nm 96 nm

(n+0.5) Ly
105. 3 nm
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n+1)*Lg
117 nm

O-————O——@-

101 nm 106 nm 113 nm

MR

.. compressed stretched compressed stretched compressed ...
lamellae wiggling lamellae wiggling lam. ...
1 2 3 4 5
6 L L L 1 (C) 18 ] 1 ! !
(b) — I nps on surface T A J—
L | nps below surface P ©Tumer/e0(W)
g5 — nps(w)=Lo” w i - L7 = e B
= — eTumede0(W, n{1,6})
= g 1.6 -
g4 ‘Pl"l'“lq‘ i —_
= e s =
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L
Q= 2 1 1 fl 1 ] =
g° P : 1.3+ i : -
1:2: 3 i4: 5 ; Lo :
1 T ™ — T 1.2 : — L o
40 60 80 100 120 140 10 60 80 100 120 140
trench width w [nm] trench width w [nm]
| 1 1
1 1 1 (e 6 |

T T
50 100 150
trench width w [nm]

200

n
|

nps_on surface
nps below surface

nps(w)=Lo'w

L w -
1 1 1

number of PS domains nps [-] ~~

—

newen i
meen

gl

=
o

60

T T
80 100

T
120 140

trench width w [nm]




MICRO-724. Advanced topics in micro- and nanomanufacturing: top-down meets bottom-up. 2022

Graphoepitaxy process: Contact Shrink
quiding pattern RCP & BCP processing BCP self-assembly

SIARC b; 2 A
SOC BCP

SIARC =
soC i
Si

Guiding pattern

c n m :-".' .:

Tiron, R. et al., “The potential of BCP’s DSA for contact hole shrink and contact multiplication”, Proc. SPIE, 8680, p. 86?912 (2013)
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Graphoepitaxy process: Contact Shrink

Tiron, R. et al., “The potential of BCP’s DSA for contact hole shrink and contact multiplication”, Proc. SPIE, 8680, p. 868012 (2013)
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c n m :-":
NS

FFDFRA[F DF Ir‘\ ANNF

Chemical epitaxy process (i)

First chemoepitaxy approach: SAM functionalization

EUV Litho

Photoresist
Si wafer with Si0; PETS SAM
Patterned PETS SAM

PS-b-PMMA

’henylethyltrlchIor05|lane (PETS)

Irradiation with soft X-rays in the presence of oxygen

PS domain
PMMA domain

BERCOCON

PS-b-PMMA copolymer
(Lo = 48 nm, film thickness of 60 nm)

Kim, S.O. de Pablo, Nealey. , “Epitaxial self-assembly of block copolymers on lithographically defined nanopatterned substrates”, Nature, 424, 411-414 (2003)
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ECOLE POLYTECHNIQUE
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Chemical epitaxy process (ii

Creation of chemical guiding patterns by means of EBL and oxygen plasma functionalization

gatte;n Den?t}_/ , Pattern Rectification Density Multiplication Pattern Rectification Density Multiplication
ecti Catlon pre-patterning with e-beam Multiplication L,=39nm; L =39nm L.=78nm; L-39nm L.=27nm; L'27nm L=54nm; L =27nm
A% “"‘"‘f" Druo»-.qnm
resist clas 0.;?‘0(0 e 000000 ~-\ cqw = W‘; ‘0{"‘;‘(‘0\:.%‘
Mo v g .
S brush % Y\ ”{{’:{}'"0 00690000 1‘:‘!*,&, ~::: ,. (*"A A
LR B R “‘«*'—;qv N e gyt B
' o PR QQ
IB 0, plasma&reslststrip . Ny L] 0 S04 0 0 f"\,"?'». "W;. ,,t:.' 0:0"9;6".!.0:: 4.f.<
—Ls 2L, ’ 5 i% ’ooooooq s -&;‘w‘ dedear *y >
r - P e
ES D m 00000 . .. ...‘ I B IR " o ‘&,‘ .ﬁH}: "‘y,,*".:,’.?‘
u'J Aad 0 00 e e e RIS N

¢ Py \ .
At "‘.‘," . %n .
o‘nuuu LR O RN Out St N e la s o 100nm

E ooooooooooooooFooocooovoooooo 3
AR R R R R R R AL EL AR LA AR R D) .

spin coat
block copolymer (Lo)

Q.............O...'............. .
Noooooooooooooooo

(0 “an
.. 0000000000000000000
LA AR E R R R R R R R R AT T I o A
LA R R R R A R R R Rl R R R T L o.oo 0.0.0o.o..0.0.0.0.0.0.0.0.0.0.0. A
WAL LEEA X R XA ooooooooooooooooﬁg&;,.
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nuiZ, N €L dl., UEIDILY Huitpneauon and improved copolymer assembly", Science, 321, 936-940 (2008)
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Chemical epitaxy process (ii

L (| MICRO-724.

ECOLE POLYTECHNIQUE
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2 - E-beam lithography 3 -0, plasma

1-PS-r-PMMA
grafting
o X

5 - PS-b-PMMA 6 - Self-assembly after
4 - Mask removal deposition annealing

ol

- Silicon surface ‘ PMMA 950k - PS-b-PMMA layer

5= Ii;i;rr-PMMAbmsh \ Brush modified section \ PMMA domain \ PS domain Oria et al. Microelectronic
Engineering 2006

L, =28 nm




£
2 2 et
R

4L,

200 nm
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Chemical epitaxy process (iii)

Creation of a layer of two polymers (LINE process)

---ﬂ-“-m

SIN deposition X-PS cross-linking Lithography O, plasma etch
ﬂ - Ll - - - -
OH-Brush grafting Brush rinse BCP annealing PMMA removal

(Chemical pattern)

Liu, C-C. et al., “Fabrication of Lithographically Defined
Chemically patterned polymer brushes and Mats”,
Macromolecules, 44, 1876-1885 (2011)

o0
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Chemical epitaxy process (iv)

Creation of pinning sites in a neutral layer(AZ Smart process)

. NLD-175
J ﬂ @ rhotoresist

@ nw-226
e) h) P ey
@ rsblock ,
- ...

Fig. 7. XSEM of AZ SMART chemical pre-pattern
structure a) before pinning material brushing and b)
after pinning material brushing.

Kim, Jihoon et al., “The Smart TM process for Directed Block Co-Polymer Self-
Assembly”. Journal of Photopolymer Science and Tecnology, 26, 573-579
(2013)
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Pattern transfer

1. Block co-polymer 2. Directed self-assembly 3. 0, plasma to remove PS block 4. i Etching 5. 0, plasma to the BCP
deposition (annealing) and brush mask

90
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1. Addition of TMA into
the chamber

TMA t,.

4. Addition of water into the

chamber

MICRO-724. Advanced topics in micro- and nanomanufacturing: top-down meets bottom-up. 2022

Pattern transfer. Atomic layer deposition (ALD)

R
. p— " . > R
2. Reaction between TMA 3. Surface passivation and -

and adsorbed -OH groups single layer formation + CH,

& o

I

0, plasma §
etching
methyl groups forming Al-O 6. ALO, layer after 1 cycle
brdgs Feilliblipli
HMQ e
I .

5. Water reaction with

Al(CHz)g) + 3/12 HyO () — 1/12 Al,Og) + 3CH, (),

-OH + Al(CHy)3 — |-O-Al(CH;), + CHy,

|-O-Al(CH3), + 2H,0,y — |-O-AI(OH), () + 2CH,q,

0]
% o
el
HyC-0 |0 H,O
K
”;g(' ”:;(| ’( “Ji
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CHNIQUI
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5sPS etching

305 PS'etching
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Pattern transfer. Sequential infiltration synthesis (SIS)

SIS offers an alternative ALD mechanism which allows the infiltration of
the precursors into the polymer. It is used to selectively infiltrate one

BCP domain, and use this protective component as a hard mask to
pattern transfer

Tseng, Y.-C., et al. Enhanced Block Copolymer Lithography Using Sequential
Infiltration Synthesis. J. Phys. Chem. C 115, 17725-17729 (2011).

- The dosage times are of the order of several minutes to ensure diffusion into the bulk
- By using SIS the bulk of PMIMA domains become harder (not only the surface)
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(a)

Directed block copolymer self-assembly for nanoelectronics fabrication.
Daniel J.C. Herr. J. Mater. Res., 26, 122, , 2011
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Applications

* i ¥ Bit patterned media
. | FIG. 1. 0.5 Thit/in? (L_=38 nm) BPM array consisting of MLs dgpomed

onto S1 pillar suhstralcs fabncated via e-beam directed assembly of block
copolymer films. SEM micrographs of (a) the block copolymer film after
selective removal of the PMMA cylinder cores, (b) Si pillars after Cr lift-off
using the template in (a) and subsequent reactive ion etching, and (¢) mag-
netic BPM after depositing a Co/Pd ML thin film onto the pillar structures
(left: top view, right: section view at 857 angle). (d) Bright field TEM cross-
sectional image through two consecutive rows of bits (into the image plane)
that are 1807 phase shifted with respect to each other.

(@) e diond

Si Pillars

—

O. Hellwig, ..., R: Ruiz (Htachi). Appl.Phys.Lett. 96, 052511 (2010)

- 20 nm

Magnetic BPM

97
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Two-Dimensional Pattern Formation Using Graphoepitaxy of PS-b-PMMA Block
Copolymers for Advanced FinFET Device and Circuit Fabrication

(a)

CoenEy O
Are\aetTic

Tri-Gatel

98
H. Tsai et al. Nanoletters 8, 5227 (2014) (IBM)
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a) FinRIE Customization Gate RIE

Spacer + Epi

Two-Dimensional Pattern Formation
Using Graphoepitaxy of PS-b-PMMA
Block Copolymers for Advanced FinFET
Device and Circuit Fabrication

100 NM —

| [=e=Id (Vds =0.05V)
| d (Vds = 1V)

L

(a)

-1.00 0.00 1.00 2.00
Gate Voltage (V)
(c) 1.0 ;[ —1d (Vg=02V)
1| =+ 1d(vg=04v)
g 081 --—-dg=oav) | ...
= {Lidvg=10v) | e
§ 0.6
5 ]
)
o 04 -
S
> " .
[}
O 8] 3 ommmeme s
H. Tsai et al. Nanoletters 8, 5227 (2014) (IBM) 00}%: ________ - o
0 0.50 1.00

Source Drain Voltaae (V)
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a b

Block copolymer film 4
Graphene on substrate > el &

Graphene has significant potential for
application in electronics, but cannot be

used for effective field-effect transistors lAnnea., develop
operating at room temperature because it
is a semi-metal with a zero bandgap. e erdatinnd oot

with PS residue film 2

Processing graphene sheets into
nanoribbons with widths of less than 10
nm can open up a bandgap that is large
enough for room-temperature transistor
operation, but nanoribbon devices often
have low driving currents or
transconductances

J. Bai et al. Nature Nanotechnology 5, 190 (2010) | - o ) 100
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J. Bai et al. a Source b
Nature Nanotechnology 5, 190 (2010)

c d € 1074
E | 107
£ < -10, <
P =~ ; ~
_10_6_5 \/
_03 I T T T _1OV : [ T [ T
-0.4 -0.2 0.0 -10 0 10
Va (V) V (V) Vg (W)

Figure 4 | Room-temperature electrical properties of a graphene nanomesh device. a, Schematic of a GNM-FET. The device is fabricated on a heavily doped
silicon substrate with 300-nm SiO,, as the gate dielectric. The electronic measurement was carried out in ambient conditions at room temperature, without
removing the top oxide layer. b, SEM image of a GNM device made from nanomesh with a periodicity ~39 nm and neck width of ~10 nm. Scale bar,

500 nm. ¢, Drain current (I) versus drain-source voltage (V,), recorded at different gate voltages for a GNM device with a channel width of ~2 wm and
channel length of ~1 wm. The on-state conductance at V= —10 V is comparable to an array of 100 parallel GNR devices. d, Transfer characteristics for the
device in c at V3= —10 mV, —100 mV and —500 mV. The ratio between I, and [ for this device is ~14 at V;= —100 mV. e, Transfer characteristics at
V4= —100 mV for GNMs with different estimated neck widths of ~15 nm (device channel width 6.5 pum and length 3.6 um), ~10 nm (channel width 2 um
and length 1 wm) and ~7 nm (channel width 3 pm and length 2.3 pm).
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Nanomechanical resonator based on suspended nanowires

e) Membrane release (a) Creation of oxide guiding patterns

d) Pattern transfer by Si etching (b) Graphoepitaxy of PS-b-PMMA

- - 100 nm

Graphoepitaxy of PS-b-PMMA

i.'_
F.

/ Selective removal of PMMA

Silicon pattern transfer

(c) Selective PMMA removal

- Brvva Birs Wsi B sio,

i

100 n

Directed self-assembly of block copolymers for the fabrication of functional devices . C. Pinto-Gomez,
F. Pérez-Murano, J. Bausells, L. G. Villanueva, M. Fernandez-Regulez Polymers 2020, 12(10), 2432
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Nanomechanical resonator based on suspended nanowires

Guiding patterns After self-assembly

Directed self-assembly of block copolymers for the fabrication of functional devices . C. Pinto-Gomez, F. Pérez-
Murano, J. Bausells, L. G. Villanueva, M. Ferndndez-Regtilez Polymers 2020, 12(10), 2432
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Take home message

* Block copolymers are made of two or more distinct homopolymers linked end to end through
covalent bonds. Upon annelaing, they suffer a micro-phase separation, creating nanoscale
patterns.

Thin films of self-assembled block copolymers can be used as lithographic masks. The
resolution is dictated by the size of the block copolymer molecules.

* By means of guiding patterns, the orientation and position of the self-assembled patterns can
be controlled: graphoepitaxy and chemoepitaxy

* Wide application range: magnetic media, electronics, graphene, ....



