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Research lines:

e Quantum optics and quantum information
e Femtosecond Laser Micromachining

e Nanotechnology and Microscopy

e Photonics for health, food and cultural heritage

e Solid-state lasers and amplifiers for metrology and spectroscopy

e Ultrashort light pulse generation and ultrafast phenomena in matter
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Outline: 4

e Rationale: surface machining by fs-laser and
surface inspection at the micro- and nano-scale

e Scanning Auger Microspectroscopy ( SAM ):
e Local composition and oxidation assessment

o Absolute thickness measurement: Thin film
overlayers and 2D materials

e The case of diamond micromachining:

« Surface and volume writing of waveguides by fs
laser beams

o Detailed analysis of nanoscale features by SEM
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SEM : versatile analytical tool 7

. Variable viewfield ( nm = mm) (magnification range)

. Variable depth sensitivity (nm = ~100nm)( primary e-beam Energy)
. Operates directly on structures and devices

. Many probes / simultaneous acquisition of multiple information
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SEM : versatile analytical tool 8

. Variable viewfield ( nm = mm) (magnification range)

. Variable depth sensitivity (nm = ~100nm)( primary e-beam Energy)
. Operates directly on structures and devices

. Many probes / simultaneous acquisition of multiple information
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SAM-Scanning Auger Electron

Microspectroscopy:
The UHV case

Auger Electron Spectroscopy
&

J

Local Surface
Compositional Analysis

Scanning Auger Microscopy:

Scanning Electron Microscopy:

e SURFACES
e INTERFACES

A
M lab

Primary Electron Beam

Secondary Electrons

(nm range) Auger Electrons

5-75 A Analysis Dep

Backscattered Electrons

(several 10’s of nm to 100 nm) o o
Characteristic X-rays
1-3 um Analysis Depth
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' Volume of

Primary
Excitation
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e DEPTH PROFILING

PROBED VOLUME
10+ 100 nm3
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SAM-Scanning Auger Electron
Microspectroscopy:
The UHV case

Composition

| ) . c Primary F.lcctruﬁ Beam
M R Oxidation

Secondary Electrons
o F ) .
Si : Elemental (nm range) Auger Electrons
5-75 A Analysis Dep

EdN(E)/dE (a.u.)

F LI
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Oxide Backscattered Electrons

(several 10’s of nm to 100 nm) 5
Characteristic X-rays
1-3 um Analysis Depth
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l Volume of
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e SURFACES
e INTERFACES
e DEPTH PROFILING

PROBED VOLUME
10+- 100 nm3
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Scanning Auger Electron 11
Microspectroscopy: M i

PHI-660 modified Field Effect Schottky
Scanning Auger Microscope

¢ Ek,primary= 2 5 kV Primary Electron Beam
e e-Beam Current: 10pA+ 100nA i
° AE/ E l 1% Backscattered Electrons
°® U HV ( 1 O -10 TO rr) (several 10’s of nm to 100 nm)

Samples Surface

Auger Electrons
5-75 A Analysis Depth

Characteristic X-rays
1-3 um Analysis Depth

l Volume of
Primary
Excitation

1-3 pm

Large range of field of view (um +cm)
Locality (® = 10 + 100 nm)

Surface sensitivity ( < 1nm in depth)
Valuable on variety of substrates
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SAM- local composition at surface 12

BLACK SILICON

Plasma etched
Surface nanotextured

Thin Solid Films 603 (2016) 173-179
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SAM- local composition at surface

BLACK SILICON Assessment of local condition
for surface passivation

and pillar formation

Si (F negligible) F (no Si) =
= ﬂr.. o z
|

X T " T X T ¥ T X T ¥ T .
200 400 600 800 1000 1200 1400 1600 1800 2000
energy (eV)

Thin Solid Films 603 (2016) 173-179
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SAM- local oxidation at surface 14
WO, NANORODS VACUUM THERMAL ANNEALING
at surface of o (base pressure 10-> Pa)
Metastable W -O thin films Temperature range: 200C +710C
deposited by PLD Annealing time: 4 ~10h

Date :27 Mar 2012

a-W film, deposited at 40 Pa
Oxygen content 33.5%
Nanotechnology, 26, 365601, (2015) Thermally Annealed : 4h @ 650C
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Hi-RES TEM: 15

The role of Temperature on oxide
crystallographic phase
a-W film @40Pa He, O= 33%

Jeol 2200FS field emission gun TEM @ 200 kV. Thermal annealing 4hrs
500°C 650 °C
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SAM- local oxidation at surface 16

Assessment of bulk composition of films
And local oxidation at surface
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Nanotechnology, 26, 365601, (2015)
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SAM-

local oxidation at surface

e
17

Assessment of bulk composition of films
And local oxidation at surface

W Auger transition peak
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SAM - thickness metrology of 18
sub-nm films

The case of
GRAPHENE
and GRAPHENE OXIDE

Auger electron attenuation
by 2D overlayer on substrate

Gro/sioz I ]
Primary Electrons Primary Electrons i
Secondary Secondary Auger §
Elecll’ons Auger Electrons E'ectrons 8
Electrons
\ -

IF EAL is known

v
THEN d can be evaluated

3 7 Ay T NO EAL data
. o 3 - are available for 2D materials
3 g\ /=1,exp(-d/Asin6)
N s Ir
Length . .
oo ST , Wide uncertainty
2000 2050 2100 2150— disin®

Kinetic energy (eV) EAL in thickness estimate
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SAM - thickness metrology of sub-nm 19
films

Calibration of Auger EAL by AFM "1} GO/AU [T paa
2004 A MNN 0,8 - u‘\,\ Fitti ng
i, 2 e 9=42°
% 2000 2 044
3 L
£
Gr/AY 0,2
-4008—— - : -
2000 2050 2100 2150
Kinetic energy (eV) 0,0 -
Sample /Substrate —= - -

Auger signal ratio -0,5 05 10 15 \20 25 30 35
/ Thickness ( nm )

Averaged AFM

@SR thickness assessment =1 exp(—d/)Lsin 0)
& at borders "

From d (averaged AFM) values

=> EAL ( statistical) can be evaluated
S. M. Pietralunga, et al.,,in IEEE - Proc. of ICTON 2016
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SAM - thickness metrology of

sub-nm films

The case of Graphene and
Graphene Oxide

> from accurate EAL values

G /Au

2 B AFM thickness

W Au NVV EAL fitting

AuNVV EAL NIST

1
Au MNN EAL fitting
| ™ Au MNN EAL NIST
0 ]

Ave. Thickness by exp EAL -
flake1 flake2 flake3 flaked flake5 over AES lines

Thickness [nm]
Thickness [nm]

20

GO/Au
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flake 1 flake 2 flake3 flake 4 flake 5

==> d can be evaluated

B AFM thickness

W Au NVV EAL fitting

M C KLL EAL fitting
m Au MNN EAL fitting

M Ave. Thickness by exp
EAL - over AES lines

~ HAuNVVEALNIST

m C KLL EAL NIST

Au MNN EAL NIST

* http.//www.nist.gov/srd/nist82.cfm
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Diamond photonic platform 21
p—
= |deal platform for quantum computing ’ &
| -
/ magnetometry & E
nature §
phOtoniCS PUBLISHED ONLINE: 30 JEEXlIDEIm%A/NEI(!NCZOI;E
Diamond photonics : So
Igor Aharonovichi*, Andrew D. Greentree and Steven Prawer -

«The chemical inertness of diamond is a significant

hurdle for diamond nanofabrication...a mature
fabrication toolkit

has yet to be developed»

Solution => Focused femtosecond laser
pulses to write 3D optical circuits

S. M. Pietralunga, EAGLES Oct 18 th-19 th, Trento, Italy ._:fe}ggsgy'w -l @CNR |FN




Fs-laser micromachining setup

Light Conversion Pharos amplified femtosecond laser
Rep Rate = single pulse to 500 kHz
A =515nm

Prax=3 W
Pulse duration: 200 fs __i
100 x, 1.25 NA oil immersion lens

S. M. Pietralunga, EAGLES Oct 18 th-19 th, Trento, Italy POLITECNICO @CNR'FN



Waveguide writing in bulk diamond 23

( Two damage lines

”<I
0.0

e (x10”

I Qﬁ e lLaser-write two closely spaced
% Waneguide parallel lines
7 3 Mode profile —
1\\ > stressors
diamond . e Keep diamond between lines
unmodified to preserve NV
| e centers properties
R 2 5 panaerystalige diamond fim
e 10° h 3
Ll e e Avoid formation of highly
o T absorptive C- graphite inside the
0 o et ;60 ' \:(;oo Ilnes
Wavelength, nm
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Waveguide writing in bulk diamond 24

515 nm, 500 kHz, 50 mW, 0.5 mm/s, 13 pm separation

along <110> crystallographic direction

A =808 nm

MFD = 8.5 um X 10 um
Insertion Loss = 14 dB

e single mode
e Similar properties @ 532 nm, 637 nm
e TM guiding only

S. M. Pietralunga, EAGLES Oct 18 th-19 th, Trento, Italy
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Single stressor features 25
515 nm, 500 kHz, 50 mW, 0.5 mm/s —0 08 u-Raman spectroscopy -
;: 1]/ Out
£:0.06-
3 i
£ 0.04-
=
S
= 0.02 4
=
s |
Z 0.00 £— - .
1200 1400 1 60|0 1800
Raman shift (cm )
Outside Inside

e Diamond peak decreases and widens

e Diamond (sp3 bonds)
Raman peak @ 1331 cm~! ¢ Two new peaks:

e G-peak at 1575 cm-! 2 :
(FWHM = 2.3 cm™?) e D-peak at 1360 cm™! } sp* bondings

e Broad D and G=> amorphous carbon
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Bessel Beams in Laser micromachining 26

T —

&' 7N

Gaussian
laser beam

Zmax

E

Equivalently
] e : ' a superposition
of plane waves
. distributed over a cone
Axicon

Fluence Plasma density Q
13

-0. 0.5 -0.5
= Eﬂ - :12
0.3 0  —— T — 1"
10

. 1 05

0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 25
Propagation direction (m) Propagation direction (m)

A4

In transparent materials _
the plasma track generated by the Bessel lobe CO”'Ca_|‘ﬂ°V‘éle”er9V
is the main support for 'nwards
) : the beam central lobe
nonlinear absorption of laser energy
——) high aspect-ratio material modification
PRA 77, 043814 (2008)
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I
Bessel Beams in Laser micromachining 27
Spatial light modulators (SLM) APPLICATIONS

to generate BB of any orders and features

Tubular
microstructures

H/gh order Bessels
with azimutal phase

Void nanochannels for nanofluidics

Fast single pass cutting
Appl. Phys. A 120, 385 (2015)

. . . - . Appl. Phys. A 120, 443 (2015)
iding microstr r
Single shot high aspect ratio guiding microstructures PATENT PCT/EP2013)003508

Ti:Sapphire @800nm

Pulse duration:40fs -ps

Low RepRate:20Hz ( 10mJ)

§1ngle shot fabrication (40-100ul/pulse)

@ :fzmzs,s:"CI @CNRIFN
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APL 97, 081102 (2010) EJPD ST 199, 101 (2011)

<
JAP 120, 013102 (2016) 700 mm
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Waveguide laser writing at diamond 28
surface

1 mm-long grooves written at diamond surface
Sub-threshold fluence

SEM imaging of
nanoscale internal structure
In dependence on writing
conditions

</— : No metallization

Polarization |_ or I

30 um spacing

A=1030nm 250 kHz, 0.42 NA (50x)
P=15-20 mW
v=20.511.5,2, 3, 3.5 mm/s

S. M. Pietralunga, EAGLES Oct 18 th-19 th, Trento, Italy
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Summary: 29

e Scanning Auger Microscopy ( SAM ) locally assess elemental
composition and state of oxidation on a wide range of materials,
to the sub-micrometric range. Surface, interface and depth
profiling analysis are possible

e SAM can provide absolute thickness measurement of ultra-thin
film overlayers and 2D materials

e The case of diamond as a photonic dielectric platform:

o fs laser beams write surface grooves and bulk waveguides for
quantum optics chips

« SEM imaging on diamond is carried on without metallization to
reveal nanoscale morphological and structural details

S. M. Pietralunga, EAGLES Oct 18 th-19 th, Trento, Italy
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AUGER Electron Energies 32
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Quantum information with NV centers 33

Classical world
e (or 1 state

Quantum world

e Superposition of 0 and 1 states (qubit)
e Quantum computer can check many possibilities in parallel

e

o How to make qubits? Digital information: 1

Diamond

~/ ( Digital information: O
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Preservation of NV centers 34

Waveguide; Damaged line

8000+

6000-

PL measurements in
confocal microscope (532 nm)

Intensity (a.u)
SN
=
(—
=

2000+

560 600 640 680 720 760 800
Wavelength (nm)

e Reduction in the intensity of the NV’s ZPL
e Guiding region - same as pristine diamond
e Optically detected magnetic resonance (ODMR): hyperfine structure

not altered
e Lifetime of the excited state transition preserved: (11.0 = 1.5 ns)
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