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Nanoscale Materials Metrology using

Coherent EUV High Harmonic Beams

Nanoscale heat flow Photoemission quantum dots Photoemission solids

Full spectroscopic
access to:

_________

Electronic
Excitation

oW AN
Gap, Il

PLD

>

First result:

gap-closing at T’
identical to
backfolding
suppression

Diffusive phonon Quasi-ballistic
transport: A<<L transport: A > L
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]HA High harmonics - coherent version of X-Ray tube

MNISTEE)

Femtosecond pulse Gas

F—

Accelerated electron l
i
o —
e ‘

1.1 ‘_

' 1895
Vacuum

e p_ - :E
Filament / . .
Electrons Tungslen targel
- M-Ravs

Rontgen X-ray Tube

High Harmonic Generation




II l A High harmonics - coherent version of X-Ray tube
MNISTEY)

Femtosecond pulse Gas
% \EUV
X ray =
Accelerated electron I
Il 1 ‘
—ilh— R =3

High Harmonic Generation

Extreme nonlinear optics



]HA Optimizing high harmonic sources
MNISTEE)

What driving laser wavelength and gas pressure to use for bright HHG?

1. Need bright single atom emission: NV aomnre® | A2

2. Need coherent addition from many atoms: NV .o matched nne® | ALY

263 nm
393 nm
785 nm
1300 nm
2000 nm
4000 nm

1-10mJ fs | \
laser pulse ¥

‘ ﬂrf“ 6\
‘ f

.
.
I Gy [k e o
B
|E | g
Jb
'ﬁ | | gll _..-.:_"_,:k\..--' al IFI- | ‘
_ ,(,;::\' | Y h Grating
| I
‘ t Waveguide
Phase-matched

VUV-EUV-X-ray Fields




]HA Bright HHG emission driven by ultrafast lasers
MNISTEE)

Laser field X-ray fields

Constructive addition

Q of X-ray fields

N Ak =q ui)Lo P| (1- n)—A(S g\
gl J'[a 0 atme/V0
N

Phase Matching Cutoffs
VUV-EUV-Soft & Hard X-rays

Ti:Sapphire

FULL
PHASE MATCHING

= E W
 For keV HHG, £ of
need mid IR > |
lasers 3 il
w7 ;
« For EUVHHG, § .~ 0.5}
want 0.8um .Dc‘:_’ '
lasers E Rl
- ForVUVHHG, & 005
want UV lasers § N
a1 1) | ..
0.05 0.1

Science 336, 1287 (2012)

.0:5. 1 : : ..5....10
Laser Wavelength hL [um]



]I[A Unique source — coherent supercontinuum to 8A
MNISTEHY)

Wavelength [Angstrom]
100 10 9 8 i
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Photon Energy [keV]

 Bright coherent tabletop keV X-rays for first time
» Highest nonlinear and phase matched process at > 5000 orders

* Phase matching bandwidth ultrabroad since vy = C

» Coherent spectrum spans many elemental x-ray edges

Science 336, 1287 (2012)



M_A Bright coherent beams from UV to keV

393 nm 4

785 nm
1300 nm
2000 nm 30nm HHG beam
4000 nm

Current conversion efficiency:

10-50 eV: 103 — 104/eV (per 1% band)
50-100 eV: 10°—-10° /eV

300-1000 eV: 106 —-10"/eV

Laser powers: 10 — 50W
EUV power: pW — 0.5mW (per 1% band)

Opt. Lett. 33, 2128 (2008)

Limit not known: Increases in efficiency PNAS 106, 10516 (2009)
) Nature Photonics 4, 822 (2010)
and photon energy very likely Chen et al., PRL 105, 173901 (2010))

Science 336, 1287 (2012)



Robust, simple, HHG setup in EUV i-;;_

MNISTEE)

EUV mirrors

Moble Gas ~ Noble Gas
Movabile

Curved Mirror Beamblock
ROC=50cm

Vacuum

Ti:spphire fs laser
(800nm, 5kHz, 2mJ, 20fs)

!
!
!
!
I \
!
!
!
!
!

Flat Mirror

X-ray beam \ \

High average power EUV HHG +  Coherent diffractive
femtosec laser system microscope

Science 280, 1412 (1998)
Science 297, 376 (2002)



First commercial ultrafast coherent EUV
source

Operated at CLEO exhibit in May 2009

Commercial, integrated, UHV-compatible
system installed in Germany (4), Israel (2),

MIT(1), Caltech (1), China (1) and Bulgaria
(1) for applications in materials science

Used successfully by many groups

LEADING IN ULTRAFAST

Tested in many research labs worldwid —JW*—LABS
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Unique ultrafast coherent tabletop X-ray source

MNISTTEY]
Wavelength
1 pm 100 nm 10 Am 1 Aam 0.1 rnm=1A
T : T : T T : I : T
1 1 1 [ 1
SR - vov e "o
uvi Extreme Ultraviolet ' Hard X-rays
i SACE T
1 IE'U' . 1'.'_:II eV :IC:'D eV 1 l:.'.EVI 10 'I»:E:U
Photon energy
SPATIAL: 3D near-A SPECTRAL: Elemental and TEMPORAL.: Ultrafast,

imaging chemical specificity single shot
CrRulin Fe Co Ni

WU,

40 45 ] 55 1] 65 70
Pholon Energy (eV)

HHG

laser

Wavelength [Angstrom]
10

100 9 8 7
LN T T T

0.8 Science 336, 1287 (2012)

M aser=3.9

Fidu i oodiis

N O Fe CoNi Cu -
Nature 463, 214 (2010) . : i , ) it Phys. Rev. Lett. 103, 028104 (2009)
Optics Express 19, 22470 (2011) ~ 02 04 06 08 By ke ¢ 8 2 Nature News and Views 460, 1088 (2009)



]I[A Coherent Diffractive X-Ray Imaging (XCDI)

 Diffraction-limited imaging = A/2NA

* Image thick samples

* Inherent contrast of x-rays

* Robust, insensitive to vibrations

* Needs a coherent beam and isolated sample

ARRE v 92 / Tomographic itiat andom o
. T ) Reconstrucon  Final Reconstruction nitial random phase
A/ Phase :-L——.__._:————— 7
¥ Retrieval /
new phase set |
. \|/ ——  with GA s

Diffraction Pattern

2D Images S

B ¥
- j _I_. —’/Aage of Sample

Setting Frame Region to zero

Sayre, Acta Cryst 5, 843 (1952)
Miao et al., Nature 400, 342 (1999)




EUV and X-ray Microscopy

MNISTEE)

Coherent Diffractive Imaging (CDI) v" A limited resolution (=2nm)

v" Robust to vibrations

Detector=—
Beam stop
Incident light Objact
@ —_>
Seattoiad & -‘-.‘ ;“F.. 2nm nano: Phys. Rev. B

wave ;: % ___;Ju i } 82, 214102 (2010)

24 'ug:;ﬁf“ kde Y 11nm bio: PNAS

. 'Ndfg (] ﬁ‘“ [ 107(16), 7235 (2010)
Miao et al., Nature 400, 342 (1999) el g ™

Chapman and Nugent, Nature Photonics, 4, 833 (2010)

Full-field Zone Plate Microscopy Scanning Transmission X-ray Microscopy

§ \g/
/ ij “m/é___ angstage
X-ray CCD : Detector

v Well established (=13nm)

Sakdinawat and Attwood, Nature Photonics, 4, 840 (2010) v Real image



]I‘L_A Record tabletop light microscope: 22nm resolution

NA=0.6-0.8

Setup Diffraction

Zr Filter

Rejector
¥

G
_’\3nm\,\\*\
Multilayer
Mirrors

Reconstruction

PRL 99, 098103 (2007); Nature 449, 553 (2007); PNAS 105, 24 (2008);
Nature Photon. 2, 64 (2008); OL 34, 1618 (2009); Optics Express 19, 22470 (2011)



a smgle view

Kevin S. Raines, Sara Salha', Richard L. Sandberg™”, Huaidong Jiang"*, Jose A. Rodriguez’,
Benjamin P. Fahimian'~, Henry C. Kapteyn®”, Jincheng Du®’ & Jianwei Miao"*

MATURE|Vol 463[14 January 2010

a

.
- W
- -

\N\d‘“ 'u.

oo

Nature 463, 214 (2010)
Optics Express 19, 22470 (2011)



EUV mirror

Semi-
transparent
sample: 30nm
of Cron 45nm
Si;N,

Optics Express 20, 19050 (2012)
Keyhole CDI: Abbey et al., Nat. Phys., 4, 394 (2008) Submitted (2013)




SEM

thickness /nm

» Semi-transparent background — can extract thickness

80
prssiaiy
70
60
50
a0
30
20
10

]HA Retrieved images: comparison with SEM and AFM

I .1 o

v~ AFM

Thickness m-a'p

* 50nm hole not completely drilled through: 48nm (CDI) vs 52nm (AFM)



]HA Retrieved images: comparison with SEM and AFM
MNISTEE)

thickness
fnm

.Bﬂ
70

60
= .50
440
30
20

SEM CDI AFM

\ l
!

3D profiling




1y beam

o
’ :-:;Qs_'.'z

Sample

ﬂ‘“.“f" |
ALS ,LQ 2

Nature Photon.
5, 243 (2011)

Exit screen

Reconstruction Field at sample
at Exit Screen

Detector
A45eV HHG Beam

\&

Multilayer Mirrors

Aluminum Filters

Tabletop HHG

Opt. Express 20,
19050 (2012)




]HA Future plans for coherent imaging
MNIST(EE)

 General SCanning reflection §,M|R o. High pressure
mode coherent microscope B ; mid_-"'_ twaveguide converter
(201 3) IR fs laser - ’\t Coherent  Diffraction
% X-ray beam pattern
i T g
» Shorter wavelengths to Object ”;
increase the NA, spatial Vs )
resolution = 5nm, and 3D R

Phase lretrieval

imaging of thick samples

« Advanced low-dose EST oD OTARY T
_ . io imaging (=5nm)
algorithms (Miao, Nature 483, 444 *4D nano-imaging (=5nm, =fs)
(2012)) 31 Dengity=2.33 Thick =10 i
 Rate limiting step — need 3uym ﬂ
lasers and advanced : 7
detectors 43¢ 1
N /
i 7
2 A

Photen Energy (2V]



]HA Nanoscale acoustic metrology of <100nm films
NISTEY

1. Nano-indentation
Localized

Destructive
Substrate contribution

J. Mater. Res 24, 2960 (2009)

Laser

pump = :
Non-contact mam) Acoustic
~ pulse
Laser P

2.h0tptlca| " LAW only — assume v probe
PNOTOACOUSTICS 5 | imited to thick films

MRS Bulletin 31, 607 (2006)

3. Brillouin light scattering
Both LA and TA modes

© 5 10 15 Complex interpretation

Brillown shift (GHz) . )
AP 100, 013507 (2006) Sensitive to experimental accuracy




]HA Advantages of EUV acoustic nano-metrology

MNISTEE)

» Acoustic waves propagate along (SAW) and into A
(LAW) surface: EUV x100 more sensitive than - 2 SAW >

visible lm Ih
T Thin film

» Penetration depth = (~A/21T: EUV can characterize
nano-mechanical elastic properties of < 10nm films 0

« Simultaneously extract Young's modulus and
Poisson’s ratio from LAW and SAW Substrate

Young’s
modulus

| .
Ly, = /ﬂ Longitudinal |
| P acoustic wave
|
|

/c
Poisson’s ) o[ o = |44 Surface
yo Su” C44) _)l = P acoustic wave

ratio 2(011 _ O :

<
—
|




Excitation of short wavelength SAWs j,_-__;;

MNISTEE)

» Launch short-wavelength acoustic waves from IR impulsive excitation of nano-
gratings (CXRO)

» Detect = picometer displacements using coherent EUV beams

BO0O nm laser
i =t 20 o 20} EUV probe 4, A To CCD
100 4 ii: E & k \ r : ; /
o o =% A b,
(] o [ »
it = o : -
— ] w w : yF
E g g ; ’
= X 4
N % E T Metallic f
= = e nano-grating " Diffracted EUV
= " i
3 3 5
- & X P
85 3 3 By

]

Substrate

]
]
=

(w_, oix) uswacedsip o)

09+

Z {umj
oLE) uewssedsip R0

Tl

(w_, 0ix) awsoedsip [Ej0)

o T T

{w,, oLx) swsoedsip |ejo)

=
=
(w

400 ps

\esl

Nardi et al, Nano Lett. 11, 4126 (2011)



m Many components to diffracted EUV HHG signal

NISTEE

e Diffracted EUV signal from thin film sample has four components:

-

Substrate

T T
Nanosecond timescale

2. Multi-frequency SAW

N

2000 3000
Time delay (ps)

| T
Picosecond timescale

. Nanostructure

longitudinal wave

8

-
—
-

4000

4. Thin film

longitudinal wave
(echoes)

40
Time delay (ps)

B0

Nano Letters 11, 4126 (2011)
PRB 85, 195431 (2012)
SPIE 8324 (2012)



Why EUV needed

* Acoustic wave penetration depth { ~ A/
* Visible light will not diffract form short wavelength acoustic waves

 The measured transverse velocity changes for shorter wavelengths as the
SAW is more and more confined within the thin film.

Short A SAW confined within film

50 - 100 nm-thick v=2800 m/s (consistent with SiC:H)
SiC:H thin film
Medium A SAW evenly in film and substrate
v = 4250 m/s (consistent with SiC:H)
- Long A SAW primarily in substrate
Silicon

substrate V= 4900 m/s (consistent with Si)



MNISTEE)

Results for many SiC:H on Si samples

* Large-period gratings: SAW velocity consistent with literature for Si

» Short-period gratings: slower velocities associated with softer film

materials
e Detected 45nm SAWs - confined to 10nm depths

SAW penetration depth (nm)
200 300

6000 !
1

1
1

5000 1« — 3£ - = - —
1

( ~A\/2r

@
0

£ o &
;4000 — :

= ()
s .
9 S
= 3000 A © Q
< 1
%) 0 O 1
(@]
2000 — 0O 1
1

O Fundamental SAW
A 2nd-order SAW

1000 —

0 T 200 400

I I I I I
600 800 1000 1200 1400

SAW wavelength (nm)

1600

E =200 GPa

Softer
SiC:H films

E=13GPa



Extracting mechanical properties

_I T T T T T T T T T T T T I T T T I T T 0.50

) ¥ 10.45

0.40

MNISTEE)

N

o

o
I

« Compare nominal and measured
Young’'s modulus

—
(@)
o
I
N
\
@4
\

|

—=—r
|

» Measure Poisson’s ratio using LAW 0.35

* Improvements in many aspects can
significantly increase accuracy

—0.30

o
o
LI I

1 1 H0.25
!,/

c 8

>
Sisubstrate E

—0.20

Measured Young's modulus (GPa)
N
o
I
—s—

1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1
40 80 120 160

Nominal Young's modulus (GPa)

1 | 1 1 015
200

o
o [Fr T

13 GPa (100nm) 16 * 3 Gpa 0.33+0.03
30 GPa (100nm) 363 GPa 0.24 + 0.02
60 GPa (100nm) 44 +4 GPa 0.26 + 0.03
150 GPa (100nm) 120+ 9 GPa 0.24 + 0.07
175 GPa (100nm) 1705 GPa 0.37 +0.02
200 GPa (50nm) 185+ 10GPa 0.43+0.02

oljel S,uUoSSIod paJnses|y



I”A Ultrasensitive to additional mass loading N[l g

28-53 nm EUV Probe

780 nm Pump

-

Substrate

%

T T
" Nanosecond timescale

1. Nanoscale thermal decay

>

4000

4. Thin film

longitudinal wave
(echoes)

20 40 60
Time delay (ps)

* Presence of additional 1nm layer on nanostructure is easily
detected by difference in longitudinal wave velocity

 What is our detection limit?



]l.ln_A Sub-monolayer sensitivity = 0.2A!

28-53 nm EUV Probe

780 nm Pump

V. =2/0.513= 3898 m
V,,=20/3.81= 5250 m/s

Literature values
3956 and 5489

10

11

12 13 14

Thickness (nm)

15

16

LAW measurements

Reflectivity

1 6nm
4 6nm

onm

14nm
3.6nm
13.3nm

3nm

A 2nm
] 1nm

« Sensitive to pm deflection in holographic mode

* Retrieve layer-sensitive velocities

» Next steps — 1) extract film density and elastic
properties of individual layers as film builds up,
and 2) image acoustic/thermal propagation



JHEA Surprising ultrafast spin dynamics NIST

Electron DeMagnetization gjecyon.phonon 1 1eMal

Laser aE:Smm Scaftering Sup:rr{;?ﬁ \eve Themalization Diffusion * No complete microscopic theory of
Spin-Photon Thema];ﬁmm Spin Currents e%ee .ﬂ magnetism exists on fs time scales
Interaction y EFTYTY] e . . . .
U OO0 oty « High harmonics enable ultrafast,

* e JOLRY (2 X & )
L |

element-specific, spin dynamics to be
probed at multiple sites simultaneously

\ / Parallel Antiparallel \
2w b PP Even in a strongly SFa Large, superdiffusive,
SAPAPAE St cxchange-coupled Fe- spin currents can be

LA eeasEs  Ni ferromagnetic alloy, launched by a
AT Y P the dynamics of the ) . femtosecond laser

@ individual spin sub- Sni gi.n through magnetic
. —al

Ia_ttlces can t?e : multilayers, to enhance
different on timescales or reduce the
faster than that magnetization of buried
characteristic of the layers, depending on
exchange interaction their relative orientation

energy (10 — 80 fs)/ k

s T i T e

PUBLICATIONS NEWS ARTICLES ABOUT WORK
PRX 2, 011005 (2012) Physics 5, 11 (2012) ) i
PNAS, 109, 4792 (2012) Physics Today 65 (5), 18 (2012)

TerhroseHe Linvessind
KAISERSLAUTERN

Nature Commun. 3, 1037 (2012) Physik Journal 11, Nr. 6, page 26 (2012)



]HA Limits of HHG not yet known!
NISTEE)

« 20 ym mid-IR lasers may generate bright 25 keV beams

« =75 million order phase-matched nonlinear process!

Phase Matching Cutoffs
VUV-EUV-Soft & Hard X-rays

Hini ¥ Sulpu ¥ ey Spocires: dg Targes @ 80 &0

= He
QO
0 10 3
& 5 Ar
o Kr
L
— Xe
2 1 :
S 0 05 :
o
2 Incoherent x-ray tube
© -~ 0.1 -
S “0.05 5
O . | ] - A
3 | P FHASEMATC;:jh.II-GL 1 f‘,‘.- L —
4 REGION “
A Wl U Coherent x-ray tube
'0.05 0.1 05 1 5 10 50

Laser Wavelength }hL [um]



Unique new EUV nanoscience and nanometrology

MNISTEE)
Parallel Antiparallel
—r SFET

"«)"" Sni =<

Ultrafast elemental-specific spintronics: (Nature 471,
490 (2011), PNAS 109, 4792 (2012); Nature Comm 3, 1037
(2012); Nature Comm 3, 1069 (2012))

N

SAW

Thin film

Substrate

Acoustic nanometrology: thin film metrology (Nano
Letters 11, 4126 (2011); SPIE, PRB (2012))

Nanoscale imaging: Record tabletop 22nm resolution
(Op. Ex. 19, 22470 (“11); 17, 19050 (‘12); Nature 463, 214 (2010))

Source  Channel Drain

Quasi-ballistic
transport: A = L

Diffusive phonon
transport: A << L

Nanoscale energy transport: probe nanoscale
energy/strain flow (Nature Materials 9, 26 (2010);
Nano Letters 11, 4126 (2011); PRB 85, 195431 (2012))



HHG — unique probe of nanoscale function in thick
samples

“oaa0e™

EDICAL

DIFFRACTIVE

X-RAY IMAGING
1 second T | =
T - | SEM/TEM
TRANSITIONS 1 milisecond AFM/STM

% 1 microsecond §
- I— N
= 1 nanosecond — |
— "
e) _ NANO
oh 1 picosecond | 1= PLASMONIC
= oo™ T “pRoge  — § | ¢

1 femtosecond p o GPEEE I e S——
= o= 3D

BASIC MAGNETIC = " ]
<PIN ELIP — 1 attosecond o B
S ﬁi-‘l@jfﬁ
1 zeptosecond :l %ﬁ{n}_‘_’,_._.“
1 yoctosecond © " ! 1 1
1 fermtometer 1 picometer 1 nanometer 1 micron
SPATIAL RESOLUTION

X-RAY EXC
PROCESSES

NUCLEAR

INTERACTIONS e- ORBIT

in H ATOM




Students and postocs

Dr. Stefan
Mathias

Magnetic and material switching
speeds, spin transport

~ Dennis
Gardener
\

Nanoscale imaging
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energy transport
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High harmonic sources



