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Amplification in Table -Top
Lasers down to 7.36 nm

The centerds d esatedted fabepriasersddis exgeadechamplification down to 7.36 nrliKBIISM)
in lasercreated plasmas in lanthanide ions using traveling wave excitalibis. is the shortest wavelength at whic
laser amplification has been observed in a ttdpeset up. The results were obtained using picosecond pump [

two laser pulses froma =  &r Di:sapphire CPA laser co
sisting of a normal incidence ppeilse followed by a main pj
cosecond pulse impinging at a grazing incidence angle @ Grating  rorger
with a traveling wave velocity of ~(1.04+0.03) ¢ as publis
in Phys. Rev. Lett84 4834 (2000).

Vertical focus

Schematic representation of the set up used in th® sub S
SXRL experiments. (a) A pair of cylindrical mirrors focus cehelon "
the short pulse beam at 35° grazing incidence on target
ating a linefocus of uniform width. A reflection echelon is
used to obtain quasiaveling wave excitation. (b) Raytra
simulation of the lindocus on target. All rays fall within
the line width defined by diffraction.

Horizontal
focus

Bright Kiloelectronvolt X -Ray Supercontinuum from
Tabletop Femtosecond Lasers

Ever since the invention of the visible laser 50 years ago, scientists and engineers have been striving to extend lag
nology to shorter wavelengths i.e. theay region of the spectrum. This quest has led to the construction of verysizatge
facilities, such as the kilometéong x-ray freeelectron laser at Stanford, to reach the keV photon energy region that ena
many applications in science and technology. However, for broad applications in science, medicine and induBkey, las
(i.e. coherent) xay sources need to be much smaller and cheaper. Fortunately, research at the NSF EUV ERC in Bo
collaboration with the Technical University Vienna, Cornell University and the University of Salamanca has shown t
using ultrafast lasers witlong wavelengthd i.e., in the midinfrared region of the spectrénbright xray radiation can be
emitted at photon energies from the UV to > 1keV. This upconversion process, called high harmonic generation, trg
ally combines up to ~100 neanfrared laser photons (0.8 pm wav
length), to generate bright, coherent, extreme ultraviolet beams at
ton energies around 100 eV. The team found that by guiding a
infrared (4 pum) femtosecond laser in a high pressure gas, up to
laser photons can be efficiently combined together, creatingrag
supercontinuum that spans the entire electromagnetic spectrum \
the ultraviolet to > 1.6 keV. This work essentially realizes a {kiser 2 Grating
coherent, tabletop, version of the Roentgemaytube in the soft-xay ‘
region. Moreover, the generatedray bursts are short enough (2

attoseconds or < T0 seconds) to capture all motion relevant to ¢ .5 Waveguide

natural world, even at the level of electrons. This work will soon| . ..
published inScience
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Spin-Sensitive Probes of
Magnetic Dynamics

Strong magnets exist only because all the spins in a magnet, each of which is like a very small bar magnet with
and south pole, are lined up to point in the same direction, much like members of a football band who are marg
unison. Many technology experts believe that rgetieration computer disk drives will use opticalksisted magnetic
recording to store more data, more efficiently, and with faster access. However, many questions remain about
delivery of optical energy to the magnetic system can be optimized for maximum drive performance.

Using the wor |l da durstsafdasetike X-ray heams-tsciestists
at the University of Colorado Boulder and the National Institute of Standards
Technology could see that the different microscopic bar magnets in an imp
magnetic alloy of iron and nickel (permalloy) behave differently just after b
exposed to laser light (in the first few quadrillionths of a second which is the fir
femtoseconds). The iron spins reacted slightly faster to light than the nickel sp
shown in the figure, suggesting that the iron spins "see" light much more reg
than the nickel spins. Until now, it was assumed that all the spins in a strong
behaved in the same way. This findi
because it suggests that the magnetic alloys in hard drives could be engine
enhance the delivery of the optical energy to the spin system.

as

The results appeared in the Proceedings of the National Academy of Sciencts—e
were featured in news articles by Physics Today and by the American and German PhyS|caI Societies.

Printing Nano-scale Features Free of Defects
with Coherent Extreme Ultraviolet Laser Light

Advances in nanotechnology and nanoscience will greatly benefit from the ability to prirdc@@structures free of
defects. Work conducted at the NSF Center for Extreme Ultraviolet Science and Technology has achieved this gpal us-
ing a novel approach to conveniently print arrays of arbitrary nanopatterns in the surface of a photoresist free of gefects
using a compact and cost effective tatolp setup. This is accomplished by illuminating a mask containing an array qf

the desired features with coherent extreme ultraviolet laser light. The approach is based-dmagsetf process dis-
covered in 1836 by Talbot, by which a periodic structure illuminated by a coherent light beam is reproduced at cfrtain
pl anes | ocated at distances equal to multiples of g de
duced at these locations are the product of the collective contribution of the diffraction of the individual cells ir§ the
mask. Because these unit cells (or tiles) are replicated many times in the plane of the mask, any defect in any of §he uni-
tary cells is averaged over the very large numbers of tiles in the mask, consequently generating a virtudfitgedefeft
image on a photoresist placed on a Talbot plane. This is a unique characteristic of this approach that allows to prit per-
fect samples even though the master mask is faulty. This new lithographic method can take advantage of the vefly short
wavelength of new tabl®p EUV lasers to potentially print structures with 10 nm features using attg$etup.

Defectfree Talbot printing . Extreme ul-

traviolet laser illumination of a faulty mas
(scanning electron microscope image of the
mask on the left) is used to produce a prjnt
where the defect is not present (right im-
age). For this demonstration the mask wps
composed of 10,000 unit cells with the prp-
file of aliens fromilthe
videogame, where the defect was repre-
. sented by a different species of alien, lo-
Mask with defect Defect-free print cated in the center of the mask. /

CFN 3.0kV 13.7mm x8.00k SE(U,LA0) 10/22/2010 5.00um
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EUV Transient Absorption
In the Solid-state Domain

. EUV Transient Absorption of Fe.O. Film
| n the past year, we have expanded EUV transient abso 0.010- 23

to the solidstate domain allowing for the probing of c ' , A _%’3“;: State
level transitions in iron containing thin films in the ¢  ©°%87 , [\ ——-025ps
perturbative regime. Currently, the,Mabsorption edges } 450;5"5
iron, iron oxide, and cobalt oxide have been observed at I

56, 62 eV, respectively, in static spectra. Iron oxide has ' AP

photoexcited at 400 nm to yield a tirdependent excite
state spectrum showing a featuring arising 3 eV lower
the ground state metal edge followed by a 0.5 eV blue sH
the feature on the femtosecond timescale as seen in the
on the right. Future work will focus on CdSe quantum
semiconductors charge transfer dynamics, which wil
probed through the selenium 3d,Mshell transitions at 5 Energy (eV)

eV as well as the cadmiumpl4dp levels at 64 eV.

Fe M,; edge of iron oxide at

Proving Nano-scale Dynamics

The immunity of photon beams to electric and magnetic fields allows EUV light to probe the interaction of nanosc
jects in the presence of external fields. In a podgdrinciple experiment we recorded nanomesegile variations in the
motion of a standard cobaitloy coated magnetic nanoprobe tip induced by the interaction with stray magnetic fields
ated by a magnetic sample in a fashion that resembles the operation of standard magnetic force microscopes (MF
magnetic moment MFM tip oscillating at a resonant frequency of 65.6 KHz was placed above a magnetic sample cq
of a 1:1 array of 2m wide strips patterned on a 40 nm thick Permalloy film deposited onto a Si wafer. The Permall
crostrips exhibit strong uniaxial shape anisotropy and hence remain magnetized along the axis at remanence. The
nanoprobe tip was positioned close to the end of the microstrips where the stray magnetic field is highebgteseenn
where the stray field is nearly zero. As the resonating magnetic nanoprobe tip approached a Permalloy microstrip,
magnetic fields exerted a magnetic force with a gradient of the order?dfi/td, which deflected the tip either towards o

away from the sample surface depending on the sign of the magnetization. An increase in the amplitude of the oscijti

(30 = 3) nm with respect to the natural oscillation amplitude was measured. The measured extrema of the tip oscilla
tive to the magnetic surface determined from the images are represented by the black dots in Figure 3.34b. Thenva
the oscillation amplitude due to the interaction with the stray magnetic fields were computed using a model that c(
the magnetic tip to be a perturbed harmonic oscillator in the presence of actuating forces that arise from a magneti
dipole interaction. The nemniform stray force
fields effectively change the restoring force in t
oscillating magnetic tip through a term that is prop
tional to the magnetic force gradient. As a con
quence, when driving the tip at a fixed frequency,
amplitude and phase of the tip oscillation are mo
fied. The computed loci of the tip during a full p
riod oscillation are in good agreement with the 4
perimental results
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Nanometer Patterning for
EUV Lithography

A

In support of the semiconductor industryds pursuit
a wavelength of 13.5 nm, which is expected to enter high volume manufacturing for 22 spitchathemory de-
vices as early as 2013, our NSF EUV Center has been pursuing a wide range of activities critical to the succe
this international program. EUV pattern exposure (print) studies at LBNL using-aawae, 0.3 NA multilayer
coated aspheric system known as the Microfield Exposure Tool (MET)[48]. Funded by SEMATECH, this work
directed at EUV resist development to meet the challenges of the 16 nm technology node. Commercial viabilit
EUV requires resist to simultaneously achieve resolution;ddge roughness (LER)[46], and sensitivity require-
ments. For example, 16 nm devices require a resolution of 8 nm, a LER of 0.9 nm, and a sensitivity of 10 mJ/q
Last year we reported on breaking therit8 resolution barrier using a rather slow fadremically amplifies resist
developed by a stattp company called Inpria. This year, strong gains have been made in extending these capal
ties to much faster and more commercially viable chemically amplified resists. Figure 2.26 shows printing results
such a material provided by JSR Corporation, demonstratingpiaee printing down to 15 nm hagtitch at a sensi-
tivity of approximately 30 mJ/cfrwhich is more the two times faster than the previousaramically amplified
material.

6 nm l 5 nm

TTHITRIHHT

1:1 Line-space printing in a novdl
{ 1 resist formulation by Inpria Cor-
i poration using SEMATECH

i Berkeley MET. These data dem
]

!

:

l

l

1%

onstrate low (2.0 nm) LER dens
patterning down to 15 nm half

pitch, the highest resolution eve
achieved using conventional phe-
tonbased lithography

Coherent Diffractive Microscope using Compact HHG Sources

Noble Gas ~ Noble Gas A N
3 )

Vacuum [} vacuum N /A Movable

KMLabs Dragon™ A

3 - s - Curved Mirror Beamblock
4W, 3kHz, 25fs @800nm Jad) ——Zi ;

" Flat Mirror Sample ccp

X-ray beam L sewmome g

N g

Setup for lensless imaging using HHG. A fully coherent EUV beam oversamples an object that is surrounded by
that contains no diffracting objects. The diffraction pattern, minus the straight threnaghbbeam, can be processed
retrieve the image of the object. (Left) Coher en(e

SEM image of sample. (f) retrieved image. (g) diffraction pattern. (h) lineout.

a regi
to
di f

/ | n work published in Physical Review Letters, PNAS, Optics Letters and Nature, the EUV ERC implemented a coheren\dlffrac
tive microscope using compact HHG sources for the first time. News articles on this work also appeared in Nature and
Photonics. Rapid progress was made over a period of 4 years, increasing the achievable spatial resolution from amimitial 2
100 nm, to 50 nm and now 22 nm. The spatial resolution we have now demonstrated, at < 22 nm using 13 nm wavelend
illumination is the highest ever achieved using any tatyelightbased microscope. Most importantly, the image acquisitioa ti
to achieve spatial resolutions of 25 nm is only 30 seconds.

Natu
0
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Volume 4 Issue 1

— , Publications
If you have further interest in any of these topig
please contact Robert.Bower@colostate.edu H 2 20 1]:Q 1 : 20 1 2
y

Page 6

. LaO-Vorakiat, E. Turgut, C. A. Teale, H. C. Kapteyn, M. M. Murnane, S. Mathias, M. Aeschlimann, &
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carrierenvelope phase of strong laser fields," Laser PhotonicsgR8%2 (2011)
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Industrial Advisory

Industrial Advisory Board  [sJef1{e R\ [STSlilale ST
Meeting
February 16, 2012
San Jose, California

Members of the Cent erbs f 5
Board joined Center Principal Investigators arjd

staff for a meeting held at the end of the SP|E

Advanced Lithography conference in San Jode,

California.  Pls Margaret Murnane, Patric
Naulleau and Jorge Rocca provided updates jon
Center research. The Industrial Liaison Offic
Bob Bower, provided attendees with an ovef-
view of industry program activities. Much o
the latter part of the meeting focused on sustajn-
ability planning that will insure the Center i
able to continue and grow ERC programs
benefit to industry.

This year 6s me e {off of the rovided a kick
SWOT process completed recently with t
report del i vered to he Center. The Center o6s

is process.

Thi s year 6s meeting included presentations from the Cer
tor, Margaret Murnane, University of Colorado, Boulder, Patrick Naulleau,
Director, CXRO at Berkeley, and the Center Director, Jorge Rocca, Colorado
State University.
Research Updates
Progress in the Development of High Harmonic Lasers and Applications
Margaret Murnane
Progress in the Development of EUV Lasers and Applications
Jorge Rocca
Progress in EUV Metrology Systems and Applications
Patrick Naulleau
Copies of these presentations are available for download at:
https://www.engr.colostate.edu/euverc/cfolder/cfiles/2012RetreatPresentations.zip /
Y

T he Industrial Advisory Board now has a Vice Chairman to assist
the Chairman in activities such as the annual SWOT Analysis,
communications among the |IAB members and the planning and
execution of IAB business. Kent Carey of Agilent Technologies

joins our Chairman, Bruno La Fountaine of Cymer. Please join us
in welcoming Kent and expressing our appreciation to both Bruno
and Kent for their work in support of the Center and the IAB.

Bruno La Fontaine Kent Carey
IAB Chairman IAB Vice Chairman




