DISSERTATION

PROGRESS IN COHERENIITHOGRAPHY USING TABLE-TOP EXTREME

ULTRAVIOLET LASERS

Submitted by
Wei Li

Department of Electrical and Computer Engineering

In partialfulfillment of the requirements
For the Degree ddoctorof Philosophy
Colorado State University
Fort Collins, Colorado

Spring2016

DoctoralCommittee:

Advisor: Mario C. Marconi
Co-Advisor: Carmen S. Menoni

Mingzhong Wu
Diego Krapf



Copyright by Wei Li 2016

All Rights Reserved



ABSTRACT

PROGRESS IN COHERENIITHOGRAPHY USING TABLE-TOP EXTREME

ULTRAVIOLET LASERS

Nanotechnology has drawn a wide variety of attention as interestingmpbea occurs
when the dimension of the structures is in the nanometer scale. Ticaelpaharacteristics of
nanoscale structures had enabled new applications in differerst ifleddience and technology.
Our capability to fabricate these nanostructures routinely ferwilirimpact the advancement of
nanoscience. Apart from the high volume manufacturing in semictodinclustry, a small
scale but reliable nanofabrication tool can dramatically help the researthe field of
nanotechnology. This dissertation describes alternative extrenawiaigt (EUV) lithography
technigques which combine takigp EUV laser and various cesftfective imaging strategies. For
each technique, numerical simulations, system design, experimentasutis analysis will be

presented.

In chapter Il, a brief review of the main characteristics of taippeEUV lasers will be
addressed concentrating on its high power and large coherence radius tleathenktilography

application described herein.

The development of a Talbot EUV lithography system which is capzlprinting 50nm
half pitch nanopatterns will be illustrated in chapter Ill. Aadlet discussion of itsesolution
limit will be presented followed bythe development of XY-Z positioning stagehe fabrication
protocol for diffractive EUV mask, anthe pattern transfer using selfleveloped ion beam

etching and the dose control unit. In addition, this dissertatiemonstrated the cdpty to



fabricate functional periodic nanostructures using Talbot Ethiddraphy.After that resolution
enhancement techniques like multiple exposulesplacement Talbot EUV lithography
fractional Talbot EUV lithography, and Talbot lithography using 18.9nm iiaghkpontaneous

emission lasewill be demonstrated.

Chapter IV will describe a hybrid EUV lithography which combines the Tathaging
and interferencdithographyrendering a high resolution interference pattern whose lattice is
modified by a custom designed Talbatask In other words, this method enables filling the
arbitrary Talbot cell with ultrdine interference nanofeatures. Detailed optics modeling, system
design and experiment results usingMie laser and table top EUV laser are included. The last
part of chapgr IV will analyze its exclusive advantages ouaditional Talbot or interference

lithography.
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CHAPTER 1 INTRODUCTION

1.1 NANOTECHNOLOGY OVERMEW AND ITS APPLICATION

Nanotechnology has drawn a wide range of attention due to the facnthaé properties
of nanoscale structures and devices had demonstrated new importargtiapglicn science and
technology.A new kind of structuresike metamaterials, photonic cryals, plasmonics and
nanemagnetic structureshas been derived from the development of nanotechnology. The
fundamental study of phenomena that occur in nanostructures witmsdamesmaller than

100nm has stimulated a new research field named as “nareescien

One of the most successful applications for nanoscience is negatese metamaterial
[1][2] which offers an entire new route for people to design and utilizeivegattoperties of
“artificial” material at will. Researchers are able to engineer the nacbstes so that the
permittivity and permeability are both negative rendering a negaties imgtamaterial. It opens

up prospects for studies of reversed Doppler effect, superlenses amaditapheling3].

Photoniccrystals (PCs) also evolved from the development of nanotedyndlbe lattice of PCs
is designed and fabricated in a way that a desired optical propertyeistcalile achieved.
Components like waveguide, optical caj#y{5] and optical switch6] based on PCs have been

demonstrated.

In addition, by taking advantages of nanofabrication techniques, sebg in
combination with plasmonics were also designed and fabricated tesadtire challenges in
efficiency and physical thicknesg][8]. Plasmonic lightrapping geometries designed for
photovoltaic thin film have been developed to optimize the hamgesf sunlightenergy by

increasing the effective optical path length.



Nanotechnology has also enabled esfféctive patterned media for hard drive recording
industry. Dense nanomagnetics have been patterned in desiree legithg a wide variety of

fabrication methds like nanoimprint or directed s@fsembly.

Beyond that, by merging photonics and electronics, plasmonictcoffars an integral
solution to the sizeompatibility problem[9]. With plasmonic integrated on a chip, the
communication capability between components can be dramaticalgagexdt comparing with

traditional logics circuits.

There are, of course, several other applications where nanoscience Haipakidhrough
traditional limits. This introduction provides few examples &nglst the “tip of the iceberg”.
Nanotechnology enabled the realization of devices that are curiesety in the fields like
biology, cancer therapy, etc.. This is a rich and active research fibéldnmpbrtant economic and

social impact.

1.2 ALTERNATIVE NANOFABRICATION TECHNIQUES

The advancement of nanotechnology depends on cHpability to fabricate thes
nanostructures in a simple ar@ebustmanner Scientist and engineers in semiconductor industry
have been dedicating efforts in developing nanopatterning techrmjilesrease the fabrication
resolution and simultaneously lower the cost. Suppliers forceahictor industry around the
world like ASML, Nikon and Lam have ensured the pursuit of Moomis that predicted the
roadmap of nanofabrication by having developed extremely compkegpensive patterning
tools. However, these stabé art manufacturing tools are too expensive for a small business or
research institute. Other than thigh volume manufacturifglVM) in semiconductor industry

that had produced remarkable progrgssnicro-electronic devicesn the last decade a cost



effective andsmallscale nanofabrication to@tith high resolutioncan positively influence the
advancement of the research in the field of nanotechnolagye following sections, a brief
review of the most valuable nanopatterning approaches compatible witl soale

nanofabrication has been demonstrated

1.2.1 E-BEAM LITHOGRAPHY

Electron beam lithography is an important nanofabrication teganignergetic electron
beams with small current (21D0keV and pA~nA) are precisely focused onto resistted wafer
to define tle nanopatterns. The part on the positive resist that has been expotiseskebenergetic
electrons will be cleaned out by a development process while theasaekpart on the positive
resist will remain on top of wafer firmly. A number of precise &tatoptics ensures the ebeam
is formed into a desired shapgpically aroundénm spot in diameter) which scans an arbitrary
pattern on top of the resist coated wafer. Large area fields can be guhtiising a state of art
interference stitching stage thahsha sub 1nm positioning resolution. In this manner, EBL
delivers a full field nanofabrication technique which is capable @dtorg nanostructures with
high resolution. As one of the most important fabrication techejgelectron beam lithography
(EBL) still holds the record of world’s smallest nanofeatures (subm)Cver mad@O][11].
However, depending on the pattern design and the substrate underneatistthieussally takes
a much longer timeto define a given nanostructure over a certain surface than optical
lithography. Additionally, this tool requires periodic services taintain the beam quality,

increasing the cost of maintenance.

1.2.2 NANOIMPRINT LITHOGRRHY
Nanoimprint lithography (NIL) isa nontraditional fabrication technique. It defines the

nanopattern through direct mechanical deformation of the resistrial and circumvent the
3



diffraction limits set by photo or electron beam lithograghg]. The process relies on a
straightforward principle that is depictedfigure 1.1. A rigid mask is embedded into a polymer
with low viscosity under optimized temperature and pnessThe polymer is shaped into the
topology of mask and it is cro$isked by a uniform heat or UV exposure creating a stable
surface nanofeature. The mask is then released from the cured resisy) ldeeviduplicated
nanopatterns on the substrate which nen transferred by reactive ion etch (RIE) to eliminate
the residual resist. NIL is a high resolution and cost effective replcégichnique that has

demonstrated a record of 5nm isolated features and 14nm pitch gecatan$l3).

Mask Mask

Resist | Resist

water [ e

Ia
<

bebbbb bbb |

Resist
Wafer

Mask |

Resist =
Wafer |

(1) Imprint process 1 (2) Release and RIE
Figure 1.1: Nanoimprint process

With simple setup and high resolutigratterning capability, NIL has been used to
fabricate solar cell§4], dense magnetic pattefhS] and organic light mitting devicegl6].This
technique has also been atkd by Canon Inc. to develop a commercial lithography tool with
sub 20nm resolution. However, because it is contact lithography, shiffers from mask
contamination and its yield can be quite unstable. Unlike state optctl lithography, NIL is a
1:1 printing technique meaning that the size of the feature on mask damrotther reduced.

Thus generating a 3D mask with high resolution is challenging and expensivaeases the

4



maintenance cost for NIL process. When the mask is released fegooliimer, it can be ruined

by resist residuglchemical that remains attached mask) turning the whole reticle usel¢tg].
These defect issues (shownHigure 1.2) need more study and understanding and it has been
improved by introducing a release layer and a step flash pfp8pddowever, the most urgent
issue for imprint lithography is from level to level alignnj&é@i. For instance, in the fabrication

of memory chips, the levels of wabline and electrical pads need to be aligned within sub 10nm.
If NIL is to be used for this kind of product, during the thermal driven psyoexpansion and
drift of alignment mark will affect the alignment accuracy. In conclusion, maaengwation on

this subject is needed to make NIL a reliable tool compatible with prioduct

75nom  [00nm 150pm 250nm
1SkU X7.588 ipm B71559

Figure 1.2: Defects of Nanoimpr[t¥]

1.2.3 DIRECTED SELFASSEMBLY

Directed selassembly (DSA) of block copolymer (BCP) is an alternative ¢abdn
method to generate periodic patterns with high resolutioneftesttively. The process of DSA is
depicted inFigure 1.320]. In this straight forward process, BCP (P PMMA) is spincoated
and then annealed on a jpatterned substrate which already has either a chemical contaast or
topographic contrast. During the bake process, PS and PMMA which haaté/eefinities got
separated automatically by thermal dynamic driving force, agpatenopatterns under the

guidance of the prpatterned substrate. This separated BCP thin film is then etchegddtgstha
5



which clears the PMMA part preferentially. An unusual characteristithfe process is that the
pattern is defined from bottonp instead of a popular tegpown configuration used in beam

lithography or imprint lithography.

Pattern Density
Rectification

A pre-patterning with e-beam Muitiplication

resist
S brush
B O; plasma & resist strip 1

- - | . =2L ’
s 5 0

spin coat 1

block copolymer (L)

Figure 1.320]: Process of DSA using BCP

Using this simple process, DSA is able to generate periodic patterssal as sub
10nm[21] with a control on the orientation of the sa¥sembled nanopattern by optimizing
different annealing parametf&g][23]. In addition, this technique is not limited to fabricating
hexagonal lattice but also can generate rectangular layouts Ejvéeyond that, DSA has the

capability to rectify the guidance pattern or even duplicate the pitch resfh0f.

Although this research area has drawn a great deal of attention, the nemstaargcerns
are concentrated on line width roughness (LWR) and local criticardiimn uniformity (LCDU)

which is shown inFigure 1.425]. No matter how high the resolution can be, LWR of this

6



technique is never satisfi@b]. The concern of LCDU, which level to level alignment accuracy
relies on, can also be an issue when this technique is integratezl complete nanopatterning

processes.

AR RS

Figure 1.4: Amazing results of dense lines with high resoluéibridated by DSA of BCByet the LWR are not

satisfactoryj25]

In conclusion, as a scalable process, this betipnithography can be integrated with
traditional photolithography techniques creating an economicak@unim patterning solution.
However, more understanding about how to control its LWR and LGDheeded before this

technique can really be applied to a proaurctine.

1.2.4 HOLOGRAPHIC LITHOGRRHY

Holographic lithography or interference lithography (IL), whistbased on interference
between two or more mutually coherent beams, has been widely usedahrtbation of various
periodic nanofeatures. All the 5 2D Bravais lattices and the 15 3DaBr#attice have been
fabricated using IL by changing the polarization, angle of incdesr number of interfering

beams. In addition, by using IL, extreme resolution for certain wagtlecan be achieved



without a foreful demand for complicated and expensive optics with high numempeature.
For instance, the period of 1D grating generated by IL is defined as A/[2sin(0)]. By changing the
angle of incidence, the pitch resolution limit of interference imaging is A/2 which is as same as

state of art optical lithography system utilized in sendcmbor industry.

There has been a variety optmal geometes for IL setup which are designed for
different periodic nanostructures to be fabricatéor instance Lloyd mirror show in Figure
1.5a) is convenientpbustand commonly used to fabricate 1D or 2D periodic nanostructures. It
takes advantages of the spatial and temporal coherence of a laser beats whacbepted by a
mirror and separated into two mutually coherent beams. An intecefenge can be gereged
by directing the coherent beams onto the same imaging plane creating desicatic p
nanopatterns with different latticg27][28][29]. The most important characteristics of Lloyd
mirror lithography are its ultrigh resolution and its flexibility. Using this fabrication imed, a
38nm pitch gratings have been convenientlyi@ad using a 13.4nm synchrotron illumination

[30].
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Figure 1.5a): Lloyd’s mirror; Figure 1.5b) Achromatic IL syste

Figure 1.5c: IL with single diffraction element

In addition to LM, another optical geometry named as achromatic Iemyistillustrated
in Figure 1.5 b)[31][32]. In this configuration, first orders of diffracted beams from a 200n
period grating are recombined at resist coated wafer using another pdent€al gratings
generating a final pattern dhe resist with 100nm period. As the mask fabrication techniques
have been evolved, this technique has been simplified into a cotibguwath only one single
diffraction element in which a set of gratings are integrated on ngke Substra{@3]. The basic
experiment scheme is shownRigure 1.5c). This technique creates another opportunity for IL
which is now capable of patternimgnofedures withcritical dimension (CD)as small as 9nm

half pitcH34].



IL have also been taking advantages of the polarization of a laser beamiggreeiZD
helical interference pattern which can be used as chiral metamaterizeé dégth mix electrical

and magnetic respori88]. Figure 1.6 demonstrates this experiment results.

Figure 1.6: Chiral metamateritabricated by II[35]

In conclusion, IL isa straightforward and cosffective nanofabrication technique with
sub10nm resolution. The CD limit relies on the wavelength and the gualithe laser beam
meaning that a coherent monochromatic light source with short wgtkelean be quite
beneficid to the research in this field. However, IL still suffers fromringic drawbacks

including difficulty in aligning the image in respect to the @atton previous level.

1.2.5 COHERENT DIFFRACTIOMITHOGRAPHY (CDL)

CDL is a mask basesklfimaging lithography technique. It depends arclassic Talbot
imaging techniqu@6][37] which is generated by illuminatirg mask with periodic pattern with
a monochromatic light source. This will reproduce identical perietiructure as the mask
repetiively at certain imaging planes named as Talbot planes. Thasselimbled image is called
Talbot image.CDL is able to accurately replicapeeriodic patterrs from a reticle tothe resist
coated waferWith a proper alignment mark, CDtanoffer a solutionto align theselfassembled
image to preexisting patterraithfully. The scheme of Talbot image is showrFigure 1.738].

Various functional nanomaterial like photonic crystals withagemal lattice in a large area has

10



been fabricated using this nanofabrication mefi3injd However, CDL is limited to fabricate only

simple patterns like 1D grating or 2D pillars.

7

—~
-
3

Figure 1.7: Talbot imaging

To make a breakthrough of this limit on pattern design, a generalizédtTialaging
(GTI), which is capable of printing arbitrary periodic pattesas proposed and studif39] to
obtain an extra degree of freedom. Complex 2D periodic patterns havéabgeatedusing this
method. 2tails of Talbot effect will be discussed latechapter3. Here, as a brief introduction,
resolution of Talbot lithography is proportional to the wavgtenThe smallest feasible prints or
CD limit can be reduced by using a laser with shorter wavelength cethpath a 193nm ArF

laser commonly used.
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1.2.6 COHERENTEXTREME ULTRAVIOLETHUV) LITHOGRAPHY IN A TABE-TOP

SETUP

A straight forward strategy for IL and GTI to reduce the CD limitoisutilize shorter
wavelength, e.g. in the region of EUV or sofray. Synchrotrons sources are able to provide a
large photon flux and tunable output with a wavelength in this region. Wowhe spatial and
temporal coherence of the beam are much lower than laser sources usually lised GTI
research. To circumvent this problem, a spatial filter is applieabtain necessary degree of
spatial and temporal coherence. Yet, this additional filter idiaely reduces the photo flux and
increase the exposure time in order to get a reasonable activation of thévi@sstver, the limit
accessibility to these big facilities adals extra difficulty to the popularization of this lithography

technique.

These restrictions have been mitigated by a recent developed compatetog EUV
lasers which have opened novel possibilities to realize efficembpatterning. Classic imagy
method like Lloyd mirrgd0][41] and Talbot imagin@9][42][43] have been integrated with this
novel EUV laser in a tablop setup which is capable of fabricating complex periodic pattern

with high resolution costffectively.

This dissertation will describéné progress in coherent EUV lithography in a tdbfe
setup. Chamr 2 will focus on the description of 46.9nm capillary discharge EUV laser and
18.9nm amplified spontaneous emission (ASE) laser which weresdtilizthe nanofabrication

setup.

Chapter 3is fully devoted to a description of EUV Talbot lithography systéhe

mathematical modelling of Talbot image, experiment setup and gtdyistem for pattern

12



transfer will be described. In addition, a plasmonic surface sanipiedted by thidithography

system is characterized and illustrated. To further scale down thmalcdimension (CD) of
pattern on the mask, multiple exposure, displacement Talbograpby and fractional Talbot
lithography are examined and demonstrated as well. Part of the rasuhgs chapter are

published in38][44][45].

Chapter4 will describea hybrid extreme ultraviolet lithography approach that combines
Talbot lithography and interference lithography to render anfémegrce pattern witla lattice
determined by a Talbot image. As a result, the method enables filengrbitrary shaped cells
produced by the Talbot image with interference patterns. Detailed mqdgjstgm design and
experimental results using a tabletop EUV laser agegmtedThe work in this chapter has been

published in46].
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CHAPTER 2 EXTREME ULTRAVIOLET TABLE TOP LASERS
This chapter describes the tabdg light sources used in the coherent EUV lithography

project of this dissertation, namely a capillary discharge laser (CLpaompact soft Xay
laser (CSXL), both developed at Colorado State University. The SDANe-like Ar laser
operating at 46.9nm. This source has a high photon flux, and high tempdrapaaial
coherence. It has been utilized in microscopy[1][2], holographiaging[3], nanoscale
patterning[4][5], mass spectrometry[6] among other applicatidiie CSXL is a Niike
amplified spontaneous emission (ASE) laser operating at sheateziengths between 7nm and

20nm[7][8]. It also has been used as the light source for micro®ia@md nanopatterning[10].

The physical principle and main properties of these two lasersbwillliscussed in this
chapter including the relevant characteristics to the lithographyochet&scribed in this thesis:

high photon flux and high spatial and temporal coherence.

2.1 CAPILLARY DISCHARGELASER
Figure 2.1 (a) demonstratélse Grotrian diagram of the energy levels of thé®Aon

relevant to the operation of the CDL. The upper laser lever psilgied by electron impact
excitation producing a population inversion between the 3p and the@$o(J=1) levels. The
populationinversion is achieved by rapid excitation of the upper level and aelagation of the
lower level to the ground state. Figure 2.1 (b) shows how th&iedd@umping is achieved by a
fast current discharge through a capillary which is filled withgmeed argonElectromagnetic
force quickly compressethe currentcarrying plasmaxially from ~3mm to ~300um creating a

dense neediehaped plasma coluntiat favor amplification of A=46.9nm line.
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Figure 2.1 Physical model of 46.9nm CBhd plasma cohlan formation in the capillary

2.1.1 HIGH PHOTON FLUX

Figure 2.2is a schematic of the electrical circuit of the CDL. The fast current pulse
delivered by a RLC circuit consisted of a capacitor, a spagkswitch and a capillary filled with
Ar. The capacitor has a liquid dielectric (deionized water) and can be chargedeaahawo
200kV by a multistage Marx generator. The laser is operated with a cargirargon flow
injected from one end of capillary at an optimum pressure of 490mTorr.idropleration
conditions, the hot dense plasma column generated by the discharge culserdghieves an
electron temperature around 90eV and an electron density arourdi0®&m?>. Population
inversion between 3%;-3p 'S, generates sufficient gain to produce a laser pulse with energies
in the range of 0.88mJ at 4Hz repetition rate. This average power is enolativiate

photoresists like PMMA or HSQ ([HS¥2] ) with exposures of about one minute.
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Figure 2.2: Schematic setup for CDL. (a) is the electrical ¢irgh)iis the schematic of CDL

2.1.2 SPACIAL COHERENCE OEDL
The CDL has high degree of spatial coherence which has been measuyeal Yisung's
double slit interferometer. The visibility of its interferencendg11] was measured using an

experiment setup which is schematically showfigare 23[11].

Figure 2.311]: Experiment setup for spat@oherence measurement of CDL
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Figure 2.411]: Interference fringes for Young’s experiment using CDL

A stainlesssteel mask with two 30n diameter pinholes was illuminated by the ICD
The interference pattern produced was recorded 3m away from the maskshadimsinfigure

2.4. The intensity maxima and minima are defined as:
Ipin =1L + 1, — 2\/1112|V12(T)|
Ipax = L + 1, + 2 LiL |y ()|

Where,y;,(7) is the degree of mutual coherence. If we assume that the intensity of the
illumination on the two pinholes are equbH>, then the visibility of the interference pattern is

directly the degree of mutual coherence:

V = mmax~Imin _ |, - (7)] ()

ImaxtIimin

The visibility was measured at two slit separatians: 300um andt = 680um). The data were

finally fit with a Gaussian function to obtain:

Y12(O = explS] ©)

21



This fit renders a spatial coherence=550um.

2.1.3 TEMPORAL COHERENCERCDL
The degree of temporal coherence is also crucial to the lithograpthyod described in
this work. A detailed explanation of the importance of the tempmra¢érence of the source

regarding to the quality of Talbot imagdiMee discussed in next chapter.

The measurement of the temporal coherence was conducted using a waveisart di
interferometel2] built with two dihedron mirrors and two flat mirrors designed for ENgjVt.
The beam from the CDL was alignedthvthe axis of the dihedron mirrors at a 6° incidence
angle and then split into two coherent parts which were directed dd€@Dadetector creating

interference fringes. The scheme of this experiment setup is shdigare 25[12].

T
i

2 ot /f \
% L

i}
-2000 -1500 -1000 -500 O 500 1000 1500
Path difference [pm]

Temporal Coherence fit curve

Mirror 1 - @ : Bi-mirror

Mirror 2

SXR Laser
Figure 2.512]: experiment setup for measurement of temporal coherence of CDL

By moving one of the dihedron mirrors vertically, the optical patferénce (OPD)
between the two beams can be controlled. This changing OPD generdéeenter fringes with
variows visibilities. Overall, a visibility curve shown in the ingefigure 2.5 can be obtained and
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the experiment data fitted into a Gaussian curve shown as red solidhe&rmporal coherence
length is calculated by the specified OPD where the visilahbps to 1/e of its maximum value.

From the experimental data and calculation, the measured linewidibuisdat.66&10° nm or

% = 3.5 x 107>, This leads to a temporal coherenggdround 800pm.

2.2 COMPACT SOFT XRAY LASER (CSXL)

Besides the 46.9nm CDlthere has always been a permanent need for light source with
even shorter wavelength. This demand has motivated the constructicee aflectron lasers
(FEL) which, however, has a quite limited accessibility. Meareyl@SXL with a capability to
generatecoherent laser beams with wavelength in the rangofto 20nm|[8][13], has also

been demonstrated in Colorado State University.

These tabldop CSXLs are created in hot dense plasmas by focusing a sequence of intense
laser pulsesnto slab targets of selected materials. Different targets rendersiiagsian with

different wavelength which is illustrated kigure 2.713].
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Figure 2.713]: Spectrum of CSXL with multiple wavelength using various solid targets

The schematic experimental setup for CSXL is showrrigure 28. The hot dense
plasma is generated by a chirped pulse amplifier (CPA) laser. A peeulocused on the slab
target generating a plasma channel. This is followed by a 8pgidth half maximum (FWHM)
main pulse with approximately 1J energy whis used as the pumping mechanism for transient
collisional excitationleading to a population inversion betweenh ‘& and 4 'P;. Both the
prepulse and the main pulse are focused into a line channel creatingpiifeeafor this ASE

soft X-ray laser.
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Figure 2.8: Schematic experiment setup for CSXL

The development of diode pump CPA lasers for CSXL has inat¢tlaseepetition rate of
soft X-ray laser up to 100 Hz, with 1.5uJ per pulse. This taipesoft Xxray laser operates at an

average power di.15mW and it delivers enough flux to be utilized in the demonstrafi&tyV

lithography[10]
To determine the spacial coherence of this CSXL, a Young’'s doublensiteerometer
has been set up to measure the visibility of interference fringes |&t@oudetails are the same

as the CDL]14]. It has been calculated that, at 10cm away from the target, the spaeiaruzh

for CSXL is around 150um.

In addition, the temporal coherendé] for this CSXL has also been measured using a
grating interferometer which indicates a longitudinal coherencehégag260um with%’1 =3 X

107>. The experimental data for the linewidth measurement is shokigtire 2.915].
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Figure 2.915]: temporal coherence of CSXL measured by grating interferometer

2.3 SUMMARY

In this chapter the properties of CDL and CSXL like average power and cohessace h
been discussed. In the applications described in the following chaiitermfluence of these
paramegrs on the resolution, feasibility and expostumes will be discussedor various forms of

coherent EUV lithography.
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CHAPTER 3 EUV TALBOT LITHOGRAPHY

3.1 INTRODUCTION

This chapter will describe the capabilities of EUV Talbot lithograpigdelling of the
imaging technique will be presented followed by the analysis odéssution and depth of focus
(DOF). The experimental setup will be described including thecttiion of the diffractive EUV
reticle (Talbot mask) and the design of a dose control unit. Aftertbigagtching system used to

transfer the resist pattern into metal thin film will be described.

Additional techniques to further scale down the criticatehsion (CD) of the patterns in
the mask like multiple exposures, displacement Talbot lithogragoid fractional Talbot

lithography are also examined and discussed.

3.2 MATHEMATICAL MODELLI NG AND ANALYSIS OF THE RESOLUTION FOR

GENERALIZED TALBOT IMAGING (GTI)

EUV Talbot lithography is based on a sietfaging effect named the Talbot effect. When a
periodic mask is illuminated with a coherent light source, an iderg@dassembled image of
the mask appears periodically at certain distances along the direttitumination. This lens
less imaging phenomenon is called Talbot image and was discovered-byf &lbot in 183[].

This imaging technique was used for the fabrication of simple penadterns like 1D grating
or 2D holes/pillar§2]. Isoyanet al. expanded this concept to complex periodic patterns in what
was defined as generalized Talbot image (GTI). This section wil preve the GTI

mathematically and then will analyze its optical properties likeluasn and depth of focus.

The experiment set up of the GTI is shown schematicallfFigure 31. A periodic

semitransparent mask (or Talbot mask shown as a back square wittv w#tlows) is
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illuminated by the EUV laser. The sathaging Talbot effect renders a 1:1 replica of the

intensity distribution at the mask in the different Talbot pldoeated at multiples of the Talbot
distanceZ; which is defined ag; = %, where p is the period of tBeucture in the mask and A

is the wavelength of illumination. The Talbot image generated by the isasled to activate a
photoresist coated substrate to complete the lithography proteis technique is defined as
Talbot lithography. Figure 3.also depicts a “Talbot carpet”. It is a 2D psewddor map for the
intensity of the diffracted light from the periodic reticle. The graphictiegh in Figure 3.1
represerg a XZ plane slice of the light intensity passing through a periodiangrathose
transmission is represented B). In the mapthe coherent illumination propagates from top to

bottom along Zaxis.
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Figure 31: Scheme of Fesnel diffraction and carpet of Talbot images

To calculatethe Talbot image the Kirchhoff propagation integral in the Fresnel
approximation was usg@]. For simplicity, a onalimensional arbitrary periodic pattern is used
in this calculation, but the conclusions are completely general afdrthalism can be extended
to two dimensional structures. The functiofi(¢§) = T(¢ + P) is defined as the intensity
transmission function for the diffractive reticle shownHgure 3.1. ltcan be expressed as

Fourier series
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T(§) =XmCn *eXp(IZN—) 3-1

Where,mis anintegernumber C, are theFourier coefficient&andP is the period of the reticle.
The diffracted wav§3] in the regime of the Fresnel approximation can be expressed as:

U(x) =U(§) ® h(x) 3-2

WhereU(§) = T (&) andh(x) = 22U e"p“"z) xp (Lo x?)

Replacingk = 27" U(¢) andh(x) into theFresnel equation, naw

Ux) =T() ® h(x) = FHFI[T(O] » F[RC)D

Z Cn X exp <]2T[—€)

exp(jkz) jk ,
[ e ()

eXp(]kZ) Z Cn ff - —) [\/]_/1 * exp(—jm * zA * fxz)]}
z
009 =825, 0 5 (2) o (i -2

. 2p? . .
Here, ifz = n * - where n is an integer,

mZ
exp (—jn * Zlﬁ) = exp(—j2Nm) = cos(—2Nn) + jsin(—2Nm) = 1

Where, N=n*nf is also an integer number
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Then () = 22025 ¢ 71 (5 (f; - 2)}

exp(]kz) Z Cp, * €X < 21 —6)
“(A2)ts PU“Tp
This maked/(x) = K = T(§), where K is a constant, rendering a-sesi$embled periodic image

2
whenz =nxz, = nz% (so called the Talbot distance). With equat®8, the GTI concept is

mathematically proved.

The numerical simulation was performed using Matlab. Appendix lidles a complete
Matlab script for the code that calculates the GTI. Figure sh@ws an example of the
calculation. The periodic mask is defined as transparent stars in aredpggkground with a
period of 5x5urhin both X and Y directions. In this calculation there are 50x50 cells on the
mask all togetherFigure 32 (a) shows a section of the binary mask used in the simulation.
Figure 32 (b) is the simuleed Talbot image af=1xZ; using the mask shown fgigure 32 (a)

and a coherent illumination with A=46.9nm.

w K X

* K K
K KK

Figure 32: Simulation resuft of Talbot image. (a) is the binary Talbot mask, (b) is the simulated Talbot image at

(a)

Z=1xZ;
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The calculated image clearly shows a replica of the periodic Talbot maskydrowe
selfassembled reconstruction has a resolution limitation that is cheatibeable bythe blurry
tips of the stas in the image shown ifigure 32 (b). Conceptually, we can analyze the
resolution referring to equationB3which is valid only when the mask is periodic and infinite.
However, the mask has a finite size and the source has a finite spheiare. This leads to a

limited resolution for the Talbot lithography technique.

This resolution limit can be estimated quantitatively analyziegntmerical aperture of
the exposure. The numerical aperture (NA) characterizes the range of iecategles that an
optical system can propagate. However, for GTI, only a virtuakchi\be defined since there is
no optics used in this imaging systeithe schematic of the definition for this virtual NA is

shown inFigure 33. With the lateral size of the Talbot pattern equals to 2W, the NA obfalb

imaging system can be defined & = sin™1[ This NA is equivalent to the one for

w
1/W2+(nZt)2]'
a standard optical system. Note that this NAhsinging with the different maskafer gaps

(nxZ,) which can be different multiples of Talbot distancak (

2W

oifirciveevrecce IR [ I I
I

Working distance=
nxzZ,

NA=sin{a)

Wafer with resist on top

Figure 33: NA definition
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Larger NA for the GTI will lead to higher resolutions. As an analtmglassic optical

sysem, the resolution for the GTI can be estimatedsas:NiA. The pitch resolution is the

smallest period of the nanofeatures printable by an imaging system.

To prove the validity of the equation fersimulations for Talbot images using different

maskswith different periods were conducted. The simulation results are simotigure 34.

Each data point represents a simulated Talbot image. The size of all thentliffeasks are

identical (W=20pm) and they are illuminated by the same coherent light source (A=46.9nm). To

evaluate only the influence of the period of the grating, the same NA \dsfoss all the

simulation.
I+ P Q - - G =——— mm—— -
r -
0.8 ! \
7 -
l" \
%06 / '
£ '
S 04- i |
o \
02 o
» \
-— i
0= " tehnlnla e ! e, Tl I | \ |
20 0 T 60 80 100 | 120 140
: Pitch[nm] ;
! 1
f Y
L 100
16.04 .
Py fy
= * 60
2 16.02 2
Q o 40
+— 16 +—
£ £ 2
¥ 0 a0 40 %2 40 60 80

Figure 34: pitchresolution regarding to contrast of Talbot image
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To guarantee the same NA for all the simulations, all the data points areatealcat
almost the same wafenask gap 4=nxZ;). As discussed before, the Talbot distadcdepends
on the masks’ periods. However, the value of n (the order of TdHw)pcan be adjusted at will
because the Talbot image periodically appears along the directionroindition. This means
the maskwafer gap can be controlled within an error of one Talbot distanca=(% example,if
P=150nm(the largest pitch irFigure 34), the Talbot distance i&=0.96 umusing a 46.9nm
laser as light sourc&@his means theaskwafer gapfor this paticular Talbot lithographysetting
can benx0.96 um. In this waythe maskwafer gapcan be controlled within an error @P6pm.
By choosingdifferent Talbot planedor the different maskghe NA can be adjustetb be the

same in all simulationsEachsimulation is one data point iigure 34.

The resolution limit is evaluated by the visibility or contrdghe Talbot imagewhich is

max

. 1 —Imi . .. . . .
defined asv = f‘““‘ Wherelnax and lmin are the maximm and mininum intensiies in the
max Tlmin

Talbot image. Each data poimt Figure 34 is calculatedusing this definition froma simulaed
Talbot image All the simulated Talbot images are calculated and plotteignre 34. For
instance the simulation results for onrdimensional gratings with 5@ém and 100nm period are
shown at the bottom part &ligure 34. A high contrast Talbot image can be obtained if the
grating has a period larger than 75nm. If the peisaimaller than 5hm, as shown in the figure,

the contrasibof the Talbot image is smaller than 0.5

The other aspect that has to be considered in the lithography processnmntimear
response of the photoresiSio simulate the effect of the photesist, a sigmoid functiowas

applied to the calculated Talbot image. A sigmoid function is defined as:

1
1+exp[—ax(u—tp)]
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If the threshold «.) of the sigmoid function is 0.5, the contrast of the optical infageto be
larger than 0.5 in order toeg a desired resist profile after development. Judging from the
simulation results, the pitch resolution of the Talbot litlapdyy is around 75nm when NA=0.5
and A=46.9nm. The threshold of the sigmoid function varies with different photoresists and the

number used here is a reasonable estimation for photoresist commonlikes&dMA or HSQ.

In conclusion, this simulation results shows that Talbot thedtaphy has a pitch

resolutions=75nm which is in the same order with the estimation using equatiddA=94nm.

Another parameter that has to be evaluated isddpmh offocus (DOF), which limits the
thickness of photoresist atioe planarity of the samplélhe cepth of focus or depth of field in a

classicoptical systenwith lensesis defined as thamount of defocus that introduces a +0.25

wavefront error. Mathematically, it can be calculatedl§F = 1\1/17 [5][6].
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Figure 35: Depth of focus for GTI with a 100nm half pitch grating and 46.9nm illuminatio
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As an analogy to the classic optical imaging system, the DOFe @i is the permitted
displacement, away from the Talbot distances, for which the imageasbigrhigher than the
threshold ;). As explained previously, this threshold is photoresist depenadenit a&an be
estimated as 0.5 if common photoresists like PMMA or HSQ are used tal riheo Talbot

image.

Similarly the DOF of the GITcan be approximated with the same expression as a classic
optical system. To prove this analogy, another simulation expatimas conducted. The results
are shown inFigure 35. This numerical simulation was perfogth using a fixed illumination
(A=46.9nm) and a mask consisting in a grating with 100nm half pitch. The image was calculated
at different distanceZ around the Talbot distancg. In the plot inFigure 35, Ad is the
difference betweeZ and Z. For all the calculated images NA is around 0.5. FFagure 35,

the DOF can be estimated to be approximately 200nm (assuming a coftfaS). This

estimation relates very well with the classiegpressioDOF = ﬁ = 188nm.

As a brief summary, in this sectiahe imaging theory forGTI was mathematically

illustrated. Theresolution and DOF ofhe GTI can be estimated ugimn analogy to classic

;2. The pitch resolution and DOF

()

optical system with a definition of a “virtuaA =

can be estimated as= % andDOF = # respectively.

3.3 EXPERIMENT SETUP FORHE EUV TALBOT LITHOGRAPHY
Figure 3.6 shows the tygal process flow for optical lithography: wafer preparation,
exposure, development and pattern transfer. The photoresist thdtatoa pensitive material is

first spincoated on top of the substrate (for example a silicon wafer). It isetkemsed by
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Talbot lithography creating the desired chemical contrast in the phistorBise development
process washes away either the exposed part or unexposed parts (deperiiegositive or
negative tone of the product). This resist profile serves as a catrifiask to transfer the

surface pattern from resist to functional layer underneath by etching.
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Develop

Developed resist profile
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Figure 36: Main process flow of optical lithography

Figure 3.7 illustrates the EUV Talbot lithography system developethis work. It
consists of the coherent light source (EUV laser), a membrane segbpoask, positioning
system and the photoresist coated wafer. The coherent light source mag$aded in chapter
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Mask Holder

Sample Holder

Figure 37: scheme and photograph of the exposure setup. Atkanslation unit holds the sample that can be
adjusted parallel to the Talbot mask with a tilt unit. Tistadces between mask and sample anéralled with

three eddy current gauges withaaturacy of 50nm that alloveentrol ofparallelism within 1d rad.

The function of the positioning system is to accurately set theingpristance (2)
between the mask and the wafer (Z is also called twaskr gap) at the Talbot distance within
the DOF across the whole field of the mask. The diffractive Talbot maskplaced in the mask
holder that allowed accurate longitudinal displacement and tiltderdo precisely adjust the
distance and the parallelism between the mask and the sarhplesample is placein the
sample holder which is attached to a XY translation stiagedisplaces the sample in the plane
parallel to the maskKt is actuated by stepper motonsth 1um accuracyrom Thorlabs Inc.
(Z812). Between the translation stage and the sample holder, linear positlBbh€r2430) from
SmaAct Gmbh were used for the fine control of the relative positiomeleet mask and sample.

These positioners offer a positioning resolution as small as $mg a closedoop control. The
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lateral positioningstage allows stitching several fields to geneadaéerns withlarger area,
printing several fields in the same substrate or alternatively implaengedbuble exposure to
effectively reduce the minimum feature smecritical dimension (CDps will be explained in

section3.8.

The tilt unitin the mask holdewas implemented witlthree individualpiezo actuators
from Physik Instrumen{S316) capable of adjusting the parallelism and the working dis{aihce

with sub10nm resolution using a closed loop control

Three eddy gauges measure iteeskwafer gap (Z) withan accuracy of 50nthat assures
a parallelism between the two surfagéthin 10 rad. This multiaxis station provides a precise
alignment to generate adequate prints in the samplesrefjuered accuracy in thelistance
between the mask and the sampldetermined by thBOF defined in the previous section and
is determined by thenask design.The required parallelism accuracy tilt precision A is

defined by the DOF and the size of the mask (2Wj can be estimated as= sin™?! (2—3\?).

3.4 FABRICATION OF DIFFRACTIVE EUV RETICLE
Because of the strong resonant absorptions in the EUMnregr all materials, EUV
lithography has been limited to use otignsmissioror reflective reticles schematically shown

in Figure 38.

The semiconductor industry has adoptesflective reticls based on multilayers
interference caags. However, for GTI that has a working distance in the region of milliregter
reflective reticles are not adequate. This is why transmission EUVsmédskh are cheaper and

more compatible for Talbot lithography were adopted in this work.
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Figure 38: Transmission and reflective EUV reticle
This section is focused on describing the mask fabrication profocdtUV Talbot
lithography. Two different types of masks, silicon membrane suppartd freestanding masks
were utilizel in this work and they are shown in Figur® 8a) and (b) correspondingly. The

nanofeatures on the masks were defined by electron beam lithggfaBL) that has bee

discussed previously in Chapter I.

Absorber  Transmission Transmission
{a) part {b) Absorber part
Thin film i v L
Window . . Resist
(N § R J Wwindow
. Si
Si <
g . N frame
frame Silicone membrane Free-standing silicon
supported mask nitride mask

Figure 39: Silicon membrane supported masks and free standing silicon nitrgks ma

Transmission diffractive reticles can be implemented with pretgdes or amplitude (or
intensity) binary reticles. Phase reticles have higher throwghpti are more difficult to
fabricate. All the diffractive EUV reticles used in this work were birsamplitude reticles. The
reticle (or Talbot mask) was formed by transparent regions and aigpomgions with a
sufficient contrast to assure an efficient diffraction. Twadkiof diffractive EUV reticles have
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been designed and are schematically showsgare 39. Both types of reticles are fabricated on
a thin transparent silicon nitride or silicon membrane defined ilicarsframe. The membrane
needs to be thin enough to be transparent to EUV light yet it has tarbdg &1 withstand the
fabrication process that includes spin coating of the photoresisglogevent and plasma
etching. Typically, the membrane used for diffractive EUV maskahéhickness from 50nm to

200nm depending on the design and material.

For silicon membrae supported masks, the transmissive regawad00nm siliconthin
film (shown as blue surface Figure 39(a)). This thickness of Si assur@k%transmission for
46.9nmillumination7]. The absorbing regions (shown as purple block in Figudéag. are
100nm thick Hydrogen silsesquioxanelSQ). This photoresist, when activated, becomes a
material that has similar optical properties as silicon dioxide, girayia 10° transmission at the

wavelength of 46.9n17].

For freestanding silicon nitride masks, the supporting structure is a 50mmnsilitride
membrane (shown in purple igure 39(b)). The binary mask is defined by etching through the
membrane using a Glplasma etcher. The transparent part is an opening through the membrane
that provides 100% transmission to EUV light. The absorber foiréleestanding #icon nitride
mask, shown in yellow blocks iRigure 39 (b), is carbon a based photoresist ZEP520 (around

100nm in thickness after etching process) which has a transmissiateio6 10°.

Figure 310 shows the scheme of the fabrication protocol. The membranstisittached
to a silcon wafer using strips of thermal release wafer dicing tape {Néttko 3195M). The
dicing tape has a strong adhesive strength at room temperature (3N/28b@mpeing heated

up to 100°C, the adhesive strength goes to near zero and the sample cidn tetaclsed.
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E-beam resist is then spin coated on top ofneenbranevhich is attached to a silicon wafer by
two strips of dicing tape. The membrane is then released from itensiafer after the spin
coating. The membrane with resist coated on tdpes exposed using thebeam writer tool to
define the designed pattern. In this process the electron dose has to belypdatermined.
Before the eébeam lithography step, it is necessary to perform a calibr&xperimentto
optimize the electron d@ One of the typicaéxperimers is presentedn the Appendix Il After
the lithography step the exposed sample is developed. For then siiembrane supported
masks, the fabrication is completed with this step. Fordtaeding silicon nitride maskthere

is an additional step of reactive ion etching (Ri&gtch through the silicon nitride membrane
and generate the through openings that are the transparent regitwesnodsk. High energy
(around 500eV) ions are produced in vacuum by applying aagstRF (radio frequency)
electromagnetic field to the electrodeaabund 13 MH. The RF is appliedo creat plasma by
oscillating the electric field and ionizing the gas molecules bypstg their electrons.These

high energy ions are then used to bordlbhe surface of the target and react with it

Part of the silicon nitride window (shown as purple blocks in Eid@$ (b)) that was not
protected by the resist @wn as yellow blocks irFigure 39 (b)) is then etched through to

complete the mask fabrication process.
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Figure 310: Scheme ofabrication protocol for diffractive EUV reticle
Selected scanning electron microscope (SEM) images of the fabricatedeftl®srare
shown in Figure 311 Figures 311 (a) to (d) are freestanding EUV masks; (ebo (h)

corresponds tailicon membranesupported maskslhe specific parameters of each mask are

indicated in the figure caption.

The characteristics of both types of reticles are summarized in TAbl€n& contrast is

defined asv = % whereT; and T, are transmission of transparent part and absorbing parts.

t+Tq
The efficiency E) is defined as the transmission of transparent part. The advantage-of free
standing silicon rnride mask is its 100% efficiency. However, since the -ftamding
nanostructure has no support underneath at all, it is intritysiezry fragile. The reticles can
develop defects and those showrigure 311 (a) in the form obroken bridges. Seltanding
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reticles are also limited to certain designs that can make the whole memblabeirsy
connected. For example designs like pillars or annular rings catiicg this approach. On the
other hand, silicon membrane supporiedsks have a 60% efficiency, but they are more

versatile allowing any form of binary design within the limaas of the fabrication resolution.

Table 31: comparison between frextanding silicon nitride mask and silicon mearie supported mask

Freestanding mask Membrane supported mask
Y >99% >99%
E 100% 61%
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Silicon membrane supported mask

(d) 5um (h) ~ 500nm
Figure 311: Fabricated diffractive EUV mask. (a)d) are freestanding EUV masks; (€)(h) are silicon
membranesupported masks. (& 500nm opening in 600nm pitch, the cell period is 5x5{) is 300nm holes
with 1.2 pm pitch, the cell period is 5x5frtc) is 50 nm opening with 400nm pitch, the cell period is 5% ath
is 600nm half pitch gratings, the cell period is 5x5u®)—(g) are metasurfaselesigns which have 410x410Am
cell period; (h) is 100nm half pitch gratings
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3.5 ION BEAM ETCHING (IBE) SYSTEM

The IBE system used in this project was developed and upgraded at Coloraxo Stat
University[8] and is scamatically shown irfFigure 3.12 Ar plasma is created by flowing argon
gas through a hollow cathode which is heated up to 1000°C using a 3kW cowece. SA
directional argon ion beam is produced by acceleratingoAs through a pair of accelerating
grids. The ion beam is used to etch the target located on a sample Thhldesystem is capable
to control the energy of the argon ion beam by changing the acceleraliagevup to 1000V.
Also, as the ion beam is datonal, the etching has a defined direction. This is called
anisotropic etching as opposed to isotropic etching like wet etchingEgrvilich produces a

noticeable undercut underneath the resist and reduces the accuracy of therpastem t
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Figure 312[8]: Schematic of IBE system developed and upgraded in Colorado State Wyiversi

IBE is a pattern transfer technique showrkigure 3.13 which schematically escribes

this anisotropic etching process. Energetic argon ions bombard tipéessurface which has a
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sacrificial photoresist layer where the nanopatterns are defined. Thegéoeous ion
bombardment etches both the exposed areas of the target and the reggoed by the resist
with different etching rates. The simultaneous etching processlof&gibns has the final effect

to transfer the pattern from photoresist film into target méhal Different materials have
different etching ratesFor instance, the etching rate for gold is 1nm/s when the discharge
voltage is around 250 V. However, at the same etching conditions, thegetate for exposed
and developed HSQ is around 0.3nm/s. This relationship is what defiaeaspect ratio
(width/height)of the features that can be achieved with the process. For this particulateexamp
the aspect ratio of the nanopatterns generated in photoresist can be edlangesl if HSQ is

used as the hard sacrificial mask for the gold film.
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Figure 313: Schematic of IBE process

However, while the target metal thin film is etched by the IBE prodealso increases
the temperature of the sample’s surface and might degrade the pifdfie nanopatterns in the
photoresist layer. In adtn to this risk, the sputtering rate of the IBE is also tempegatur

dependent. A fluctuating surface temperature will disturb the etching ratmgmdie IBE
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process unstable or unpredictable. A cryo cooling unit was introdacadidtess the problem of
temperature fluctuation. By circulating helium through liquidagen,the helium gas with low
temperature and large heat conductivity flows underneath the sampde Whidh is maintained
to a constant temperature -df00°C. The sputtering rate for gboesist decreases much faster
with lower temperature than metals like silver or gold. Thuos,dryo cooling system increases
the final aspect ratio of nanopatterns and stabilizes the etching ratkéothe process more

repeatable and reliable.

Anotherfeature of the etching system is that the experiment chambérdf) and the
load-lock chamber (10 torr) are separated by a gate valve in order to maintain high vacuum in
the chamber where the hollow cathode is located, preserving it from dignadue to the
presence of oxygen. The loémtk system also ensures that the etching is performed using the
same part of the ion beam for all the samples, increasing the refiyatdbihe process. A

detailed operation list of the etching system is in émix Il1.

With the loadlock feature and the cryo cooling system, this upgraded IBE system has
been able to transfer various nanopatterns faithfully from thet rieger to the metal films
underneath. Selected nanofeatures etched into silver or goléiths are shown ifrigure 314
which are tilted SEM imageFigure 314 (a) is 500nm periodic or isolated lines etched into
100nm silver thin film. Figure 24 (b) are pillars (300nm in diameter) etched into 100nm gold

thin film.
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3.6 DOSE CONTROL FOR EU\LITHOGRAPHY

The dose control is another essential aspect of the optical lithygssistem to control the
size of the printed nanofeatures. Different doses will lead to diffexretivation levels in the

photoresist that will produce different pattern sizes even whersame reticle and imaging
system have been used.

To address the issue of the variability with the dose, dimendetector shown ifrigure
3.15was utilized to register the intensity of each EUV laser plggire 315(a) shows the in
line detector actually manufactured. It is constructed by two concengtal tubes mounte
inside the aluminum grounded case as depict&dguare 315b), which schematically illustrates
the design and arrangement. The red cube is the aluminum ground calse green tubes are
the inline detector. The inner tube is attached to a BNC cable which has a 1000Vhieide:oT
cases are separated and supported by a Teflon piece visible as the whitd~rguger815(a).
The details of the two concentric tubes are illustrate#figure 315 (d) which is the cross
section of the twoubes, BNC cable and the Teflon case which holds two tubes together. A hole

is drilled on the grounded tube to let the BNC cable reach inside thetutr@eand bias it at high
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voltage. The Teflon pieces shown as the purple blockgire 315(d) are design according to

the inner diameter of the grounded tube and the outer diameter of th@ubegso that both

tubes are held tightly by the Teflon case and the aumiground case.

Figure 315 (c) depicts the external circuit used to detect the signal generatednftom |
detector. A capacito€=220pF is used to isolate the &s and protected the oscilloscope. The
a set of resistor&;=R; =40.1Q and R»,=10.1 Q complete the circuit. Ry and R, are used to
convert the current signal from theline detector into a voltage signal which can be read by the

oscilloscopeRs is used to limit the current in the oscilloscope.
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Figure 315: in-line detector for EUV laser intensity. (a) is the manufacturditiéndetector; (b) is the schematic

diagram for this idine detector; (c) is the diagram for electric circuit to detect the sfgmalin-line detector

As schematically shown iRigure 315(c), the inner tube of the-lne detector is biased
up to 1000V comared with the grounding case. When the EUV laser pulse (shown as purple
cylinder in Figure 3.1%b)) passeshrough the detectothe background gas beten the two

concentric tubes absorbs the EUV light and the residual Ar gas i®imhiaed. The
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photoionization produces ions and electrons and the electrons are accetevareld the inner
tube biased by 1000VIhe created chargegeneratedhe inline detector effectively acts as a
current sourcavhich generated a puldsignal This current pulsereatesa voltage differenein

R, thatis detected by the oscilloscope. The peak of this signal is representatieeiatensity

of theEUV laser

A signal for a single shot EUV laser from thislime detector is shown iRigure 316.
Different intensities of the laser beam will lead to signath different pak values. The internal
capacitance and inductance of thelime detector and the external circuit determines the

sensitivity and the time response of the device.
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Figure 316: signal for laser intensity from the-ime detecto

Along the beam path from the laser to the mask, 0.3% of the pho®absorbed by the
background gas which has a®1Uorr pressure. The iline detector does not introduce any
additional absorption. It was only sampling the photoionizationefach Iger pulse which

represents the pulse intensity given a stable background gas pressure.

The range of the voltage read from the oscilloscopg ¢&n be estimated ljy Ya® gy =

Q. Where Q is the charges collected by théna detector from the photawzation process. The
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charge Q can be estimated by the absorption rate (A=0.Q0R%nd the laser pulse energy
(W=0.8mJ). Q=N®, where N is the number of photon absorbed ansl the charge of the
electron. N=AxW/p, where W is the laser pulse energy and p is theyepergphoton

(p=26.4eV).

Substitute all together, Q=10°C. Assuming that the shape of the signal pulse is a triangle
and the FWHM of the pulse is aroutfns (as shown ikigure 316), The peak value o¥4(t)
should be aroundlV. Since the laser pulse energy is varying, the detected peak valyg)of
shall be in the range 60.1 to-1 Volt. This corresponds to the signal collected and shown in

Figure 316.

However, the ifline detector can also saturate. Haguration level is determined by the
capacitance of the 4line detector and the external circuit. The photoionization process migh
create too many charges if the laser intensity is too large anddkgrband gas pressure is even
higher than 18 Torr. The inline detector with limited capacitance won't be able to discharge all
the electrons into the external circuit. This will lead to a sedraignal which cannot represent

the laser intensity accurately.

To analyze this issue, the-line detector was calibrated against a photodiode previously
calibrated and the calibration results were obtained and indicatégjune 317. The laser is
guided through the #ine detector and then impinging on the calibrated photodiode. Each data
point is obtained by comparing signals from thdine detector and the photodiode, both of
which shall respond linearly to the variatiohlaser pulse intensity. As shown in the figure, the
in-line detector is accurate compared with the calibrated photo diode andtitsaturated if the

reading is in the range e3.1V to-1V.
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Figure 317: calibration for inline detector using photo diode

By using the idline detector as a dose control unit, the error for exposure dose can be
limited to 1 shot. If a typical exposure for PMMA is 100 shotdine detector is able to control

dose error within 1%.

3.7 FABRICATION OF METASURFACES USING UPGRADED TALBOT BRU

LITHOGRAPHY.

This section will describe the fabrication protocol for metasurfas#sg the Talbot
lithography method presented previoushs engineered materials, metasurfaces have unique
optical properties like negative index of refract[d@@] and it can be widely applied to different
area of research. For Talbot lithography, the challenging requiretoeribricate these
nanofeatures is to achieve high resolution over large areas withousdeigate 318 shows the
design and fabrication protocol of a metasurfaces that is composed digezgctangular holes
in gold thin film on top of a cartz substrate. The period of the rectangular holes is 410x410um
The size of the rectangle is 180nmx190nm. The most challengirsdpérting this structure are
the corners which need to be as sharp as possible. The chamfer radius ofehes cequied to
be smaller than 50nnf-igure 319 (b) is the SEM micrograph of a diffractive mask with

rectangular pillars fabricated by ebeam lithography. The mask wasnugedTalbot lithography
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setup using a negative tone photoresist rendering an array of rectamgesaintthe photoresist.
The fhotoresist pattern was then used as the hard sacrificial maskhefdBE process which
transferred the nanopatterns onto the gold thin film underneathnplet® the fabrication

process.

(a)

500x5001um?

Periodic
square holes
in gold thin
film

rs+

I

EUV

I
p-iw

PN
e

=t BB B
EBL on silicon EUV Talbot IBE to transfer
membrane pattern

lithography on wafer
Figure 318: (a) is the schematic dgsi of metasurfaces; (b) is the fabrication protocol
The patterns on the mask are defined by ebeam lithography. The statebafaamt writer
has a resolution as high as Grifowever, the actual resolution of the ebeam lithography step is
also limitedby the electron scattering in the resist and substrate underneath edushtd a

proximity effect. As shown irFigure 319[11], though the electrons are focused and confined
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into one single point amdicated by the purple arrow, the directional electron beam can be
scattered into much larger area after penetrating into the resist anlittrevsafer. The moving
path of electrons after penetrating into thsistis shown as the black lines igure 319. This
phenomenon which degrades the effective electron beam resolutiohed malximity effect.

The developed resist profile suffers significant variatimmf the original design. Typically a

design of sharp corners will come out to be rounded up as shdviguire 320.

Electrons focused into
0.5um PMMA

on top of silicon wafer

one spot on resist

Electrons scattered
into much larger area

Figure 31911]: proximity effect from electron baclkattering in ebeam lithography

To correct the proximity effect, a point spread function (RS#)ich simulates the
electron moving path after penetrating into the ressstused to address the issue of back
scattering. This process schematicallyshown in Figure 3.20. It first divided the whole
exposure field in pixsl The size of each pixel depends on the pattern de$iggm a Monte
Carlo simulation is adopted. Monte Carlo simulatienumerativeadjuss the dose on each
“pixel” until the effective dose, which has taken back scattering into accounttbsififSF, is
close enough to the original design. In this wdye tlose map is changedrn a uniform
“single” dose everywhere to a modifiécblorful” dose as schematically shownRigure 320.
Using this method which is also called proximity effect ection (PEC)the resolution at the

corner of rectangular pillais enhanced
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Figure 320: Schematic of proximity effect correction for ebeam lithography using gpread function.

With PSF enhancing the mask resolution, thamfer radius of the rectangular pillars is
limited to 20nm after development. A high resolution negative ebeaist (®aN2401), was
utilized to define the pattern on the mask. During the EBL process, 9#8{16lkctrons are
used to expose the resist en@00pA current. The exposed membrane was developed-iD Ma

532 for 10 seconds to form the designed nanopatterns.

In the EUV Talbot lithography step, high resolution EUV resist (H&&s used to define
the rectangular holes. 40 shots of the EUV laseresponding to a dose of 17.6mJfcwas
delivered to the HSQ layer, which is finally developedtetramethylammonium hydroxide

(TMAH) for 10 seconds to complete the lithography process.

The comparison between the mask fabricated by EBL and the metasudhadcated by
EUV Talbot lithography was characterized by SEM inspection and is showigure 321
Figure 321(a) shows the mask based on a silicon membrane which has 180%18llara

(white rectangle). The pillars are arranged into 410x4fGumare latticeFigure 321(b) shows
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the lithography results that have been transferred into a gold lthinfiom these SEM images,
the resolution requirement was met both in the mask fabrication andJthd &bot lithography

across the whole field.

(b)

SEI 3.0kV X2,500 WD 10.0mm 10um

Figure 321: SEM results of EBL and EUV Talbot lithography for metasurfaces. () is tHewthsrectangular
pillars on silicon membrane; (b) is the lithography results usinginegasist, tie black part is the rectangular hole

(180x190nrf) in gold thin film.
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3.8 REDUCTION OF THE CRITICAL DIMENSION BY MULTIPLE EXPOSURES

Multiple exposures can be used to shrink the critical dimension ¢€Ce printed pattern
compared with the one on the mask. The process of multiple exposuressislrigure 322.
The wafer is first exposed with half of the necessary dose to fullyasetihe photoresist using
EUV Talba lithography setup. After this first exposure with half of the ddke,sample is
moved along a desired direction and exposed again with the other hiad¢f dbse. In the case
shown inFigure 322 the wafer is moved a distance Ad along the X axis or in the direction
perpendicular to the printed lines. The combined image between thesepvgums will render
a smaller CD using an optimized exposure dose. On thepayt ofFigure 322, the 1D profile
represents the cut of the 2D Talbot images with pseudo color on theCtafipared the
combined image with the original one, lgopting multiple exposures, the full width half
maximal (FWHM) of the final image is reducelthus the processing window for dose control is

larger.
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- . . - 1. Expose the wafer;

— 2. Movethe wafer alongdesired direction
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—
at x=0
2rd exposure —_
at x=Ad
Combined j\
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exposure

v

Figure 322: schematic of multiple exposures

This method has been publishg®] and the rsults are shown ifrigure 3.23 Figure

3.23 (a) and (b) are frestanding EUV masks which have 180x180 cells with a period of

2.85%2.85um2Inside each celFigure 3.23(a) has 100nm opening slits with 200nm pitch and

Figure 3.23(b) has 75nm opening slits with 150nm pitch. Té® ltave 40nm supporting bridges

along the direction of the slits to strengthen the-#tamding structure. Since the resolution

calculated is 39nm, these supporting bridges won't be printed withofTithography.Figure

3.23c) and (d) are the lithography results obtained using the ntagkise 3.28a) and (b)

correspondingly. After a first exposure with half the dose (3@rlahots), the wafer was

displaced in the direction perpendicular to the slits and another 8)estposure was delivered.
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The offset between two exposures is Ad=50nm. Multiple exposures effectively decrease the CD

on the wafer comparing with the mask.

l{ll[#l' 'l} li{, l'l

Figure 323[12] experiment results for multiple exposures. (a) and (b) are therEsks with 100nm half pitch
lines and 75nm half pitch lines; (c) and (d) are the lithography sdsadied on multiple exposures using (a) and (b)

accordingly. Ad=50nm in both cases

3.9 DISPLACEMENT TALBOT LITHOGRAPHY (DTL)

A scheme of the general idea of the DTL technique is shoviigure 324. Instead of
exposing the wafer maintaining a constant distance between the sampibeamask, DTL
expose the wafer dynamically. The wafer is continuously moved @lengormal direction of
the mask, rendering a combined image which is the integration offtrecidid lightover the

whole Talbot distancgé:.. As can be seen in the Talbot carpet showignire 324, the diffracted
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light is periodic along the direction of illumination (defined aax&s). By continuously gxosing
the wafer fromd to d+Z; along Z axis, DTL integrates a periodic light distribution in tefz
axis). This means that the DOF for DTL is infinite as it can stan @nywhere (d) along the Z
axis. Thisexposure methorklaxesthe demands on abstdumaskwafergap control and enables

high-resolution lithographwysing positioning systemuith relativelow cost

Regarding to the resolution of DTL, the combined image catches lyatheroriginal sel

assembled image generated at the even Talbotp{@nexZ;), but also the = shifted self-image

2n—-1
2

generated at the odd Talbot plaZe<

X Z;). In this way, the spatial frequency of the final

image is double the frequency of the pattern on the mask that hastiized. a'his method has
been introduag by H. Solakf13] and the work presented here is the demonstration in the EUV

region.
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Figure 324: Schematic of DTL. To illustrate the effesftdoubling spacial frequency, this diagram starts from 0.5 Zt
to 1.5 Zt. But it is not limited to this starting point. As long as thplatement is Talbot distance, the integrated

light will be the same.

Figure 325 shows results of a grating fabricated with this approach using theacgpill
discharge EUV laseFigure 325 (a)is a SEM micrograph of the mask. It consists of lines with
a period 200nm and a duty cycle of 50#here duty cycle is defined by opening/pitéligure
3.25(b) isan AFM scan of the print produced by displacing the sample along thagatmn
axis over one Talbot distance while exposiitpe photoresist used in this experiment is a
positive photoresist from JSR Cdrpl]. The dose used in total is 100 shots that have been
distributed evenly along with the displacemditte grating generated has a period that is half the

period of the mask. The lineout section of the sample across the gdi@gds depicted in
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Figure 325 (c) The period of the structure is 100nm, from a 200nm gratiogvn inFigure

3.25(a).

100nm
14nm j= > C

I1Inm j=

ENM  fe

1 1 1 1
100 nm 300 nm 500 nm 700 nm

Figure 325: Experiment results for DTL. (a) is the 100nm half pitch grating fateccusing EBL as mask for DTL.
(b) and (c) are the atomic force microscope (ARiages for gratings fabricated on wafer by DTL. (b) is a 3D

illustration and (c) is the crosection.

However, DTL is criticized for the low contrast of the integrated snfdd] which
typically is around 0.3~0.5. By integrating the light distributiordepth, DTL adds too much
light intensity to the region where shouldn’'t be exposed at all. TiHiseduce the resolution of

the pattern in the developed photoresist.

As a conclusion, DTL is able to increase the spatial frequency comparéd toask
without restrictions in the DOF. Using this technique, high resalutiense gratings can be
fabricated without a demanding translation stage for madkr gap control. However, the
process window for dose control using DTL is very narrow in ordeybtain a high contrast

image. Also, DTL is limited to simple patterns like gratings anddwensional holes/pillars.
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3.10 FRACTIONAL TALBOT LITHOGRAPHY (FTL)

In this section, fractional Tladt lithography (FTL) is investigated. FTL is a scalable Talbot
lithography technique capable of increasing the spatial frequency of ititeopr the wafer
relative to the frequency of the Talbot mask. This fabricatiorhoaets schematically shown in
Figure 327[16]. Figure 327(a) is the Talbot carpet of a mask with 500nm opening and 3um
period. Figure 327(b) is the onadimensional profile of diffracted light at smlled fractional
Talbot distances, passing through the mask shown in Fig@&aB. Not only at integer
multiples of Talbot distanceZ{), diffraction pattern at fractional Talbot distancgy)( also

renders an image of the mask with high contrast which is called frattitalbot image.

Fractional Talbot distance is defined &s; = (N +§) X % Where, p and q are ceprime

numbersp<qgand N is an integer. In addition, the spacial frequency of the imabe &actional

Talbot distances is scaled by a factoMaf=q.
Scaling factoMg;is illustrated as follows:
Ms= 1 when p=1, q=1;

Ms= 2 when p=1, q=2;

Ms= 3 when p=1 or 2, q=3;

Ms= 4 when p=1 or 3, q=4;

Ms= 5 when p=1, 2, 3 or 4, g=5;
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Figure 326[16]: Schematic of FTL. (a) is the Talbot carpet of a Talbot mask with 500nm opewmir8yen perid;

(b) is the onadimensional cross section of the diffracted light at fractions of Talbot déstanc

However, FTL with the spatial frequency multiplication effect lasgificed the contrast
and the DOF of the fractional Talbot image in comparison withotiggnal and n shift Talbot
image. The reduction of contrast is showrrigure 327(b) which has illustrated that highbf;

leads to smaller contrast.

The DOF of FTL is estimated a30F = #221) [16]. Wherep is the pitch of gratings.
sf™

From this equation, the DOF of FTL is decreasing with higher scadicigprs. This negative

relation can also be estimated virtually from the Talbot carpet shokigure 327(a).
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(f)
Figure 327[16]: Experiment results of FTL using 46.9nm EUV laser(@)re the free standing Talbot masks
made by focused ion beams. (b) and (c) ammeng SEM figures of (a); (d)g) are FTL results witg= 1, 2, 3

and 5.

To illustrate the feasibility of this idea, gratings fabricated FTL were examined.
Figure 328 depicts the SEM images of the printed gratings at the different fratfiaibot
planes[16] . Figure 328 (a)(c) are free standing gratings with 500nm opening and 3um period.
The free standing mask was made by focused ion beam milling on waddthin film and
silicon nitride membrane. They are manufactured by H. Kim from éactniversity in
Germany. The photoresist used in this test was polymethyl methi@ci(AMMA) FTL was
conducted and the results are shown ffigure 328 (d){g) that has aMs; equals to 1, 2, 3 and
5 correspondingly.
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In conclusion, using EUV FTL,pstial frequencymultiplications up to & were achieved

with pitches oBum, 1.5um, 1pm, and 600nm, from themastergratingwith 3um pitch.

3.11 18.9NM EUV TALBOT LITHOGRAPHY

This sectiordescribes the demonstration of Talbot lithography using a 18.9nm EUV laser
[17]. The achievable resolution of EUV Talbot lithography will &ehanced by using an
illumination with smaller wavelength as the pitch resolutiomisdr with the wavelength of the

light sourceused (s=A/NA).

The schematic of EUV Talbot lithography using 18.9nm laser is showigure 329. The
18.9nm ASE laser was presented in Chapter Il. This laser beeniirst filtered by a 100nm
aluminum filter which blocks out the UV and visible backgroundtlig®]. Then the filtered
EUV light is reflected and guided by a multilayer mirror (Mo/Sivards the free standing
Talbot mask. The multilayer mirror keeps filtering out backgrougtt lidue to the narrow

bandwidth of its reflectivity curve which is centered at 18.9nm wahdiwidth equals to

% ~ 0.06 [19]. Note that the bandwidth of the reflectivity curve also dependé@imntidence

angle which is 45° in this experimerAt normal incidence angle, this value shall be even
smaller. At a distance corresponding to Zt/2 behind the naskibstrate coated with AZPN
photoresist was placed to record the generated Tattage. The print was obtained with an
exposure of 30 sperating thdaser at 50 Hz repetition ratehe dose is around 22.5mJfrfihe

exposed wafer was then developed in TMAH for 10 seconds.

The mask and the lithography results are showrigare 3.29b) and (c).The mask was
composed of 10,000 unit cells arranged in a square matrix with a period p=5um. Each cell
consisted of 4 slits 500 nm width and 1.2 um period. A scanning electron microscope (SEM)
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scan of the mask is shownfigure 3.29b). The overall size of the mask is 0.5x 0.5%with
a calculated first Talbot distan& = 2.65 mm.The AFM image of the printed nanofeatures

shown inFigure 3.29c) is an accurate replica of the patterns on the Talbot mask.

Figure 328[17]: experiment set up and results of Talbot lithography using 18.9nm lasex ilf@)éxperiment setup;
(b) is the free standing Talbot mask used; (c) is the AFM image of tlopaiterns on the wafer printed by 18.9nm

laser and mask shown in (b).

In conclusion Talbot lithography using se20nm illumination was demonstrated in this
section. The high photon flux EUV lasers have expanded the applicati@tbot Tithography to
a new stage that sub 20nm features might be possibly printed using-sopabit upin the

future.

3.12 SUMMARY
This chaptepresented th&albot lithographymethod thatvas utilized to fabricate a series
of complex periodic structures like gratings and plasmonic surfaces over large areas i

consistent manner.
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Multiple exposures, DTL ahFTL have been studied and characterized to keep pushing the
resolution limit even beyond the scaling limitation of the wavdlenddigh resolution
nanopatterns like 50nm half pitch gratings have been fabricated amchstesbed by combining
EUV Talbot Ithography and these resolution enhancement techniques. Fimallgdopting
18.9nm ASE laser, the potential to make-80bm features using Talbot lithography has been

illustrated.
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CHAPTER 4 EXTREME ULTRAVIOLET TALBOT INTERFERENCE

LITHOGRAPHY

4.1 INTRODUCTION TO A HYBRID LITHOGRAPHY TEGINIQUE

Restricted only by the wavelength of the illumination, Interfeeelithography (IL) has the
advantages to print nanopatterns witghhresolution using a relative unlimited DOF (restrained
by beam size and spacial coherence). However, only simple periodimgditergratings and
2D arrays can be generated using this technique. To make functionaattaneplike photonic
crystal wareguide using IL, additional lithography process with high alignmeatiracy is

requested to modify the lattice.

Talbot lithography as has been discussed in Chapter lll, is eapalfhbricate arbitrary
periodic patterns in a large area, liberating the lattice design so thailezomeriodic
nanofeatures can be fabricated with this technique. However, the rasatfi@lbot image is
limited by the NA of imaging system and the accessibility of thé nésolution mask with
enough contrast. In addition,albot lithography suffers from a restricted DOF when patterns

with high resolution is required, making the process unreliable.

This chapter describes a hybrid lithography technique which combinederence
lithography and Talbot lithography. It is naghas Talbot interference lithography (TIL). TIL is
able to print complex structures in a single lithography step bglifymog the lattice of
interference patterns with custom designed Talbot masks. Twacalehtlbot images generated
from a single Talbbmask illuminated by two coherent EUV laser beams are superposed in a
common Talbot plane. In this plane, interference between the two imagesates a hybrid

pattern from the combination of the interference and the Talbot imageisTéble to fill

73



arbitrary shaped periodic cells produced by Talbot imaging with fiterference pattern. This
technique relaxes the fabrication constrains on the mask and snlhegBOF for the imaging
system. Using a simple experiment setup, TIL is able to generateeupmtterns with a
combination of Talbot imaging and interference that results in achgmpproach that has the
advantages of both IL and TL methods. This chapter will present apdesciof the imaging

system, a detailed mathematical modelling and experiment restlise £nd of this chapter, a

comprehensive analysis of the exclusive advantages using TlLenglldsented.

4.2 MODELLING OF TIL

A schematic of TIL is depicted ifigure 41[1] where wo mutually coherent beams
impinges the semitransparent Talbot mask with incidence angles = 6. Each beam produces a
Talbotimage ofthe mask at th&™ Talbot planewith a maskwafer gapz=N*Z=N x 2p2/A,
whereZ;is theTalbotdistancep is the period of the structure in tA@lbot mask,N is the order
of Talbot plane and is the wavelength of the illumination. At treemmon Talbot plane, the
imagesproduced by each one of theherentbeams coincidgenerating a modifiethterference
pattern This interference pattern is pra ontoa photoresist coatedafer located athe image

planez=N*Z. For simplicity, let’'s defined, ) as the mask plane, (X, y) as the image plZns.
the axis normal to the mask plane. The exactorsk,, are two coherent beams with incidence

angle+ 06 on (x,2) plane.
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Figure 429[1]: Schematic of TIL

The electric field at the (X, y) plane can be calculated by diffractiomyfi#o0Assuming
a Talbot mask located at the (&, m) plane at Z=0 with a transmission defined ly(§,n) is
illuminated by two plane waves with incidence angleé, each beam will generate an image at
image the planex(y) atZ=z This diffraction image can be computed by the Fresnel propagator

as:

Ei(xry) =

elkz [e9) ki
I T mexp([BE - 02 + (v = m) |y déay 4-1
Where,Ei(x, y) is the electric filed amplitude #te Talbot plane. The functidn(é,,) is defined

as
T;(¢,m) = t4(&,n) - XPhase - YPhase

whereXPhase andYPhase are phase changes across the mask ptang They can be defined

as,
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2mi
XPhase = ¢ 1 Esl

YPhase = e_{%[”'“’s(g”)]}
If the propagation distance is equal to Talbot distamsBXZ;), the Talbot images are formed

and coincide at the image plane (x, y). The superposition of the twotTalages generated

from two coherent beams will render a modified interference imageéhwhit be defined as:

1(x,y) = E2(x,y,2) + E2(x,y,2) + 2 x Uy, x cos((k; — k;) - 7) 4-2
Wherel(x, y) is the modified interference imagé.is the electric field amplitude of each beam

at the Talbot pland],, is the interference coefficient definedds, = E, * E, * (é; - &), where

é;andé; are unit vectors that define the electric field directions in the Talhoe@ are the

wave vectors of the illumination.

To verify this theory and predict the Talbotdrference image, a simulation based on
equation 42 was performed using Matlab. A complete script of the code is attachegaemdig

|. The simulation result is shown kgure 42.[1]

76



Figure 430[1]: Simulation results based on equatie®. 4a)is the binarymaskwith 20x20 cells of 7.5xBun?
squareholes in square lattice, the cell period is 12.5x12%i) is the traditional Talbot imaggenerated by one
beam at normal incidence; (c) is the TIL image generated by superpasingtierent Talbot imagesing 46.9nm

illumination with incidence angel equal+d°; (d) is azoom of one cell in (c).

Figure 42(a) shows the Talbot mask which has 20x20 cells of square holes armarged
square lattice. The size of the holes is 7.5u#f and the period 12.5x12.53nThis array of
square holes constitutes andy mask with a transmissian(§,n). The periodic mask is
illuminated by two coherent plane waveés46.9nm) with incidence angla=4° andf,=-4°. At
the common image plane (2nd Talbot plane Z=px#o identical Talbot images interfere with
each other creating a Talbot interference image defined by equaPoi# original Talbot
image of the maski{) at 2 Talbot plane is shown iRigure 42(b) which is calculated using

equation 41. The simulated hybrid image is shownFigure 42(c). Figure 42 (d) is a zoomed
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in image ofFigure 42(c). The contrast of the calculéed hybrid image is more than 0.99 which

is enough to ensure the quality of the photoresist profile afteragevent.

This simulation shows that Talbot interference lithography ie &blgenerate a hybrid
interference image with its lattice modified &ydefined Talbot mask with the sufficient contrast

to be used in a lithography step.

4.3 EXPERIMENT OF TIL USING 46.9NM TABLETOP EUV LASER
To prove the simulation, a TIL experiment based on a capillary dischajgeldser is
implemented. This light souraehich emits ehighly spatiallyand temporal coherent beam at A =

46.9nmhas been discussed in Chapter II.

The experiment setup based on Lloyd’s mirror is showfigare 4.3 Figure 4.3(a) is the
schematic diagram arfeigure 4.3(b) is a photograph of the actual experiment setup. The mask
used in this experiment is a TEM grid commercially avail@plehis freestanding Nickle grid
has square openings arranged in square lattice. The opening size i§jm®xnd the period is
12.5%12.5urh As the thickness of Nickle is more than 200um which has neandhiission for
the illumination with A2=46.9nm, the TEM grid can be treated as binary mask for this EUV

lithography experiment.
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Figure 431: Experiment setup for TIL

The two beams illumination is achieved using a Lloyd’'s mirror igondtion
schematically shown in the insetkigure 4.3. After the mask, a flat silicon mirror coated with
100nm gold thin layer is aligned at a 4° incidence angle relative tantlening beam. The
reflectivity of 46.9nm light at this incidence angle is around4).8The EUV beam which has

been diffracted by the TEM grid is then split by the mirror into mutually coherent wavefront.
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The reflectivity of the Lloyd’s mirror determines the contrasthef interference patterm: The
. . NI .
contrast for this setup is8= ?—0.99, wherd; and |, are the primary and reflected beams
1742

intensities.

Giving the pitch of binary mask equals 120§ the Talbot distance is 6663um. A Si
wafer spincoated with HSQ was placed the 5" Talbot plane (233316 um). In this location,
two Talbot imagegroduced by the twooherentbeams arsuperposed togethefrhe sample is
place in the sample holder which is attached to a XYZ translation tsi@iggisplaces the sample
in the plane parallel to the mask and adjustsithekwafer gap according to the Talbot distance
calculated It is actuated by stepper motongth 1pum accuracyrom Thorlabs Inc. (Z812)The
sample was exposed with 12 shots of the EUV laseraatoximately provides an exposure

dose of 21.nJ/cnf in the sample.

The experimental results are shownFigure 4.4 The optical microscope image of the
Talbot mask is shown iRigure 4.4a). The scale bar is 10um. The Talbot interference pattern
printed in the photoresist is shownRigure 4.4b) which is zoomed ifrigure 4.4(c). Both 4.4(b)
and 4.4(c) are SEM images showing the lattice genergtdtebl albot image superimposed with
fringes generated by the interference. This hybrid image proved our ysesadculation and
simulation. The pitch of the interference fringes inside the cell detiyethe Talbot mask is
340nm which is consistent withe angle of incidence of Lloyd’s mirror and the wavelength of
the illumination used. The pitch of an interference fringes created &d_loyd’s mirror is

p=0.54/sin(@). In this case p=336nm given 6=4° and A=46.9nm.

Figure 4.4(d) is a plot of the cross section of one cell in the direction perpdadiouthe

interference fringes (in dashed blue) superimposed with the expestethghe photoresis(in
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solid red) calculated using Eq.-24 The simulation adopted the parameters used in the
experiment to make a comparison between experimental and theoretical. rdaubptimized
sigmoid function was applied to the calculated Talbot interference imageredict the
photoresist response. The theory of Talbot interference lithbgragproved by this satisfactory

agreement between the simulation and the experimental results.
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Figure 432: Experiment results of TIL. (a) is the optical microscope image of thefTalask, the scale bar is
10um; (b) (c) are the SEM images for TIL results, (c) is the zoomedsioneasf (b); (d) is the crossection of (¢)
and the prediction of simulation results, blue dash line is the expeniesult and red solid line is the simulation

result

4.4 ANALYSIS OF THE ADVANTAGES OF TIL OVER TALBOT LITHOGRAPHY AND

INTERFERENCE LITHOGRPHY

The advantages of thisybrid imaging techniqueesidein the combination of unique

characteristic from both imaging methods. The CD in the nanopattantedpby TIL is no
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longer determined by the Talbot mask, but depends owakelength of illumination as occurs

in IL. As has been discussed in Chapter éitt®n 3.2, the pitch resolution for classic Talbot

image can be estimated as.=£>/1. However, the pitch resolution for interference

A
2 sin(0)

lithography iss = > 0.54 given the optics configuration is based on two beams

interference. Clearly, using [l the pitch resolutiomimit has a potential to be pushed to a higher

level than Talbot lithography. Inddition, the extended DOF inhieed from IL facilitates the

A

b , while

implementation of the TI. The DOF for classic Talbot image can be estimateé

the DOF for TIL is much larger because nanopatterns with high tesolcan be printed at

lower NA using TIL.

To exemplify the potential offIL which is able to print nanopatterns with higher
resolution and larger DOF compared with traditionabdalithographya simulatiorexperiment
was performedo compare the standard Talbot lithography and TIL. The light sourcaedtire
the same with A=13.9nm[5]. The two techniquesre analyzed and compared regarding the
capability to printa periodicstructureT(¢) which iscomposed of an array of squares sections
65x65nm, with a periodicity 0fL00x100nm The size of the whole field is=6x6unt. Inside

each squatret is filled by 5 stripes 06.5nm half pitch.

To print T(¢) using traditional Talbot lithography, the mask is requestedve tiee same
resolution as the original design because Talbot image is a 1:1 repiloa teask. Needless to
say, there is a technical difficulty to fabricate a Talbot mask with a p#ttBnm and enough
contrast for 13.9nm illumination. Even though the mask can be stidbe$sbricated, to print
the 6.5nm half pitchinesonto the wafewwith traditionalTalbot lithography,the NA needs to be

high enough to achieve such resolution. Acaagdo the simulation as shownkigure 45, such
82



nanopatterns can lahieved athe 2nd Talbot planasing Talbot lithographyFigure 45 (e) is
the Talbot mask with a transmission definedlt§). The resolution of Talbot image is degrading
with larger maskvafer gap as shown fromiigure 45 (a) to (d) which represents the Talbot

images at different Talbot planes (z=1,52%, 2.5%, 3Z; respectively).

Even though it fulfills the requirement for resolutia, 2" Talbot plane, ssuming an
illumination with a 13.9nm laser and a mask siz&x6pm?yields a Talbot distance @=1439
nm with a DOF of 27 nfid] which is too small for a lithography system requiring an extreme
control of the maskvafer gap. Note that such resolution can also be acha@v&dTalbot plane

as well, but the DOF is even smaller (DOF=17nm’&Edlbot plane).
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Figure 433: Different resolution at different Talbot planes-(d) are Talbot images of (e) at different Talbot planes.

(a){d) have maswafer gap as z=1.522, 2.5%, 3Z; accordingly.
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However, to printT(¢) using TIL, satisfactory results can be obtained by much more
relaxed parameters. Using TIL, the Talbot mask (defined’ y) needed to create patterns for
T(&) is just an arrapf square holes 65 x 65 Amvith 100 x 100 nnA pitch. The size oT’(¢) is
w=6 x 6 um’ as well. The 6.5nm half pitchgratings insidethe squaresire obtained by the
interference of two Talbot imagesd this resolution is not limited by the NAhe DOF carbe
enlargedchoosing a higher order Talbot plamd @s shown irFFigure 4.6 Simulation results of
TIL are shown inFigure 46 (a) to (d) which have different maskafer gaps as indicated in the
figure. Two coherent EUV beam&=13.9nm) with incidence angle 6=+32.32° impinged on the
mask shown irFigure 46(e), generating two identical Talbot images which are superposed at

different Talbot planes creating Talbot interference image.

In the same way as Talbot lithography, the ke@gan of TIL is also degrading with larger
maskwafer gaps as shown froRigure 46 (a) to (d) which represents the Talbot interference
images at different Talbot gohes (Z=5Z 5.5Z, 6Z;, 6.5Z respectively). However, satisfactory
results can still be printed at higher order Talbot planes (Me@pared with the requirements

of TL shown inFigure 4.5N=2).
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Figure 434: Simulation of TL to print T(¢). (e) is the mask for TIL simulation, the transmission is repredeste

T'(%); (a)(d) are Talbot interference images of (e) at different Talbot pléap&) have maskvafer gap as z=57

5.5%, 67, 6.5Z accordingly.
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2sin(6)

The resolution oT'IL is limited by the interference pat & ) but the DOF of TIL

is limited by the Talbot imaging component. Mathematically ashess discussed in section

3.2, the depth of focus can be definedagd = # for Talbot lithographyNA = sin(a) where

0.5Xw
2Np2 /2

a = tan"1( ). wis the size of the mask, N is the order of Talbot plane, p is the pdriod o

the patterns on the mask and A is the wavelength of illumination. A comparison is made between

Figure 4.%b) (2qd Talbot plane for Talbot lithography) withigure 4.6(c) (6“ Talbot plane for
TIL), both of which have enough contrast and resolution for 6.5nm helf grating. With the
same resolution, DOF for TIL is 135nm, which is 5 times as the DFRraditional Talbot

lithography (27nm).

A calculation of this alternative design confgthe advantages of the Talbot interference
lithography: higher resolution with larger DO&sing a mask with relaxed fabrication

requirements

4.5 CONCLUSION

A hybrid lithography technique that combines Talbot lithography amdrference
lithographywas analyzed in this Chaptén a singldithographystep TIL is able toprint custom
defined periodic patternshich neither the Talbot nor interference lithography techniques can
accomplish by itselfit inherits tieresolution limitfrom IL together with the flexibility of latbe
design fromTalbot imaging. Therbitrary shaped cells produced by the Talbot image can be
filled with fine interferencepatterns (lines or dots) generated by interference of two or more
coherent wavefrontsin addition, TIL relaxes the constrain in thenask fabrication and

simultaneouslgxpands the DOF by reprinting nanopatterns in higher resolutibriowier NA
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APPENDIX |: MATLAB CODE FOR TALBOT LITHOGRAPHY AND TALBOT

INTERFERENCE LITHOGRAPHY

%%%%%%%%%%6%%% %% %% %% %% %%

%This Matlab script is used to simulate the Talbot images described in this
%thesis

%%%%%%%%%%6%%%%% %% %% %% %%

function Fig4 -5

tic

dx=1e - 9; %pixel size

dy=dx; %pixel size

NN=6000;

CellSize=100e - 9;

PitchLineSpace=13e - 9;

Ncell=round(CellSize/dy); %%% how many pixels of one cell

NLine=round(PitchLineSpace/2/dx); %%%% number of pixels for 1 row of line

NI=5; % number of lines in one cell

%%6%%%%% %% %% %% %% %% %% %% %% %% %% %% % % %% %% %% % %0 %% % %% %% %% %0 %% % %% %% %% %0 %0 Y

Ai=zeros(NN,NN); % Ai=;

Line=ones(NLine,round(.65*Ncell));
Space=zeros(NLine,round(.65*Ncell));

FirstPeriod=[Line;Space];
[NPx,NPy]=size(FirstPeriod); %%%
Cell=zeros(Ncell,Ncell);
Cell(1:NPx*NI,1:NPy)=repmat(FirstPeriod,NI,1);

Ai=repmat(Cell,round(NN/Ncell),round(NN/Ncell));

figure(1)

imagesc(abs(Ai(1:round(.1*NN),1:round(.1*NN))));

axis square
%%6%%%%% %% %% %% %% %% %% %% %% %% %% %0 %0 % % %% %% %% % %% % % %% %% %% %0 %% % %% %% %% %0 %0 Y
[Nx,Ny]=size(Ai);

lambda=13.9e -9;

Field=Nx*dx;

p=CellSize; %%%%% cell period in m

z=2*(p)"2/lambda; %%%%% %% %% %% %% %% %% %% dx*80is the period and
it_zzzT %%%%%%% %% %% %% %%%%%%% try different
z t

d=3.*z %% 3rd talbot plane
NA=sin(atan(Field/(2*d)))
res=0.61*lambda/NA
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DOF=lambda/(NA"2)

norm=21/sqrt(Nx*Ny);

[k.1] = meshgrid( - (Nx-1)/2:1:(Nx  -1)/2, -(Ny-21)/2:21:(Ny - 1)/2);

kernel=exp( - 1i*pi*(k.A2*dx"2+.72*dy"2)./(lambda*d)); %%%%%%%% %% %%
Propagator

%kernelR=exp(1i*pi*(k. 2*dx"2+|.72*dy”2)./(lambda*d)); %9%6%%%%%%%%

reverse p  ropagator

OUTi=norm*fftshift(ifft2(fft2(Ai).*fft2(kernel))); %%%%%%%
convolution of Ai and propagator is the Fresnel diffraction

Temp=abs((OUTi."2));

figure(2);

imagesc(Temp);

axis square

%

% figure(3)

% plot(Temp(2495:2515,2308))

% hold on

%

%

% Templ=Temp(2495:2515,2308);
% plot(2:1+length(Templ),Templ)

% for i=1:length(Temp1l) -1
% Templ(i)=Templ(i)+Templ(i+1);
% end

% plot(2:1+length(Templ),Templ)

% plot(0.95.*194.*ones(1,length(Templ)))
% plot(0.9.¥*97.*ones(1,length(Templ)))
%

%

% hold off

toc
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%%%%%%%%%%6%%% %% %% %% %% %%

%This Matlab script is used to simulate the Talbot interference images
described in this %thesis

%%%%%%%%%%6%%%%% %% %% %% %%

function Talbotinterence2PlaneWavesFig5

%%%% this parameter worked only for DEG=5
%lambda=46.9¢e - 9;

lambda=13.9e -9;

Scale=2*pi/lambda,;

alphaDEG=32.32;
%delta_d=1e - 6;
alpha=alphaDEG/180*pi;
theta=alpha;

kly= - 1*sin(theta)*Scale;
k1x=0;
klz= - 1*cos(theta)*Scale;

k2y=sin(theta)*Scale;
k2x=0;
k2z= - 1*cos(theta)*Scale;

% %%%%% no polarization
el2=1;

el3=1;

e23=1;

% %%%%%

Nx=6000;
Ny=6000;

Pixel=1e -9; %%% pixel size

%PP=10e 6;

PP=100e- 9; %%% in real period size
Period=round(PP/Pixel);
%A=MaskTalbotSquare(Nx,Period);
A=MaskTalbotSquareCham(Nx,Period);
[Nx,Ny]=size(A);

[X,y] = meshgrid( - (Nx-1)/2:1:(Nx  -1)/2, -(Ny-1)/2:1:(Ny  -1)/2);
zt=2*PP"2/lambda; %% half talbot distance

Qbz=2*z7t

%z=130e- 6;

z=7*zt;  %3rd talbot plane
%propagate A to working distance %%OUTi=TalbotProp(Ai,pixelSize,d,lambda)
Al=TalbotProp(A,Pixel,z,lambda);

%%%%% this x need to be defined as the x axis of the mask plane
10=0.5.%(A1."2+A1.72);

[=10+e12.*A1.*Al.*cos((k2x - k1x).*(x.*Pixel)+(k2y - k1y).*y.*Pixel+(k2z
k1z).*z.*Pixel);

I=abs(l)./max(max(abs(1)));

figure(3)
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imagesc(abs(1));
axis square

%%%%

%This function is the Fresnel propagator
%%%%

function OUTi=TalbotProp(Ai,pixelSize,d,lambda)
tic

%%%%%% %% %% %% % %% % %% % % %% %% %% % %% %% % % %% %% % %% %% %% % %% % %% % %% % %% % % % %Y
dx=pixelSize; %pixel size

dy=pixelSize; %pixel size

%%%%d is the image distance

%%%%%% %% %% %% % %% % %% % % %% %% %% % %% %% % % %% %% % %% %% %% % %% % %% % %% % %% % % % %0 Y

[Nx,Ny]=size(Ai);

%lambda=46.9¢e - 9; %%% wavelength

Field=Nx*dx

M=NX;

% z=2*(dx*pp)"*2/lambda %%%%%%% %% %% %% % %% % %% z=2T

NA=sin(atan(Field/(2*d)))
res=0.61*lambda/NA
DOF=lambda/(NA"2)

norm=exp(li*2*pi/lambda*d)/(1li*lambda*d);

[k,1] = meshgrid( - (Nx-1)/2:1:(Nx  -1)/2, -(Ny-21)/2:21:(Ny - 1)/2);

kernel=exp (- 1i*pi*(k.~2*dx"2+l.72*dy"2)./(lambda*d)); %%%%%%%% %% %%
Propagator

OUTi=norm*fftshift(ifft2(fft2(Ai).*fft2(kernel))); %%%%%%%

convolution of Ai and propagator is the Fresnel diffraction
% OUTIi=0UTIi."2;
% OUTIi=0UTi./(max(max(OUTi)));

figure(2);

imagesc(abs((OUTi(round(0.15*M):round(0.85*M),round(0.15*M):round(0.85*M)))))
%%%% has "2 already

%imagesc(abs(OUTI."2));%%%%

colorbar(  'location’ , 'EastOutside’ )

axis square

%saveas(gcf,strcat('numFile=",num2str(numFile),".pdf"))

toc
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APPENDIX II: DETAILED MASK FABRICATION RECIPE AND EBL EXPERIMENT

TO DETERMINE ELECTRON DOSE

Mask fabrication recipe:

This recipe is to fabricate silicon membrane supported EUV méBkk. thickness of the

membrane was 100nm. Note that different thicknessiledon may lead to different dose

because of the backscattering.

Spin coat HSQ on silicon membrane at 4000rpm for 90 seconds;

Expose the membrane IMMEDIATELY after spinating with optimized dose around
3000pClcrf

Develop the exposed membrane in NaR&Z| = 1%/4% wt% for 4mins. The solution is
DI water. Right after the development, IMMEDIATELY RINSE timembrane with
FLOWING DI water for 90 seconds;

Blow dries the developed membrane with UHP nitrogen from the sidhe ohémbrane,
NEVER blow the nitrogn normal to the membrane.

For freestanding EUV mask based on 50nm silicon nitride membrane, a pastist ZEP520

is used and the recipe is as following:

EBL part:

»

Spin coat HDMS on silicon membrane at 3000 rpm for 30 seconds;

Spin coat ZEP520a (1:1 dilution rate) on silicon membrane at 600030 Seconds,
rendering a 300nm resist film;

Prebake the membrane at 180°C for 3 minutes;

Expose the membrane with optimized dose (around 300ifG/cm

Develop the exposed membrane in Xylene for 90 secondsoahdn IPA afterwards for
90s;

RIE part:

1.

Clean the RIE chamber using O2 plasma for 5 minutes: Pressure set 1Q@@#Hoflow
at 5 SCCM, 02 flow at 50 SCCM, RIE power 250W, Process time 300s;
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2. Nitride etching: Pressure set 50mTorr, CF4 flow at 40 SCCR/ld@v at 10 SCCM, RIE
power 150W, Process time 50s;

Dose optimization is based on a “dose map” designed for certain paiteziminate the
backscattering effect. Different resist has an estimated dose like HSQOGsG/cr but
ZEP520a is 300puC/cmPatterns with different size need to change this dose accordingly. For
example, the original design for metasurfaces (square pillars with=git0x410nf) is
500x500urh A field with 50x50urf size needs to be tested to save time yet still represent all
the backscattering response from neighboring exposure. We exposéelthisith same design

but different size with 16 different doses and the results look$dlileving.
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Fig. 1: Dose map
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Basically, we test the dose around the estimation until satisfactorytresois achieved. A
robust process will have a large dose process window without wigdalthcation wouldn't be
reliable. Once the optimized dose is $etthis case 24Q@C/cnf, it is used to expose multiple

original designs.
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APPENDIX I11: OPERATION LIST FOR CAIBE
CAIBE system needs to be run in high vacuum. Before the argon flowthengystem, it needs
to be pumped down to low P@orr. When 6 SCCM Argon is being injected to the system, the
pump requires a pumping speed large ehoiagmaintain the system under“Dorr. After the
system has been pumped down t&,1fhe argon supply line needs to be purged by 3 SCCM
argon flows which are controlled accurately by a mass flow contfolleat least0.5 hour. With
a comparative purArgon circumstance, an increasing current is applied to the heater aheund
hollow cathode tip where argon flows through at 2.5 SCCM. Afeehdater current is enhanced
to 7.25A for less than 2 minutes, a discharge should be built. If moArdon fow rate should
be enhanced up to 6 SCCM until a discharge is well built. The heatentcthen should drop
automatically to 3.75A. However, in different conditions, heaterectinwill vary from 3.75A to
4.5A or even higher. In this case, Argon flow glidobe changed accordingly so that the heater
current is stable. This is very important to enhance stabilityeofaths and the liféime of the
hollow cathode. To decrease the amount of oxygen inside the systamtlveheathode tip is
heated, samples al@aded at least 15 minutes before the power supply is turned on. tioaddi
the loadlock gate is opened 15 minute after the heater is cooled by Argon flaavpder
supply has a builth memory in which the program ‘0’ stored the optimized voltageu&ent
setup for Ar plasma. When the discharge is built, the discharge voltabdeereasd¢o around
60 to 70 Voltsand the discharge current should be around the set up @284 After few
minutes, the plasma will be steady inside the discharge chamber.Heraxecelerating voltage is
applied by pressing ‘start the beam’, the ion beam will be egttact the etching chamber and

etching process is initiated.
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The samples are clamped to the holder mounted onto the transm@siamich is located on
the low vacuum side of the system. With a closed-gakee, the loadock chamber is pumped
down to 50 mTorr by a sorption pump. Then the gate valve can be opetadtie sample is
inserted to the temperature control unit which also has two spriegvsdo lock the holder
tightly. The holder can then be released from the transmissionyrootdiing 90 degree. The
gatevalve should be closed after the transmission rod is moved bac& toattiock chamber.

Before the sample is etched by the Ar plasma, a shelter blocks the mnfdred5 seconds to

stabilize the ion beam. The operation flow can be concluded awifudip

1. Pump the main vacuum to iTorr;

Make sue the Nitrogen tank (black cylinder) is not empty. Open its mdireydo not touch
regulator (it has to be larger than 80 psi).

Open the gate valve for pumping line by switching the switch

Plug in cable of mechanical pump then open its valve slowly

Check the vacuum of high vacuum chamber which should be <50 micron (aromn@s25
Open the turbo pump by pressing start.

2. Purge the Argon gas line with 3 SCCM flow for 30mins. (There im#&ralter underneath
the power supply box. During this time theemam should be under 1) Make sure the
valve for Ar is open.

3. Clamp the sample to the copper holder and mount them togethangmtssion rod;

The transmission rod is not straight, meaning there is only agle #rat it can be inserted.

There is a vime on the rod, to insert; it should be around 180 deg. To retract it should be

around 270 deg
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4. Pump the loadock chamber to 50 Microns using the sorption pump; (With sample on holder
inside the low VAC chamber)
Liquid nitrogen is needed to soak the pump. Refill once after 5 @mpesn the valve to pump
and close the valve before next step.

5. Open the gavalve all the way;

6. Insert the transmission rod gently to the main chamber andtlozkhe temperature control
unit;
The load lock system is not stateawnf. EXTREME caution is needed to insert the holder, if
you force it too much. It will break and you will need teofgen the whole system to fix it.
So, be as patient as you can.

7. Release the transmission rod and move it back to thelde&achamber;
Rotate 180 deg to around 90 deg, just try to find a proper angle to move it back.

8. Shut down the gate valve and leave the main chamber pumping for &0nimutes to
eliminate the oxygen introduced from the ldadk chamber;

9. Set the Argon flow controller & SCCM for 15mins and then open the power supply by
recalling program ‘0’ (RecalbO->’enter->'source’);

10.Wait the heater current going up to 7.25A and 2 minutes later the dischangd be built;

11.1f not, increase the argon flow until the dischargeuidt but the argon flow should not
exceed 6 SCCM;

12. After the heater current decreasing to 3.75A and discharge voltage and cungritiele,
startthe cryo cooling by open the Helium which is circulating aroundighé nitrogen
tank. Starthe beam wh the shelter blocking dfter the temperature is d@t0CC. (Press the

beam button to start beam)
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13. After the beam is warmed up and stable (usually 15 seconds), open teeatistart the
etching process. Plug in the control box for moving the shidétgiwards, unplug it and use
hand to move it back.

14.When the etching is down, close the beam then close the source. Wainiorslwith Ar
flow on. Close the shutter by unplug the control box and move the shutiandyon the
back side of the syster@lose the helium flow.

15.0pen the gate valve andiresert the transmission rod at around 270deg.

It is highly likely that you will have trouble inserting it back. Agarotate the rod around
there and try to be patient.

16. Once you insert the rod, rotate 80180deg and pull the sample holder back gently. If it
does stuck there, tdifferent angle. DON'T FORCE IT

17.Close the gate valve for low vac chamber and then grab your sampleindieac
chamber.

18.Close the gate valve for pump line. Close theduf®ose valve of mechanical pump. Unplug
the cable for mechanical pump.

19.Wait until the analog sensor on touch screen is 9.999 and then cl@seflthe.

Close the Nitrogen tank.
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