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SYNOPSIS

X-ray lithography (XRL) is a key technology usemt fabricating high density and high
aspect ratio (HAR) microstructures with high psémn in vertical sidewall (<200 nm) and
low roughness (< 20 nm). These structures find iegipbns in various basic and applied
fields. High intensity and low divergence synchootradiation (SR) is used as source for
performing XRL. The microstructures are fabricateX-ray sensitive resist. Detailed optical
design of the XRL beamline on Indus-2 and its cossmning are presented. The XRL
process optimization for micro fabrication and depenent of devices for hard X-ray micro

focusing and bio chip are carried out.

This thesis centers on the development of XRUifgat Indus-2. The optical design was

undertaken for meeting the desired features of weigergy window (1-40 keV), high flux



(>1015 photons/sec) and large horizontal beam(5i¥@0 mm). Parameters for X-ray optical
elements, beam shape and sizes, X-ray spectrah ardtcalculated analytically followed by
detailed ray tracing of the beamline configurati@ased on the optical design, the X-ray
optics, X-ray mirror movement system, X-ray scasanslits, beam position monitors etc. are
custom fabricated/ developed in-house. The beandicemmissioned on Indus-2 SR source

and performance compared with design specifications

X-ray mask with unit magnification patterns, ikey technology required for developing
microstructures using XRL. X-ray mask fabricatiomquires transferring of high X-ray
absorbing (>80%) patterns (>10 micron of high Zemat) on high X-ray transmission (>
60%) membrane (few tens of micron of low Z matégneith low roughness, low stress and
high thermal conductivity. X-ray mask design arabrication is a costly and a time
consuming process. A cost effective X-ray maskitaion process with polyimide mask
membrane and Au based absorbing material with & giraaround time is developed.
Polymethylmethaacrylate (PMMA), SU-8® and SUEX® aied as X-ray sensitive photo
resists. The processing characteristics are syahgpendent on the manufacturing (specific
to a supplier/ batch of production) and radiatiotpasure (specific to the source and
beamline configuration) conditions. The exposuresedo and processed depths are
standardized. For PMMA, dissolution rate is deteediand correlated with the microscopic
changes.

X-ray micro focusing devices are required forieigr of applications based on SR
sources. X-ray lithography is being explored byew fgroups, towards the development of
refractive X-ray optical devices such as stackirapynX-ray lenses in a line, known as X-ray
compound refractive lenses (CRL). This is possthle to the ability to fabricate very high

HAR structures with low side wall roughness usinBLX These CRLs are used for SR

Vi



experiments requiring in-line, diffraction free mot nano spots. CRLs fabricated in PMMA
and SU-8 are reported in literature, but standatditkd fabrication process and performance
(focal spot, effective aperture, gain, radiatiomdm&ss) comparison on low and moderate
emittance sources are limited. In this work, CRLks fabricated in PMMA and SU-8 and
their performance at Indus-2 (moderate emittanc&8oim-rad) and Diamond Light Source
(DLS) (low emittance of 4 nm rad) is compared foeveloping CRLs for specific
applications. SU-8 based lens are deployed for ggssure XRD and X-ray imaging
experiments at Indus-2. These studies have opepea/enues towards undertaking many

such micro focusing experiments using the exitiegrblines on Indus-2.

Low absorption materials are desirable for faltimgpX-ray refractive lens. SU-8 has ~1%
Antimony as part of photo acid generator molec@le.introduces extra X-rays absorption
near the K and L absorption edges. Recently SUEKayX+esist, without Sb has been
developed as an equivalent of SU-8. The processinglitions for SUEX are standardized
and used for fabricating CRLs. Measured perforreamito 20 keV is marginally better than
SU-8. The performance is expected to be signiflgdrgtter as compared to SU-8 and Al in

32 - 40 keV which is above K absorption edge of Sb.

Electrochemical biosensors built as lab-on-chgvehgained importance for its simplicity,
sensitivity, low detection limit, short responsméi, and portability. Using X-ray and photo
lithography, a circular micro electrode array (CME#n Cu laminate printed circuit board
(PCB) based SU-8 bio sensing chip is developede ddvice has been tested on bio fluids
using electro-impedance spectroscopy. The biosemsmasures glucose concentration in
0.01-2.5 mM in aqueous solution with small integmnattime and found to be useful for

repeated measurements.
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The thesis is organized as follows:

Chapter 1 gives an introduction to XRL and itefukess for fabrication of high aspect
ratio microstructures. This chapter also introdu¢esay LIGA, type of photo resist,
requirement of X-ray masks, and interactions ofa)srwith matter. X-ray refractive lenses

and microfluidics devices and their applications described.

The details of XRL beamline on Indus-2 developefhbricate HAR microfabrication are
presented in Chapter 2. The design calculations XBL beamline are provided by
highlighting the major design criterion of wide hiitgraphic window, wide beam with
uniform intensity, collimated and focused beam aiskaresist stage. Brief discussion with
salient features of the beamline components ancexiperimental considerations deciding
their role for microfabrication are also presentédch beamline component is tested for its
actual performance by measuring its range and utsolin each degree of freedom. The
characterization of the XRL beamline in terms ofay-beam delivery is described.

The details towards the realization of HAR miclofeation using XRL beamline in
PMMA and SU-8 resist are presented in Chapter 3hisichapter, the description on X-ray
mask development is outlined. Requirements fooddes and mask membrane materials are
described. The development of polyamide based Xmagk using photolithography and

electro-deposition techniques are presented.

The capability of developed XRL beamline by pradgcmicrostructures in PMMA and
SU-8 X-ray resist is discussed. Dissolution rdt®BIMA as a function of X-ray exposure
dose in developer solution are presented. Theepsirg conditions of SU-8 resist using

XRL beamline are described. Finally, the studies aptical characterization (depth
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uniformity, sidewall roughness, effect of beam djences) of microstructures in PMMA

and fabrication of few 3D microstructures are pnése.

Chapter 4 describes the development of CRLs #rctikeation of micro-focus spot size at
Indus-2. Brief overview on the historical accouhtloe invention of X-ray optical elements
and its working principles are presented. The ahat X-ray lens materials based on the
various design criteria is described. The processonditions for fabrication of CRL with
radii of curvature of 10um, 50um and 25um are described. The developmental details of
lens characterization setup at BL-16, Indus-2 aesented. The results obtained from X-ray
lenses characterized at two SR sources (Indus-2 Gachond light source, UK) and
comparison of theoretical estimates for spot si@smission and gain with experimental
results are also presented. SU-8 X-ray lensesseeé for 2D X-ray focusing of hard X-rays
and deployed for high pressure XRD and X-ray imgg@rperiments at Indus-2. Studies on

SUEX X-ray lens development and comparison with&XHay lenses are also reported.

The study and development of a lab-on- chip- deusing XRL beamline is presented in
Chapter 5. The processing conditions of obtainimg €MEA on Cu laminated PCB and
monolithic fabrication of biochip are presented.eTéxperimental analyses carried out to
investigate response of the Cu CMEA and operatiagmpeters for biosensor testing are
highlighted. Immobilization of enzyme glucose ox@dahrough self assembled monolayers
and covalently bonded using 11-mercaptoundeconaidi aver Cu-CMEA and its
characterisation is detailed. Finally, the studiesthe response behavior of biosensor to

various glucose concentrations are presented.

In chapter 6, a summary of the major accomplishmand outline on scope of future

works are presented.
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Chapter 1

Introduction

Microsystem developments are driven by the neebetiier device performance, faster
response and low fabrication cost. Miniaturizatansystem requires a careful selection of
the materials and methods of fabrication. Applmatspecific microsystems are fabricated by
a single process or an interdisciplinary combimatd microfabrication and characterisation
techniques. These processes involve replicatidgheomasters created through processes such
as X-ray LIGA["], deep reactive ion etching, electron beam litaphy, CNC machines, wet
silicon bulk micromachining, UV LIGA, ultra soniatting, excimer laser ablation, electrical
discharge machining and laser cutting [1].

X-ray lithography (XRL) is a unit magnification a&thow printing process where aerial
image formed by an X-ray mask is recorded as lateatje in an X-ray sensitive resist. XRL
can produce micron and submicron features in desteictures of few mm tall with lowest
vertical sidewall roughness. X-ray lithography iswna well developed technique and
available at some synchrotron radiation facilisesund the world [2].

During the eighties, the field of XRL grew tremendly due to technology projections

that short wavelength (X-rays) lithographic techmgwill replace the UV lithography to

"L LIGA is German word and is acronym for X-ray Llgraphy, Galvanoformung (electroplating) and
Abformung (molding).



fabricate higher spatial resolution structures @neo dimension required for micro
electronics, to keep the pace with Moore’s lawn8igant developments in UV lithography,
with introduction of techniques for resolution enbament, and difficulties of using XRL in
micro electronics production environment, dampeche tinitial projections of XRL
deployment for microelectronics industry. Howeadforts continued towards using XRL for
fabrication of high aspect ratio micro structures.

Synchrotron Radiation (SR) sources, with theirhhigrightness, continuous energy
spectrum and lower divergence are attractive teeaehhigher lithographic resolution. They
are used for deep X-ray lithography, also knowrLE&A, for producing high aspect ratio
(HAR) three-dimensional (3-D) structures that opanside variety of potential applications
in micro-electro-mechanical-system (MEMS). Lithqgng at the soft X-ray range (photon
energies from 1 to 3 keV) achieves the high litlapiic resolution (< 100nm). On the other
hand, with lithography done in hard X-ray region4(keV), sensitive materials of thickness,
tens of microns, can be exposed [3].

The role of SR based beamline and X-ray scanneexgerimental station is very
important for realisation of HAR micro/nano strues. Fabrication of high density, HAR
microstructures have been a challenging field. @aep penetration of X-rays, control of
geometrical errors and photoelectron blurs havenifgignt role in the production of
microstructure using XRL. HAR microstructures amseful for obtaining efficient
functioning of devices. HAR microstructure with eypesidewalls and low surface roughness
are required particularly in the area of opticajieeering. Microstructures with HAR (100-
1000) are widely applied to various fields suchmasro mechanics, micro-optics, sensor and
actuator technology, and biological, medical andnaizal engineering. XRL has been used
for the fabrication of hard X-ray optics [4, 5, @hicromachining devices [7],Ultra light-
weight X-ray micro pore optics to form Wolter typdelescope [8], photonic band-gap
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crystals [9], quantum wires and quantum dots devji&é], 3D microstructures [11, 12, 13],
Micromotors [14], Micro harmonic drive [15] and RREMS related sub-components [16,
17].

In view of the above, a need of SR based X-rayafabrication facility at Indus-2 was
felt. The main motivation behind building the X-réthography beamline came from the
need for a national facility for the developmentH#R microstructures. The objective of this
thesis work is the design and set-up X-ray lithpgsabeamline on Indus-2 bending magnet
source with X-ray exposure stations and auxiliatyoratory with a capability of various pre
and post processing related with X-ray lithographige technical capabilities of the XRL
facility is shown by (1) Developing X-ray refraativoptics for micro/nano focusing of X-ray
beams. The optics performance is evaluated on {8dasd Diamond Light Source, UK
(Diamond). (2) Developing lab-on-chip based on tetmhemical biosensing for detection of
ultra low concentration of glucose. In remainirgytpof this chapter, various terminologies

used in this thesis are briefly introduced.

1.1 X-ray Lithography

XRL was proposed in 1970’s for IC patterning arak\iirst carried out at IBM by Spiller
et. al. in 1976 using DESY SR source, when theyidated the metal structure in gold by
electro deposition in 20 um thick X-ray definedisegattern [18]. XRL is similar to UV
lithography in terms of parallel patterning procgstiown in figure 1.1). Unlike UV
lithography, XRL cannot be performed in projectiorode due to the non-availability of
suitable transmission and reflective X-ray optidse to reduced wavelength, the diffraction
effects through X-ray mask apertures are reduceavender, reducing the wavelength and
hence reduced diffraction effects does not prodwdsmicron structures. In such case, high
energy photons eject energetic photoelectron fromay<mask and resist materials, limiting
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the minimum feature size (MFS). XRL can be perfed in hard contact and proximity (gap
between mask and resist) modes. The MFS or crilcaknsion (CD) 4) in proximity

printing process as a function of gap is given18j]

A=k, /A(g+§j (1.1)

where k; is Rayleigh resolution criterion constant [2@],is gap between the mask and
substrated is the wavelength of X-rayg,is the resist thicknesA.is limited by the minimum
feature available on X-ray mask and illuminationogerties of the source and

physical/chemical properties of the resist usectéqying mask image.

.-

Membrane
X-ray Supporting ring
- —p  X-ray Mask ¢ Absorber
Gap il BN = FSX
aj ¢ X-ray Resist Membrane H{,l.:”um ;\:1 f(;l SI‘)\‘I\{II;I
/o Svi3IN o £ " L) L
T Wafer/substrate 2-10 pm Si3N4 pm Au for

30-100 pim Polyimide
>300 pm Be

Figure 1.1: Schematic of X-ray Figure 1.2: Schematic of an X-ray mask,
lithography process showing mask membrane and mask

absorber

X-ray mask is an essential component for XRL. Bidgl X-ray mask, shown in figure
1.2, is composed of patterned high Z(atomic numiveerial on a highly X-ray transmissive
(low Z) membrane material. Depending upon the daesfghe structures, the mask may carry
structures where feature sizes can vary from femdheds of nm to several hundredpmh.
X-ray mask should be carefully designed and optahitor obtaining the accurate patterning

of desired CD.



Step 1 Step 2 Step 3 Step 4 Step 5
X-rays

& g Xray mask
. . ; Metal mold
5 Spin resist Developed resist Electrodeposited

ase plate

Release of polymer

metal

from metal mold

Figure 1. 3: Elements of X-ray LIGA process

Specific X-ray energies used for X-ray lithograpthgfines HAR and high resolution
microstructures which broadly classify X-ray litmaghy into three categories: soft X-ray
lithography (SXRL) using 1-3 keV X-ray energiesedeX-ray lithography (DXRL) using X-
ray energies upto 20 keV and ultra deep X-ray gtaphy (UDXRL) when X-ray energies
are greater than 20 keV.

DXRL and UDXRL process are the core processingsstequired for performing X-ray
LIGA. X-ray LIGA has been first reported by Beckand his group in 1982 for the
fabrication of micro nozzles for Uranium separatj@f]. The processes involved in X-ray
LIGA [22] are explained in figure 1.2ising micro pattern example text on mask as
“RRCAT". A thick layer of photo resist (a few tepsn to a few mm) bonded on conducting
substrate is exposed to high energy X-rays provioedSR source through X-ray mask
pattern (step 1). The exposed resist is developedni appropriate developer solution
producing heights of X-ray mask patterned text mrdaining area is removed in the case of
positive resist (step 2). The structure formedhim ttesist is used as a parent mold for electro
deposition of metal (step 3) and resist structarkater removed to obtain only metal mold.
This metal mold (step 4) is used as micro struttlesice or else can serve as master mold
for mass fabrication of polymer structure (steptfpugh injection molding process. The

master metal mold can also be used for ceramiodilht elevated temperature. Hence, it is



possible to fabricate 3-D shapes with steep walicstre profiles in polymers, metals and
ceramics using X-ray LIGA.

1.2 Synchrotron radiation source: Indus-2

XRL can be performed using X-ray generator, lggeduced plasma X-ray source and X-
rays from SR source. However, synchrotron X-rayierefmany advantages over the other
two sources in terms of very high intensity, lovaivedivergence, wide X-ray energy range
and better quality of microstructure.

In SR source, electrons or positrons of supetivedéic speed \{ = ¢) move in magnetic
fields inside ultra high vacuum chamber, forcingrthto travel in a closed path. In a storage
ring the synchrotron radiation is produced eitlmethie bending magnets which are needed to
keep these particles in a closed orbit or in inserdevices (structures with alternating
magnetic field) such as undulators or wigglersathstl in the straight sections of the storage
ring. The radiation is emitted tangentially to #w#ved electron orbit path. The energy is
radiated in the form of electromagnetic radiation d0ss of power is replenished by radio
frequency (RF) cavities. The emitted radiation fregmchrotron is known as synchrotron
radiation. SR from bending magnet is extremelgtdri{several order of magnitude brighter
than laboratory X-ray tubes) having continuous aadn from hard X-rays to far infra red.
The SR emitted from synchrotron are linearly palediin the plane of the electron orbit and
emitted in a narrow cone. The radiation is pulséith wulse duration of a few nano second
and repetition rate of ~1 micro second. The nunadbelectrons defines the ring currenf)(l
and this is directly proportional to the flux awdile for experiments. Higher the energy of
electron, lower the opening angle of SR and bettdr be collimation from source.

Synchrotron accelerator complex are mega sciencditiess and serve as hubs for



multidisciplinary science research e.g. structarad chemical analysis, microscopy, micro-
nano fabrication, medical diagnostics, photo chahgaction etc.

The main characteristics of SR like high intensityde X-ray energy range and low
divergence are useful to obtain better CD and higpect ratio with nearly perfect vertical
walls (>89) and very low surface roughness (~10-20nm) whgchlmost impossible with
conventional micro manufacturing process. India has dedicated synchrotron sources
Indus-1 and Indus-2 [23]. Indus-1 is 450 MeV electstorage ring which provides soft X-
ray and Indus-2 is 2.5 GeV electron storage ringclviprovides hard X-rays. Both of these
sources operates in ultra high vacuum environmedtis-2 has total circumference of ~ 172
m. The electron in one complete revolution looses86 kW of power which is replenished
by RF field with frequency 505.8 MHz. Indus-2 hagat 8 straight sections out of which 5
sections are available for installation of insertievices. Eleven bending magnets provide
22 beamlines on Indus-2. Therefore total 2 bearslioen be installed on Indus-2 and

maximum permission length of beamline ~ 40 m.

1.3 Beamline and X-ray Scanner

Beamline on SR sources is the setup which mattteproperties of the source to the
desired properties at experimental station perfogrparticular experiment. The role of a
beamline is to tune/monochromatise energy spectmidhdefine the beam sizes with proper
beam conditioning (collimating and focusing). A itgd hard X-ray beamline contains
various sections, like frontend which located iesithe storage ring tunnel, optics hutch
containing the X-ray optical elements and experitalgmutch where the experimental station
is installed to carry out experiment. The beamlaperates in high to ultra high vacuum

conditions. For hard X-rays, the beam is brougtib iair if required for performing



experiments at experimental hutch. A hard X-rayntleee is shielded from all the sides

using appropriate shielding materials (Steel andc®mbination) to protect the personnel

working in the beamline area from highly ionisiragiiations.

Table 1. 1 : Major X-ray lithography facilities available worldwide some synchrotron

sources
SR Source Spectral Method of filtering high/low Experimental | Beamline | Ref”
(Country) range energy X-rays station length
[keV] [m]
Elletra (Italy) | 1-12 2 mirror (Pt), Be window (176m) | Stepper 20.8 [24]
2-20 *Be window (200um) and filters Scanner 20.5 [25]
ANKA 2.2-3.3 1 mirror (Cr), Be window (17%m) Scanner 14.84 [26]
(Germany) 2.5-12.5 | 1 mirror (Ni), Be window (22fim) | Scanner - [27]
2.5-15 *Be window (350um) Scanner 14.89 [28]
SRRC 0.5-3.0 | *Be window (125um) and filters Scanner 16 [29]
(Taiwan) 0.8-2.0 | 1 torroidal mirror (Pt), Be (30m) Scanner 15 [30]
PLS (Korea) 4-20 Two mirrors Be window: beamlin&canner 15 [31]
upgraded from white beam operatign.
New Subaru| 3-6 2 mirrors, Plane and Cylindrical, BeScanner 25 [32]
(Japan) window
CAMD (USA) | 2-7 2 plane mirror (Cr), 2 Be windowScanner 10.35 [33]
(100um and 12Qum)
2.6-7 *2 Be window (250um and 15Qum) | Scanner 10.7
2-7 *2 Be window (17%m) Scanner 10
ALS (USA) 3-12 *Be window Scanner 10 [34]
APS (USA) 2-15 1 mirror (Pt) and Be window Scanner 26 [35]
NSRL (China) | 0.6-2.5 | 1 mirror, Be window (20am) Oscillating 7 [36]
Mirror
Aurora—2S 2-10 *Be window (200pm) Scanner 3.2 [37]
(Japan) 2-10 *Be window (200um) Scanner 3.39
2-10 *Be window (200um) Scanner 3.88
BESSY-II 0.1-30 | *2 Be window (200um) Scanner 21 (38]
(Germany)
KSRS (Russia) | white | *Be window (200pm) Scanner 15 [39]
CLS (Canada) 1-15 2 plane mirrors, Be Windows Scanner -- [40]
Indus-2 (India) | 1.5-20 | 2 Mirrors, Be windows (175m) Scanner 25.5 [41]

*Beamlines with only Be-windows provides white beaperation, # References

The SR beamline is one of the most important eldsni@ SR lithography facilities. An X-
ray scanner is used in experimental station in Xieamline to hold the X-ray mask and the
X-ray resist in SR beam. In case of XRL beamlife wider beam, higher intensity and

suitable X-ray energies are required to be delvettethe scanner. The use of appropriate X-



ray optics and horizontal acceptance of few mrag8®fdefines the good quality of the beam
for better lithography experiments in comparisomtate X-ray beam without X-ray optics.
It is desirable to have high brightness source tlked generation source with wiggler to
deliver the high intensity beam for smaller expestime and lower horizontal divergence to
reduce the runout errors at mask-wafer plane. Smatluts give small field distortions in the
mask-wafer plane in the tune of few tens of nm.

Table 1.1 summarises the major XRL facilities atied on various synchrotron sources.
The X-ray lithography beamlines are usually basedhe bending magnet sources. Working
with soft or deep X-ray lithography depends on sseequirement, i.e. spectral range of
interest, spatial resolution, depth of focus anmketgf applications. Below 100 nm features is
difficult for XRL beamline operating at higher egers (> 4 keV), however using soft X-ray

spectral range (1-2 keV) a spatial resolution teag 100 nm can be achieved.

1.4 Attenuation of X-rays in Matter

X-rays interacts with matter via following intetems:
(1) Photo absorption
(2) Scattering (elastic and inelastic) and
(3) Pair production.

The absorption of X-rays in a homogenous matteth whickness 2’ is described
macroscopically by an empirical Lambert-Beer’s law:

/(E, 2) =I, (E)e *E)z (1.2)

where [, (E) is the incident and (E, z) is the transmitted intensity, E is the enesfthe X-

rays andu(E) the linear attenuation coefficient. Overateatuation coefficient(E) of X-ray



in a matter is function of photo absorption(E), scattering (Rayleigho(E), and

Comptono (E),) and pair production(E) 4
/'{(E) = T(E) + U(E)r + J(E)c + G(E)pair (1-3)

The different terms involved in(E) are discussed below.

1.4.1 Photo Absorption/photoelectric effect
Photoelectric effect occurs when an incident phdfo/) is absorbed by an electron in
core level with binding energyg) with the ejection of a photo electron with kieginergy
(Exin)- If the incident photon has higher energy thanBkethen ejected electron will have the
remaining energy as kinetic energy:
Egin =hv —Eg (1.4)

At energies from few eV to 40 keV the tem(E) representing the photo absorption

4
dominates the attenuation coefficigE); and coefficient(E) « E—3 .

The de-excitation of atom is either through theiaive emission or through non-radiative
process (by ejection of Auger photo electron). IBar Z material, Auger process dominates
[42]. Photoelectron and Auger electron are respbadpr creating the blur in X-ray resist

under the shadow region of X-ray mask. This isulised in the Chapter 2.

1.4.2 Scattering

Scattering is divided into two different processbs elastic and the inelastic scattering.
Elastic scatteringof X-ray by bound electron is described by Raylesgattering. In this type
of scattering, X-ray photons are deflected witHogas of energy or magnitude of momentum.
The scattering cross section for elastic scattetirisctly proportional taz® in low energy
limit.
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Inelastic scattering In this type of scattering, X-ray photon intesatith nearly free
(weakly bound electron in atom) by transferringtprits energy and changing direction.
The inelastic scattering coefficient is directlypdadant on th&. In case of X-ray lenses,

Compton scattering creates the blur in the focat.sp

1.4.3 Pair Production

Pairproduction refers to the creation of an elemenganyicle and its antiparticle, usually
when a photon interacts with a nucleus. If the photnergy is sufficiently high (> 1.02
MeV), a photon in an electric field of nucleus ganduce an electron-positron pair.

In XRL, the energy range used is 1 keV — 40 k&Vthis energy range the energy
deposition in resist is mainly due to photoelecéfiect and Compton scattering. Figure 1.4
(a and b) shows the competing interaction coefiiciaf various processes as function of
energy for PMMA and SU-8 which are commonly useda}-resist materials [43]. For low
energy, photo electric absorption dominates. Auado30-40 keV, Compton scattering start
contributing significantly for low atomic number tedals. Besides, other scattering like

coherent scattering plays a minor role.

5 (a) PMMA — — Elastic Scattering (b) SU-8 = — Elastic Scattering
1075 - - - Inelastic scattering - - Inelastic scattering
—-—Photo absorpton —-—Photo absorpton
—- - -Pair production = -- - Pair production
10'4 —— Total attenuation 10" 4 |—— Total attenuation

SN
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Figure 1. 4 : Attenuation of X-rays as a function bthe photon energy for two X-ray

sensitive photoresist (a) PMMA (b) SU-8.
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1.5 The Complex Index of Refraction

The index of refraction for X-rays in matter camwritten as [44]:
n=1-0+ip (1.5)
where the refractive index decremehtdescribes the strength of refraction with respect

vacuum angB describes the absorption. The valueddndp are given by:

§ =24\ (Z + ) (1.6)

B=Ar )Pl (1.7
whereN, is Avogadro's number ardd= 2t ¢/ wthe wavelength of the incident X-ray$.and
f" are atomic structure factors. The parametés the density of pure elements addhe
atomic mass. The termi,p/A represents the number of atoms in the volume tefest and
the valuer, = e / (4n eym, c?) is the classical electron radius, ang represents the rest
mass of the electron as the scattering particle.

According to Snell's Law [45]:

n; cos @) =m cos @) (1.8)
where @) and @) are the angles between the surface and the micighel the refracted ray,
respectively. It can be observed that in contrastisible light for X-rays a beam coming

from vacuum (or air) is refracted away from theface normal (figure 1.5).

(a) Visible light (b) X-rays (¢) Total external reflection

Vacuum

| n=1

Figure 1. 5 : Refraction of incident light in the region of (a) visible (b) X-rays and (c)

total external reflection
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The value ofdis very small, the refraction in X-ray region iery weak. For example, at
photon energy 15 keV the value &for SU-8 with density 1.2 g/chis 5= 1.18 x 10. For
an angle of incidence of = 2C°, the corresponding angle of refractiéhis 19.9981. In
contrast, the corresponding refraction angle abiedight in case of glass1E1.5) would be
4 = 51.2F. Due to weak refraction, there were no X-ray lsngkk 1990s. This topic is
discussed in great detail in Chapter 5. In additiorrefraction away from normal, total
external reflection is observed in X-ray regiorcontrast to total internal reflection of visible
light (figure 1.5 c). Again, by following Snell’'salv it can be shown that the critical angle
below which total external reflection occurs isagivbyd,=v25 .
The imaginary parp of the refraction index describes the absorption of X-rays in matter.

The attenuation coefficient is related to the apson indexs by:

HE)="f (1.9)

1.6 X-ray sensitive resists

In typical XRL setup, X-ray sensitive photoresstused to create the microstructures by
X-ray exposures and development. Depending onyihe of photoresist either exposed or
unexposed part of resist is removed on developirani appropriate developer solution. The
choice of the resist material is entirely depenaenthe process (SXRL or DXRL) for which
it is going to use, sensitivity, resolution, costrand good thermal and mechanical stability.
The ideal resist material should have high througlamd submicron resolution. The material
should also have the compatibility with electrodgpon process and it should be removable
at the end of fabrication process. Most commongdyshoto resists for X-ray lithography are

polymethylmethacrylate (PMMA) and SU-8.
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1.6.1 Polymethylmethacrylate (PMMA)

PMMA is a positive resist used for obtaining highasal resolution and low side wall
roughness. PMMA is available in the pre-castedtstoem upto very high thickness (10 mm)
or in solution form which can be prepared as tlEsist layer by spin coating (0.1-2@n).
Precast sheets are also commonly known with tredletnames of Plexiglas® and Perspex®.
Sheets are available from various suppliers wodéwiPlexiglas® from Ross GmbH,
CLAREX from M/s Nitto Jushi Kogyo Co Ltd, PMMA shisefrom M/s AIN Plastics, and
CQ grade from M/s Vistacryl vista optics, are uded XRL process. These sheets have
molecular weight in the range of few 10k to 2000kngle with an average of 600k g/mole
[46]. Powder PMMA dispersed in Anisole or Chloroberavailable in various molecular
weight (450k and 950k g/mole) solutions from Midiem Corporation, USA has been used.
The resolution obtained in PMMA sheet is differantd depends on its molecular weight of
monomer and processing methods. These sheets edeagsbare substrate for exposures
referred here as uncrosslinked and sheets bondedtad/Si substrate using bonding glue are
refereed here as crosslinked PMMA.

In our studies, CLAREX sheet (molecular weight @@/mole) in precast form is used
for various studies and for the development ofrtherostructures. The preparation method,
exposure mechanism and exposure dose for prodauaorgstructure using XRL is discussed

in Chapter 3.

1.6.2 SU-8

Epoxy based chemically amplified negative tonésteSU-8 has been developed by IBM
(US Patent No. 4882245 (1989)) [47]. SU-8 is sué@afor X-ray lithography. SU-8

photoresist is composed of SU-8 epoxy moleculesotlisd in either gamma-butyloracton
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(GBL) or cyclopentanone (CP) mixed with a photodagenerator (PAG) made of a
combination of triaryl sulfonium salt and sulfoniumaxaflorate. SU-8 photoresist is available
from two companies, M/s Microchem Corporation (US#)d M/s SOTEC Microsystems,
(Switzerland).

The sensitivity of SU-8 resist is 100 times betten PMMA. The sensitivity is dependent
on the percentage of PAG added to SU-8 formulatibhe exposure mechanics and
processing of SU-8 resist at Indus-2 XRL beamline discussed in Chapter 3. SU-8 on
exposure to X-ray, crosslinks and form polymermtigures. The unexposed part is solvable
in the developer solution propylene glycol monoetheetate (PGMEA). The main problem
with SU-8 is that it is difficult to remove afterasslinking and hard bake.

The fabrication in SU-8 by DXRL process is predermwhere SU-8 material can itself
work as structural material for the devices. Howe\edter electrodeposition in deeper
recesses, SU-8 is preferably removed by mechapioakss. PMMA is still better choice for
X-ray LIGA process due to the best precision andyegmovability. The comparison

between PMMA and SU-8 X-ray sensitive photoresigjfiven in Chapter 3.

1.7 Microfocusing of X-rays

Since X-rays discovered by Wilhelm KonradeRtgen in 1895, several experimental
techniques have been developed for characterisatiomaterials. X-rays were tried to focus
to smaller spot sizes byoBntgen himself who later concluded from his experita that X-
rays cannot be focused by lenses [48]. The firseolation of refraction was credited to
Stenstrom in 1919 and reflection was observed atg€ompton in 1923. Stenstrom’s results
indicated that the index of refraction of all maiés with respect to X-rays was slightly less

than one [49].
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X-rays are used in wide applications in the afesceence and technology covering atomic
and molecular physics, structural biology, lithqdra and time resolved chemical kinetics.
With increasing coherence length by the developroé®® and 4" generation sources and
deeply penetrating properties makes X-rays usefuimicroscopy for obtaining sample
information in 2-D or 3-D using various X-ray an@tal techniques such as diffraction,
fluorescence and absorption spectroscopy, X-ragrseg microscopy allows one to measure
local meso-scopic structures, elemental speciesla@ahical state respectively. In association
with tomography, 3-D inner structure of samples barreconstructed. The demand of high
spatial resolution and higher flux in these techegyled to the development of new X-ray
sources and X-ray optics conserving source pragertith advancement of new high
brightness SR source and now discussion on newowetdsffraction limited storage ring
(DLSR) like ESRF-II, Spring-8 Il, several X-ray og@ element have been developed and
new optics being developed to achieve better dpasmlution and obtain better signal in
microscopy measurements by increasing the flunaused beam. Several optics are used for
X-ray focusing, distributed on their geometry amoh@ple of operation for focusing X-rays
such as reflective, diffractive and refractive. Argothose are KB mirrors, Fresnel zone
plates (FZP), curved mirrors, waveguides and r&fracX-ray lenses, Multilayer Laue lens
etc. These X-ray optics are capable of generatisgiticro/nano beams ranging from 7 nm-
50 um. The details on these optics are provided iretali.

Reflective based optics is large size optics amely tare manufactured by various
mechanical techniques. The route for the fabricatd diffractive and refractive optics
requires lithographic techniques due to micro amadonsize features. Diffractive optics
requires the dimension down to 10 nm and therefbie fabricated using e-beam and
complimentary techniques. For higher efficiency hard X-ray region, zone plates are

fabricated with combination of e-beam and X-ralgdgraphy. Refractive optics has also been
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fabricated using combination process of e-beamuded ion beam, DRIE and X-ray
lithography. X-ray resist, PMMA and SU-8 have bemsed for obtaining very high aspect
ratio using X-ray lithography. In Chapter 4, destigvelopment and implementation of X-ray

refractive optics are discussed.

Table 1. 2 : Comparison of various X-ray optical edments used for microfocussing X-

rays.
Reflective Diffractive Refractive
Type of Kirkpatrick-Baez o
Capillaries ) )
X-ray system ) Fresnel | Multilayer | Refractive
) Waveguides
optics ] ] Multi- One- zone plates Laue lens lenses
Mirrors | Multilayers
bounce |bounce
E [keV] <20 <80 <20 <20 <20 <30 <30 <100(
White ) White | White 3 3 3 3
AE/E 10 10 10 10 10
beam beam beam
o 8 nm [50], 40%25 nnf
Minimum 50 nm [53]| 250 nm
| 7x8nnf |45 nm[52] [56] 30 nm [58] 16 nm [59]| 47 nm [60]
spot size 10 nm [54]| [55]
[51] 26 nm [57]

E: energy range)\E/E: energy bandwidth

1.8 Introduction to Microfluidics

Microfluidics is an area of micro manufacturing ialh centres on the miniaturization of
fluid handling systems. In microfluidics, small uates of solvent, sample, and reagents are
moved through microchannels embedded in a chiperfiat benefits include reduced size,
improved performance, reduced power consumpti@mnodiability, integrated electronics and
low cost. It is in fact, conceptually related withilding of a small lab on a chip (LOC)

where mixing, reaction, separation and manipulatbrarious chemicals and particles can
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be carried out for example in biology for DNA sega@g, polymerase chain reaction (PCR),
electrophoresis, DNA separation, enzymatic assawspunoassays, cell counting, cell
sorting, and cell culture [61, 62]. Biosensors hesed on electrochemical impedance,
optical and fluorescence measurement techniqugs 88/ impactful areas where LOC can
be used include drug delivery, environmental mamty clinical diagnostics, and point of
care portable sensors. LOC has generated greatnanobunterest in a wide variety of
industries leading to tremendous growth in micridilts. Few examples of LOC, which have
been developed are for detection of various toxietection of nerve agent sarin in blood
[64], label-free analysis of serum samples for paatic cancer diagnosis [65], etc. Recent
review shows the use of inexpensive, easy-to-pepdeht-weight polymer-based materials
such as polyimide, PEEK, PVDF and Parylene. Thesdemals are biocompatible,
mechanically flexible, and optically transparentamsalternative to metals and ceramics in
the packaging of implantable sensors [66].

The manufacturing of microfluidics devices in wars substrates in 2-D/3-D is required
for sample transport, mixing, separation, and detecsystems on single chip. Previously,
microfluidic devices were fabricated in Si, glagsgoartz. The fabrication method include
photolithography on substrates using thin polynasget (1-10um) followed by etching for
obtaining required depth. Anisotropic etching dicen yields V shaped grove channels in
(100) oriented Si, isotropic etching of glass amngi8&lds U shaped grove channels and dry
plasma etching produces the nearly vertical chamadls. The etched substrates are then
bonded with plane wafer for sealing of the channBEte first of such devices was fabricated
in Si for gas chromatography application [67]. Thekevices have few critical limitations
including the fabrication in larger area with plat@ography and low yields during bonding
of substrates. The devices based on Si, glasgjaadz is now being replaced by cheaper,

use and throw type polymeric devices. UV LIGA, X+dalGA or imprint technologies are
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used to produce the microfluidic systems in polygne-ray LIGA produces deep and
vertical sidewalls in SU-8 and PMMA substrate. UWdgraphy is also used for preparing
the microstructures in UV sensitive resist inclydBiU-8. The structure in PMMA or SU-8 is
used to convert negative profile in PDMS by castprgcess. The metal master either
fabricated by X-ray LIGA or conventional machiningchnique is also used to prepare
multiple polymer structures by imprint technologiesDue to the good chemical and
mechanical properties of the polymerized SU-8, maowel microfluidic devices have been
demonstrated [68].

There is a need to fabricate ultra-deep trenchéaller structures as a complete devices or
subcomponent of the device. In obtaining HAR mikraics/biochips, X-ray lithography
plays a pivotal role. Obtaining high throughput tile micropumps is desirable and its
construction requires thick substrates. These HétRictures are related with the
performance of microfluidic devices (micro mixermicro electrophoresis chips for
bioanalysis, and micronozzles for generating thrastes, etc). The high aspect ratio
microchannels (3fam width x 150um depth) has been used to process large inpuimesu
(> 1mL) of blood and demonstrate capture efficieot circulating tumor cells >97% with
reasonable time of 31 minutes [69]. Impedimetmc @ampereometric biosensors require
microwell/microchannels of the height equivalentiie width of complete electrodes array to
utilize the maximum use of field produced withir thnicroelectrodes. Thus, microstructures

in thicker polymer substrates are required.

1.9 Thesis outline

Chapter 1 begins with an introduction to the X-réthography, SR beamline,

microfocusing of X-rays and microfluidics.
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Beamline design, construction, installation andngossioning results are presented in
Chapter 2. The optical design of the X-ray lithgdra beamline on Indus-2 is described. The
design and development of beamline components; ihéividual testing are summarised.
The performance results of the beamline in termsbedm size and beam power are
presented.

Chapter 3 defines the research and developmentedeka X-ray mask design and
manufacturing, exposure mechanism of PMMA and S#©sst, and standardisation of HAR
microfabrication process.

The details of development of X-ray refractivedes in three different lens materials and
its performance testing are discussed in Chapter 4.

Chapter 5 covers the successful fabrication andackerisation of biosensor with ultra
low trace detection of glucose concentration.

Chapter 6 provides a summary of the developmefotrteftowards X-ray lithography
facility for fabrication of high aspect ratio migtouctures, X-ray lenses for focusing X-ray

and biosensor for detection of glucose. A recomragod for future work is proposed.
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Chapter 2

Design and development of X-ray lithography
beamline

2.1 Introduction

The beamline is an important element in SR bagedgraphy facilities, required to
efficiently transmit the flux from source to scann®XRL beamlines are based on the
bending magnet sources at medium energy storage (RNKA, Elettra, Indus-2) or with
wiggler at low energy storage ring (CAMD, BESSY-I§XRL beamlines are operational at
low energy storage ring with critical energy lebart 4 keV. Appropriate choice of X-ray
optics and acceptance of few mrad horizontal beam SR source defines the good quality
of the beam for SXRL and DXRL experiments in congaar to white X-ray beam with no
X-ray optics. The use of X-ray optics ensures pragmditioning of beam at mask-wafer
plane. High photon density and better collimatioh beam are required to fabricate
microstructure in reasonable time with low runoutoes. Lower runouts are required to
reduce overlay error in the microstructures tottine of few tens of nm.

The XRL beamline on Indus-2 bending magnet souiedesigned with an aim to
fabricate HAR micro/nano structures. The beamlgmplanned to use a combination of X-ray

mirrors for providing usable photon flux in the wig&nergy range from 1 to 24 keV. The
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main design consideration is to have high fluxhie &ppropriate X-ray energy range at mask
wafer position. The beamline should also have aigian of white beam operation for
performing UDXRL process. The selection of X-rayemgy is planned using a combination
of absorption edge filters and grazing incidencereons. The major design criteria also
include providing homogenous intensity profile inrizontal plane which is required for
better process latitudes when high sensitivitystes used for obtaining HAR with good
throughput. The beamline with combined SXRL and DXd&pabilities is advantageous in
obtaining higher spatial resolution as well as HAiRrostructures. In this chapter, optics
design of the X-ray lithography beamline on Induse2sign of individual beamline

components, installation of the beamline and itasnesd performance are presented.

2.2 Design of the beamline

The optimum X-ray energies with peak at ~ 1.5 legM ~ 6 keV are used for SXRL and
DXRL respectively. Such energies are respectivebilable using low energy storage rings
(0.5-1.3GeV) with critical energy 1-3 keV or mediwnergy storage rings (2.0-3.0 GeV)
with critical energies 4-7 keV. X-rays in the desi energy window are defined using
absorption edge filters and/ or high energy cubGfly mirrors [70,71,72]. LILIT beamline
at Elettra, Italy [72], XRLM1 at CAMD, USA [73] an8L-2 at New Subaru, Japan [74]
operate with two mirrors configuration. These beagd do not support the beamline
operation in white beam mode. There is a sepdratenline available for white beam
operation at Elettra and CAMD. Indus-2 X-ray lithaghy beamline optics is customized for
SXRL, DXRL and UDXRL. Three scheme of operation @vasidered:

(1). Two mirror operation (for SXRL and DXRL)

(2). Single mirror operation (for DXRL)
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(3). White beam operation (for DXRL, UDXRL)

Other major requirement is to obtain the collimatin horizontal direction and high
power density beam in vertical direction at maskewglane. This condition is obtained by
deliberately generating astigmatism in the X-ragrbeusing single mirror. Astigmatism at
mask-wafer plane can be achieved by using differadius of curvatures of a mirror in
sagittal and meridional directions, focusing tharban horizontal and vertical directions at
different distances respectively. The profilesta# X-ray mirrors and its radius of curvature
define the profile of the X-ray beam and its intgnat mask-wafer plane. The design for
XRL beamline is carried out by choosing plane nmirfd1) as a first mirror and torriodal
mirror (M2) as a second mirror. The ray tracing @emions for these mirrors are carried out
using SR beamline ray tracing tools RAY and Shadow¥nd power calculations are
simulated using XOP modules and RAY [75, 76, /He properties of Indus-2 bending
magnet port 7 used for design calculations areritestin table 2.1.

Table 2. 1 : Characteristics of Indus-2 synchrotron radiation source used for

calculations

Beam energy 2.5 GeV

Bending magnetic field 15T

Ring current 100mA (designed for 300mA)
Horizontal emittance (coupling 1%) 58 nmrad

Electron beam dimension, horizontal (rms) 215um

Electron beam dimension, vertical (rms) 243um

Vertical divergence 62 prad

Critical energy 6.24 keV

2.2.1 Optics design of the beamline

Prior to ray tracing of the beamline, analyticalcalations are performed using

geometrical optics to determine the distances efoitics and experimental station from the
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source. The available space in Indus-2 experimdratlifor Indus-2 dipole 3 (DP-3), 10
BL-07 port is considered for these calculationeqidred beam width is linked to the optics
demagnification of the source at mask-wafer plare design is optimized for obtaining
horizontal beam width of ~ 50 mm for performing SXRnd ~100 mm for performing
DXRL. The width () of the beam at a particular distance from seamivdor (g) where
wafer can be placed is determined using:

w=La,(g-q) 2.1)
wherep is the distance between the source and the senomat, g is the distance between
the second mirror and the focal pointis the divergence of the X-ray beam in horizontal
direction incident on second mirror. Considering thirror position at 17 m from the source
and demagnification of 0.77, figure 2.1 shows thkwdated beam width for three values of
horizontal acceptances. The horizontal beam widtluces as distance from second mirror
increases. Shorter beamline length will providghbkr divergence resulting in higher runout.
Considering the required beam width in SXRL, cated beamline length is 25.5 m for 5
mrad and ~ 35 m for 10 mrad horizontal divergefi¢e vertical size of the beam is small in
comparison to horizontal size. The vertical distibn of the beam at mask-wafer plane is
Gaussian due to distribution of electron beam msstiorage ring. Vertical divergence
(emission angle) of X-ray is energy dependent. Alge finite size source in vertical
direction will lead to error, which in lithographgrms is called penumbral blur or Penumbra.
Therefore, the effect of vertical divergence isoatonsidered in optics design of the
beamline. The vertical divergence ob4calculated at 1.5 keV; 0.88 mrad is considered fo
calculations. Figure 2.2 shows various beamlingtlem and resulting vertical and horizontal
divergence when position of the second mirror iangjed, keeping the fixed width (50mm)

of beam at mask wafer plane. The observation figaré 2.1 and figure 2.2 are as follows.
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Figure 2. 1 : Calculated width of the beam along th beamline length for various
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Figure 2. 2 : Possible beamline length on the bas$ two geometrical errors due to

vertical and horizontal divergence.

Longer beamline length is not desirable for obtagnhigher flux in white beam and also in
pink beam mode of operations. Shorter beamlinettemgll results in higher horizontal

divergence and higher runout as one moves away tinerbeam axis. A tradeoff between all
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available combinations is considered and beaméngth is kept ~ 25.5 m. The possibility of
placing the first optics very near to shielding Mthhn the proposed distance is explored and
found that it is not feasible due to circular radidia shielding wall. In our earlier reported
results, M1 was kept at 16.35 m from source pomtt B2 at 0.65 m away from M1 [78].
Considering the manufacturing feasibility and tidvthe mirror optical surface collision,
the distance between two mirrors is revised ton®,®y placing M1 at 16.2 and M2 at 17 m
from the source. In this thesis, the calculatioestgning to these mirror distance are
reported.

Two mirrors geometry is selected for beamline ttuéollowing two conditions (1) beam
at mask-wafer plane remains parallel with respecthe incident beam and (2) beam is
available at fixed height from floor at mask-wafgane. Two mirrors geometry allows the
beam to fall perpendicular to mask and therefdreret is no requirement of tilting mask-
wafer as required in single mirror operation duedch change in grazing angle of incidence.
The position of X-ray beam at the mask-wafer plenereferred to be away from the un-
deviated optics axis, particularly in SXRL mode wehecattered hard X-ray beam falling on
the mask-wafer can produce error in submicron siras. According to condition (2) mirrors
are kept at fixed distance from each other, differeombination of grazing angles of
incidence @, and &) for M1 and M2 respectively are calculated to obtaontinuous band of
energies with different energy width. The proposedrors angular combinations and
associated height of M2 from undeviated optics arésgiven in table 2.2 to achieve constant
position of X-ray beam at mask-wafer plane.

The beam at mask wafer plane can be kept at O##%,mm and -50 mm with respect to
the undeviated optic axis of SR beam. For mirrdtirggin serial number 1 to 3 of table 2.2,
the beamline provides the energy between 1-2 ke\SXRL mode and for settings in serial

number 4-9, beamline operates under DXRL mode ioffeznergy between 2.5 keV and 24
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keV (see figures 2.5 and 2.6). The beamline pravidaergies for SXRL and DXRL
techniques and therefore christened as “Soft andpDX-ray Lithography” (SDXRL)
beamline.

In order to obtain the proper beam conditioningretsk-wafer plane, it is required to
match the source properties with required propertie experimental stage using X-ray
mirrors. M2 is considered as torroidal mirror whibas two radii of curvatures in two
orthogonal directions. The radius of curvature imagigal (tangential) and
meridional(longitudinal) direction for torroidal mor (M2) is given by Coddington’s

equations [79]:

1 1 2sin 6

;+E= " (2.2)
1 1 2

-1 T - = 2.
p+q Rsin @ (2:3)

r is sagittal radiusR is merdional radius andlis the grazing angle of incidence.

Grazing incidence angles are different in soft hadl X-ray energies. Beamline operation
in different X-ray energy regime requires differsagittal and meridional radii of curvatures.
It is difficult to have optimized mirror radii fan extended energy range. SDXRL beamline
optics parameters are calculated at 1.5 keV whetterbspatial resolution is achieved due to
reduced photoelectron blur [80]. For obtaining tihaizontal beam size of 50 mm and
focusing in vertical direction, calculated radidscarvatures ar& = 420 m and- = 0.577 m.
The performance of the beamline marginally detates for DXRL operation due to fixdl
andr values. This is acceptable due to moderate spasaiution requirements at higher

energies. However, the power density values argecable.
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Table 2. 2 : Angular combinations of two mirrors fa Indus-2 X-ray lithography

beamline.
Serial Angle for M1 M2 height from Angle for M2 for beam at ## mm down from
un-deviated optic optics axis at mask-wafer &) [°]
No. ()] :
axis [mm] 25 mm 0 mm -25 mm -50mm

1 2 -55.94 1.915 1.99 2.083 2.166
2 1.75 -48.93 1.665 1.745 1.833 1.917
3 1.5 -41.93 1.415 1.499 1.584 1.667
4 1 -27.94 0.916 0.999 1.084 1.168
5 0.6 -16.76 0.516 0.599 0.684 0.768
6 0.5 -13.96 0.416 0.499 0.584 0.668
7 0.4 -11.17 0.316 0.399 0.484 0.568
8 0.3 -8.38 0.216 0.299 0.384 0.468
9 0.2 -5.59 0.116 0.199 0.284 0.368
10 0.15 -4.19 0.066 0.15 0.234 0.319
11 0.1 No mirror | No mirror|  No mirrorp  No mirro

Figure 2.3 shows the schematic optical layoutS&IXRL beamline [81]. The
beamline consist of two X-ray mirrors (M1 and M2yo slits systems, filters, two Be
window assemblies, two X-ray scanner systems (®dnmand scanner2) and vacuum
hardware (gate valves, pumps, etc.). The performarfcthe beamline is simulated at

scannerl and scanner2 where regular experimengdaameed.

Exit

,//,_,}—'—:—’ I L o4 Be-window
1 Slits

"o I Mirror 1 Scanner1
Entrance slit ég wire probe
Be-window V\I/ scan

Mirror 2

concrete wall

I I /‘:l-\ = ; Scanner2

[ -
0 12 16.2 17 18 20.56 25.5
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Approx.distances from dipole source (in metres) Drawing not to scale

Figure 2. 3 : Schematic optical layout of the SDXRIbeamline on Indus-2.
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2.2.2 Ray tracing simulations

Beamline design using ray tracing simulation safev allows exact planning and
estimating the performance of the critical compasemRay tracing results provides key
information on the flux/power transmitted througldividual beamline components. The ray
tracing program RAY is used for the most of simolatduring this beamline design. The
ShadowVUI is also used to find out the complimentaformation on the design aspects,
like runout and penumbra.

RAY simulates the imaging and focusing propertiea beamline. In present case, RAY
generates random rays from the dipole magnet samdetrace them through the optical
elements (reflection mirrors and foils) accordimgthe laws of geometric optics. A ray
which traces through the optical elements are destrby its coordinates and direction
cosines defined with respect to a suitable cootdisgstem and also its energy, polarization
and path length. Program simulates the completestngssion of the beamline. Geometric
distribution of rays in graphical format can beugkzed at the source, at all optical elements
and at desired image planes. The program also gheegetails on angular distribution,
intensity, flux, polarization and energy resolution
2.2.2.1 Two mirror mode

The performance of the beamline over full enemyyge (1-24 keV) is based on detailed
ray tracing simulations [82]. Representative raagciimg results at 1-2 keV (serial number 2,
table 2.2) for SXRL and 2.5-9.0 keV (serial numbertable 2.2) for DXRL are presented
along with simulated performance of the beamline.
2.2.2.1.1 Point diagram of image at optical elemest

The point diagram of image formed at scanner2saatinerl mask-wafer plane (including

at source and mirrors), by the beamline configaratire shown in a series of images in
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figure 2.4 (La-Le) and (Ra-Re). The figures on Isitle (La-Le) shows the beamline
performance in the energy range 1-2 keV and figaresght (Ra-Re) shows the performance
of the beamline for energy range 2.5-9 keV.

Figure 2.4(La and Ra) shows the RAY generatedcgpwrhere FWHM source sizes are
0.568 mm (V), 0.500 mm (H) and 0.565 mm (V) ,0.5061 (H) respectively at 1.5 and 6
keV. The corresponding verticab) divergences are 0.79 and 0.44 mrad. The source is
generated uniformly with 5 mrad in horizontal diyence in both the cases, as per design
considerations.

For soft X-ray energy range, the vertical acceggais 40, (~ 95%) to determine beam
footprint on the mirrors. At higher energy rangé-2.keV, 3o, (~ 86%) and energies >10
keV 2 o, (~ 67%) values are considered. For vertical acce@ (>20,), at energies >10
keV, the beam footprint on mirrors 2s= 500 mm. Considering exit Be-window aperture (~
10 mm (V) x ~ 80 mm (H)) through which beam sha#l &vailable and fixed mirror
curvatures, beam footprint on both mirrors is ledito + 350 mm length. Figure 2.4 (Lb and
Lc) shows the foot print on M1 and M2 respectivielthe soft X-ray energy. It is noted that
4 o, is well accommodated in 700 mm long mirror in rdemnal direction. Identically, figure
2.4 (Rb and Rc) shows the footprint at higher elesrgt M1 and M2 respectively. It is
apparent that the beam is entirely filled on theronisubstrate and portion of the beam is
lost. The ray tracing simulation suggests the optmmirror surface dimensions of 100 mm
(width) and 700 mm (length) are sufficient to obtadiesired quality of the beam at mask-
wafer plane.

The beam sizes at scanner2 are important for ingrigut X-ray exposures. In case of
SXRL mode, the obtained beam sizes are ~ 2 mm5%/jnm (H) (shown in figure 2.5(Le)).

The beam size at scannerl for same configuratigaré 2.4(Ld)) are 7.35 mm (V), 69.7 mm
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(H). In DXRL mode, the obtained beam sizes at sedhare 2mm (V) and 90.7 mm (H) is

shown in figure 2.4(Rd). The beam sizes at scanimesame energy range are 13 mm (V),

100 mm (H) (figure 2.4(Re)).

Uniformity in horiztah intensity is required for obtaining

better line width, depth control and uniform exp@suThe estimated horizontal intensity

uniformity isx 3% for SXRL and: 5% for DXRL.
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Figure 2. 4 : Point diagram of beam at various posion of the beamline including at X-
ray scanners. Left images (La-Le) belongs to calafions using serial number 2
parameters and right images (Ra-Re) pertains to calilations obtained using serial
number 5 of table 2.2.
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2.2.2.1.2 Effect of mirror surface roughness
The roughness process is incoherent. Speculactefh from the X-ray mirror is reduced
with increase in surface roughness. The reductioefiectivity at a given energy and grazing

angle of incidence is:

02
RS = RSUT exp [_ (4na:1n 9) ] (2.4)

where R3*" is smooth surface reflectivity} is the wavelength of incident light ardis
grazing angle of incidence amdis rms surface roughness. The term in square éralalso
known as Debye—Waller factor.

The influence of mirror roughness on the qualifyttte beam image is evaluated by
assuming three surface roughness values of a phataoated mirror for two energy range. In
this case, the grazing incidence angles °1at&l 0.8 and rms roughness values of 3 A, 5 A
and 10 A are used. No significant changes in trerbshape and uniformity in horizontal
intensity profile are observed. However, the oddrahsmission of the beamline is reduced
by 1.6% when surface roughness value is increapeid 40 A for SXRL energy range. At
higher X-ray energies where low grazing anglesnofdence are employed will show high
impact on beamline transmission due to high roughiné this case for same change in
surface roughness value, the transmission of tremlwee is reduced by 4.4 %. The
acceptable tradeoff between the performance of eamand manufacturability of mirror

with low cost is considered by choosing a surfaehness of 5 A.

2.2.2.1.3 Effect of slope error
The effect of slope errors on X-ray mirror suri@ege considered to evaluate the beamline
performance using ray tracing simulation. Sloperesn mirror surface introduces the hollow

in specular reflection. Real surface with slop@eris characterized by the presence of many
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frequencies, few of them are directly related toiateon in optical characteristics of the
image thus formed. The fine scale fluctuations hie effective surface height are best
determined by power spectral density (PSD) functkor real surface characterization, any
shape or profile can be simulated by a seriesr# sr cosine signals having frequencies,
which are multiples of the fundamental. By condgitgrthe limited number of harmonics
Nmax fixing their amplitudes with function of (perioglope error) and considering the

complex part of Fourier series and shifting thenalgandomly, the fine scale fluctuations is

given by
Minay N n+1 0
Z(y) = th(—l) COS( n+ )(y:/y;;_+ |%angn) (25)
n=0
C. LA
h = n rms
where 4 (05+nW2r

whereC, are weighting coefficientsyr? are the initial shift valueRan is random number
between 0 and 1y, is a random shifting of each harmonic.

Simulation of beamline under the influences ofpslcerrors for X-ray mirrors set at
grazing angles 1.75or M1 and 1.75for M2 are carried out. This beamline operatinigirsg
is the most crucial to obtain the maximum spatedotved microstructures. Rio et. al.
incorporated the above algorithm in Waviness _gdmaitine of ShadowVU|83]. A mirror
surface is divided into small planar elements thdividually steer the beam. An input file is
generated by giving the 100 x 700 mmirror size and divided into mesh of 2 x 10 fam
Input values ofhna = 60, anddsare 0, 0.5, 1, 5, 8, 15, 30, 50 and 10&8d respectively are
used, and resulted slope error values are giveéabie 2.3. For change in the value of slope
error from Ourad to 57urad, the vertical FWHM is increased by three tiraeitial value.

For meridional slope errors < 38ad, horizontal intensity uniformity is within aquable
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limit. In sagittal plane, the broadening in thedbspot is relaxed by 1/gthThus large value

of sagittal slope errors=f00 prad) does not have any appreciable effect on hat@to

FWHM values.

Table 2. 3 : Effect of slope error values on the iage characteristics at scanner2

] Slope error [prad] FWHM [mm]
Serial No.
Sagittal Meridional Horizontal Vertical

1 0.000 0.000 49.390 1.058
2 9.401 0.945 49.409 1.062
3 18.801 1.890 49.428 1.073
4 150.389 15.126 49.497 1.249
5 564.032 56.723 49.525 2.894

2.2.2.1.4 X-ray flux density at mask wafer plane

The X-ray intensity in chosen energy spectrum askywafer plane is an important
parameter for any XRL beamline. X-ray intensity ides the exposure time for a particular
setting of SDXRL beamline. The intensity calculasmf the X-ray spectral distribution from
bending magnet source, through mirrors and Be windssemblies are carried out. The

radiation spectra from the bending magnet soureeaculated using the formula for vertical

integrated beam:

3 1AA/1

N(2) [photons/mA/s/mradA/ 2] = —~ f Ks;3 (v)dy' (2.6)

and photon flux as a function of vertical openimgla is given by:

N (A, )[photons/mA/s/mradal A]= =2 3“" y 14 —[1+ Gp)*P? [K2/3 13/(1!)3/;2)2 K#/3@ _]

(2.7)

3
where, @ = L0’
! 2

, e is the electron charge, is the ratio of electron energy and the

electron rest energyc = 4nRgw/3Y° ,  is the fine structure constaftA/A is the spectral
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bandwidth and, is the modified Bessel function of second kindrattional ordev andy =
AdA.

The spectral intensity distributiod (A1) of bending magnet source is a function of the
electron energy, the bending radiRs(), and the circulating currentgf and it is given in
units of Photons/mA/sec/mrad/0.1% bandwidth, irdeegl over the vertical directioN (A)
is modified by the beamline optical elements, likélectivity Ry (A) of the platinum coated
mirrors and the transmissiorsel(A) of the beryllium windows. Be window of thicknesse
175 um and 15um filter out the radiation below 2.2 keV and 1 ke&spectively. The
spectral density per mradsD (A) falling onto the mask-wafer plane due to variopsical
elements of the beamline is then given by:

DL (4) =N (A) Tgeent)(4) Ruz (A) Ruz (A) Tee(exit (4) (2.8)

In order to consider the exposure of the resiafsimission of mask substrate thickness
(Tmask (A)) and transmission of the gas/air filled in th@esure chamber (/A (A\)) must be
accounted. Therefore the above equation modiies t

DgL (A) =N (A) Taeenty(A) Rm1 (A) Rwz (A) Teegexity (A) Tmask (A) Thesair (A) (2.9)

XOP is used to calculate spectra for various nmsrgyazing incidence of angles. The XOP
does not account for optics sizes and beam lossatlee finite size of optics and its slope
errors. In RAY, the optical components with theitefral sizes are taken into consideration
while calculation of flux density at mask-wafer péa All flux/power calculations are carried
out by considering 100 mA ring (e-beam) curren} th Indus-2 storage ring operating at 2.5
GeV. Total incident power available from bendinggmet is ~ 49 W for 5 mrad horizontal
acceptance and full beam in the vertical direction.

During these calculations, a mirror surface coatgith platinum is used with mirror

surface roughness of 5A and slope errors valueg0ofirad in saggital and Hurad in
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meridional direction. Platinum is chosen as mineftecting layer over gold or rhodium due
to its higher reflectivity for wide lithographic wilow [84]. The energy power spectrum for
selected angular combinations as per table 2.2cailated. Figure 2.5 shows the X-ray
spectrum in soft X-ray energy region which may lsedi for obtaining better spatial
resolution or higher density microstructures (foigalar combinations described at serial
number 1-2, table 2.2). In this case, Be windowekhésses of 1H5m each is considered.
Figure 2.6 shows the spectra of the beamline fgulan combinations given in serial number
4,5 and 9, of table 2.2. For calculation of spestrown in figures (2.8 and 2.9), the values of
grazing angles of incidence for M&J are used from 5th column of table 2.2. As seemfr
the table 2.2, the incidence angles values for $4dgher for placing the beam at -25mm and
-50 mm at mask-wafer plane in comparison to 0 mih 825mm. In such cases, obtained
spectrum will be trimmed on higher energy side ttukigher grazing angles of incidence of
M2. The calculated spectra for serial number $farm andt 25 mm is shown in figure 2.7.
The tuned beam at 0 mm is preferred as long adithet/scattered components of SR beam
do not interfere in the line of desired beam. IREXnode, the beam at scanner2 is preferred
away from undeviated optic axis. In this energygethe change in incidence angles does not
change energy spectrum significantly.

Table 2.4 shows the power and power densitiesileaésd in selected four mirror angular
combinations at mask-wafer plane and downstreapolgmide mask membrane. The power
values enclosed in the parenthesis is absorbedrpamvweach optical element. The values of
power and power densities are given at scannerkeanther2 position. Since the beam size
after exit Be window is reduced, therefore the redliped power values are also tabulated for

scanner2.
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Figure 2.5 : Calculated transmission spectra for SRRL beamline in SXRL mode.
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Figure 2. 6 : Calculated transmission spectra of SKRL beamline in DXRL mode.
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Figure 2. 7 : Calculated transmission spectra for exial nhumber 5 (table 2.2) for
obtaining the beam at height equal to height of uneliated optic axis andt 25 mm away
from it.
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Table 2. 4 : Flux density delivered by beamline aftr each optical element calculated

combinely from XOP and RAY software tools.

Serial number 2(1-2) 4 (25-16) 525-9) 9(25-24)

(Energy range [keV])

Optical elements Transmitted and (absorbed) spectigpower in optical elements [W]

Source (1-50 keV)gl=100 mA | 49.4 49.4 49.4 49.4

Entrance Be Window 43.4 (6.0) 35.3(14.1) 35.31)14. 35.3(14.1)

Mirror 1 2.0 (41.4) 2.6(27.4) 9.9(23.6) 19.4(4.6)

Mirror 2 0.9(1.1) 0.9(1.7) 6.0(3.9) 16.6(2.8)

Exit Be window 0.5(0.4) 0.6(0.4) 4.7(1.2) 14.8(1.8)

Polyimide (5Qum) 0.02(0.5) 0.4(0.2) 3.9(0.8) 13.6(1.2)

Beam area at Scannerl fgm | 7.0 24 2.7 6.3

Beam area at Scanner2 [gm | 1.5 5.8 14.0 204

Normalized powérat Scanner?2

with aperture 0.48 0.56 2.42 4.05
Power density [W/cnf]

Scannerl 0.069 0.230 1.59 2.36

Scanner2 (no aperture) 0.320 0.096 0.339 0.728

Scanner2(with aperture 10mm

x 80 mm) 0.320 0.096 0.242 0.380

# These calculated power and power density valtessed to compare with actual power measuremeneda

out at SDXRL beamline’s scanner2.

2.2.2.1.5 Quantification of horizontal and verticaldivergence of the beam

It has been discussed earlier in this chapterdihergence in lateral profile of the beam
causes error in microfabricated structures durihgdew printing process. Horizontal
divergence in the beam causes the lateral magmafiicarror also known as runout. This
error is higher for patterns away from the axish&f beam. Penumbra is caused due to finite
source size effect which cannot be reduced fodfs@urce dimensions. Both these errors put
the limit on spatial resolution or CD to be acle@. The values of vertical and horizontal
divergence obtained during ray tracing calculatians illustrated in table 2.5 for a few
energy ranges. The run out error for present be@mb optimized tox 1.7 mrad and
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penumbra ig 0.7 mrad in SXRL mode. At higher energies theigaltdivergence of the X-
ray photon energies are smaller due to smallerceodivergences. The obtained vertical
divergence of the beam is within the limits. Théeff of the run out errors on the spatial

resolution during microfabrication is discusse@éation (2.2.2.1.7).

Table 2. 5 : Calculated horizontal and vertical diergence of SDXRL beamline

Serial number

(energy range[keV]) 2 (1-2) 4 (2.5-6) 5(2.5-9) 96224)
Horizontal divergence [mrad] +1.8 +0.1 +0.8 +14
Vertical divergence [mrad] +0.7 +1.3 +1.2 +0.9

2.2.2.1.6 Effect of mirror movement on the beam pride

The movement of the source or the optical elemaffiscts the performance of the
beamline. Particularly, if the source/optical eleseis moved beyond acceptable limits, it
may vary the flux and/or its uniformity. The movemte of both the mirrors are taken into
consideration for simulating its effect on beamf@enance. The mirrors are translated from
0-1000um in three orthogonal axes as well as rotated etveand 207 arcsec (0-1 mrad)
during this simulation study. The translations aothtions are considered in one directions
only. The beamline configuration mentioned at $emamber 2 (table 2.2) is used for
simulation. In ShadowVUI/RAYx andz are horizontal and vertical axis respectively gnd
axis is the direction of propagation of the beam.

During simulations, no significant changes in hontal and vertical FWHM values of
beam sizes are observed. Images at scanner2 i@sponding translation and rotation are
translated and rotated respectively. While tramglathe mirror along-direction from 0 to
100Qum, the beam remains at its original location. Bgrvertical translation i.e. alorg

direction, the beam move up by 4 mm at mask wd&arepof scanner2 for vertical translation
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of Imm. While translating mirror in the directiohmropagation of the beamy-éxis) there is
no change observed in the shape of the image asitigoo

The pitch movements ky 1 mrad moved the beam vertically b8.5 mm in wafer plane.
This rotation can also be seen as scanning of nfora 1 mrad such that a vertical exposure
field (17mm) is obtained at fixed mask-wafer stage.higher values of grazing angle of
incidence, scanning mirror does not modify the gpespectrum. While at lower grazing
angle, scanning mirror by 1 mrad will significantly change the power and rgiyerange.
The change in energy will modify the absorbed desen though the size of aerial image
remains constant. Therefore, it is necessary tp k&ed pitch angles to obtain uniform flux
in the selected energy range. When mirror is rdtaengy-direction; parallel to beam in
clockwise direction, the image gets compressed dowmight side corner and vice-versa
effects are observed on the other side. During tesunlockwise rotation the image
suppresses down on left side corner and on rigl simoves up and expands. At higher
values of rotation (1 mrad), the intensity at cesnencrease/decrease depending on the
direction of rotation. No significant change is eb&d in image if mirror is rotated alozg
axis by 1 mrad. At higher values of z-axis rotatitthre diagonal edge (front and back side) of
the torroidal mirror will modify the edge intensitg mask-wafer plane. These simulations
have helped in defining the motion and motion aacias of the two mirrors system.

Mirror movement, or mirror misalignment will vatlge incidence angles of X-rays falling
on mask-wafer plane. Also manufacturing defect #@sdrances in two radii of torroidal
mirror may introduce the change in vertical andizontal divergence as well as vary the
collimation and the focusing conditions. In proxinilithography process, this effect
introduces error in the multiple of gap distancawaen mask and wafer. The mirror

misalignment along andz direction should be within 100m whereas iry direction such
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limitation is relaxed to 1 mm. Mirror rotation axis should be within of 5 arcsec. While
roll and yaw movement can be relaxed to 50 arc8et4(mrad). Radius error in sagittal
direction is assumed to be 1 % and error in menalioadius is 5 %. Controlling all this

parameters pertinent to the beamline will enswse lmpact on the obtained feature sizes.

2.2.2.1.7 Spatial Resolution

Minimum feature size achieved is given by relatioh (reproduced here):
VA
A= kl /][g + E)

In proximity lithography, spatial resolution isflmenced by many factors, such as
illumination system (source and beamline), the mas& interaction of X-rays with resist
material and resist development. Valuekptdepends on design of illumination system and
quality of mask. For binary mask the valuepfs 1.44 and for phase shifting X-ray makk,
is equal to 0.65. In case of phase shifting mask,20.8 nm, resist thicknessp#n and for
gap of 10um, theoretical minimum feature si2e= 56 nm can be obtained. By using binary
X-ray mask, the theoretical achievable valueAiss 135 nm. For hard X-ray, though
wavelength is smaller, the value®in the same range or smaller is not possibles. dluie to
the interaction of hard X-rays with resist and hijinask absorber layer which generates the
photoelectrons blur in the shadow region. This IBurombination of Gaussian distributions
of photoelectron and Auger electrons. Range ofgdlettron in PMMA resist material is 56
A172[85]. Range of photoelectrons in photoresist tesid = 0.8 nm is 82.8 nm and at=
0.2 nm is 936 nm.

Another blur in shadow printing process is dudliffraction effects from edge of mask
layer. Therefore the dose deposition in resisshaidow region, is not an abrupt binary fall

but is smeared. The diffraction is Fresnel tygee Tirst maximum from the absorber edge in
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the resist surface is obtained by formxla, = 1.5 (1z/2)>> wherez is the depth in resist. For
1 um thick resist and = 0.8 nm, first Fresnel peak is at 30 nm from absoedge and fot
= 0.2 NMXnax IS 15 nm. However, in DXRL, where thicker resi#08um , Xmnax~ 150 nm.

A geometrical property of beamline, runout ernod @enumbral blur also limits the lower
feature size. As shown in table 2.5, the valuelarizontal and vertical divergence are 1.8
mrad and 0.7 mrad respectively. For a gap distafd® um, a calculated value of runout
error ~18 nm for 50 mm wafer exposure and penumibal 7 nm will be introduced in
vertical direction. Considering the contributiorrsmh all the errors, the minimum feature

sizes of the order of ~150 nm can be fabricateniguSDXRL beamline.

2.2.2.2 Single mirror mode

In order to further enhance the power density askywafer plane, there is a provision to
operate SDXRL beamline in single mirror mode andtevheam mode. Either of the mirrors
can be brought in the path of beam to obtain thialde beam either in focused condition
(use of M2) or only higher energy rejection (usévdf). The beamline in single mirror mode
cannot be operated at grazing angles of incidermgteehthan 0.15(please refer to table 2.6)
for delivering the beam at scanner2 due to theefinize of the beam transporting channel
(150 mm) and the height (50 mm) adjustment of Bgitvindow. However, for scannerl, the
grazing incidence angles upto Ddre feasible. These higher angles are possibtase of
scannerl mask-wafer plane due to shorter distawooe the mirror(s). Table 2.6 shows the
possible grazing angle of incidence for mirror(se@anner 1 and scanner2 respectively for
single mirror operation. During the exposure, thesknand wafer is required to be tilted by

twice the value of mirror's grazing angle incidertioeallow normal incidence of beam with
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respect to mask-wafer plane. At SDXRL beamline, single mirror mode cannot be used for

SXRL operation due to non availability of highegénof incidence.

Table 2. 6 : Summary of the possible grazing incichee angles for SDXRL beamline in single mirror

operation mode at scannerl and scanner2

Serial | Grazing angle For scannerl For scanner2
No | ofincidence P =\~ 35 my fmm] [ M2 (3.55m)[mm] | M1 (9.3 m) [mm]| M2(8.5m) [mm]
1 0.4 60.7 49.6 Not available Not available
2 0.3 45.5 37.2 Not available Not available
3 0.2 30.4 24.8 64.9 59.3
4 0.1 15.1 12.4 325 29.6
5 0.05 7.6 6.2 325 29.6

Ray tracing calculations are carried out for snghirror operation. The geometrical
parameters are kept identical to those used formioor geometry. Figure 2.8 shows the
simulation results of beamline in either using N&ft(side images) or M2 (right side images)
at grazing angle of incidence ~0.Z2he beam at scannerl and scanner2 from M1 wik ha
no focusing effects. In case of M2, three timeshbigbeam size in vertical direction is
available with comparable photon density as obthinecase of M1. The use of M2 in this
case is preferred due to better collimation coaditi

The power-energy spectrum of the beamline in omermmode is shown in figure 2.6 for
grazing incidence angles of 0.and 0.2. The energy spectrum for other grazing angles of

incidence will remain comparable in the shown eneange.

2.2.2.3 White beam mode
The design of SDXRL beamline allows the operationwhite beam mode where it

delivers flux upto ~40 keV. This mode of operatajrthe beamline ensures the penetration
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Figure 2. 8 : Point diagram of the images at mirror scannerl and scanner2 in case of

single mirror operation and grazing angle of incidece 0.2.
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of X-ray into 5-10 mm thick photoresist for prodogimicrostructure. The dose at top of the
PMMA can quickly reach beyond the damaging valwesHicker resist (please refer to table
3.10). Therefore it is necessary to remove the éomrgy photon from the spectrum using
suitable filters. The preferred filter materiale @e, Al, Kapton and Graphite. Figure 2.9
shows the transmitted energy power spectrum amgcamask wafer plane in white beam
mode as function of Be window thickness. Size & beam at scannerl or scanner2 will

depend on SR source divergence and simulated diomsnsf the beam at scanner2 are

shown in figure 2.10.
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Figure 2. 9 : Power spectrum of Indus-2 Figure 2. 10 : Spot diagram of the white
for no reflection optics and various Be- beam observed at scannerl. Only two

window thicknesses at scanner2. Be filters of thickness 175um and
aperture of Be window is considered.

The white beam is useful for carrying out X-rapdigraphy exposure in very thick resist.
SDXRL beamline in this case is similar to the DXReamline operation at Elettra with
white beam mode [25]. Apart from the normal useXRL, beamline can also be used for
carrying out certain optics test and calibrationaswgements. The performance of newly

developed X-ray optics can be tested at SDXRL bie@mising white beam before their

actual deployment.
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2.3. Instrumentation for SDXRL beamline

Various SR beamline instrumentations are carried m this thesis during the
development of SDXRL beamline. Key components @& beamline include diagnostic
system, two mirrors system, scannerl and scandrdf these instruments are custom
designed and developed components for fabricatidhAdR microstructures are highlighted

here.

2.3.1 Diagnostic devices

SR beam profile and its position is required duyitine normal operation of the beamline.
Various diagnostics devices like beam position nowaj phosphor screen, wire probe
scanner, photodiode and ionization chambers ar@ insthe beamlines. Non-invasive blade
type X-ray beam position monitor (XBPM) to monitdnanges in source position and wire
probe scanner(WPS) for obtaining beam profile dutime operation of the beamline are

developed as part of this thesis.

2.3.1.1 X-ray beam position monitor

The XBPM is based on the concept of staggered rpaial blade type monitor which
gives online calibration for beam position measwets independent of quantum efficiency
degradation [86]. The XBPM consists of a water edotetector block on which four
detector blades are mounted in vertical orientaiion such a way that individual blade
intercepts the tail of Gaussian SR beam in vertigaiction (figure 2.11). The detector blades
are made of 2 mm thick Cu [87]. The electricalmestions of individual blades are isolated
from each other and detector block. However, theytlermally connected with each other.
The principle of XBPM and scheme of staggering anentation of blades is shown in
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Figure 2.11 (a, b) respectively. The actual fatheidaXBPM (view from downstream beam

direction) is shown in figure 2.11 (c).

(a) (b) (c)
Figure 2. 11 : (a) XBPM based on photoelectric efé¢ (b) detector blades are staggered and

kept at known distances from central beam axis an¢t) back view of fabricated XBPM .

Detector blades (blades 1, 3 and blades 2, 4yentecally separated with each other by
maintaining gap ot 1.5,, where is vertical divergence (mrad) of X-rays. Value®fis
calculated for 1 keV X-ray energy where significgnantum efficiency is obtained due to 2p
and 3p electrons of Cu [88]. Both the pairs of diete blades are staggered by an offset
distance {\) of 1 mm in vertical direction. A theodolite systes used for initial alignment of

distances between detector blades. The verticalydpb, ) between the blade 1 and 3 (2

and 4) is found to be 3.8 mm at 5 m from the sowaeé both pairs of metal blades are
staggered by 1 mniThe accuracy of the alignment is ~ fth. The XBPM assembly is
housed inside the ultra high vacuum chamber.

The photoelectric effect produces an equal photeeat in each detector blade if the beam
is centred with respect to detector blades. Asymymatphotocurrent is linearly dependent

on beam position in dynamic region of XBPM. Staggemair XBPM design allows
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measurement of vertical beam position using ontiakbration factor. The formalism for

calculating vertical beam positionays and Yaz4 (in mm) is given by:

Ayz= Q; Aoy = o=ty (2.10)
I +13 o +14

Ya13 = Koct Az + A\ (2.11)

Y a2i4 = Koct Azia - N\ (2.12)

wherely, I, I3, andl, are the photo-currents produced in the metadatiet blades 1 to 4
respectively, Ay3 andAy 4 are the asymmetries in the current from respegqaieof detector
blades and, is the online calibration factor given by:

Kocf = % (2.13)
3 /4

The photo currents are measured using a low duaraplifier (LCAD4 synchrostar, Frank
Optics [89]). All the detector blades are kept agative potential to reduce cross talk
between them.

XBPM is calibrated using two schemes, (1) verljcalcanning the XBPM in the direction
in stationary path of the SR beam [90] and (2) pkeg XBPM position fixed, and giving
controlled bump to electron beam by vertical stegooils [91].

Scanning XBPM

The XBPM assembly is scanned in vertical directwaith step size of 125 pum using
motorized vertical jack. Beam position is measuageda function of vertical movement of
XBPM. The position values obtained from asymmetfigs and Ay, are identical. The linear
beam position response from the XBPM vertical stdgplacement (the XBPM dynamic

range) is around 1.5 mm.
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Electron beam bump

In second calibration method, asymmetric bump taps of 10urad is generated on
electron beam and shift in SR beam position is oreas Theoretical beam position values
are calculated using simple arithmetic multiplioatof amount of asymmetric bump given to
e-beam and a distance (4.95 m) at which XBPM iwllesl. The average value of 4Qurh is
obtained for two measured position difference irdlby incremental electron bump steps of
10 pyrad which matches well with calculated average ealiu49.5um.
The developed XBPM is used for recording the daglay stability of Indus-2 beam. One of
the stability data is shown in figure 2.12 wherdus-2 beam stability of fim is obtained

during e-beam storage condition.
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Figure 2. 12 : Indus-2 beam stability recorded by BPM.

2.3.1.2 Wire probe scanner (WPS)
WPS is second diagnostic system developed inthlessis. It consist of UHV compatible
motorized vacuum feedthrough for the movement oklaetrically insulated block where

gold wire of 60um diameter, is tightened between two spring legdamat stainless steel.
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The WPS is scanned in beam in the vertical diradioobtain its profile. Figure 2.13 shows
the schematic of the wire probe scanner used inFEDeamline.

This instrument is helpful for online estimatiohchange in flux coming from two mirrors
system. The amount of photocurrent produced isgtimmal to the flux and is helpful to
correlate with the flux falling on the resist diugiexposure. With proper calibration, WPS is
helpful to indicate change in the beam positiorerattvo mirror system. Use of WPS is
beneficial during alignment of two mirrors. In-siprecision angle measurement with an
accuracy of 2Qurad is also possible with the help of WPS. The itgtadiscussion on how
this instrument used for alignment is given in ecR.3.2.1 for mirror alignment and section

2.4.2 for correlating with power measurements.

Current meter

—(—

Insulating block (Macor) —

SS leg
SS leg

Au wire

Figure 2. 13 : Schematic of wire probe scanner, Awire is installed between two SS legs.

2.3.2 X-ray mirror system

X-ray mirror system is the heart of the SDXRL bé&am The technical specifications of
two X-ray mirrors used in two x-ray mirror systerh@DXRL beamline are given in table
2.7.
Figure 2.14 shows the engineering drawing of twarans system. The first mirror reflects
the beam downward and second mirror bounces tha leaipward direction. Both X-ray

mirrors are placed inside 2 m long stainless staelium vessel with side cooling provisions.
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Table 2. 7 : Technical specifications of X-ray mirors used in SDXRL beamline

Parameters

Mirror (M1)

Mirror (M2)

Clear aperture [mm]

650 x 90 witht 5 tolerance

650 x 90 with 5 tolerance

Geometrical area [mm]

700 x 110 witht 5 tolerance

700 x 110 with5 tolerance

Distance from tangent point [m]

16.2

17

Beam acceptance [mrad]

5 (H) x 0.83 (V) i.e. 40, at 1.5
keV

5 (H) x0.83 (V) i.e. 40, at 1.5
keV

Mirror surface (shape)

Plane

Torroidal

Mirror radii [m]

Meridional ) = o (=30000),
Sagittal () = (=1000)

Meridional ®) 420 (3%),
Sagittal () = 0.57¢&1%)

Compatibility for grazing angle o

f 0to 2.0 (variable)

0 to 2.0 (variable)

incidence f]

Cooling option Side cooled Side cooled
Maximum power absorbed [W] 186 14

Power density [mW/mAh 7.97 0.323

Mirror substrate material Silicon Silicon
Optical coating (thickness [A]) Pt (~500) Pt 0%
Mirror substrate thickness [mm] 50 50

Mirror orientation

Deflecting the beam vertica

downward

lyDeflecting the beam verticall

upward

Roughness [A]

<5

<5

Slope error |irad]

25 (Sagittal) x 5 (Meridional)

25 (Sagittal) XMeridional)

The optical surfaces of both the mirrors are ptetkevith a water cooled fixed mask at front

edge facing to the beam against high heat load faunce. Any change in temperature at the

mirror surface or upfront fixed mask is recorded Kyype thermocouple. Each mirror is

mounted on the base plate which is then kinem#éticalupled with three linear actuators.
Two actuators holds the base plate, are locateth@rup-stream side and one of them is

located on the downstream side. The distance batwee linear actuators along beam

direction is 600 mm. These three linear actuateovige the manipulation of a mirror to

obtain suitable height and grazing angle of incagewith respect to beam. These actuators
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are vacuum compatible and have a movement resolatit um and different strokes for M1
and M2 in vertical direction. The rigidity to whoteirror system is provided by the synthetic
granite table with vibration damper. The mountirfgnarror system is tested against any

ground vibrations upto frequencies of 100 Hz anfdusd stable.

Figure 2. 14 : Engineering design of two mirrors sgtem

The requirement of range, resolution and repéelatabt the mirror system in angular and
translation degrees of freedom are given in talie Phe design of the mirror manipulator
system is such that there is minimum cross linkagpitch-roll-yaw movements of X-ray
mirrors. All mirror manipulations are operated thgb a LabVIEW platform.

The mirror manipulator system’s range, resolutma repeatability for M1 and M2 are
measured at Indus-2 using Renishaw ML10 laser msystath linear and angular
measurements capabilities. In the test setup, MRdfishaw interferometer with laser source

mounted on a tripod and retro-reflector opticstied on the moving object (M1 and M2). By
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using the path length measuring interferometercgula, this laser interferometer can be used
to measure an angle up to £°1@ith a resolution of 0.05 arcsec. The accuracyhef
measurement is + 0.2 % of the displayed value.€éfha in the measurement is dependent on
measurement environment including pressure, ambéemperature and humidity level. The
measured range, resolution and accuracies areilokxdn the table 2.8 against each design
specified values. The measured value of pitch fjotan x-axis) angles for M1 and M2 is
found to be 0.97 and 0.67 arcsec respectively agtie specified value of 1 arcsec. The roll
angles (rotation iz-axis) accuracies are also measured for M1 and M2hatained results is
less than the specified values. Similarly, cro&sitetween the pitch rotation on roll or yaw,
roll rotation on pitch and yaw for both the mirrae measured. The crosstalk between all
angular rotations is found less than 10 arcsec.

Table 2. 8 : Overview of the measurements and teclual specification of all degree of

freedoms for two X-ray mirror system

Direction Range Resolution Reproducibility
Specified Measured Specified Measured
Translation
z -axis (vertical) for M1 [mm] 20 0.001 0.001 0.002 0.001
z -axis (vertical) for M2 [mm] 70 0.001 0.001 0.002 0.001
Angular
Pitch (-axis) for M1  [arcsec] 7200 1 0.5 1 0.97
Roll (y-axis) for M1  [arcsec] + 3600 5 1.0 5 4.16
Pitch (-axis) for M2  [arcsec] 7200 1 0.5 1 0.67
Roll (y-axis) for M2 [arcsec] + 3600 5 1 5 2.31

2.3.2.1 Alignment of the mirrors

Reproducible alignment of the mirror system isc@Ufor efficient operation of beamline.
It is difficult to align the mirror in the vacuunihamber at desired target positions and angles.
The images obtained on florescence screen at matk-ywlane have been used for mirror
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alignment but this procedure is not precise. A hawsitu, online technique is proposed in
this thesis for quick alignment of the two mirragstem to obtain appropriate beam size
(energy range) at the X-ray scanner(s). Duringaitegton, significant efforts were made to
align the mirror system within 5@um, with respect to plane of electron orbit. This
referencing helps towards easy and quick settingotipmirrors in different beamline
operation modes using reproducible vertical pasiamd angular movement. WPS helps in
estimation of mirror vertical position and angleét is installed 1 m downstream to M2 and
measures the beam profile with L@ repeatability. This ensures the angular placihg o
mirror(s) at an accuracy of ljirad (~2 arc sec) which is far better than usingsphor
screen. At the start of the alignment, both mgrare moved out of beam path and vertical
slit is opened. WPS is used to determine beaml@rmfd beam position of SR beam. If the
beam position is at its known centre (~1400mm fexperimental floor) then the height of
the first mirror is fixed to ‘zero’. Now referringp table 2.2 and beam height required at
scanner2, appropriate M1 and M2 angles and comelsipgp M2 height are set. During these
processes, beam profile using WPS is taken for ehahge (angle and height of the mirrors)
and compared with standardized results. Every staasurement provides the beam profile
at each instant of alignment and helps in quick ametise alignment. Any variation in the
beam profile from standardized profile hints at theision of alignment by either changing
the mirror angle or mirror height. Once both therors are set at their respective height and
value of grazing angles of incidence, a final veoan is taken. The relationship between the
photocurrent from WPS and mirror configuration etefmined and any offset parameter to
manipulate the mirror to its desired position/arigleerived. During the exposure of resist,
the change in the wire scan profile/photocurremvigles information on change in mirror

alignment due to change in source position or aonsangle. This alignment procedure is
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simple and efficient. The alignment of two mirrgystem for energy change in SDXRL

beamline can be done in ~20 minutes.

2.3.3 X-ray exposure station or X-ray scanner

The SR beam has wider size in horizontal direc{tebO0 mm) and smaller in vertical
direction (5-10 mm) at SDXRL beamline. The extehtvertical beam is insufficient to
expose thep 50-100 mm wafer. The enlargement of X-ray beanmask-wafer plane can be
obtained by using either oscillating mirror or wébg electron beam in storage ring or using
X-ray scanner. The generation of instability ie #lectron beam position is not desirable in
multi user synchrotron facilities. The dedicatedchiaes like Aurora-2S or Super-ALIS can
be used for enlargement of beam by disturbing tleetren beam in storage ring. The
distance between the oscillating mirror and masfemplane should be smaller to reduce the
complexities in beam enlargement system. The sshplertical enlargement scheme of SR
beam is vertical scanning of mask-wafer in statigr&R beam.

In Indus-2 SDXRL beamline, an X-ray scanner is leiygd for scanning mask-wafer in
SR beam. As highlighted earlier, the beamline isiggpd with two X-ray scanners for
conducting X-ray exposure either in air, vacuuniHeratmosphere. In X-ray scanner, known
frequency of vertical scanning of samples in tladi@hary path of the beam is introduced in
order to impart the pre determined X-ray exposurgedo the resist. Scannerl is installed at
20.56 m in experimental hutchl and scanner2 isllest in experimental hutch2 at 25.5 m
away from source point.

Scannerl has a vertical scanning stage (shownguref 2.15) with a possibility of
mounting multiple samples during single exposu@nBerl has a movement range of 300
mm and samples of length ~ 260 mm can be expos&eraty beam. With ease of handling

samples in air, samples viz., X-ray resists, rdaaiomic films, chemical solutions and
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biological samples can be X-ray irradiated. Scahran also be equipped with additional
stages where the independent movement of maskudsdrate is feasible. These additional
stages give the freedom to move mask and wafeepardiently to tailor the X-ray exposure
dose in 3-D. Such scheme has been used previomshabrication of 3D microstructures

using X-ray lithography [92]. Scannerl stage is ifed to accept the independent
movement of mask and resist. This stage assemblgvisloped for fabrication of various 3-

D featured profiles [93].

Scanner2 consists of vertical scanning stageatioatand tilt module, water cooled mask-
wafer mounting base plate and water cooled aparthmised inside vacuum chamber,
vacuum system for evacuation, control system tdrobthe entire scanner system and IR
camera to record online temperature of resist aaskmrhe X-ray mask-wafer assembly for
X-ray exposure is made up of 4 stages, two verscahning stages, mask-wafer tilt stage
and mask-wafer rotation stage. Figure 2.16 showsirtbide view of X-ray scanner2 and
position where X-ray mask and wafers are mountego#ometer with tilt arm and rotation
stage moves on two guided vertical scanning stagested by two synchronized stepping
motors. The major parameters of scanner2 areraiiest in table 2.9. The complete stroke of
scanning stage is £ 90 mm with speed and accealaratintrollable between 1-30 mm/s and
1-600 cm/érespectively. The variable scanning speed conthelgime spent by resist during
single pass, especially to reduce the thermal degjen of resist at higher electron beam
current. X-ray mask and wafer upto 100 x 100 7vim square or circles upto 100 mm
diameter fits on mask-wafer mounting assembly. Tdgsembly rotates by 36@nd tilts
between 0-90 This feature is used for creating tapered ommdeen non-traditional (3-D)
structures. The tilt stage also helps the easyingaand unloading of mask and wafer. The
wafer and mask is sandwich between water coolek-wager assembly stage embedded

with magnet and matching MS button annular ringe ilask and substrate are also fixed
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mechanically. An offline mask-wafer alignment stagéh 300X stereo zoom microscope is
also developed for mask-wafer alignment. This sgdtelps to carry out multi level, multiple
exposures by aligning the alignment marks of théewand X-ray mask. The use of optical

microscope limits the alignment only in opticaligrisparent X-ray mask.

Figure 2. 15 : Air based X-ray scanner with (a) mooted condition of X-ray mask and

wafer (b) modified stage to create the 3-D microstictures.

Figure 2. 16 : (a) Internal view of X-ray scanner ad (b) the mounting view of X-ray

mask and wafer.

In scanner2, exposures are performed in vacuuHalium atmosphere. Due to large

volume of vacuum vessel (~1000 litres), evacuaitodone using combination of dry pump
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(make: ULVAC, LR 60) and mechanical booster pum@aKex ULVAC, PMB 001CM).
Pump down time to 4 xTmbar is ~10 minutes. Higher vacuum, if requiredn de
achieved by using the turbo molecular pump. Heligas can be introduced at partial
pressure of 100 mbar in the chamber for coolingrtfask and wafer. A high temperature
setup is added to scanner2 for maintaining thestresi elevated temperatures. This
attachment is used for direct etching of PTFE uSiRg

Table 2. 9 : Salient features of X-ray scanner2 @DXRL beamline.

Name/parameters Design specifications Measured /Aigtved parameters
Exposure window + 90 mm (V), £ 40 mm (H) + 90 mm (V), £ 50 mm (H)
Exposure Environment Vacuum, Helium and Air Achieved vacuum = 1x T0mbar

He partial pressure = 100 mbar

Mask-Resist Size Circular ¢ 100 mm and SquareFrom 5 x 5 mrito 100 x 100 mrand
100 x 100 mrh Circular@ 100 mm

Resist thickness 1-5000um or higher Upto 6000um

Mask-wafer tilt and rotation | tilt 0-90° and rotation + 180 tilt 0-90° and rotation * 180 (with

resolution of 0.03)

Gap between mask and resist0-100um Hard contact to 1000m
Speed 1-30 mm/s Upto 30 mm/st 0.5 %
Acceleration 1-650 mm/$ 1-650mm/§

Resting time 30 msec-1 sec 30 msec-1 sec

Offline alignment stage Alignment accuracy between2-5um

mask and resist is <jm.

Scanner is equipped with two cameras, (1) IR carG®&EC 6400) for in-situ recording of
change in temperature of the X-ray mask or wafet @) IP based surveillance camera
(AXIS PTZ 214, Axis communication) to monitor theask-wafer stage movement during
the exposure. X-ray scanner stages are contrdiledigh USB interface. Control software is
in LabVIEW. The real time information on set expasparameters, scan speed, number of
scan remaining, time to finish scans, inside vidwhe exposure station is available on the

PC. The range, resolution and repeatability of ddgrees of freedom of scanner2 are
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measured. The scan speed, scan acceleration,gréstia, angular resolution for tilt and
rotation stages are measured using Renishaw lateeferometer system as described in case
of X-ray mirror system. The measured values arergin the table 2.9 against the designed

values.

2.4 Commissioning of the beamline

The beamline is installed on BL-07 port of Indug=hgineering layout of the beamline is
shown in figure 2.17. The beamline is divided ititoee parts, frontend, X-ray optics and
experimental stations. The frontend of this beaenls situated within the shielding tunnel
and comprises of beam absorber, fast shutter, Btesdung safety shutter, primary slits,
entrance Be-window and other UHV components [94, & are not shown here. The
beamline optics is installed in the optics hutchl agannerl and scanner2 is installed in
experimental hutchl and experimental hutch2. Altches are made of 1 mm Pb sheet
sandwiched between two CRCA mild steel sheetsidkriless 1.2 mm and 0.9 mm. Beamline
is installed with two Beryllium windows of 17&m thickness. It should be pointed here that
the low energy beam (serial no 1, 2 of table Z2)dt characterised in this thesis and neither
used for X-ray lithography in SDXRL beamline. Theewf low X-ray energy is feasible only
after the availability of e-beam pattern genergiaduced X-ray mask and optimization of
windowless operation of Indus-2 beamlines.

The installations of the beamline are carried metiveen May 2009 and April 2011. Hot
commissioning of beamline has begun in the Nover@bé&f. The first light in the beamline
was observed in air through entrance Be window avexber 18, 2010 and first test
structure was obtained on February 19, 2011. lloving section, the performance results

of the beamline during commissioning are presented.
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2.4.1 Beam size and intensity profile

Characterization of the beam shape, size anddityegives an idea about the performance
of the beamline. In these measurements, phospheersc at various places (scannerl,
scanner2), wire probe scanner and X-ray sensitioégaiode mounted on x-y stage are used.
Due to ease in handling photodiode and phospheesg¢iX-ray beam is first characterized at
scannerl mask-wafer plane and measured perfornante beamline can be extended to

scanner2 mask-wafer plane. The mirrors are aligieeper the scheme mentioned in section

2.3.2.1.
BILL OF MATERIAL
1.| FLUORECSENT-SCREEN CHAMBER| 2/ Be—WINDOW 3| KEPTON-WINDOW 4.| VERTICAL SLIT 5.| GATE VALVE-1
6. MIRROR SYSTEM 7] GATE VALVE-2 8/ WIRE SCANNER + PHOT DIODE | 9.l GATE VALVE-3 |10.| I-CONNECTION
11.| WIRE SCANNER 12{ 4 WAY SLIT SYS. 13] GATE VALVER-4 14.| I-CONNECTION |15. PUMPING STATION-1
16.| GATE VALVE-5 17| FILTER CHAMBER 18/ PUMPING STATION-2 19 FLUORECSENT-SCREEN CHAMBER
20. SAFETY SHUTTER 21] Be—WINDOW 22.| I-CONNECTION 23| EXPERIMENTAL STATION

BEAM
—

14027
25500

SOFT AND DEEP X-RAY LITHOGRAPHY BEAMLINE (BL-7)

Figure 2. 17 : Engineering layout of SDXRL beamline

In two mirrors mode of operation, the highest power is available for grazing incidence
angles ~ 0.1°. In a typical beamline operating condition when both the mirrors are set at

0.6°, a pink energy spectrum between 2.5 and 9 keV is obtained. A point diagram of beam at
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scannerl position simulated using “RAY” ray tracing software for this setting is shown in
figure 2.18 (a). The size of the beam is 2.5 (V) and 70 (H) mm?. The characteristics smile
curve of the image is due to shape of torroidal mirror. The actual beam is recorded using
radiochromic film. Beam impression on radiochromic film is measured using vernier (2.5 (V)
and 68 mm? (H)) and correlated one to one with calculated beam size and is shown in figure
2.18 (b). The beam sizes mentioned here are different from the sizes shown in figure 2.4
(Rd) due to the smaller horizontal acceptance of the beamline than designed. This is due to
error in size of fixed mask installed at BL-07 frontend which provides 4 mrad instead of its
design value of 5 mrad. The vertical beam profile with horizontal integrated beam is
measured using WPS with a minimum step size of 100 um. Figure 2.19 shows the calculated
beam profile and measured beam profile at 18 m from the source. The measured beam
profile reasonably matches with the calculated profile curve.

A high quality microstructure with uniform deptn avafer is dependent on the dose
uniformity at mask-wafer plane. Intensity variationhorizontal direction of + 12 % for
two toroidal mirror geometry has been reportediegadnd was reduced to 4 % using
appropriate X-ray compensation filter [97]. In pFBt case, calculated horizontal uniform
intensity for two mirror geometry (2.5- 9 keV spattand) ist 5 %. The horizontal uniform
intensity at scannerl is measured with the helf-ody sensitive photodiode (AXUV 100).
The intensity (vertical integrated) is measuredlacing the 1 mm slit in front of photodiode
and scanning photodiode in horizontal directionhwihcremental step of 1 mm. The
measured and calculated horizontal intensity digtion is shown in figure 2.20. The
measured peak variation of intensity in the horiabudirection isx 7% which is close to
calculated value. The glitches in horizontal intgnare due to surface figure errors in M2.

The higher non-uniformity in horizontal intensitpiformity can also be attributed to heavy
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element impurities in Be foil and change in SR bgawsition due to electron beam drift
inside storage ring. In case of beamline’s desigrexigy (1.5 keV), the calculated horizontal

uniform intensity ist 3 % which could not be measured.

Figure 2. 18 : (a) Calculated and (b) measured beasizes at X-ray scannerl for 2.5-9

keV
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Figure 2. 19 : Calculated and measured beam profilebtained using WPS at 18 m from

source.
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Figure 2. 20 : Horizontal intensity distribution of beam at scannerl mask-wafer plane.
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Figure 2. 21 : The profile of the X-ray beam recoréd at scanner2 for various X-ray

energy range.
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Similarly the beam sizes in the different X-rayesgy ranges are measured and compared
with the ray tracing simulated sizes at scanneh2 figure 2.21 shows the beam impressions
obtained on radio chromic films. The measured besapnes are compared with their
calculated values and are tabulated in table 21hQall cases, the measured horizontal sizes
of the beam are different from the calculatedsltiue to smaller horizontal beam available
from frontend due to reduced aperture. If horizbatzeptance of 4 mrad instead 5 mrad is
considered, then measured horizontal beam sizeshesawith the calculated beam sizes. The
vertical beam size at scanner2 is limited by them@ vertical aperture of exit Be window.
Vertical divergence of 1 mrad propagated in thexb&@m mirror has increased the vertical
beam size by 3 mm (1.45 m is distance betweenBzxivindow and scanner2 mask-wafer

stage) in two spectral bands, 2.5-9 keV and 2.5eX4

Table 2. 10 : Beam sizes, comparison between meastirand calculated at scannerl and

scanner2

Energy range [keV] Measured beam size at scannerl, Measured beam size at scanner2,
V[mm] x H [mm] (cal.) V[mm] x H [mm] (cal.)

2.5-6 3 x 60 (3 x 80) 6x60 (7.5x77)

2.5-9 3 x 68 (3 x90) 12 x 68 (14 x 100)

2.5-24 7 x 78 (7 x 90) 12 x 80 (17 x 120)

2.4.2 Power measurement

The flux in wide X-ray spectral band for lithoghrgpbeamline is measured using |2
pinhole and energy dispersive silicon drift detec{S8DD) [74]. For SDXRL beamline,
instead of measuring flux at different energieng®nergy dispersive detector, total power is

measured using calorimetry technique and is cde@lavith exposure dose. A copper
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calorimeter is built for these measurements. THericaeter consists of 5 mm thick oxygen
free copper which absorbs X-rays upto 40 keV. Tlageps mounted on a mask wafer stage
of scanner2 and thermally shielded from the cootedk-wafer stage by thick PMMA sheet
(shown in figure 2.22). The cross section of cogpate is 5 x 25 x 140 miand its weight
measured using analytical balance is ~ 90.58 gp¢-thermocouple is mounted at the centre
of plate back side of Cu calorimeter to measurecti@nge in temperature.

The power measurement is carried out in X-ray gne.5-9 keV. The measurement is
carried out twice on the same day by consideriegdte of all beamline optical elements and
maintaining the vacuum in the X-ray scanner2 ~®% thbar. The safety shutter is opened.
The temperature rise due to impinging X-ray beanec®rded with the help thermocouple at
every 20 seconds. After 12 minutes the safety shigtclosed. The temperature decrease is
also recorded at same rate to estimate the théossds of the calorimeter to the surrounding
environment. The graph in figure 2.23 shows the suesd time dependent temperature
profile.

Initial twelve minutes of the measurement data lteen differentiated in order to get the

temperature increase per unit tinﬁg;Tdrtﬁ). The same procedure has been applied to the data

of the falling temperature per unit tim@%). The total power deposit in Cu is estimated
by equation [98].

_ 4o _ %_M)
P = = mccu( " " (2.15)

wherem is mass of the Cu calorimeter aag is the specific heat of oxygen free copper is
341 J/kg/K. In this casmc, is equals to 34.87 J/K. The slope for rise in terafure with
time is found to be 0.03240.0004 K/s and slope for fall in the temperaturéwme (0.006
+ 0.00012 K/s) is used to correct the rising cunyeaccounting heat loss of the system. The
total power in the calorimeter comes to 1.35 + QML&t average ring current of 74.43 mA
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Figure 2. 22 : Mounted view of Cu calorimeter in Sanner2 mask-wafer stage.

50

Measured Temp
Linear Fit

40

Rise Fall

dT/dt = -0.006
30

dT/dt = 0.032

Temperature [°C]

20 =

Power =1.35 W @ I, =744 mA

0 I 10|OO I 20|00 I 30|00
Time [sec]
Figure 2. 23 : Temperature rise of Cu Calorimeter dring exposure to the SR beam and

temperature fall after closing the safety shutter.

which corresponds to 0.455 W/mrad horizontal/100. e calculated value for 5 mrad is
given in table 2.4 and for 1 mrad, this value conee8.484 W. The measured and calculated
value closely match. The temperature measuremexisascarried out in spectral band 2.5-6
keV and 2.5-24 keV for determining the total pow€he measured value and calculated
values are summarized in table 2.11. In case ofdoergy spectrum, the measured value is
nearly half of the calculated value. The total povest by beam due to air scattering at a
pressure of 16 mbar is negligible (1 mW). Therefore, discrepamsgty be due to lower
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transmission of the beamline compared to the sitaumland/or due to measurement errors in
the present calorimeter at low power. The reasaesl no be explored further. In case of
high energy beam (2.5-24 keV) for all absorbers 27% um Be, 2 mirrors, and 100%
deposition 5 mrad of the beam energy in the copball yield a theoretical value of 4.05 W
and 0.81 W/mrad. The measured power value in thesgy range is 0.73% 0.1 W/mrad.
Comparing measurements, the calorimeter has shawaoracy within 90-95% of the
calculated value at SDXRL beamline for two spedbeaids.

Table 2. 11 : Measured and theoretical values of étotal power available at SDXRL
beamline (total power is normalized for 100mA beancurrent)

Source : Bending magnet Total vertically int. powefmW/mrad/100mA]
Energy spectral band [keV] 25-6 25-9 25- 24
Measurement using Cu calorimeter (linear fit error)| 56 @ 1) 455 @ 61) 740 & 100)
Calculated (Ref to table 2.4) 110 484 810

Online monitoring of intensity variation is esdahtor reliable estimation of the dose
deposited in resist. A technique is proposed tefasthe stability of beam or record change
in the flux of source using WPS for online monitgriof change in exposure dose. Figure
2.24 shows the beam profile in terms of per mA gogent (k) for white beam and 2.5-24
keV. A peak current obtained in this profile is dide obtain a constant value normalized by
ring current. This value is uniquely defined fortpaular mirror settings. These values are
measured for few spectral bands and given in tadl@. Changes in these values during
exposure provide clear indication of change in flux

Also, during power measurement, the performaricéne calorimeter is correlated with
this constant value measured from WPS. With chamgalues of determined constant can
be correlated with earlier measured power and ttwexds helpful to estimate the actual

power absorbed in the resist. This procedure pesvadgood online estimation of dose rates.
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Figure 2. 24 : A typical beam profile in white beamand two mirror operation geometry.

Table 2. 12 : Calculation of ratio between the phaicurrent of WPS and k.

Energy range [keV] | Ring Current (I g) [mA] Max current in the | Ratio[1x10%
profile [nA]

2.5-6 40 48 1.2

2.5-9 92 820 8.9

2.5-24 44.4 711 16

White beam 77 955 12.4

In conclusion, X-ray lithography facility based tmo mirrors systems and two scanners

has been built. The various subcomponents of thenbees are custom designed, evaluated

in terms of their optimum operation and installédnalus-2. The beamline is commissioned

and the performance results compares closely wittulated results. The total power

available in different energy ranges is measuredguthe in-house built calorimeter. Two

techniques has been proposed (1) use of WPS fok @lignment of two mirrors system (2)

online monitoring of change in exposure dose/flamg WPS.
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Chapter 3

Microfabrication of HAR structures in X-ray
sensitive photoresist.

This chapter introduces various requirements fdriewving HAR microfabrication in
polymers. The various aspects of HAR microfabraratire summarised as (1) Development
of X-ray mask, (2) Studying mechanism of the X-exyposure in X-ray sensitive photoresist
and (3) Development of microstructures in X-raysseéve resist. The process of fabrication
of X-ray mask and HAR microstructures are optimised SDXRL beamline and results
obtained are correlated with the reported results.

X-ray sensitive resist is generally positioned hdhX-ray masks and intense, well collimated
X-ray beam is used to copy the mask on the reB&.change in chemical properties of the
resist depends on its tone and type of resist wisckelectively dissolved in a suitable
developer solution. In X-ray lithography, a unit gndication X-ray mask is critical
requirement since scaling of X-ray mask onto wadetifficult. It is important to discuss here
about the properties of the X-ray mask and its i€altion before discussing HAR
microfabrication using X-ray lithography. EffedtX-ray exposure on PMMA and SU-8 and

their use for microfabrication is discussed in secpart of this chapter.
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Dedicated microfabrication laboratory is dey&ld to carry out pre and post processing
steps of X-ray microfabrication. This laboratoryyide various instrumentations including
UV exposure system, processing equipments for paépa of X-ray masks, spin coater, hot

plates and fume hoods for handling chemicals.

3.1 Development of X-ray mask

X-ray mask is primary requirement for XRL worksred out in this thesis work. Tight
tolerance X-ray masks are required for producingaXeptical elements due to constraints of
low roughness. The ideal route of mask fabricai®msing e-beam pattern generator and
greater details can be seen in reference [99].chheme coated photomasks produced using
laser pattern generator and UV photolithographyised in this thesis for preparing the
pattern on mask membrane. A suitable thickness bsforbing layer is grown using
electrodeposition.

The engineering of X-ray mask for studies caroed in this thesis are dependent on the
X-ray energy used for exposure, fabrication routd eritical dimensions required on mask
pattern. The general criterion used for choice oéfskn materials are; good X-ray
transparency(> 60%), good X-ray absorption con{fag0-90%) due to low sensitivity of X-
ray resist, good mechanical and thermal stabilitystistain in high energy X-rays, high
radiation resistance (~ MJ/&nand compatibility to fabrication processes usifg based

lithography and electrodeposition.

3.1.1 Mask membrane material
The membrane material should have low absorptiwhshould not introduce significant

scattering of incident X-ray photons. High optitansparency of membrane increases the
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alignment accuracy between mask and resist. Thar@atioen of X-rays in the high Z material
patterns of the mask and in the membrane gendratgswhich in turn produces temperature
gradients in the mask, leading to deformation efgtructures. Thus mask membrane should
have good thermal conductivity. Higher Young's mladwf membrane material results in
lower mask distortion. The membrane should be cbaliyiinert, to avoid reaction during
etching and mask finishing.
In first Chapter, interaction of X-ray with matteris discussed. X-ray

transmission/attenuation characteristics of menwramd absorber materials can be

mathematically defined by rewriting equation (1a2)
— -z/1(E)
1 (z) = 1,e 3.1)

|, incident flux, z is thickness of the membrane or absorber mataridll(E) is the

attenuation length of material at specific enerdyalv is inversely related ta(E). In X-ray
lithography, the wide energy ranges is used andédhe attenuation of X-ray inside
material is accounted by summing attenuation length all involved energies. The
attenuation lengths of various mask membrane nadgdeare computed using a web-based
tool available at Center for X-ray Optics (CXRO)hsde [100]. Figure 3.1 (a) shows the
attenuation length for photon energies upto 30 t@\feported mask membrane materials for
development of X-ray masks. However, this is nohaastive collection of data. It is
observed that the attenuation length of the madseiizcreases with increase in photon
energies and at very high energy attenuation lerggttain same for low materials.

Indus-2 X-ray lithography beamline offers variqusoton energies spectral band for the
exposures. In all such energy ranges, the choicé-raly mask membrane material and its
thickness values for transferring appropriate X-eaposure doses are required. Figure 3.1

(b) shows the transmission of Beryllium, SU-8, Griggy Polyimide, Silicon Nitride, and
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Titanium mask membrane materials at 6.2 keV. Asagn@i0 % transmission in case of
DXRL process, Beryllium is one of the most suitablaterials with reasonable handling
thickness and desired thermal, mechanical andtradibardness properties. However, Be is
toxic and costly, which limits its extensive usenasmbrane material. The other reasonable
choice of membrane materials are made from SU-§jrRide, Graphite, Silicon Nitride and
Titanium. An optically transparent low cost mask d¢ee obtained using SU-8 thin layer as
membrane material which shows a good transparemcyX{ay. However, optical
transparency of SU-8 is lost due to absorptiones\high exposure dose (> few MJAmM
Polyimide, also commercially known as Kapton istérechoice as it retains the optical
transparency more than SU-8. These polymer basesk maere earlier reported for
fabrication of micro structures with reasonablecmien and accuracies [101]. X-ray mask
based on the Silicon Nitride and Titanium mask aeey thin membrane compared to
polyimide and requires careful handling while fahtion and also during X-ray exposures.
Graphite masks are prepared on special grade atésivailable from M/s POCO graphite.
The normal graphite substrate has high porosityclvinmakes them difficult to use as mask
membrane.

In this thesis, investigation is undertaken ortadalé quality of X-ray mask with low cost,
fabrication feasibility, availability of materialand higher X-ray transmission. SU-8 is
chemically amplified photoresist which is good pspion to use as X-ray mask membrane
with better optical transmission [102]. SU-8 in yukrised form has chemical inertness
towards acids and corrosive mixtures like KOH. Holgle is generally used as dielectric
material in IC industry and is easily availableedsonably low cost. The radiation resistance
is very high and it can be prepared in the formugiged thin film supported by fixture. SU-8
and Polyimide can be spin coated on the pattern&tilgyer and cured for polymerisation to
form uniform X-ray transparent film. Table 3.1 givéhe required thickness for SU-8 and
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polyimide in various spectral band offered by SDXBdamline. The thickness of 50-1t

is easily obtained for polyimide which transmitsmathan 95 % of incident X-ray. It makes

this material interesting due to higher transmissiod more efficient for delivering exposure

dose. Polyimide is already used as mask membratie idevelopment of X-ray mask [103].

Achenbach et. al. has compared the

X-ray mask membranes [101].
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Table 3. 1 : Mask membrane and absorber thicknes®f SDXRL beamline

Serial | Spectral Energy considered| Thickness for mask membrane,| Thickness for mask

No energy band | for thickness calc.| 60 % transmission jum] absorber for 80 %
[keV] [keV] Su-8 Polyimide absorption, Au [um]

1 1-2 2 10.6 10.6 0.75

2 2.5-6 6 280 240 2.9

3 2.5-9 9 1000 883 5.55

4 2.5-24 21 12400 11000 17.75

5 White beam 30 16000 14550 32.2
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3.1.2 Mask absorbing material

High Z materials provide good attenuation of Xgay the energy range 1-30 keV. The X-
ray absorbing patterned layer on mask membranerisefd either by additive techniques
(electro deposition or physical vapor deposition)bg subtractive technique (reactive ion
etching or lift off). The absorber material shodldve low internal residual stress after
deposition. Absorbers with compressive stress mfeped over tensile stress. Figure 3.2 (a)
shows the attenuation length for photon energigs 8p keV for reported mask absorber
materials for development of X-ray masks. Platin@o)d, Tantalum, Tungsten, Tin, Lead,
Nickel, and Copper are suitable choice as X-rapdiess.

Effective X-ray absorption of few selected matsriat 6.2 keV as a function of material
thickness is shown in figure 3.2 (b). The requitkidkness for Platinum, Gold, Tugnsten,
Lead, and Copper mask absorber materials at 6.2 gteon energy can be obtained by

assuming 80 % absorption.
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Figure 3. 2 : (a) Attenuation length for reported nask absorber materials upto 30 keV

energies and (b) absorption at 6.2 keV for few saled mask absorber materials.
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Materials like Nickel, Copper, Tin are easily déteplated. However, their higher
attenuation length imposes the requirement of hagsorbing layer thickness to obtain
sufficient contrast during X-ray exposures. Thetcast is defined as the ratio of the exposure
dose obtained on the resist layer with and withoask absorbing material. For example, a
100 um thick Copper is required to absorb > 95 % 20 kekays. Usage of materials with
long attenuation lengths adds another level of dexipes during mask fabrication process
by introducing the requirement of higher thicknpbstoresist. This type of material can be
used for fabrication of standalone metal type X-ragsk with less pattern density by
photolithography and wet chemical etching, popyl&rown as photo chemical machining
(PCM) [104].

Recently, X-ray masks are developed by sputtezad film on a Mylar sheet substrate
with the lift-off process. Sputtering is selectemt Pb thick film deposition due to its high
sputtering yield [105]. Electrodeposition of Turggst and Tantalum at temperature
compatible with the photoresist technology is diift due to higher (850C) temperature
requirement. Alternatively, they are deposited be substrate through physical vapour
deposition and later are etched out selectivelpgiseactive ion etching process. Platinum
and Gold have the highest absorption among the @astrber materials shown in figure 3.2
(b). In this case lowest thickness of absorbingtayill be required for absorption of ~ 80 %
X-rays compared to other absorbing materials. Tadealso shows the required thickness of
gold as absorbing layer in various X-ray energi#ered by SDXRL beamline. Gold is an
ideal choice for the absorber material due to W®dyX-ray absorbing properties and
compatibility to chemical process. Gold electro asfon is known from several centuries
by jewelers and low stress gold deposition is gasthievable. However, electro deposition
using gold cyanide solution is toxic. Nowadays, myanide gold solutions, based on gold

sulphate chemistry, are available for electro d#joos In this thesis, non-cynaide gold
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plating solution is used for preparing Au layer @anducting substrate. Fabrication steps of

X-ray masks are described in next section.

3.1.3 Fabrication of X-ray mask

Fabrication of X-ray mask is one of the most difft inputs required for XRL. Due to thin
mask membrane and high Z absorbing material wigh diensity, it is difficult to handle the
substrate during its fabrication. A block diagralmowing various fabrication routes for
transferring the desired patterns of X-ray maskssobstrate are given in figure 3.3. All
membrane based X-ray masks used in this thesidemedoped at RRCAT by scientific and
technical exchanges with LASTI, Hyogo Universitgpdn. X-ray mask can be fabricated
using UV lithography method [106] or electron beéthography method [107]. A laser
pattern generator (for features @) and electron beam lithography system (for festur
2 um) are used to direct pattern the structures otaldei resist coated on substrates. To
satisfy the high contrast (>100) mask condition XRL process, one requires high
absorber thickness (> 10n of gold) on mask membrane. The micro patterndysred from
electron beam pattern generator is ju#h thick which is not sufficient to obtain dose
contrast. This mask is used as intermediate mag&hiocate working mask by patterning
higher thickness positive photo resist using lowergg X-rays in the beamline and
electroplating of Au layer (thickness ~ 5-gfh). A moderate resolution (CD > 5 um) X-
ray mask is also fabricated using UV photolithodmapn this case, a UV mask prepared by
laser pattern generator is used. In present thaflisnembrane based X-ray mask are
produced using UV photolithography process. In nexttion, the development of X-ray

mask based on membrane and stand alone metabfsblmask are discussed.
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Mask Design and Layout using CAD tools
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Figure 3. 3 : Flow chart showing various route of Xray mask fabrication

3.1.3.1 Membrane based X-ray mask

The fabrication process of X-ray mask is schemalyichown in figure 3.4 for two mask
membrane, SU-8 (left side) and Polyimide (righte}idThe detail of fabrication process is

explained stepwise in following text.

3.1.3.1.1 UV photo mask fabrication

UV photomask is fabricated using a laser patteamegator where suitable laser
wavelength 405 nm for positive photo resist or Bibfor negative resist is used. Depending
on the desired resolution on photomask blanks,sarlavith suitable objective is focused
down to 0.8um with minimum scanning grid size 25 nm for writitige patterns. During the
course of this research work and other device dgweént work, the mask are purchased
from M/s Bandwidth Foundry, Australia [108] or oimad from CEERI, Pilani under joint
program of collaboration [109]. A pattern generatmuires a computer aided design (CAD)

drawing containing geometric coordinates of theropatterns. The generated drawing file is
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Figure 3. 4: Membrane based goldX-ray mask fabrication process: (a) photo resist i
spin coated on metal substrate (b) Exposure of restiusing UV source (c) the expose
resist is developed (d) resist nuld is electroplated with gold (e) unexposed resigs
removed and polyimide/SL-8 is spin coated on gold electrodeposited metal veaf (f)
Stainless steel ring (black) is fixed from polyimié or SL-8 side and etched in case «
SU-8 membrane mask and (g) finally the metal substrates etched to obtainX-ray mask
in right side view and on left side, thin layer of S-8 is added for protection of golc
layer.

exported in DXF format or changed to *.cif or *.¢)d<DWL 200 laser pattern generai
(Heidelberg Instrument, Germany) is used to wiite patterns on pum thick layer of AZ
1518 photoresist coated on chrome photomask bNanofilm, Wetlake Village, Californie
USA). The exposed resist is then developed in AZ408¥etbper and underlying exposed

layer is then etched out using Cr etchant solutimmtainingceium ammonium nitrate. Th
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UV mask for X-ray refractive lenses and general festterns are procured from M/s

Bandwidth foundry, Australia.

3.1.3.1.2 Substrate preparation

Brass substrate with 100 mm in diameter and tles&knof 0.3 mm is used as a base
substratefor development of X-ray masks. Brassasilye etched in nitric acid without
affecting the micro patterns and membrane materigass wafer is cleaned with organic
solution. A protective PET layer on polished sidémss wafer is removed. To remove any
residual glue or chemical impurities, substratsaaked in acetone for 5 minutes. It is then
washed with de-ionised (DI) water and kept in isgpyl alcohol (IPA) for 5 minutes. Finally
it is washed in running DI water for 5 minutes,edriusing nitrogen gas and dehydrated at
100°C. AZ4903 is spin coated (MSA100, Opticoat MIKASHpan) on brass wafer at 3000
RPM for 20 seconds and baked for 5 minutes at®C10he 15-2Qum thick layer of positive
photoresist is obtained which corresponds to theimmam possible thickness upto which Au

can be electrodeposited.

3.1.3.1.3 UV Exposure and Development

Home built UV exposure system is used for carrpng UV lithography exposures. This
system is economical and produces results sinoléiné commercial available systems. UV
exposure system consists of Osram 300 W high pressercury UV lamp which provides a
broadband wavelength from 200 to 700 nm. A collintalens assembly consists of two
borosilicate glass plano convex lens, is kept &trhr (focal length) from source to obtain a
collimated UV light on substrates. A mask and substholder assembly is prepared from

Perspex and routinely used to mount the UV maskrasidt for their exposures.
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The UV photomask with desired pattern and resiated Brass wafer are mounted in the
mask-substrate holder assembly. The AZ4903 coasddrws exposed to UV with a dose of
100 mJ/crh (value indicated in AZ 4903 datasheet) which cspomds to a 90 seconds
exposure used for Osram UV lamp and consideringtida@smission through collimating
lens. The exposed substrate is later developedZid@0K developer solution by mixing it
with water in the ratio of 1:3. The sample is depeld and dried to get clear lithography

structure. The substrate is now ready for Au ebeleposition.

3.1.3.1.4 Electrodeposition (Ni/Au)

The UV lithographically patterned Brass wafer isctoplated with Ni and Au. A thin
layer of Ni through electrodeposition is requirad Brass for two purposes, (1). Gold grow
easily on Cu or Ni layer, and (2). The non-unifagrof brass substrate is levelled by 0.5-1
pm thick layer of Ni. The electrolyte solution fori Mlectrodeposition is prepared, using

composition given in table 3.2.

Table 3. 2 : Composition of Ni electrolyte solution

Serial No Name of chemicals Weight [g/litre]
1 Nickel sulphate 200

2 Nickel chloride 5

3 Boric acid 12.5

4 Saccharin 3

5 Sodium Lauryl sulphate 1

Before Ni electrodeposition, the back side (nomcttired surface) of lithographically
formed brass wafer is insulated with polymer tagpe prevent Ni coating. The Ni

electrodeposition condition is given in table EBctrodeposition is carried out only for 1-2
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minutes such that a uniform thickness of O0.fwh of Ni grows in the recesses of

microstructure.

Table 3. 3 : Conditions for Ni electrolyte solution maintained during its
electrodeposition
) Anode to o
pH Temperature Current density Anode Agitation

cathode ratio

4 55°C 10 mA/cnf Ni 1:1 High

Table 3. 4 : Conditions for Neutronex 309® maintaied during Au electrodeposition

) Anode to o
pH Temperature Current density Anode ] Agitation
cathode ratio
9 50°C 2 mA/cnf Platinum | 1:1 Moderate

The Au (10-15um thick) is electrodeposited over thin layer ofuding Neutronex 309®
(Enthone Inc, USA) non cyanide gold plating solntidhe electroplating hull cell (YPT-01,
Yamamoto, MS Co. Japan) is used for Au electrodépos The electrolyte solution is
circulated in hull cell through 2 micron filter siausing a magnetic pump. The operating
condition during the Au electrodeposition of elebtte solution is given in table 3.4.
Solution is operated at pH 9.0 and solution tentpegais kept at 50C. Normal dc mode
with current density of 2.0 mA/cmis provided to electrodes by pulse power supply
(DuPR10, Dynatronix, USA) resulting in depositidn8s10 um/hr with a tensile stress in the

range of 12-20 MPa.

3.1.3.1.5 Formation of mask membrane layer
X-ray transparent membrane layer of SU-8 (thickne200um) or polyimide (thickness
~50 um) is used to support X-ray absorbing layer. Befapplying the membrane material,

polymer tape is removed and remains of AZ4903 ssalved in Acetone and substrate is
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dried. SU-8 or polyimide is spin coated over Auceiledeposited brass wafer and cured. The
membrane material should form uniform thick layertbe brass substrate and its curing is

important to obtain enough rigidity of the membréaneer.

SU-8 layer

SU-8 2100 is coated on the electroplated brasemaf1000 RPM for 30 s. During spin
coating, substrate angular speed is accelerated f@ro to 500 RPM with slope of 100
RPM/s. In second step, final speed is attained wadteleration speed of 300 RPM/s. The
coated SU-8 is prebaked at 85 and 95°C for preset time. SU-8 is exposed in X-ray beam
for 25 seconds/cm for allowing its polymerisatidie detail mechanism of X-ray exposure
of SU-8 is described in section 3.2.2. The posbsupe bake of SU-8 is carried out at°@5

for 30 minutes to complete the polymerisation pssce

Polyimide layer

Two types of polyimide solutions are used to faime polyimide layer, “DURIMIDE
7020” from M/s Fuji Film Electronics Materials, Bghm and ABRON-S10, ABR Organics
Ltd., India. The polyimide solution is spin coated500 RPM for 30 second with slope of
100 RPM/s to attain final spin speed. The speaxpisnised to obtain polyimide membrane
thickness of nearly 60-70m. The curing of spin coated polyimide layer isriegl out on
precision hot plate (~0.1C) providing temperature upto 50C€. The ramping rate of the
temperature is kept low (5C/min). The curing is carried out at 65 °C for aouh and
intermediate temperatures of 1800, 200°C, 300°C for 30 minutes. Final temperature 350

°C is used for 30 minutes to complete the curingayimide layer.
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At the end, stainless steel (SS) ring is bondext tvwe polyimide/SU-8 coated brass wafer
using high temperature curable double side tapes. Jtep ensures the rigid support to stand
alone polyimide/SU-8 membrane which will be relebsenext step. The size of the used SS

annular ring is 100 mm outer diameter and 92 mrmarniameter, 2 mm thickness.

3.1.3.1.6 Etching of Brass wafer

The above process is following by etching of brasser by keeping it in the nitric acid
solution to etch the base brass wafer. The composif nitric acid is (70ml) and DI water
(50ml) at room temperature which etches the corapbeass wafer in 15-20 minutes. The
final fabricated X-ray mask using SU-8 and polyimishembrane is shown in figure 3.5 (a)
and (b) respectively. In case of SU-8 membraner]ay¢hin layer of SU-8 is coated on the
gold side and cured. This additional layer of Sigr8tects the gold surface due to internal
stress of SU-8/Au thick film. To the best of ouokviedge, these X-ray masks are developed

for the first time in the country.

Figure 3. 5 : First series of developed x-ray maskst RRCAT (a) SU-8 membrane gold
mask and (b) Polyimide membrane gold masks.
X-ray mask developed by this process have few laaks. In order to overcome these

drawbacks, a new and improved recipe for fabricatb X-ray mask is devised during this
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thesis. It is planned to obtain a patent for tresvmecipes of making x-ray mask. Therefore

this new process is not described in this thesis.

3.1.3.2 Metal foil based X-ray mask

A low cost X-ray mask based on an etched metdldi@ attractive to achieve coarse
features (> 50um) using PCM technique. In PCM process, the masKilgs in metal
substrate foil are obtained using combination ajtpHithography and chemical etching. For
the range of X-ray energies (2.5-9 keV), coppestaimless steel sheet of ~1 0@ thickness
is a suitable choice as it has high absorbancecandbe etched using commonly available
etching solutions. However, using PCM, it is difficto obtain the smaller features with good
dimensional accuracies, and aspect ratio is lintieetl The use of this type of X-ray mask is
limited to application requiring coarse featureelikicrofluidic channels with width of ~100-

500um. The processing steps of stencil type X-ray nimskiown in figure 3.6.

Resist

o ..
LA

UV mask
(| | } Exposed

_ restst

" ——

(V)
il B B

Figure 3. 6 : Schematic of X-ray mask fabrication pocess using photo chemical

machining.
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3.1.3.2.1 Cleaning of wafer

A 100 pm thick Cu foil of size 25 mm x 30 mm is taken assd substrate. Substrate is
initially cleaned with tissue dipped in tetrachletioylene and later using ultrasonic cleaned in
acetone solution for 10 minutes. Cu foil is thesaded in mixture of 10 ml 430, and 90 ml

DI water. Further, a mixture of Chromium oxide (41%), HSO, (1 ml) and 90 ml water is
used to clean the surface to get shining surfaceucsubstrate. Finally, the wafer is dipped
in IPA for 5 minutes and washed in running DI wdtar5 minutes. Cleaned substrate is then

dried and hydrated at 10C for 10 minutes.

3.1.3.2.2 Photolithography

The substrate is coated with AZ4903 as per thipeegiven in section 3.1.3.1.2. Later, the
step given in section 3.1.3.1.3 for UV photolitheyginy is followed. UV masks prepared on
transparency sheet by 10000 DPI laser printinguaesl for photolithography. Generally this
type of UV mask is used for coarse microstructwéh feature dimensions more than 50

pm.

3.1.3.2.3 Etching of metal substrate

The Cu substrate with defined AZ4903 resist paies etched in Fegkolution. Before
dipping the substrate into etching bath, the bade ®f the substrate is protected with
polymer tape to prevent the etching. A Cu etchibigtson with following composition (table
3.5) is prepared.

It takes ~ 20 minutes to completely etch 100 copper in the area uncovered by resist.
The areas covered with resist remained un-etchiggird-3.7 shows the fabricated X-ray

mask using Cu substrate.
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Table 3. 5 : Composition of Cu etching solution

Serial No | Name of the chemicals Composition for DOml
1 Ferric chloride 409

2 Nitric acid 5ml

3 Hydrochloric acid 15 ml

4 Water 40 ml

Figure 3. 7 : Fabricated metal foil based X-ray maswith coarser CD.

3.2 Development of HAR microstructures in X-ray sesitive photoresist

In this section, the role of X-ray sensitive phegist for realisation of HAR
microstructures is discussed. The X-ray exposweehanism for PMMA and SU-8 and its

utilisation for fabrication high aspect ratio aregented.

3.2.1 X-ray Exposure mechanism of PMMA

X-ray irradiation of PMMA produces physical andeafical changes in its polymeric
structure. X-ray energies (0.5-10 A) are depositetb the resist material through
photoelectric and Compton effects. PMMA being lownZAterial, 95 % of the deposited dose

is due to the photoelectric effect [110]. The malacformula for PMMA monomer is shown
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in figure 3.8. According to Miller rule, long polyenic chain scissioning is dominant and with
some amount of cross linking due to alkyl grouperBfiore, PMMA undergoes a decrease in
molecular weight due to scissioning of main chdihl]]. The most important step in X-ray
degradation of PMMA is the scission of the metbstier group which leads to the evolution
of gases like Cg@ CO, H, and CH[111, 112, 113] and Benzene and methyl formate are
found in low concentrations [114]. The remainindypeer chain stabilizes after hydrogen
abstraction by formation of a double bond or byirlsgission. Approximately 80 % of the
chain scissions have been reported after a pregastie chain degradation, the remaining 20

% are due to a direct decomposition of the polymtertwo macromolecules [115].

CH,

-[CH?-(‘:‘,]-
C=0
O

CH,

Figure 3. 8 : PMMA monomer unit

The main chain scission reduces the average mateaeight of PMMA. The number

average molecular weight of the exposed polyl@ri, can be expressed as [111]:

L -1 4 D (3.3)

MWp — MWp, SC* 100- 1.6 10719 Nyp

where, MWy, is initial number average molecular weigh is the Avagadro’s number,
D is absorbed dose ampdis density of the polymer. The constant valuedoosid quantity in
the denominator corresponds to the energy (in Jodkere,Gg- value defines the number of
scission/crosslinking events at 100 eV. Changeofeoular weight as a function of exposure

dose can be approximately obtained by using Geh@ation chromatography [116, 117]. In
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this thesis, a study is carried out to observeptmgsical/chemical changes in PMMA a:
function of exposure dose using Raman, F and X-ray diffraction stdies.PMMA sheets
are also exposedor direct correlation between the exposure studaesl depth o
microstructures during developm.
The equation 1.2an be writte in terms of absorbed do8¥z) [kJ/cnT] attenuated within
the resist material:
D(E,z) = Dpe Bz (3.4)

here,D+ is the absorbedose on the top of the resist surfe

Absorbed dose

High g Low

Figure 3. 9 Schematic distribution of X-ray exposure dose from top surface to bottor

On exposure, theéop layer will receive initial dose valueDy) and it will decreas
exponentiallyalong resist deptrD(2)), shown using shaded area in figure 3.9. Thehdef
penetration increases withcreasingenergies and thereforegher energies arrequired to
pattern thickeresist layers. In SR source, the stored currepteftron definethe amount of
photons incident on X-raynask and resist. Hence, the absorbed dose is atadeivith
exposure dose in resist. The exposure dose isideddn terms of storage ring curr (Ig)
multiplied with time (unit used are m/ec or mA.min or A.h). Owing tcX-ray irradiation
effects, average molecular weight of PMMA in exmgbseea is reduced by two orders
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magnitude (~10k-60k g/mol) from original molecularight 2000k g/mol for CLAREX
PMMA sheet. This lower molecular weight chains @asily dissolved in appropriate organic
solution. To reach such a low molecular weight aimum dose (B) of 3.5 kJ/cm? has to be
absorbed in PMMA. In such conditions, the top d@3g on PMMA should also be limited
to 20 kJ/cm?® otherwise radiation dependant foamin occur due to the formation of
gaseous products relieved from the resist. In otdemprotect the resist from thermal
degradation, ratio of top to bottom dose is ofteptkbetween 5 to 10. The dose under the X-
ray mask, referred here as shadow dosg §hould be under ~100 J/&nto obtain better
exposure contrasior) between the exposed and unexposed part of PMNWs @xposure
contrast is directly dependant on the thicknesma$k absorbing layer. Having said about
required absorbed dose conditions at various dirtbe resist, it is therefore necessary to
calculate the exposure dose or absorbed dose &br szectral band of SDXRL beamline
considering PMMA as a resist. This exposure dogeraignes the time resist must spend
during exposures to obtain a particular depth afrastructure. The exposure dose can be
calculated from the flux available at mask wafeang from the beamline. Equations (2.6 to
2.9) can be used for calculation of flux at theurezfd location along beamline. The dose

rates Desistin the photoresist can be calculated using [118]:

Dresist(ﬂv Z) = 222?; DBL(/l)furesist (A)e_ﬂresmu).z (3-5)

and dose rate as a function of vertical acceptangée is

Dresist(4,2) = X3 ™ Dy (4, 1) fresist(A) e Hresist(D)2 (3.6)
Above two equations provides the exposure dofigeabp of the resist and by considering
the beam width as 1 cm absorbed dose is describeniti of J/cm per k(mA). The exposure
dose (A.hr or mA.min) can be obtained by dividihg required bottom dose (generally 2-4

kd/cn?) by the dose rate obtained above. The mass almoiquiefficient valuesisis: (1))
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is obtained from NIST website [119]. Analyticall@aation is carried out for obtaining the
top absorbed dose and required exposure dose5& V. By considering the transmission
through beamline optical elemenig; (4, ) is obtained at mask-wafer plane.

DXRL simulation software DoseSim [118, 120] andD<[221, 122] include computation
of SR spectrum from bending magnet, the effectptical properties of materials, exposure
time calculation, X-ray spectrum with and withoutnors, secondary effects, dose deposited
under absorber and moving mask validation. Dose$s been used widely as a tool to
calculate absorbed and exposure dose at variowsRERfacilities. The same tool is used in
this thesis for calculation of exposure dose valaed validation of analytical calculations.
Table 3.6 shows comparison between analytical amekBim calculation for power density
(flux density in particular energy rangelat= 100 mA) values, absorbed dose on top and
estimated exposure dose for bottom doge=[8.5 kJ/cmi. The power measured using Cu

calorimeter is also given in the same table.

Table 3. 6 : Overview of calculation of X-ray expasre dose in 2.5-9.0 keV.

Energy Power density [W/cnf] D [kJ/cm?] Exposure dose
range [keV] [MA-min]

Analytical | DoseSim | Measured | Analytical| DoseSim Argtical DoseSim
2.5-9keV 0.242 033 0.227 9.27 10.67 1096 1275

"power obtained from the DoseSim is (0.003 WicnA).

Required exposure time at scanner2 for 5 cm sogriength with average Indus-2 ring
current 100 mA is found to be 55 minutes using calculations and 64 minutes using
Dosesim. The calculated power density for X-raynseal is three times higher than the
power densities at scanner2. Hence, the exposueedt scannerl reduces to 1/3rd value of

scanner2, with exposure dose value is 400 mA.mintatal time of 20 minutes.
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3.2.1.1 Impact of X-ray irradiation on (500um) thick PMMA

The effect of X-ray exposure dose on PMMA is watlidied. The change in molecular
weight with respect to exposure dose is reportatyuSize Exclusion Chromatography-Multi
Angle Laser Light Scattering [123]. According to asarement in 50 slices of 10n thick
PMMA film, the original molar mass of 1770k g/male reduced to 4.5k g/mole at top
surface and 11k g/mole at bottom surface aftempaetgosure dose of 20 kJ/&miven by
ELSA synchrotron source. Henry et. al. investidatee chemical changes in PMMA during
resist preparation and exposure by Gas Chromatografass spectrometry to observe
trapped volatiles in PMMA, and Gel Permeation Chatrgraphy and Matrix assisted laser
desorption time-of-flight mass spectrometry to obtaformation on polymer/oligomer
characteristics [124]. X-ray irradiated PMMA aldwog/s the various physical and chemical
changes which can be correlated using FTIR speetrggnRaman and X-ray diffraction
(XRD). Recently, effect of X-ray irradiation of thiPMMA films deposited at various
substrate temperatures by pulsed laser deposgtistudied using FTIR, XRD, hardness and
optical microscopy [125]. Our group have also cbi@mased the effect of electron beam
irradiation on surface modification of PMMA resigsing FTIR, XRD and frequency
dependant dielectric measurements [126]. To thedfesur knowledge the impact of X-ray
irradiation on thicker PMMA sheet has not been igidusing FTIR, Raman and XRD
techniques and its direct correlation with fabiimatof microstructures. An investigation on
X-ray irradiation with and without X-ray mask of ®dm thick PMMA is carried out during
this thesis. The microstructured PMMA is develo@eda function of time to determine

dissolution rates of PMMA.
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PMMA sheets (CLAREX) of size 10 mm (width) x 10 nf{fangth) x 0.5 mm (thickness)
are used for X-ray irradiation. The same PMMA shegt also patterned using SS mask to
correlate the effect of X-ray irradiation and ohtd depth in PMMA. The details of the
development of these exposed PMMA resist are giveection 3.2.3.3.

Four different series of samples are X-ray iragetl in air at scannerl with different
energy spectra shown in figure 2.6 (serial no 49)5and white beam. The exposure doses
between 83 mAhin to 1166 mAmin are given to each series of samples. For glafithe
observation, only three irradiated samples andwrmexposed PMMA sample in the energy

range 2.5-9 keV are compared for FTIR, Raman anD XiRasurements.

3.2.1.2 Top Surface roughness

The processing method of forming acrylic sheets ba found in literature. X-ray
reflectivity measurement is carried out of the sypface of CLAREX PMMA sheets which
has shown the top surface roughness of g@0unexposed PMMA sheet ~ 7- 8 A. The
surface roughness of the same order is measured ti&@ non contact 3D profiler Confocal
Optical Microscope (COM) (Zeta20, Zeta Instruments USA) and found to be 3.8 A. The
surface roughness of standard Si wafer is also uneasising X-ray reflectivity (8 A) and
COM (5.1 A). These measurements provided benchmgrkio surface roughness
measurement of X-ray irradiated samples. Figui® 3hows top surface of three samples
irradiated at different exposure dose values. Turéase roughness measured data on these
samples is given in table 3.7. The surface roughmabkies of two dose values 83 and 1166
mA.min are comparable with unexposed substrateath of these cases the absorbed top

dose is less than the damaging dose (20 KJ/E&MVMA top surface shown in figure 3.10 (c)
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has absorbed dose more than the damaging doseaméhf in resist surface is observed. In

this case, the value of surface roughness is rhare30 nm and cannot be measured.

Figure 3. 10 : Top surface view of X-ray irradiatel samples with exposure dose (a) O
mA.min (b) 83mA.min (c) 2834 mA.min. First two sampes are used for surface

roughness measurements.

Table 3. 7 : Comparison of PMMA top surface roughnss with exposure dose.

Parameters Si wafer PMMA top surface roughness
Exposure dose [mA.min] -- 0 83 1166
Average roughness [nm] 0.51 0.38 0.39 1.9
Roughness, peak to valley [nm]| 3.8 3.0 35 16.4

3.2.1.3 FTIR and Raman spectroscopy

Vibrational spectroscopy provides the means ofewstdnding of different molecular
structures and changes in molecules. FTIR speatoaide insight into the intra and
intermolecule interactions. PMMA FTIR spectra gitkes information on various molecular
modes, like change in stretching vibrational bahdasbonyl ester group C=0, C-H and C-C

vibrations etc. Single reflection Attenuated TdRa&fflection (ATR) FTIR spectra are recorded
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at a spectral resolution of 4 &nin 600-4000 crit region using Bruker IFS 125 HR FTIR
spectrometer equipped with KBr beam splitter aqdidi-nitrogen-cooled MCT detector. To
ensure a high signal-to-noise ratio, 200 scans rao®rded. The sample and source
compartments are evacuated to 0.8 Torr during eashsurement. Figure 3.11 shows the
FTIR ATR spectra for various PMMA sheets radiatathvexposure dose of 0, 833 and 1173
mA.min in the energy range 2.5-9 keV.

The FT-Raman spectra of the exposed PMMA sheetsalso recorded using Bruker
MULTIRAM Raman spectrometer equipped with Nd:YAGda source operating at 1.0t
line with a spectral width of 4.0 ¢lmThe recorded Raman spectrum for PMMA sheets X-ray
irradiated in 2.5-9 keV energy range for differelose values are shown in figure 3.12. The
most of the peaks in Raman and FTIR spectra matgiteshe theoretically available data.

The C=0 and the C-O bands often dominates inRhgpkectrum C-C modes dominates in
the Raman spectrum [127]. A strong band at peaknard 724 cnt is assigned to C=0O
stretching. PMMA also shows a band assigned to 6t€ching. C-O stretching frequency
is variable and usually appears within 1000 — 1&®d. Medium bands at 1267 ¢hand at
1239 cnt* are also assigned to C-O stretching modes. The i@5fane and out of plane
bending is assigned to a very strong Raman ba8fitatn' (calculated value 812 cthand
a medium strong band in IR at 750 tiftalculated value 751 ¢hh respectively. The very
strong Raman band at 2953 trare assigned to methylene (§thsymmetric stretching
vibrations. The weak Raman band at 2760" @ralso assigned to Glymmetric stretching.
The deformation mode of GHhas been observed at 1434 tiihe above conclusion agrees
well with those of Zwarich et. al. [128] and Gresamd Harrison [129]. The GHvagging and
twisting are found at 1364 and 1320'tm

The peak related with GOs not detected; this may be due to ATR measurembere

the beam penetration is not more thapnd. The trapping of the CQCrould not be detected
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upto this depth due to its dissipation in the atphese. FTIR and Raman measurement

indicates the changes in polymeric as the X-rayspes dose increases.
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Figure 3. 11 : FTIR spectrum recorded at increasingxposed dose
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Figure 3. 12 : Raman spectrum recorded at increasgexposed dose.
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3.2.1.4 X-ray Diffraction

SR XRD data of the PMMA sheets are recorded atLBLindus-2. Figure 3.13 gives the
recorded SR-XRD spectra of PMMA with some represierd raw image plate patterns,
illustrating the microstructural changes as a fiomcbf exposure dose. The sample to image
plate distance was 120 mm and energy was 12 keVe ifhage plate data files were
integrated using FIT2D, incorporating polarizataorrection. XRD pattern of PMMA shows
a broad halo, which is a characteristic of the ghous phase. The XRD spectra of the
PMMA as a function of exposure dose can be fittgé lhorentzian function with full width
at half maximum (FWHM) of 5.25+ 0.03. The values of the width of first peak at differen
exposure dose are shown in figure 3.14 with ereos.bThe XRD pattern of PMMA after
various dose rates show that broad halo into wpsrk which is indication of PMMA
becoming disordered. The increase in FWHM of egdoBMMA, as calculated from the
results of XRD measurements, increases steadily @iposure dose. The increase in peak
width is correlated with increase in exposure d@sel size of monomer chain scission from
main polymeric chain). Generally the density of @sgd polymer is lower than that of the
unexposed polymer. As density is reduces with #lease of gaseous molecules from
PMMA, polymer structure experiences stress due uiwoanding amorphous structures.
Therefore, the associated microstructure resultsnanease in strain in the amorphous
structure as a function of exposure dose. Thiseas® in strain due to increase in exposure
dose (time), will create cracks or dislocatioreSnwhich acts as easy centres for attacking

the OH ions of PMMA developer solution resulting in fastate of development.

97



(@)

e A )
(b) = = e
1.04
0.8
=)
< 06
2
§ 0.4+
=
021 T Somamin
e @
EIS ' 1IO ' J.IS ' 20
Angle [26]
(iii)
Figure 3. 13 : (a) XRD patterns of the PMMA after Xray exposure(in inset) and the
enlarged first diffraction maximum (b) Raw image phte XRD data (i) for PMMA
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3.2.2 X-ray Exposure mechanism of SU-8

Like chemically amplified photo-resists, SU-8 aint three main components, base resin,
solvent and photo acid generator (PAG). The base s SU-8 polymeric epoxy resin
consist of Bisphenol A Novolak epoxy oligomer (EP®SU-8 resin, Shell Chemical) which
is highly cross-linkable in an acidic environmeihis SU-8 epoxy resin is dissolved in
Gamma-Butyrolactone (GBL) or cyclopentanone (CFAGHs made of a combination of
triaryl sulfonium salt and sulfonium hexaflorate3Q]. PAG is added upto few mass
percentage based on the weight of epoxy resin.stiueture of SU-8 polymer is shown in
figure 3.15. The resist used during various stuthethis thesis is brought from Microchem
Corporation, USA. SU-8 is available in various gradvith various percentages of solid
content or viscosities. In this thesis, variant §2000.5), SU-8(25), SU-8(2100), and SU-

8(2150) are used.
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Figure 3. 15 : Chemical structure of Bisphenol A Nweolak epoxy oligomer contained in

SU-8. Eight reactive epoxy molecules and therefo&in SU-8.

SU-8 is sensitive to UV and X-ray photons, e-bemmd high energy proton beam. In
illuminated regions, low concentration of acid viak# generated by PAG. This produced acid

act as catalyst in the subsequent cross linkingticeathat takes place during post exposure
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bake. The catalyst is present only in the X-ragdrated area and therefore the resist cross
links only in the exposed region. Each monomefemde contains eight reactive epoxy
sites and therefore high degree of cross linkingh&ined after photothermal activation
giving negative tone [131]. The exposed, cross eéhkresist is insoluble in organic
developers, while the unexposed uncrosslinked treissolves in SU-8 developer, thus
creating the contrast between the exposed and osedppart. The sensitivity of SU-8 is very
high in comparison to PMMA. The discussion is givannext section where comparison
between PMMA and SU-8 is carried out.

SU-8 is good structural material for MEMS applioas, and also it is used directly in the
microfluidic network due to its adaptability for dbogical species. Various physical

properties of SU-8 are summarised in the tabld133].

Comparison between SU-8 and PMMA for LIGA

PMMA allows the replicating of microstructure wiblest quality in terms of accuracy and
sidewall roughness. It requires high value of expesdose for proper development upto
required depth. Therefore, it is very insensitiveXtrays. SU-8 has higher sensitivity than the
PMMA and it is good construction material for fagbeototyping.

Comparison between few properties and exposuse dequirement in case PMMA and
SU-8 is illustrated in table 3.9. The main advaataf choosing SU-8 over PMMA is its
sensitivity. The minimum dose required for croseing is ~20 J/cth Similarly, the
minimum dose require in case of PMMA for completenoval from depth is 3500 J/ém
SU-8 requires around two orders less exposure trmeomparison to PMMA. Second
advantage using SU-8 is due to its higher damagdimge because of which there is no
limiting top exposure dose like in case of PMMA.owkver, the disadvantage using SU-8
that it is required to reduce the shadow dose ubdemy mask lesser than 0.05 Jftm
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otherwise suitable exposure contrast will not béaioled. Therefore, this value should be
considered while designing and fabrication of X-ragsk. The mask contrast of more than
1000 is preferred in SU-8. The second disadvantagamoval of cross linked SU-8 once the
fabrication process is over. PMMA can be easilyoeed either by dipping in acetone for
prolonged time or flood exposure of X-rays and dgw@ent. Removing crosslinked SU-8 of

thickness greater than > 5@Q@n is tedious process. It can be removed under oxpigsma

or by heating at temperature above 8G(for an hour.

Table 3. 8 : Few physical characteristics of SU-&sist layer

Property Value

Young’s modulugpost-bake at 95C) 4.02 GPa
Young’s modulughard bake at 208C) 4.95+0.42 GPa
Biaxial modulus of elasticityg/(1 —v) 5.18 + 0.89 GPa
Film stress (post-bake at 96) 16-19 MPa
Maximum stress (hard bake at 2UD) 34 MPa

Friction coefficient (post bake at 9&) 0.19

Glass temperaturd, (unexposed) ~50°C

Glass temperaturdy (fully cross-linked) >200°C
Degradation temperature (fully cross-linked) ~380°C
Thermal expansion coefficient (post-bake af@% 52 +5.1 ppm K"
Polymer shrinkage upon cross-linking 7.5%

Table 3. 9 : Comparison of characteristic dose vaks of SU-8 and PMMA resist

Resist PMMA SuU-8

Tone (exposure mechanism) Positive (Scission) Negatrosslinking)
Molecular formula GHgO, CsHogO16

Density [g/cm] 1.19 1.2

Damage/Top dose ¢[J/cnT] 20,000 >10,000

Development dose () [J/cnT] 3,500 20

Threshold dose (§ [J/cnf]under | 100 0.05

shadow

Removal Easy removal through wet etch Difficuthmeval, dry etching
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3.2.3 Fabrication of microstructure in PMMA
3.2.3.1 Sample preparation

PMMA substrates required in X-ray lithography prepared in different ways depending
upon their required thickness. Relatively thin lsyé< 25um) of PMMA are prepared by
multiple spin coating of a PMMA solution made frdmgh molecular weight PMMA mixed
in a solvent (Anisole/Chlorobenzene) and subsegbeking to remove the solvent [133] or
use of commercially available PMMA solution and aspolymer from Microchem Corp,
USA [134]. PMMA substrates of thickness upto 10® are prepared by polymerising
methylmethacrylate (MMA) on the surface of the drdies [135]. DXRL substrates are
prepared by bonding pre casted thicker sheet (Z8@00um) of high molecular weight to
metal or Si substrate by use of a solvent or PMM#Ading solution and desired thickness
can be obtained by using flywheel cut [136]. Insthhesis, the characterisation and
fabrication are carried on pre casted PMMA sheeiské CLAREX) of varying thickness
200-6000um. The PMMA sheet is pre baked at 75°8for an hour in oven and cooled to
room temperatures before exposures. This prebak®sere annealing of commercial

PMMA sheet reduces the swelling behaviour of PMMAidg and after exposure [137].

3.2.3.2 X-ray exposure of PMMA

The various exposure conditions for PMMA to obttia desired depth keeping the resist
integrity intact is described in section 3.2.1 (aaislo table 3.9). The X-ray exposures are
carried out at SDXRL beamline and at the diffelsmgrgy band.

Figure 3.16 illustrates the typical tuned energyflspectrum (after polyimide mask
membrane) between 2.5-9 keV at SDXRL beamline &orying out X-ray exposure in resist.
This figure shows the contribution of various beaslcomponents (source, entrance Be

window, two mirrors, exit Be window and thin polyithe based X-ray mask membrane).
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Figure 3. 16 : Typical X-ray energy-flux spectrum aailable for exposures at SDXRL

beamline.

The sensitivity of CLAREX PMMA sheet in our casefound to be 2.5-3.5 kJ/énfi.e.
~166 mA.min) on top surface. However, a bottom abst dose of at least 2.5 kJ/ftis
needed to develop PMMA cleanly. For example, at BDX¥eamline, a 50 x 50 nfsquare
sample with a PMMA thickness of 5Q0im (Dose 2,477 mA.min) would require a total
exposure time of at least ~115 min at scanner2 v@lverage stored current in Indus-2 is 100
mA. Table 3.10 gives the time required per cm fMMA sheet of various thicknesses at
2.5-6 keV, 2.5-9 keV, 2.5-24 keV energy spectracannerl and scanner2.

From table 3.10, it is concluded that the exposia®e required at scanner2 is higher than
at scannerl. It is mainly due to the higher phatensity available at scannerl. The role of
different energy spectrum for various PMMA exposueedistinctly observed. In case of low
energy spectrum (2.5-6 keV), X-ray has less petietrgpower and exposure time is very
high for thick resist layers. Also, the calculated dose is very high due to high soft X-rays
absorption at top surface. The through developroé&®00/1000um thick PMMA requires

much higher exposure dose which leads to top degena the threshold level which is
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impractical. Similarly in case of 2.5-9 keV, exposuof 1000-2000um requires high
exposure time. To keep the total top absorbed dekmv threshold value, Al filter of 18m
thickness is used. This ensures the top dose daexoeed the damage threshold. As energy
increases the exposure time is decreasing. Theteifors preferable to have high energy
beam to obtain ultra deep microstructures (500-300@Q However, the increase in energy
creates different complexities in terms of smalfestures and requirement of high thickness
of gold absorbing layer on X-ray mask. Table 3.0 provide the possible overall exposure
dose delivery by SDXRL beamline and it gives thed beye view why the beamline is

designed to provide various energy spectrum to/aart X-ray exposures.

Table 3. 10 : Time required for various PMMA sheetof various thickness in various

energy spectrum keeping bottom dose constantg3= 2500 kJ/cnf (at scannerl).

Serial | PMMA Exposure time [mA.min] for various energy spectrum
No | Thickness km] 55 gev | 2.5:9keV | 2.5-24keV | White beam
At Scannerl

1 100 2313 445 441 150

2 200 5061 701 605 214

3 500 29945 1784 1086 407

4 1000 7269570 |"@8563 | 1912 741

5 2000 7606571 | 723231 | "@4412 "@1713

At Scanner2

1 100 3238 579 555 202

2 200 7041 910 763 285

3 500 41228 2300 1377 532

4 1000 367470 | 710968 | 2439 954

5 2000 813890 | 729671 | 75690 @171

# Where the top dose is greater than 20 kJ/@nCalculated when 3@ Al filter is used to
reduced the top dose below 20 kJicm
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3.2.3.3 Development of PMMA

PMMA after exposure is developed in the suitalilganic developer. Few combinations
of organic constituents eg. MIBK, IPA and water arsed for development of exposed
PMMA. The GG developer name given after their irtees1 Ghica and Glashauer is the most
sensitive developer for PMMA HAR microstructuresadiated with X-rays. It is composed
of four solvents, Diethylglycolmonobutylether, Mbuigine, Ehanolamine and deionized
water [138]. The table 3.11 gives the compositioh&G developer and rinser solution. GG
developer allows developing of PMMA with moleculaeight having values 10k g/mol.
Mechanical agitation given by Megasonic instrumeuating the development increase the

rate of the development but is found less effediveleep recesses (HAR > 10).

Table 3. 11 : Composition of GG developer and GG miser solutions

Chemical name Developer Rinse
Di-ethyleneglycol monobutyl ether | 60% 80%
2-Ethanolamine 20% Not required
Morpholine 5% Not required
DI water 15% 20%

The development of HAR microstructure requiresardy the understanding of the X-ray
irradiation condition but also an understandingtlod reaction of developer solution with
irradiated samples. In general, the developmer®MMA in organic solvent such as GG
developer is complex and many aspects are not kndlewever, many studies directly
attributes the dissolution of PMMA to reduction nmolar mass in the exposed area. This
gives rise to a molar mass-dependant solubilityctvitan be described by applying the
model of Hildebrandts solubility parameter or Harsssolubility sphere [139]. Also each X-

ray lithography facility use different PMMA sheebrinulated with different processing

105



conditions. It is essential to establish relatiopsbetween X-ray exposure dose and
corresponding realised structural depths for aiqdar beamline setup/X-ray lithography
facility. It is therefore required to estimate ttedationship between the delivered dose and

obtained depth for test structures fabricated inVAvat SDXRL beamline

Dissolution of PMMA in GG developer

The dissolution of a polymer into a solvent invadwtwo transport processes: (i) solvent
diffusion (ii) chain disentanglement [140]. When-enosslinked polymer is in contact with a
thermodynamically compatible solvent, the solveiit aiffuse into the polymer. As a result
of plasticisation of the polymer by the solvenged-like swollen layer is formed along with
two separate interfaces, one between the glasgyneoland gel layer and the other between
the gel layer and the solvent. Stress in the ggtrlaelaxes by disentanglement of the
polymer chains. The released and now independelympo chains diffuse through the
developer away from the developing resist surf&@eh stage in the dissolution process is
accompanied by a large reduction in viscosity ef polymer solvent mixture as the solvent

fraction in the polymer increases.

Infiltration | Solid swollen| Gel layer Liquid layer | Pure solvent

layer layer

Figure 3. 17: Schematic representation of the composition of theurface layer during polymer/solvent

dissolution

The structure of the surface layers of glassy melg during dissolution from the pure
polymer to the pure solvent is given in the fig8r&7. A polymer contains free volume in the
form of number of channels and holes of molecularetisions. The first penetrating solvent
molecules fill these empty spaces and diffusioncgss starts. The dissolution process

containing all the above layers is called ‘normasdlution’ and PMMA showed normal

106



dissolution process beginning at the glass tramsitiemperature. By decreasing the
experimental temperature a steady decrease in éhdager thickness was observed and
finally no gel layer was visible at the gel tempera (temperature at which transition from
normal dissolution to cracking occurs) [140].

In a study by Parsonage et. al. [141] it was shdvat the dissolution is controlled by
chain disentanglementvhich is a function of polymer molecular weightirger molecular
weights results in higher levels of disentanglem@&usides the molecular weight of the
polymer, the dissolution process can also be afteby the chain chemistry, composition and
stereochemistry of the polymer as well as the tgp@enetrating solvent [142]. External
parameters such as agitation, temperature andtimadiexposure influences the dissolution
process. The ultrasonic agitation causes the sbhaetecules to penetrate inside PMMA into
greater depths and as such the velocity of digsolumcreases. When agitation is present, no
gel layer is formed because it is stripped off dipby the stirring process. The effect of
temperature on the dissolution of polymer is gi@n the polymer-solvent interaction
parameter. The Flory-Huggins solution theory uéés determine whether two polymers A
and B will be miscible by the equation:

1A=V ref (éa-&8))/RGT (3.7)
whereV, is an appropriately chosen reference volume, dfikan to be 100 cffmol, Rs is
gas constant. Liquids with smallare usually best solvent for a polymer and wittréase of
temperaturg decreases. This enhances the process of dissoagicompared to that taking
place at lower temperatures. Dissolution of a p@yim a solvent is governed by the free
energy of mixing governed by the equation:

AGu=2Hp - TASh (3.8)
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where 4Gy, is the Gibb’s free energy change on mixiall], is the enthalpy change on
mixing, T is the absolute temperature adlh, is the entropy change on mixing. A negative
value of the free energy change on mixing means$ ti@ mixing process will occur
spontaneously. Hence when the temperature is ipetea negative value of free energy will
indicate a spontaneous dissolution process.

Huggins coefficients have been estimated and keagd about the dissolution of PMMA
in tetrahydrofuran (THF), MIBK, methyl acetate H#een investigated [142]. But behaviour
of exposed PMMA in GG developer has more interedtleas been studied by Schmalz et. al.
[143]. It was shown that removal of the irradiatzaits of PMMA is not a pure physical
dissolving, but that there is a chemical reactioocpeding, the products of which are well
soluble in polar solvents. They investigated tHeatfof GG developer on various types of
PMMA samples with different tacticity, includingaatic, syndio-tactic and isotactic. GG-
developer is an alkaline liquid (pH 11.5-12) contiag two long-chain alcohols which not
only cause physical dissolution but also saporificeand other side reactions. The reactions
obey a two step mechanism. However, the primarjeopbilic attack of the carbonyl carbon
by an OH ion is hindered in PMMA at pH < 12.5 because & #teric shielding by the
neighbouring side chains. Only after some of thieldimg side chains have been split off,
may be due to X-ray irradiation, the reaction catetplace on the neighbouring side chains.
After the formation of the first carboxylic groups this way, the saponification can continue
in an intramolecular, autocatalytic process aldmg hain chain. The active centers which
facilitate the primary attack of Oltan be methacrylic acid units as they exist in PMM
MAA copolymers. These copolymers start the autdgiatareaction by themselves. Another
type of active centers are irregularities, deféstthe shield which is result of exposure to

high energy X-ray radiation causes the splittingG6OOCH group in PMMA. This explains

108



the fact that an irradiated PMMA where these dsfeae randomly distributed along the
polymer chain hydrolyzes much faster than unirrzdid® MMA.

Isotactic PMMA shows a series of advantage ovemndmyatactic PMMA. In an
unirradiated state it is much less sensitive agdives GG-developer and can tolerate longer
exposure to GG developer solution. Therefore, tighdr resist layer lithographically
patterned isotactic PMMA can be kept in GG for lengtime to obtain thicker
microstructures without dissolving the unexposed.pBhe intra molecular, autocatalytic
process requires intermediate unhydride ring gtrest which are more easily formed in
isotactic PMMA. This is the reason why the autolgdita saponification, after it has been
started, is faster in isotactic PMMA than in synthatic resulting faster development rate
[143].

Previous studies have been reported for estabéishnof relationship between the
exposure dose and developed depth in PMMA for fé@A_beamlines. These studies are
carried out by groups at IMT, Karlsruhe at 2.3 GEMSA Bonn source, KIT at 2.5 GeV
ANKA source, BESSY-Il at 1.7 GeV machine with 4 Bwelength shifter and Taiwan light
source. In such studies, the development of PMMA& developer at temperature (room,
high and reduced), and with mechanical agitationewwevestigated. Pantenburg et. al. have
shown that, at room temperature, crosslinked nadtéas a higher contrast and a higher
development dose compared to noncrosslinked mhatermle at 37 °C they observed no
significant difference in contrast and minimum ddsesuggests that at high temperature, the
GG developer has dissolubility of lower moleculagight PMMA. The developing rates at
21 °C are approximately ten times slower than at@Tor dose values at 3 kJ/&mvhich is
a typical dose value at the bottom of irradiatedMareas. Further, the difference in
developing rates becomes less for higher dose v4li#et, 145]. The mechanical agitation
using megasonic agitation increases the developmaatwithout producing any negative

109



effect on low feature PMMA structures [146, 147]heT dissolution rates using micro
structured PMMA and bare PMMA sheet, is given byybteet. al. [148]. It was pointed out
that dose deposition at the depth may vary, leatindifferent dissolution rate and thus
proposed to use bare PMMA sheet. It will be alwhg#ter to obtain the dissolution rates
inside the microstructures and higher resist thesknto estimate actual development rates of
the microstructures. Very small features of therostructures should be avoided to reduce
the error in estimation; preferred features are-3@0um. In summary, these studies shows
involvement of many parameters to account the dgwveént of PMMA including type of
PMMA used (crosslinked, non-crosslinked, Moleculaight), the developer temperature,
the developer type, synchrotron source used (dass mean photon energy), the time
between the exposure and the development, thetaspecof the microstructures, the dose
deposited.

Processing depths of resist (PMMA) as functioexgosure dose is investigated at two X-
ray energy spectral band. The first energy ran§e9xeV and second energy spectral band
of 2.5-24 keV are used. During exposures at bo#lttspl energy range, Indus-2 is under 2.5
GeV operation and average ring current is betwe®06 mA. Exposures of PMMA are
carried out using polyimide (50m) gold (15um) X-ray mask containing curved structures.
Figure 3.18 (a) shows the established relationbbkiveen the processing depth of PMMA
resist after 24 hours of development and variouaydoses given at SDXRL beamline.
Initially, a steep upward trend in development iatebserved and is due to faster dissolution
of PMMA at top surface, where maximum dose hasenbdeposited and dose scales with
depth. As the developing time increases, dissaiutade is low due to lower dose deposited

at higher depths.
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Figure 3. 18 : (a) Processing characteristics of SIRL beamline at various exposure
dose with constant development time, and (b) prossing depth at two exposure dose as

function of development time.

For a dose value of (1483 mA.min), the obtainegtlles 130 um for 24 hrs of
development which is close to estimated valuesO&f #n given in table 3.10 at scanner2.
The obtained depth shown in figure 3.18(a) is #mdurs. However, if the same sample is
kept for longer time in the developer solution, ttepth will be more than 200m. Two
different exposure doses in 2.5-9 keV spectral easng given to PMMA sheet. Samples are
separately developed upto 48 hours and measuréd de@ function of development time is
shown in figure 3.18 (b). Upto a depth of 10fh, the two curves follow identical path.
Owing to different exposure dose values, the deptiieved in both the cases are different

which is in accordance with the bottom dose vakiesdred at that depth.

3.2.3.3.1 Estimation of dissolution rate of PMMA inGG Developer
The dissolution studies for PMMA are carried ouS®XRL beamline to determine the

effect of exposure dose rate and exposure energgoldtion of PMMA microstructures is
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estimated by maintaining the developer in threéedkht conditions (different temperatures
and mechanical agitation).

The dissolution rate is a function of polymer noolar weight and is related to the initial
molecular weight of PMMA, the dose given and theirmahain scission yield. The
dissolution rateR(D) is estimated based on the similar studies cawoigdoy Meyer et. al.

[148]. The dissolution rate(D) is given by the following formula [149, 150]:
R(D) = Ry + (MW, )? (3.9)

Using equation (3.3).

Gsc XMWDOXD %
R(D) = C x (1 ' 100><1.6E'—19><NA><p>

MWp,

~ € x (it )" xpe  (3.10)

100X 1.6E—19XN 4Xp

Finally the above equation can be approximatednyikcal relation [151]:

R(D) = KD (3.11)

. G P . . . . . .
with K = ¢ X ( 5¢ ) and K is function of particular beamline configuration
100X1.6E—19XN 4Xp

and type of resistp is dependent on solvent, temperature and agitatigolvent, type of
resist.

The dissolution rate can be estimated by measuhi@gtched depth of PMMA once the
development is done, using suitable microscope/C8tjis probe as a function of time. The
calculation of the rate, using the experimentahddepthh versus dosel), is based on the
following equation [148]:

hi = [,' R(Dn(py) dt andD s ~ Dre " (3.12)
whereDr is absorbed dose at the top surface of PMWM#e distance measured from the top

surface to bottorf(t) is the distance from the surface at timégsing (3.11) and (3.12),

h= ﬁln(l + KD? upt) = aln(1 + bt) (3.13)
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wherea = (up)~t and b = KD{ ug

and dissolution ratg(t) = % = 11’; (3.14)

In order to estimate the value of dissolution raiging (3.13), the experimental data of
depth verses time for various dose profiles aedit The various values @ andb are
calculated from fitting done for respective absdrblese. These values are used to calculate
the variousR(t) values corresponding to dose profiles at spetifie. Finally, a curve of
dissolution and dose is obtained which is fitteshgi®quation (3.11) to obtain the valuekof
and¢e parameters.

PMMA sheets of dimensions 10 mm (width) x 10 mmn{th) of 1 mm and 2 mm
(thickness) are patterned at the same exposurevddses as given during X-ray exposure
studies and also higher exposure dose values. iBtencSS mask containing squares and
hexagonal patterns are used to replicate the pattar PMMA at same exposure dose 166-
833 at Scannerl and 385-4000 mA.min at Scannerasuum condition. Polyimide
membrane mask containing curvature profiles (asvaha figure 3.5(b)) are used to transfer
its pattern by providing exposure dose of 166-838mn. The care is taken that scattered
dose from resist mounting plate does not absotiotibm side of PMMA by introducing a
200 um PMMA sheet. The effect of mechanical agitationdefeloper solution on PMMA
developed is explored in case of one sample. Rsr titrasonic system operating at 25-30
kHz frequency is used. The measurements of prodedsgths are carried out using COM.
The minimum step resolution of this microscope isn7 with repeatability of 13 nm along
depth direction. The depth measurement are doee efich development time is done by
focusing the top/bottom surface in the eyepiecerandrding their position difference.

For simplicity and accuracy of measurements, 1) 200pm wide features are used to

determine the depth of the structures. Figure 8al%hows time dependant measured depth
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for respective exposure dose profiles. The measupeds are fitted using 3.13 to obtain the
values ofa andb from fitting. Dissolution rateR(t) for each exposure values is calculated
using 3.14. Calculated value Bft) for different exposure dose is shown in figurgd3(b) is
then used to derive the values Forandg. Similarly, the same depth and dissolution rates
are estimated for polyimide membrane based mask. ofitained depth-development time
curve and dissolution rate are shown in figure 3&0and (b) respectively. In order to
guantify the performance of beamline at scannetfiglaer exposure dose is given to PMMA
and keeping the top dose below the damaging dogereF3.21 shows the depths obtained in
PMMA for preset development time. In this case,dach exposure dose, the absorbed dose
profile is obtained using DoseSim and shown inrgg8.21 (b) with the measured value of
R(t). The values oK and ¢ for these three exposure conditions are estimdtbdrefore
equation 3.11 in dip development of PMMA resist &#DXRL beamline in the energy range
2.5-9 keV for different X-ray mask type and exp@sdose values is given in table 3.12.
These values are calculated for /s exposure tinte rext normalised for /cm exposure
scanning length.

Table 3. 12 : Estimated value ofK and ¢ in different exposure conditions.

Type of X-ray mask Equation 3.11 can be written as:
For SS mask, scannerl R(D) = 0.0001 + 0.000031D1-281+0.23
For polyimide mask, scannerl R(D) = 0.00013 + 0.00006D1-21+0-24

For SS mask and high exposure dase,R(D) = 0.0046 + 0.00074 D°->1%01

scanner2

The value oK matches with the reported results in the liteatitowever, the value of
is 20-30 % lower. This difference is may be due difterent PMMA sheet used in present
work and change in exposure dose. The moleculaghtvés 2000k mol/g and it is likely to

dissolve slower in comparison to 450k or 950k PMNMESist. Change in exposure dose
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profile may be due to source oscillation or beamloptics and it may also due to the

variation in dose deposition along the depth due 7d% variation in horizontal intensity.
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Figure 3. 19 : Depth (symbol) Vs the developmeninte for different exposure dose and solid
line shows fit for estimating the value ofa and b when SS mask is used, and (b) Dissolution rate

obtained from various a and b values for different exposure dose and fitted to dhin the value

of K and ¢.
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Figure 3. 20 : Depth (symbol) Vs the developmenine for different exposure dose and solid
line shows fit for estimating the value ofa and b when polyimide mask is used, and (b)

Dissolution rate obtained from variousa and b values for different exposure dose and fitted to

obtain the value ofK and ¢.
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Figure 3. 21 : (a) The development depth when higlexposure dose are used. (b)
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Figure 3. 22: Development of PMMA in three differen conditions.

NAanth fiam)

Figure 3.22 shows obtained depth of microstrusturethree development conditions,

room temperature, 37 and ultrasonic agitation condition for X-ray egpee value of 1036
mA.min in the same energy range.

almost three times higher compared to the room ¢eatpre development. This is understood

The obtainedhdépim ultrasonic development is

that mechanical agitated development quickly reraabe gel layer and thus allowing the

high rate of pure solvent availability into purelyroer layer to achieve higher depth. The

parameter is temperature dependant. At higher teatpes,x reduces and enhances the

miscibility of two solutions giving more depth coarp to room temperature.

116



Taking into account the understanding of the digsm rate of PMMA and the required
absorbed dose for obtaining high depth, HAR micuustre are developed. One such typical
structure is fabricated using stainless steel Xmesk in PMMA resist is shown in figure
3.23. The exposure is carried out in vacuunmi®(ffbar) using scanner2 and given exposure
dose is ~ 5500 mA.min and development time of 3®@@ The shown honeycomb patterns
are in HAR of 25. This hexagonal structure with mmam feature size 3dm may be used as
IR filter or if moulded in PDMS, can be used as nosieve for filtration of liquid flowing

from top to bottom.
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Figure 3. 23 : HAR microstructure of hexagonal patern with 30 um wall thickness and

1000um in deep fabricated in PMMA.

3.2.4. Fabrication of microstructures in SU-8

3.2.4.1 Sample preparation

SU-8 with various viscosities are spin coated aw&00 mm Si wafer for obtaining thickness

of 1-600um in single steps. Higher thickness (>1 mm) araioled through casting process.
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SU-8 is required to be prebaked on hot plate fbresth removal. Solvent removal during soft
baking is accompanied by volume shrinkage and nmechlestress. Accumulated stress in the
resist layer increases with increasing film thickmeA study highlights that major (upto 50
%) contribution to film internal stress is due toftsbaking and remaining come from
exposure, post exposure and development condifids®. Insufficient prebaking leads to
the non removal of solvent which results in (1)nfation of bubbles during post-exposure
baking, (2) collapse of features due to lower macd# stability at the bottom because of the
higher solvent content and (3) increased latefalsion rates of the acid generator molecules
outside of the masked areas during post exposukenxdpaand therefore lower contrast
between crosslinked and un-cross-linked areas [168]e resist is too hard, cross-linking in
the irradiated areas will be hindered. Therefodt baking time is optimised for each
particular thickness during fabrication. Table 3ill3strates the processing parameters for
various SU-8 variants optimised for fabricationtbAR microstructures. The shown values
are based on the SU-8 datasheet and our optimrsedgsed values. In a typical soft baking
cycle, SU-8 is soft baked for few minutes at°€5(above glass transition temperatlige=

55 °C) where organic molecules can freely migrate. dwstamping from 65C to 95°C is
done in order to reduce the internal stress ok#rifilms. The sudden changes in soft baking
temperature provide thermal shock to resist layat this may leads to cracks or rippled
structure on top layer. The soft baking temperatugher than 953C can be increased upto
120-130°C to reduce the soft baking time but less than 435to prevent SU-8 from
polymerisation due to activation of photoactive paund [154]. At the end of soft baking
cycle for each substrate, SU-8 coated substratenved from the hot plate only when
temperature is below 50 which ensures re-crystallisation of SU-8 filmwamd its Ty and

reduce its internal stress. SU-8 can also be ddata thickness greater than > 1 mm using
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multiple spin coating. However, multi coating istime consuming process and surface
flatness is a critical issue. The solvent contardubsequent coating layers may be different,
resulting in a complex and complicated lithographgcess. In the present case, multi-spin
coating is not carried out for formation of thiasrst layer. The thick layer of SU-8 is instead
obtained by introducing the fixed volume of SU-82ZI0 solution on the substrate and soft
baking is carried out. In order to obtain 600-700 thick layer, SU-8 25 is dispensed on the
substrate to an approximate diameter of 50 mm. Sdiation is spread on the wafer by
slowly tilting and rotating. The thickness of th&J-8 resist layer is dependent on the
diameter of the dispensed liquid on the surfaceaanat of+ 50 um is observed. Thickness
of 600-1000 um having smooth flat SU-8 layer is obtained usiings ttechnique in
comparison to casting process and also reducesamieah machining step for removing the
casting jig. Same method has been followed to nbththe higher thickness (>1mm) using

SU-8 2150.

Table 3. 13: SU-8 characteristic processing times(minutes) for different variants and

film thickness used in this thesis [55, 56].

SU-8 type | Viscosity| Thickness | Soft bake [min] Post-exposure Development

[cSt] [#m] bake[min] [min]
at65°C | at95°C | at65°C at 95°C

Spin coating technique

SU-8 2002| 7.5 2-5 1 2 1 1 1

SU-8 25 2500 15-100 3-5 5-30 1-5 2-20 3-6

SU-8 2100| 45000 100-400 5-7 20-240 | 1-5 10-30 10-40

SU-8 2150 45000 300-600 | 5-7 60-300 | 5-7 15-40 20-50

Constant volume technique

SU-825 | 2500 600-1000 | 90 720-900 | 10 50 45-50

SU-8 2100| 45000 1000-1500 | 120 1200 10 60 60-90
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3.2.4.2 Exposure at X-ray lithography beamline

The exposure dose criterion for SU-8 is discussddble 3.9. The sensitivity of SU-8 to

X-ray is dependent on the concentration of PAG ges its formulations. The Microchem

datasheet suggests that for 1% (5%) PAG concemtrigit SU-8 formulation, X-ray absorbed

dose of 20 (10) J/chis required. During each exposure at beamline isataken to keep the

temperature of SU-8 due to SR heat load belowldtssgiransition temperature otherwise the
flow of SU-8 is observed which distorts or collapslee microstructures. The exposed SU-8

area has different glass transition temperatureay<exposure time for SU-8 samples at

SDXRL beamline is reasonably smaller in comparisorPMMA. Table 3.14 gives the

various exposure times for absorbed dose gf20 J/crmi and required mask contrast. The
X-ray lithography experiments are carried and o for X-ray energy range 2.5-9 keV
considering the designing of X-ray mask, dose umstiaxdow region, pre and post exposure
bake and development. Thicker SU-8 resist layer ldgher photon energies require very
high mask contrast leading to complexities in fedtion of higher absorber thickness with

high quality X-ray mask.

Table 3. 14 : Exposure parameters for SU-8 at SDXRbeamline

Serial no Thickness of| Mask Absorbe| Dose under| Dose top| Mask Exposure
substrate thickness jpm] | mask [J/cm?] contrast time /cm scan
[m] [J/lem?] length [min]

1 200 9.7 0.050 415 830 12

2 500 11.4 0.049 90.5 1846 26

3 1000 13.5 0.052 237.8 4756 67

4 2000 17.0 0.053 1010.8 19056 285
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3.2.4.3 Development of microstructure

Before development, post exposure bake (PEB)dsssary to complete polymerisation of
SU-8. PEB is equally important steps like soft baRaring this process, additional thermal
energy is supplied to resist layer to amplify thenaentration of acid to complete the
crosslinking reaction quickly. In this thesis, PEBnperature is used above 85, which is
again higher thaify of unexposed SU-8 layer. The optimised PEB timgiven table 3.13.
PEB will re-softened the unexposed resist at > € and the stress formed at
exposed/unexposed interface layer of SU-8 will bleased. The SU-8 substrate is again
allowed to reach to the temperature below°B0before its removal from hotplate. Faster
cooling creates stress at exposed/unexposed iceeviaich may leads to the cracks of fine
features. Cross-linked SU-8 is highly resistant doemical attack, sustain at higher
temperature and it also used as a structural maferimany device applications.

Finally, SU-8 is developed in propylene glycol mether acetate (PGMEA) (Microchem
Corporation, USA). Figure 3.24 shows the first X-dghography structure fabricated at
SDXRL beamline on early dawn of February 19, 2@ilwafer (p 50 mm diameter) coated
with SU-8 2100 is used to form the lithographiasture at air based scanner. A micropillar

of 200um diameter with depth of 14@m is shown.
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Figure 3. 24 : Micro-pillars fabricated in SU-8, 2@ pum in diameter, 170um deep and
300 um pitch. The bubbles observed on the substrate amue incomplete washing and

drying of substrate.

3.2.5. A few studies on the micro fabricated structres

In this section, few analyses of structural aacigs of fabricated microstructure are
presented. The microstructures produced in tweaeudfit X-ray energies are compared as

well as their dimensions in the exposed side ac#t bale are measured.

Figure 3. 25 : Photograph of 6mm thick PMMA sheet Isowing the developed

Honeycomb structure using DXRL process.
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3.2.5.1 HAR fabricated at SDXRL beamline

The smallest dimension that can be obtained e cdisPMMA depends on the X-ray
energy spectrum, dose profile and molecular wexglthe PMMA. The smallest feature and
also the taperdness in the structure is also depermh the quality of the collimation of the
X-ray beam from synchrotron after conditioning ging mirror. The smallest dimension
produced with Indus-2 X-ray lithography system osvd to 5um. The MFSs are limited by
the availability of technology for producing submaic features X-ray mask.he maximum
depth of ~ 320@um is achieved in 6 mm thick PMMA resist layer. Rigsaph of 6 mm thick
PMMA substrate with hexagonal structures is shomwtigure 3.25 and corresponding top
view of microstructure obtained from SEM is shovarlier in figure 3.23. The MFS of 30
pm and HAR ~ 100 are obtained.

Similarly, the SU-8 resist layer of 12Q@n is prepared using constant volume technique
over OmniCoat layer on Si wafer. A microgear pattes formed on SU-8 layer using
sacrificial process in SU-8 is shown in figure 3.E6this case a variation at the teeth profiles
is due to error/distortion in UV mask which is udedproduce X-ray mask. The measured
dimensions are in concurrence with the dimensidn&may mask.

The effect of horizontal and vertical divergencéhvone to one dimension correlation of
UV mask, X-ray mask and actual produced structsirearried out and is discussed in next

Chapter, section 4.4.2.
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Figure 3. 26 : SU-8 microgears with involute profié.

3.2.5.3 Effect of horizontal intensity uniformity

Though the horizontal intensity uniformity is withacceptable limit, the dose deposition
inside resist along depth would be non uniform. réfage it is not straight forward to
estimate the depth according to horizontal unifantensity. PMMA 2 mm thick sheet is
used to copy the X-ray mask patterns (#@500um features) using X-ray lithography 2.5-9
keV X-ray spectral range. The lateral size of theet is 80 mm x 30 mm. After each
development step, the depth of the microstructgremeasured using COM. Total 14
measurement points on resist, each separated ah Slistance along the width of beam
(70mm) at scannerl, are used to measure the d€pdre are five points at which the
measurements are not performed; two of them anmereet ends where the beam intensity
falls rapidly and three points at the middle whegemicrostructure patterns are available
from X-ray mask. No systematic influence of the tdiea sizes or geometry of the
microstructure on the development is observed. rEigi27 shows the depth measurement
carried out for resist exposed for 2167 mA.minha energy range 2.5-9 keV. The solid line
shows the average depth along horizontal line efrésist and each symbol represents the

measurement carried out at points mentioned eaiflliee values given near the right hand
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axis are for development time. For a measured geedepth upto 82@m and total
development time of 660 minutes, variation in deptiithin £ 5% from average value. As
development time increases (24-48 hrs), the medsiepth values on right side of figure
matches well with average depth values as the vatltiecesses is 800m wider. Left side
measured depth values shows larger differencgn?8ss than the calculated average value
1104 um. This difference in the measurement correspoadant error of 6.6 % which is
below the measured intensity uncertainityzof7 % in horizontal line. For 2880 minutes
development measurement, the clean focused botimface could not be detected in left
side structures (see figure 3.27) and this mayueetd non-reflection of light from higher

depths.
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Figure 3. 27: Measured depth profile along 80 mm wlie PMMA sheet.

3.2.5.5 Surface roughness measurements, SU-8 and M.

X-ray lithography provides the vertical sidewallighness in the range of 10-20 nm. The

surface roughness is a quality factor for micragdtite produced using X-ray lithography,
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particular useful for the devices used in optiche Tsurface roughness measurements of
sidewall of produced structures are carried onablet microstructures detached from
PMMA/SU-8 resist layer. The structure is fixed dwe tCOM stage using clay, such that the
vertical sidewall of microstructure faces up undecroscope. The COM is calibrated using
polished Si wafer (roughness 0.5-0.7 nm). The $asnare aligned normal to microscope
optics and area used for surface roughness measatens 474um x 356 um with 20X
magnification objective. The measured sidewall rmegps results of PMMA and SU-8
microstructures are given in table 3.15. Both thmgles show average roughness in the
range reported in the literature. If any deviatiomshe X-ray mask are easily replicated in
higher sensitive SU-8 material. The surface heigdriation is found to be 32 nm. The
average roughness of this sample is 4.9 nm witlk peaalley roughness value is 32 nm.

PMMA has shown comparatively better value.

Table 3. 15 : Roughness measurement of vertical siall in PMMA and SU-8

Top Surface Sidewall Roughness
Materials Si wafer PMMA SU-8
Average roughness [nm] 0.55 1.6 4.9
Roughness, peak to valley [nm] | 4 12.6 32

3.2.5.7 Fabrication of 3-D structures

At SDXRL beamline, variation in X-ray exposure dasepossible by either using grey
scale mask or independent movement of varying lerofi mask and a resist. The grey scale
mask is not yet fabricated at SDXRL facility. In@eplent motion of resist and mask are
possible using the home made linear and rotaryestag air based scannerl. Resist or mask
can be displaced with respect to each other byikgapasonable gap (10-30 mm) between

them. In this, two exposures on front and back sisiag tilted line mask is carried out. In
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second exposure, the mask is translated by pitaytheof coil and resist is rotated by 280
The fabricated microcoil structure in PMMA coatedep cylindrical substrate is shown in
figure 3.28. Due to poorer resolution and back lestor in the stages, two step exposed
structure did not match well and error is seemegroduced structure.

One more type of 3-D structure is fabricated whete exposures are carried out with and
without X-ray mask. In a typical exposure conditidhray mask with 10@um diameter holes
is used for first exposure in PMMA. The exposurealof 1333 mA.min is given. In second
exposure, mask is removed and PMMA sheet is onbppsad to X-ray beam with delivered
exposure dose of 666 mA.min. A curved neck strecisigenerated with topmost diameter of
~150 um and bottom diameter ~1@0n. The developed curved neck holes in PMMA are
shown in figure 3.29. X-ray exposure of same hateedision is given to PMMA at 45ilt
and both resist and mask is rotated gt @, 187, 27C. In this way of exposure, an
interwoven crossed microcavity structures are tabed in PMMA which can be used for

photonic crystal.
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Figure 3. 28: SEM micrograph of fabricated microcd on cylindrical substrate.
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Figure 3. 29 : Curved neck tapered structures fabgated in PMMA. The diameter of

top circular hole is 150um and bottom circular hole is 100um.

In conclusion, a technology for the fabricationteb membranes (SU-8 and Polyimide)
based X-ray masks has been achieved. The X-ray imas&d on Cu metal foil was also
developed. In order to qualify the developed X-ithyography facility, a few test structures
in PMMA and SU-8 were patterned. In series of expents carried out where different
thickness of resist are used. also In this casppsKe time, processing conditions are
optimized for obtaining a depth ~320é1 in PMMA and 120Qum in SU-8. The effect of X-
ray exposure dose on PMMA is evaluated using FR&man, optical microscope and XRD
measurements. The analysis on structural accurapgoduced microstructure is carried out
and the results compare well with theoretical estad results and are also comparable with

DXRL results available in the literature.
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Chapter 4

Design and development of X-ray refractive lens and
Its characterisation

Almost two decades back, refractive optics fouiing X-ray was considered impractical,
as in this region refractive index is slightly lekan unity and absorption is high [155]. With
the surge in microfabrication technologies, thespmbty of developing X-ray refractive
lenses became viable. The first design concepghfofabrication of X-ray refractive lens was
proposed by Tomie [156]; pointing out the advansagé such optics compared with
reflecting and diffracting X-ray optics. To compatesfor weak refraction, many lenses were
stacked together. The first refractive lenses tmuging hard X-rays were fabricated and
tested by Snigirev et al [157]. A series of cyliedf holes drilled by them in Aluminum with
radius of curvature of 300m, focused 14 keV X-rays to @n focal spot. The focal spot
depends on source size, demagnification and almrsatCylindrical surface has spherical
aberrations leading to the blur in the focus spbie spherical aberrations can be removed
using parabolic profiles and focal spot below 106 m@re achievable [158]. The
developmental efforts towards refractive X-ray lems focused towards smallest focal spot
and operation at high energy with greater collecgfficiency. X-ray refractive optics has

been used for full field imaging [159], scanningammg [160], SR beam collimation [161],

129



momentum resolved spectroscopy [162], reflectiyit§3], diagnostics [164], XFEL pulse
focusing [165] etc.

At Indus-2, X-ray beamlines are operational foray-diffraction, EXAFS, fluorescence
and protein crystallography in 5-25 keV energy mngsing SDXRL beamline, the
development of HAR X-ray refractive lens is inigdtwith an aim to deploy these X-ray
lenses on synchrotron beamlines. Such developnvesits also initiated at ALS, ANKA,
PLS SR sources. Presently, only ANKA has an agiregram for X-ray lenses development
using XRL. The capabilities of SDXRL beamline angtimization studies carried out for
microfabrication of HAR microstructures has playadpivotal role for developing the
technology reported in this chapter. The presenkvsaimed towards the development of
planar parabolic refractive lenses. The performamdeghese lenses are evaluated at Indus-2
(moderate emittance) and DLS (low emittance). Tasigh, fabrication and microfocusing

characterization results of X-ray lenses are pteskein this chapter.

4.1 Choice of lens materials

All materials in the X-ray region have very smadfractive index decrement and strong
absorption. The refractive index decreméitescribes the strength of refraction with respect
to vacuum. The imaginary paftis related to the absorption of X-rays in the medi Owing
to small refraction effects in the medium at X-v@gvelengths, the converging power of the

lens is very smallg / g is the figure of merit, that can be used as &moh to choose the

lens material for a given photon energy. Higherridie, higher the numerical aperture and

better will be the resolution. Figure 4.1 shows s for various materials of interest for

refractive lens.
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Figure 4. 1 : Figure of merit 5 / g for various X-ray lens materials.

Lithium has best figure of merit. However, duedifiiculty in handling, it is not suitable
choice. Be is an interesting material but is hdaas due to toxicity of beryllium oxide. Be is
used to make X-ray lens by mechanical punchingge®cRadius of curvature less than 50
pm is difficult to produce by punching method. Thexnsuitable element is Carbon and its
diamond form is presently being explored for thbriization of CRL. The carbon based
polymers are available as X-ray sensitive resiMMA and SU-8. The densities of these
materials are 1.19 and 1.2 gftnespectively and provide reasonable good refragtivwer
through lens surface. DXRL can produce X-ray lengiéis high profile accuracy, HAR and
low sidewall roughness in PMMA and SU-8. PMMA misticture produced from DXRL
has excellent side wall roughness (10 nm) but loas fdadiation resistance. SU-8 has
comparable transmission and higher radiation stabil2 MJ/cn? [166]. X-ray lenses made
from PMMA are useful for microfocusing low intensinonochromatic X-rays. SU-8 can be

used at high intensity and high energy in thirdegation SR source. Si has one order higher
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absorption and therefore perform less efficienitlpwever, the microfabrication technology
of Si is well established in micro electronics istly and used for X-ray fabrication.

In most of these materials, X-ray absorption isngrily due to photoelectric absorption.
Therefore lowZ materials are always preferred. At higher enel@gmpton scattering
dominates and small angle scattering causes theirblthe focal spot [167]. In photon
energies 12-20 keV, materials like PMMA and SU-8 good choice. Table 4.1 gives the
summary of X-ray refractive lenses fabricated inoauss materials and their performances.

The most popular X-ray lenses are Be lenses whase been used at many SR sources
for focusing and collimation. SU-8 X-ray lenses aoev being used at few SR sources. The
focused spot is dependent on the radius of cumatsource size and the source
demagnification. If the lenses can be fabricateth wiigher accuracies and profile then

ideally diffraction limited focused size is achi&la

4.2 Design of parabolic refractive X-ray lenses

In visible light optics, a focusing lens needs anwex profile because the index of
refraction is larger than unityduarrz = 1.5). As discussed in Chapter 1, the real pathe
refractive index (19 for X-rays is slightly less than unity. Thus, fsing X-ray lens requires
a concave shape. X-ray lenses can be fabricatedylindrical, spherical, elliptical and
parabolic profiles. X-ray lenses with spherical aytindrical shape show strong spherical
aberrations [168]. X-ray lenses are fabricated lncping, drilling and lithographic

techniques. A trail of cylindrically parabolic stejs fabricated by lithography techniques
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Table 4. 1 : Overview of refractive X-ray lenses desloped worldwide using different techniques.

Lens Energy Methods of Focussed spot size Profile /radius Group/
Material range fabrication [um] of curvature Developer
[keV] [um]
8 @f=1.8m, 10 Snigirev 1996
Al 5-40 Drilling @ o m Cylindricall 300 ”'9['{?;]
. .| 2-D:0.55x5.4 @ . Lengeler
Al 19.5-25 | Mech I h Parabolic/200
echanical punching _ 0.57m, 19.5 keV arabolic 2001[169]
2-30, _ | 114 @f=0.49m, _ Schroer 2002
Be Ubto 120 Mechanical punching 12 keV Parabolic/ 200 | [170], Lengele
p 2004 [171]
. 12.4- 3.2@f=1m, . Noéhammer
D d -b d DRIE Parabol
amon 175 | ePeaman 17.5 keV arabolic 2003 [172]
. . . Alianelli 2010
Diamond 5-20 DRIE and deposition 1.6f@ 0.56 m, Parabolic/ 50-60 |ar[11e7|3]
Laser evaporation .
Gl l4@f=2.8 . Art 2005
C::ZZ{] 12.2-25 and copper vapor ?5 KeV m. Parabolic/ 5-200 ' er[qu]
laser
. . .| 2-D:17x33 @ = . Pereira 2004
Li 10.87 Mechanical punching 213m Parabolic/ 263 [175]
. . 5@f=3.1m, . Andrejczuk
Ni 174 Punching 174keV Parabolic/ 100 2014 [176]
1-D: 6 @f =4.6 m,
100- 212 keV, 2-D: 7 Nazmov 2005
Ni X-ray LIGA ' Parabolic/20
' 1000 ray x12 @f=2.3 m, arabolic [177]
212 keV
. Mancini 2002
PMMA 8-16 | X-ray lithography 16 @ 11.5 keV ParablR00 a'}i';;]
. 0.7 @ ,f=0.75m, . Zhang 2001
PMMA 10 X-ray lith h Parabolic/ 4
ray lithography 10 keV arabolic [179]
. . Dhamgaye
PMMA 10 X-ray lith h 2@=1 Parabolic/ 200
ray lithography @ m arabolic 2014 [180]
06 @ f=0.75 Zh 2001
PTFE 10 X-ray lithography ?0,kev ' Parabolic/ 4 ?:? 9
Si 825 photolithography and 1.8 @f=0.8 m Parabolic with Aristov 2000
DRIE 15.6 keV. low absorption [181]
2-D: 0.047 x 0.055
. Parabolic/ 2.0 Sch 2005
Si NFL 21 e-beam and DRIE| @f=0.011mand| o o 2'26 ang >¢ [Tsezr]
0.019 m. '
. 21 @f=0.57m Parabolic/ 320 | Nazmov 2004
SuU-8 17.45 X-ray lithography 17.45 keV and 350 [183]
. . N 2011
SU-8 5-40 X-ray lithography 2-D: 0.3x0.7 Parat/@-20 az[n;gzl
. 0.8 @f =0.3 m, Parabolic/ 25, 50 This work
SuU-8 8-100 X-ray lith h
ray thography 14.9 keV and 100. | 2014 and [185]
. Parabolic/ 25, 50 This work
SUEX 8-20 X-ray lithography 4-8 @=0.3m and 100 2014
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and they focus the beam only in one dimension.réate a point focus, a cross geometry of
two planar lenses are required. Concave X-ray fgofile (in 2-D and 3-D) with relevant
terminology of cylindrically parabolic X-ray lensgfile (y* = + 2R x) is shown in figure 4.2.
X-rays are incident from left side and transmitiie®ugh lens to the right side. Along the bi-
concave edges, incident X-rays undergoes refraainohconverge at a focal plane due to the

variation of refractive index between material aird

(@) (b)

1= (RSfR + d)

Figure 4. 2: Single parabolic lens consisting of lioncave lens (a) 2-D view (b) 3-D view,
where R is the radius of curvature at the apex and R, defines the geometrical aperture.
The thickness of the lens at the apex @ and total length of the single lens is given by

(Re/R + d) and lithographically developed deptht.

4.2.1 Focal length

When length of lens is very small compared to féeagth, thin lens approximation can

be used, where focal length of single cylindricayynmetrical parabolic lens is given by:

R
f = — 4.1
>3 (4.1)
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whereR is radius of curvature of lens at the apex. FoM@\at 10 keV,0= 2.5 x 1¢° andR

= 500um, the focal length for a single lens will be ~180The radius of curvature has to be
as small as possible to reduce the focal lengthchwiis limited by the manufacturing
technology. Focal length can be reduced by inangahie number of individual lenseN)(

with focal length f, = % and such lens combination is referred as compoeindctive lens

(CRL). With number of lensedNjf, the focusing power of the lens increases du@No
refraction by biconcave surface. However, this eases total lengthL) of CRL and

decreases the transmission due to absorption iketisenaterial.

4.2.2 Transmission

The transmission can be derived by integrating lhemrBeer's law about the shape of the

lens. The transmissiom , for cylindrically symmetric parabolic shape is givby [186,

187]:
To- exp(- ,uNd)[l— exp(— 2ap)] 4.2)
crl Zap
INR NO°Rk°o” o _
wherea, = + accounts the attenuation inside the lens (firsh}end effect

2R R?
of rms roughnessoj of the lensk is the wave number of the incident radiation. $heond
term of a, can be neglected as roughness produced from D>XRmuch smaller than

attenuation length.

4.2.3 Effective aperture

The effective aperture of the lens is less thangbometrical aperture of the lens due to

absorption of the incident beam in thickness of leraterial through which rays are passing
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and increases rapidly due to the parabola’s radfiwgirvature. The effective aperture for a
refractive lens is

a

l-e™

&,

Aq =2R, (4.3)

Again surface roughness can be ignored here anshiafler value o#y, effective aperture

can be written as:

. [2r
As _2\/y:N (4.4)

Effective aperture is related with the numericaragre (NA) of the lens. Larger the effective

aperture, larger the NA and better is the resolyager of the Ier{sNA = ﬁ} whereq is

2q

the distance between the image and lens.

4.2.4 Spot size

The microfocus beam sizes in lateral and transven®ction is an important property to
define the performance of the microfabricated I&it®e geometrical spot size is determined

by the geometry of the lens setup and is given by:

- source

F zby = &Ssxoﬁlrce = I‘ndemSXYy (45)
op

where ). is the size of the source in lateral and trangvelisection,p is the distance

between the source and lemg,s the distance between the lens and imaggs is the
demagnification factor. However, focus spot sizeelated to beam size due to geometrical

setup and broadening by diffraction at the aperflinerefore total lateral spot size is
_ [e2 2
|:total - I:diﬁ‘ + I:geo (4-6)
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and diffraction limited spot size is given by

A
F_. =075—"— 4.7
diff NA ( )

which corresponds to FWHM of airy disc due tomiétion at the lens aperture.

4.2.5 Gain

Another important property which defines the perfance of the X-ray lenses is gain. It
depends on the beam size at focus, aperture detisecontributing to the focus size and
transmission of the lens.

For a cylindrically symmetric parabolic CRL, themges

F f

total

4.3 Design of X-ray lenses

X-ray lenses are designed by considering the reougnt of hard X-ray (8-20 keV)
focusing experiments at Indus-2. The design speatitins of the X-ray lenses are worked out
for cylindrically symmetric parabolic shape lens@bree different radii of curvatures are
selected for design and development of lenses antk gelevant parameters are given in
table 4.2. The X-ray lenses with different radifiswurvature are assigned as series hame like,
R = 100pm is called here as Series A, Series BRar 50 um and Series C fdR = 25um.

The design of the lenses on a single chip (100 nameter Si wafer) ensures the constant
focal length for desired energy range. Series ACBenses are available on same chip and
any trail of lenses can be brought in X-ray beantrlyersing a distance ~45 mm in lateral or
transverse direction depending upon the focusirmmgery. Therefore, a designed lens chip

provides versatility by microfocusing at differexitray energy range and different focal
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lengths. X-ray mask is engineered in such a waly1@ mm diameter Si wafer will have at

least two sets of X-ray lenses pertaining to Sekield and C.

Table 4. 2: List of few lens parameters chosen fatesign and development in this thesis.

R[um] 2Rg [um] d [um] Designed energy Total lenses N)
range [keV]
Series A 100 400 15-20 8-20 14-90
Series B 50 300 15-20 8-20 24-150
Series C 25 250 15-20 8-20 12-75

Table 4. 3: Various parameters calculated for sereB lenses (01-13J,= 300mm, Source

to lens distance |§) = 23 m, Indus-2 vertical source size 0.2 mm andgtémated focus spot

of 2.6 um.

Lens No of Energy Transmission | Gain Effective Aperture
nomenclature | lenses [keV] [%0] [um]
#*B01 24 8.6 27.3 12 164
#B02 30 9.7 30.4 14 182
#B03 37 10.7 33.2 15 199
#B04 45 11.8 35.5 16 213
#B05 54 13.0 37.4 17 224
#B06 63 14.0 38.85 18 230
#B0O7 74 15.1 39.9 19 239
#B08 84 16. 40.6 19 243
#B09 96 17.3 41.1 19.6 246
#B10 108 18.3 41.2 19.9 247
#B11 122 194 41.31 20 247
#B12 135 204 41.3 20 247
#B13 150 21.5 41 20 245

* # indicates the number of chip
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The performance of X-ray refractive lens depends$igure of merit of lens material, lens
configuration and fabrication accuracies. Lookingoi X-ray sensitivity and route of
fabrication, the choice of lens materials are PMBi#fd SU-8. These materials provide high
throughput in comparison to the structure fabridatising other techniques on 100 mm
diameter wafer and etched developed depth profilg00-1000um. A new resist material
which has similar properties like SU-8 is also ¢desed as a choice of lens material. To the
best of our knowledge, this material has not bessad dor fabrication of X-ray LIGA lenses.
The details of the material are described in secéo4.3. Table 4.3 provides typical

calculated values for Series B SU-8 X-ray lensesheé designed energy range 8-20 keV.

4.4 Fabrication of X-ray lenses

X-ray lenses in three different materials are itaied using SDXRL beamline. X-ray
mask for fabrication of PMMA and SU-8 X-ray lensa® developed with polyimide as a
membrane and gold of thickness ranging 1Qtfibas a absorbing layer. Figure 4.3 shows the
developed X-ray masks for SU-8 X-ray lenses. TheayXimask shown in figure 3.5(b) is
used for PMMA X-ray lens fabrication. These prodliéeray masks have enough thickness

of Au to provide dose contrast for PMMA and SU-8.

Figure 4. 3: Developed X-ray masks for SU-8 X-rayefractive lenses
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4.4.1 Fabrication of PMMA lenses

X-ray lenses are first fabricated in PMMA to ekl the X-ray lithography process for
lens fabrication. The knowledge gain from the pssoegy of CLAREX PMMA sheet,
including exposure dose, development time has hegoful here to obtain parabolic lens
profile in 500-800um thick resist layer. X-ray exposures are carrietio 2.5-9 keV energy
range. Number of lenséé = 1, 2, 5, 10, 20 and 50 are produced in PMMA wétius of
curvatureR = 200 um, geometrical apertureRg = 400um and focal length of ~1 m. The
thicknessd of the lenses at apex is 20n. Figure 4.4 shows the SEM micrograph of
produced PMMA X-ray lenses with parabolic profilhe microfocusing characterisation of

PMMA lens is discussed in section 4.6.1.

A Det WD BExp 200 pm
2.00kv 40 121x SE 38741 ISUD.RRCAT. Indore
i | il G ST e

Figure 4. 4 : SEM micrograph of PMMA X-ray lenses &bricated at SDXRL beamline

4.4.2 Fabrication of SU-8 lenses

The designed X-ray mask is used for fabricationStf-8 X-ray lenses included three
series A, B, C of lenses. The chip contains totdl080 parabolic X-ray lenses. Processing
parameters of SU-8 resist on Si wafer is discugsé&thapter 3. The total processing time of

these lenses are 8-9 hours for 50f thick resist layer (preparing substrate : 5 hours
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exposure: 15 minutes (45 minutes for evacuationting scanner2), and PEB/development :
2 hours) which shows sufficiently high throughpat bbtaining X-ray lenses. The actual
fabricated X-ray lenses on 100 mm Si wafer is shawfigure 4.5(a). Enlarged view of X-
ray lenses by SEM micrograph is shown in figurg).5Minimum feature size of 15-1¥m

(d) with developed depth of 300-12(én is obtained on different chips.

Figure 4. 5 : Fabricated SU-8 X-ray lenses (a) acal photograph of 100 mm wafer (b)

SEM of series A X-ray lens.

A study is carried out for correlating the variadimmensions of X-ray lens profiles during

each stage of fabrication from design, X-ray madkitation to actual structure in SU-8.

Analysis of radius of curvature and depth of lenses

Curvature and depth of fabricated SU-8 X-ray lerm® measured using COM. There are
two critical points at which X-ray lenses are e or crosschecked during manufacturing.
First is the steep sidewalls including depth arabsd is the error in the parabolic profile.

The 3-D image obtained from COM of X-ray leng&s 100pum and 25um is shown in
figure 4.6 (a, b). The depth of the structure ¥70+ 5 um for both the lenses. The variation
of microstructure dimensions during each stagesfabfication is compared with the

dimensions of UV mask, X-ray mask and actual Sw&cture. The comparison of measured
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(b)

Figure 4. 6 : 3D surface profilometry of X-ray lengs with radius of curvature (a) 100

pm and (b) 25um

Figure 4. 7: Comparison of measuredl value for X-ray lens in (a) UV mask (b) X-ray

mask (c) SU-8 X-ray lens.

microstructures dimensions in case of (a) UV mdskX-ray mask and (c) actual SU-8
structure are shown in figure 4.7 and obtain vahresgiven in table 4.4. An error of 1gPh

in all dimensions are observed for UV mask tramafiifon to X-ray masks. This error is due
to the divergence of the UV lamp. In order to proglthe actuadl value of the X-ray lenses

of 20 um, a positive biasing value of 1j8m is required in the lateral dimensions. In
transforming structures from the polyimide-Au maskSU-8, the dimensions matches well.
However, in some case, the deviations in the miarosire are observed within 0.1 %. It is

difficult to measure the vertical sidewall steeetmore than 85using the existing COM.
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In order to estimate the steepness in the sidewally sets of SU-8 X-ray lenses are
fabricated which can be removed from wafers. SURR.€are fabricated over a thin layer of
OmniCoat which acts as sacrificial layer to remdke single strand containing multiple
lenses. Using front and back 2-D profile of the edems, parameters suchch2R, andL are

measured.

Table 4. 4: Comparison of microstructure dimensionf X-ray lenses profiles between
(1) UV mask, (2) X-ray mask and (3) actual fabricatd X-ray lens (for nomenclature of

variables, please see figure 4.2)

R[pm] 2Ro [pm] d [pm] L [um] Depth t [um]

UV Mask 100 300 19.9 465 -

X-ray mask 100 301.0 17.1 468 12
SU-8 ong 100 mm wafer| 100 300.6 17.1 469 480
UV Mask 50 300 19.9 539 -

X-ray mask 50 301.0 17.1 540.1 12
SU-8 on¢ 100 mm wafer| 50 302.1 17.3 541.9 485
UV Mask 25 250 19.9 650 -

X-ray mask 25 250.3 17.1 649.6 12
SU-8 on¢ 100 mm wafer| 25 251.2 17.2 651.5 483

If the vertical sidewall has tapering of aboutSLrad for 500um thick SU-8 resist
layer, then the error introduced is ~ 8t from front to back side of x-ray lens. However,
the estimated vertical and horizontal divergenderetl by beamline at Scanner2 in 2.5-9
keV energy range is 1 mrad which leads to an ef@.5 um in feature size. The observed
dimensions are in similar range and indicated lotetd.5. These measured values in the front

and back side of X-ray lenses matches well. Thi® aonfirms the performance of the
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beamline (in terms of runout error) in the requiredergy range for obtaining better

microstructure fidelity.

Table 4. 5 : Measured profile of SU-8 X-ray lenseffom front and back side which

correlates with divergence of X-ray beam.

2Ro [pm] dpm] | L [pm]
Front side, Lens 1, R = 38n 250.3 17.2 649.5
Back side, Lens 1, R = 2b6n 252.2 17.5 650.9
Front side, Lens 1, R = §0n 300.2 17.1 535
Back side, Lens 1, R = 50n 302.1 17.4 536.9
Front side, Lens 2, R = §0n 300.4 17.2 535.6
Back side, Lens 2, R = §0n 302.5 17.4 537.1

The fidelity in parabolic profile is determineding the following method. The measured
2-D shape of X-ray lens obtained from microscopeshswn in figure 4.8 with a fitted
parabolic profile. This picture is prepared in CADftware and the profile of parabolR (
=100 um, 2Ry, = 400 um) is scaled to the size of image. The scalingxdfL80) designed
parabola matches with the 2-D picture parabolailprddeviation between the measured and
final shape of the lens is observed within grh. The fitted radius of curvature at apex is
found to be 10Qum. The fitted profile of By = 452 mm is obtained from CAD software,
when scaled down by 1130, it gives value Bf 2 400um which matches with the design

value.

4.4.3 Fabrication of SUEX lenses

A new material, negative tone, called SUEX is uk®ddevelopment of X-ray lenses in
this thesis. SUEX epoxy thick dry film sheets (T®Flaminates is developed by DJ

DevCorp, USA. SUEX contains a cationically cureddified epoxy formulations utilizing
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an antimony free PAG. A highly controlled solveesd process provides uniform coatings of
resist layer thickness from 100-10Qth and more. SUEX TDFS are sensitive to UV and X-
ray photon. X-ray absorbed bottom doses are irahge of 100-400 J/chand top/bottom
surface dose ratio equal to 3-4. SUEX enablesahedation of multi-level, complex designs

as well as HAR MEMS components [188, 189].

: oF T
fitted parabolic
profile, x1130

- . o

Figure 4. 8 : The fidelity in parabolic profile, measured 2-D optical image is fitted with

original designed parabolic curve and enlarged 1130mes.

Table 4. 6: Chemical composition and weight perceage of SUEX and SU-8

Material | Chemical composition Weight percentage (%)
C H o] Sb | F S Si
SUEX Co6.1H71.4014.670.036%0.028510.020 726 | 6.75 | 20.3| O |0.06|0.08| 0.27
SU-8 G7Ho8016Shy 160,450 088 72.7 69 | 182 14 06 02 0

SUEX TDFS is developed for LIGA community to regdain-sensitive and time
consuming PMMA sheet and struggle associated wpbxge liquid formulations and
achieving repeatable and reliable results. Theetms of SUEX TDFS are similar to SU-8

but absence of Antimony (Sb) which has very sigaifit advantage in X-ray optics. The
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weight percentage and elemental composition of SEeompared with SU-8 composition
and is given in table 4.6. The calculated molectdanula is with a blended MW 1101.5 for
SUEX and MW of 1388 for SU-8. Elemental composit@nSUEX is verified by X-ray

fluorescence (XRF) spectrum recorded at BL-16, $r2lu Figure 4.9 shows the XRF

spectrum obtained from SUEX and SU-8 photoresksrtat the same incident X-ray
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Figure 4. 9 : X-ray fluorescence data for SUEX an@&U-8 resist layers
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Figure 4. 10: Calculated attenuation coefficientsdr SUEX and SU-8 for E upto 100keV.

energies for total integration time of 300 s. In-8h peak at 3.6 and 4.3 keV corresponds to
Sb Ly and Lg emission lines. The Sb peak at this corresponelimeggies are absent for SUEX
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recorded spectrum. Fe,Hine is due to scattering from the adjacent stagslsteel beamline

components. The value of attenuation coefficientsSUEX and SU-8 are calculated from
NIST website and plotted in figure 4.10. SUEX refprred choice of X-ray lens materials
over SU-8 due to absorption of X-ray is half ortems above Sb K edge. If micro patterned
SUEX resist sustain similarly like SU-8 at a higkpesure dose and consistently at

temperature above 10C, introduces a better proposition to use it aana material.

4.4.3.1 Optimization studies for fabrication of SUK X-ray lenses

Substrate preparations
Resist application of SUEX TDFS is simple proceser solution based resist. A

thoroughly cleaned Si wafer is used as a base rstbsSUEX sheets are laminated on Si
wafer using a hot roll laminator. A simple offi@mninator with a provision of temperature
stability and accepting at least 1 mm thick sheetised for SUEX lamination procedure.
Sample for X-ray exposure is prepared by first iplgcthe substrate (Si) face up on
Aluminum carrier and in next step place the SUEXFBDon Si. For lamination the stack
consisting Al carrier, Si wafer and SUEX TDFS isvad through the heated rollers at a
speed of 300 mm/min at 65-75°C depending on thlektieiss and thermal conductivity of the
carrier, the resist, and the substrate. In our,Gis&afer is fixed to a projection transparency
(PET) sheet by adhesive tape. The protective lapeSBUEX is removed and same side is
placed carefully on Si wafer. Now, another tranepay sheet is placed over it. This stack is
moved in the hot roll laminator at desired speddE% TDFS are prepared through solvent
free processing and removal of solvent by soft mgkike in case of SU-8 is not required.
However, soft bake before exposure is must to remearious coating defects from the
laminated film. Soft baking is carried out in ovah80°C for 30 minutes by placing the

laminated substrate on Cu plate. In this caseetlseno role of solvent removal during soft
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baking and therefore no volume shrinkage or meciaasiress is observed. Substrate is kept
in oven till the temperature of oven reaches tomrdemperature during cooling. Finally, the

laminated substrate is stored in dry cabinet faa)Xexposure.

X-ray exposure
SU-8 X-ray lens design methodology is also usedSWEX lens fabrication. X-ray

exposure of SUEX samples is carried out at SDXRantlae in the energy range 2.5-9 keV.
Bottom dose of (B) ~ 300 J/cm is decided to impart to SUEX for its complete
polymerization with top to bottom dose ratio in ttamge of 3-4. The calculated exposure
time for different thickness of SUEX resist is givia table 4.7. For scanning length of 9 cm,
an exposure cycle is run for 90 minutes at averagg current of 100 mA for obtaining a
suitable bottom dose for 5@@n thick resist.

Table 4. 7 : Exposure parameters for SUEX at SDXRIbeamline

Srno Thickness of| Mask Au Dose under| Dose top Mask Exposure
substrate thickness mask [J/em?] contrast | time /cm
[um] [um] [J/em?) scan length
[MA.min]
1 200 5.7 10 436 44 660
500 6.6 10 710 71 1075
3 1000 8.0 10 1420 142 2148

Post exposure baking at 80 for 60 minutes is carried out in oven. Developtrierdone
at room temperature by keeping the wafers face-dowhe PGMEA developer with gentle
agitation. 50Qum thick SUEX is developed for 50-60 minutes. Thbstrates are rinsed in
second bath of PGMEA and finally rinsed with IPAgite 4.11 shows the SEM micrograph

of developed SUEX lenses wikh= 50um.
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Figure 4. 11 : Fabricated SUEX X-ray lens on Si waf at SDXRL beamline

4.5 Performances of X-ray lenses

The performance of CRL is carried out by evalugtiheir focusing and transmission
efficiency. This depends on structural and matepiaperties like lens profile, radius of
curvature at the apex, thickness of the lens @rddtl the apex, number of lenses, surface

roughness, density and optical constants.

4.5.1 Experimental test setup at Indus-2

Microfocusing characterization of X-ray lensescexried out at BL-16, Indus-2. The
details of the beamline configuration are availablsewhere [190]. Schematic of the
experimental set-up used for lens characterizatibBBL-16 is shown in figure 4.12. It
comprises of Si (111) double crystal monochrom@xtM) with energies tunable between
4-20 keV with resolutionE/AE=10*, precision slits, mounting tower containing mukip
stages for maneuvering CRL containing chip, edgs setup with AXUV 100 photodiode
and X-ray CCD camera (Photonic Science). The miigtg) between the source and the
centre of lenses is 23 m. The incident beam forotive lenses is shaped using four jaw slit.
The tower for mounting CRL chip and diagnostic @etis developed as part of this thesis.

This setup is upgraded time to time as per theireopent during various measurements. The
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alignment of CRLs is very important and criticaldbtain final focused spot. The developed
tower has 5 degrees of freedom (pitch, roll, yaaterdal and transverse movements) for
placing and alignment of CRL. The lenses can bashelfl in angles and in coordinates with

the help of rotation and translation stages witlaecuracy of 0.0’land 10um respectively.

DCM
. Fresoilinn
lits
m Slits
e'be

Figure 4. 12 : Schematic setup adopted for X-ray tes characterization at BL-16, Indus-2
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Alignment of the X-ray lenses is carried out bggahg the X-ray CCD (Photonic Science)
behind the lens. In some cases, self developing iddomic film is also used to check the
focusing effect. The intensity distribution in thens focal plane is measured by wire edge
scan method and recording the current from phottedas function of position of the wire. In
present case, cross Au wire of 1M diameter is used to determine the focus spotisize
both the directions. An actual view of the experita¢ setup developed at BL-16 is shown in

figure 4.13.

Figure 4. 13 : View of experimental setup developedt BL-16, Indus-2 for X-ray lens

chracterisation
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4.5.2 Experimental test set up at Diamond

Diamond is a third generation, high brightness faRility with low electron-beam
emittance (~ 2.74 nm rad). For a given demagniboathe source contribution to focal spot
dimension is lower for Diamond compared to IndusAZith higher source stability and
smaller source size, the evaluation of lenses ambnd helps in estimating the profile
accuracies, and would be important towards imppvihe fabrication tolerances for
obtaining source limited focal spot. The evaluatainthe X-ray LIGA lens developed at

SDRXL beamline, are done at Diamond, through aaboltative program.
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Figure 4. 14 : Schematic of B-16 beamline, Diamondsed for PMMA and SU-8 lens

characterisation.

The details of Diamond’s B16 Test beamline aregilsy Sawhney et. al. [191]. This is a
flexible and versatile beamline for characterisatiof optics, detectors and other
instrumentation, and for the development of nowethhiques and technologies. The
schematic layout of B16, Diamond is shown in figdr&4. The beamline provides both white
and monochromatic X-ray beams in the 4-25 keV gneaigge by a Si (111) DCM. B16 has
dedicated micro optics test bench facility for awerization of X-ray optics. This optics test
bench has three multi-axis motorised tables (1,n@ 8) for installing the optics, the
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diagnostics and the detectors. The lenses can josted in X-ray beam in angles and in
coordinates with the help of dedicated stationssistimg six degrees of freedom, with an
accuracy of < 0.C¢Lin angular and ~ um in linear translation. For precise measurement of
the microfocused beam size, knife-edge scans asE@Pum diameter gold wire attached to
a piezo translation stage with minimum step siz6.bfum and a photodiode downstream to
record the X-ray intensity, is used. The focal pamages are recorded using X-ray CCD
with 6.5 um pixel size for coarse beam size observation @iotScience) and high
resolution X-ray CCD (PCO 2000 coupled with miciyse and scintillators) with pixel size

0.45um. The intensity (flux) is recorded using PIPS pladdde.

4.6 Microfocussing using X-ray lenses

4.6.1 PMMA X-ray lenses

PMMA plane parabolic CRLs with total lensé¢) €qual to 50 on chip are characterised at
Indus-2 and Diamond. The radius of concave surda@pex iR = 200pum, d = 20um and
geometrical apertureRg3 = 400um for a focal length of ~1 m. The studies in PMM#£ a
carried out during the beginning stage of the CRlevelopment and therefore the

characterisation at Indus-2 is carried out onljhwédiochromic film and CCD.

4.6.1.1 Results of experiment at BL-16, Indus-2

The PMMA CRL chip is mounted in vertical focusiggometry on a precision platform
with 5 degrees of motion). The alignment of CRLpitch, yaw and roll movements are
carried out with the help of self developing X-réiyn. In every measurement, film is

exposed for 10 sec in the beam to avoid the sataraf the developed spot. The film is kept
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at 1 m away from the lens to determine microfoéne Image. The incident and vertically
focused beam are shown in figure 4.15 (a) andgdpectively. The incident beam size is 300
x 400 um? which is focused by CRL to 300 x 20n°. In this measurement, demagnification
of 20 is obtained. X-ray CCD is used to observentieo focus line from PMMA CRL. The
CCD image of the focus spot is shown in figure 446 The measured focus spot size is

found to be ~2@m.

Figure 4. 15 : Microfocusing of PMMA X-ray lenses &) Incident beam impinging on X-
ray lens (b) line focus measured using self develog film and (c) line focus measured

using X-ray CCD.

4.6.1.2 Results of experiment at B16, Diamond

The testing at Diamond is carried out for same PMXAray lens profile withN = 50 with
etch depth of ~50@Qum. The lens stack is mounted on the tablel of sgist bench in a
vertical focussing geometry. An X-ray CCD detedfmt had an effective pixel size of 6.5
pum is used for initial alignment of the lens. Muléwire scans are performed to optimise the
focal length and for fine adjustment of the leneeTocal length of the lens is greater than
expected at 10 keV (920 mm against 755 mm). Thperhaps due to the difference in bulk
density of PMMA and the density of as-depositecsésn The derivatives of the wire scans

gave the beam size. The raw data and the derivédivéhe best achieved focus size are
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shown in figure 4.16. The measured FWHM size ofrtherofocused beam is|Zm, using a
Lorentzian fit. Ideally the derivative profile ohé measured data point must be fitted by
Gaussian distribution representing the source lerofihe Lorentzian profile suggests that the
more X-rays are scattering from the lens profile tluprofile errors/ material inhomogeneity.
For a comparison, when using a lens with a 920 oualflength, to image a 10n source at
47 m, the de-magnified image would be expectedeolld um. Consequently, an extra
contribution of about 1.5m exists, which can be attributed to the shapeimimmogeneity

of the lens.
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Figure 4. 16 : Transmission signal from a gold wirescan (black line) in the focal plane
of the planar PMMA refractive micro-focusing lens, measured at 10 keV energy. The
derivative of the raw data (blue dots) and a Lorerttian fit (red line) are also shown,

indicating that the beam has an FWHM of 2.Qum.

Table 4. 8 : Comparative performance of X-ray lense on two synchrotron radiation

sources, Diamond and Indus-2 [180].

SR Source 5[10—6] ,8[10'9] Distance between Source Vertical Focal Spot [um]
atl0keV | at 10keV source and lens [m] | size pm] Calculated Measured
Diamond 2.67 3.54 47 70 14 2.0
Indus-2 2.67 3.54 20 232 135 20.0
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Table 4.8 gives the comparison of microfocusingati@risation of PMMA CRL carried out
at two SR sources. It is apparent that for samefdenses, the performance at low emittance
storage ring Diamond is found to be better. X-ragsl characterization at low emittance

machine has given valuable inputs to improve furtirethe design aspects.

4.6.2 Characterisation of SU-8 lenses

4.6.2.1 Results of experiment at BL-16, Indus-2

Investigation of SR beam microfocusing with SU-8LCR carried on the earlier described
dedicated setup at the Indus-2 BL-16 beamline. @& mm diameter chip containing X-ray
lenses (as described in table 4.2) is mounted gatéorm having five degrees of freedom to
obtain vertical focusing. The chip contains allethirseries of X-ray lenses with radius of
curvature 25-10@um and focal length lie in the range of 0.3 -1m. Tbeal length smaller
than 0.3 m is possible for B and C series lens@sgusigher number of lenses at lower
energies compared to their design energy. Alignnm@niX-ray lenses is performed by
observing the focused X-ray beam in X-ray CCD. TEmses fabricated through XRL process
have tighter spatial tolerance and hence the akgmrof one of the lenses trail in the chip
ensured the alignment of all other lenses traithéchip. In each measurement, the profiles
of intensity distribution at focal plane of lenseameasured using edge scan method. The
CRLs are placed at 23 m from the source and spetisidetermined at 0.3 m or 1 m. The
present test bench does not have the possibilitgading the X-ray lenses/detector along the
direction of propagation of the beam. Thereforee &nergies from DCM are varied to

determine the best focal spot sizes for respedtivay lenses.
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Figure 4. 17 : (a) Xray CCD Image of CRL numbers 8 to 11 at 15.9 keV b} Intensity
profile of beam in lens focal plane measured usingold knife edge scan method. -ray
energy of 15.9 keV was focussed at focal distancé 07 m with N = 58 lenses. The
derived derivative of the knife edge scan is also shown with AWM = 11.2um

Figure 4.17a) shows the focus of lens number 2A09 vN =58 (here 2 stands for ch
number, A stands for lerseries and 09 for lens numbon chip at 16 keV at a distance
~1.0 m from the centre of lens. CCD image also shtems number 2A07, 2A08, 2A1
2A11 which gives the quick comparisons of focuspggformance of the lenses at fix
energy and fixed distance. The spatial resolutit CCD is 6.5um and is not sufficient t
obtain the FWHM values of focal spot. The FWHM afcél spot at focal distance
measured using knife edge scan method. A gold e¥id®©0um diameter is scanned in frc
of photodiode operated in current mode. ‘light intensity profile of the vertical focust
beam for lens 2A09 at 15.9 keV and its derivatinection are shown in figure ¢7(b). The
current in photodiode is 500 pA with focused beampinging on photodiode while a curre
of 220 pA is recorded whegold wire occluded the focused beam. To locatebtst focus
position for a particular lens, focal spot as acfion of energy is measured. The best fi
spot at focal distance of 1.07 for various lenses are obtained. The minor dffee betwee

the measured and expected focal distances is likedyta lower density of S-8 compared
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to the tabulated densitp € 1.2 g/cm) used for calculation. The focal spot for lens 948
12+ 1 um at 15.9 keV. This size is larger than the estth&.4um which can be attributed
to the broadening of the focused beam due to irapeoins in fabricated parabolic lens
profile, edge roughness, small angle scatteringtduepurity atoms/inhomegeinity in SU-8,
beam instability and the fluctuations in Indus-2ittance. The measured profiles of focal
spot size of these fabricated lenses are fittedgukbrentzian distribution. It is due to the
roughness in the X-ray lens profile which scattdrthe beam. The origin of roughness in the
lens profile is due to errors in X-ray masks fahtéel using low cost route. In first phase of
studies, the process parameters for SU-8 are g@dnio obtain the better features and

fidelity of microstructures.

gRAccV  Sp g — 20 pm
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Figure 4. 18 : SEM micrograph showing the distincqualitative difference X-ray lenses
(a) old sets (b) new sets.

New X-ray masks are developed using UV mask pezpémom laser pattern generator
with minimum writing step size of 25 nm where theoes at the edges of parabolic profiles
are minimised. In new sets of X-ray lenses, thedtamms of baking, exposure and

development is further optimized to obtain the psscrepeatability of the microstructures.
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The difference between the two series of X-ray denare shown in figure 4.18. Here, the
effects of the better quality of X-ray mask on ieat sidewalls of X-ray lenses are observed.
The new sets of X-ray lenses are characteriseflLel6. In this case the lenses with
reduced radius of curvatures Hth and 25um are characterized at focal length ~ 0.3 m
Figure 4.19 (a) shows the aligned X-ray lens nun#i#06 along with adjacent lenses as
observed in X-ray CCD at incident energy of 14ké&Xe precision slits in front of the X-ray
lens is then closed to choose only one lens ahe. fThe slit size (incident beam size on X-
ray lens) is kept ~ 30Am (V) x 460um (H). The intensity profile is measured using edge
scan method by varying the energy and keeping dtartte between the lens and diagnostic
setup fixed. The best focused size (FWHM) of @ is obtained when lens 4B06 (~ 43®
etched depth anB = 50 um, N = 63) is illuminated at 14 keV. The different@irve of
focused beam profile is fitted with Gaussian peofith reasonable goodness of fit. The
focusing performance between old and new sets ohyXlenses is clearly seen with the

observed focus profile and fitting of different@alrve (Gaussian or Lorentzian).
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Figure 4. 19 : (a) X-ray CCD image of lens 4B06 an(b) the focus spot obtained using

this lens at 14 keV.
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The measured FWHM of focus beam from 4B06 is thirees higher than the estimated
focus beam. Large deviation between observed arithated focus spot is further
investigated by moving the X-ray lens in horizortiabm. This error can be due to the error
in lens profile or instrumentation error. Lens iowvad at various parts (vertical and
horizontal) of the incident X-ray beam to check #iect of divergence of diffracted beam
from DCM. The FWHMs of the focus spot is found vtirange of 8.4-9.5um. This
indicates that there is no role of divergence #falited beam in broadening the focus beam.
On further investigation and from literature, ifaaind that knife edge scans do not show the
expected theoretical performance of the lens. Tkeaas are probably influenced by beam
widening effects, eg. knife edge artifacts, viatof the setup etc. Knife edge scan show a
combined effect of the focus spot size generatethéyX-ray lens and the broadening due to
the environment. Apart from this, many other reasamich can lead to the broadening of
focused beam including imperfection of the usedstalg of the monochromator, parasitic
ground vibration of the experimental hall, any t&rain beam path (may be Be foil used as
transmission window), etc.

The knife edge scans are mounted on the rigidgptatand the measurements are carried
few minutes after moving the setup in beam pathlimv the diagnostic setup to stabilise
One dimensional focusing of the X-ray lenses irigak direction has provided the horizontal
line width of 480um and any tilt error in wire can also broaden tlearh. The lens
performance is checked by reducing the horizotitahination of lens to a smaller size (~
100 um) by using horizontal aperture. In this case, FWbiMhe vertical profile of intensity
distribution with reduced aperture is found Bush which is very close to the geometrically
estimated value of 2.dm. The measured intensity distribution and its \atiprofile (with

fit) of the focus beam are shown in figure 4.20 Td)e deviation from the. estimation can

159



N o0 [ SU-8 Effective aperture |
} v
5] —— Gauss fit 5004
4 — i
=5 = 400
< 3] <
FWHM = 3.4 um
z . 2 30
n 24 n
c c
2 )
£ 14 2 200
[e] © [e) o o db -
© 0O Q
04 Q)O‘IDCDO% e OOGDOOOOU 1004
5 ©
-1
T T T T T T T 0 T T T T T
0 10 20 30 40 50 60 0 100 200 300 400 500
Scan distance [um] Slit opening [um]

Figure 4. 20 : (a) Measured focus spot when X-rayehs 4B06 is illuminated only with
100um beam (b) measured effective aperture of X-ray lenat the same energy with 460

pm horizontal aperture.

be attributed to the density variation in as coatedted sample and tabulated optical
constants. Also, diffuse scattering from lens makecontribute to increase in spot size. The
effective aperture and gain for this lens is meaguhe slit upstream to X-ray lenses is
closed in equal steps of 20n and intensity with and without lens is measursith@ photo
diode to determine the effective aperture and tméssion of the lens. Figure 4.20 (b) shows
the intensity of X-ray lens as function of slit ojpgg. The value of effective aperture in this
case is 16(um which close to its estimated value, 1858. The gain of the lens is estimated
and found ~ 12 which is of the order of estimatathd18). The gain from the lenses can be
increased either by lowering the Indus-2 source sizincreasing the demagnification factor
by means of lowering the value & The measurement using 1Q0n slit size with
translation step size of 5dm along lateral direction of focussed line is eadriout to
investigate the fabrication errors along depth aB}( lenses. Figure 4.21 shows the positions
of slit centres at different locations along theax-lens starting from position number 1 to 9.

The position 5 correspond to the centre of the ierrizontal direction, for which the focus
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spot profile is shown above (figure 4.20 (a)). EaBl9 shows the position number and slit
centre in accordance with figure 4.21 from the sypface of X-ray lens and obtained
focussed spot (FWHMS) in each case. The variatiagheofocused spot along the depth of the
lens at different positions is found to be 3#980.5 um. The result for last position; 9 cannot
be recorded due to less signal strength fromuri0X-ray lens aperture. The deviation of ~ 1-
1.5 um may be attributed to the diffuse scattering frtans material or inline beamline

components.

Direct
reen IHEHHHEHE

< _Lens4BOG .
Figure 4. 21 : Schematic of measurement strategy rfaetermining the performance of

the X-ray lens along its depth.

In same characterisation setup, other lenses owrhipeare also characterized. Table 4.10
shows the focusing parameters obtained for varather X-ray lenses. The value of focus
spot (FWHM) given in parenthesis is obtained whety gart of X-ray lens (10um) is
illuminated with incident beam. The main objectiMelens characterisation was to evaluate
the focusing characteristics of X-ray lenses. ltheoito optimise the available beam time, the
effective aperture and transmission are measuredafdew representative lenses and
measured values matches with the estimated valllestefore, in the table, the gain,

effective aperture and transmission values arengivay for estimated values.
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Table 4. 9: Measured FWHM of focus beam as a funain of lens depth

Position 1 2 3 4 5 6 7 8 9
Slit centre [mm] -04 | -03 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4
FWHM [ um] 4.2 4.0 3.48| 4.27 3.4( 3.84 41531 3.80 NA
Table 4. 10: Overview of SU-8 lens characterisatioat BL-16, Indus-2
Aett _
Lens E R N f [m] Fy [um] (] Ten [%0] Gain
[keV] | [pm]
Exp. Calc. Exp. Calc Calc. Calc. Calc.
3A10 | 18.88 100 65/ 1.083 1.074 17.9 9/4 288 43.6 8 19.
3A11 | 20.0 100 73| 1.085 1.074 14.6 94 289 44 18
4B04 11.8 50 45| 0.300 0.291 3.2(7.B) 2.57 151 219 17.2
4B06 14.8 50 63| 0.305 0.291 3.4(8.4) 2.b9 139 25 419
4C07 15.3 25 37 0322 0.294 6.28 2.59 156 35 1
4C05 15.2 25 27/ 0.268 0.4038 5.3 3.0 174 42 18
5C07 15.2 25 32 0330 0.340 9.3 211 164 38 38
2-D focusing

Series C X-ray lenses 4CQO8 € 27) is oriented in vertical dispersion plane XAy lens
5C07 (N = 32) is placed in horizontal dispersion geométrgbtain 2-D focusing. Both these
X-ray lenses are mounted on single tower having fiegree of motorised movement. To
enhance the flexibility during alignment, two chigse mounted on a two different manual
stages for bringing different lens stack in bearth p&hese chips can be individually rotated
in the beam path. The actual view of two chips ntedrnn 2-D focusing geometry is shown
in figure 4.22. The X-ray lenses are first posiidnusing motorized stages to the closest
focusing, the fine adjustment are then carriedusihg manual stage. The two dimensional
focusing has many permutation and combinationsirddl falignment.

The process was

tedious, but could not be avoided due to non abiditka of second motorised tower. The
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distance between both the lens chips was 78 mmdastdnce of vertical and horizontal

focusing lens was 340 mm and 263 mm from centeglgke scan setup and energy 15.2 keV.

Figure 4. 22 : X-ray lenses mounted in 2-D focussyrarrangement.

Figure 4.23 shows 2-D focused spot obtained aftgmment procedure. In vertical
dispersion geometry the lens chip with developegtideof 500 um and in horizontal
dispersion geometry the lens chip with maximum 1Qp60 developed depth are used. The
figure 4.23 (b) shows enlarge view of 2-D spot, eihshows uniform spot size in both the

dimensions.

Figure 4. 23 : SU-8 X-ray lens 2D focussing at Indu2 (a) the crossed geometry of two
lenses, tallest fabricated lense is used in horiztah dispersion geometry, (b) enlarged

view 2-D focussed spot size showing uniform normdistribution.
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A gold wire cross is first scanned horizontally @hdn vertically through the focused beam.

The edge scan data shows the 2-D focus spot sizegism (V) and 9.3um (H) (Figure

4.24(a), (b) respectively). Transmission and eifecaperture are also measured and their

profiles are shown in figure 4.24 (c) and (d) faertical and horizontal focusing lens

respectively. All measured parameters for X-raysénin 2-D focusing are compared with

theoretical values (table 4.10). Due to the limimmhstraints of motions, fixed distance

between two lens chips and fixed number of X-raysés on the chip, 2-D focus of the same

FWHM sizes in vertical and horizontal direction oot be obtained.
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Figure 4. 24 : SU-8 X-ray lenses 2D focusing charaestics (a) FWHM in vertical

direction (b) FWHM in horizontal direction (c) effective aperture and transmission of

vertical lens (d) effective aperture and transmissin of horizontal lens
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The 2-D focused beam is later used for perfornahgorption imaging experiments and

described in section 4.7.1.

4.6.2.2 Results of experiment at B16, Diamond

The X-ray lens with all serieR = 100 um, 50 um and 25um are characterised at
Diamond. Si chip containing X-ray lenses are modirde tablel of the micro optics test
bench. On table3, X-ray CCDs and Au wire edge stnp are mounted. The distance
between the tablel (centre of the lenses) and3gbkntre of the Au wire) is fixed to 0.8 m.
The required energy is tuned by DCM Si (111) to41&eV for focusing X-ray lens 5A08.
The X-ray lens chip is aligned in beam path by olieg the focused beam shape in high
resolution X-ray CCD. Once the alignment of theay-fens is completed, the focus spot is
measured using edge scan method. The measured F@fHdtus spot is ~1.um which
matches well with estimated focal spot of 1}0# (shown in figure 4.25 (a)). However, the
estimated focal distance of 0.698 m deviates frogasured distance 0.8 m. This is likely due
to the density variations of as coated and aftengusU-8 resist$ = 1.2 g/cm). If change in
density is accounted then SU-8 may hpve 1.01 g/cmi in order to provide the focal length
of 0.8 m. The other probability is likely in therplolic profile and radius of curvature. If the
value of density is fixed to 1.2 g/émthen error inR by +19um will correspond to 0.8 m
focal length. However, the error in radius of cuwva to this level is ruled out (section 4.4.2).
X-ray lens properties; effective apertures (2f61) and focus spot sizes (lugn) are same if
the lower side of density value and higher sidermaffile error are considered for this lens.
For these errors, the change in transmission valaely 1.3 % with same gain. It is therefore
difficult to detect the contribution from densitgier in profile. The error in focal length may

be considered as convoluted contribution from pearror and density of lens material. It is
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interesting to note here that while characterisintpdus-2, the measured focal length closely
matches with estimated focal length but due td lagors in focal spot ( 2-3 times higher)
this error could not be detected. Therefore, trstirtg of X-ray lenses at low emittance
source, Diamond has provided the route to bettederstanding about errors in the
manufacturing process or material properties.

X-ray lenses with same radius Nt= 73 is characterize at focal length of 0.6 m by
varying the photon energies from DCM. At 15 keMfpeal spot size of 1.fm is measured,
compared to the estimated value of 0j2®. The estimated focal length 0.591 m also
matches with measured value. The values are giviable 4.11.

In order to investigate this further, X-ray le808 with N = 37 is characterized at fixed
focal length of 0.6 m. The figure 4.25 (b) shows EFWHM value obtained at best focusing
energy. The focal spot size of QU8 is measured in comparison to its estimated vafue
0.88 at incident photon energy of 14.9 keV. The suead focal length at this energy is 25
mm higher than estimated value. The error in radfusurvature by 21m or lowered density
by 0.05 g/cm can compensate this difference without much changae focal spot size.
Though X-ray lenses are fabricated using X-rayoljtaphy have tight tolerance and
validated by measured profile (presented earltbg,error along the depth and lens to lens
can be in the range of(im. The focal length error observed in lens 5A08 aagely due to
fabrication error in some of the produced X-rayskes

The lenses fabricated without error has produded results comparable to estimated
values. X-ray lens 5C03 on same chip has given FW&iNbcal spot 0.9um which is in
close approximation with estimated size 0}98. Similarly, measured focal length 0.6 m
matches with estimated focal length (0.598 m) & #ame lens. The transmission and

effective aperture of this lens is determined a#t V. Figure 4.26 shows the measured
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Figure 4. 25 : Focused beam obtained from (a) 5A08ns at 13.4 keVf ~ 800 mm and

(b) 5B03 lens at 14.9 keMf, ~ 600 mm with 0.1um scan step size.
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Figure 4. 26 : Measured transmission and effectivaperture for X-ray lens (56C0O3)R =

25um, N = 19 at 15.4 keV.

intensity profile from lens as a function of vedlislit opening from which transmission and
effective aperture are determined. At experimentaleasured effective aperture (190),

the transmission efficiency of 71 % is obtained ahhis significantly high compared to its
theoretical value 51.6 %. If one considers transiois of 51.6 %, then corresponding

effective aperture is 310m, which significantly deviates from designed getiioal aperture
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of 250 um. The higher transmitted intensity from the X-tags is attributed to the diffuse
scattering from the lens material. In order to wdthis scattering it is recommended to place

a pinhole behind the X-ray lenses during their abtrisation.

Table 4. 11 : Overview of SU-8 lens characterisatimat B16, Diamond

e | E R f[m] Foluml | Agelum] [ Teq [%] Gain
[keV] | [um] Exp. Calc. Exp. | Calc. | Calc. Calc. Calc.
5A08 | 13.4 100 51 0.8 0.698 11 1.0T 238 29.3 42
5Al11 | 15 100 73 0.6 0.591 1.3 0.9 229 27.9 45
5B03 | 14.9 50 30 0.6 0.575 0.8 0.88 208 40 45
5C03 | 15.4 25 19 0.6 0.598 0.9 0.92 193 51.6 46
2D focusing
5C03 | 16.4 25(V)| 37 0.361 0.300 6 0.5 170 41 109
6B08 | 16.4 50(H), 84 0.318 0.615 3 2.7 171 29 9627

From the above observation, it is desirable to tstable, precision micro optics bench and
highly stable source. Thus, the measurements daoué at Diamond are reliable for X-ray
lens characterisation. The same measurements sanbal carried out at Indus-2 with

availability of sophisticated instrumentation watable beam.

2D Focusing

SU-8 X-ray lenses are also characterized in 2-Dugsmg geometry at Diamond. Two
separate X-ray lens chips are mounted in vertiodl laorizontal dispersion geometry. The
distances between the chipl and chip2 from wiren s&=t up are 670 mm and 300 mm
respectively. The detail of X-ray lenses used ¥av timensional focussing is given in Table
4.11. Figure 4.27 shows the X-ray CCD images tdkam high resolution camera during 2-
D focussing. The focus spot ofudn (V) x 3um (H) is obtained when lenses illuminated with

photon energy of 16.4 keV. The transmission and gadetermined by directly measuring
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the beam intensity using PIPS diode. By taking itoount the dark current of the diode,
measured 2-D transmission is 28%. The total gaithefX-ray lenses is 625 which is 2-4
times smaller. The X-ray lenses used in verticalingetry has earlier produced the focussed

spot of 0.8um in same setup. More precise measurements fofding are required.

7B08 H-focusing

#%. PCO-2D-focus-2D03_3B08_16.4keV. 2sec.if 10% =

(©

FWHM =3 um
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Figure 4. 27 : SU-8 X-ray lens 2D focusing at Dianmal (a) High resolution X-ray CCD
image (b) Enlarged view of 2D focused spot with meared gain of 624 (c) Focused

beam profile in horizontal direction.

4.6.2.3 Results of experiment at 112, Diamond

Diamond’s super conducting multi-pole wiggler po®s energies upto 150 keV. SU-8 X-
ray lenses are used for microfocusing at a highggn@0-100 keV at 112 Joint Engineering
Environmental Processing (JEEP) beamline [192]. e research technique performed at
JEEP beamline are imaging, tomography, XRD and Isamglle X-ray scattering. The SU-8
X-ray lenses are placed at 50 m from the sourcetlamdocused beam is observed at 30 m
from the lens. In energy range 60-100 keV, SU-8&)denses witlR = 100pum has almost
90% transmission. Figure 4.28 shows the focusingAdf3 X-ray lensesN = 90), lens depth
(t) = 500um at 94 keV. The focused spot of & with a gain of 5.4 is recorded. Table 4.12

gives the overview of the microfocusing results@@d00 keV.
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The earlier reports of microfocusing characterisabdf SU-8 X-ray lenses are limited upto
55 keV by Nazmov et. al. [193]. In this thesis, /e shown the performance of the X-ray

lenses from 8-100 keV.

Table 4. 12 : Microfocusing using SU-8 X-ray lensest 60-100 keV.

Lens number N E [keV] FWHM [um] Gain
7A06 38 64 99 ~49
7A10 65 94 92.4 ~4.4
7A13 90 94 69 ~54
7A13 90 97 56 ~6.5
7A13 90 100 66 ~5.0
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Figure 4. 28 : High energy focussing using SU-8 CR[a) incident beam (b) focused
beam observed on X-ray CCD
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4.6.3 Characterization of SUEX lenses

Results of experiment at BL-16, Indus-2

SUEX lens chip containing Series A, B and C X-tagses are used for microfocus
characterisation at BL-16, Indus-2. The major godlthis study is to evaluate the
performance of the SUEX X-ray lenses in terms olifing and transmission with respect to
SU-8. It has been pointed out earlier that thequerénce of the SUEX X-ray lenses is likely
to be better than SU-8 X-ray lenses due to abseih8b impurity atom.

The measurement of SUEX X-ray lenses are carngdh® per described in case of SU-8
lenses. The distance from end of the lenses to schlye system is initially fixed to ~ 291 mm
for Series C lens, ~ 280 mm for Series B lens ari60 mm for Series A lens. The exact
distance from the centre of the lens is calculétg@dding the half length of CRL lenses in
the above values. Table 4.13 gives the various egalpertaining to X-ray lens

characterisation at Indus-2.

Table 4. 13 : Overview of the SUEX X-ray lenses mearements at Indus-2

E R f [m] Fy [pm] Aci[pm] | Teq [%] | Gain
Lens N
[keV] | [um] Exp. Calc. Exp. Calc.| Calc. Calc. Calc.
8A06 14.45 100 38| 1.065 1.076 13.69 a8 319 5315 518
8A10 18.88 100 65 1.07( 1.074 16.36 98 324 56\7 20
8Al11 20.0 100 73 1.072 1.074 16.52 9(8 324 56|8 20

8B04 | 11.75| 50 45| 0.291| 0.300 5.8(11}4p.65 187 33 16.6

8B06 139 | 50 63 | 0.295| 0.301] 4.2(7.2) 2.65 195 36.b5 18.2
8B08 | 16.15| 50 84| 0.300| 0.305 5.7(8.%5 2.9 201 39 19.2
8B10 183 | 50 | 108| 0.305| 0.305 4.8(7.8) 2.69 203 40 19.9
8C04 | 11.95| 25 23 | 0.298| 0.304 3.7(84) 2.68 176 43 16.8
8C07 152 | 25 37| 0.303| 0.306 4.7(10{3)2.7 184 48 18.8
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Table 4. 14: Measured FWHM of focus beam as a funicin of lens depth at three points

Position 1 (top) 2 (centre) 3 (bottom)
Slit centre [mm)] 0.15 0.0 -0.15
FWHM [ pm] 4.0 4.27 3.84
10 6
o Differential data (b) o Differential data
8 % Gauss fit 51 Gauss Fit
44
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Figure 4. 29: Focused beam obtained from lens 8B@hen x-ray lens is illuminated with
(a) 450um and (b) 100um horizontal slit width.
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Figure 4. 30: Measured effective aperture and transmissioStEX lens 8B08.

The best focal spot size of ~7.g¢h for lens 8B06 at ~ 13.7 keV is shown in figurg%4.

(a). Similarly, the performance of the lens isalte®l along the etched depth, when a slit
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width of 100um used to illuminate the lens surface. The profies recorded only at three
points, first at centre, second and third profées obtained at 150 um around the centre
position. The FWHM value at lens centre is foun2l dm and is shown in figure 4.29 (b).
The variation in spot size along the depth is#.0.3 um and values are tabulated in table
4.14.

Figure 4.30 shows the intensity and transmissialues as a function of vertical slit
opening for lens 8B08 at 16.15 keV (the focussed spze ~ 8.47um). Transmission of ~ 39
% is expected for lens 8B08 at 2 effective aperture. There is significant dewaatfrom
the theoretical estimate of ~2Qn. It seems the contribution coming from small angiray
scattering in the lens material to focus spot. &ffiective aperture for this X-ray lens is found
to be 25% more than estimated values. The reasmtrefased effective aperture needs to be

guantified further by using a small pin hole in tbeused beam.

SUEX radiation stability test

The radiation stability test of X-ray lens matergaperformed by irradiating SUEX X-ray
lens chip at BL-07 and later it is characteriseBlt16. The similar type of test is earlier
reported by Snigirev et. al. where they have usedmethods (1) focusing undulator beam
by Be lens on SU-8 X-ray lens under study [194] é&)dnounting the SU-8 X-ray lens chip
perpendicular to beam path and delivering the dbs2 MJ/cni[195]. Here, second method
is adopted for investigating the heavy radiatioseleffect. Chip containing SUEX X-ray
lens is exposed to white X-ray beam at BL-07 inwa chamber with ambient pressure of
5.0 x 10° mbar and exposure dose of 11184 mA.min is giveK-tay lenses. Two more
substrates, a bare 2 mm thick PMMA sheet and SU+&yXlenses on Si wafer is also
mounted in the same setup and identical exposwse mogiven. The deposited top dose in
these substrates is calculated. The table 4.15 shiogv deposited dose rate at the top of
PMMA, SU-8 and SUEX and absorbed dose at an apmatei depth of 50um (depth of
SUEX lenses). Due to heavy X-ray exposure dosePMMA foamed and swelled to 8 mm

from its original thickness (2 mm). There is nonsfigant change is observed in SU-8 and
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SUEX substrate except colour change. Colour of Si@ SUEX changes from transparent
white to black and dark brown respectively. Furthes structural deviations in SU-8 and
SUEX X-ray lens profiles are observed. Unexposatiexposed SUEX X-ray lenses are also
characterised at BL-16, Indus-2. No major changefo¢us beam spots and its profile are
observed. Presently, it can be concluded that thé B1J/cni exposure dose not produced
any significant damage in SUEX microstructuresfuture, the effect of higher exposure

dose on SUEX X-ray lenses will be studied.

Table 4. 15: Calculated top and bottom absorbed desfor SU-8, SUEX and PMMA in

white beam.

Total exposure dose [mA.min] 11184

Resist material Absorbed dose in the resist materigMJ/cm ]
Top Bottom

SuU-8 0.285 0.058

SUEX 0.263 0.055

PMMA 0.289 0.056

4.6.4 Comparison between SU-8 and SUEX X-ray lenses

Figure 4.31 shows the calculated effective aper&unrd transmission for SUEX and SU-8
X-ray lens materials in energy range of 8-100 keWB series X-ray lenses with fixed focal
length ~ 0.32 m. The measured values for both tagemnals with their estimated values are
given in table 4.16. At higher energies (particiylaabove Sb K edge) the performance of
SUEX lenses exceeds the performance of SU-8 leimsésrms of effective aperture and
transmission. In this thesis, X-ray lenses measent¢mmt above Sb K edge are not carried out
due to non-availability of monochromatic beam at-Bi. The performance of SUEX and

SU-8 X-ray lens is carried at 13.9 keV for lens 8BUhe transmission curves and curves to
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determine effective aperture is shown in figure248, b). SU-8 with effective aperture 160
pm, a value of transmission ~ 41% is obtained winchigher and may be attributed to the
diffuse scattering. The corresponding transmissiane for SUEX lens material is higher.
As per our calculations, it should be higher by 1th&n of SU-8. The transmitted intensity of
SUEX X-ray lenses is 53% at effective aperture i@ This corresponding value shows
clear indication of better performance of SUEX X-tanses over SU-8. It is also likely that
the effective aperture of 8B06 is more than thathebretical estimate much similarly like

reported for 8B08 lens.

Table 4. 16: Comparison between the effective apente and transmission data of SUEX

and SU-8 X-ray lenses

E R f [m] Fy [um] Actt [um] Ten [%0]
Lens N

[keV] | [um] Exp. Calc. | Exp. | Calc.| Exp.| Calc| Exp.| Calc.
SU-8

14 50 | 63 | 0.304 | 0292 | 35 | 259 | 160 | 159 | 41 25
4B06
SUEX
8BO6 14 50 | 63 0.294 0.301 4.2 2.6b 190 195 53 36

The measurements of SUEX lenses are planned atdd@d The measurement at above
Sb edge is also expected to show the better pesftzenin comparison to SU-8 lenses. At
around 32 keV, the expected transmission of SUEKaYKIenses is 34 Y%A(x = 186 um)
compare to corresponding transmission of SU-8 Xleages which is 15.2 %\ = 118um)

forf=0.32 mR=50um andN = ~ 330.
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Figure 4. 31 : Estimated performance between SUEXna SU-8 on the basis of their

effective aperture and transmission.
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Figure 4. 32 : Effective transmission of SU-8 and#EX X-ray lenses measured at BL-

16, Indus-2

4.7 Experiments using SU-8 CRLs

Micro- and nanofocused spot size obtained using.<CBan be used in many X-ray
techniques. They can be used in full field or saagrield microscopy. In scanning field
microscopy, various X-ray analytical techniques;shsas microfluroscence, microdiffraction
and microabsorption spectroscopy can be performedhis section, the details of two

experiments are described which demonstrates tiemfa of developed SU-8 CRLs.
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The first experiment is full field imaging of Cuid, where the magnification of Cu grid
image is presented. This experiment is carriedabBL-16, XRF beamline on Indus-2. In
this experiment we have studied the projectiorhefdbject by CRL. The second experiment
is a recording of high pressure X-ray diffractioh ©eQ, sample using CRLs. This
experiment is performed at BL-11, Energy and amggpersive X-ray diffraction beamline

on Indus-2.

Table 4. 17: Details of the X-ray lenses used famaging experiment.

Lens N R [um] Calculated spot size Measured spot size
(FWHM) [ um] (FWHM) [ um]

Vertical 54 50 4 5.3

Horizontal 68 50 8 9.3

4.7.1. X-ray imaging experiment

The experimental setup used earlier for 2-D fauyiss used for this experiment. In this
experimental setup, edge scan setup and CCD casezaoved from previous setup. A Cu
grid sample of 23um wide pattern width is used. This grid sample enegally used in
sample preparation for transmission electron maops. Cu grid sample is mounted on a
stage at a distance of 480 mm away from the X-eagds. Two X-ray lenses are mounted in
crossed geometry at a distance of 23 m from theceowith combined focal length 300 mm.
The beam is horizontally and vertically focusedS3iy-8 lenses to 5.8m (V) and 9. 3um
(H). The radii of curvatur®, the fixedN for lens trail and obtained FWHM of point focug ar

given in table 4.17.
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Figure 4. 33 : Full field imaging of Cu TEM samplegrid using X-ray refractive lenses.

If the x-ray imaging of Cu grid is recorded in XyrCCD with pixel resolution of 6.am
with no projection lens system, then the resolutibthis absorption imaging spectrum would
not be less than 1QAm. However, if lenses are used to project the imaigsample in
magnified way on CCD chip then obtained resolutiol be better. A magnified image of
the Cu grid with original 23im is observed in X-ray CCD kept at 600 mm downsireéa
sample position is shown in figure 4.33. The broadea of incident beam (5 mm x 5 mm)
coming through Cu grid and beam through horizofdauising lens, vertical focusing lens
and 2D focusing lens are also shown. The image slibgvoriginal size of Cu grid at X-ray
CCD due to natural divergence of the incident beawh magnified image of Cu grid due to

projection of CRLs. The crosswire of gold wire 0@ diameter is also observed and is used
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here as reference for scaling. The vertical strest@re horizontal focusing lens where the
size of the grid is magnified only in horizontatetition. Similarly, for X-ray lenses focusing
in vertical direction (right side of the figureha Cu grid is projected in vertical direction.
The right middle image corresponds to the beam rgrfrom 2-D focusing lens through Cu
grid sample. The Cu grid is magnified in both theection as the combining effect of 2-D
focusing CRLs. Further on investigating with the @@id patterns, it is found that the original
size of the Cu is magnified 3 times when using ZRBLs. The 2-D focused image is
therefore useful in projecting the image at X-ra@QOC The smaller details of the sample
which was not recorded by normal @b pixel resolution CCD can now be recorded with
sample details magnified by X-ray lenses. X-raysémare, therefore, useful in projecting the

sample and recording better spatial resolution.

4.7.2. High pressure X-ray diffraction

The motivation behind this study is to evaluate tise of CRL for improving the signal to
noise ratio in high pressure X-ray diffraction gpe of a standard sample. X-ray lenses
with 2-D microfocusing is tested for recording Ihigressure X-ray diffraction pattern in
angle dispersive mode at BL-11 dedicated for enargy angle dispersive X-ray diffraction
[196].

In this experiment, the two lens chips of 2 inchndeter are mounted on two manual stage, in
vertical and horizontal direction (figure 4.34 (afne of the lens chips, focussing in
horizontal direction is aligned along CRL opticgsawithin 0.2 using optical microscope.
These two manual stages carrying two lens chipguatieer mounted on a motorized tower
with 5 degrees of motions. The motorized pitch arggt for one chip (vertically focusing)

will disturb the roll angle of other chip (horizatly focusing) or vice versa. Therefore, two
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manual stages are mounted with rotational stagegelka the lens chip and manual stages.

However, the error in alignment cannot be ruled out

Table 4. 18 : Details of the X-ray lenses used fot-ray diffraction experiment.

Lens N R [um] Theoretical spot size | Measured spot size
(FWHM) [ pm] (FWHM) [ pm]

Vertical 54 100 13 33

Horizontal 68 100 40 45

A 20 keV X-ray beam monochromatised by channektcygtal monotchormator is used to
obtain the point focus dimensions from X-ray lendago X-ray lenses are aligned using X-
ray CCD and 2-D focus spot is obtained. Figure 4&Bdws the obtained 2-D focus spot
FWHM values 33um (V) and 45um (H) and compared with theoretical calculated @alin
table 4.18. The significant deviation in theordtiaad obtained spot size is mainly due to
alignment error.

The schematic of Diamond Anvil Cell (DAC) used foading the sample at BL-11 is
shown in figure 4.35. Here, Tungsten material wvi®0 um pin hole is used as gasket
material. The XRD spectrum of Ce@ample placed inside DAC is recorded with and
without X-ray lens. Figure 4.36 shows the recordgpélctrum of Ce@sample at 20 keV. The
XRD spectrum obtained from unfocused beam showsymaaks from W gasket of DAC.
However, the spectrum recorded using X-ray lensshagvn no peaks from W gasket.

Utilisation of X-ray lenses in recording high psase experiments has shown the XRD
spectrum free from gasket peaks. Use of X-raydenss provided the qualitatively better
data which otherwise can be obtained from usindpgda with reduced flux. The intensity
rise with use of CRL as shown in figure 4.36 is tildes. However, the intensity obtained

from CRLS is around 7.5 times more from the intgngbtained from pinhole aperture of 40
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Figure 4. 34 : (a) Cross geometry of CRLs used foKRD experiments and obtained

FWHM of focused beam (b) in vertical and (c) horizatal direction.
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Figure 4. 35 : Schematic of High Pressure XRD measements with DAC.
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Figure 4. 36 : Comparison of Ce@ XRD data obtained using 2D focused CRL and

without CRL.
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pm diameter for recording same spectrum. This gaithe flux is close to the calculated
value. There is scope of improvement in the gairubiyng motorised alignment scheme to

obtain 2-D focusing.

During the utilisation of these lenses at BL-16 &1d11 beamlines, it is realised that high
numerical aperture lenses are required to colleserflux such that data is collected in short
time. It is concluded that lenses for particulatygh pressure experiments, higher
geometrical and effective aperture of the lenseg@guired with two-three order higher gain
than usual normal experiment conditions. Two expents carried out using SU-8 X-ray
lenses have shown the quality of the data thatoearecorded using X-ray lenses. This type
of studies is first of its kind on Indus-2 whichvieasopened up a new opportunities for various

new types of experiments at other Indus-2 beamlines

In summary, three different materials are useddbrication of X-ray lenses. These lenses
are characterised by demonstrating their microfioguabilities at Indus-2 and Diamond.
Their merits and demerits in terms of X-ray lensrif@ation and performance characteristics
are summarised in table 4.19. PMMA is the best rnat®o choose for obtaining the X-ray
lens microstructure. However, it suffers the highiation damage and extensive use of these
lenses is not possible. PMMA lenses can be goodcehat the instruments where low
monochromatic flux from SR beamlines or lab baseyXgenerator is available. Very HAR
PMMA X-ray lenses are also not possible as smalleralues may collapse the PMMA
microstructures.

SU-8 is proven material to sustain at very higipcsure dose values. However, the
presence of impurity atom limits its use in wideeggy ranges. Being chemically amplified

resist, the small errors of X-ray mask is trangféno the lens profile creating high sidewall
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surface roughness. Therefore, it requires highityutray mask such as fabricated from

electron beam pattern generator.

Table 4. 19 : Comparison between three X-ray lens aterials used for X-ray lens

fabrication in this thesis.

Physical parameters PMMA SU-8 SUEX
HAR microstructures ++ +++ +++
Surface roughness +++ + ++
Effective aperture ++ + +++
Radiation damage -— +++ ++

+++ best , ++ better, + good and- poor

SUEX is better in comparison to both PMMA and SUHBoffers higher efficiency and

transmission compare to SU-8 and higher radiatesistance compare to PMMA. The

sidewall surface roughness (average) of SUEX r&gyst is measured and found in the range

of 5-12 nm (peak to peak 10-38 nm).

Table 4. 20 : SU-8 X-ray lens performance at Indu&-and Diamond.

Lens E R f [m] Fv [Hm] Aeff[um] Ten [%]
(SR N

ke . : . : . . .
Source) [keV] | [pm] Exp Calc Exp. | Calc Exp Calc.| Exp.| Calc
4B06

14 50 | 63| 0.304| 0.292 3.5 2.5¢ 16( 159 41 25
(Indus-2)
8B06
_ 20 50 | 63| 0.600| 0.599 1.0 0.918 219 218 50 45
(Diamond)

Comparing Diamond with Indus-2, it is possibledbtain 1/3' or better spot size in

vertical and horizontal direction for constant dagmification due to smaller source size. It

means that the more photon can be concentratée ifotus spot. Due to higher flux density,
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the setup can also be installed at longer distarfcesm source to obtain higher
demagnification and in this case diffraction linditepot is feasible. The limitation at Indus-2
are due to smaller beamline length and higher gosize restrict focusing to size of a few
pm and makes difficult to reach diffraction limitegbots. It is therefore beneficial to use
third generation machine with sub nmrad beam enu#an vertical direction to investigate
the performance of X-ray lenses developed at SDXRamline. A comparison of simillar
lenses characterised at Indus-2 and Diamond isxgiveable 4.20 which clearly validates the
argument given above. Diamond is equipped with lgiggvhere these X-ray lenses are
characterised at high energies upto 100 keV whia mot possible at Indus-2. In near future,
wiggles are going to installed on Indus-2. Thesaratierised lenses at high energy and
knowledge generated from these developments wildpg useful for deploying X-ray lenses

on Indus-2 wiggler source.
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Chapter 5

Design and development of Bio sensor

5.1 Introduction to biosensors

With the improvement in microfabrication technojognd development of enzyme and
DNA detection based techniques, there is a growmtgyest towards the development of
biosensing chips. The miniaturized biochip based\#MS are used for fast steady state
signal, high sensitivity, low sample volume, cofiiceency and portability [197, 198, 199,
200]. Sensing techniques are based on opticalfefioence or conductivity measurements.
Electrochemical sensing is extensively employeddarical diagnosis and environmental
monitoring [201, 202]. Cyclic voltametry, amperom@tand impedance measurement
techniques are used for electrochemical sensingctichemical impedance spectroscopy
(EIS) is useful for studying bulk and interfacidé@rical properties [203, 204]. Electrodes
are core component of electrochemical sensors.ddliectrodes have better performance in
terms of sensitivity, signal stability, diffusioate of substances, signal to noise ratio and rate
of electron transfer [205, 206]. Microelectrodasdisk shape [207], ring shape [208] and
comb type interdigitated electrode [209] geometiniage been reported.

For reliable and fast clinical diagnostics andtdreqjuality control in food industry,
glucose sensors with high sensitivity, fast respprexcellent selectivity and low cost are
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required [210, 211]. Optical [212], calorimetri21[3] and electrochemical [214] techniques
have been used for the detection of glucose. Glusensors based on Glucose oxidase
(GOD) enzyme are reported [215, 216]. Several teldgical approaches have been used
towards integrating electrochemical glucose bisseninto small easy-to-use assay formats
[217].

Microfluidic system based on Copper laminated tedn circuit board (PCB) was
introduced in 1999 as low cost alternative to ®rifzaation technology [218]. Cu is used as
electrode material as replacement of noble metaks td integration compatibility with
electronics on the same chip and good electro tnograesistance. Copper based electrode
materials are used for the analysis of carbohys{@®9, 220].

Cu needs passivation layers to protect the susfand interfaces to inhibit oxidation and
electrochemical transport of the Cu ions into aglj@ielectric materials, while maintaining
good interfacial adhesion [221]. Self-assembled ofyers (SAMs) formed by
chemisorptions of thiols on copper protect the ulydey metal surface from corrosion. The
strong chemical interaction between sulphur atonasthe copper surface leads to stable and
easy to prepare chemisorbed organic films [222].

In this chapter, the development of biosensing alsing UV and X-ray lithography is
discussed. The Biochip is fabricated using SDXRlarbkne and the characterisation is
carried out at BITS, Goa by Professor S Bhand'sigr®ur role was to design and fabricate
Biochip. Few performance evaluation results are aisluded in this chapter to demonstrate

usability of the device.
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5.2 Materials and methods

5.2.1 Microfabrication of device

The processing steps involved in the fabricatibmonolithic biosensor is shown figure

5.1.

Interdigitated electrodes on Cu PCB

|

Fabrication of X-ray mask on 1Q6n
thick Cu foil

|

Fabrication of SU-8 microfluidic

system on Cu-PCB

Figure 5. 1 : Processing steps involved in the biesssor fabrication

The circular interdigitated electrode array isriedted on Cu PCB by following the
simillar route used for metal based X-ray maskitation. The entire process of fabrication
for monolithic bio sensing chip is schematicallpwsim in figure 5.2.

The cleaning process described in Chapter 3 id tmecleaning 25 mm x 40 mm PCB
with 35um thick Cu laminate. Photolithography is carried esing AZ4903 resist and Cu is
wet etched. The prepared substrate with multiplayaof Cu-CMEA is shown in figure 5.2
(a) at bottom side. Cu-CMEA with diameter of ~100f, consists of circular cavity type
interdigitated micro electrode array. The width rofcroelectrode is 7Qum with inter-

electrode spacing of 130n.
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The fabrication route of metal type X-ray maskuiegd for this device is discussed in
Chapter 3. The same method has been followed ricéb the X-ray mask. Figure 5.2(b)
shows scheme of fabrication and photograph of theahX-ray mask.

SU-8 2150 is spin coated to obtain 300-1Q00 thick layer on PCB containing Cu-
CMEA. Soft baking and post exposure bake timingS§d-8 2150 are given in table 3.13.
For obtaining a microwell over CMEA pattern, aligemt of mask pattern with Cu-CMEA is
carried out. X-ray exposure dose 16-100 mA.mingaren to SU-8 through developed X-ray
mask at SDXRL beamline. After post exposure bak&8Ss developed in PGMEA solution
for 20-60 minutes, rinsed in IPA and dried. Thealed fabrication steps of the device

using X-ray lithography is shown in figure 5.2 (c).

(a) (b) (c)
L.l‘.ll l {l{.L Jwt::jl“ .lii 4 l-l-l J.‘“;::‘" l * & l ; l l ‘ i
" = v _.‘..'i:"' il B
{1 “ [ —— u
{iv) & uwl - - . il & i 7

Figure 5. 2 : Schematic of entire fabrication procss for developing biochip (a) CMEA
on Cu-PCB (b) X-ray mask on Cu foil (c) SU-8 microwll and microfluidic channel over

Cu-PCB using SDXRL beamline.
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The fabricated device is optically characterizgdusing COM. Measured diameter of
microwell is 962um (please refer to figure 5.3). Microwell can bke@l with 0.22-0.7pl
equivalent water solution. The width of microeleck is ~65um and spacing between the
electrodes is 11m. The total area occupied by Cu-CMEA in microwigl0.19 mn and

total length of electrode is ~2.9 mm in the micrbaeea.

Figure 5. 3 : Cu-CMEA pattern on Cu laminate PCB. The dimensions are measured

using COM and shown above.

5.2.2 Materials and instrumentation

Solution preparation

Phosphate buffer (PB) 100 mM, pH 7.4 is prepdrngdnixing 100 mM of NgHPQO, and
100 mM of NaHPQ, in double distilled water (dd-1D). 100 mM Phosphate buffered saline
(PBS) is prepared by dissolving appropriate amafiMaHPO,, NaHPO, and NaCl and is
used for incubation and washing purpose. KCI (100)ns prepared by dissolving 74.55 mg

in 100 mL in dd-HO. A stock solution of glucose (100 mM) is prepabgddissolving 0.180
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g in 10 mL of PBS (100 mM, pH 7.4). Working solutiof KCI and glucose is prepared
freshly. Enzyme stock solutions are prepared il ®® mM, pH 7.4).
EIS measurements

Impedance measurements are carried out using IVIUM®mpactStat impedance
analyzer, Netherland in two electrode setup coméigon. All the measurements are carried
out in a grounded Faraday cage, to avoid the ertentce of the external field strength with
the measured impedance signal. Experiments argraskifor the development of a glucose

biosensor usingg) physically absorbed GO[h) covalently immobilized GOD.

Development of glucose biosensor chip

Cu-CMEA is functionalized by immobilization of 2zme GOD through self assembled
monolayers (SAMs). The glass containers used fonalayer preparation is cleaned with
Piranha solution (a mixture of 98%%$00, and 30% HO,, 7:3, v/v;caution: piranha solution
reacts exothermally and strongly reacts with orggnfor 1 h and rinsed with dd.8 and
ethanol. The device is washed with ethanol, aneldduising high purity nitrogen before use.
In second case, the enzymes are covalently coapl€tl electrode of CMEA through SAMs
as described elsewhere [223] with few alterationese samples are immersed into 4 mM
ethanolic solution of 1Mercaptoundecanoic acid (11-MUAQr 12 h (assembly time). After
the assembly time, the SAMs functionalized Cu etelsd of CMEA are rinsed in ethanol
followed by dd-HO and dried using dry nitrogen. For enzyme immahtion, the carboxylic
acid-terminated SAMs are modified using an aqueegsimolar solution (100 mM) of
carbodiimide hydrochloride (EDC) /N-hydroxysuccimia (NHS) for 1 hr at room
temperature. The resultant NHS ester monolayerseaeted for 4 h in a solution of GOD
(0.0625 IU/uL) in PB. The enzyme (GOD) coupled Gectode of CMEAs is washed

thoroughly with PB to remove non-specifically bousiazymes. An optimized enzyme i.e.,
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0.0625 IU/uL is physically adsorbed on the surfat&€u electrode of CMEA to compare
with covalently attached enzyme. For glucose memsent different concentration of
glucose ranges from 10 nM to 20 mM are preparedal Mlume of 0.4 pL of glucose,
prepared in PBS is injected on the device. All idg&e measurements are performed in the

frequency range 10 Hz to 10 kHz using 5 mV ac gata

5.3 Results and discussions

5.3.1 Optimization for Glucose sensor

The response of the glucose sensor depends oacthvity of GOD, and is related to
concentration of GOD, applied potential, appliedgfrency and sample volume on Cu-
CMEA. The reaction between glucose and GOD diregftigcts the sensitivity of the glucose
sensor. The concentration of GOD plays an importaxé¢ in the reaction. Various
concentrations of GOD solutions are tested withef@atrode of CMEA. The electrochemical
signal depends upon Glucose-GOD interaction andticzatime. Hence, the effect of the
concentration of GOD and reaction time are inveséid. Various GOD concentrations such
as 0.0625 1U/uL, 0.13 IU/uL and 0.26 IU/uL are s#didusing 1 mM glucose. It is found that
GOD concentration 0.0625 IU/uL is optimum. Respiectother concentrations of GOD,
concentration of 0.0625 IU/uL is showing enhancetpbadance response. Further, the
reaction time of GOD biosensor is optimized. Theaaance response of the biosensor gives
a stable response upto 2 min. The result confirthad the catalyzed oxidation process of
glucose is finished in 2 min. Thus, 2 min is adddta further impedance measurements.

Voltage and current waveform are examined for id@mee/capacitance measurement and
5 mV is chosen as the optimal applied potential foorrect measurement of

impedance/capacitance. Frequency 10 Hz is chosgjiuoose measurement.
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Figure 5. 4: Shows the SEM micrograph of (i) the bare Celectrode of CMEA at
magnification 80x; (ii)) the 11-MUA modified electode surface at magnification

5000x; (iif) GOD immobilized electrode surface at ragnification 5000x.

5.3.2 Surface characterization of Cu CMEA

Surface morphology studies

The surface of the Cu-CMEA is characterised by SEWMgure 5.4 (i) shows the SEM
micrograph of the bare Cu electrode of CMEA at nifggation 80% and Figure 5.4 (ii) and
(i) shows electrode surface after surface moditfan by 11-MUA and after immobilization
of enzymes at magnification 5000x respectively.eAftreating with 11-MUA, the Cu
electrodes possess a high rough surface topographgreas, after enzyme immobilization,
the surface of the Cu electrodes became relatslgoth than the surface treated with 11-

MUA. The attachment of GOD to a SAMs of 11-MUA on-CMEA surface is achieved
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using water soluble EDC/NHS as coupling agents. CErtbodiimide cross-linking reaction to

form the 11-MUA - GOD conjugated structure is comiéd by ATR FT-IR.

5.3.3 EIS study of glucose biosensor

For the analysis of glucose as a target analyteyrea GOD is immobilised on the modified
CMEA electrode by physical adsorption. Subsequeitlgeries of known concentration of
glucose are sequentially injected on the surfacd8wCMEA. The impedance is measured at
the frequency range of 10 Hz to 10 kHz at the appbiotential of 5 mV. The total impedance
is contributed for interfacial electrode impedaraoed dominated by capacitance, as the
measurement is nonfaradic. The capacitance, wisidhd imaginary part of the measured
impedance, is shown in figure 5.5. In this casecti@nge in capacitance is due to the reaction
of glucose and GOD, resulting ions was observdovatrequency of 10 Hz. The capacitance

increased according to the absorbed ions as theentmation of glucose increases.

Capacitance [nF]

Frequency [Hz]

Figure 5. 5: Capacitive spectra for various concentrations of gicose. EIS: 10 Hz to 10

kHz, 5 mV ac potential.
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5.3.4 Effect of surface modification

Capacitance data are recorded for the functiordligai-CMEA after exposing it to
increasing glucose concentration (0.01 mM- 2.5 mMjrequency of 10 Hz at applied ac
potential 5 mV is selected for analysis. The etattemical reaction between glucose and
GOD give rise to an overall increase in capacitacitange from baseline response at the
electrode/solution interface for glucose conceinat The resulting calibration curve is
presented in figure 5.6. The calibration farysisorpedGOD is found to be linear in the
range of 0.01 mM to 2.5 mM (R 0.98, n = 5) with an RSD of 5.73 + 0.7 (The linea

equation is y = 0.11755 + 0.05589x (mM)). LOD ardQ are determined as 0.01 mM and

2.5 mM.

150

R*=0.99,y = 0.11629 + 0.5519 x ]

120+
904

60

Capacitance[nF]

304

0.01 0.1 1
Glucose [mM]

Figure 5. 6 : Calibration curve for different glucose concentratons obtained for

physisorbed enzyme on Cu electrode of CMEA.
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The results from covalently bonded GOD on Cu-CM&A encouraging. The results are
planned to put as a patent and with revised deadiltension. The figures of merit of model
glucose biosensor are compared with other receyrted methods and are presented in

Table 5.1.

Table 5. 1 : Comparison of design, measurement tecigue and limit of detection in

various established (reported) electrochemical seosfor glucose.

S. | Reaction principle Design Measurement| Linear Reference

No. using GOD technique |range(mM)

1 Based on ionigThree electrodelmpedimetric | 0-40 Shervedani 20p7
enzyme productssystem, (Au-MSA [214]
between GOD anpgSAM) working
substrate electrode

2 Based on ionicThree electrodglmpedimetric | 2.8-22 Pradhan  20[L3
enzyme productssystem, Au working [224]

between GOD anpelectrode

substrate

3 Based on ionicGOD coated ZnQPotentiometry|] 0.0005-10| Ali 2010 [225]
enzyme  productsnanowires on Ag wirg

between GOD anpmicroelectrode

substrate
4 Electron shuttingMEMS fabricated PfAmperometry| 0-25 Pesantez 2Q12
from enzyme to | electrode [226]
electrode vig coated with
ferrocene polypyrrole,
ferrocene and GOx
5 Based on ionigCoil micro electrod¢ impedimetric | 0.01-2.5 This work 20141

enzyme productsarray UV and X-ray
between GOD anf lithography

substrate
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In conclusion, Cu-CMEA based biosensor chip igi€abed using combinational process
of UV and X-ray lithography. The Cu microelectrdags played a pivotal role for detection
of glucose based on the enzyme-glucose interagiimtess. The developed biosensor
behaves linearly for wide glucose concentrationsedag range of 0.01 mM — 2.5 mM. The

biochip is demonstrated in terms of reusabilitynvghort analysis time of 2 mins.
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Chapter 6

Conclusions

6.1 Summary

This thesis achieved a successful implementatioftrray lithography technique at Indus-
2. The thesis presents, a. design, development@mdissioning of XRL beamline facility,
b. characterisation and optimization of processingdition of X-ray resist on SDXRL
beamline, c. HAR microfabrication in X-ray resiand d. some other extremely important
technologies, such as development of X-ray mask.L Xieamline and accumulated
knowledge of various processing technologies haenlused to develop the two important
technologies/devices, (1) X-ray refractive lensex] (2) Biosensor. The availability of this
first and unique facility in the country has paweday to fabricate variety of microstructure
on many types of substrates having different dinogrssand depths which may be useful in
wider science and engineering fields.

X-ray lithography beamline facility on Indus-2 isuccessfully built for HAR
microfabrication. The major design goals set durdesign phase is achieved. Various
beamline components including the two diagnostitgeX-ray mirror system and X-ray
scanner system are developed. The role of each libeagcomponent and its utility for

fabrication of HAR microstructure using X-ray litti@phy is explained. The salient features
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of beamline components, their offline testing pchaes are also explained. SDXRL

beamline is installed on Indus-2 and commissioriedo diagnostic systems are used to
define the stability of the source and obtain peofif the beam from two mirror system. A

technique to quickly align the two mirror systeniwtihe help of WPS in accuracy of fitad

is proposed. The utility of XBPM is demonstratgdnbeasuring the beam stability of Indus-
2. SDXRL beamline operation is demonstrated in fgekm and white beam modes. Mirrors
are used to choose the energy spectrum betweerk@w24Critical parameters defined in the

beamline design are related with measured HAR rsianotures. The beam profiles and
beam sizes are determined for various energy spettrscannerl and scanner2. X-ray
exposures are carried out in air and vacuum modeparation. The power density

transported by the beamline from the source to mxgatal station, in various spectral

ranges are measured using in-house developed Gunoeler. This study is used to estimate
the exposure dose rate / time for fabrication afrostructures. The vertical beam profiles in
different energy ranges and horizontal beam unifiyrin one energy range are measured.
WPS is also helpful to track the changes in thetghdlux or exposure dose rate. The
performance of X-ray scanner is also evaluated. W#le of X-ray scanner towards

maintaining the integrity of the microstructure itgrthe exposure is described.

The major requirement for performing X-ray lithaghy is to ensure the availability of
high quality X-ray mask. The bottleneck here iswta only fabricate good quality of X-ray
mask but also to make sustain a thicker gold on bnane. The technology for fabrication of
X-ray mask is developed during the present worle fidgguirement and characteristics of X-
ray mask is described. Membrane based and metdddsed X-ray masks are prepared. X-
ray mask is fabricated using UV lithography and Alectrodeposition techniques. The
minimum feature size of ~1@m is produced in X-ray masks with a Au thickness bsum.

This thickness of the Au is sufficient to give aodoexposure contrast for fabrication of
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microstructure in ~2000-30Q@m thick resist layer. Two X-ray sensitive resif®%MA and
SU-8 are used for fabrication of devices and testepns. Effect of X-ray exposure on
PMMA is explored in this work and irradiation effecf PMMA have been explored using
Raman and FTIR spectroscopy techniques, opticalrosgopy and X-ray diffraction
technique. A study is carried out to determine dissolution rate of PMMA irradiated at
various exposure dose values. These studies gruhigl determining the development rate
of HAR microstructure by establishing the relatioipsbetween the exposure dose given by
the SDXRL beamline and obtained depth in CLAREX PAIMheet. The processing
conditions of very thick SU-8 resist for HAR micadirication is optimized for the SDXRL
beamline. This includes the optimization of coatpayameters, soft baking, exposure and
post exposure bake for typical thickness rangirtgvéen 100-120@um. Test microstructures
are fabricated to demonstrate the capabilitiehefdeveloped XRL system. In 6 mm thick
PMMA sheet, the tallest structure with aspect ratio~100 is fabricated. X-ray exposure
dose profile is varied in PMMA to obtain 3-D HAR enbstructures. The effect of horizontal
intensity uniformity on the performance of microstural feature sizes (100-50@m)
development in PMMA along horizontal direction Haeen demonstrated. As a function of
time, depth is recorded and depth uniformity altwgizontal width of the beam is found
within £ 10 % for + 7% measured beam intensity variation. The sidewalghness of
PMMA and SU-8 microstructures is measured using CONe measured average surface
roughness of PMMA sidewall is 1.6 nm (peak to wall.6 nm) and for SU-8 is 5.2 nm
(peak to valley 38.4 nm). The cross sectional vidwleveloped structure is studied and the
vertical sidewall slope error of <1 mrad is achokv&he profile of the microstructures in
lateral direction is investigated using COM andiatgon of ~0.1 to 1.0 % in defined feature

dimensions are observed.

199



CRLs are developed in PMMA and SU-8 materials. Uibe of CRLs has been described
by showing their successful application in microgmg and high pressure microXRD
experiments. The development of these lenses veasrg@anied by the search of suitable lens
material which can perform better than PMMA in reghradiation resistance and SU-8 in
respect to higher transmission and effective apertBUEX having similar properties like
SU-8 but absence of Sb impurity atom has not beea ¢arlier as lens material and it is used
first time in this thesis for development of X-regns. X-ray refractive lenses are developed
in PMMA, SU-8 and SUEX with an aim to use them foicrofocussing X-rays and
collecting the sample data in various X-ray techeg The lenses are designed for 8-20 keV
with focal lengths 0.3-1 m. However, they can beduat higher energies and will give higher
focal length. X-ray lenses with cylindrically symtre parabolic profiles are fabricated with
radius of curvatures 25m, 50um and 10Qum. Around ~4000 X-ray lenses are integrated in
a single Si chip which can be used for focusinded#int X-ray energies to desired focal
lengths. Physical profiles and mechanical dimerswinX-ray lenses are investigated using
COM. X-ray lenses are characterized on Indus-2Riadhond by measuring the focus size,
transmission and effective aperture of SU-8 and $W3&ay lenses. At Indus-2, the X-ray
characterisation facility is setup at BL-16. Théerof two SR sources in characterisation of
manufactured X-ray lenses is explored by comparthg predicted and measured
performance. The minimum focus spot (FWHM) of @@ and 0.8§um is obtained at Indus-2
and Diamond respectively. By considering the sosizes and demagnification of optics, the
obtained spot sizes are in very close agreementis thie estimated focus sizes. The
transmission efficiency and effective aperture déw representative lenses are also shown.
The transmission efficiency greater than 50% ardcafe aperture more than 2Q0n is

obtained for SUEX X-ray lenses. SU-8 X-ray lenses a&so used to obtain the 2-D focus
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spot with significant gain at Indus-2 and DiamoXeray lenses have been deployed at Indus-
2 for micro imaging and micro XRD experiments. Alpgon X-ray imaging is performed to
see the projection image of Cu grid structure ora)X-<CCD. Due to high depth of the field,
X-ray lenses can also be used in tomography apilicaA high pressure XRD data of CgO
is recorded by 2-D focusing spot inside DAC. Théralction data obtained with X-ray lenses
focused beam has shown no peaks of Tungsten gadhket.advantages of Indus-2 and
Diamond for microfocusing experiments are descrilddwe vis-a-vis advantage of three X-
ray lens materials are given.

A monolithic Cu-CMEA is fabricated using UV andr&y lithography techniques. The
application of the developed Cu-CMEA Biochip foreusn glucose biosensing is
demonstrated. Using EIS technique, detection facage (0.01 — 2.5 mM) is achieved on
glucose oxidase immobilized CMEA device. Lower dgtn limit is achieved but not
reported in this theis. The use of Cu microelearbds played a pivotal role for detection of
glucose based on the enzyme-glucose interactionepso The present biochip has the
potential to detect glucose with a short analyisie tof 2 minutes and low sample volume
(0.4 pL). An important feature of the biochip device ts reusability that makes it an

attractive feature over existing disposable devices

6.2 Future studies

HAR microfabrication of X-ray lenses with lowerdias of curvatures (5-1Qm) out of
SUEX material is planned. SUEX has shown more immésson than SU-8. The radiation
resistance evaluation of SUEX is planned at vegp alue (> 2 MJ/cri) of exposure dose.
The characterisation of SUEX lenses at above Skidé és proposed. This will allow us to

project SUEX as replacement of SU-8 lens material.
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The operation of the beamline in lower energylenped by operating the beamline in
windowless mode or using thin (15-p&) Be-window. This will enable the fabrication of
submicron structures with shallow depths (<u2d). The 3-D microfabrication attachment is
prepared and fabrication of 3-D microstructureg. (eicrocoils ) are also planned. The X-ray
mask technology is limited to UV mask and UV phithalgraphy. X-ray mask development
with small features and better structure fidelgyplanned to develop using e-beam pattern
generator. In future, we propose facility augmeataand make HAR microstructures with
lower feature sizes.

The characterisation of X-ray lenses reportechia work is carried out at BL-16 using
monochromatic beam. A standalone micro opticsliesth facility for characterisation of X-
ray lenses is required where not only monochromaiicalso pink and white beam should
available. This test bench will be setup at BL-07.

The sensitivity of EIS biosensor can be incredsgtbwering the inter-electrode spacing
and its width. The fabrication of device with reddcelectrode spacing and with enhanced
low detection traceability is planned.

In summary, next stage involves, smaller lateratiethsions X-ray mask making, HAR
microstructure fabrication of lower feature sizesl a&omprehensive test bench facility for

characterisation of micro optics in monochromatiok and white beam at BL-07, Indus-2.
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